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PREFACE

The Seventh Joint Meeting of the U.S. - Japan Fanel on Wind and Seisaic Effects was
held in Tokyo, Japan on May 20-23, 1975. This panel is one of the twenty panels in the U.S.
Japan Cooperative Program in Natural Reasources (UJNR). The UJNR was established in 1964 by
the U.S. - Japan Cabinet-level Committee on Trade and Economic Affairs. Tha purpose of the
UJRR is to exchange rncientific and technolegical information which will be mutually bene-
fizial to the ecanarics and welfare of both countries. Accordingly, “he purpose of the
annual joint meeting of this panel is to exchange technical infcrmation on the latest re-
search and development activities within governmental agencies of both countries in the area
of wind and seismic: effects.

The proceedings include the program, the formal resclutiona, and the technical papers
presented at the Joint Meeting. The papers were presentsd in the respective language of
each country. Thae texts of the papers, all of which were prepared in English, have been
edited. The illustrations were reproduced from the working documents used at the Joint
Mesting, The forwal resclutions were drafted at the closing session of the Joint Meeting
and adopted unaninously by the panels of both countries.

Pages of the technical papers are numberasd with a prefix corresponding to the Theme
number. The texts are consecutively numbered in each theme.

H. 8. Lew, Seoretary
U.S, Panel on Wind and
Seismic Effects
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51 Zonvarsion Units

In view of present accepted practice in this technological area, U.S. customary units

of measurements have bean used throughout this report.

It should be noted that the U.S. is

a signatory to the General Conference on Weightz and Measures whicn gave afficial status to

the metric SI aystem of units in 1960.

Langth

Force

Preasurs

Stress

Bending
Momant

Weight

or

Unit Weight

Velocity

Acceleration

Customary Unit

inch {in)
foot (£t)

round (1bf)
kilogram (kgf)
pound per square
inch (psi)

Kip per square
inch (ksi)

inch=pound (in-1bf)
foot-pound (ft-1bf)

~nund-inch
pouna -foot (lbf-ft)

pound {lbf)

pound per cubic foot

{pef)

foot per second
(ft/sec)

foot per second per
second {ft./aecz)

International

(S1), UNIT

meter {(m) a

meter {m)

newtun (N)
newton {(N)

nwton/mterz

newi:an/met:er2

joule (J)
joule (J)

newton-meter (N-m)
newton-meter (N-m)

kilogram (kg)

kilogram per cubic
meter (kq/ma)

meter per second

(m/8)

metar per second per

second (n/nz)

Converaion factora for units in this report are:

Conversion

Approximate

1 in=0.0254m*
1 ft=0_.3048m*

1 1bfw4.448K
1 kgf=9.807N

1 pul-GBBSN/-z

1 kui-SBSS:lOGH/nz

1 in-1bf=0.1130 J
1 ft-1bf=]1.3558 J

1 1bf-in=0.1130 N-m
1 lbf-ft=1,3558 N-m

1 1b=0.4536 kg

1 pcfwl16.018 kg/m3
1 fps=0.3048 m/s

1 ft/sec?=0.3048 n/°

noter may be subdivided. A centimeter {cm) is 1/100 m and a millimeter (wmm) is 1/1000 m.

*
Exact
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ABSTRACT

The Seventh Joint Meeting of the U.S. - Japan Panel on wind and Seismic Effects was
held in Tokyr, JTapan on May 20-23, 1975. The proceedings of the Joint Meeting include the
program, the formal resclutions, and the technical papers. The subject matter covered in
the papers includes characteristics of strong wind; response of full-scale structures to
wind action; geclogical distribution of seismic activity; maintenance of strong motion
accelerographes and data processing; strong earthquake motiuns and ground failurus; response
of hydraulic and building structures to seismic forces; useismic considerations for vessels:
recent revisions of Jdesign standards on wind and meiasmic effects; joint research program

utilizing large scale testing facilities: and technological assistance to developing
countries.

Key words: Accelercgraph; bridges; bulldings; codes; disaster; dynamic analysis; earth-

quakes; ground failure-; hydraulic structures; seismicity; soils; standards;

storage tanks; structural respomse; winds,
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SEVENTH JOINT MEETING
PROGRAM O THE
U.S, — JAPAN PANEL ON WIND AND SEISMIC EFFECTS
May 20-23, 1975
at
Tokyo, Japan

TUESDAY - May 20
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9:30 A.M.

11:00 A.M.

11:30 A.M.

11:00 P.M.

1:25 F.M.

1:50 P.M.

2:10 P.M.

2:25% P.M.

2:50 P.M.

3:15 P.M.

Call to order by Mr. Hiroshi Yoshimura, Head, Planning Division,
Public Worka Research Instituce

Remarks by Mr. Mitsuo Xikuchi, Engineer General, Ministry of Constraction

Remarke by Mr. William W. Henoch, Acting Counselor for Scientific and
Technological Affairs. U.S. Embassy

Ramarks by Mr. Ssbuso Ueda, Chief, International Division Promotion Bureau,
Science and Technology Agency

Remarks by Mr. Kenji Kawakami, Director, Public Works Research Institute,
Ministry of Constructinsn

Remarks by Dr. E.O. Pfrang, Chief, Structures, Materials & Life Safety
Division Center for Building Technology, IAT, Naticnal Bureau of Standards

Introduction of United States Panel Members by U.S. Chairman and Japan
Panel Members by Japanese Chairman

Election of Conference (tairman

Adoption of Agenda

Explanation of the 1974 Off Izu-Peninsula Earthquake
Lunch

THEME II1: Geological Distribution of Seismic Activity

Regional Distribution of Earthquake Risk in Japan
S. Hattoru, Y. Kitagawa and T. Scutc

Quantification of Seismicity
Tsutomli Terashima, Tetsuo Santo

Discussion
Recess

THEME 1V: Maintenance of Strong Motion
Acce lerographs and Data Processing

Maintenance of th= Strorng Motion Accelograph and Data Processing of Records
Obtained

Eiichi Kuribay:shli, Hagime Tsuchida and Makoto Watabe

The United Sta- - - Strong-Motion Network: Field Operation
Richard P. M.. :y

Strong-Motion Data Management
Christopher Hojain: presented by R. Maley
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4:45 P.M,

6:00 P.M.

8:00 P.M.

Discussion

Courteay Call (at the office of the Minister of Construction)
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Reception to be hosted by Mr. M. Kikuchi, Engineering Genaral

Ministry of Construction
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1:30 P.M.
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THEME V: Strong Earthquake Motions
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Ziichi Xuribayashi and Fumiotatsuoka
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S. Sawada and Y. Koga

Discussion
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THEME VI: Rasponse of Hydraulic and Building
Structures to Seismlc Forces

Study on Barthquake Response of Structurss by Considering Non-Deterministic
variables
yutaki Yamarzaki and vasunori Koiszumi

Least Weight Structures for Threshold Frequencies
Richard D. McConnell

Ductile Shear Walls in Earthquake-Resistant Multistory Buildings
Mark Fintel

Discussion
Lunch

survaillance of Corps of Engineers Structures in Earthquake-prone Area
Keith O. 0'Jonnell

School and Hospital Construction in California
John F. Meahan:; presented by £.0. Pfrang
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Discussion
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THEME VII: Recent Revisions of Design Standards
on Wind and Seismic Effects

A Review cn Specifications of Earthquake Resjstant Design for Highway
Bridges - 1971

Specifications for Earthquake Resistant Design of the Honshu-Shikoku
Bridge (JSCE-1974)

Ighio Kawasaki and Etichi Kuribayashi

Discussion

Racent Revision of Design Standards on Seismic Effect for Port and Harbour
Structures

Sagoshi Hayasghi, Hajime Tsuchida and Setsuo Noda

JSCE Specifications for Earthquake Resistant Design of Submerged Tunnels
(1975)

Eiichi Kuribayashi and Hajime Tsuchirfa

Discussion
22

THEME 1: Characteristics of Strong Wind

Present Status of Wind Characteristics in Japan
Kiychide Takeuchi

A Reexamination of Hurricane Camille
Arncld R. Hull

Discussion
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Walter Podoling, Jr. and Harcld R. Busch
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2:45 P.R. Discussion
3:05 P.X. Racass

3:20 P.M. On the Wind Response of ths Xanmon Bridge
T. Okubo, N. Narita and K. Yokoyama

3:45 P.M. Newport, Fhoda Island Suspsnsion Bridge; Hurrican: "Doria® Wind Spectra
Richard H. Gade: pressntsd by J. Cooper

4110 .. Discussion
THEME VII: A Seisaic Considerations for Vessels

4:30 P.M. Dynamic Tests of Structures for Oil Tanks and Ruclear Powar Plants
Seiichi Inaba

4155 P.M. Sheet Pile Foundation and its Structural Characteriatic againat
Horizontal Loads
Fenil Kawaxaml, Tadyosil Okubo, Keiichi Kosads and Michio Okshara
5:20 P.K. Discussion
FRIDAY ~ May 23

THEME IX: Joint Ressarch Program Utilizing lLarge
Scale Testing Facilities

9:00 A.M. Joint Ressarch Program Utilizing the Large Scale Testing Pacilities
(Free Discussion)
Makota Watabe, Masaya Hirosawa and Shinsuke Nakata

9:25 A.N. Disaster Mitigation: A Joint Appraach
Charles T. Thiel; presented by E.O. Pfrang

THEME X: Technological Assistance to Dewveloping Countries

9150 A.M. Survey on Seismology and Earthquake Enginesring in India, Izan and Turkey
Maxoto Watabe, Hideo Tokuhiro and Masekazu Shinozuka

10:15 A.M, Discussion

10:35 A.M. Recess

10:55 A.M. Explanation of Oita Earthquake
12:00 P.M. Lanch

1:30 P.M. PTrea Discussion

2:00 P.M. Closi:g Session

3:28 .M. Lv. Mokyo
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RESOLUTIONS OF SEVENTH JOINT MEETING
U.S.-JAPAN FANEL O WIND AKD SEISVIC EPFECTS
U.J.N.R.

May 20 - 23, 1975

The following resolutions for future U.S5.-Japan activities of the Joint Panel on wind
and Seismic Effects are hereby proposed:

1.

The Seventh Joint Meeting of U.S.-Japan Panel on Wind and Seismic Bffects, U.J.N.R.
Program, vas extremely fruitful to both countries. Considering the importance of
the tachnical information exchanged between the two delegations, it is considered
ezsential that the joint program be continued
Due to the continuous nature of the research programs reported, it is recommended
that dissemination of technical reports and state-of-art reports be sncouraged on
a continual basis during the coming year
In accordance with the resolutions of the Sixth Joint Panel Meeting, the proceed-
ings of the Joint Mesting should be published for the benefit of other
scientific representatives in sach countrxy as soon as posrible
efforts should be made to exchange, on a timaly basis, 1lis:t of significant strong-
motion earthquake and high speed wind recorded data. Clearly defined good quality
digitizable record coples are needed and a procedure for exchanging records should
be established. Records should also include the characteristics of instruments
neaded for all processing and analytical procedures
Attempts should be made to solicit papers from other official governmental offices
and privats technical organizations involved in wind and seismic research. Papers
writtesn by non-panal members may be synopsized in atate-of-art reports
Promote the esxchange of technological information, concerning strong winds and
earthquakes, with developing countries
Cooperative research programs including exchange of personnel and equipment
should be undertaken by both governments to address the following problems of
mutual interest:

a) Strong-motion instrumentation arrays, at selected sites throughout the

world,

b) large-scale testing programs,

¢) Repair and retrofit of existing structures, ie; buildings, bridges. dams, etc

d} Structural parformance evaluation,

¢) Land use programs for controlling natural hazard effects,

f) Disaster prevention methods for lifeline systems.
It is suggested that all future papers incorporate the SI Metric System for units
of measurement, contained within parenthesis
Puture reports should consider an overview of codes and problems of implsmentation
associsted with "nonstructural” and "opsrational” raquirements and sudbsequently
should be exchanged
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10. More sxposure and exchange of innovative techniques for improved seismic design
spectra is considered highly important

11. The date and location for the 8th Joint Panel Meeting on Wind and Seismic Effects
will be Spring 1976 in Washington, D.C., U.5.A. The specific date, inspection
sites and field trips will be determined by the U.S. Panel with approval by the
Japanese Panal.

A formal expression of appreciation is hereby presented by the U.S. Panel menbers to
the Japaness delegation for the excellent arrangements, technical exchange and magnificent
hospitatity received at this Seventh Joint Panel Meeting in Tokyo, May 1975.

xviii



PRESENT STATUS OF WIND CHARACTERISTICS IN JAPAN
by

Kiychide Takeuchi
Applied mstecroclogy Laboratory
Mateorclogical Research Institute

ABSTRACT

The present status of a study on the wind characteristics in Japan is given herein.
Observational stidies constructed from a tower and an array of towers are described in
addition to results obtained from tethered balloons.

The cbserva*lons obtained from towers in Tokushima Pref. and analysis of the data,
which were made by Shiotani (1972 and 1874), are detailed and unique. Alsoc other cbserva-
tions from towers locarved at Tarama Island, Okinawa Pref. are being conducted by Mitsuta
{(1974). Detailed analysis of these cbservations are also presented.

Pinally some model experiments on the local wind, using a tunnel, are also presented.

Key Words: Field Measurements; Model; Towers; Wind; Wind Observation; Wind lumnel.
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Introduction

The behavior of wind has been under constant study in Japan, and is one of the most
fundamental subjects in metecrology. Meteorclogical disasters in Japan are caused mainly
by the wind and rain, as induced by tyrhoons, cyclones and monacons.

Tall buildings and structures as well as long suspension bridges have recently bsen
constructed in Japan. Accordingly detailed information of the wind characteristics is
required for their proper design and for majintenance after construction.

However, air pollution caused by various industries and cars has become a serious pro-
blam in Japan. Since the wind in the atmospheric boundary layer plays an essential role
in the dispersion of pqlutants, a study of the wind, especially the local wind in the indux-
trial and urban areas is guite urgent.

Since the interaction between the air and the earth surface is an essential problem
in meteorology, a study on the wind fluctuation near the surface has been intensively
conducted.

The characteristics of the wind has been investigated in Japan through observations con=-
ducted on field towers and through wind tunnel experiments in the laboratory.

Cbyservaticns made in the field were conducted 01 single towers and tower arrays in
order to obtain more detailed information on the time and space characteristics of the
wind. 1In addition to using tetherad balloons, pilot balloons, low zititude radiosondes,
low altitude rawin sondes and aircraft were often used for chserving the local wind.

The present status of the study on wind characteristics is described in detail herein

Observation from a Single Tower

Observation from A Tower Near the Mouth of River Naka

In order to obtain data required for the design of a long suspension bridge, since 1964
Shiotani (197%) has studied wind characteristics from a tower located near the mouth of
River Naka, Tokushima Pref. This meteorclegical 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 direction
2 marsh extends a digtance of 400m. The land surrounding the tower, which is 1 km from
the coast, is under cultivation withintermittant farm houses, trees and small hills.

This meteorological tower is a guyed mast made of steel pipe. The Aerovane-type anemo-
meters were installed 3 m apart fromthe center of the towar at 15,8, 30,8, 50.8, 80.8, 1l0.8
and 150.8 m above the ground. The mean wind speed was continuously recorded during a
minute period, at each anemomererlevel. Instantanecus wind speeds and wind directions vere
measured at any three levels with pen-writing recorders when the wind speed became high.

In addition, measurement of the vertical direction of the wind was made with two hidirec-
tional vanes. Temperature differences between 150 and 30 m, and 80 and 30 m were mmarured
with bead-theirmistor thermometers.

The wind behavior during a 15 min interval were recorded every 2.5 s when wind sreeds
were under 25 m/s, and every 2.0 8 when wind speed were over 25 m/s. From these drta mean
wind spged U, turbulent velocity Ou (i.e., r.m.s. of the longitudinal wind fluctuatien),
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auto correlation, power spectrum S(n) {n: frequency), and other statistical quantities
were Obtained. Analyses of these data 197 recordings indicated that the range of wind
speeds was between 20 and 30 m/s, and only 13 data had wind speeds higher than 30 m/s.

Since tha characteristics of the high wind are determined mainly by the surface
roughness, ths wind data has therefore, divided intc three groups. The first group had a
wind direction 1 (E-ES} - the wind from the sea after passing 150-300 m over the land.
The ssacond, Direction 2 (SSE-WSW) had the wind passing more than 2 km over the delta of
River Naka, which is wmodified from the sea wind. The third group, Direction 3 (WNW-NNW)
has & wind parallel to the coastal line (see Fig. 1). The results from these classifica-
tions are as follows;

{a) Velocity Fluctuation and Their Magnitudes

The frequency distribution of the fluctuating wind velocities can be expressed
approximately by Gaussian distribution. The intensity of turbulence (Ou/U) of the
wind in Direction 2 is higher thanthat from the other two directions, and it is
recognized that the turbulent intensity increases with increasing roughness.

The intensity of turbulence of the wind at 30.8 m is much higher than that at
the other heights. This means that the rough ground coverage. in the close proxi-
mity to the tower, greatly disturbe the wind in the lowest region. The turbulent
intensities of the wind in the range between 50.8 m and 150.8 m are nearly the
same in Directions 1 and 3, and they decrease with increasing heighte. However,
they are approximately constant with those heights in Direction 2. In order to
examine the vertical distribution of wind turbulent velocities, their ratios to
those recorded at 80.8 msi.e. Gu/Gu(BO), were studied. These results indicate
that they are nearly constant with height in Direction 2, while they decreace with
powar exponents -0.10 and -0.16 in Directions 1 and 3,respectively.

{(b) Power Spectrum

The relationship between the logarithmic spectrum nS(n) and the logarithm of the
wave number log(n/U), was examined. It was ncted that of the 261 recordings, 139
reccrdings had single peak spectrum nS(n). These single-peak spectra were then
used for further analyses. The shapes of the spectra are guite varied, therefore,
the whole spectra cannot be represented by a single curve.

The wave number (n/U)n. corresponding to the maximum value of ns(n), is generally
independent of the wind speed and wind direction. Therefore, the height distribu-
tion of (n/!l)‘ averaged at each height, was found that the wave number of the
spectrum peak decreases slightly with increasing height.

Examination of the similarity theory, however, suggests that ns(n) can be expressed
by the factor nz/U, therefore, axamination of collected data results in the follow-
ing empirical formula;

(nz/v)_ = 0.0018 082
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This indicated that the spectrum peak shifts slightly to a low-frequency with an
increase Ln 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)m can be considered
constant with height.

The friction velocity u, can be estimated from the high-frequency part of the
spectrum. The mean value of Gu/u. can then he evalnated, giving 2.4 for the case
of Lirection 2. However, u, can also be estimated from the logarithmic law of the
mean wind gpeed, which gives a value for the same direction, equal to 2.1.

{c) Correlation Coefficient Between Two Heights

An example of the correlation coefficlent R(zz.zl.T) with time lag T between
the two heights z, and zy (zz>=1)' is shown in Fig. 2. It should be noted thdc
the maximum correlation does not occur when 1 = 0, but occurs when the wind recvord
of the upper layer is delayed. This means that the phase ¢f the wind gusts ad-
vances when in the upper air layer. Now, usinyg Taylor's hypothesis, the space
correlation is as shown in Fig. 3. Examination of this Figure shows that the
scale of the turbulence becomes larger, and the phase advances during an increase
in air layer height.

The vertical correlation coefficient R(zz,zl) appears to be independent of the
wind direction and wind speed. Therefore, the correlation coefficient will depend

rot only on the height difference (zz-z ), but on the actual heights z, and z,.

1 2 1
Examination of the correlatinn cuefficients beiwcen two points which have tne
same height differences indicates ¢hat the largest value in the case where the
two points are in the highest aiv layer, which means the scale of turbulence in-

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

Rz /3 _ z11/3”

1
2,21) exp[-D.BS(z2

The cohereace function Y(zz,zl,n) between the two heights zz and zl can now be

calculated. The coherence is found empirically and is expressed as:
1/2
IY(zzuzlnn)] exp[-kn(z, - zl)/Ulol

Because 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 cbservations 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 data ob-
tained at the Tokyo Tower and has studied the -urbulent structure of high wind over the

urban area,
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Since air pellution has recently become a serious problem in the urban area, various
matecrological ochservations have oftsn heen made. The following will deacribe such obser~-
vations taken at the NHX Broadcasting tower near Tokyo.

In 1971 and 1972, Yokoyama and his collaborators installed gonic :.remometer-thermome-
ters, to veasure the wind fluctuations which are clesely associated wich diffusion of
pollutartes (mee Mitsuta, 1966 for the sonic anemoteter~thermométer). The heights of the
anemomaters used were 10, 45, 90, 180 and 313 m, respectively. The tower is located in
a suburban residential area where the ground is rather flat. Measurel signals were
recorded by long-time magnetic tape recordera and the play=back signals were processed
by an analogue-digital converter and a computer. Various statistical guantities, such as
turbulent velocity and momentum flux, were then analyzed ., The analysea of these quantities,
indicate the following;

(a) Magnitude of Vertical Fluctuation

For a constant flux layer (i.e., layer up to about 50 m above the ground) it is well
knewn that the magnitude of vertical fluctuation Uw is related to the friction velocity

u, as follows;
o, = du,d (z/L)

The term ¢w is a universal function of the stability a/L (L: Monin-Obukhov stability
langth) and A is constant. In the constant flux layer, the friction velocity u, is
obtained from the vertical distribution of the mean wind speed and alsc from the co=-
variance of wind fluctuation. In a layer higher than the constant flux layer, the equa-
tion mentioned above does apply. However, when the local friction velocity obtained
from the covariance (i.e,, u, = --u—'_Flﬁ
layer. The relation hetween © “/u* and the stability z/L is then studied and ¢w is
determined as a function of the stability.

{b) Stability and Relation between o, and U

In many cases at height of 45 m, the magnitude of vertical fluctuation is propor-

) is used, the eguation applies in the higher

tional to the mean velocity U. At a height of 313 m, however, it seems that there
axists a linear relation only over the certain value which might be determined Ly
the stability as shown in Fig, 4.

Observations at the Tower in Ckinawa and Iwo-Jima

Kinase et al. {1972} have made wind observations by using thes OHK TV-Tower in Ckinawa
{165 = high above the ground) and lLoran Tower in Iwo-Jima (410mhigh). Acrovane-type
anemometers wera inatalled at € levels at the OHX TV-Tower and at 8 leveis at the Loran

Tower. Since there existed astrong electromagnetic fields, special attention was given in
the installation of the anemcmeters at both towers.
(a) vertical Distribution of Mean Wind Speed
The data obtained at the Loran Tower during Typhoon Na. 7017 shows that the power
index is approximately equal to 0.12 although the wind was not very strong. Similar
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pover index values were obtained from the other winda. The wind prcfile at OHK TV-Tower
is not represented by a single straight line in a logarithmic chart and during certain
runs, the power index is 0.47 in the upper part of the prafile and 0.22 in the lower region.
fb) Intensity of Turbulence
Examples of the intensity of the turbulence Gu/U abtained at the OHK TV-Tower and
the Tower Loran are shown in Fig. 5. The turbulence intenaity decreases with increasing
height and also mean wind speed at the OHK TV-Tower but the daca shows a different
tendency at the Loran Tower.
{¢) Gust Factor
The Gust fartor um/U (um: maximum wind speed) obtained at both towers is depicted
in Fig. 6. The factor varies between 1.2 and 1.6, and seems to decrease with increas-

ing height and mean wind speed.

Cbservation at an Array of Towers

Cbservation at Tarama island, Okinaswa

In order to obtain data oh high winds, which are required for the economic design of
towers for large power transmissior 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,5.1. Okinawa, as is well known, is often subjected to typhoons, which is
why Tarama Island has been chosen as an cbservation gite.

The observation site as shown in Fig. 7, is near the southwestern coast. The cobserva-
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 pcles are 15 m except one which is 50 m in height 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 the poles as ¢hown in Fig 8. The system is started when the monitoring 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 shown in Figs, 9 and 10, in which the wind comes from an inland

direction. The dots in Pig. 10 show the correlations of all poseible combinations from

the obaserving pointa, and the solid lines show the average values. The average integral
scale of the turbulence, in the longitudinal direction, is about 120 m and in the

lateral direction is about 20 m,

(b) Gust Factor

The Gust factor, as a function of both gust duration and its lateral scale at the
height of 15 m was obtained from the data. Figs. 11 and 12 show an e<xample of the two
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dimensionsl gust factoras for the same run. Varistions 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 average time, which also
shows the power law approximation.

(isorvation and further analysis are now being conducted, and more detailed results
are expected i1n the near future,

Cbservation at Satoura, Tokushima Pref.

Five towe.s wers placed along a line parallel to the coastal line, which runs from SSE
to NNE, at Satoura of Naruto City, Tokushima Fref. (Shiotani, 1969), for the same purpose
as described in Sectjon 2.1. The towers were located at 12, 35, 80 and 190 m from the south
end. They are 40 m in helght and were installed with Aerovane-type anemometers. 7The cobser-
vations were initiated in 1966, with readings taken every 1 s for 10-13 min.

(a) Correlation Coefficient and Scale

The cross correlation coefficient of the longitudinal wind at the points separated
by N in the lateral direction, is denoted as uan(n, 1), where T is time lag. The data
shown as open circles in Fig. 13, is the parameters Ruu(ﬂ), which is defined as
Ruu(n, U). In the lateral direction the integral ascale of the turbulence is about 50 m
representing the wind f.om the sea, and iz about €5 m for the wind from the land. The
integral scale is som-what larger for the wind from the land than from the sea, at a
height of 40 m.

The auto corrsiation ccefficient, Ruu(E) where { is the downwind distance in the
longitudinal Zirection, can be estimated from the auto correlation coefficient by use
of Taylor's hypothesis. The results are Ruu(E) = Ruutr) where £ = UT, where the para-
mrters Ruu(E) is shown in Fig. 13. The longitudinal scale of the turbulence can then
be estimated using this cata. The scale thus obtained uring a constant height is 204
m for the wind from the sea and 154 m for the wind fyon the land. The turbulence be-
comes greater for the wind from the sea, which is opposite to the result in the lateral
direction. The scale of the turbulence in the longitudinal direction iz 3 to 4 times
as large as that in the lateral direction.

(b) Space Correlation Coefficient

tfaing Taylor's hypothesis, the spatial pattern of the space correlation coefficient
Ruu(E. n} can be eatimated. An example of the pattern is shown in Fig. 14.

Field Observation by Other Methods

In connection with air polluticn, as mentioned previcusly, extensive observations have
been made in industrial and urhan areas. In addition to making observations using towers,
other technigues have been employed.

One such method utilizes a special radiesonde attached to a tethered balloon and can
raacure turbulent winds (Yokoyama, 1969). A low altitude radiosonde has recently been
developed for observing the wind, temperature and pressure in the layer up to 2000 m.
These instruments and the low altitude radiosonde are often used for observing the wind
over the urban area (Takeuchi, 1975). Data thus obtained are of great use in classifying
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local wind.
Mditional papers concerning the turbulent wind over the urban area have been published,
by Nakano et al., 1974 and Hanafusa et al., 1974,

Wind Tunnel Experiment

In order to clarify the characteristics of local wind, many tests have been conducted
in a wind tunnel, but few papers have been published.

Kame! et al. (1974) conducted wind tunnels experiments in order to study local wind
induced by tall buildings, and also recommended some practical methods to estimate the high
wind region.

Suda st al. (1974), presented a paper on model experiments concerned with the study of
local winds induced by a small island. This study will be a great help in the desion of
long span suspensicr. Brldges.

In order to simulate the atmospheric boundary layer in the laboratory, Sato et al. (1974)
developed a velccity-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 work on the characteristics and structure of the wind in Japan is

given relative to the author's interests. Thus, other important studies are not included
herein. This survey indicated that further research studies on the structure of turbulent
wind, should be conducted.

Data should be accumulated by varicus methods (e.g., tower, tethered balloon and any
radiosonde) at Adiffarent locations i.e. urban areas and coastal areas. The structure of
local wind should alsc be clarified in relation to the synoptic meteorclogy and topography.
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Topography of Taramas Island, A: gbservation site

(Mitsuta,1974)
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A REEXAMINATION OF HURRICANE CAMILLE
ky

Arnold R. Hull
Environmantal Data Service
National Oceanic and Atmospheric Administration
U.5. Department of Commerce

ABSTRACT

Newly available oceanographic and meteorclogical data on major storms and hurricanes
striking the Gulf of Mexico during a Jl-month period provided by eight petroleum firms pre-
sent an opportunity to reexamine and reevaluate Hurricane Camille, one of the most gevers
and destructive storms ever to strike the Gulf. (Maximum wave heights of 72 faet ware
recorded as the eye of the hurricane passed within 15 miles of one measurement station.)
The new data on Camille comprise one aof the most comprehensive sets of oceanographic and
meteorogolical information available for such 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 ensrgy
resources, questions arise as to what procedures should be followed to access, disseminate,
and use thess data most effectively and what contributions this important new data smource
may make to current kncwledge of extreme storm events and their effects on engineering
structures. The data avalilable for Camille are examined to provide tentative answers to
these guestions.

Key Words: Hurricane; Storm Surge; Iropical Storms; Wind; Wind Data; Wind Speed,.

I-18



Introduction

The Shell Oil Company of Houston, Texac, acting on behazlf of eight petroleum firms,
recently donated oceanographic and meteorological data on major storms and hurricanes
striking the Gulf of Mexico from October 1968 to November 1971 to the Environmantal Data
Service of the U.S. Department of Commerce's National Oceanic and Atmospheric Administra-
tion. Therr data include information on Hurricane Camille, one of the most intense and
destructive tropical storms ever to hit the United States mainland. cCamille killed 256
people and caus~d property damage of about $1.42 billion along the Missiasippi/ILouisiana
Gulf Coast and in Vvirginia (flooding). [2)*

The data were collected at a cost exceeding one million dollars in a cooperative
effort called the Oceanographic Data Gathering Program.

ta on wave height, wind apeed 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 used were Baylor Model 9737 Wave Measuring Systems {rugged
construction, non-fouling, with a long record of reliable performance) and Bendix Model
120 Aerovanes, which measure wind speed through the rotaticn of a propeller which drives
a DC generator. The wave-measuring instruments give a continuous analeg output, with a
resclution of 0.1% of full-scale accuracy and a linearity of 1.0% of full scale., 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 rotate potentiometers. The overall accuracy of wind direction is + 5°, with a 10°
deadband at north. [4]

Data Collected

The total data collectjion comprises 252 analog magnetic tapes. Additionally, 170
strip charts of varying quality and usefulness were recovered., Wwhen estimated by sensor,
data were gathered for waves approximately 708 of the time: for wind speed 61% of the time;
and for wind direction 55% of the time. in general, the quality of the data recorded on the
magnetic tapes is good. The accuracy of the data gathered by each sensor must be consi-
dered individually, but the mccuracy for all data is generally witiuin i 5¢ of the value.

Data Previously Available on Camille

In severe storm situations it is difficult to cobtain reliable wind speed measurements,
and Hurricane Camille was no exception, Of data previcusly available, approximately six
wind spesd cbservation records could be congsidered reasonably reliable. Two of the most
useful in establishing the general level of the wind were the observaticns 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 Transworld record [1) is given in figure 2. It shows a maximum
wind speed of 172 mph at the 100 ft. level. When reduced to the 30-ft. level using the
1/7 powaer law, the resulting psak gust is 144 mph.

Earlier wave data from the storm area are limited to a total of 14 ocbaarvations from
ships close enough to Camille to record winds of 315 knots or more. (5]

The most complete information previously available on Hurricane Camille concerns storm
surge and is based on charte prepared by the 0.S. Geological Survey (figure 3).

New Camille Data

Camille was spawned by a tropical wave that moved off the African coast on August 5,
1969. It was tracked across the Atlantic to the western tip of Cuba by the evening of
August 15, enterad the Gulf of Mexico with a central pressure of 903 millibars, and early on
August 17 was located 250 miles south of Mobile, Alabama.

Camille's gtorm track {(figure 1} was such that the storm passed between Stations 1 and
2 of the Ocean Data Gathering Program, with the center passing about 14 miles west-southwest
of Station 1 at 1730 CDT on August 17, 1969, and about 48 miles east-northeast of Station
2 at 1645 CODT on August 17. [3] Station 1 gathered complete wave data until 1600 CDT on
August 17, when the wave sensor broke loocse subsea, twisted, and shorted out against the
platform. Wind data contipued to be gathered until 1620 CDT August 17 when salt water
shorted out the power system. Subseguent to the loss of power to the station, the Bendix
Aarovane came apart loivinq only the center section assembly attached tc the tower.

Twenty foot waves weru firgt recorded at Station 1 at about 0500 CDT August 17, 1969,
marking the beginning of the storm at that station. Due to power failure, which occurred
at 1620 CDT August 17, 1969, the end of the storm at Station 1 could not be determined.
Significant wave and wind characteristics during the period from 1330 to 2230 CDT on
August 17 at platforms 1 and 2 appear in Table 1.

Wave data have bean analyzed for one-half hour intervals during periods of the storm,
and the wave spectrum for Station 1 for the period 1545 to 1615 CDT August 17, 1969, appears
as figure 4. At that time, Camille was located about 24 miles south-southwest of the
station, and station weather conditions are thought to have been very close to their
saximum values. The significant wave height was calculated from each wave spectra and
figure 5 shows the gsignificant wave heights versus time for Stations 1 through 3. The
maximum wave height recorded during the same interval (1545 to 1615 CDT) was 72 ft.

Significance of the New Data

Using the axtreme value distributions of w.nd speed and significant wave heights for
extratropical storms available from Ocean Station Vessel data, H.C.S5. Thom [6] developed
a2 technique to derive an extreme wave height distribution in any extratropical area of the
desp oceans. With new data such as that for Hurricane Camille, where the relationship of
wave scale to wind scale can be determined, a similar technique might be developed for
tropical aresas. And such data are likely to become increasingly available as the United
States and other nations expand their offshore energy exploration and drilling activities.



Recognizing the importance of wind, wave, and storm surge information to structural
dasign along coAStal areas and to offshors facilities such as nuclear powerplants, drilling
rigs, and supertanker terminals, it is imperative that immedlate attention be given to
assessing specific requirements for such information in our coastal zone arsas. The in-
creasing number of offshore platforms that will soon be erected lr coastal waters offers
us the opportunity to develop onsite cbservation networks capable of acbtaining the optimum
wind and wave information naeded to give us a batter unlerstanding of the internal struc-
ture of hurricanes and tropical storms. Such onsite data collection will provide at lsast
senipermanant sources of detailed "point" observations, as opposed to current random ship
observations summarised over one degres squares (or even larger areas) because of the lack
of fixed observation platforms.

Such long-tarm "point"” records are critical to the developmsnt of accurate dstailed
snvironmential data statistics needed for the design, construction, and oparation of both
offghore and onshors facilities in the coastal ares.



1.

2.
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Figure 2. This wind chart from Transworld Drilling Company's Rig 50
was set on double scale, and the recorder was left running
after the crew evacusted.
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Figyre 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.8. Geological Survey.
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Per Cent Maximum Encrgy

WAVE POWER SPECTRAL DENSITY-LINEAR

Data Tape __ 115
Location SP 62 A
Time 1545-1615 CDT August 17, 1969

.05 .18 .18 .20

CYCLES PER SECOND-HERTZ

Area under curve, = 116.82 1.2

R.M. 8. wave height, \Cr—l’; = 10.8 ft.

Significant wave height, 4/M, =~ 43.2 It

Period of Max, Energy = 13.2 sec.
Figure &
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Significant Wave Height {Feet)

Station No. 1
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Station No. 3
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Figure 5
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FIRE TORNADC AND ITS MAXIMUM WIND~-SPEED
by

S. Soma
Physical Meteorology Laboratory
Meteorale ical Research Institute

and

K. Suda
Director
Metaecrological Research Institute

ABSTRACT

Very few studies have been conducted on fire tornadoes, owing to its rare occurrence,
However, in Japan, much public attention has been directed tc this phenomenun in view of the
fact that catastrophic damage hasm heen caused by two fire tornadoes. One such tornado
developed during the Great Kanto Earthquake in 1923 and another at wWakayama City in 1945.
The cause of such catastcophic damage, due to these fire tornadoes is two-fold. One is the
formation of a tornado, in burning of the urban area, and the other is the peculiar feature
that the tornado is accompanisd by strong winds.

In the present report, the characteristics of the fire tornadoes, which have been
experienced in Japan are reported and the estimated maximum wind speed in the tornadoes are
given.

Key Words: Fires; Fire Tornados; Tornados; Tornado Model; Wind Speed,
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Introduction

Only a very few studies have been made on the fire tornadces because of the rarity of
the phenomenon and accerdingly, many problems related to it are leic unsolved. However, in
Japan, much public attention has been directed to this phenomenon in view of the catastro-
phic events that occurred during the Great Kanto Earthquake in 1923, which killed 38,000
people. The formation of this fire tornado was then attributed tc the passage of a cold
front and this view has been maintained for about fifty years without any reexamination by
scientists. However, a survey of studies made in varicus count.ies and the detailed analy-
sis of weather data at the time of the formation of the tornadc, revealed that the fire
tornado vas due mainly to the conflagration caused by the earthquake.

In Japan, two well known tire tornadoes have caused many casualties: one is rslated to
the Great kan‘'o varthquake in 1923 and the other to the great fire of Wakayama in 1945.
The causes of the catastrophic damage are: (1)} formation of the tornado in the burning of
the urban ayrea and (2) peculiar feature of the tornado accompanied by extrezely strong wind.
In the present report the formation and characteristics of the above two tornadoes, in
Japan, are deacribed.
1. Frocess Laading tc the Formation of Fire Tornade in Tokyo.

(1) The 014 Site for the Clothing Depot just before the Formation of the Fire Tornade

In the City of Tokyce, in 1923, there was a vacant area of 70,000 square meters
wide along the River Sumiin, which had once been the site for the Clothing Depot of the
Irperial Army and then transferred to the Tokyo City for construction of a park. This
vacant area popularly called "The Qld Site for the Clothing Depot™ (to be abbreviated
OSCD) was located in downtown Tokyo which was crowded with wooden houses. Following
the great shock of September 1, 1923, fire spread all over this area and refugees
from the fire advanced toward the vacant ground of the O05CD voluntarily or led by
policemen. As a result, a little after 3 p.m. cn Sept. 1, the ground was crowded
with more than 40,000 refugees. People there, free from fear, were eating food or
making a hed for the night and nchody expected the formation of a fire tornado.

(ii) Spread of Fire Around the OSCD.

Examination ¢f the spread of the fire, on the basis of a map of the buint area
prepared by Prof. S. Nakamura of Tokyo University, reveals that about 3:30 to 4:00 pa.
on Sept. 1, 1923, when the fire tornado formed, the entire Tokyc City had not been on
fire. Around the OSCD along the River Sumida, however, a vast urban araa of 3,000
meters long in North-South and 1,600 meters wide in East-WEst had already been on
fire except the 0SCD, In other words, the OS5CD was then surrounded by a burning area
several times larger than itself and was crcwded with 40 thousand refugees.

(i11) strike of the Fire Tornado

A refugee who barely survived the disaster of OSCD and witnessed the strike of
fire tornado reports the following: The torrado attacked O0SCD with a deafening roar
and scattered fire-flakes on the heads of the refugees. Clothes and housshold goods,
brought by the refugees caught fire at once and the fire, fanned Ly strong wind,
spread all over the OSCD. The tornadc raged for only about 20 minutes but it took
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2.

38,000 lives in a Qquick moment.

Characteristic Featurs of the Fire Tornado

(i) Shape of the Fire Tornado

Based on old literature, a study was made on the shape of the OSCD fires tornado
in order to see whether it was like the funnel of a natural tornade hanging down from
the mother cloud.

There weres at least two thousand people who barely survived the rage of the
strong wind and flame in 0SCD. Thay muat have had a chance to witness the fire torna-
do by their own eyes. Furthermore, there BuUsSt be many people who could see the
tornado from the opposite bank of River Sumida, even if they were frightened by the
earthquake. As the river is only 150 maters wide, it must weil be possible to cbserve
tha tornado across the river. But, only vary few of the old literature includes a
description of the shape of fire toraado, as quotad balow.

“aAbout 3:30 p.m. I saw the swok:' c.thering and towering high up in the sky"--
witness of Mr. K. Kondo. “About 3:30 p.m. a strong crack was heard from the northern
direction. With the intensificaticn of the sound, scme attributed it to approaching
taunami whila othars to ignition of sxplosives but nothing definite was known. Then
I saw deep black swoke flowing in a whirl as big as a hill presenting a horrible
sight.“--witness of Mr. K. Kawanabe who observed the fire tornado from the Ekoin ground
located 700 m to the south of OSCD.

These witnesses may perhaps suggest the presences of a whirling fire tornadec but
nothing definite is known about ita shape.

(11) Wind Speed Associated With the Fire Tornado

The order of magnitude of the wind spsed, associated with the fire tornadc, is
a matter of metsorological interest but anemonetric observation is never possible in
view of the condition of the tornado formation. 1In the case of tre OSCD fire tornado,
some reiugees testified that persons and carts were picked up by the strong wind, but
it is difficult to estimate the wind spesed from the testimony alone., Fortunately,
photographic platas showing the wind damage on trees were found in ths Report of the
Great hanto Earthquake and we could estimate the maximum wind speed associated with
the fire tornado. Plate 1 {a), which is reproduced from the above report, shows that
the trunk of a tree, about 30 cm in diameter, was broken by the wind. A picture of
the wind damage of trees, gquite similar to the above, was taken during the tornado
which formed in July, 1971 in the suburbs of Omiya City, Saitama Prefecture (Plate 1
{b)). According to K., Watanabs of the Mgeteorological Research Institute (1971), the
intensity of this tornadc is estimated to rank among Class PF3 of Pujita Scale, which
ranges from 70.4 to 92.5 m/sec. Considering the similarity of wind damags of trees
in both cases and referring to the statements of witnessss quoted above, we mAy suppose
that the fire tornado of OSCD was accompanied by strong winds of the same order of
magnitude.
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{(111) Direction of the movement of the OSCD fire tornado

Examining the reports on the Great Kanto Earthquake, we found that unsxpectedly
many psople stated the direction of the fire tornado. However, many have mistaken tha
direction of the wind, for the dirsction of the tornado motion. Dr. §. Fujiwara (1924)
mads a comparative study of their raports and estimated the track of the tornado wind
system as follows:

*"Judging from the above circumstances, the fire tornado that brought about the
disaster in OSCD would have formed at the southern border of Kitabanbacho, passed nearby
Umayabashi Bridge. moved along the River Sumida up to Mr. Yasuda's mansion in Yokoamicha
turned sastward, serged with other tornadoes at Ishiharcho and then moved back to
OECD from the northeast.” If we trace the motion nf the tornado based on Dr.
Pujiwhara's analysis, the tornado seems to have advanced from northeast to southeast.
No natural tornadc ever observed in Japan moved in such a direction. Furthermore, the
direction of motion of the OSCD toinado was exactly opposite to the direction cf the
prevailing wind.

(iv)} Clouds in the Case of the Great Earthquake

In the old data log of the Central Meteorclogical Observatory in Tokyo, b
clowd of 3/10 in amount, is recosded for 4 p.m. of September 1. It is almost certain
that this cloud was then overhead of the 0SCD. The statement in the Report of Great
Kanto Earthquake “As it began to rain, we made preparation to protect us from L(t with
sliding doors and straw mats.” supports this fact. The cloud, which is recorded in the
data log of the Cbservatory simply as Cb, seems to have been unusual encugh in shape
to attract pablic attenticn and is mentioned in many statements in the Report of the
Farthquake. From these, Prof. T. Terada's statement depicting the cloud condition is
quotad below:

"About 3:30 p.m. on September 1, I stood in the verandah of my house at
Xomagoma-Akebonocho, looking at a remarkable cumulus cloud towering up in the sky in
the southeast. Surface appearance of the cloud was characteristically different from
the average, i.e., pProtuberances on the surface were fine and well-defined reminding
wme of the texture of the volcanic smoke photographed during the recsnt eruption of
Mt. Sakurajima. Tha towering of the cumulus cloud in the blue sky presanted an un-
precedsnted spectacle.”

This cumulus cioud may be identified with the cloud that covered the OSCD since it
was observed by Prof_. Terada from Kamagcme Akebonocho in the southeastern direction.

A picture of cumsulonimbus taken by Mitso Harada was found in the Report of the
Barthquake (Plate 2). It is not clear whether this was the cloud covering OSCD, but
its unusual shape is exactly the same as depicted by Prof. Terada. HAlthough the
formation of the cloud may partly be dus to the favorable synoptic condition such as
the presence of subtropical air mass and front, its direct cause will more properly be
attributed to the snergy of instability created in the stratification of the atmospherxe
by the extensive fire.



3. Examples of Fire Tornadoas

In the history of disasters in fornign countries vioclent fire tornodoes, that have
burat to death tens of thousand people have been racordad. However, smaller cnes have been
recorded, and formed in oldan times as well as in recent years. One such example of a
foreign fire tornado is given herein;

In June, 1961, a French cloud physicist J. Lessens conducted an experiment by making
artificial cumulus clouds on the plateau of the Pyrenees. He placed fourty-eight kerosene
burners in an area of 125 x 125 km wide and nmake lit all of them at once. Then, quite un-
expectadly, a fire tornado formed in the lee of the experiment area and developed to a size
of 10 meters in diameter and 200 meters in height in a distance of 525 meters leeward from
the origin of the fire (Plate 3-(a)). Careful observations revealed that, following the
firat tornado, a number of others formed in succession.

In May. 1965, in the port of Muroran, a Norwegian mammoth tanker (56,000 t) cracked in
a wharf. A large hole was than made on the side of the ship and petroleum gushed out and
caught fire. In this case too, a remarkable fire tornado formed in the lee aof the large
fire. (Plate 4)

On the occasion of the Nankai Earthquake (magnitude 8.1) in December, 1946, a large
fire broke out in Shingu City, Wakayama Prefecture, and burnt down 2,612 houses, destroying
25% of the antire urban area. On this occasion, a fire tornado is reported toc have formed
in the river beach, in which clitizens took refuge. This tornado was not lAarga, but was
accompanied by a strong wind which blew up a mat of 22 Xg in weight intoc the sky.

4. PFire Tornado in the Great Fire of Wakayama City

{1} Formation of the Fire Tornado

A fire tornado, much larger than those mentioned above, formed in asgociaticn
with the great fire of Wakayama City in July, 1945, which destroyed &8% of the urba:
ared. On this occasion, a viclent fire tornado Formed in vacant area of the old pre-
fectural offices, and burnt to death 748 people. Although the number of victims was
far less than that of the catastrophic OSCO tornado, it corresponds to mcre than 608
of the total loss of lives due to the fire, showing the violence of fire tornado.

Now, several statements on the formation of the tornado in Wakayama are quoted
from ¢ld reports . “Thirty to fourty minutes after the outbreak of the great fire,
viclent fire tornadoas formed in several places in the city. The largest one among
them originated in a atreet with a tramway 200m away to the south of the old city office
ground and moved northward. The incandescent flame of the fise tornado streamed
horizontally as if it were blown by bellows. Pine trees planted along the moat were
torn away. An automobile 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.™

Aside from the above, another fire tornado formed at night on the same day over
a 8pOt, 1500 meters away from the 0ld prefectural office ground. "In the Naval timber
yard thers was hundreds of cthousands of feet of timber stored. This timber caught fire
and wars uplifted by the tornado presenting a spectable of countless burning chopsticks
flying high in to the sky to & great astonishment of the refugees around Teukiji Bridge.
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“"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 Wakxayama 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 City. 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 m/s were required to break the pinc Lrees. However,
trom the expression that “pine trees--were broken” and that "big logs were lifted up to
the height of 20-30 meters”, the maximum wind speed would probably have exceeded 50
v/

Next, turning to the wind eutimation by eiamining the damage cf automobiles,
we refar to the record of the tornado that struck Toyohashi City, Aichi Prefecture in
December. 1969. As this tornado pass»d right 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 estimation 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 m/s (Fig. 1). If the estimation is applicable to the damage caused on cars by
the fire tornado of Wakayama, it will be possible tc 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 apeed 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 cm,
density of the timber to be 0.5 gr/cm3 and the drag coefficient (Co) of a cylinder to
be 1.0, then we get 35 m/s 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.

Experimental Study

Although a considerable number of fire tornadoes have been cbserved, the mechanism of

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

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

the peculiarity of the condition during the formation of the tornado. Therefore, an experi-

mental study of fire tornadoes was made. These experiments, which are incomplete and have

yielded only qualitative results, will now be cutlined.

(i) Experimental Apparatus

The apparatus used in the experiment consisted of a circular metal bass, 2 meters in
diameter gimulating 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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bottom of the metal base, is a tank of 2 meters in diameter which was filled with water.

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

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

and five lings, each of which is equipped with a fan and can produce any desired wind
speed.
(a) The formation of a fire tornadc is developed by placing on tha metal base a
cirrular burning plate, which simulates in the aimplest way the burning urban area.
The burning Aisc, 600 pm in diameter and 10 mm thick, (s made from glass-wool
soaked with methyl aloohol.
Raising the temperature of the surface of the kase by 20°C above the room
tegparature and, at the same time, giving an appropriate wind apesd, a firs tornado
of Desaent type was formed as shown in Plate 3 {b).
(b} Considering the fact that, in the formation of the OSCU tornado, the OSCD
ground was surrounded by a burning urban area, an experiment was conducted using
a burning plate similar to the burning area in shape. In the same manner as
descrivced previously, the temperature of the gurface of the metal base was raised
by 20°C above the room temperature. Then, after giving appropriate wind spesed and
horizontal wind shear, formation of a remarkable vortex column like a whirl-wind
was observed at the spot surrounded the burning area (Plate & and Fig. 2).
Although this experiment simplifies the natural wind condition, it seems to give
egsentially the model of the pSCD fire tornado.

If the temperature of the metal base is lowered to decrease the instability of
ajir gtratification, the formation of the vortex column like tornado becomes rare.
However, even if the metal base is not heated, vortex columns are formed 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 tornadcoes in the 0SCD and the Wakavama prefectural
office ground revealed that the presence of an extensive burning area seems to be the
decisive factor in the formation of fire tornadces. However, not all of the larye fires
recorded in the history are sccompanied by fire tornadoes. Although further investiga-
tion is required for the final solution of this problem, it is highly probable that there
are at leagt two kinds of fire tornadoes, one favorable fur the formation of a fire and
the other not.

Examining materials of past large fires, it was found that in most casea strong wind
played an important part in the extensive spread of the fire, For 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 maximum wind speed of 22 m/s was cbserved. Among the Three Great
Fires of Edo (0ld Tokyo). which are well known in the modern history of Japan, st least two
were due to strong wind. A common feature of these is that the fire originated from one
source and spread to an extensive area Eanned by a strong wind; the burned area saxtends

in a strip (Fig. 3). However, fires due to earthguake show a burn as an area with quite a
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different shape. 1In this case, there are numerous fire sources and the fire treaks out all
at once over an extensive area. In the case of the great fire of Wakayama, which was not
due to an earthquake, the shape of burned area indicates the same process. Thersfore, it
can be concluded that there are two kinds of grenat fires, one of which fire breaks out

from one source and fauned by strong wind, and then extends along a strip. The other

fire starts burning all at once from numerous sources. Generally in the formation of fire
tornadoes, the larter is more favorable.

In describingy the experimental study on fire tornadoes, we have stated that a vortex
column like fire tormado was formed providing an appropriate wind spaed was given. Namely,
in ocur experiment, the vortex column did not form in a wésk wind or a strong wind, but did
form if & wind spsed arcund 1 m/s was provided, As a marter of fact, both of the fire
tornadoes of OSCD and of Wakayama prefectural office ground formed in relatively weak wind
with a speed of 4 - 5 m/s for the former and 2 - 3 m/s for the latter. Thus the wind speeds
of such range seem to be appropriate for the fommation of fire tornadces.

Conclusions

Fire tornadoes of 0SCD and wakavama prefectural office ground. which caused catastroshies
wars studies relative to their cause formation, their characteristic features and their
relation to the damage induced. As a result, it was found that the main cause of their
formation was the extensive fire that wae initiated from numercus sous -es, the peculiar
shape of the burning area, an appropriate wind speed and the unstable stratification of
the atmosphere. Furthermor:, it was revealed that fire tornadoes are accompanied by very
strong winds reaching speed: of 70.4 - ©22.5 m/g for OSCD tornado and S0.4 - 70.3 m/s for
Wakayama prefectural office ground,

The major characteristic of fire tornadoes is the updrift and induced fire-flakes, thus
apreading the burnt area. in addition, the fire tornado fans the fire with violent wind
that surpasses the storm in typhoon.

In the report of the 0SC? fire tornado, the following statements are found. “Fire
creeped about over the grounc. People fell down breathing in the flame.™ “He survived
the fire without getting burnt but, a few days later, died complaining of a pain in his
breast”. There are a few other statements with the game implication. According to "The
Fire™ compiled by Dr. K. Nakata (1969), the lung may be burnt by breathing in fire which
can be fatal to life. At first difficult breathing occurs due to 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 0SCD fire tornado, an exceedingly strong wind in the open area
made the fales creep about the ground and conseqguently many people would probably have
breathed in hot air. Recently, if the fire of tall buildings, many people have heen
reported to have been suffocated to death by breathing in smoke. 1In the case of fire
tornadoes, however, the process leading to death 1= somewhat different.
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Plate 1 (a): Plate 1 (b):
A tree torn off by the A tree torn off by the
fire-tornado, This was meteorological tornade.
taken at the former site of This was taken at the
the Army Clothing Depot im-  suburds of Omiya City, near
mediately after the Great Tokyo on 7th July, 1971.
Kanto Earthquake.

Plate 2:

Gigantic cumulonimbus in the sky over Tokyo after the Great
Kanto Earthquake (taken by M. Harada). The former site of
the Army Clothing Depot seems to have been covered by such
a cumulonimbus at the time of fire-tornado occurrence,
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Plate 3 (a): A firs-tornado which formed
accidentally in the lee of
a large scale fire plume
{by J. Dessens, 1961).

Plate 3 (b):
Vortex column like a fire-tornado
in laboratory (by S. Soma, 1973).



Plate 4: Fire-tornado which formed on the leeside
of a burning tanker (56,000 t) in Muroran
Port in Hokkaido, 1565. (Provided by
Hokkaido Newspaper:

Plate S:  Apparatus for the experimental study of.
fire-tornado. Vortex column like fire-
tornado is made on the copper disk.



Plate &:

Vortex column like fire-tormado
obtained by the burning ares
model. Vortex column can he

seen on upper left. (Picture
taken from the above.)
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ABSTRACT

The problem of wind effects, produced by the construction of tall buildings, is anal-
sted. A research project designed to obtain information about this problem and to study

the cocunterpart for the prevention cf high winds around tall buildings, has been initiated.
Some preliminary obsepvations ar: described herein.

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

During the past 10 years in Japan, the number of tall buildings which have been con-
structed has increased dramatically. Many of these buildings have been constructsd in the
Lentral part of large cities, and sometimes produce high wind speeds near the ground
surface in pedestrian areas. Previously tall buildings were constructed in low building
areas. After constriction, alterations have occurred between the owner of the tall building
and nearby hahitants about tha change of wind environment. It is difficult, however, to
find a solution to the problem, because quantitative data concerning the modification of
air flow and tihe frequency of occurrence of high winds is too scarce.

The Ministry of Construction, therefore, initiated a regearch project to obtain
information about this phenomenon and to obtain a guidance on this wind problem.

In the followinga, after discussion of the problem concerning this phenomenon, an

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

Wind Surrounding Tall Buildings

The problems due to the wind caused by the modification of airflow surrounding tall
buildingas can be divided intc two categories: 1) the change of the environment, and 2) the
increase in danage to the structures surrounding the tall buildings.

The form.r is concerned with two kinds of phenomena; a) an increase of the freguency
of occurrence of high winds and b) an incraase of frequency of accurrence of calm condi-
tions. The “high wind” condition is a wind which has a speed which becomes annoying to
people, which is generally 5 m/s or greater. These “high winds”, cause difficulty in
walking, increase heating consumption in winter, create difficulties in opening of doors,
cause disturbance in rooms when windows are open, and impede plant growth. The occurence
of the high winds increase the frequency of calm conditions, and thus, the complaints of
sultriness dAuring the summer.

The change in the environment is the most serious problem, because this is related to
calm wind which occurs very frequently. These winda are affected by the air's thermal
stratification (vertical temperature gradient) in addition to the large-scale weather condi-
tion, and thus, makes it very difficult to estimate the change in the environment.

The second wind problem, the increase in damage tc gtructures, is related to higher
winds such as those caused by typhoons. In general, buildings exposed 0 such high winds
will be subjected to some damage risk. However, buildings standing near tall buildings may
be exposed to the additional increase of wind speed caused by the modification of air flow,
thus increasing the i'isk of damage.

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

Change of Environment

{1) Distributicn of wind s>eed around tall buildings in relation to the air's thermal
stratification.

(2) Frequency of occurrence of each pattern of wind speed distribution.

(3) Criteria of allowable change of environment stipulating the correlation of wind

speed and frequency of occurrence.



increase of Damage

{1) Distribution of wind speed around tall bui).iings
(2} pistribution of turbuleénce

Description of the Research Project

The Building Research Institute has irstituted a research project relative to this
problem since 1975. The purpose of this project is to provide informations stated shove
and solutions to eliminate the high wird speeds. The following studias are part of this
projece;

(1) Wind observation sround tall buildings

High winds around tall huildiras have been cbserved at several tall buildings sites
in Japan. The periods of these sbservations, however, were for only a few hours, and thus
the data obtained are not reliible in order to understand the quantitative nature of winds
around these tall buildings. Therefore, continual wind observations around and in the
vicinity of a few tall bui’dings will be conducted during the next several years.
(2) Field investigation o the influence of the wird in the environment

In the vicinity and sround many tall buildings. the intensity and spatial distribution
of the change of wind will be studied. The relation between the dimensjon or shape of tall
buildings and the change: of wind on the environment will be analyzed.

(3) $tudy of wind throuvgh wind tunnel test

If a reliable simjlarity law is available, wind tunnel tasts are quite effective in
evaluating the wind {istribution, However, such & similarity law is not known at present
and therefore the rossibility of such a law will be studied in this project by comparing
ad hoc teating methods with full-scale meagturements.

(4) Development of ivathods to reduce high winds

Windbreaks and shelterbelts have been utilized in agriculture areas in order to reduca
surface wind speed and to obtian the resulting micro-ciimatic change in plant growth. 1In
this project such applications will be examined relative to winds on buildings.

Preliminaxy Results

The Building Reaearch Institute has conducted wind cbservations in 1974 at two l4-story
building sites.

(1) Wind observations at Tokcrozawa City

Tokorozaws New Town is & housing area developed in the outskirt of Takorozawa City.
Three l4-story apartments are arranged in a line running from west to east in the center of
this New Town. Surrcunding the thrue iall buildings is a five story apartment and one and
two story houses, Wind observations were made at 3 levelz of two chservation points as
shown in Fig. 1. Between these two points a wind-shelter fence of 4 m in height and 40 m
in length were arranged from scuth to north,

Wind data collected at the Tokorozawa Fire Station, which is located 3 km from the
Kew Town, were used ag the reference location. The height of the anemometer at the
reference point, is 9 m above the ground.



Fig. 2 shows the frequency of occurrence of wind speeds at points Pl to P6 in the New
Town compared with that at the reference point. According to this figure, at Pl’ PZ’ 4
and P6 the frequency of occurrence of the calm wind is 108 below 2 m/s. However, the
frequency of occurrence of the higher winds is several percents higher at svery wind speed.
The frequency of occurrence at points 94 and Ps is quite differsnt from other points and is
similar to that at the Fire Station. This is probably due to the shelter effect of the
fence.

3

Fig. 3 shows the ralationship between the ratioc of the wind e~zeds at points Pl to P

to the reference wind speeds, when the reference wind direction in N, NNW and NW. The

6

values of the wind speed ratio R is greatly scattered at the lower reference wind speeds,
but the scatter becomes less with increasing reference wind speeds. The maximum value of R
is greater than 3 and is observed at reference wind spevd of 2 m/s. At the higher refer~
ence wind speeds the value of R approach unity.

{2) Wind cbservation at Kcto-ku, Tokyo

The other location where preliminary wind cbservations were conducted was at Koto-ku,
Tokyo. At this loca:ion there are eight-fourteean story apartment buildings which were
constructed in 1975 as shown in Fig. 4. Wwind observations were made in 1974, when the
apartments No. 4, 5 and 6 were under corstruction and they were only two atoriad buildings
at the end of the 1ear. The average wind speeds were continually observed at 6 paoints as
shown in ~ig. 4 and a: a heijht of 5 m above the ground. The wind data collected at a
wind tower (54m high above th¢ ground) of the Japan Metevrological Agency,., which is loca-
ted 7 km from the cbservatic: site and was used as a reference.

Fig. 5 shown the relationship between the reference wind speed and the wind apeed
ratio R \wind speeds at points Pl to E'6 to reference wind spaed), when the refsrence wind
direction was NW. As shown in this figure, there is & tendency for the R valus to scatter
and is similar to that in Tokorozawa areas with the mean value of R differing greally Trom
point to point.
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WIND ENGCINEERING RESEARCH PROGRAN
SUPFORTED BY
THE NATIOtAL SCIENCE POUNDATION

by

Michael P. Gaus
Head
Enginesring Mecharics Section, NSTF
Mashington, D.C.

ABSTRACT

The National Science Poundation is an Agency of the Fedsral Government astablished in
1950 to advance scientific and tachnical progress in the United States. The Poundation
fulfills this responsibility primarily by sponsoring scientific research, encouraging and
supporting improvements in science education, and fostering scientific information axchange.
NSF does not itself conduct research or carry out education projscts.

Operating under this charter the Foundation supports a -ub-tnr-ntial amount of research
in Wind and Seismic effects. The Division of Enginecering has for the past years had an
organized area activity in Wind Engineering Research. The primary emphasis of this research
has been toward developing a better understanding of the structure and flow of the earth's
boundary layer to develop new knowledge and tachniquea for predicting and coping with the
intaraction betwesn the boundary layer wind and man-made or natural objects and to develop
methods to assess or predict snvironmental effects related to wind flow. Almort all of the
current ressarch programs bging supported are at academic instirutions. A susmary of these
cairrent ressarch projects is given herein.

«ey Wordst Educacion; Research; Research Programs; Wind Engineering; Wind Studies.



Introduction

¥or purposes of classification, Wind Engineering research .s divided into 16 categories
These categories are shown in Fig. 1. Primary emphasis during the early years af the pro-
gram has been in categories 1 thru 10 and in category l6.

Of special interest during the last year has been the begirning of operations of the
Wind Engineering Research Council which was funded during FY 1974. Objectives and organi-
zation of the Council are shown in Figures 2, 3, 4, 5 and 6. The Council has already been
active in promoting il rchange between wind engineering researchers and anticipates organi-
zing a series of workshops in the future to assess important problems and opportunities for
wind engineering research.

Also made available during the last year is the first issue of the Wind Engineering
Digest. The Wind Engineering Digest is a survey of current projects in various aspects of
wind enaineering research. The digest is intended to alert investigators to research in
progress. The original intention was to include in the first volure only research projects
in the U.S.A. However, because Of international interest, it was decided to include jinter-
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 of Engineering
have continued to be supported. The wind related activities are twofold. One is to send
investigation teams to sites of natural disasters (such as tornadoes or cyclones) to collect
data an damage and effects which may latter be used to reconstruct damage mechanisms, vel~
ocities, missile densities, and so forth. Much of this information is of a perishable
nature and nay be obliterated by rescue and clean-up operations. This information is then
made available to researchers who might wish to do in-depth studies on the effects of such
storms. Several teans were dispatched during the last year to document damage due to
tornadoes. The second wind related activity 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 at that time
was operating under the title "Committee on Earthquake Engineering Research.™ The title
page is shown in Fig. 9. (not submitted for publicationj.

baring FY 1975 a total of 19 research projects were funded. This is in addition to
projects funded in previous years, but still in progress due to multiple year funding
periods. A list of all projects currently in progress would be rather voluminous, therefore
a complete Lizting of such projects in progress, describing FY 1975 research grants, may be
abtained from NSF. Total di:llar support for Wind Engineering research during the last five
years is shown in Fig. 10.
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Pig. 1
WIND ENGINEERING

Structurs of wind

8) Boundary-laysr-vertical (50 to 100 metar region) and horizontal profiles, turbulence
intensities

b) Extrames and durations

c) Effects of Moisture contant - rain, snow, hail

Wind-Wave Effects

a) Wave generation

b) Open sea structures - floating platforms, shipa
c) Off-shore structures

d) Coastal structures

s) Harbors. estuaries, inlets

Effects on Urban Areas

a) Characteristics of wind build-up areas
b) Influence of tall structures

¢) Transport and sntrainment of pollutants
d) V/STOL airports and heliports

e) Micro-thermal phencmena

Wind Loading on Strucutres

a) Drag, vortex shedding and separation

b) Dynamic response and stochastic analysis
¢} Numerical algorithms and computer scftware
d4) Loads on cladding and glass

®) Static vs, statistical approach

£f) Permeability effects

Savers Storms

a) Thunderstorms

b) Hurricanes - wind velocities, wind-water intsractions
¢} Tornadoes - wind and pressure distributions

d} Local phenomsna

e} Prediction capabilities

Design for Hurricanss and Tornadoes

a) Critical structures - nuclear reactor, etc.

b} Standard structures - controlled-sequence failure to protect life
c) Missile damage

d4) Economic considerations

Full-Scale Testing

a) Instrusentation development

b) Urban arnd rural profiles for engineering applications

c) Structure testing - fixed and portable structures, bridges, cooling towers, tall
atacks, tall buildings

Model Testing

&) Special wind tunnel facilities

b) Modal scaling and dynamic similitude

c) Structure testing - fixed and portable structures, bridges, cooling towars and tall
stacks

d) Effacts of clustering and wake interaction

I1-1



9) Environmental Factors
a) Effects of strudture on surroundings - entrappment of pollutants, stability of
vehicles and pedestrians
b) Effects on anvircnmental control systems

10} Psycho-Physical Factors

a) Perception levels for motion in varicus structurss
b) motion tolerance
c¢) Psychelogical response to drift

111 legal Paciors
a) Pollution problems

b) Buffeting of downstream structures, etc.
¢) Missile damage caused by other structures
d) Structural damage

e) Occupancy discomfort

f) Insurance rates

12} Special Problems
a) Moimutre penetration of buildings

b) Wind zoning for cities

¢} Building code .equirements
13) WMind Considerations in Urban Planning
14) Bullding Codes and Regqulations
15) Boci-Economic Effects

16} International Cooperation
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Flg. 2

Wind
Engineering
Research

Council

An orgenizstion for coordinating
resesrch activity end disseminating information
on Wind Engineering problems
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rig. 3
PURPOSE

The Wind Enginesring Reseirch Council wes
formed 10 provide a machiniam for she Wres e~
Mdﬂmlmu\mm. prioritien,
Nww:-dn..lahmwudmmd
reasarch sifarta in wind engineering.

The primary objectives of the Wind Enginearing
Resserch Council ere:

o To stimslete whe initletion of, ond provide e
dination. of h offortll i wind snginesr-

ing.

u bnp the & ton ervl oo of
Information betwesn resserch workers In the verk
ous dlaciplings of wind onginsering.

o Dalinastn groblems that most wogewly need
resamoh.

o Emmblish ¢ Notionsl Wind Enginaering Infor-
metion Centsr consisting of a tibrary of publice-
tioms and resedrch rOports.

o« Mrovide umnwmmw
mwwmanuu.—-mm
and problems..

Pig. 4

ACTIVITES

The Council arganizes parigdic netional mes-
ingn of oh & Hmors in Wind Engineeting.
Thess mestings COMBIEE Of reparts on CUITeNt re-
sesrch and diecussions in or by werking Sub-groups
on directions for fuare ch. The proceedings
of shess netions! mestings are published snd sent
% !oee individusls s orgenizations on tha WERC
mailing lise. n addition, s querserly newsietter re~
porting on activities and lorthcoming svams in
Wind Enginaaring i meited to all ivterested pertiss.

The activities of WERC are supporwd by 8 grant
fram the Nationa) Sclence Foundstian.

MEMBERSHIP

Secouse of the neturs of the arganizetion thare
is no famal membership cleesificetion hor partic:-
perwa in WEAC sctivities. The ‘membarship™ of
the Council consists of a!l persowe and organirs-
tions, on the WERC meiling list, having an active
iroreat in one of v erese of Wing Engineering.
intarasted partiss miy be included an the WERC
mailing Iiat by sulvnitting thasr néme, Organization.
nd addrass to;

Dr. Richard A. Parmales, Exacutive Secresry
Wind Engineering Rsssecch Council
Dapartmert of Civil Englnaering
Northwmatarn University
Evenmon, liinots G020V

Phona: (312) $2-3172



WIND ENGINEERING

Racognizing that the sffects of wind on the works of man result in ive o and ¢ -

able loas of life, the Wind Enginesring Resasrch Council was formed to .ncmne; and coordinate

ressarch on winds and wind effects, and 1o disseminate information. WERC is especiaily concerned

with tha following sspects of the wind sngineering problem.

BIUNDARY-LAYER WINDS
Dist ibution of mesn air spseds
Distr bution of mesn {emperature
Turbulenca chersctaristics
Orpgraphic sitacts
Urban affects
Jaim probahility of sir velocity.

temparature and humidity

SEVERE STORME
Thunderstorms
Hurricanes
Tornadows
Extratropical cyclones
Dovnsinps winds
Post-disaster inspsctions
Extreme wind statistics

WIND LOADING ON $TRUCTURES
Meen and dynamic responsas
Vongx-shadding axcitation and

galloping
Loading on cladding and glass
Effects of architectural details
Stochastic analysis
mpact of wind-driven missiles
Building code requirements

PEYCHO-PHYSICAL FACTORS
Preception threshokis of motion
Tolerance tor vibratory motion

Wind criveein for padeatrian safety

»ed comfort

EFFECTS ON URBAN ANEAS

Transport, entrainment and

enirapment of pollutent
Stability of vehicles snd pedestrisns
Location of V/STOL airports and heliports
Lication of industria! and power plants
Wingd zoning for cities
Micro-thermal characteristics

FULL-SCALE MEASUREMENTS

Instrumentation developmant
Metsorologice| varisbles

Pollutant concentrations

Wind presswres on building surfsces
Swuctural responses

WODEL TEXTS

Wind-tunrwi facilities

WModel-prototype eimilitude

Slockage effects

Wind chirbctaristics (Of canplex gaomatry
Structurd| reaponses

Buiiding surface pressures

Diftusion of stack and sutomobile exheusts

SPECIAL PROBLEMS

Agriculturel serodynamice
Air-3ea interactions
Wind-induced noise

Wind power peneration



Fig. 6
WERC ADVISORY COUNCIL

The atfairs of the Council are hendied by en
Advisory Commities which contists of the follow
ing mambers:

EXSCUTIVE BOARD

Chairman

Jaci E. Cormak
Colarado Ftate Unversity
18 Vies-Chaimnin
Leglie E. Mobertson
Skilling, Hallg, Christianasen, Achertson
Ind Vice-Chairman
Angtol Roghko
California institute of Technology
Executive Secretery
Richard A. Parmeles
Northweatern University
ADVISORY COMMITTEE
Arthwr M. L. Chiu
University of Hewaii

Alan G. Davenport
Univergity of Western Ontario

Jossph M. Golden
Nutionsl Severs Storme Laborstory

Robert J. Hensen
Massachusetts instinne of Technology

Gearge W. Housner
California institule of Technology

Kishor C. Mahta

Texas Tech University
Nathan M. Newmerk

University of lllincie
Hans A. Panofsky

Penngy ivania Stete University

Gearga W. Reynolds
Woodwaerd-ENVICON fnc.

Robert H. Scenian

Princeton Lnivers:y

Anshel J. Schiff
Purdus University

H. C. 5. Tham
Consulting Meteorologist
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Fig. 1

Wind Engineering
Research Digest

Volume | - 1974

Sponsored through Grant GK-38047
Nationsl Science F oundation

Conductad in Conparstion with the
Wind Engineering Resserch Council

University of Howeil
Homokutu, Haweil
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Fig. 8

TABLE OF CONTENTS

L. Structure of Wind

“+ Wind-Wave Effects

3. €Effects on Urban Areas
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NSF WIND ENGINEERING EXPENDITURES

Fy 1571 $ 136,300
FY 1972 620,900
FY 1873 1,013,200
FY 1574 772,800
FY 1975 $1,222,800
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STUDY OF THE WIND PRESSURE AND THE RESPONSE OF ROOF CORNERS
by

Tatsuo Murota
Senior Research Officer
3rd Research Division
Building Research Institute
Ministry of Construction

and

Mitsuo Nakahara
Senior Research Officar
3rd Research Division
Building Research Institute
Ministry of Comstruction

ABSTRACT

In 1972, a number of prefabricated dwellings in the Nagoya district, Japan, suffered
damage from high winde caused by Typhoon No. 7220. Much of the damage to the dwellings
caused by this typhoon was the removal of the flat roofs of the buildings. 1t is known
that the corners of flat roofs, when subjected to high winds have high suctions with peri-
odic fluctuating force components. The cause of this type of damage has created a need
for studying the dynamic effect of wind pressure on roof corners. Such a study has bcen
conducted since 1973 by the Building Research Institute. The results of the 1974 field
cbservations, by the BRI, will be given herein.

Key Words: Buildings; Dynamic Effects; High Winds; Roofs; Typhoon; Wind Pressure.

11-11



Full-S5cale Measuremsnt of Wind Pressure

A two-story dwelling, shown in Fig. 1, was used tc msasure wind prassures on roof
corners. The locations of the pressure meapurements were arranged on the roof of the ind
story as shown in Fig. 2.

Typical power spectra of the wind pressure fluctuations, at several pressure measure-
ment locations, are shown in Figs. 3 and 4.

Fig. 3 shows tha powsr spectra at the north west corner of the roof during a 11 m/s
wind from NE-E direction. At the NE-1 location, t.'c snergy power distribution occurs in all
frequency ranges and, therefore, the pressure fluctuatica is considered to be random. Howeves
at locations NE-2 and NE-3, two predominant frequency components are observed at values of
0.4 and 0.72 H_. At location NE-2, the energy peaks are obaerved at 1.9, 2.2 and 2.8 H.
and at location NE-4 only a line power is observed at 2.65 Hz.

The reduced frequencies are given by:

k7
where n = frequency, D = characteristic length, and V = wind velocity.

Using the predominant frequencies of 0.4 and 0,72 H' at locations NE-2 and 3, the
reduced frequencies are 0.17 and 0.13, respectively, where the characteristic lengths D are
taken as 2h (h = height of the wimd story roof from the lst roof) and 21 (1 = projected
length of the save), respectively. These values of reduced frequencies are approximately
the same as those cbtained on square cylinders during wind tunnel tests, and it is
considered that thess predominant fregquency components ars caused by the vortex formation
near the roof corner.

The physical meaning of the predominant frequency of 2,65 Hl at location NE~4 has not
besn determined and will require future studies.

At locating NE-5 and 6, the energy peaks, as s8.own in Fig. 4, are also observed to
have the same frequencies as those at locations NE-2 and 3 as shown in Fig. 3. Coneider,
for example, point NE-1 shown in Fig. 4, which has a peak frequency of 1.6 Hz' Suppose
that D is 2 times the projected length of the curv-e, the reduced fr=quency becomes 0.18.
The powar spectrum for point NE-7 has the same fsature ac that for point NE-4 as shown in
Fig. 3.

Model Test on the Responsa of Roof Corners
A small model of a roof corner was set on & building 60 m high above the jround and
the vertical displacementa ~f the roof corner was cbserved for 0° to 30° roof slopes, as

shown in Pig. S. The mode was set at a position where the wind iirection was constant and
the vertical wind component was very swmall.
The results from these obscrvations are as follows;
a) The mean displacement changed with roof slope: that is the directicn of the mean
response was downward for 0° to )0* und apward for 15° to 30° as shkown in Fig. 6.

IT-12



b) The root mean square values of the dlsplacement U!, was independent of the roof
slope. Assuming that the maximm response ‘fm and the mean response Y is given
by:

Y =Y s,
max maan Y
mean

the constant X equals 3 to 4, in the range of yoof slcpe 0* to 30* as shown in
Fig. 7.

¢} Fig. Ba to e shows the power spsctra of the displacement for the rxoof slope 0°
to 10*. In these ficures the energy psaks are observed at the fundamental fre-
quency of this model roof. EHEowever, whan the roof slope is in the rangs of 15°
to 30*, these peaks are not cbserved, as shown in Fig. 8f to h.

Conclusion

The following phencmena has been chserved from the measurement of wind pressure and the

response of the roof corners.

1) The pradominant frequency components were ocbserved during the wind pressure fluc-
tuation st the rocof corners.

2) ‘The values of tha reduced frequency of thase predominant components were nearly
aqual to thcose recordsd on square cylinderg during wind tunnel tegts and thece
components are considered to be caused by the vortex formation,

3) The response of roof corners in the wind, from the diagonal direction, changes

its feature discontinuously for a slope angle of 1C* to 15°,

Acknowl edgment
This study was conducted at the Building Center of Japan in 1974, The authors wish

to express their thanks to the chairman, Dr. Isamu Xamli and the other mexbers of the
Task Committee on this study organized in BCC.
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OR THE WIND RESPONSE OF THE KANMON BRIDGE
by

T. Okubo
Head, Structuore and Bridge Diviaion
Fublic Works Research Instjitute
Ministry of Construciton Japan

N. Narita
Chief, Structure Section
Public Works Research Institute

and

K. Yokoyama
Research Engineer, Structure Section
Fublic Works Research Institute

ABSTRACT

The resistance against wind of a long-span suspension bridges is one of the impartant
design problems because this type of }'riJge is flexible and sensitive to wind action. The
Xanmon Bridge, opened to the public in N..ember 1973, is a typical long-span suspension
bridge in Japan. The design of this bridge against wind initiated during the aearly design
phases and its stability against wind wes 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 thege thoughts, a long-term observation plan system wias 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 cf the suspended struc-
ture are presented. A comparison ls then made betwee:n observed and theoretical wind gust
responses. ‘The results show that tle observed respongse is less than the theoretical re-
sponse and thus shows the need for accumulation of data which can improve analytical
techniques,

Key Worda: Bridges; Displacements; fie'd Tests; Winds; Wind Measurements; Wind Speed.

II-20



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 pessibility that suspension bridges or cable-stayed girder
bridges will demonstrate aerodynamic instability such as flutter or vortex-excited oascilla-
tions as a result of the dynamic effect of the wind. Therefore, design information aud
girders are required to account for this effect in the design procedure.

Then, during the preliminarxy 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 meters above sea level) for determining the design wind speed was selected based on
both the expected return wind speed at the construction site and the wind distributicn
estimated from the wind tunnel experiment on A topegraphical model. The cross sectional
configuration of the puspended structure was selected from section model tests under laminar
flow, which showed sufficient stability against the wind.

In addition to the Kanmon Bridge, several other long span bridges such as the Wakato
Bridge and the Onomichi 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 subseguently adaopted.

The design specifications for the Proposed Honshu-Shikoku Bridge (1975) orovides for
a design wind speesd (VD) and a design wind load (PD) which are computed by the following

equations:

for horizontal line-like structure: V. = vi*vy*Vg

for vertical line-like structure: Vo= upevy'Vp

for horizontal line-like structure: P_ = l/20¥;CD°An'vu

D
for vertical line-like stracture: PD = 1/20%{CD'An'vs
where,
V10= basic wind speed {(m/sec)
vi : wind speed modification factor for the elevation of the structure

va @ wind speed modification factor for horizontal length of the structure
vy ¢+ wind speed modification factor for vertical length of the structure
p : air density (Kg'aecz-m—4)
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CD: draq coefficisnt
An: exposed area for unit length of the structure (12/-)
Vy: wind load modification factor for horizontal length of the structure

vs: wind load modifi~ation factor for vertical length of the structure.

The fundamental concept used in th.s design criteria is to detev»'ne the wind spaed
modification factors and the wind load modification factors such that the magnitude of the
lateral banding momant of the stiffening trusses caused by the natural wind is equal to
that induced by a uniform wind. Thus analytical msthod is based primarily on the statisti-
cal concepts proposed by A.G. Davenport in 1962. However Only a “ew suapension bridges
have shown lateral vibrations during stormy winds, thus this :n’~ .quency has been intro-
duced in the analytical process. In order to further substanii.te these assumptions field
observations on full scale structures and wind tunnel tests on tection models, have besn
conducted. A long-term cbservation system was then instal.ed on the Karmon Bridge, in
order to collect useful data and thus confirm the design adequecy of the bridge and enhance
the design philosophy of the proposed Honshu-Shikoku Bridcas.

The Kanmon Bridge and its Aerodynamic Characteristics

The Kanmon Bridge, which was constructed over the Kanmon Straits and forms the
ranmon Highway. eonnects Shimonoseki City in Honshu and the Moji District of Kitakyushu City.
This is the largest suspension bridge in Japan, and has a center span length of 712 meters
with equal side spans of 178 ‘eters in length. The suspsnded structure carries six traffic
lanes and conaists of stiffened trusses, nine meters deep spaced at 22 meters. The clear
height is 61 meters above sea level at the center span. The cross-sectional shape of the
stiffening girder was selectel through wind tunnel tests. The elevation ol the upper chord
of the stiffening truss is nearly squal to that of the road surface, with three lanes at
the edge and central part of the road deck, consctructed of open grid. These constitute a
positive characteristic of the bridge relative to wind stability.

The location, general view and fundamental dimension of the bridge uxre shown in Figs.
1 and 2 and Table 1.

The wind speed survey and the wind tunnel model tests, were conducted in relation to
the wind resistant design. In the former, the vertical profile of the mean wind speed, and
the vertical inclination of wind were investigated. Alsc studied in detail was the relation-
ship between the wind direction and the wind canvergence as the topographical conditions of
the construction site was modified. As a consequence of this study, the wind distribution
was dotermined and the basic wind speed was fixed at 35.5 m/sec, which then gave a design
wind speed as 53.5 m/mec for the atiffening givder. 1In the latter, the mesan wind force and
wind stability of the suspended structure were then exam.ned. Two types of stiffering
girder were proposed for the suspended structure namely, the box-stiffened girder and the
truss-stiftened girder. After prudent comparison of the wind stability Zor both systems,
the truss-stiffened suspendej 14 [n:ture was. adopted. The wind sta‘ {lity. o7 the final de-

sign structure, iw qiwn in Fig. 3 and indicates the relationship L+ twean the angle of
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attack and the critical wind gpeed for the torsicnal flutter. The occurrence of the re-
strictea oscillation was anticipated by the wind tunnel test on a main tower model under
construction, and the oscillation was suppressed by a special energy absorption device.
The design wind load for a suspended structure and the main tower was determined in
accordance with wind tunnel test results.

After completion of the actual bridge structure a field vibration test wae conducted
by use of twin excitors and heavy trucks. The natural frequencies and tl.¢ dsmping charac-
teristics obtained from the test are given in Table 2. The observed frequencies are about
four percent less than those <alculated,which 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 neceszary to modify the critical wind speed oy the
ragnitude, because the cbserved amplitud: of the oscillation was small compared to the
expected value.

Long-term Cbservation System

An instrumentation and data-recording system, designed to monitor and record wind
gpead and direction as well 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 Tabhle 3. The characteristic features of the system
are (i) a large member of inct uments are provided, (ii} the system is immediately avail-
able to record and monitor, and (iii) a digital signal is used in the transmissicn, in
order to increasc the accuracy.

(1) Transducers

(a)}) Propeller type anemometer: Four aneiometers were positioned un the top of
poies located on the & 1dge deck, and used for observing the horizontal distribu-
tion of the wind. One anemometer was ins alled at the top of the main tower

and ugsed as referance.

(b} Sonic anemometer: One set of three-component sonic anemometers was located

at the mid-point of the mair span and used for observing the wind inclination
angle.

(c) Servo~-type accelerometer: Servo-type acceleroneters of high fidelity were
positioned at the mid and guarter points of the center span. One element mentioned
the horizontal ¢omponent and tha other two elements the vertical component, at <2ach
point.

(d) Displacementmeter: Using an optical device, both horizontal and vertical
motions of tne stitfening structure were detected.

{e] Cthers: Trans lucers uysed for earthquake detection were placed on the
structure, bit are not described herein.

(2) Data transmission system

The output data are dic¢itized by Analog-to-Digital convertors near the transducers
and are transmitted 1.5 kilo-zeters to the data processing system lo~ated in the
administration office.



(3) Data processing system

A data processing system equipped a mini-computer ordinarily performs the monitor=-
ing and records the data. When the wind speed exceeds a preset level, the acgquisition
system automatically starts and the data is stored on magnetic tapes.

Qbserved Data and Discussion
Wind Characteristics

The cbservation system was set intoc operation in April 197d4. as strong typhoons have
not been in the ara thus far, only a few recordings at low wind conditions were obtained.
wWind charactaristics have been examined in order tc¢ compare the real wind distribution
with that expected. Fig. S indicated a trace of the wind speed and the direction, at four
stations. From this information statistical data such as mean wind spsed 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 features
of the approaching wind is:

(1) The turbulence intensity, gust factor and power spectral density of the wind

agree well with those obtiAined previcusly in the past, with a noticeable effect of

wind convergence,

(2) The harizontal distribution of the wind speed was observed on the deck and is

almost uniform, with a small deviation of 1 iw/sec. The mean wind direction is nearly

equal for ¢ach station. However, instantaneous wind speeds and directions fluctuate

80 violently, that cross-correlation of the wind speed rapidly decreases with an

increase in the distance between siations. According to the cross-correlation coeffi-

cient of wind speed as shown in Fig. 8, the wind speed has a strong correlation with
the anemometers set at 20 méters apart, but has a weak correlation for those meters
which are 180 meters apart.

{3) According to the topographical model tests, the vertical inclination of the wind

at the straits varies with the principal wind direction. For instance, the S-W wind,

which comes from Mt. Hincyama (EL. 268 m), has an angle of inclination of 3 degrees at
the sShimonoseki side, with the N-E wind showing a negative angle on that side.

The recordings of the scnic anemometers at the east side of the bridge deck showed a

positive angle for both the E-5SW wind and the E-NNE wind.

Response of the Stiffening Girder

In order to better understand the hehavior of the suspended structure when subjected
to wind, a motion picture was made by & computer output microfilming system. This motion
picture showed “hat the bridge vibrated randomly in vertical bending, torsional, and
lateral bending modes with the vertical bending mode being dominant. Fig. 9(1) through
rig. 9(5) shows the power spectral density of the acceleration for each mode, and Fig. I(6)
and PFig. 9(7) displacement mode. In Fig. 9(1) and Fig. 9(2) the natural frequrncies ar=
indicated, which were obtained by forced vibration test. These fraquencies c>.ncide with
the peak frequencies of the power spectral denslfy curve. However, the peak {requencies
.f the literal bending vibrations are smaller than the calculated frequencies usin; the

Ellis’' method. It was determined, frow the acceleration record, that the response vibra
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tion of the suspended structure is random in character and the lowest mode of either sywm-
metry Or antisymmetry is dominant. According to the power spectral density of the displace-
ment the contribution of the higher mode of vibration is smaller than the lower mode of
vibration. It may be said that the vibration with the lowest mcde is important not only

for the flutter phenomena but for the gquat response problem.

Wind Speed and Structural Response

In Fig. 10 and Fig. 11 the original trace of the wind speed and the sturctural response
is given. The structure starts to vibrate at a wind threshold level during the combined
vertical and lateral bending mode and is random rather than sinuscidal. The magnitude of
the vibration seems to depend on the wind apeed level rather than on the wind turbulence
level, and with an increase in the wind speed the lowest mode of the vibration hecomes
dominant.

Fig. 11{1) shows experimental and analytical mean and the standard deviation of the
lateral displacement at midpoint of the center span in relatien to the transverse component
of the mean wind. The analytical method that was used is the same as reported at the last
Joint Meeting. According to Fig. 11, the observed values coincide qualitatively with the
theoretical value but the observed mangitudes are smaller in comparison to the theoretical
values. This indicates the necessity to reexamine the wind characteristice (spatial dis-
tribution, power spectral density of wind), structural characteristics (natural frequency,
damping capacity) and the aerodynamic response characterijstics (aerodynamic admittance,
aerodynamic damping).

Concluding Hemarks

The main part of this work has been concerned with the examination of data collected
by a long-term cbservation system, in which only a few samples of data have been obtained.
The primary analysis of this minimum data indicates the following;
(1) The obaerved wind characteristics (power spectral density of wind speed, turbulent
intensit;, and guat factor) are similar to those observed previously. The horizontal
distribution of the wind speed and the direction is nearly uniform, hcwever, the wind
convergence at the straits has not been confirmed. The wind inclination data shows
that reverse characteristics i:u comparison with wind tunnel experiments, thus indi-
cating a detailed survey is necessary.
(2) During the field studies nco information of the flutter problem was cbtained,
However, some response characteristics of the suspended structure, against natural
wind, were oltained. It was found that the structure vibrates randomi = and that the
higher mode components as well as lower mode ones are included in the power spectral
der. .ty of acceleratior but the lowest mode is dominant in displacement.
{3) The ob~erved vibrational displacement shows the same tencency when compared to

the calcula ed values based on Davenport's method, but does not agree guantitatively.
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Table-1 Inatrumerts for long term observation system st Kanmon Bridge

Obsarvation | Maasuring| Msxisus Instruments |Whmber ::::(:' Rate of
icon point neasuring of par sampling
range itnetrumants ".r Total | (freq./sec)
Submerged
Ground 2500 gal acceleroneter 3 3 9 100
Abutment | 500 . 1 [
Accelera- Pler 2500 Electro- [ ] 1 8
' magnezic o]
thon Tower 2500 acceleromatar n 1 &
Stiftening , Servo- 1 6 2
frane 00 accelaronster 6 i
Horizontal
s | KY-Anslyser 1 3 1 23
Displace- :::"m- il
i frane Longiewdi= 1 oo frarential
nal transducer 1 1 1 23
25 m N |
Morizental
60 n/ssc
yertical Suparsonic 1 b} 3 25
Wind 210 n/sec AnemOmatar
apuad
Stiffen- [ Horizontel
ing 0 a/sec | Propellar typs 3 2 6 25
Wind frane a0° SN SRowT
_Ilnu:ul
Wind Top of Rorisontal
[ Shimono- | 60 n/eec 1 2 2 1
saki sa0*
dizrection tower J
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Fig.-1 Map of the Kanmon Straits
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POWER SPECTRAL DENRSITY ( (CMY®w2/C1/5) )
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LULING, LOUISIANA CABLE-STAYED BRIDGE
WIND TUNNEL SECTION NODEL TESTS

by

Richard H. Gade
Research General Engineer
Office of Research

and

Walter Podulny, Jr.
Structural Engineer
Office of Engineering

and

Harold R. Bosch
Structural Research Engineer
Office of Research

Federal Highway Administration
Washington, D. C.

ADSTRACT

Results of wind tunnel section model tests of five orthotropiz superstructure config-
urations for the Luling., Louisiana, Cable-stayed bridge are presented.

The 1,235-fooct (376.4 wmeters) long main span crossing of the Mississippe River is
designed for 150 wmiles per hour (67 wmeters per second) hurricane wind velocity.

The saction models, 1/60 scale, are tested at six wind angles: =-4°, -2°, 0°, 2°*, 4°,
and 6°. Flutter coefficients are plotted for all tests.

The tests show freedom from flutter at the design wind speed. Vortex excitation,
vertical and torsional, is exhibited.

Testing ia performed in smooth flow conditions at the Fairbank Highway Research
Station of the Federal Highway Administration, utilizing the George S. Vincent Wind Tunnel.

Fey Mords: Bridge, cabled stayel, wind tunnel, models, displacements, flutter, wind
angles.
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Introduction

Recent bridge structures have increased dimensions and flexibility and décreased dead
waight and damping characteristics. Reduction of dead weight producsas a magnification of
wind effects reslative to the inertia of the structure. Increased flexibility decresases the
natural frequency of vibration. Modern fabrication techniques have decreased the structurss
ability to absorb energy by sliding friction between component parts and thus less eneigy
is required to initiste and maintain vibration. As a result, recent structures are ba-
coming more sansitive to not only static wind effacts but dynamic onss as wall. Soma ex-
isting and relatively recent structures have been sc affected by wind oscillations that they
have required reinforcement or modification by fairing.

Tha assessms:t of dynamic deflections and osciliations of long-span bridges due to
wind action usually resorts to a wind tunnel model test. This is particularly sc for the
tradivional truss stiffened suspension bridge. The cable-stayed box-girder bridge whi-~h is
currently receiving popularity by designers in the United States is subject, fundamentally,
to the same wind excitation mechanism as the traditional suspension bridge. The inherent
general increase in stiffness of the cable-stayed box-girdar does place it in a different
realm of response.

This paper will present data gathered from model studies cconducted by the Federal
4ighway Administration (FHWA) on the Luling, Louisiana cable-stayed bridgse.

wind Force and Angle of Attack

Wind force on an object is normally not in line with the direction cf the wind. In
conventional aerodynamic analysis, i.e., airfoil design, wind force is divided into two
components: drag and lift, parallel and perpendicular to the wind direction. This same
convention may be applied to a bridge deck wherein the resultant wind is oriented to the
scructure by the angle of attack «, positive when striking the section from the underside.
It is convenient in considering wind effects on bridge structures toc consider lift being
perpendicular to the normal cross-section position of the bridge deck.

In the evaluation of wind forces on a structure there is a concern for the determin-
ation of the possible direction of critical wind velocity. In plan it is genesrally assumed
that the critical wind direction is perpendicular to the longitudinal axis of the bridge.
An obvious question arises as to what maximum value of the angle of attack, &, should be
considered on the deck cross-section. The angle of attack is a function of wind velocity
and site conditions. Preliminary data for the relationship between maximum observed angls
of attack and wind velocity obtained by the FHWA at the Newport, Rhode Island Suspension
Bridge over Naragansett Bay (Fig. 1) provided measurements of the mean vertical wind angle
for a range uf wind speed recorded for Hurricane "Doria”™. Form these curves it can be sesn
that the angle of attack decreases with increasing wind speed, thus, at lower wind speeds
the structure must be stable for larger values of angle of attack. The curves shown in
Fig. 1 may serve as a guide but may not necessarily be applicable to other sites and
possibly may impose unnecessary constraints to the analysis.
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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, Houisiana, cable-stayel
bridge over the Misgissippi River. These tests, still in progress, are being conduct:d at
the FHWA's Fairbank Highway Research Station, Mcl.zan, Virginia, using the low speed, smooth
flow, 6 ft. by 6 ft. open jet, George S. Vincent Memorial wWind Tunnel facility.

The experimental procedure, Fig. 2, suspends the essentially rigid madel by four equal
springs at each corner of the end supporting brackets. End plates are employed so that
the air flow near the end of the modei is two-dimensional. The models, five feet in span,
are scaled by the Froude Number Criteria for mass property and vertical natural fredquency.
Due to practical lunitations of simulating the relatively high prototype torsional charac-
teristics, values of polar mass moment of inertia and torsional natural frequency do not
achieve Froude Scaling.

The behavior of damped spring-mass systems is dependent on the value of the damping
coefficient. A specific value of structural damping fnr a proposed bridge structure
{which for practical purposed is impossible to obtain) is difficult to assign, and conse-
quently, 0 is the value for a maodel system. The section model testing is, therefore,
treated as a method of extracting aerodynamic information which can be used analytically
with any selected value (or values) of prototype structural damping. Thereby, the need for
adjusting the model system to a specific value of structural damping is avoided. The tests
are conducted with the values of mechanical damping exhibited hy Lhe freely oscillating
model.

Seven superstructure configurations are considered, all having a2 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 thown 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 hox-girder of a "streamlined” croas-section is shown in
Fig. 5.

The aerodynamic information obtained from the section model tests is in the form of
flutter derivatives, following the procedure and linearized treatment of Scanlan and Tbmko.z

The mathematcal model for 1ift and torsional moment are indicated in Eq. (1).

. . 2
m[h+2£uh+ wh]_ 1 2 * h . Bo 2,.*
h h a (Eo v') (2B) [Kﬂl v + KH ~= + K “3 u]

.. . 2 1 2 2 L] ll » Eg 2.
xp[u+2cawuu+muu] (Eov)m) [nl v+|o. v+l(hu ]
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where a = anjular displacement
B = deck width
H;, A; = nondimensional coefficients dependent upon K (i=1,2,3)
Ch' CG = dampinq‘ratios respectively in vertical and torsional motions of the
free oridge
wh, wu = corresponding natural frequencies
m, Ip = mass and mass moment of inertia of the deck pe¢ - unit span, referred

tc the elastic axis
= vertical displacement
= air density
wind velocity

= Bw/v or "reduced fregquenry”

£ ® <« T T
"

= circular frequency of oscillatory motion

The Luling Bridge modeln exhibited uncoupled response motion, therefore, only the

* "
Hl' A; and A; stability derivatives are applicable. Hl is the functicn for aerodynamic
damping of vertical oscillation, A* is indicative of torsional aerodynamic damping and

2
*
AJ is the measure of change is torsional frequency between aercdynamic damping and mechan=~

ical damping.

Six wind angles varyving from -4° tc +6° and increments of equivalent prototype wind
speed to 160 mph were investigatod. The experimental values ‘or the respective derivatives
are plotted as functions of reduced velocity (v/NB) which may bhe considered as a non=-
dimensional frequency.

An example of the test results are shown in Fig's. 6 through 8 for H:, A; and A;. The
test results illustrated are fr model C-2C-A at zero wind angle.

All model shapes showed freedom from sclf-excited, divergent, vertical flutter oscil-
lation. Torsicnal 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.d response whereby the periodic shedding of vorticies
in the wake of the structure is resvtant with the vertical and/or torsional modes of the
structural system. This amplitude limited oscillation can be an unacceptable characteristic
of the design when it occurs at moderate wind speeds and the resulting acceleration of the
oscillating structure is disturbing to the user.

A small scale {1:150) sectional representation of the cross-section scheme C-2C was
placed in an air flow containing smokce 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 (¢) capture the trailing vortex.

An estimate of the prototype response to vortex shedding is provided by data from the
model tests. As suggested by ScanlanB, the analytical model for the homogeneous self-
excited condition of "“flutter methodology" is modified by providing a special pericdic
forcing function applicable at the Strouhal or vortex exciting conditien. For the case of
purely vertical response motion, the test observations provide a derivative, H;, charac-

teriving the decay from an amplitude greater than resonance tc the steady-state resonant
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amplitude, and a dynamic lift coefficient CLO' Eq. (2)}. With these coefficients, and a
selectesd value ¢f prototype damping, & conservative sstimate of prototype behavior can be
calculated, when 100% lateral coherence of vortex exciting wind flow is assumed.

w-inm.t (2)

P zchmhi can o= gov) 2 mZec

A susmary of the tast results for thres comparative models is shown in Fig's. 1O
through 12. The omcillating response characteristics of the section shape, referred to
squivalent prototype wird speed, and for wind angles of attack are plotted., The shadad
bands show the "locking in" rvange of wind speed over which vortex excitation takes place.
The natural wind angle boundaries are for the Severn Bridge raference data, and for the
recorded data on the Newport, Rhode Island suspension bridge.

For the same sections, an sstimation of the double amplitude response of the proto-
type structure to vortex induced oscillations have been calculated and plotted in Fiz'a.
13 through 15. The ordinate scale is critical damping ratio. The abscissa scale is feet

of double amplitude at center of span with asscciated value of root mean aguare g's of
acceleration.

Closure

As a result of innovations in struycture concepts, sophisticated structural analysis,
paterials, fabrication and eroction procedures, racent bridge structures are becoming wore
sensitive to not only static wind effects, but dynamic ones as well. As a consequence,
wind forces have taken on an increased importance and significance and can be a major pro-
blem in cable-supported bridge systems; serious consideration of these forces is required
by the Aeaigner.

while most problams of bridge atability resulting from wind forces are recognized, the
acquisition of data for new designs in the wind tunnel is mandatory to produce adequate
wind stability intformation to enhance their design. At the present time there is no
purely analytical methodology to preclude wind tunnel testing.

Data has been pressented on current or on-going studies of the aerodynamics of selected
structures. The method employed of extracting the aerodynamic derivative data from test
results places nc A Priori restriction on the frequencies, damping value, or inertias ewm
ployed in the section model although it is suggested that highly unlikely values not be
used.

It is important to note that while the validation of stability of the completed
structure {for expectsd wind speeds at the site) is mandatory, it does not necessarily
inply the most critical stability condition of the structure. A more dangerous condition
may be during srection when full connection of the joints may not have been establighed and
thus full stiffness of the structure is not achieved, the frequencies are lower than in the
final stats and the ratic of torsional frequency to flexural frequency approaches unity.
The use cf welded components in towers has contributed to the susceptibility of tower vi-
bration during erection.
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Cowyp ien parts of the structure are ilso in themselves susceptible to wind excitation.
The calk:. of _a le-stay b 1djes, the hargers of suspension bridges and arch bridges, and
the tovcrs of suapension and reple-stay bridges have been known to present problems, usually
from "o tea excited vibrations.

Consideration as to an acceptable level of motion falls into two catagories: 1) struc-
turall; damaging motice and 2) human response motion. The first relates to violent motion
that rme o= catastroyphic and/or motion that over a pariod of time may lead to fatigue Te-
idted fallures. The second relates to motion that may not be structurally damaying but may
be objectionable from the stand point of user acceptance, i.e., vibration that 13 noticeable
to pedestrians or occupants of standing or moving vehicles.

A great amount of research needs to be expanded to study the stability of bridges of
new designs, to develop criteria to rectify sxisting bridges that are or may become
troublesome from 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 mini-
mize the probability of unstableness.

A necessary prerequisite to any attempt at developing design eritaria and/or predictivs
techniques that will produce a reasonable confidence level of aesrodynamic stability for
various cross-sections in use .r contemplated and the accommodation of the vagaries of ine

natural wind will require extensive additional field and laboratory work.
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Luling Bridge Section Model C-2C-A Fig. 4

Luliiig Bridge Section Mode! C-6-C-8 Fin. 5
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SMOKE FLOW VISUAL:ZATION MODEL

Fig. 8
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THE REGIONAL DISTRIBUTION OF THE EARTHQUNK:
DANGER IN JAPAN

by

§. Hattori,; Y. Xitagawa and T. Santo
International Institute of Seismology
and Bartliquake Engineering
Building Fasearch Institute
Ministry >f Construction

ABSTRACT

The values of m and log k in Ishimoro-Iida's statistical Pormula are derived for each
component of the maximum displacement amplitude ohserved at many stations of the network
maintained by the Japan Meteorological Agancy (JMA).

A distribution map of expected maximum displacement amplitudes for the sacthquake
racurrence pericd of 100 yesars is wade based on the derived values of m and log k. The map
indicates quantitatively the regional distribution of earthquake danger in and around Japan.
It is seen from this map that the general level of the earthquake canger varies throughout
Japan. This variation is also found to reflect the pattern of seismic activity throughou*
the area. The parthquake danger incrsases along the Pacific side of Hokkaido, Tohoku and
¥anto districts and decreases in the southwestern and inland areas of Japan. &mall varia-
tions are also recognized, which might suggest chat the earthquake danger is affected by
local geological and subsoll effects.

Key Worda: Earthquakes; Barthquake Distrib. ciom; Field Data; Frequency Maps; Ground
Displacement; Japan,
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Data and The Method of Analysis

The data ware chbtained from the monthly reports of JMA (Japan Meteorcological Agency)
from Jan. 1967 to Jan. 1972, which give the relsvant informations on . single sarthquake
recorded at a particular station. The data are recoxded on cards for sach station, with the
number of cards for each year as listad in Table 1. These data are then transferred to and
stored on magnetic tapes.

Seismicity in a certain area can be measured by a well-known coefficient b in a formula
of log N = a + bM, in which N is the frequency of the occurrsnce of sarthquaks with mangi-
tudes of M + AM, where a and b are constants.

In addition to this equation another useful formula has besn derived by M. Ishimoto and
K. Iida, and is;

AN GA = XA TAA H

where n(A) is the number of earthquakes with maximum displacement amplitude, A + dA. The
two constants m and k in eguation (1) have often heesn calculated by means of the laast
squares method. Recently T. Utsu [l] has reported that the coefficients im equation (1) can
be calculated with high accuracy by means of the maximum likelihood method aw expressed in
the following formula:

Sloge + 1.0

ms T
L log, - SlogA, 2)

where S denotes the total number of data used and Aj is the i-th maximum displacement
amplitude with the order number i from the largest value and Aj is the least value of the
maximum digplacement amplitudes in the data used.

The value of the coefficient k, or log kX, can be calculated from the following
formula;

Log k =log N(A ZA)) + log(m - 1)+ (m - 1)log A, 3

where N denotes the total number of maximum displacement amplitudes which exceed the
selacted lavel, A, .

It must be noticed that the valuas of m and log k aArs dependent on the valua of nj.
For instance, if too small value is selected for "j' the number of data which may be used
becomes smaller than the actual number owing to the limitatioms in the ability ¢f Observa-
tion and reading of records, which leads to situations which underestimate the value of
m. Taking this intc account, the data that was selects! patisfied equation (1} for calcu-
lating m and log k at each station.
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Numerical Analysais

In the present astudy, the values of m and log k were calculated from the data using
tiirae zomponents N-S, E-W and U-D, and resultants at 109 stations. In Figs. 1 and 2,
the relationship of (1) cumulative frequency N versus log A and (2) N verrus log Aj for the
for the range >f log Aj = 0.1 to 3.0, are shown for stations, Hikone, Okayama and Tokyo.
The total number of the maximum displacement amplitudes for the N-$ component given in
Pig. l{a), is 443. Because data in the range of Aj = 0.1 to 1.0 is small, the values of m
for thiec range are not constant and thus were nct used. The trend of the variable m rela-
tive to E-W, U-D and the resultant components, has similar trends when compared to the
N~5 component. Consegquently in the present paper, the average value of m and the standard
deviation were all calculated from the data using the N-$ component, using tentative
values at each station in the range of log Aj = 1.0 to 2.0 at intervals of 0.)., The average
value of log k and the standard deviaticn were then calculated using Eq. (3). The average
values of m are shown by small open circles indicated by arrows in figures 1 and 2 and as
seen in Figs. l(a) and L(b) the trends are quite similar at Hikone and at Okayana.
Examination of the Tokyo Station data shown in Flg. 2, however, is guite different. In
this case, the values of m do not converge, even far a range of log A, beyznd 1.0. Quite
reasonably for this case, the values of the cumulative frequency distribution N does not
show 4 linear relationship relative to the log A. Average values of m and log k, at this
station have much larger standard deviations than in other cases, 1In Table 2, examples of
the values of m and log k and their standard deviations are listed for all 109 stations.
In this Table N1, N2 and N} 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 kx for different components at approximately 60 stations. As can be seen from
this figure, some stations have a value of m ejqual to 1.2 or 1.4. These exceptional small
values, however, were due to an insufficient number of data. Examination of the calculated
values of m and log k using different components, showed that there was indifference from
station to station, as mentioned previously.

Fig. 4(a) shows the regional distribution of the parameter m calculated from 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. RAs 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 viclent seismic zones in
Japan. These regions are along the Pacific coast from Hokkaido and from Toucku through
the ncrthern part of Kanto down to the southern parts of Chugoku and Kinki districts.
Another large zonc where m is large, is 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 regional distribution of b-values
which were published previously {3]. The distributicn of log k parameter is shown in Fig.
6.

The frequency T (in years), when the stations experience a maxi~um displacement

amplitude in & certain period, were calculated using the values of m and 1log k as follows;
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Recalling that Eq. (1) shows that “he variable X gives the frequency of the shock and
the displacemeant amplitude A of 1 micron at a certain station, where this frequency is
considered to be proportional to the period of the observation. Under such an assumption,
the value of k for the period of T years Can be extrapolated by using the following
formula;

K =050 12T
(3]

whare k61 means the value of log k for 61 months. This means

log k = k¢, + log(12T/61)

and for this paper, the value of k for T = 100 years will be derived. Examine now Fig. 7,
which shows the regional distribution of the frequency when the maximum displacement
amplitudes of 100 micron are expected in 100 years. Fige. B{a), 8(k) and 8{c) show the
regional distribution of the frequency, when the maxim . displacement amplitude will ex-
ceed 100, 1,000, and 10,000 microns. For instance, as shown in Fig. 8(a), station Nemuro
is expected to experience 2030 ground vibrations with a maximum displacement amplitude of
more than 100 microns 100 years, which is about 20 times in cne year. sSimilarly, the same
station will in one year, sxperience three and 0.4 ground vibrations with a maximum dis-
placement amplitude of 1,000 and 10,000 microns, respectively.

Conclusions

In addition tc the expectancy maps qiven herein, other expectancy maps, as chown in
Fig.s 9(b}, (c), and (d) have been developed by H. Kawasumi (4], I. Muramatsu [5] and K.
Xanai et al [6). Comparing these figures with those presented herein, the following trends
can be concluded; (1) although the data was taken from different periods, and with
different accuracy, Figa. 9ta), (b) and (c) show a similar tendency in that, the sarth-
quake danger increases along the Pacific coast of the Hokkaido, Tohoku and Kanto districts.
This reflects the general pattern of seiamic activity in and around Japan. However, in Fig.
9(d), the earthquake danger in Tohoku district, appears low; (2) As shown in Flg. 9{a).
an additional area with high earthquake cdanger appears in the southern part of Kyushu,
(3) high values of the earthquake danger, which seem to be abnormal, appear in Aomori
(Am-90cm), Akita (Amtéocm) and Nagano {Aw-SOcm) districts as shown in Fig. 9{(al
In Fig. 10, the variablea N vs log A and m vy log Aj are plotted for three stations, in
order to check the reason for these abnormal values. With regard to m vs log Aj at Aomori
and Nagano stations, the values of m increase gradually in the range of log A=1.0 - 2.0

and are approximately constant for the log A greatér than 2.0. As was described previously,
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m wis measured at all stations in the range of log A = 1.0 - 2.0. Therefore, the values
of m are underestimated at these two stations. As seen in Eq. (3), an overestimated
value of A is derived by an underestimatior of m, which is why lm is obtained at Aomori

and Nagano, In the case of Akita, however, the local jround condition should be taken
into account.
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Fig. § Location of stations and districts which appear in the present paper
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Fig. 8 (b) Regional distribution of the [requency when maximum displacement
ampiitudes of larger than 1,000 micron will be observed in the comming
100 years
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Fig. 8 (c¢) Regional distribution of the frequency when maximum displacement
amplitudes of laxger than 10,000 micron will be observed in the comming
100 years
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QUANTIPICATION OF SEISMICITY

by

Tsutomu Terashima and Tetsuo Santo
International Institute of Seismoclogy
and Barthquake Engineering,
Building Research Institute
Ministry of Construction

ABSTRACT

A new seismicity index is proposed in this paper. This index is defined by the
following equatior;

JE 0
ST T dac100m M3t

vwhere, N(M) represents the nuxbar of shallow sarthquakes with M > € vhich have occurred
within a epicentral distance & of 100 km during the period T(year). Using thim criterion,
seismicity index maps in or near Japan for two different periods have bean made.

Application cf this index indicates that a remarkable change of ST was found in
southern part of Boso Peninsula before and after Great Kanto Earthquake of 1923. Therefors,
in the field of sarthquake engineering, thege ssismicity index maps can be used as a zoning
map of earthquaks risk.

Key Werde: Earthquake Distributions; Epicenters; Maps; Seisaicity Index,
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Introduction

Since C.F. Richter (1) defined the magritude scale (M) of earthgquakes, each earthquake
has been compared with each other quantitatively by this magnituds.

Relative comparisona of seismicities among varicus regions, however, have nsver been

made quantitatively, therefare, an attempt to quantifying the seismicity is made in this
atucy.

Definitlion of Ceismicity Scale

Fig. 1 shows epicentral distributions of 3147 remarkable zund moderate earthquakes
which have occurred in or near Japan during a period from 1900 to 1950. In this figure, the
active areas are easily seen qualitatively. If we add the epicenters of smaller earthquakes
to this figure, however, the outline of the Japan Isl inds will disappear by the numbers of
dots of the epicenters. Therefore. by this ordinary method, {t is very difficult to dis-
tinguish between active and nonactive areas.

Fig. 2 shows another method of expressing seismicity by using different marks ror
different magnitudes. This method, however, is also insufficient to distinguish quants-
tively the seismicity of various regions.

Congider the following seismicity index ST, which is defined here as a quantitatively

seismicity scale.

ST-(EL_.) M2 6
T 4 %100 km

where N(M) is the number of shallow earthquakes with magnitude greater than € which have
occurred within the epicentral distance of 100 km around & point. When T is taken as 100
years, we shall express S by removing the suffix T, and call the 5 as the “standard
selsmicity index".

As seen in Fig. 3, world-wide distributed stations can detect the occurrences of all
earthquakes of M > 6. Therefore, the above definition aims to present only those earth-
quakes which have M > 6, which genera’ly cause the most disaster. The limitation of A £ 100

km in the definition of seismicity index S5 _ was made because the diametsr of focal region

T
of the earthquake of M = B is almost 100 km in diameter. Tsuboi's [2] result alsc shows

that the diameter of the earthquake provinca in or near Japan is almost 25C km,

Seismicity Index S_ in or near Japan

A value of S,r equal to SBE 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 earthquakes measured were 1296, with the highest
area of seismicity index equal to 2. This means that earthguakes of intensites of M > 6

have occurred twice or more in a year. The area, with an index §_. or 0.2 28__2> 0.1,

86 96 =
therefore, represents those locations where earthquakes have the same magnitude which
have taken place once in 5 to 10 years. Seismicity regions of 5

£ 0.1,

>
86 = 2 is twenty times

larger than that of the region of 586
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Tsuboi (3] has conducted similar studies as presented herein, however, since magnitulas
of earthquakes in or near Japan were not sufficiently defined at that time, areas of known
sarthquakes were used instead of magnitudes. Tsuboi [3] index was called "Passive seismi-
city index number™ as is shown in Fig. 5. The patterns of the contour lLines on land as
shown in Fig. 4 and Fig. 5 are very similar to each other, however the indexes are differ-
ent as shown in Fig. 4, the mean frequency of earthquakes (M < &) per year is seen clearly
but the mean frequency is not distinguished in Fig. 5.

A map of seismicity index 5‘5(1926-1970) after the Kanto Great Barthquake (7923) is
shown in Fig. 6, which was made in order to see if the seismicity index changes bsfore and
after that Great Earthquake. A remarkable difference is revealed in the southe_n Boso
Peninsula as shown in Fig. 4 and Fig. 6. 1Ir this area, the seismicity index is 2 > S
as shown in Fig. 4, while the value is §

>
ge= 1
45 Z 0.1 ag shown in Fig. €. This means that the

seismicity index has changed to a value of 1/10 of that of the total interval in this area.
Dambara (4) has made a cumulative earthquake energy map in or near Japan as shown in Fig. 7.
BAn interesting fact in examining this data is that there is a close interrelation between
the contour lines in Fig. 6 and the darkness in Fig. 7. It nas alsc been pointed out by
Mogi [5) and Brune [6]) that low seismicity sometimes appears before the occurrence of a
great earthquake.

conclusions

A new method of eastimating quantitaively the seismicity is proposed. In the field of
earthquike enginearing. zoning maps for earthquake rini& have been determined by a statisti-
cal method based on expected acceleration or intensity in various areas. The seismicity
index maps presented in the present paper have been deveioped without considering the
expected acceleration and or intensity in various areas. They have been made only to re-
present the seiamicity in various areas precisely and quantitatisly. The new seismicity
index map, however, will be available as zoning map for earthquake risk.

A geigmicity index of 545 after 1923 reduced to about 1/10 of 586 after 1885 in the
area of southern Boso peninsula, which is an area of high density earthquake energy.
The above result show that there is an interesting relationship between the occurrence of
large earthquakes and the change of ST.

In the future, similar seismicity maps will be developed for a certain magnitude
ranges and the work will be extended to microsarthquakes.
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Fig. 4 Selsmicity map of index Sz, (1885 - 1970).
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Fig. 5 The map of "Passive seismicity index number"
(After C. Tsuboi [3] ).

III-2#



e

Fig. 6 Seismicity index map of 545 (1926 ~ 1970).
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Fig. 7 Accumulation of carthquake encrgy in or near Japan
(After Dambara {4) ).
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MAINTENANCE OF THE STRONG-MOTION ACCELEROGRAPH
AND THE DATA PROCESSING OF THE RECORDS

by

Elichi Kuribayashi
Chief, Earthquake Resistant Structures
saction, Structure and Bridge Division,
Fublic Works Research Institute, Ministry
of Construction

and

Hajime Tsuchida
Chisf, Earthquake Resistant Structures
Laboratory, Structuzres Division, Port
and Harbour Research Institute, Ministry
of Transport

and

Makotc Watabe
Chief, Tnternational Institute of Seig-
wology and Earthquake Engineering, Building
Research Institute, Ministry of Construction

ABSTRACT

T™e observation cf strong-motion earthquakes, located at harbouyr, public works and
buildings throughout Japan by the national research institute has been made. These cobser-
vations will be discussed, herein, in addition to such items as the maintenince and checks
of the strong-motion accelerographs, main records, processing and analyses of records, and
the availability of the data to tl.c public.

Key Words: Accelerographs; Earthquake Data; Earthguake Records; Field Observations;
Strong=motion Accelerographs.
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Introduction

1. Bistory of strong-motion earthquake ohservations in Japan

The SMAC type strong-moticn accelerograph now being used in Japan and in Central and
South America, Southeast Azia, and Middle and Near East, was developed by the Strong-Motion
Barthquake Observation Committee. The development >f this instrument required 2 yea_s and
was supportzd by science research funds of the Ministry of Educatlon in 1950. The instru-
ment has been improved since then and is more suitable to Japanese climate in the resistance
against moisture, cold, etc.

In October, 1953 after completion of the strong-motion acceleroqgraph, the Resources
Council, Prime Minister's Office recommended the fcllowing to the prime minister; "to secure
the source of necessary revenue and to improve the setup and consclidation of the necessary
atrong-motion earthquake observation network and to establish a system required for its
operation, in approximately 3 years,* and further recommended in January, 1955 that perman-
ent ftation 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 km throughout the country, thus providing one yardstick for
observation density. Further in October, 1971, the Science Council of Japan requested the
prime minister to examite the previous recommendations, given earlier.

From 1953 to tae end of March, 1974, about 850 strong-motion accelerographs were in-
stalled. When the cbservations were started, the communication among the observation agency
and the publicity service were 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 Inscaituce, University o, Tokyo. In 1960, the principal strong-motion
earthquake records w<re published by th: Co.nittee.

The number of SMAC strong-motion accele.>graphs, installed after the Niigata Earthquake,
increased guwddinly in comparisen with previous inatallations, and thus it is difficult for
the Strong-Moticn Barthquake Observation Committee to examine these. In this aituation, the
Liaison Conference for Promotion of Strong Motion Earthquake Observation Project ccmprising
concerned go/ernment offices, heads of concerned agencles and gpecialists, was established in
the Rational Research Center for Disaster Prevention, Science and Technology Agency. The
conference group decided to be regponsible for communication and coordination of the nation-
wide promotion of the strong-motion earthquake cobservation project. The conference partici-
pants analyzed the present state of stationary strong-motion accelerographs, 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 arranged and published
their opinions regarding the improvement of the observation network. According to the
publications, they proposed to establish 2,141 strong-motion accelercgraph
stations throughout the country. Therefore, even if all the strong-motion accelercqgraphs
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prasently installed are cunsidered to be effectively operating, installation of about 1,300
additional strong-motion accelerographs is necessary.

2. Necessity to strengther. and enlarge the strong-motion earthquake cbservation

network.

The strong motion aarthquake cbservations stated herein, refers to the measurement of
acceleration amplituds waveforms caused by tremors of the ground and structures at the time
of a strong-motion earthquake. 5uch Beasurements relats to the reading of the measured
waveforms, and to the primary analyses of the magnitude of the acceleration amplitude,
paricdical characteristic of the waveforms, etc.

Strong-motion sarthquake observations and the subsequent
analyses of the magnitude of the acceleration amplitude and the periodics®. ~haracteristic
of the waveforms has resulted in relationships between
the magnitude of the earthquake, epicenter distance, seismic center depth, topography,
geology, scales,; construction, and material of the structures.

The analytical results of the strong-motion earthquake observations give quantitative
information and thus will permit an establishment of countermeasures for .hie earthquake
disaster prevention for each region of the country and for type of soil. It further
rationalizes the seismic design of structures built on the ground, and moreover ration-
slizes the ameismatic design of the structures which grow diverse, massive, and complex,
cunsiderably contributing to safe and economical constructions of these structures. An
example of such a highly dense network, for measuring strong-motion earthquakes, has been
established around Los Angelea, California, USA. These observations were initiated in 1932,
and have since obtained 250 strong-motion accelerographs records prior to the 1971 Los
Angeles Earthquake.

In this country, strong-motion sarthquake observations were initiated in March, 1953,
when a strong-motion accelsrograph (SMAC type) made in Japan, was installc& in the Earth-
quake Research Institute, University of Tokyo. Since then, various universities, govern-
ment agencies, and various private groups have coopsrated in the enlargement and strengthen-
ing of the strong-motion earthquake obssrvation network. Finally at the end of March, 1974,
the total number of SMAC strong-motion accelercgraphs stationed throughout Japan was about
850, and though not reaching the required density.

The strengthening and enlargement of the strong-motion earthquake cbservation network
is necessary in order to achiave the aim described previously, thus it is still desirable
to increase the density of this still sparse obeervation network.

strong-Motjion Earthquake Observations in Ports and Harbours
1. Present state of the observation network

The strong-motion sarthquake cbservations of port and harbour areas in Japan, have been
executed since 1962 under the cooperation of Port and Harbour Research Institute and variocus
agencies oconcerned with ports and harbours. This has been executed under an agreement
initiated by a ressarch group consisting of the Port and Harbour Bureau of Ministry of
Transport, respective District Port Construction Bureaus, Port and Harbour Resear<h Insti-
tute, and other concerned agencies. As of December, 1974, the chaervation network consiste
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of 65 strong-motion accelerographs, installed at 44 ports. Figure 2-1 shows the locations
of the porta and harbours, where the strong-motion accelerographs are installed. Figure
2-2 shows the number of installed accelerographs per vear. There are 2 types of strong-
motion accelerographs that used in observation network: one vas a Sl-lt.!:-la2 strong-motion
accelerograph and the other a ERS strong-rotion accelecrograph. Tho description of the
SMAC-B has been reported previously (2-1). The ERC strong-motion accelerograph is an
accelerograph with a moving type coil transducer, which is available as Type A with a mag-
netic tape recorder, and as Tape B or C with an electromagnetic osclllicgraph. Types A and
B record 2 horizontal components, and Type C records 2 horizontal components and a vertical
componant. The ERS strong-motion accelerograph can be used with the transducer and the
recorder. This provides an advantage, for observing the earthquake response of port and
harbour gtructures in which strong-metion accelerograph rcoms are impossible to make.

2. Maintenance and check of strong-motion accelerographs

The strong-motion accelerographs, installed in port and harbour areas are maintained
by the constructiion work offices, etc. at the respective ports. The staFf in charge of the
maintenance and check of the strong-motion accelerographs (normally the staff for public
works) are assigned to conduct periodical checks (twice a month) and to perform special
checks after the occurrence of earthquakes of IT or more in the earthquake intensaity scale
of Meteorological Agency.

Also, once or twice a year, a detailed check is made by the manufacturer engineers of
the strong-motion accelerogr.phs. In addition, the Port and Barbour Research Insiitute con-
ducts training of the ataff in charge of operations, every year. The training is practical,
and relates to handling of the strong-motion accelerographs by the engineers dispatched
from the manufacturers of the strong-motion accelerographs. A strong-motion accelerograph
is initiated when the starter senses the tremors of magnitude 50 to 10 gals. When a strong
motion accelerograph 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 acouisition rate of records cannot be shown. However, what will be intro-
duced is a case to show the record acquisition state of the observation network. At the
time of the Tokachi-Oki Earthquake in 1968, 15 strong-motion accelerographs located in the
ports and harbou:si of l'okkaido, and Tohoku district recorded the tremors. Only one
accelerograph 4.4 not record, due to its own failure.

3. Principal records

Frowm those records obtained by the strong-motion earthquake obgservations in port and
harbour areas, those exceeding about 100 gals in the maximum accelaration are shown in
Table 2-1 and are classified by each observation point. As an example of recorded wave-
forms, the record of the Tokachi-Oki Earthquake in 1968 at Hachinohe Port is shown in Fig.
2-3.

4. Processing of reccrde

a) Storage of records
All the records cbta. ned at the respective cbservation points, are sent to the

Port and Harbour Regearch Institute, to be catalogued and stored. Copies of
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records are also sent to the respective observation points. The rscords ac-

quired are classified for each earthquake every 2 months, an! with a "Strong-

Motion Earthquake Cbservation Tabhle” showing the maximum acceleration of each

component of the respsctive records, which are sent to the parties concerned.
b) Digitiration of records

For thoss records which were cbtained on the ground and excead 50 gals in maxi-

mum acceleration, the horizontal components are digitized.

The record by an snnc-az strong-motion accelerograph is copied by contact printing on
Mylar-based sansitive paper, and is digitized by a semi-automatic digitizer. The digitizer
places a cursoxr on the position requiring digitization, coordinate values are then punched
on a paper tape by pressing a switch. The time intervals used during the digitization, are
0.0l sec:. The numerical values which were punthed on the paper tape are then read by an
electronic computar, and reproduced as waveforms by a graphic output unit in order to con-
firm that the readings were correct. Any errors noticed are then corrsctad. The corrected
records provide amplitude values at unequal time intervals, and are convertsd into amplitude
values at the agqual time intervals of 0.01 sec by interpolation, and are then recorded on
magnetic tape. In principle, the gero-line is not corrected, hcwever when the zero-line is
not properly inserted for thr.se waveforms reproduced by the graphic output uri', the
digitization is re-evaluated. However, if time is not available because of the many records
to be processed, the waveforms are enlarged by the graphic output unit, in order to deter-
mine the corrective amouant ot the gero-line position, for correction in the electronic cow—
puter.

The records from the ERS-B/C strong-motion accelerograph is digitized using a different

digitiser than that used for the SMAC-B. strong-motion accelerograph. This digitizer is

interlocked with a computer and if an c:)erator moves the cursor along the recorded waveforss,
an amplitude value is stored in the computer each time the cursor moves 0.1 mm along the
time base.

After end cf digitization, the numerical values stored in the computer are reproduced
by a digital~to-analogue converter as an analogue voltage which are recorded hy a pen-
writing oscillograph. After conformation that the recorded waveforms have been correctly
digitized, numerical valueg are punched to the paper tape. They are then r=ad by ancther
computer, and recorded on magnetic tape together with the records of the SMAC-B strong-
motion accelerographs.

No corrections are made, to the ERC-B/C strong-motion accelerograph records. The
minimum time intervals for digitization, relate to the recording paper feed rates of the
respective strong-motion 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 magnetic tape, have tha same
time intervals as those of SMAC-8 strong-motion accelerograph. It was experimentally con-
firmed, that the digitization of the ERC-B/C strong-motion accelerograph records, could be
reproduced with an accuracy which causes no viewing difficulty for practical use.
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¢} Spectral analysis
For all the digitized records, the response spectra and Fourier spectra are
calculated. Other various spsctras are calculatad according to necessity.
S. Opening of data
The records obtained by the strong-moticn sarthquake observations in port and harbour
aresas, are published in the "Annual Report on Strong Mction Earthquake Racords Lin Japansse
Ports” 2’“. The anhual report covers the naximum acceleration of each component of every
record, the ssismic center location, magnitude, seismic intensity at the respsctive location
for the earthquake corresponding to each record. Moreover, the ground recordings for those
with acceleratious of 20 gals or greater have their waveforms reproduced, and for those
with maximum accelerations of 50 gals or greater have their waveforms digitized with res-
ponse spactra and Fourier spectra provided.

The nublished annual reports extendsd from 1963 to 1974 2-2) ' 140 the record of the

Tokachi-Oki Earthquake in 1968, has been published separatsly’ .

The data where each strong-motion accelesrograph has been installed, are published as
"Site Characteristics of Strong Motion Barthquake Stations in Ports and Harbours in Japan”
-4, 225, 26} e data at thesa observation points, covers the geographical features
where the installations are located such as the configurations of the buildings, foundations
of the strong-motion accelerographs, deslgn drawings of the strong-motion earthquake obser-
vation rooms, and soii histograums. The results of these ovbservations are given in the
annual report as in the analytical results such as average response spectra and seismic

tremoy characteristics nf the ground -1, 2-8).

Strong-Motion Earthquake Observations &t the Pubhlic Works Research Institute
1. History of strong-motion earthquake chssrvations at the Public Works Research
Institute

The strong-motion earthquake observations at the Public Works Research Institute, werse
initiated in 1957 when an SMAC type Strong-motion accelerograph and an electromagnetic
strong-moticn accelerograph were installed in Kinki Regional Construction Bursau. Seventeen
years later, at the end of March, 1974 a total of 189 strong-motion accelerographs werse i~
stalled for the public works facilities using the research funds of the Public wWorks Research
Tastitute and furnds from various civil enginsering construction projects.

This report describes the history, system and future promotion of strong-motion sarth-
quake cbservations at the Public Works Research Institute, and refers to the entire nation
and Ministry of Construction projects and their inter-relationship.

2. Progress of the strong-motion earthquake chservations

a) Observation statlons
The strong-motion earthquake cbservations, at the civil engineering work faci~
licies such as bridges, -lams, embankments and tunnals are axecuted under tha
cooperation of varicus agencies. These agencies consist of the Public Works
Institute, Reglonal Construction Bureaus, local goverrments (Civil Engineering
Works Department, Board of Project), 4 public corporations concerned with
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b)

<)

civil engineering works, and the Hokkaido Development Agency. Since the cbser-
vations were started in 1957, with the use of an electromagnetic type strong-
motion accelerographs at the Sarutani Dam in the Kinki Regjonal Construction
Pureau, additional observation stations have increased gradually. Since the
Niigata Earthquake in 1964, the installation of additional strong-motion
accelerographs was promoted and increased by notification of the Director of
the Road Bureau. At the end of March, 1974, 1B9 SMAC type strong-motion
accelerographe were installed at 96 stations and electromagretic type strong-
motion accelerographs with 448 components, were installed at 48 stations. The
locations of the observarion stations of the SMAC type strong motion accelerc-
graphs and the electromagnetic type strong motion accelerograpus are shown in
Figs. 3-1 and 3-2. The number of installed accelerographs per ysar, are
shown in Table 3-1, and the numbers of installed accelerographs per structural
tyre are shown in Table 3-2.

Strang-motion acceleragraphs

The strong=-motion acrcelzrographc used for observation are the SMAC type
strong-motion accelerographs and electromagnetic type strong-motion accelero-
graphs, with the SMAC type. especially Type Bz, used predominaaitly. However,
recently, Type E2 and Type @, which allows one to measure the components in a
shorter period than permitted by Typ= Bz' were installed. The electromagnetic
type strong-motion accelerograph uses an electromagnetic method for the trans-
ducer, and an electromagnetic oscillograph or magnetic recorder for the re-
corder. 1In using a transducer for the strong-motion accelerpograph, the moving
coil type accelerometer 15 used most often, variations of the transducer in
size and weight, is considered dependent on the installation location and where
the SMAC type strong-motion accelerograph cannot be installed, Recently,
observations of seismic tremors in the ground under the surface of the ground
have been executed. At present such observations, by the electromagnetic type
accelerographs, have been made at 15 stations (149 components) out of 48
stations. The number of measuring components and units used of each electro-
magnetic type strong-motion accelerograph differ according to each station.
Observed records

The records obtained from the initiation of the observations until the present
conaist of about 3,817 Sheets (including 869 sheets for the Matsushiro Earth-
quake Swarm)as recorded by the SMAC «ype strong=motion accelerographs, and
about 210 Sheets by the electromagnetic type strong-motion accelerographs.
Most of the records listed values of l2ss than 100 gals, and the number of
records of 100 gals or more were about 77 (including about 30 records for the
Matsushiro Earthqueke Swarm) as shown in Table 3-3. The largest recorded
waveforms cobtained tc date were from Uwajima City, Ehime pPref., which had a
maximum acceleration of 438 gals, with the waveforms as shown in Pigs. 3-2 and
3-4.
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). Observation net-work

The strong-motion accelerographs was installed according to the public works con-
stzuction sites. Since the past several years, the increase in the number of installed
sccalsrographs has shown a tendancy toward an uneven disgtribution in specific areas, this
then shows what areas need accelercgraphs installed. The ideal plan, for stationing
strong-motion accelerographs, is to obtain a record in the adjacent area of the epicenter
when an earthquake with Vv or mors seigmic intensity (JMA) occurs in any part of Japan. The
present status, however, makes it impossible to approach thess ideal conditions in the
near future. Therefore, the following network has been drafted to promote a atrong-motion
sarthquake observation project.

The network involves the installation during the next five years (1975-1979), and to
ingtall otheras according to necessity. The network plan was drafted per the following
conditions:

{1) The entire land area of Japan should be covered with 258 squilateral triangle

meshes (one side is about 50 km), for the stationing at least 1 cbservation station in

1 mesh.

{(2) Covering all the meshes in Japan, uniformly with extrems 'rgency.

(3) At least one each, at the top and bottom of a structure, with a total of two

sets, should be installed at one observation station.

(4) Consideration of those installed strong-motion accelerographs, from other minis-

tries, should be taken into consideration.

In order to determine the total number of strong-motion accelerographs to be installed
in the future, the present staticning dtate was investigated as shown in Fig. 3-5. The
meshes, without strong-motion accelerographs can be selected as dark meshes shown in Fig.
3-6, and where, 146 stations (292 sets) require installation, The complete installation is
planned for completion in the latter 3 years of the five-year project. The draft of the
network is still under adjustment with the sponacring organizations.

4. Checks and collaction of records

The maintesnance and control of the strong-motion accelerographs, related to the
civil engineering works facilities, have been sxecuted by the notification from the Director
of the Roads Bureau and the Director of the River Bureau Tihmee notifications were deliveres
in April, 1970, and have been instituted by the offices contreolling ths facilities in
which the strong-motion accelerographs were installed. Examination of the strong-motion
accelerographs involve periodic chacks and special checks by the staffs of respective
offices. Alsc technical checks by special engineers, of the manufacturers of the strong-
mation accelerographs, have been made.

a) Periodic check
A check of the equipwent has been conducted every 2 weeks, in order to confirm
the preparedness of the equipment

b) Special check
whan thers is an earthguake of II or more on the selsmic intensity of JMA, iu
the neighborhood of the cbservation station, a special sheck is
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conducted te cOllsct a record.
c) Technical check
This check is conducted, by a spscial engineer of the manufacturer of the strong=-
motion rccelerograph, once or twice a year.
5. Collection, storage, analyses and publication of the records
All tha seimmic records cbtained at the respsctive observation stations are mailsd to
ths Public Works Research Institute for arrangexsnt and storage. The arrangmant and
analyzing work of the seismic data and records are psrformed based on the flowchart as
shown in Fig. 3-7. When the records are cbtained, those with a maximum accelaration of .50 gals
or more ars digitized. The digitization is jerformed by use of a semi-automatic digiticer,
according to the flowchart as shwon in Fig, 3-8. The resolution of the digitizer is 25
microns, and the overall precision is 0.125 mm. The digitized records are subjected to a
circular corrsction (in case of smc-Bz) + & zaro-line correction and a time base correction
by an slectronic cowputer. The data is converted intoc numerical values at 0.01 sec. inter-
vals, by linear interpolation. Alsc dsvelopsd from the waveform analyses, are autocorrela-
tion coefficisnts. Pourier spectra, powsr spectra and various response spectra which are
digitized and is further processed for graphic output unit.
The publication of the observation data and the struong-motion earthquake records,
are published every year. The recorded waveforms of the previcus ysar are copled in full-
scale, and arranged in order to give of the various contrast seismic values. The tables of
the nwwrical values are also published; when a predetermined volume of data is accusulated.
The data published to date are contained in 12 books (references 3-1 to 3-6, 3-9, 3-11, 3-13,
3-16, 3-17) for strong-motion earthquake records and 5 books (3-7, 3-8, 3-14 and 3-15) for
tabular numerical values.

Strong-motion Earthquake Observations at the Building R rch Institute

1. History of strong-motion sarthquake observations, concerned with building

In 1954, a strong-motion accelerograph Type SMAC-A, was installad at the Building
Research Institute by the Director of Housing Bureau, Ministry of Construction. The ob-

servation network, close to the number of present strong-motion accelercgraphs, was. hen
formad in the 1960s. The types of strong-motion accelerographs that ware installed, were
Type SMAC-A, Type DC developsd jointly with the Rasearch Institute, and Types SMAC-B; and
SMAC-B,, improved version of SMAC-A. Since the initially installed SMAC-A type becanme
supersedad, the SMAC-M type was intended for complets automation and digitization by tie
2nd joint development with the Research Institute. This type has been used since 1973 as a
strong-motion accelsrograph. In 1974, the mobila observation network, comprising several
strong motion accelerographs commonly called “Caravan™ was initiated for installation.
This is to be preferably installed for a period of several years in the place most likely
to be subjacted to strong-motion earthquakes according to the information relating to the
prediction of sarthquakes. Also, if the intended strong-motion record can be cobtained, it
is to ba moved to the next place with high esarthquaks occurrence probability. In the
nilding field, the Earthquake Ressarch Institute of the University of Toky. has bessn
performing strong-motion sarthquake observations together with this research institute.
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However, in order to maintain the increased number of installed strong-motion accelerographs,
the National Research Center for Disaster Prevention and the Scilence and Technology Agency
have shared a part of the observation network. The strong-motion accelercaraphs related

to hulldings are prima-ily installed in the multistory structuregs with 45 m or more

height these buildings are constructed hy special permission of the Minister of Construc-
tion according to the stipulations of Article 3B of the Building Standard Law. The number
of installed strong-motion accelerographs of thie kind has sharply increased in accordance
with the increase of caonstruction of multistory buildings as shown in Fig. 4-i, However,
the maintenance and control capaclity of the Building Research Institute Earthquake Research
Institute of University of Tokyo, the Nationa. Research Center for Disaster Prevention, and
parts of private and public corporation, are beyond their capacity.

2. Present state of strong-motion earthquake observation network related to buildings

The Building Research Institute installs strong-motion accelercgraphs about every
100 km along the coasts throughout Japan. These installations are mainly in the neighbor-
hood of the foundations of the bulldings. As shown in Fig. 4-2, 31 strong-motion acceler-
ographs are installed in 18 rlaces. There are B sets of Type SMAC-A, 6 sets of Type SMAC-B
9 sets of Typs SMAC-M ard 8 sets of Type DC.

The numbers of strong-motion accelerographs relating to buildings 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 accelerographs on the foundations in the neighborhood of the vertexes of an equilat-
eral triangle with about 1 km sides., Recorded are the absolute time and common time in
order to allow accurate acquisition of the propagation direction of seismic waves, etc.

One Caravan is insta}led in the Numuro Penninsula, which is said to have residual energy

in the seismic center, with the expected sejsmic scale similar to that of the previocus time,
and the other Caravan 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
wagnitude of 8.

3. Maintenance and check of strong-motion accelercographs related to building

The organization eystem of maintenance and control in the Building Research Institute
is shown in Fig. 4-3. The Building Research Institute asks local engineers concerned with
the buildings at the observation points to perform maintenance and check at the cbserva-
tion spots with due renumeration. The local staffs performed a monthly check, and when
they find any trcouble 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 aoccurred in the neighborhood
of any location, the local staff instantly checks the strong=motion accelercograph, and if
there is any record available, he enters the data and puts the record in a metallic
cylinder. The cylinder is then sent by amil to the Building Research Institute, irrespec-
tive of the magnitude of the record. Moreover, in order to improve the technique
knowledge of themintenance and checks performed by the staff corcerned with strong-motion
earthquake observations, a short study cnurse has been given every three years by
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Building Research-Instituts. The maintenance and check of the strong-motion accelsrographs
related to buildings ars vary in thelir systems and organizations, etc. In agencies other
than the Building Ressarch Institute consist of the following:

An agency in charge of cbservations has one responsible technician concernsad with,
strong-mction sarthquake obssrvations and he maintains, checkec,
mant.

The actual maintenances, checks and repairs are performed by an axternal enginsering
contractor at an interval once or twice a year. The strong-motion sarthquake records
are collected by the responsible technician of the agency or the eXternal enjineering
contractor. A common trouble with all the agencies is obtaining the budget for
maintenance, checks, and repairs. This is because the fund sust be raised from the
budget under another item, and does not appear as an independant budget.

4. Processing method of strong-motion earthquake records

Since the rec... vrocessing method is about the same among all agencies related to
buildings, the processing method employed by the Building Research Institute will therefore
be introduced herein. The Building Research Institute uses roughly 3 types of strong-
motion accelerographs: (1) those obtained by smoked paper recording, (2) those obtained
by stylus paper recording, and (3) those obtained by magnetis~ tape recording. In the
former two types, the original record is capied by contact with the negative plate, and is
digitized according to the flowchart shown in Fig. 4-2, the data is then analyrzed by the
computer, for generation of a list of digitized data. 1In case of the magnetic taps, the
record is directly digitized by a high speed analogue-to-digital converter, and then
analyzed as described in Fig. 4-2. The utilization of strong-motion earthquake records
do not require immediate evaluation. However, the publishing of the analyzed results,
before general engineers and administrators lose their interest in the earthquake, is
neceasary in order to provide them with the significance of the strong-motion sarthquake
obsarvations. Therefore, the Building Research Institute has prepared a completely new
process for all recards, thus permitting the data to be distributed within 4 days after
collection.

S. Publication of records

The strong-motion earthquake cbservation records related to building, which have
acceleration values exceeding 40 gals, are sent to the Liaison Committee for Promotion
of the Strong-Motion Observation Project. These records are then published semi-annually
as original records (analogue values) including the additional information relative to the
seismic center, meismic scale, time magnitude, and seismic scale distribution at variocus
places. The Building Research Institute published the digitized tables and analized rasulta
of the main strong-motion earthquake records in Annual Research Work of the Bullding Re-
search Institute, the B.R.I. Research Paper, the News of Japan Society [or Earthquake
Engineering Promotion, etc. In addition, about once a decade. the "Digitized Strong-Motion
Earthquake Accelerogram in Japan" is also published. This data contains earthquakes loca-
tion of each observation point, incessant tremor rourisr spectra of the point, the external
view photo and sectional view of the building in which each strong-motion accelsrograph is
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installed, strong-motion records and their digitized tables., response spectra of disloca~
tion, speed and accelerations.

€. Examples of the principal strong-motion sarthquake records

Tabls 4-2 shows the records which have a maximum acceleration exceeding 100 gals, and
from those records cbtained on the lst floor of foundation of the building. Alsc from these
recurds jllustratsd are the data of the strong-sotion earthquake record obtained at
Fawagishi-che hpartment of tha occasion of the Miigata Earthquake (Juns 16, 1964).
This sarthquske was the most significant in the history of strong=-motion earthquake obser-
vations in Japan, and the record of the strong-motion accelerograph of Hiroo Town Offlice
on the cccasion of the Hitaka Sandei Rarthquake (July 21, 1970) which recorded the largest
acceleration as of this date.
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Fig. 3-1 Sites of Strong-Motion Seismagraph Stations for SMAC-Type
Accelerographs. ~ Observation Network of Ground Motions
and Earthquake Responses of Highway Bridges, Tunnels,
Dams and Embankments - as of March, 1974
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Fig. 3-2 Sites of Strong-Motion Seismograph Stations for Electro-
Magnetic Type Seismographs, ~ Observation network of
Ground motions and Earthquake responses of Highway bridges,
Dams and Embankments - as of March, 1974
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Fig. 3-5
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Fig. 2-6 Proposed networks of Strong-Motion Observation Statians
of Ministry of Construction, as of March, 1974
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Tab, 4=2  MAIN LIST OF ACCELEROGRAMS
{MAX. AGC, EXCEEDS MORE THAN 100 GAL)
DATE AND NAME MAX.
OF EARTHGUAKE EPICENTER nsﬁ STATION ACCELERATION
gel
FBARAGI-OKI 140,9° E | 60.0 | KANTO 601 Genken NS 175.0
E.Q. 36,3 N kisho-
Feb. 5, 1964 shi tau EV 105.0
NIGATA E.Q. 139,2° E | 40,0 | NIGATA Kavagishi NS 155.0
Mey 16, 1964 38,4° N 701 he
spartment | F¥ 159,0
TOKACHI-OKI 143.6°% E o HK 006 Hiroeo NS 182.0
E.Q. 40.7° N
May 16, 1968 EV 165.0
HIGASHIMATSUTAMA | 139.4° E 50.0 |T0KYO E.R.T. NS 106.15
E.Q. 36.00 N (. _})‘2’:;2
January 1, 1968 EV 103.68
TOKYO I1.1.8.E.E. | N8 79.45
. " . 116-2
(TK002) EV 111.65
HIDAKA-SANKET 143.3° E | 66 |HX 006 Hiroo NS 412.0
E.Q.
e 42.3°N
Jan. 21, 1970 E¥ | 437.0
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THE UNITED STATES STRONG-MOTION NETWORK:
FIELD OPERATIONS

Richard P. Malay
U. S. Geological Surv.y
San Francisco, Califor ia

ABSTRACT

The national strong-motion instrusentation network operated by the Seismic Engineering
Branch of the U. S§. Geclogical Survey is the system established to record the strong
motions of damaging sarthquakes in the United States. From the criginal 50 C&GS Standard
instruments installed in the 1330's, the network has expanded to more than 1300 accelerc-
graphs, with 9 different models, located in 35 states and 9 Central and South Anerican
countries.

The network operations section of SEB conducts three interrelated field programs:
instrument installation, routine maintenance, and sarthquake record recovery. At the pre-
sent time the large majority of instruments being installed are self-contained three-com-
ponent accelerographs that racord on 70-mm film. Some remote-sensor accelerographs ars
also being located on structures. R,utine maintenance intervals have been lengthened from
2 months a few years ago to 4 months, with the excoption of a trial area in Los Angsles
whare a € month interval is now in effect. The higher reliability of modern instrumsntation
has made this extended maintenance achadulea possible. As the network expands, it may be
nacessary to develop & Remote Interrogation System to provide a method of determining the
criterion of the instruments' vital functions by telemetry. After significant earthquakes,
SEP personnal promptly collect and develop sarthquake records and attach permanent labsls
providing sufficient data for most analyses. The records are then transmitted to the data

management section for further processing.

Xey Words: Accelsrographs; Earthquake Data; Earthquake Records; Field Stations;
Strong-motion Network,
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Intxoduction

In 1922 the United States Coast & Geodetic Survey (C&GS) inaugurated a program of
strong-motion !lei.nmological work designed to furnish the engineer and interested cothers
with data considered essential to the desiyn of earthquake resistant structures (Cloud, 1964)
The responsibility for organizing an instrumentation network to achieve this objective was
assigned to the Seismological Field Survey (S5FS. in San Francisco, California, the prede-
cassor to the current operating unit, the S2ismic Engineering Branch (SEB) of the Office of
Earthquake Studies, U. S. Geclogical Survey (USGS). The program was initiated with the
installation of nine low-sensitivity short-period seismg:aphs {accelerographs) in struc-
tures gelected 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 for additional efforta
Consequently, the network was rapidly expanded to 50 instruments located principally in the
san Prancisco and Los Angeles areas “ut sxtending to other seismic regions of the western
United States as well. The principal instrument used in this network was the strong-motion
accelerograph designed by the C&GS in cooperation with the U. S. Bureau of Standards.

During the period 1936 to 1963 the program was marked by a gradual improvement of
instrumentation and methaodology and a slow increase in the total number of strong-motion
seismographs., Over this period SFS developed numercus innovations that were subsequently
incorporated intc the existing instrumentation. These included among others, the design of
a unifilar accelerometer, a strong-motion displacement meter, and light-tight recording
assembly. Because the original accelerograprh was relatively large and required extensive
maintenance at frequent intervals, the network was incre: jed by only 28 unita between 1936
and 1963,

In 1963 the first commercially designed accelerograph fezturing numercus engineering
and slectronic 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 strong-mction network. With the development of several newer and
lass expensive ingtruments in recent years, the network has continued to enlarge at an
accelerating pace. Between 1963 and the present time the number of accelerographs increased
from 70 to approximately 1300. Instrumentation is now located in 35 states, including
Hawaii and Alaska, and in 9 Central and South American couutries (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.

From ite inception, the program has received the cooperation of numercue outside
organizations and individuals. In the early years, housing and facilities were provided 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 agencics {the Corps of Engineers and the Veterans Administration), two State of
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California agencies (the Division of Mines and Geclogy and the Department of Water Resources).
and the numerous building departments whose codes require instrumentation at various levels
of high-rise buildings. The building code requirements were initiated in 1965 when the
cities of Los Angeles and Beverly Hills passed ordinances requiring three accelerographs in
newly ccrectructed buildings over six stories high with an aggregate f£loor area of 60,000
square feet >r more, and every building over ten stories high, regardless of floor area.
This requirement became more wide-spread when it was adopted by numerous other communities
in California as 2 result of being included in the appandix of 1970 Uniform Building Code
(Maley and Dielman, unpublished datal. At this time, approximately che-haif of the total
number { accelerographs in the network are those in high-rise buildings.

Oparation of t..e Network

Instrumen.ation. The majority of accelerographs in the USGS National Network are the photo
mechanical type. EBach instrument contains accelerometers, ‘trigger, timer and recorders all
housed in one instrument cagse. The typical accelerome..> is a pendulum with a mirror de-
signed to reflect a beam of light on to translating photographin fiim or paper. Although
there are six different models of this type in the network, only two are still in general
production, the Kinemetrics SMA-1 and the Teledyne-Geotech RFT-350 (Table 1).

1) The Standard C&GS accelerograph records on 152-mm (6 inch) or 304-mm (12 inch}
rhotographic paper. It is triggered by an oil damped one-second horizontal pendulum that
makes an electrical ~ontact when displaced. The instrument has a fixed operating cycle of
approximately 1 minute and is capable of recording five or six separate events. Several
disadvantages, other than its large size (33 x 50 x 115cm), 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 instrument has not been manufactured for several
years and is slowly being phases ocut of the network.

2} The AR-240, the first comparatively modern accelerograph, was designed and marketed
in the United States in 1963, It records on 304-mm photographic paper and is capable of
numerous operations because th¢ supply magazine can accomodate rolls of paper 23m (75 feat)
to 46m (150 feet} long. The instrument is triggered by a magnetically damped one-second
electrical contact pendulum similar to that in cthe Standard CaF$ accelerograph. The oper-
ating cycle is electronically designed to allow continuous operation during an earthgquake
and then for an additionel 7 seconds after the last pendulum contact. There isan internal
calibration system that may be aétirated by switches on the outaide of the case thus
alluwing the esasy recording of period and damping at each inspection. Light=proof supply
and take-up majazines provide for the retrieval of records in a lighted room.

3) The MO-2 accelerograph has a fixed 47 second operating cycle and is capable of
registering a maximum of nine distinct events. It records on 35-mm film and is triggered
by an electronic vertical star: ar that is nominally set to intiate operation ai .0lg. The
instrument has no internal calibration system. Records are collected in a light-proof con-
tainer, although with some difficulty because the film musc be mechanically rewound after

reccrding an event.
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4) The RPFT-250 operates similar to the previcusly dascribed AR-240 but is somewhat
smaller and records on 70-mm film. Improvemants include the e¢iimination of standby current
drain and the incorporation of sealed rechargeable battaries into the instruments base
plate.

5) The RFT-350 18 a re-engineered version of the RFT-250. It possasses basically the
sams characteristics except for the addition of an electronic “omnitrigger" that features .,
a combination of three triggering éranuducerl, two horizontal and one vertical. The
starting threshold lavel is adjustable but is normally set for .0lg.

6) The SMA-1, a relatively small accelerograph (20 x 20 x 3lcwm), records on 70-mm film.
Tt has the usual features of modern strcng-motion instrumentation including light-proef
film supply containers capable of holding 23 m of film, an operats cycle that continues
6 to 20 seconds after the last triggering pulse, internal sealed batteries and a simple
calibration system. The instrument is triggered by a vertical transducer calibrated to
start at .0lg between 1 and 10 Hz. An electrical contact l-second pendulum starter is an
optional feature. Approximately 30 SMA-1's now in the fleld are equipped with WWVB radio
receivers that impress real time signals (GMT) on the record. Becauss the identification
code appears on WWVB once each minute, it is necessary to have a minimum 70-second operating
cycie on these instruments to assure recording of the complete code.

Recently several accelerographs utilizing remotely located unbounded-strain-gage or
force~baianced accelercmaters have be~n installed in the network (Tahle I1). Ths trans-
ducers are encased in small metal boxes ideally suited for mounting in relatively un-
accessible locations, such as in the embankment of earthfill dams or on a particular frame
member of a building. The incoming data are transmitted by wire to a centrally located
recorder for amplification and signal filtering. The signals are ther sent to a bank of
galvanometers where the deflections of a light beam are registered in the usual mannar on
translating photographic film. Sensitivity of the components, although adjustable, is
normally seat to approximately 1.9 cm/g, similar to the 70-mm film recording accelerographs.
The adjustable triggering threshold is set for ,0lg and is accomplished by either using a
signal from the accelerometars or by separate starters.

As an opticonal featurae, a digital delay memory (DDM) may be incorporated into the
system, thus allowing the recoiding of data from the transducers prior to actuation of the
recording unit. The DDM continucuasly monitors the transducer output but records the data
only if the signal proves strong encugh to trigger the inwtrument. Since the data are
continuously storsd for a short preset i-terval and discarded if not significant, it is
possible to record the entire earthquake from 2 time shortly bsfore the P-wave arrival.
The presant photo mechanical accelerograph will miss the initial P-wive motion and fre-
quently will not trigger until the S-wave arrives. The DDM functioned well during testing,
and a six~channel unit has recently been incorporated in one of SEB'm recorders for field

evaluation.
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loatcument Installation.

Prior to preparaticn of a site for installation of one or more acceleroqgraphs, the SEBR
congults with the instrupent owner to see that proper facilities are available. Recommended
site criteria incliude the following: (1) housing that provides ample room for rouvtine
maintenance plus protection 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
cutlet for a trickle charger, and (4) the correct shielded interconnecting cable if more
than cne accelerograph is to be instialled.

After station preparations hav. .ven completed, the instrument is set in place by
driving a self drilli g9 anchor into tl. concrete and bolting the unit securely to the floor.
Both the SMA-1 and RE™-?30), the only self-contained accelerographs currently available, are
mounted by a single anchcr that passes through the cencer of the base plate. Instruments
installed in a structure a-e normally aligned with the horizontal accelerometers parallel
and transverse to the structure's axes. Those located along major fault zones as free-field
instruments are situated with the horizontal components parallel and transverse to the trace
of the fault,

A trickle charger is connected to the batteries to assure maintenance 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 tiiggerxing 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 develcping, calculation of instrumental constants, and permanent atorage
in the station file. After the instrument cover has been replaced, a similar test record
is éut 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 providing both
information relevant to the instrument's functioning conditior (battery voltaje, lamp
voltage, etc) and sufficient details to determine the station location, accelerograph
orientation, local countacts and access to the site (Figure 3), This information is used by
the technicians to fill out access sheets that e luterput in fisld notebooks so that any
SEB member may iidependently enter the station to service the instrument or recover
sarthquake records (Figure 4).

Photographs are normally taken before leaving the site tco show the instrument in

place, its housing, and the major structure associated with it.

Routine Instrument Maintenance

At set intervals one of the SEB technisian'. ri-.jts each accelerograph staticn and in-
spects the instrument to see that all componei’s are operating properly and tc make any
adjustwents and changes required to keep tie equipnent functioning at its maximum eaffi-

ciency. The following procedures are carried out ‘luring an inspection:
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1) Check the event counter for possible operations. If it reads anything other
than zero, the potential record is recovered as though it we:e from an earthquaks.

2) If the film supply indicator shows that less than half of the film remains, it
is replacrd with a new roll. In any event, the film ia replaced at intarvals of evary two
yoars or less depending upon the heat and humidity in the instrument room.

3) Manually displace the triggur pendulum to sse that it starts t'a accelerograph.

4) Obsarve the light traces to ses that thay are on the collimating lens at the
correct level and that they are spaced at designated locations acroas the fila,

5) Visually check tha data traces for damping deflections and fres pericd cscillations.

6) Note whether tha time marker ascleanoids are deflecting properly. Sincea the advent
of crystal regulated timers, it is seldom necessary to make regular tests ol tha tims rata
accuracy.

7) Measure tha charge current with the instrumsent on standby and the battery load
voltage while the accaleragraph is running.

8) Measure lamp current for the nomninal cpsrating value.

9) Where savaeral instruments are interconnected, verify that timing and starting sig-
nals are being transmittad batween the variouvs units.

10} Check instruments with a WWVB radic receiver for radic recesption and an impressed
signal on the time mark solencids.

Aftar these procedurss have bsen completed, an inspaction form (Figure 3) is prepared.
The inspection forms consist of four copy NCR paper so that one duplicate may be left with
the instrument, the second in the station files, the third with the instrument owner, and
the fourth in a master file at SEB's main office in San Francisco.

There are r large numbsr Of problsts that may be observed during an inspection, but
most of these are minor and inconsequential to the efficient acquisition of strong-motion
data. Some of the more serious malfunction: that causs total instrumental failure or
jecpardize the recording system are summarired in the following paragraphs.

1) Loose instrumant mounting. Frequently the anchors imbedded in concrete lousen
after installation resulting in a loose instrument within the next saveral months. Ra-
tightening the anchor nut aliminates this problem.

2) BElectronic breakdown. A number of solid-state failures may occur including those
within circuit bx 1rds regulating the trigger and operate cycle. In the first instance, the
instrument will not start and in the second instance, the instrument will not turn off
«fter having been triggered. Other failures have occurred in circuit boards gouverning the
motor drive, time pulse generator, and calibration systems. The inspecting technician
carries a supply of these components in the fiald and can readily replace the malfunctioning
units when they are discovered.

3) Power loss. Fower loss has been a majer long-standing problem with strong-motion
acuelerographs but of a diminishing nature since small trickle chargers ware installed
on the batteries after SEBR's expsrisnces in the 1971 San Pernando earthquake (Maley, 1971).
Some of the problems that remain are the occasional breakdown of chargers, normal battery
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failure, loss of electrical powar and subsequent charge current, and the corrosion of
battary terminal connectors.

4) Mechanical maladjustments. Ths l-second horizontal pendulum starters may become
offset and if this is sufficient to make the slectrical contact, the instrument will trig-
ger and not turn off until the battaries have gone dead. The electronic vertical starters
somathimes sag until thay come to rast on their lower stops.

Other problems in this category include trace drift that may result in total loss of
one or mors channsls of data, the 1loss of time mark sclenocid deflections resulting in the
omission of time signals on the record, and cosplete or partial failure of the film drive
oecha.aism.

5) Environmental problams. Excessive heat and humidity may cause impairmant of the
normal instrumental operation. Occasicnal fleoding has occurrsd, resulting in total dis-
ablement as well as an expensive repair bill., Human interfersnce is alsoc a problem,
sometimes merely from the curicus but atother times from vandals bent on destruction. In
one inatance, a locked accelerograph building was broken into and the instrument pried off
its mount ng and then thrown inte an irrigation canal.

Most of these problems can be handled immediately during the inspection, but when
field repairs are not «expedient, the instrunent is removed and taken to a SEB shop for
renovation. )

Until the m.d 1960's the national network consisted chiefly of Coast and Geodetic
Survey Standard accelerographs and a lesser number of AR-240's. At that time it was
particularly important to see that each instrumnnt was kept in good operating condition
because there were relatively few stations to record any one earthquake. Since the exist-
ing acceleragraphs were slightly less reliable than those developed in recent years, a
maximum inspection interval of 2 montha was considered necessary to obtain a high data re-
turn. As the network was rapidly enlarged by the influx of newer and more reliable in-
struments, the inspection pericd was lengthened to 3 months. Even with this quarterly
scheduling, it was impossible for the limited SEB ataff to keep up with the accelerating
number of new installations and inspactions required.

After a 1974 study of maintenance procedures in the network, that was by now heavily
weighted with highly reliable instrumentation, it was determined that the sarvice interval
could be further lengthened to 4 months with nc significant decrease in operating efficiency
The entire network is now being maintained at 4-month intervals except where chargers have
not yet been installed and for more than 100 buildings in the LOos Angeles area a test
is being conducted uaing 6-month inspections. This excludes some more critical or trouble-
prone stations that are serviced more frequently. Should this test prove successful, SEB
intends ultimately to convert the entire network to a 6-month maintenance schedule. Be-
cause a large part of technician time is expended in simply traveling to the stations, the
less frequent inspection interval provides for more time to be used in servicing the
instrument, thus resulting in better performance. This trend was indicated by the 1974

study of maintenance procesdures.
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SEB is striving to achieve a 95% success rate in keeping the instrumentation opera-
tional. This weoms to be a desirable gcal when one considers the vnpredictable recurrence
interval for strong sarthquake motion at any particular location. An instrument may re-
main virtually idle and not record impoctan. data for 20 years, but when an earthquake does
occur, if the instrumesnt is not operational, a unique opportunity for recording damaging
motion at that site may be lost. The extremes in significant recording intervals are
shown by Long Beach, where an important record wag obtianed 8 months after the instrument
was 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 is nf even yreater importance because the probability of a damaging earthquake
occurring in any period of time is considerably less than in California.

A longer inspaction 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, some alternative methods must be cons'dered. One that perhaps
offers the mogt promise for the future is the development of a Remote Interrogation
System (RIS) to determine 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 interrcogation could be preprogrammed to cover any set of stations or manually operated
to select an arbitrary group of stations, SEB technicians may effectively inspect the
network at frequent intervals and yet make actual on-site field maintenance visits only
when perious 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 quersy the event counter of any selected
group of instruments after a local earthquake. Although most felt earthquakes ave 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 records and would, tc some extent, define the time of occurrernce of
minor earthquake records that are callected during routine servicing.

Besidus its obvious advantages, the RIS would pay for itself over a pericd of years
by reducing the mean annual maintenance costs, primarily that of travel and manpower. RAs
the system become operational, it would allow an increase in the network size whiie per-

mitting more effective use of perscnnel.

Earthquake Record Recovery

Fost earthquake procedures in the handling of records cover three brcad phases:
1} the actual retrieval of records from individuai 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,

thir is nearly a continual process although at a substantially lower level than after
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a significant event.

A casual review of the number of records obtained during some recent sarthquakes shows
the magnitude of the recovery and documentation that will be required during future large
shocks. In 1968, 114 records wers obtained from a magnitude 6.5 earthquake that occurred
210 km from Los Angeles. During the 1971 San Fernanco earthquake, 241 accelsrograms and
at least 100 aftershock records were recorded. The magnitude 5.9 Polnt Mugu sarthquake in
1973 produced 31B accalerograph records, Even the recovery of lesser interest records,
such as from the Point Mugqu earthquake, presents a formidable task,

The interrogation system proposed above will be of considerable assistance in record
recovery as it may be used to monitor instrument operations after locally felt sarthquakes
that otherwise are not damaging and of relatively little significance. For instance, fre-
guent smaller sarthquakes are felt in the Los Angeles arc;, but it is impossible to dster-
mine which instruments have been triggered without actually visiting each site.

Consigering the present size of the network in southern California, an earthquake in
the magnitude 6.5 range near Los Angeles would result in 700 original records and at laast
200 afterahock records. It is estimated that some 3,500 feet of data would be simultans-
oulsy cbtained on a variety of recording media, i.e., 152-mm and 304-mm photographic
paper and 35-mm and 70-mm film. To collect, develop, and label auch a large set of records
from a single event is a project of staggering proportions, particularly when a large
amount of time must be allotted to dealing with the inquiries from engineers., scientists,
and public officials. For example, it took nearly 4 weeks effort by the entire SPS
staff just to collect and develop all the records cbtained during the Sanfernando earth-
quake.

After an earthquake, SEB field personne]l proceed to the spicentral area as rapidly
as possible to retrieve records and return the instruments to their pre-earthquake condi-
tion. They carry sufficient provisions needed for extensive recovery, espacially loaded
film and paper magazines to replace those that have substantially reduced suprlies because
of the earthquake operations. Upon entering the station the technician will check the
sigrial counter, put calibraticn data on the record, and advance sufficient film into the
take-up magazine to assure protection from light when the instrument is opsned. The re-
cord is then removed and labeled (etched on film or written on paper) with the station name,
accelerograph aserial numbexr, date of record recovery, and date of eArthquake, if known.
Finally, the accelerograph is restored to its normal operating condition a.” the counter
reset to zero.

The records are returned to the local SEB office for photographic processing. In the
past, this has been accomplished by sight developing because of the instruments' variable
lamp intensity and the possibility of accidental fogging during record recovery. Conaid-
ering the potentially large number of records from future earthquakes, some effort is
being expended to provide automatic dev:loping procedures. A Paper accelarogram processor
is baing tested that will develop, fix, and dry the reccords in one operation. A 70-mm film
dryer is now in operation, and the use of complete f£ilm processing systems are being
investigated.
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After development, the records are tesgorarily labeled by affixing a gummed sticker
with the station nams, instrument number, and date of e sarthq.:«+. Permanent labels are
latar produced by typing the following information on matte-finish mylar plastic: astation
name, permanent station number, instrument type and serial number, data of sarthquake in
both GMT and local time, and the physical conatants of the individual cowponents including
orientation, sensitivity, period and damping (Pigura 5). Thece labels are spliced directly
to the original record, normally just in front of the pre-earthquake calibration data. The
records are then transferred to SEB's dats sanagesent section for the production of dis~
tribution copies and subsequent processing ard analysis.
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U. 5. GEOLOGICAL SURVEY
SEISMIC ENGINEERING

DATF  6-5-74

STATION _ 11611 San Vicente Blvd. STATION ¢ 875
ADORESS Brentwood CITY 108 Angeles
CONTACT Fad Wiley PHONE 926-0889
POSITION __ Buflding Engine:r 'KEYS 1
INSTRUMENTS SMA-1 s/n 1414 Crad L- Sas W

s/n 1415 6th V- Down

s/n 1416 Roof(11) T- 5858
TOPO SHEET  Baverly Hills CO-ORD34.05 N 118.25 W
THOMAS WAP P_# LA-41 CROSS STREETS S. Vicents - Bringham
OWNER CODE LA ORIENTATION YERIFIED Yes

DESCRIPTION Enter pkng. from raar. Ground - entsr acc. room from

driveway to groumd level pknz. (San Vicente sfide). 6th - en cencral

cors aast of el. Roof - el. to 10, NW stairs tc roof, 3rd door

in penthouse.

&th Hear

D accalecograph
n'] rg i

Vi []

scculeregroph Rael

Groynd

diiveway

occelerogroph

$an Vicania San Vicenls

Figure 4. Typical accelerograph station access sheet.
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Strong-Motion Duta Management
by
Christopher Rojahn
U. 5. Geological Survey
San Francisco, Califnrnia
ABSTRACT

The Seismic Engineering Branch (SEB), of the Office of Earthquake Studies, U. §.
Geological Survey, is funded by the National Science Foundation and is responsible for the
develorment and maintenance of a national network of strong-motion instruments and for the
processing, management, and dissemination of data obtained from those instruments. Data
management is central to the entire strong-moticn program; it serves as a focal point for
the functions of archiving the records, processing the data, and disseminating both the
data and information 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 are 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 SEB and the Environmental Data Service of the National Oceanic and
Atmospheric Administraticon are involved in the data and informaticn dissemination opera-
tion. Each organization distributes data, whereas SEB is solely reaponsible for the
dissemination of information about the strong-motion program. Various U, S. Geological
Survey professional papers and circulars are the primary media through whicn the latter
function is accomplished.

Key Words: Accelerographs; Data Processing; Earthquake Records; Strong-motion Date
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{crroduction

The Seismic Engineering Branch (SEB) of the Office of Earthquake Studies, U. 5. Geo=~
logical Survey (Department of Interior), is responaible for the development and DAintenance
of a national network of strong-motion instruments and for the processing, storage, and
dissemination of data obtained from those instruments. In order to carry out these
respunsibilities, SEB concentrates its efforts on the following activities: program
management, network design, network operations, data management, and research and applica-
tions. Data management, the subiect of this paper, is central to SEB's entire strong-
motion program. It serves as a focal point for the functions of (l) archiving the records,
{2) processing the data, and (3) disceminating both the data and information about the pro-
gram to the engineering seismology research community, tne structural design community,
and regulatory agencies at the Federal, State, and local levels. All three functions are
discussed in detail in subsequent portions of this paper.

Background Information

SEB's data management functions were first outlined in a proposal submitted to the
National Science Foundation (NSF) in July 1974. During the year prior to that time, SEP
operated under general NSF funding in a transitional atage during which its responsi-
bilities and functions were formulated and defined in detail. Before that, (i.e., up
until May 27, 1973, when SEB was formed as part of the U, S. Geological Survey), the
office existed as the Seismological Field Survey (SFS) in the National Oceanic and Atmos-
pheric Administration (NOAA) of the U. 5. Department of Commerce. In general, the S5FS had
fewer responsibilities, a swaller staff, and substantially less funds. In particular, the
dsta management function was the responsibility of NOAA's Environmental Data Service (EDS).

As a result of the Tuly 1974 proposal, NSF awarded SEB a grant of $700,000 annually
to develop and ariume *~i iry responsibility for the U. S§. strong-motion program. The
funding was approved in principle for five years and will be increased annually in
accordance with a nominal inflation factor. Of the total annual amount, $240.000 has been
allccated for data management (FY 1975). This level of funding has enabled SEB to acquire
three additional staff members in data management. Consequently, in addition to the pro-
ject chief, there are now six peresons working on data management--one geophysicist, one
mathematician, one computer specialist, two physical science technicians, and one clerk
typist. In contrast, there are 16 persons assigned to other SEB projacts (22 ctaff meambers
in total).

In its present form the national network of strong-motion instruments contains
approximataly 1300 accalerographs located primarily in California but also throughout the
remainder of the seismically active areas of the U. S. The instruments are owned by
Federal, State, and local agencies, universities, private firma and individuals, and other
independent groups. SEB acts as the primary coordinatcr for the development and mailnten-
ance of the entire network and assumes overall responsibility for record collection, racord
archiving, data analysis and data dissemination.

At present, the vast majority of instruments in the network are triaxial optical-
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mechanical accelerographs that record three strong-motion traces per record. Among the new
ingtallationa, however, are remote recording systems that record ap to 12 strong-motion
traces per record. In addition, direact digital recording systems are also expected to be
installed in the near future. These differences in the types of recording systems and the
number of traces per record have made it necessary to design a data management system that
can handle a varisty of data forms.

Axchival Systes

As of December 31, 1974 approximately 3200 strong-motion records had been obtained
from the national network of strong-motion ingtruments. 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. Many of the records are
on 6-inch and 1l2-inch (152-mm and 305-mm) paper, a few ars on 315-mm film, but most are on
70-mm film. 1t 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 variocus sizes of paper and film
{12-inch, 35-mm, and others), and a few will indoubtedly be on magnetic tape.

The records are 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 are 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)-high, 3 3/4-inch (95-mm) inner diameter light-weight metal
canisters; the larger film and paper records are stored in 15-inch (38l1-mm)-long, 2 7/B-
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) of records stored therein. Measures have been taken to ensure that the archival
room is as fire-proof as possible.

Prior to permanent storage, the records are labeled, and high-quality digitizable
mylar coplies are made of all those considered pignificant (in general, ground cor basement
laevel rypooxds having a maximum acceleration greater than, or, egual to 0.10q9).

Beginning in middle or late 197%, one mylar copy will be sent to each of the following:
the SEB iranch office in Los Angeles; the California Institute of Technology in Pasadena;
the Environmental Data Service, NOAA, in Boulder, Colorada; and the instrument owner. All
other records are archived without being copied unless there is a specific request to do
8C.

One other important part of the archival process is the preparation of an "event and
station information -ard" {(figure 1) for each strong-motion record. The card is prepared
as soon as a record is received and contains all pertinent gtation and event information,
ingtruments constants, maximum acrelerations and epi-central digtance. One copy is
filed in a station file, and a duplicate iz 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 ~an be queried by remote terminal.
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Data Processing System

SEB's data processing system is evolving from in-house devel-spments,but wuch of it is
patterned after the methodology developad by the California Institute of Technology (CIT)
during the digitization and analysis of the February 9, 1971 San Fernando earthquake
strong-motion records (l). Prior to the award of the 1974 NSP grant, SEB"s data processing
system wag smaller in scope though similar in form. Presently, it is being expanded to
handle a large volume of records in a relatively short time.

As a patter of course, SEB plans routinely tc process all significant ground and base-
ment level records. The processing of each record can be subdivided into several phases:
record digitization; conversion of raw digitized data to uncorrected data; converaion of
uncorrected data to corrected data and the genaration of velocity and displacement time-
histories; and the generation of various forms of frequency domain spectra. Phases two
through four are accomplished through the use of three computers, a CDC 6400, CDC 6600, and
a CDC 7600, all of which are located in Berkeley, California. All computer programs are
submitted in batch or time-share mode either at Berkeley or via one of the remote terminal
systems at the U. S. Geological Survey (USGS) computer center in Menlc Pzrk, California.

The first phase of data processing (i.e. record digitization) is not carried out in-
house. Instead, digitization services are being procured from the following external
organizations: Dynamic Graphics of Berkeley, California; I/0 Metrics of Sunnyvale, Cali-
fornia; and EDS/NOAA of Bculder, Colorado. Dynamic Graphics usea a manual film-plans digi-
tizer and is presently able to digitize both enlarged film and ncrmal-sized paper records
on a routine basis. The system is particularly appropriate for those records that cannot
be digitized automatically, that is, those records that are not well defined, are non-
continuous, and have overlapping traces. Normally, the firm is requested to digitize all
peaks, valleys, and inflectior points at a minimum rate of 50 points per second. I/0
Metrics has developed an automatic, laser-beam, trace-following, film-plane digitizer
and has satisfactorily demonstrated ite capabilities in a limited trial. Film records
may be digitized directly, whereaz paper records must be reproduced on 70-mm film before
digitization. The system is ¢apocially appropriate for well defined, continuous, non-
overlapping traces, and is notable for its high processing speed potential (the firm
estimates that it can accurately digitize an average-sized strong-mction record in half
an hour). Normally, records are digitized in increments ranging in width from 25 to
50 micros. EDS uses an automatic faster-scanning, squal-increment digitizing system
{VISICON) which is capable of scanning a 12 x 25-inch (305 x 635-mm) record at a maximum
rate of 200 samples per inch (approximately 79 gamples per centimeter). Racords digi-
tized on the system are currently being evaluated by SEB. It is anticipated, however,
the system will be satirfactory for processing both paper and enlarged film records. In
total, the three external organizaticns collectively provide SEB with the capability for
digitizing a large volume of records in a relatively short time.

SEB requires that each external organization submit its digitized data on magnetic
tape or punched cards in a preselected format, and that it be accompanied by a full-scale
plot of the data (a plot at 3x's acale is alsc frequently required for film recordas). Each
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plot then undergoes a quality control check whereby it is wvisually compared to the original
racoxd (or 3x's acale copy) with the aid of a low-powser magnifying lens. If the plot of
the digitized data appears to be truly representative of its analog counterpart the
digitized data are accepted for subsequent phases of processing. If not, the original rec-
ord i3 redigitized.

In the second phase of data proceasing, the raw digitired data are counverted to what
is referred to as "uncorrected data” {2). At this time, all paper or film diatortions are
removed, and acceleration and time are cross-correlated in order .o express acceleration as
a function of time. The final product is permanently retained on either magnetic tape or
punchel cards (in the near futurc, such data will also be stored on microfilm ), on a
digital listing, and as & time-history plot.

wring the third phase, uncorrected data are converted to "corrected data" (3), and
velocity and ¢.splacement curves are generated. Instrumental and baseline corrections are
first applisd to cbtain true ground acceleration (ccrrectad data). Si gle and double
intesgration processes are then used to generate velocity and displacement time-histories.
The data are permanently retained on either magnetic tape or punched cards (in the near
future, such data will alsc be stored on microfilm ), on digital listings, and in plot
form.

During +he fourth and final phase of data processing, variocus forms of freguency
domain spectra are gensrated. Along these are the spectra routinely calculated and
plotted by CIT (4, 5) during the proceasing of the San Fernando earthquake strong-motion
records: maximum relative velocity response spectra (figure 2): relative displacement,
psendo valocity response, and pseudo acceleration spectra plotted on tripartite paper
(figure 3); and Fourier amplitude specira (figure 4). In addition, SEB has developed two
other forms of plots (6) that gire substantially more insight into the nature of strong-
motion: relative velocity responae envelope spectra (figure 5), and time-duration spectra
of the responsa envelope (figure £). All tive forme of spectra are permanently retalned
on digital listings and in plot form.

Dats And Information Dissemination System

Information about the SEB strong-motion program is disseminated solely by SEB, whereas
the actual strong-moticn data are disseminated both by SEB and EDS. EDS is the distribu-
ting agency for the uncorrected and corrscted data generated by SEB. Such data are made
available in punched card form and on magnetic tape (7 or 9-track). EDS also provides
analog copies of strong-motion records on 70-me film clips (approximately 8x's reduction}
and on 3%-sm film reels (1l2's reduction) and is being requestad tc develop the capability
to produce blue-line full-scale analog copies. Beginning in middle or late 1975, SEB
will publish routine data reduction and analysis results in a series of U. 5. Geological
Survey professiconal papers., It is expected that each professional paper will cover one
calendar year and will contain the following data for all significant ground and basement
lavel records generated in that year: uncorrected and corrected acceleration time-
histories; velocity and displacement time-histories; and the five forms of spectra des-
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cribad in the section on data processing. In addition, SEB also distributes., upon request,
blus-line analog copies of all records not made available through EDS.

Information about the strong-motion program is disseminated primarily through the
following publications: the “"Seismic Engineering Program Report,”™ a USGS circular pub-
lished gquarterly; "Strong-Motion Accelarograph Station locations Listing," a USGS circular
published annually; "Strong-Motion Accelerograph Station Descriptions™ (tentative title),

a series of USGS professicnal papers; and "Catalog of Strong-Motion Records.” tentatively
planned as a joint USGS/NOAA publication (to be issued as & USGS professional paper). All
circulars are issued free of charge on request (the current mailing list contains names and
addrosses of approximately 2300 recipients). The professional papers receive a limited
free distribution but can be purchased for a nominal fee.

The first issue of the "Seismic Engineering Program Report™ (7} was published in
December 1974 as U. 5. Geclogical Survey Circular 713. It contains a listing of 1972 and
1973 accelerograph recards and a description of the then-current status of the SEB strong-
motion program. The second issue, scheduled for publication in the spring of 1974, con=-
tains a listing of 1974 accelerograph records, two articles by SEB ataff membars (one on
the Latin American and Caribbean strong-motion programs and one on recent developments
in strong-motion instrumentation),and notes on record corrections and the availability of
strong-motion data. Future issues will contain similar information with all listed data as
current as practicable.

The first issue of the "Strong-Motion Accelerograph Station Locations Listing” is
scheduled for publication in mid-197%. It will contain the following data fcor all stations
installed in the national network prior to January 1, 1975: station number, location,
country, structure type/size, instrument location(s), coordinates, and source(s} for data.
The list will be routinely updated in the "Seismic Fngineering Program Report."” The
second issue of the listing will contain the same information for all stations installed
prior to January 1, 1976 and will be published in early 1977. Similar listings will be
published annually thersafter.

The content and format for “Strong-Motion Accelarograph Statlon Descriptions® have not
yet been firmly eatahlished. It is probabls, however, that the dascriptions will contain
the following: location data including the geographic coordinates, road and topographic
maps, and an exterior photograph; geologic data including a brief seismic history of the
area, the proximity of faults, if any, a verbal description of the regional and local geol-
ogy, cross-section{s), formation descriptions, and depth to water table; and soils data,
whan available, including boring logs and measuremsnts of density, standard penetration
values, and P- and S-wave velocities. If there is .1 structure at the site, each station
description will (tentatively} include: typical plan view(s, indicating lateral forcs
resisting elements, orlentation, dimensions, and the center of mass anc center of rigidity
of each floor or mass element; typical section(s) of ‘ha full stricture showing dimen-
sions; general design information (e.g9., mod: shapes and frequencier); and the source
where additional information may be obtained (e.g., the design engineer}.

It is planned that the "Catalog of Strong-Motion Records” contain a listing of all
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accelerograph records obtained from the national network of strong-motion instruments since
its inception in 1932. Rescords will be listed both by svent and by station showing epi-
central distance, maximum acceleration whensver available, and various data sources. The
frequency of publication has not yet been astablished, but is expacted to he annually,
biannually, or even less frequently.
Susmary

The Seisaic Engineering Branch (Office of Tarthquake Studies, U. $. Geclogical
Survey) is fundsd by the Naticnal Sciences Foundation and is reaponsible for the dsvelopmant
and maintenance of a naticnal network of strong-motion instrumants and for the processing,
maragemant, and disseaination of data obtained from those instruments. Data 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 disseminating both tne data and infor-
mation about the program to the user community. In the archival phase, all records ars
stored by station and cataloged both by event and by station. In data processing, all
significant ground and basement level records are digitized after which the raw digitized
data is used to ¢enerate the following: uncorrected and corrected acceleration time-
histories; velocity and displacement time-histories:; and varicus forms of frequency dosain
apactra. Both SEB and EDS are involvad in the duta and information dissemination cperation.
Each organization distributes data, whersas SEB is solely responsible for the dissemination
of information about the strong-motion program. Various U. S. Geological Survey praofes-

sional papers and circulars are the primary media through which the latter function is
accomplished.
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ABSTRACT

To correlate *he actual liguefaction phenomena and site conditions, a literature survey
about the liquefaction phenomana caused by earthquakes during the last century in Japan
vas p.rfomﬂ. A liquefaction distribution map of Japan and the regicnal maps of Kanto.
Nobi and Hokuriku are prasented and the factors related to liquefaction ara discusaed.
buring the last century liquefaction in sub-soils have been cbhasrved at some hundred sites
during 44 sarthquakes where the sites were limited to alluvial deposits and reclaimed lands.
Furthermore, it was fourd that liquefaction occurred repeitedly in different sarthquake
zones. The estimated JMA intensity scale factor, at the ligquafied sites was more thar five
vhich means a maximum acceleration of 80 to 250 gals. The extent of the liquefied zones are
limited , depending on the magnitude of the earthquake.

Key Words: Alluvial Deposits; Earthquakes; Epicentral Distance; Liquefaction; settlement;
Soils,



Introduction

Most structural damage, caused by settlement or inclination due to liquefaction of
saturated sandy subsoil, has inevitably occurredduring major earthquakes. In accordance
with the prediction of liquefaction potential of subsoils, a number of research efforts
have been expended by means of laboratory tests and in-situ tests. Meanwhile, coirrelations
betwesn the actual liquefaction phenomsena and the site conditions has rarely been invasti-
gated. Recently. case reviews on the correlation of liquefaction have been performed at
several sites in Japan (Miyabe, 1933, Kishida, 1969, Ishihara, 1974 and Iida, 1974). Be-
cause many interesting facts have been obtained from these reviews, more reviews on this
subject are expected. This report contains the results of a literature survey about
liquefaction phenomena caused by earthquakes during the last century in Japan.

Liquefaction distribution maps since 1972 are presented first and the factors related
to liguefaction are then discussed. In the literaturs on earthquakes, which caused damage,
there contains much description of the liquefactich of the sub-soil. However, most of the
descriptions before 1868, the identification of liquefaction and its characteristics,
have been scientifically qualified. In the description, evidences of liquefaction in the
sub-goil are given from i) water spouting with sand or mud from wells or cracks in the
ground, ii} sand boils or sand volcanoes, iii) excessive sattlements of heavy structures
placed on sand layors‘and iv) uplifting of wooden piles from rice paddy, or of caissons
under construction from river beds. About 150 papers or reports have provided information
on liguefaction during 44 earthquakes, as listed in Table-1l.

Liguefaction Distribution Maps

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 liguefactions in wide areas except for Beveral
cases, as shown in Fig. 1. Among the large scale earthquakes were No. 4 (Nobi), No. 12
(Gono) , No. 15 (Kanto), No. 22 (Nishi-Saitama), No. 34 (Fukui) and NO. 42 (Niigata) as
shown in Table 1 which caused wide distribution and vielent liquefaction of the sub-soil.
Moderate scale earthquakes, No. 6 (Shonai), No. 8 (Rikuu), M¥o. 16 (Tajima), No. 31 (Tonan-
kai), and No. 44 (Tokachi«oki) caused local violent spouting of water or a number of large
sand volcances.

Microscopic features of the regions of liquefaction are closely distributed as shown
in Figs. 2, 3 and 4 which depict Kanto, Nobi and Hokuriku reglona, respectively.

Kanto Region

In the Kanto region during the earthquake No. S5 (Tokyo), spouting of water with dark
blue or black fina sand from cracks of subground were observed in many places. In Fig. 2
the sites of liquefaction are dencted 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 earthquake, the Kanto region was subjected to earthquake No. 15 (Kanto), which



was one of the most disasterous earthguakes in Japanese history. Sites of liguefaction,
during this earthquake, as dencted by hollow triangles in Fig, 2 are very widel- scattered
in the alluvial plains in the Kanto region. It is interesting to note that many liguefied
sites are concentrated on the original winding river course of tha existing Tone river lo-
cated in the north east of Tokyo. About three hundred and ELfty years ago, the estuary

of the Tone River was linked by man to the Pacific Ocean. The original Tone River had
flowed into Tokyo Bay, depositing a very deep and goft sand layers. Because the river
course was madified, a higher potential of liquefaction was retained in the original site
in comparison with the ordinary site in Kanto plain. In addition to the earthguakes des-
cribed above, earthquakes No. 7 and No, 22 (Nishi Sajitama) during this century has

cauced ligquefaction of sub=goil in this area. In addition tp tha Xanto area, sand boils,
sand volcances, uplifting of wooden pilea and caissons during the earthgquake No. 15

{xanto! were reportaed as shown in Fig. 2, where representative liguefied sites are denoted
by characters a, b, ... k. For example, the site a is the reclaimed land in Kawasaki City,
where water with dark blue and grey fine sane ejected frar. many cracks. At site b rnear the
epicanter, seven wooden piles uplifted about 60 cm from the rice paddy during the quake.
Trese piles were used as briddge piles about 800 years ago over the original Sagami River.
At site c many caissons for a bridge foundations under construction uplifted from the
river bed of the Sagami River. More details of liquefaction situaticns are raported in
another paper (Kuribayashi, Tatsuoka and Yoshida, 1974).

Earthqgaake No. 22 (Nishi Saitama) in 1931 also induced liguefaction at many locations
along the original and existing coursas of the Tone River. The liquefaction sites during
this earthquake, are denoted by hollow circles as shown in Fig. 2. Severe water apouting
conditions were cbserved at sites around Fukilage City, located about 20 km east from the
epicenter. large amounts of water, with dark blue and grey fine mand, were ejected about
30 cm high from several hundred of these sand volcancea. Furthermore, the ground surface

of these liquefied sites settled abcut 15 cm and the spouted water covered the ground to a
depth of about 15 cm.

Nobi (Mino-owari) Reglion

The Nabi Region has been inflicted by four violent earthqukaes during the past century,
which induced ligqueafaction at many sites as shown in Pig. 3. The most 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 triangles in Pig. 1 and by hollow tri-
angles in Fig. 3, respectively. The liquefied sites were limited to the alluvial soft
deposits along the Kiso, Nagara and Ibi Rivers in Nobi Plain and to the sites along the
river in the Pukui Plain which is to the north of the epicenter. It should also be man-
tioned that the earthquake No. 34 in 1948 (Fukui) also induced liquefaction in the entire
Fukui Plain as shown in Fig. 1. One of the most vioclent water spouting conditions occurred
during earthquake KO, 4 and is denoted by a character "a" in Fig. 3. During this earth-
quake near the Shonai River, water with sand ejected over 2 m high from wells and deposited
sand on the roofs of nearby houses. Alsc 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 avaluated in that 40 km? of rice paddiss and fields in the
Prefectures of Alchi and Gifu, were impossible to cultivate due to sand boils, necessita~
ting repalrs and reconstruction.

Eighteen years after this earthquake, earthquake No. 12 {Gono) caused liquefaction at
many locations in the nortiwestern partof the Nobl Plain whers liquefaction was previously
caused by earthquake No. 4. Many arsas liquefied during this sarthquake, and are denoted
by hollow circlas as shown in Fig. 3. Thess areas are tightly distributed and are sur-
rounded by the Ibi, Nagara and Kiso Rivers.

Earthquake No. 31 (Tonankai}, during the end of World War II caused liquefaction in
the coastal region which has soft alluvial deposits. These locations are between the
Cape Omaszaki and the Lake Hamana and in the south coastal part of Nagoya City, which had
been reclaimed during the past hundred and fifty years before this earthquaka. The
liquefiad sites described above are sxpressed by hollow triangles as shown in Fig. 1 and
#01id triangles as shown in Fig. 3. In the scuth coastal region of Nagoya City damage to
wooden houses such as settlement and inclination was caused by a very large quantity of
eajected sand and water. Alsao,many sand boils and water spoutings were observed at the
sites of severely damaged aercplene tactories at Nishi-inaei town, denocted as character
"c" in Fig. 3. During earthquake No. 32 (Mikawa), violent boiling of sand and water was
again obgerved at the sites of thesc same factories.

In gencra) the characteristics of sarthquakss of large maghitude, but with cffshore
apicenters such as the sarthquakes No. 31 (Tonankai), No. 33 (Hankai) and No. 44 (Tokachi-~
aki), will cause liquefaction at soft depcaites in the coastal recions as shown in
Pigurs 1.

Hokuriku Region

Fig. 4 shows the liquefaction history of Prefectures of Yamagata and Niigata during
the past century. EBarthquake No. & (Shonai), caused liquefaction at many sites, which
are denoted by hollow triangles as shown in FPig, 4(b). In Sakata City, located at the
river wmouth of Mogami River, numercus sind bolils were cbserved with the largest sand
volcano reported having a height of 60 :m and about 3 m in diameter. The area where the
sand boiled most viclently was covered by sand deposits, similar to ssashore areas. Simi-
lar vioclent sand bolls were observed at xite 2, shown in Fig. 4(k), whers the largest
one was about 9 o in diameter. The lig.afaction site is at the same location as caused by
earthquaks No. 42 (Niigata), as shown in Fig. 4 (b).

Parthquake NO. 42 (Niigata) is very famous for its wide spread liquefaction, and the
subssquent damage to modern buildings and civil enginesring structures. Because the
details of this earthquske have been reported in detail by many others, only a mummary
will be given in this paper. Liguefied zones during this earthquake are denctad by hatched
zones, with numbers of 1 to 13, as shown in Pig. 4. It is important to note that these
zones ars limitsd toc the original riverbeds of the rivers of Shinanso, Aganc stc. Por
example, the zone sxpressed by the character "a” in PFig. 4 (a). is the original riverbe#
of the Anago River which was connected to the Shinanc River at the river mouth about three



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 1 m of
sand settled down about 1 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 liquefaction phenomena caused by different earthquakes indicated the
following;

(i)} Re-ligquefaction hais observed in 7 zones, shown by symbols "a™ to "g" in Fig. 1

and as listed in Tahle 2. This suggests that re-liquefaction will occur if the

proper soil conditions arxe present.

(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 distributiog map and the intensity scale distribution map. From this

procedure, it was found that the estimated earthguake intensity in JMA {Japan Meteoro-

logical Agency) scale at the liquefied sites was greater than five, which means that

accelerations of 80 gals to 250 gals cccur

(iii' As is well known, liquefaction zones increase during the larger earthquakes. Fiy.

5 shows the maximum epicentrical distance of the liquefied sites R (km) and the magni-

tude of the earthquake M. Using the vroce.ure presented by Fukuoka (1971), the following
is cbtained;

R = M-5.7 1
log {1

where Eq. (1) is based on the data obtained from earthquakes NO. 33 (Nankai} and Ne.
42 (Niigata). It should also be noted that examination of Fig. 5 indicates the follow=-
ing

lnglok = 0.87 M=4.5 (2)
where the lower bound for M > 6.0 is expressed by

loqloR = 0.77 M-3.86 (3)
Prom the data obtained on 44 earthquakes, a lower bound of the ligquefaction 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 H = 70, for example, liquefaction may not occur at

distznce greater than 60 km from the spjcenter.



Conclusions

A survey of many reports on earthguakes during the last century, shows that liquefaction
in sub-goils are induced at many sites. In Japan during 44 sarthquakes, liquefied gitas
were limited to alluvial deposits and reclaimed lands. Liquefaction gensrally occurrad at
original river beds which was reclaimed during the past several hundred years and in re-
claimed lands along scas or lakes. Such ligquefaction incrsases as the sarthquakes with
magnitude increase have an offshi. & spicenter. Furthermnre, it could be noted that lique-
facticn has occurred repeatedly during different sarthg-skes in several zones. An esti-
mated JMA intensity scale factor at the ligquefied sites, was greater then five. A lower
bound of liquefaction potential can be defined as a relationship between epicentral dis-
tance and magnitude of sarthquake on the basis of thls discussion.
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Table 2, Zones where re-liquefactions were olisorved

a, b, ..... g correspond to those in Fig, 1.
Zeones Earthquakes
a: the narrow zone along the No. 8 {Rikuu) and
Omono River in the No. 13 {Ugosen)

norihwest of Oomagari city

in Akita 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 {Tokya),
of Tone river in the No, 7 (Tonekaryu),
notheast of Tokyo No. 15 (Kanto) and

No. 22 (Nishi-Saitamal}

d:  on :he both si les of No. 9 (Kamitakaj) and
Chikuma river near No, 28 (Nagano)
Nagano city

e: in the southern part of No. 4 (Nobi) and
Fukui plain No. 24 {Fukui)

f: in the notrwestern part of No. 4 (Nobi) and
Nobi plain No. 12 {Gone)

g: in the southern part of No. 31 (Tonankai) and
Nobi plain No. 32 (Mikawa)
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VIBRATION TEST ON SETTLEMENT
OF SUBMERGED SAND LAYER

by

K. Sawada
Chief, Soil Dynamics Section
Public Works Research Institute
Ministry of Construction

and

Y. Xoga
Rasearch Engineer
So0il Dynamics Section
Public worka Regsearch Inatitute
Ministry of Construction

ABSTRACT

A series of vibration tests on submerged sand layer model, using a large shaker table,
wag performed in order to establish a method which can predict the liquefaction and settle-
ment phenomenon of sandy ground during earthquakes. As a result of these tests, information
concerning the vibration behaviour during the liquefaction phenomenon and subsequent
settlement behaviour was cobtained. Examining these test results and assuming that
the vibration and settlement behaviour of a sand layer in the sand container is one-dimen-
sional, it has 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 amount of settle-
mant of the sand due to earthquakes can he estimated by this analysis method proposed

herain.

Key Words: PBarthquakes; Liquefaction; Sand Layer; Shake Table; Vibration Teata; Void Ratios.

v-16



Preface
The building of a structure on a sandy ground, where liquefaction is likely to occur at

the time of an earthquake, requires the following sequence of steps in order to perform a

aseismic design.

) D.éu'-ine whether or not a liguefaction phenomenon will occur in tha ground which is
to support the building and then establigh the degree of redaction of the bearing capa-
city and the amount of settlement which may be generated. Then estimate whether or nut
certain measures are required to minimize the effects.

{2) If design revisions &re required,; then improvements tc the foundation or the type of
structure, or imgrovements t0 the ground are necessary so that a liquefaction phenomanon
be either prevented or reduced.

The methods of datermining or estimating ligquefaction phenomena are hased on & method
from sand elemant tests (1-3).

At & Pravious mesting, a method amplbying blasting vibrations to predict liquefaction,
was pressnted. The results to be presented herein however, will involve the analysis of
experimants with a model sand layer using a large shake table. This experiment was per-
formed jointly by the Public Works Research Institute, Ministry of Construction, the Xanto
Engineering and Mechanical Laboratory, Ministry of construction and the National Ressarch
Center for Disastar Prevention, Science and Technology Agency.

Method of Experiment

The container used for the experiment is a steel box having inner dimensions of 8 m
(length) x S m (height) x 2 m {(depth) as shown in Photo 1. In the experiment, the box was
installed with its longitudinal direction aligned with the horizontal vibrating direction
of the slab table and the sand layer of thickness of 4 m, was submerged in water up to the
surface. The sand used in the experiment is mountain sand taken from Sengen-Yama in Chiba
Prefecture, Japan, which has physical prcperties as shown in Table 1. A belt conveyor and
bucket wers used to place the sand into the box for forming the sand layer. The sand was
compacted by stepping or a vibro-rammer for every sand layer thickness of 20 or 50 cm. A
quality control test, including measurement of density,was performed for each of sand
layer. Upon formation of each sand layer, the layer was then submerged in water. After
inducing series of vibrations and subsequent measurements, the vater and sand wers dis-
charged from the sand box and a new sand layer was formed for the next experiment. This
types of experiment was conducted three times with respect to a homogenous sand layer.
Threa additional tests were conducted with respect to a case where a model object wrs
buried in the sand layer.

The following types of vibrating methods were used in each experiment;

{1) Rescnance Test

This test had a table acceleration equal to 20 gal, and a step sine frequency of 1 to

20 ¢/s. The vibrations were applied for a fixed period of 20 to 30 sec. This test was

intendad to examine the dynamic properties, including modulus of elasticity and damping
factor.
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{2) Liquefaction Test

The test level of acceleration of the table was changed by means of sine waves near the
1st resonant freguency 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 resulting
settlenent 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 applicatian 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 inatruments buried in
the sand layer.

Results of Experiment

{1) Characteristics of the Sand Layer
The dengity of sand layer varied considerably with cach model, as affected By the
method of compaction. For example, in the case af the lst experimant, the dry dersity (Yd)
was 1.41-1,52 g/cmj. the average value was 1.48 g/cm3. void ratio (e} was 0.77~0.91
and the average value was about 0.82.
(2) Reaonance 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 gsand layer for experiment 1-1, relative to distance from the end face. For this
experiment, the frequeacies at the lst and 2nd rescnances are 10 and 17 c¢/s 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 c/s which can be thought of a lst 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 ard table acceleration level.
(3) Liquefaction Test
The characteristics of the behavicur of the sand layer during liquefaction can be
represented by the pore water pressure, settlement amount and acceleration of the sand layer.
Examples of the time-course changes of thc.e factors are illustrated in Fig. 4 through
Fig. 6. 1Illustrated 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 saul layer shows almost a steady
state where the table acceleration ls 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

phencnmena is caused by first an increase of the excess pore vater preasure in the upper
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part of the sand layer. This increase ia the excess po: > wal~r pressure over a certain value
causen the rigidity of the sand layer to lower (or causes the deformation characteristics to
incre.ge) due to a reduction of the effective confining pressure. This resulting phenomenon
causes an increase in acceleration of the sand layer, and if the excess pore water pressure
further increaseg, the shear itrength of that layer and the lower layer will reduce. This
will result in a condition in that the vibration from the lower part cannot be transmitted

to the upper part and the acceleration of the sand layer will suddenly decrease.

In the case of experiment No. 1-4 (Fig. S5), the table acceleration is larjer than
that of experiment Bo. 1-3 (Fig. 4), and both the excess pore water pressure and the settle-
ment amount are comparatively larger 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 equalts the effective overburden
pressure in each layer. This conditions shows that all layers have reached complate
liquefaction. The range in which the phenomenon of a suddendecrease 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
water pressure and the amount 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 prccess in which a sudden 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 interest in comparing the verical distribution of excess
pore water pressure, as illustrated in (b) and the corresponding experiment period versus
the amount of settlement (Fig. 5(¢)), 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 m from the bottom, uplift must occur
rather than settlement, as illustrated in Fig. 5(c), during the period, a considerably
amount of settlement is observed. This condition is caused by air bubbles in the pores
which have been compressed due 0 the generation of excess pore water pressure, since the
sand layer had not been comgletely 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 cm compared tc the level before vibration is applied. 1In addition, since the de-
gree of saturation of the pore water of the sand layer can not be mecasured directly, an
unsaturated sand layer was formed sevarately in a small container, similar to that of the
experimental sand layer. Then the unsaturated sand layer was gradually submerged in water
from the bottum. The initial degree of saturation of the sand layers formed by the method,
was then estimaced at 75 to BS% by the weight measurement method and by means of an air

meter used to ineasure the air volume in concrete.
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Discussion
he ribed sarlier, the primary aim of the resonance test is to calculate the vibra-~
tion behaviour of the sand layer subjected to larg: input vibrations, and t« compare the
results with analytical values. 1In this paper, however the analytical results will be
omitted and we will discuss the mathod of analyzing the liquefaction and sattlement pro—
cesses of tha experimental sand layer.
(1) One-dimenzional settiemant of the sand layer
The vibration behavior of the sand layer in the sand box, and the subsaquent deforma-
tions ara three-dimensicnal. Kowever, since the excess pore water pressure, that is
measured shows almost the same behavior regardless of the distance from the and face at the
same depth, the amount of settlement can ba presumed to.be one-dimensional. Purthermore, it
is generally difficult to analyze multidimensional deformations, therefore, if a ane-dimen-
sional settlements can be est.mated, the results can be adequately applied to actual pro-
blems, Thus for the experimental yand layer, such assumptions were made considering the
horizontal ground expanding indefinitely and then analyzing the process of liquefaction and
settlevent.
(a) In thenormal theory of consolidation, the deformations of a sand layer are generated
as a result of the outflow of pore water. In these tests, however the sand layer
is assumed to be in an unsaturated state with air remaining in the pores and
that the air is combined with the pore water and flows together. This assumas that
the porewater is compressible.
(b) It is thought that the eéxcesfs pore water Pressure, generating a pore water flow, is
generated internally by cyclic shear.
(c) It is assumed that the ordinary Darey's law can be applied to the pore water flow.
From theae assumptions, the excess pore water pressure and the vold ratic in the sand

layer can be represented as follows;

4t B, k. 24 , ‘
fd e’ . 4 — 0 — d‘ (1,
gu=BSigs &Ko) vt T T T T, 92
rd . at
ge = (1-B) {1+e)* C+ f( —— ¢, Ko)e a0, =
L 2
+B(1+e)'r—w 527 dt
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where,

B H
¢ H
H H
S H
r
pl H
f :
Ta
o] 1
Ve
€
K
-]
g'
T
k :
'Y_ z
Z H

Pore pressure coefficient

Compressibility of sard

1
lmf/(lnlc

(3

Compressibility of pore water {including air)

1= (1=H) Srl

pl + Ao

Henxy's coefficient of solubility

Degree of saturation

L}

Absolute pore pressure (added value by atmospheric pressure and static water
pressure, considered to be equal to pore water pressure and pore air pressure)

POre water pressure generation function due to cyclic shear (described later)

Cyclic shear stress

Effective overburden pressure used for pore water pressure generation function

void ratio

Coefficient of horizontal earth pressure at rest

Initial effective overburden pressure
A period of vibration

Coefficient of permeability

Unit weight of water

Depth from the surface of sand icver

The meaning of the pore water pressure generation function f by cyclic shear shall be

defined as follows.

Consequently,
conditions.
been reported.

Td
eyve

dus=f(

de=o

In the inatance of saturated .nd undrained conditions, if one cycle is
applied, the following equation can be cbtained, where C

£'°' B=1l, k=0 and ¢=T, in Eq. (1)

s €. Ko)' d’U’O

sesesss (5)

f-c'vo represents the pore water pressure generated per cycle under said

This is based on results of undrained, cyclic, simple shear tests which have

following assumpticns and method.

This pore water pressure generation function f was obtained based on the

{a) The increase in the excess pore water pressure, sand subjected to cyclic shear,

1s che sum of the increments due to cyclic shear and the increments due to an in-

L))

crease in lateral pressure due to the lateral displacement being confined .
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{(b)

{c)

Consequently, the excess pore watar pressure Au generated per cycls of cyclic
shear the sand is given by the following equation;

Ay (s )
Tvo V' TFIR, vo (6)

Hence, fl can be obtained by the isotropic cyclic triaxial test as follows:

du ad
o T h (Tp;u— ) (7

G'y0 : The initial effective lateral pressure

od i+ Cyclic axial stress

The ore water prassurs genaration function fl is cbtained from a conventional
cyclic triaxial test. Thesa tests yleld the stress and the gsnerated pore

water pressure. However, thexe¢ is generally a wide varlance in the test results.
Consequently, Ly plotting the relaticsnship of 0d/2°‘;.wnz) obtianed fra.s;.he lique
faction test, an average rselation is estimated from the following equation™ ;

du
44 1
-"?'—"“ '(l'za‘:"""w sin{,_ }/nt

(8)

whera gy Angle of internal friction mobilized when the initial liquefaction is
generated.

i Cycles of loading for ganarating the initial liquefaction
For the tests reported herein, 94/20%j, ven, is plotted as shown in Fig. 8.
A relationship for gensral density can be cbtained from the following equation
with respect to the stress ratic at which liguafaction is generated;

(=24 . (2 Dr
203 Dy 20, "Dp=50% g )

Based on thase assumptions, the function of the generation of pure water pressure in

sand is estimated as illustrated in Pig. 9. This function is used as f in the previous
equaction (1) and (2).

The incremsnts A u and & e, the sxcess pore water pressure and voild ratio re-

spectively from equation (1) and (2), are closely related to each other as shown in Fig. 10.
This diagram can be interpreted as follows, i.e. path AB represents the sntirs process that
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occurs, which means first reduction of the effective stress due to an excess pove water pras-
sure generated when the sand laye: is vibrated. The pore water then flows cut and as a
result the void ratio is changed. Then the excess pPore water pressure is entirely dessipa-
ted and_ ustability is attained. Path CF represents the changed path which occurs in a short
time interval At. If this path is Aivided into CF = CE + EF, CE corresponds to the lst
tarms of equations (1) and (2) respectively. Thus the 2nd term

deformation path in this case of the undrained cundition. An slternate pach occurs when the
oand layer is placed under a drained condition as shown in path EF. That is the deformation
under the drained condition of an unsaturated sand layer in a short time intarval can be
cbtained aa the sum of the deformation under the undrained condition of an unsaturated sand
and the deformation under the drained condition given thereafter.

The coefficient of compressibility C in equations (1) and (2) was obtained in the
following manner. As shown for path EF, the excess pore water pressure was generated by
the undrained cyclic shear and than by draining of the sand. The coefficient of compressi-
bility in the recompression process is then obtained. An example of this experiment is
1llustrated in Fig. 1l1.

Also illustrated in ths sams diagram is the static virgin compression curve of this
sand. Examining these results the following can b2 stated;

(a) Until the initial liquefaction point is exceeded, the coefficient of compressibility
in the recompression process is smaller than the coefficient of compressibility under the
virgin cospression process.

(b} When the sand is recompressed, exceeding the initial liquefaction paint, the com-
pressibility is as nearly same as the virgin compressibility curve.

{2) Numarical analysis of liquefaction and settlement process

Considering the above, the following assumptions were made in the numerical analyses of
the liguafacticn and settlemsnt processes as will be described later.

{a) When an axcess pore water pressure is genarated and excesds the initial liquefaction
point, thus causing compr~ssion of the sand, a virgin compression curve is used.

({b) During the process, in which the density ins:ieases higher than that of the past
minimum void ratio, a virgin compression curve is used.

(¢} In the deformation paths other than the above (a} and (b), an unloading or recom—
pression curve 1s used.

(d) The generation of an excess pore water pressure function f does not occur until the
tims the excess pore water preasurs reaches the initial liquefaction point, U'W = O'vo'
whan the initial liquefaction point has been exceeded, csvé - av' (av' represents the
effective overburden pressurs at that time), and the working shear stress also decreasss in
the form of contacting with the failure envelope line.

since a vibration analysia and subsequent evaluatior. c¢f the shear stress of a sand layer,
which has changes in its physical properties subsequ:snt to an increase in the exceas pore
water pressure, is difficult to determine, the following method was employed.
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(a) The vibration mode of the sand layer, for liquefaction tesat, was assumed as the lst
#mode. The displacement amplitude was obtained from the amplitude of the measured accelera-
tion and the distribution of the shear stress is then estimated from these results. During
this time, when the table acceleration level increases, as sesen in Fig. 5(a) on the upper
part of the sand layer, the acceleration decreases due to generation of the excess pore
water pressure thus making it difficult to estimate the shear strain. Therefore, assuming
that the shear strength does not decrease, the standard shear strain distribution corres-
ponding to the individual table acceleration level is estimated from this study.

(b} Now by multiplying the standard shear strain distribution by the shear modulus, in
which the reduction effect n of the strain level is introduced from Richart's experimental
equation 6) for the shear modulus in an infinitesimal strain level of sand, a shear stress
distribution is calculated. When the excess pare water pressure exceeds the initial lique-
faction point, this shcar stress is decreased to a form which contacts the failure envelope.
Examples of changes of the excess pore water preasure 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. l=3, experiment No. 1-4 as illustrated in Fig. 4 and 5.
According to the calculated results for the experiment No. l-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 larger than measured in middle part of
the sand layer and the final calculated settlement amount ias larger than that measured.
According to the calculated values for experiment No. 1-4, the excess pore pressures in the
lower layer (Z = 3.0, 4.0 m) increases slowly, but the settlersnt behavior 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 behaviocur of the sand
layer shows that the calculated results agree comparatively well with the measured values.
From the aforsmentioned, the rmethod for liquefaction and settlement analysis introduced
herein is rather effective to the analysis for this vibration test of wmodel sand layer.

conclusion
The following conclusions can be derived from the resvlts of the experiments and analy-
ses as described previously;
{1) In the liequfaction test, when the excess pore water pressure ilncreases to a
certain value, the magnification of the acceleration increases and then suddenly de-
creases,
{2) The higher the table acceleration and the larger the void ratio, the larger is the
excess pPOre water pressure and the amocunt of settlement that is generated.
{3) The compression phenomencn of the air in the pores increas- s the settlement of the
sand layer.
(4) From examination of the experimental results in line with the analytical method proposed
herein, it hes been found that there is excellent correspondence between the experiment
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data and the analysis.

1f this method is used tn egtimate tha amount of ssttlement of the sand at a construc-
tion site, it is important to properly sstimate the shear stress in the sand. Alsc, at the
construction site, the ground below the water lavel is saturated and the duration
of an earthquake is relatively shorter than that which occured in the experiment described in
this papsr. Consequently, a simplified method, has baen develiiped. This method is based
on the assumption that the amount of settlement during an earthqu.ke is small, and thare-
fore the ground is nearly in an undrained condition. The excess pore water pressurs then
generated is estimated, and the settlement amount is determined as a static deformation due
to the outflow of the pore water after the earthquake.
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Table 1

Index properties of the test sand

Properties Values
Specific gravity Gy 2.M
Optimum water content Yopt (%) 13. 4
Maximum dry density rd max {(g/em”) 1,742
Maximum void ratio e max 1. 02
Minimum void ratio e min 0. 57

100,
§ 80
S
‘E 60
L 40
20
0
0.01 0.1 1.0 10.0
Particle diameter (mm)
Tatle 2 Test Condition
Vibration Resonance
Method test Liquefaction test
Model 1 2 3 4 5
8~13 gal| 37 *gal Bl gal | 138 gal| 274 gal
1 1~20c/s| 12¢c/s 11c/s 10c/sl 9c¢/s
€0 = 0,82 74%%gec| 76 sec 84 gec| 92 gec
- 57 gal| 100 gal | 132 gal| 233 gal
2 12 cfsl 11e/s 10c/s|{ 9c/s
&5 =0.73| 69 sec| 72 sec 81 sec| 78 sec
T~19 gal| 66 gal 89 gal | 218 gall 365 gal
3 1~20c/s| 12 c¢/a| 11 e/s 10c/a| %cfs
€0 = 0.88| 93 sec| 88 sec| 103 sec| 85 sec

*  Stationary value of table ace,
** Total duration of vibration
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Photo. 1 Model sand box
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STUDY ON EARTHQUAKE RESPONSE OF
STRUCTURES BY CONSIDERING NON-DETERMINISTIC
VARIABLES

by

Yutaki Yamazaki
Structures Division

and

Yasunori Koizumi
Director
Building Research Institute
Ministry of Construction

ABSTRACT

The seismic d2sign coefficient has been widely used because of its simplicity. Thie
design technique provides a safeguard against earthquakes but contains many problems when
replacing the dynamic forces with static forces. In addition, the earthquake resistant prop
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 analvsis of a structure
has been made posaible by use of electronic computers. In this analysis, an actual stiuc-
ture is transfurmed :nto a vibration model, then the structure is subjected to earthquake
ground motiaons, which are simuiated by an electronic computer. As an alternate scheme,
from a stochastic paint of view, vibrational properties of structures subjected to earthquake
ground motions have been investigated by utilizing the concept of random vibrations. The
cheory of random vibration, for dynasic response of structures, considers that earthquake
ground motions can be essentially predicted as deterministic pnenomena and that the vibra-
tional behaviour of structures during these earthquakes can be predicted stochaatically.
Studizs on develouping a more reasonable design method have been conducted using the experi-
ences obtaine: from earthquake disasters and the analyses of earthiquake phenomena. The non-
deterministic phencmena of earthquake ground motions will be treated essentially by the
application of tha2 theory of random vibration ta the earthquake engineering. However, it
iz also true that a structure cannot be handled as a deterministic system, because the
dynamic property variables of an actual structure, such as the masses, spring conatants and
damping constants, cannot be evaluated deterministically when the structure is desinged,
Hence, a structure must be designed by considering the nondeterministic properties of the
structure as well as those of earthguake ground motions. 1In 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 safety

has been suggested.

Key Words: Probability, deterministic, earthquake, structures, random vibrations,
safety, dynamics.
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Introduction

Vibrational properties of structures, subjected to earthquake ground motions, have
besen investigated by utilizing the concept of random vibrations. The theory of random
vibrations for the dynamic responses of structures is baved on the stochastic point of
view that earthquake ground motions cannot bs predicted as a deterministic phenomsna and
that ths vibrational behaviour of structures during sarthquakes mu.t be investigated sto-
chastically. Howaver, it is also true t..t & structure cannot be sxamined as a determin-
istic system, because the dynamic property variables of an actual structure, such as
Msses, spring constants and damping constants. cannot ta evaluated deterministically when
the structurs is designed. Hence, a structure must be designed by considering the non-
detsrministic properties of the structure as well as those of the earthjuake ground motions.
Thers has been many papers concerning the dynamic response of a structurs subjected to
sarthquake ground motions by application of the theory of random vibrations since E.

bunhlunthu) and H. Tnji-i(z). The theory for a stationary random response of & linear

lumped-nass system has been studied by one of the author:u) . Expansion of this theory
is explained in this papex, in which all variables ars regaravd as non-deterministic. The
fundamental formula obtained by Taylor's saries of a function f(r), of the vector of ran-

dom variables r, is applied to this expansion. There are papets““e)

in which the proper-
ties of stochastic variation of the eigen values and earthquake responses of a structure
are investigated which demonstrate application of this formula. In this paper, the theoret-
ical expansicn is conducted in order to obtain a general and msmingful solution of the
sarthquake response of a structure. The theory of the earthquake responss of a structure
described herein has the following characteristics;
{1) The structure is a one-dimensional linear multi-degree-cf-freedom system with
masses, springs and dashpots.
(2) The structure is subjected to a stationary random excitation, having any distri-
bution of powsr spectral density
(3) The structural response can be stochastically predicted in consideration of the
interaction effect betwsen the structurs and tha ground.

Responss of a Structure Subjected to a Random Disturbance
The earthquake response of one-dimensional linear multi-degree-of-freedom systeam with

masses, springs, and dashpots as shown in Fig. 1 is analytzed as follows; The interaction
sffect between a structure and the ground is considerad by application of sway and rocking
springs. The earthquake ground motion, which affects the structure, is assumed to be &
stationary random process with an amplitude distribution of Gaussisn order with a zero
mean value.

The equations of wotion of the aystom subjected to an sarthquake ground acceleration
%g is generally represented by

eMJ (2] +CCIIZ] + (KI(Z) = ~(Me} x, W
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m, By and I: masses of each story and the foundatjion and the sament of inertia about
the center of the foundation, respectively
k., ks and kR: spring constants of each story, sway and rocking springs, respectively
H: story height
The damping matrix (C] is prescribed here by

2Zh, (X}

ey= - (4}

vhere u‘ and I'xl is the fundamental circular frsquency and damping constant of the system,
respectively.
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The vector of the relative floor displacement {z} is expressed in terms of the normal
sode matrix [¢] and the vector of normal coordinate {n}, namely

(z} = »{n} (5)

Substituting Eq. 5 into Eq. 1, the aquations of motion of the system are expressed into
each wode as follows.

1, ' 2(. -, il b“: ‘l = 7r' l' (6)

where

It
[ 4

€1 7 &)

T
!‘,= ,"ll ’“ll 9

In the above expressior, the mode matrix [§) is normalized. 1In this case, a generalized

mass matrix M* , given by EqQ. 9, corresponds to a unit matrix E .

EM) = (g EM) (9] (9

The autocorrelation function of the normal coordinate n, is represented by

3

B, () = _ S (e de (20)

where Sny (p) is the power spectral density function of n Defining Hj(ip) and S;g(p) as

N
the function of the frequency response of the system and the power spectral density function
of a ground acceleration Xq, respectively, it follows that:

By, (p) = | H,CiP) |" S5 (P) I {11)

ac,(n=r:'}: |H (p) " o'"1 83 (P) dP

(12}
Utiliging the relation
. 49’
Ry, (1) == Ry, (r)
the autocorrelation function of t.l 5 is represented by
B;,(1)=I}'I- IH,Cim) |7 preter 8 (D) dp (13
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Representing the power spectral density function of the ground acceleration Xg as a sum of
the power spectral density functions of the single-degree-of-freedom systems excited by
white ncise acceleraticns, the function is expressed by

L]
144 d)

L
S5 (P = £ B0~ 3 aa

- s'
=y 1-(;,-&)'!' g (L

wheare wg, f and 8 are the natural circular frejuency and the damping constant of the single-
degree-of-fr.edom system and the constant power spectral density of the white noise acceler-
ation, respectively. In general, the fuvllowing relationship exists between the response

zi of i-th story and zs of the s=-th one.

2,2,=IF

L6 e n_n=§0u'-|;f=1"u'u3u(0) (15)

From the above relationship, the mean square values of the responses zl and ii become

(1)

a7

Substituting Eqs. 12 to 14 into Egs. 16 and 17, the fcllowing equations are finally cbtained.

. 3 Cu
z5 {1; LR 1T D.,

(18)
= E
L= {%iuhl_n_:i—
where
n s.
Tey =% —t'c—
Cuy=uhgy 2845~ 1Ay sAy +aA0, IA:
D, =uAy (afyy sAyy—iAsy oAy ) —aAL! {19)
Eo)=shes *1hAsy o A
vAsg T oA T
and . 1
hay = 0"' * "‘ '~+_~F-
Y. shs
7. e + o
1 (2%
Ay = W
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The mean square values of the relative displacement and velocity at sach story are given
by similar axprassions namely;

——— [
(2|-Z|01)'-‘:l; {ou—tey) 20 "b_:i'

— ) ]
(zl_iﬂ‘l)'-x."l‘u-'ﬂu )" 2a "E:'L (21)

-

The mean square values of the relative scory displacement and velocity, substracting the
rocking effect, are alsc given by

— - C
(Z,-2Zy41-BiZme )= 2 {#y=t1e - H ¥win))" 2oy —""Du

(22)
S - £
(2261 —FiZues) -{I‘Hu"‘nu‘ﬂl‘lﬂll' n; D:‘

The mean squares of the responses are given by Eqs. 18, 21 and 22. The maximun displace-
ments can be estimated by application of Bq. 23, derived by 5.0. Rice, to these mean
squares, providing the process is a stationary random and a Gaussian distributioen with zero
mean value.

TS B
12| mee = J;': tog, ( T 9e ) (23)

where 0:. 0; and T represent the standard deviation of ‘ne respoasss x and x and the
duration time of the responses, raspactively. The mean squares, obtained by Eqs. 1B, 21
and 22, correspond to the standard deviation of the responses which have zero mean values.
Hence, the RAXimum responses CAn be estimated by substituting BEqs. 18, 21 and 22 into Eq.
23, respectively.

Mean Valus and Variance of a Function Camposed 5f Stochastic Variables

Considering f{r) bsing a function of tha ve:tor of random variablas r, this function
can be expanded in Taylor's series about the mean values of r. Truncating the series after
the third tarm, the following squations are obtainad,

i(r)-u?)u"

() - 1 =3 2 n
o, (r,-r,)+-zv (:‘(l‘, l") .r') HO) (24)
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Based on the assusption that the variables r are stochastically independent ©f each other,
namely the covariance of L and ty is equal to zexo for the case of ky¥l, the mean value of
the function f(r) is directly chtained from this equation,which gives;

Frry 1 - [ -
O =E(1 () =E(1() + + E [(§(r7) " m)]

”1(r)

. 1
=l(l')*"2-5 T—Vn(!‘) (25)

where V-r(rl) means the variance of the variable T The variance of the function,
var(f(r)), is given by

var (£(r)) = E[(E(r} - E(x1I2)

Subatituting Eqs. 24 and 25 into the a.. e equation, the following relation is finally
obtained;

[{GES 1 ne(r)
- AL LEDY I ¥ ) +— =) Var(ru)Ver(re)
Var(t(en =5 (g ) Verleo) + 3 15 (0 R (26)

Egs. 25 and 26 are the fundamental formulas concerning the mean value and variance of the
function £{r), respectively. Neglecting the third term of the right hand side of Egq. 24,
the following foxmulas are obtained, instead of Egs. 25 and 26;

T 27
t(r) =t(r) (27)
a{r) ¢
var (1()) =5 (5 ==) Vae(re)
(28)

The pair of Egs. 25 - 26 and Egs. 27 - 28 are called the formulags of ™ the Second Expansion
of Probability variance “ and ™ the first Expansion of Probability Variance “, respectively,
in this paper.

Earthquake Rssponse of Structures by Considering Nondeterministic Variables

The thaoretical approach, concerning an sarthquake response of a structure subjected
to & res wom disturbance, has been given in part 2. The fundamental stochastic variabies r,
considered in this application, are masses m, aspr.ng constants k, a fundamental damping
constant of the parameters concerning power spectral properties of the ground motions,
namaly ug, € and 8. All the variables are shovn in “able 1. Conseguently, the number of
fundanental sto~hastic varlables arm 2N+3L+6, where N and L are the number of stories of
the structure and the numbezr of peaks on the spractrim of  he ground motions. respectively.
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Applying the formulas of "the First Expansion™ Eqs. 27 and 28 irto the maximum response
|x|nu: given by Eq. 73, the following equation: are obtained.

| % laas (F) = | x | gue (F? (29)
2 maz IR
Vn(ll{...(r))-l,'(—l—“l,-r—‘ (')) Var(rg) (30

The former equation can by directly evaluated. However in order to solve the letter equation,
the following is required. PFirst Differentiate Eg. 23 with respect to variable rl,whlch
gives the following eguations for each condition of the subscript 2.

for L=l (rl corresponde to duration time T)

- M 1
'Ill-—(') R‘Tl (31)

o 2e] log, ( % :: )
for il
2alea® : [z-.t-:. < =) (-':4:;)
[} ‘\/2 M hl.(} :: )
P () - G

(32)

The variance axz and 0;2 correapond to mean aquares 2z° and éz. respectively, for relativs
displacements to the ground, namely

ol = T
z) 2y (33)

o, - z:

The following equations are directly obtained by differentiating Eqs. 33 and 1B with respect

to rl.

a'll e 1 ( .z—: )
7] 2e [

LA TR | (_0_2_]__) (34)
ary 2e;, 17
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-:—'r—:“'. {ﬂu( )lnD“'*‘n(.'“)—s;
o Il -G ()

(33)

":—;‘L‘ I. [2&. (——L) Xu-fy' + dy ("—‘L) —L

o (o () - ) ]

[27]

For relative atory displacements and those substracting the rocking effect, Egs. 21 and 22
are applied insteaq of EgQ. lB8. The unknowns in the above equations are differential of
xsj' C’J, D‘j, Esj’ and ¢ij' These are derived in the following

ey

022

Differentiating Eq. 1f-1 with respect to Eye the differential of ij is represented by

-:—';l-=_1_-[28.(_fﬂ_)+r,(_.s.f_) rlsl ( :::)J (36)

where 33/9rf is obtained by Bg, 8, or:

= 12 (] + (4 1T (52}

lr‘ g

(%))
"”y N, K, .
Prg ' org W G

The differential of C
follows;

, D ., and E

9’ refearing to Egs. 19-2 to 19-4 are represented as

s}’ "s)
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LR ? 0 L
_._.9"! = —qAey (—ﬁ-) +.MG‘.T"%L) +{ .A.,+|A-) (T)

Ay
-y Ao (LL"—) + 23A, sAs { '.l‘l )

4 A _.._ﬂ_.
—’Q%L‘ (rhgshy — O ‘“*‘A'i)(_—n—)‘* Au sy ( ary )
.A!!
+ (g tAa — 2'*-1)("_' =) - Ay ( ;u )
=8

’,E;I .A' (_Mﬂ._) + (—?.—AH-’ + 2.y Y W 'l"

(38)

(39)

(40)

The unknowns, ﬂiA.j/arg in th¢ above equations are derived from Eqs. 20-1 to 20-6,

respectively;
Ay _ Ay ke e (1))
s ( Ty )+ Bre ) u

] 844, 2 .2
Ztw -T,";_( :-:) i) o 4ok, (ot ) G

"AOI 1 ‘l& lA. do
= ule (o.,’ L S Tl v o

(Gary -2 (e

LY. YR
org [ ory

(Tl’:_) S T 1]

B.A. ( '(! ) ( L

or, ry oy,

8.4, .G.
—.';‘— 2 |—( ) - (‘Jr“) )} - (6 }
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where acj/azz is obtained Eq. 7, namely

A e My b ey ey (e
.17 ";.L( ou) e ( Ura) - ('ll) {42}

/Brt are obtained by an

The other unknowns in the above equations, namely ad’ij/ arE and &nj
4} (6)

application of the formulas of "the Pirst Expansion™ to an eigen value problem.
Theretore, the right hand side in Eq. 3- can be calculated with the above equations, which
are represented by the differential of the fundamental variables shown in Table 1. There-
fore, the mean value and variance of the maximum response hlm of a structure can be
theoretically estimated by Eqe. 29 and 30, if the mean value and variance of the fundamental
variables are determined, The abova-mantioned relationship, used to obtain the mean value
and variance of the maximum response of a structure subjected to earthquake ground motions,
are based on itha forrulas of “the Firat Expansion®, namely Eqa. 27 and 28. Applying the
formulas of “the Second Expansion” represented by Eqs. 25 and 26 instead of “the First
Expansion” to this problem, instead of Eqs. 29 and 30, the following equations are obtained:

T1 .1 - 1 ” - (43)
(3 lame0) = [2hma 7Y + 5 § Cgrp [ 2lanat®) Var e
Var ( |x|ae(r)) -I'( ':' le_,(?))’ Var(rg)
1 " —?
+7 4% (-‘—‘_:‘—u—lzl..(r)) Yar(n ) Var(r,)
(44)

3t -
The remaining unknown term is (lxl (r)), in the above equations as the first
Srksrl max

terms of the right hand sidea in the above both equations have been derived. This term can
be easily derived in the same was as deacrib3id above. The derivatiorn of the theoretical
relationship concerning “the Second Expansion” is owmitted in this paper.

EBarthquake Responss of a Three-Storied structure

In this section, the theory concerning the earthquake response of a structure, described
in tha previous section, is applied to a 3-story reinforced concrete ptructure with sway
and rocking springs under the foundation. The dynamic behaviour of the structure shown in
rig, 2 is analyzed as follows. The zonstants of the gtructure, surh as masses and spring
constants, are shown in Table 2, where Pt I, k. and k‘_. are the mass of the foundation, the
moment of inextia about the center of the foundationh, sway and rocking spring constanta,

respectively. The sway and rocking spring constants, k' and k_, are rbtained by the
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relationship, in which kH and kv are the dynamic coefficients of subgrade reaction in
horizontal and vertical directions, respectively.

BL’'
k' = kn"'b, kn - kv' —1-2—

B and L: breadth and longitude of the foundation, respectively

3
N kH = klg.cm

kv - 4kg/cm3

spring constant k is estimated on the following considerations:

Tablg ¢ Parameters of 3-storied Structure analyzed

Mass Spring

Coafficient
of Yariation

Coefficient

Elomsnt! Masn Yalue of Variation

Element Nean Value

m | o tond o0 0.17 Ky | 177.8 ton/m 2.)
2 | 0. 0.y K, | s18.6 0
m | o204 0.7 Ky | 3.0 0.1
n | 0.0 0.1 kg | 1300 0.2

1| apytonromsac?

0.17 ky [2.166:10°t00 R 0.2

Considering a structure having a relatively riqid horizontal members, spring constants of
each story of the structure, k, are represented by

k= 5 *. (45)

where ki are the values of horizontal rigidity of each ivertical merber at a corresponding
story and these can be obtained by the metioid of D-value. Applying the formulas of “the
First Expansion™ to Eq. 45, the mean value and variance of the spring constant X are

repregznted by
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k= } .|
(L]

» (46)
Var(k)= l’l Var (k)

Therefore, the cosfficient of varliation c':"k of the apring conastant k is represented by

] N
= Var(k)/k -.\Lfl Ver(k,) / I._l" & (47)

Considering that the mean valus and variance of all vertical membsrs hare
the sams value, Eqg. 47 becomes

w =4'N Var(k) /NE = 5,/¥N, (48)

where ﬁk is the cocefficient of variation for the horizontal rigidity of each vertical
member at a story. Based on the statistical arrangement of materials, the coefficient of
variation ak for the horirontal rigidity of reinforced concrete columns is estimated as 0.3,
The values of the coefficients of variation, shown in Table 2, were cbtained by application
of Eq. 48 in which ak-o.:. The values of the coefficients of variation for sway and rock-
ing spring constants, k' and kR’ are 0.2. These values were estimated from the variari.n
of the natu-al period among many standard 5-gtory apartment houses constructed by the
Japan Houg.rg Corporation. The values of the coefficients of variation for mass werc
determined 'y the relationship which is obtained by application of the for.aulas of "the
Pirst Ex;arrion"” to the equation of eigen value on a single-degree-pf-fresdom system. In
this case, *he cosfficient of variation for the natural period of the system is assumed tc
be 6,—0.1. Ti:e mean value and coefficient of variation of the damping constant, for a
fundamental mode used in this example, are hl-o.oé and ﬁhl-o.?.. respectively. These were
determined by a statistical analysis of the materials concerning damping constants of
many actual structures. Finally, the praperties of the sarthquake ground motions must be
determined. In this example, it is assumed that the structure is constructed in Muroran,
wher: many strong earthquakes have been observed. Fig. 3 shows the power spactra of a
ground accalevations observed in Muvoran Harbar. However, a simulated power spectra
corresponding to those of the observed earthquakes can be obtained by use of Bq. 14, where
parameters wq. € and 3 in Bg. 14 are assumed as stochastic variahles. Pig. 4 shows the
simulzted power spectra. These two figures, Figs. 3 and 4,are quite similar to each other.
Therefore, the simulated power spectra shown in Fig. 4 were utilized in the following
numerical calculation. The prescribed mean value and variance of parameters wg. £ and s on
the sirulated power spectra are shown in Table 3. The standard deviation of the ground
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Table 3 Constants for Simulated Power Spectral Density Function
of Earthquake Ground Motion at Muroran Harbor

Coefticient of
Nean Vaiue Variation
Predominant Frequency
u 15,57"d/sec 0.16
Damping
€ 0.235 0.08
Power Level 2

< 38,5591/ 0.17

motions, having this simulated power spectra, ciq' is 70 gals. The maximum acceleration is
abrut 3 times as greit as the standard deviation in this case, namely 210 gals. The mean
value and zoefficient of variation for a time duration of the ground motions are assumed to
be T=30 seconds and ET-O.2.

Fig. S shows the stochastic distribution of the maximum responses. The 80lid lines in
the figure show the mean values of the maximum displacements. The broken chain lines show
the confidence band located on either side of the mean value at a distance of the standard
deviation and the ma<imum displacements corresponding to 95\ prohability. The probability
distribution of the maximum responses is assumed te be Gumbel's First Asymptotic Distribu-
tion. The coefficient of varlation of the maximum displacements and the ratios of the
mean maximum displacements, corresponding to 95% probability to the maximum displacements,
are shown in Fig. 6. The coefficients of variation of the maximum displacements are about
0.3 to 0.4 and the maximum displacements, 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 earthguake ground motions.

Effect of Stachastic Variables to Variation of Earthquake Response of a Structure

The structure model used in the previous sectiocn is examined again in this section.
The coefficients of variation of the stochastic variables, used in the previous section,
are employed as the standard values of these coefficients of variation. Varying indepen-
dently all the coefficients of variation o- each one of all stochastic variables, in the
rang« of 0.05 to (.4, gives the results shown in Fig.s 7 to 9. The significant features
in these figures ave as follows:
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{1) The most influential factor in the variation of the maximum displacements is the
variation of the predominant frequency wg of the earthqueke ground motions.

(2) The variation of the apring constants k of the structure is the most influential
factor, as well as the predordnant frequency wg of the earthquake qround motions,
to the variation of the maximum story displacement,

(3) The variation of mass m, fundamental damping constant h, of the structure and the

damping constants { in the power spectra of the earthqu:ke ground motions are not
significant.

{4) The variation of the spring constants cf the structure is not influential in the
variation of the maximum response of the foundation., Similarly, the variation of
the sway and rocking constants is not influential in the variation of the
max‘mum response of the structure, except for the foundation.

{5) The variation of the dQuration of time of the earthquake ground motion is not an
important factor.

In this example, the predominant pericd of the earthquake ground motions is 0.4 seconds,
while the fundamental period of the structure is 0,38 seconds. Therefore, it is natural
cthat the variation of the predominant frequency of the earthquake ground motion is an
important influential factor with regpect to the variation of the maximunm response. Hence,
it must be recognized 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.

Conclugion

A study cf the stochastic earthquake response of a structure, which consists o! a
nondeterministic stochastic variables, is explaired in this paper. If the statistic
properties of the nondeterministic variables relating to the problem of earthquake
resporses of structures can be obtained with sufficient accuracy, then the response
properties of a structure subjected to earthquake groond motions can be reascnably evaluated
by the stachastic theaory described herein.
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LEAST WEIGET STRUCTURES PCR
THRESHOLD FREQUENCIES

by

R. D. McConnell
Graduate Student
Catholic University
Washington, D.C.

ABSTRACT

This paper dsmonstrates a method for deszigning least-weight, or optimized, structures
when a threshold frequency (within appropriate force factors) is known. The process is
highly amenable tc a job~hy-job application due to its simplicity. Small mathematical
models of a structure can be analyzed by a hand-calculator while atandard static-load

finite alement programs can be used for large structures.

Key Words: Least weight, optimization, structures, fregquency reaponse,
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Introduction

Aerospace designers have long baen designing component structures to a minimal-funda-
mental, or “threshold™, frequency specification. In general, dynamic rorce levels imposed
in such designs are determined by the principal inertial force excitations to which the
structure under design will be subjected at frequenciss known to be below the specified
“threshold design frequercy®. Undoubtedly such concepts may have been used in varicus
earthquake-related analyses and designs. More formaliged procedures as specified by vari-
ous codes, however, fall into two categoriea: a table of component forces (wihich oftan
reault in grossly conservative or grossly underdesigned structures); or sophisticated
computer analyses using detailed models which undergo dynamic time-higstory force simulations
Sucn sophistication is well known to be expensive, time-consuming and somewhat arbitrary in
earthquake analyses due to the approximationa used as the forcing functions. Such large
programs often have the hazards of ilnadequacies in the mathematical algorithms and errcr-
conditioning problems with large models.

Although it may not appear aa generally applicable for ground-supported structures, the
design of substructures for earthquake induced forces could use such aerospace methods.

By "substructures" here is meant any component structure for which the predominant fre-
quency to which it may be subjected is known to a reasonable degree of accuracy. For ex-
ample, radio towers, watertanks, alectrical gear, etc. which are supported by larger
structures will be subjected to the natural fregquencies of the "base structure” regardleas
of the earthquake spectrum. (Technically, “larger® structure would imply considerably
higher dynami¢ modal-mass) By knowing the approximate amplification factors for the
principal contributing frequencies (and corresponding base-excitation levels) of the

“base structure,” a substructure specification for the 1) dynamic amplification factor,

2) arbitrary safety-factor and 3) threshold design fregquency can be determined. (This has
assumed congideration, where necessary, for an assumed mass-spring representing the sub-
structure as part of cthe “"base structure” model.) The arbitrary factor-of-safety would
take into consideration the spread between the specified threshcld design frequency and
the fundamental (or major contributing) frequency of the "base structure”, in addition to
the assumed pcssible accrued errors in the particular analyses.

For these reasons, this paper demcnstrates a mathod for designing least-weight, or
optimized, structures when a threshold frequency (with appropriate force factors) is
known. The process is highly amanable to a joh-by-job application dues to its simplicity.
Small mathematical models of a sturcture can be analyzed by a hand-calculator while
static-load finite-element programs can be used for larger structures. Design (member-
selection) methods, whether by hand or by special program algorithms, becomes the same
common sst of procedures as would be introduced in any optimum-des’gn methods.

Structural Optimization Methods

With the increasing availability and intricity of finite-element matrix programs for
structural analysis, there has been a growing interast in, and development of structural
optimization procedures tc augment those programs. They generally optimize by minimizing
weight and/or cost or a similar objective function. Finite-element prograns use matrix

vi-23



representations, or idealizations, of real structures for the purpose of behavioral analyses
under varicus loading conditions and constraints.

Most methods and applications involving optimication of dynamic properties and behavior
of structures have, in general, incorporated the basic procedures of pricr studies in opti-
mization under static lcad conditions.

The goal in structura® optimization is to minimize a prescribed merit tunction. This
merit function could be weight, cost, fabrication criteria, or a combination of these (7).
Active constraints on the winimization of the merit function (or "oprimality criterion™)
would be the analysis equations for the set of design variables, such as stress solutions
for the design of the mer~ers. Side-constraints would be limits on displacements, minimuam
membar sizes, etc. These constraints must not be viclated when cptimizing the matliematical
representation of the atructure to a particular merit-function. In those cases where the
geometry is to be optimized, volume or space constraints may he imposed.

Structural gptimization methods can be divided into two general categories: mathemati-
cal programming ii,volving search techn.uues, and optimality procedures. The principal’y
identified methods in the first category are feasible-usable directicn (16), gradient
prejection (17), optimum vector (8,9), linear programming (195) and allocation (13), all
being defined as explicit minimization processes. Implicit minimization methods in the
same general mathematical search category are steepest descents (18), adaptive gradients
(19}, variable metric (20) and conjugate gradients (2l). These identities are indicative of
the redesign search routine algorithm. “Implicit" mechods use penalty functions (14) to
transform a canstrained minimization problem to an unconstrained one. Conceptually, these
can also transform discrete values of the design variables into general unconstrained
functions.

The optimality procedures include ful y-stressed deisgn (22, 23, 24, 25, 26, 27, 4).uni-
form strain-energy density (28, 29, 27}, simultaneous buckling (30, &), and limit design
(10, 12, 3).

Most examples d: monstrated in the mathematical search technique group have been small,
simple models of strictures, generaily involving static loading conditions. These proced-
ures are verv time-consuming, may not monotonically converge and involve much jrogramming
effort (8, 9, la).

Virtually all practical applications iuvolving larger model representations of real
Btructures have employed one aof the optimality methods. Conceptually, the optimali*v
methods require sclution of first derivatives of the merit finction, or a substitute function
in which case the method is classified as a substitute optimality process. (For example,
the use of fully-stressed convergence is substituted for minimum weight.] Ir the actual
iterative procedures, derivatives are not calculated specifically, hence the redesign calcu-
lations are relatively few. 1In the mathematical search techniyue, however, second deriva-
tives must be extracted or approximated at each iteration tu determinpe sensitiszity coeffi-

cients for redesign toward a minimum of themerit function.
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The two gubstitute optimality methods which have been used with success are fully-
stressed design and uniform strain-energy dersity design. These have been usel for linear-
elastic design structures. With the exception of suct techniques as penalty functions (14)
in themathematical search procedures, in general, with thz exception of specific side-
constraints, must have equivalent linearized functional representation. Such linear repre-
sentation of discrete values are generally approximate and cannot always be so expressed.

In the realm of optimization of structures, the penalty function, or unconstrained
optimization, techniques have nat been very officient. Such penalty functions introduce
near-singﬁlarities in the search process with consequent instabilities (7).

Most literature on applications and comparative reviews conclude that the more effi-
cient and successful methods nave been those of the optimality, or substitute optimality
category.

It has long been known that simple structures optimized under o one-load condition will
converge to a determinate structure in the absence of side-constraints which maintain mini-
mum sizes for all members in the original structure (25). (One frequency constraint is
considered the dynamic equivalent of a one load-condition.) That determinate structure
will have member sizes determined only by thie forces in the members. The allowable stress
could be prescribed by strength, vield or buckling criteria, and may be different for each
member.

The two methods used today for practical size problems under dynamic constraints or
loading canditions are, as in the case of static loads, the substitute optimality approaches
of fully-stressed design and uniform strain-energy density Jdesign. These two produce the
same optimum structure when the structure is made of only one material.

In the cese of resonant frequency optimization by fully-stressed wmethods, the 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-. ~~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 primary use of structural optimizati-n procedures in dynamics problems has been
tao optimally adjust the fundamental frequency of the structure while assuring all additional
strength requirements.

One reference {25}, is of particular note here in that it is a representative practical
application of optimizing a real strncture to a fundamental frequency threshold level by the
fully-stressed substitute optimality approach. The authors, Young and Christiansen, peint
out that they do not find an absolute, or global, optimum, but they do produce a "goecd,
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, are the fundamental steps common to all iterative optimization methols
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This paper describos a simple, stable method for adjustment of the entire frequency set
to a minisum level. The structure adjusted by this efficient method will be simultaneously
optimized to a lecat weight criterion without requiring the use of eigenvalue/eigenvector
extraction routines, or algorithms to transpose mode shapes to forces. This procedure con-

verges rapidly and requires only standard finiteelement programs for static-load conditions.

Procediure

For those cases where the entire set of eigenvalues is shifted to provide a fundamental
frequency above a preacribed minimum level, proportioning of the structure is posaible.
Methods for total adjustmen: with proporticning have been presented in the literature as
described earlier. It is often possible, however, to cobtain such results by a rapidly
convarging, stable process using finite-element programs wiitten for static-load analyses.
The economy so realized, as contrasted to the use of eignevalue extraction routines, permits
the use of larger, more detailed models in these instances. The element of ingtability of
comparable methods in the literature is principally inherent in the algorithms used to
transpose mode-shapes to relative forces in the structura'’ elemencs (25, 4). Modal extrac-
tion and transposition are not explicity required in the {amiliar Rayleigh energy method to
obtain the {indamental frequency of a smtructure. Also, by using the more detailed model
of a structure, rotary irertias generally become insignificant. Their exclusion in a
Rayleigh approximation, ronsegquently, does not seriously affect the results,

Static €. tiv-.lent loads which can be factored by any arbitrary constant, are imposed
by ratio and direction in accordance with the assumed (approximate) fundamental mode-shape.
Res.lting forces are then extracted by the routine stiffness matrix procedures for atatic
loads. The force set is then linearly proportioned to achieve a fullv-strssed state in
that member which experiences the numerically largest force using the prevailing size of
that member. All members are then simultanecusly proporticned to the forces and scaled
by the ratio of XF/XE where )‘i‘ is the desired eigenvalue level amd)«E is che currently ex-
tracted approximation, The process is repeated using applied forces praportional to the
latest mode-shape. The iteration is complete in the Rayleigh method when the XE sxtracted
approximates J\F deaired.

This modif .ed Rayleigh method is simultaneously converging to the true-mode shape of
the fundamental mnde vhile being proportioned accordingly.

In most case .. an a7 .roxinite mode-shape is known. When this is not the cage, it would
be advisable i .ye a procedure such as the "inverse power method with shifts™ to extract
the fundamental frequency and itz corresponding mode-shape for only the firat stepu”
Poilowing adjuvsiments, the routine Rayleigh method, as modified above, may then be used.

Convergence can be assured by checking the total ;tructurnl weight upon each successive
radesign step. If there is a divergence due t» a poor est.mated mode-shape, it is only
necessary to carxy the Rayleigh fiteration to successive steps [without propcrtioning) until
convergaence is assured, The advantages of this methed, in contrast to those in the
literature, are 1. since or:y the fundamental frequency is of concern, the Rayleigh method
is efficient and ecinomical; and 2. the eslement forces are already known during each step

to the process.
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The following is 3 statement of the basic Ravleigh iterative steps.

)33 ¢
r -
2 rel ix
w? - . S
A E oM (42
b 4 M
r=l

where l'r g are the inertia forces corresponding to an ass'med (or prior calculated)
mode shape.

A" @"!_ are the deflectio , dug tc F‘i where ¢" is the normalized vactor; (5).

Example

A simple 3x3 matrix model is shvowm in Floure 1. The schematic spring motiel corresponding
to the structural model is iden*icel to one used in Reference (5). The firat jteration
cycle is identical. The subsequenc steps toward weight/frequer.'y optimization can be com
parad with the elemsntary method, in chat xeference, whereby only the extraction of the
original fundamental frequency was required.

4 a4 -]
) a B
«2 Jb-sec?/in . -
(772 1b) g g -3
™~
Ilz-l. ll:-lnczli.n fn ~ S
- (386 1b) x x x
A My AAAA M M
F3e1 ib-sec?/tn 2 E’
{386 1b}
Figure 1
r777ries 3 Depree-of-Freedom Example of Optimal Adjustment

of Fundamental Frequency by tayleigh Method

Table 1 illustrates the steps in a simultaneous Rayleigh extraction of the fundamental
frequency of this rtructure while proportioning me bers to optimized its weight. It con-
currently shifts tha fundamental frequency to a pre-Jribed threshold level of w = 30 rad/sec.

The assumed mode ghape is obtained by a 1g. force on each wmass. The first cycle pro-
duces a frequency of 28.2 rad/sec, and a mode shape of 1, 2.02 and 3.22. Tha apring stiff-
nesses {used in the Fig. 1 schematic to illustrate the method) are then adjusted to 6000,
4340, ard 2670 1b/in to result in a unifora stess. This is obtained in this case by assuming
the affective mpring lengths equal and spring stiffnesses proportional to area. If a spring,
therefore, has twice the area, it has twice the waight (for the same lengths} and will take
twice the force at the same stress. The mode shape to which this model must coverge can be
recognized to be 1, 2, 31 for these conditions. That "computed mode shape®™ is achieved in
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second cycle following proportioning of the springs. That cycle produced a frequency
w = 29.5 (increased due to the basis of the spring proportioning).

The third cycle is exact, in this instance, as the assumed and computed mode-ghapes are
identical. The re-:lting frequency is 29.3. An adjustment by wi/wi of the stiffnesses to

produce 30, rad/sec results in the minimum total weight springs as shown.

Conclusion

In conclusion, the above example has demonstrated "fully-streszsed” optimization con-
current with thrashold-frequency adjustment by a procedure so simple as to permit the
solution, in this instance, by the use of a hand calculator. The 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 the pro-
cess. Further efficiency in weight was obtained.

The pogssible applications to earthquake design of sub-structures become most apparent
upon reviewing the reasons for such requirements and applications in the design of aero-

space structures.
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DUCTILE SHEAR WALLS IN EARTHQUAKE-RESISTANT MULTISTORY BUILDINGS

by

Mark Fintel
Director, Engineering Services Department
Portland Cement Association
Skokie, Illincis 60076

ABSTRACT

Slender shear walls :in multistory buildings are discussed in this paper and answers are
given to such gquestions as "Why do we need them?” and "What do we know about their design?”.
Algo discussed are the historical development of the use of shear walls, their performance
in earthquakes »f the past 10 years (both good and bad), and finally, the available design
information and ovr future needs in the area of design of shear walls for strength, stiffness
and ductility, as w>!1l as needs in the area of aralysis for the dynamic response of sheas

wall structures.

Key Words: Bulldings; Damage; Dynamic Response; Earthquakes; Safety; Shear Wall; Stiffness,
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Slender shear walls can be defined as vertical cantilevers, with varicia cross sactions
such as: rectangular (a vertical plate), I, box, and other elevator walls. The shear walls
support the vertical load, in addition to their function to stiffen the frames in their re-
sistance to lateral loads due to winds, esarthquake or blast. Although interior and exterior
concrete walls have been used to stiffen structures as long as reinforced concrete itself
has been i1. use, the mod -4 concept of shear walls designed as vertical slender cantilevers
wer. first atilized in 1-.i7 in housing projects in New York City and in Chicago in buildings
designed for wind forces, 1o augment the lateral resistance of the frames.

Ir : >nearthquake areas of the United States and Canada concrete buildings with more
tnan 15 to 20 stories are usually designed with shear walls, primarily to improve their
stiffness. Eronomically, the inclusion of shear walls seems to be the least expensive way
to increase che over:ll rigidity of concrete buildings, since they serve the triple function
to support gravity isads, to provide lateral resistance, and to function as a wall.

Analysis for lateral loads of buildings containing shear walls was carried cut initially,
in the 19503, by assigning all the lateral loads to the shear walls, since it was felt that
the very big difference in stiffness between the shear walls and the frame would cause the
shear walls to accept the total lateral loads. This inaccurate assumption may have bheen
conservativa for the computation 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 shows the concept of the interaction, with the resulting internal forces,
which substantially increase the overall stiffness of the combined system.

Most of the recent prominent ultra-high-risec reinforced concrete bulldinge were built
without any additional cost for the lateral vesistance, which was mostly accommodated within
the 33 percent inc:czase in the allowabl: stresses when lateral loads are ccnsidered. The

high lateral rigiditv was achieved as a result of the shear wall-frame interaction.

Performance in Earthquakes

To judge the merits of shear walls for earthqu::: resistarce, an examination of their
performance in sarthquakes should be made, and particularly the comparative behavior of
frame buildings and buildings containing shear walls during the earthquakes of the last 10
years, starting with the earthquake of Managua, and going back in chronological order to the
other earthquakes.

Managua Earthquake, 1972

The earthquake of Managua of 7ac, 23, 1972 seems tc be the most significant of the re-
cent earthquakol.l since side by siis 'sevre two b.'ldings (Fie. 2) reprasanting the two
different structural systems. .1. b:ilding on the left is the 1l5-story Banco Central which
is prircipally a frame building, whaile the building on the right is the Banco De America, an

18-story shear wallframe interactive system.
The Banco Central was designed in the early 1960s; the structural system of the tower
(rlg. 3) is & cne-bay frams with two small reinforced concrete cores and an infilled wall at

the end of the building. These stiff elaments may have done the structurs more harm than
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good by aintroducing torsion due to their ~ff-center location.

The building was sibjected to violeit shaking, as could be cbserved from the damage of
the nonstructural elements, both inside and outside (Fig. 4). Except for the 4th floor
stael roof ove: the auditarium which fell off its support, the only structural damage ob-
served in the building was some rippiny between the off-center core and the slab. The struc-
tural frame of the tower ltself showed lit+le diatreas. There waas evidenne of yielding at
aome junctions batween the columns and the beams; however, the structure had enough ductility
(whether designed for it or mot) to sustain the large distortions. 1nailde, however, the
building was in shambles over most of the storjes, due to the axtvemely violent shaking ex-
perienced by the building.

In contrast, the building across the corner, the 18-story Banco De America, (Fig. 2)
sxhibited an entirely different perfmance, both inside and cutside. The plan of the buald-
ing contains four centrally locatad cores, arranged symmetrically within the peripheral
column system as shown in Fig. 5. The cores are interconnected by two rows of stocky beams,
many of which are penetrated by ducts. A general comment: the number of shear walls in
this building is substantially higher than js usually provided in wind-resisting buildings
of comparable heicht and plan size.

The interconnectinj beams between the cores suffered repairable shear damage through
most of the height of the building. Observing the large amount of flexural reinforcement
in the beams, it should be recognized 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
hinging at the ends of the beams.

There was very little evidence throughout the height of the building of any viclent
shakxing. All the furniture was in place, and there was no discernible nonatructural
Camage .

A comparison of the above two buildings shows that both were 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 their design. Although both
buildings were subjected to the same earthquake motion, one had very severe architectural
damage; the other could he reoccupied immediately while the repairs procreeded. There was
only one difference between the two buildings - a healthy system of shear walls which re-
stricted the interstory di:‘~rtlons, thus providing damage control.

Figs. 6 and 7 show ancther pair of comparative buildings from the Managua earthquake.
Both »f these S-story buildings were located in areas of high damage. The 5-story Insurance
Building (Fig. 6) outwardly appeared so badly damaged that people did not trust themaelves
to enter it for several days. Later inspection snowed that, although the exterior masonry
walls and the interior partitions were badly damaged, there vas little structural damage to
the building's mowent-resistant frame.

In contrast, the S-story Enaluf Rullding (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

firet story columns, and a shear wall on the ground floor had some damage adjacent to a duct
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penetration. Otherwise, neither structural nor sericus nonstructural distress appeared in
the building.

Performance of Other Modern Frame Buildings in Managua

There were also a number of other well-designed moment-resisting frame buildings in the
6-8 story range. They were all subjected to intense shaking and large distortions as evi-
denced by the severe damage to their nonstructural components and finishes. All of them
exhibited sufficient ductility. since there was almost no structural 4distress. They all
performed according to the present code philosophy - little ur no structural distress, how-
ever, quite a bit of nonstructural damage.

The 8-story supreme Justice Building had wmirimal structural distress, but the insiile
was in shambles.

The 8-story Social Security Building (Fi4y. 8) outwardly showed no distress except for
the collapsed roof over the elevator machine room, and little structural distress on the
ingide. However, the nonstructura. damage was considerable and the staircases were full of
partition debris and could not have been used to evacuate people had the earthguake occurred
during the daytime.

The 8-story Telecommunications Buiiding had post-tensioned beams on the column lines
spanning across the entire building. There was on off-center ccre at the far end of the
building was in evidence; however, the post-tensioned beams of the tower showed (with one
exception) no substantial structural damage.

Summarizing the behavior of this group of frame buildinygs, it is evident that the
buildings had enough ductility, whether intentionally designed for it or not, to sustain the
large distortions to which they were subjected during the earthguake. The high degree of
economic damage these buildings suffered was apparently not gso much from the ground shaking
as from an inadegquate design philosophy - a philosophy in which we design the structure for
large distortions, but we do not Jdetail the rest 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 years
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 U-shaped shear wall of
columns and beams infilled with 18-in. thick solid masonry around the lobby 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 coulld be found,

San Fernando Earthquake, 1971

The Indian Hill Medical Center is an example of an acceptable earthquak~ 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 cracking and other local distress; they were repaired by increasing their thickness.

On the compound of the Veteran's Administration Hospital, where some buildings of 192C

vintage collapsed, several auxiliary buildings built as reinforced concrete boxes went
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through the earthquake witnout structural damage; evern the chimney of the central boiler
plant had only some sliding at a cola joint., Untortunately, these cases o. «¥XZellent be-
havior somehow escaped the .ttertion of the profession, which was busy examining the col-
lapses.

Caracas, Venezuela Earthquahe, 1967

Fig. 9 shows a multistory building with a very flexible skeleton of the type prevalent
in Cazacas.2 There were no shear walls used in the Caracas buildings, The skeletons were
filled with brittle and weak hollow clay tile infill walls. During the earthquake the
buildings were subjected to large distortions and the weak partitions exploded, as shown in
Fig, 10. It is obvious that such damage should have been expected from buildings with
flexible skeletons undergoing large distortions and filled with brittle partitiona.

The 17-stosy Plaza One Building was the only complete shear wall building in Cazacas.
It was located withih an area of extremely high damage. As seen in Fig. ‘1, one of its
neighoors, a lU-story building, collapsed while the other surrounding structures suffered
severe damage, The Plaza Ope Building went through the earthquake without any damage what-
soever. The building hag shear walls in both directions.

Skopje, Yugoslavia Earthguake, 1863

Many of the residential buildings in Skopje up to 10 stories high had two shear walls,
all across the width, tlanking the central staiyway. The shear walls were usually non-rein-
forced of puor quality concrete. Nevertheless, the rigidity of the shear walls did not per-
mit interstory distartions, and consequently, there was no damage. In some instances slip
of the cold joints between successive story lifts was observed.

Fig. 12 shows the ld-story Party Headquarters, which was the only building in Skopije
with a structure similar to cur shear wall-frame systams., Being the party headquarters, it
was designed more carefully and constructed with greater attention to quality. Three non-—
reinforced shesr walls in the center were of good quality concrete. Although it is known
that the building underwent severe shaking during the earthquake (according to witnesses
who were thruwn from one end of the room to the othér}. there was neither structural nor
nonstructural damage in the building, with the exception of the elevators which did not
function after the earthguake.

Misbehavior of Stear Walls

The preceding description of performance ir past earthquakes showed many examples of
good behavior of buildings containing shear walls. On the cpposite side of the spectrum
there are two distinct categories of misbehavior of shear wal! buildings Quring earthquakes:
(a) interrupted shear walls, and (b) brittle linkage between coupied shear walls.

The Clive View Hospital [5an Fernande] shown in Fig. 13 is an example of interrupted
shear walls., The upper four storieg contained shear walls; however, they were undesirable
in the ground floor due tc the architectural layout, and were, therefore, omitted. The
building distorted during the earthquake by more than 2 fegt within the ground story. In
retrospect, it seemg that in this building the ductility available in the upper stories
was of little benefit because the presence of shear walls aid not allow any distortions;

while the extremely high amount of ductility available in the columns of the ground story
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did not really do very much good in keeping the building intact. except posaibly preventing
total collapse of the ground story.

Discussion

If we look back and review what we have learned from the previocus earthquakes, I be-
lieve that we wers extremsly sager during the last decade to verify the viability of the
concept of the ductile moment-resistant frame. Consequencly, after each of the past earth—
quakes, we have introduced scaa improvement to the ductile moment-resistant frame, i.e.,
after Caracas we increased substantially the overturning moment; after other earthquakes,
other details were modified. However, I believe that we have nat thoroughly examined the
basic concept of our earthquake design philasophy as related to reinforced concrete. For,
I believe if we were to make a thorough examination, we would probably find that the duc-
tile moment-resisting frame without shear walls is a relatively poor structural system for
residential and office buildings which contain a lot af nonstructural elements that are not
designed and detailed to accommodate the large earthquake distortions of the moment-resist-
ant frame.

A brisf look at the history shows that the ductile moment-resistant frame evolved in
the 19508 out of themoment-resjstant frame which, at that time, was the only system for
multi-story buildings for both stesl and concrete. By adding ductility to the then avail-
able system, we created a convenient solution to the problem of earthquake resistance.
However, in the mesantime, batter and more efficient structural systems for multistory
structures (both in steel and concrete) were develcoped for widn resistance. Actually, the
last moment-resistant frame utilized in the east for a very tall building was the 60-story
steel framed Chase Manhattan Bank in New York, bullt in the early 1960s. At that time,
this 60-story building utilized about 45 1b of steel per square foot of floor arca (220
kg/uz). Today, 6D-story buildings are built with about 20 lb of steel per square foot
(98 kg/mz), while buildings in the 100-story range are built with slightly over 3G lb of
structural steel per square foot of floor area (146 kq/wz) .

The emphasis on ductility as the key to survival of moment-resisting open frames led
to the adoption of concreate structures reflecting characteristics more common to steel
buildings, rather than taking advantage of the strength, stiffness, and ductility inherent
in the natural forms to which concrete lends itself, such as shear walls. Recent experi-
ence has demonstrated that the twin requirements of safety and damage control can be better
mat by structures possessing adequate atiffneas, such as shear walls can most economically
provide, when coupled with sufficient ductility or energy-absorption capacity. This is
espacially desirable for apartment and office buildings, where considerable nonstructural
GaBAge Can result from excessive interstory displacements during an earthquake. When
sufficient lateral stiffness is built into & structure by the introduction of ductile
shear walls, so that large lateral displacaments are prevented, it is doubtful if the
connected frame in a frame-shear wall building will ever undergo the distorticns which
would call for the ductility which we now design into them.

It seems that for uses like parking garages, stadiums, bridges, and the like, the
dyuctile moment-resistant frame without shear walls is an excellent earthquake resistant
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system. However, for apartment and office buildings in which B0 percent of the value is
nonstructural, we should have more damage control than the ductile moment-resistant frame

can provide.

Shear Walls As Elements

Shear walls can bs classified as (a) short shear walls (h/d, less than about 1/2), and
(b) slender shear walls (h/d, more tran 2). Short shear walls are mostly governed by thelr
shear strer.. ., while slender ahe:;: walls are cantileve: beams controlled by flexure. If
special details ar.: -.til.:.? in slender walls, /2y can he detailed to have sufficient
duceility.

Ancther possible classification of shear walls is according to the geometry of the
section: rectangular sections., and I-gections representing both I and bux sections as
used in cores. An important difference between plain rectangular sections and flanged
sections is the degree to which shear (i.e., diagonal tension) contributes to the total
distortion.

The current state-of-the-art shear wall Acsign consists of individual developments on

4 number of aspects-only bits and pieces-vith a rational approach slowly emerging.

Testing of Shear Walls

Tests of infilled one- and two-story concrete frames were conducted in the fifties.
After a period of nearly 20 years, testing of shear walls was initiated several years ago,
and some of the new studies have already been reported in the technical journals. There
have been a nutiber of experimental inveatigations of short shear walls to determine their
shear strength at the PCA laboratories with both monotonic and cyelic lolding.3'4'5
Results of scme of these studies have formed the background for the shear provisions for
sheaxr walls in the 1971 ACI Code.6 Also, a test geries of long shear walls with monotonic
loading has been carried out at PCA.7 Investigations on coupled shear walls were carried
out very successfully in New Zealand.e A series of dynamic tests on shear wall assemblies
on the shaking table has been intitated and is underway at the University of Illincis. In
addition, several universities are preparing test series on various aspects of slender shear

walls.

Analytical Investigation of Shear Wall Sections

A series of analytical studies to investigate the strength, stiffness, and ductility

of shear wall sections was carried out recently at the PCA.9

The mathematical model used
for the development of the interaction diagrams of shear wall sections is based cn the non-
linear beam theory. The mathematical model for the “computer test series™ has the obvious
shortcoming of simulating only monotonic loading, since no model of possible effects on
concrete due to cyclic loading has yet been developed.

Daspite this shortcoming, this series of computer studies gives us a better understand-
ing of the influence of the variables affecting strength, stiffness, and ductility of shear
walls. In addition, the mathematical model has the capability to conaider confinement in

any part of the section.

vI-39



The nonlinear beam theory assumes the strains to vary linearly across the section,
while the stresses in both the concrete and the reinforcement vary non-linearly according
to their actual stress-strain relationships, as shown in Fig. 1l4.

Two principal sections wvere invastigated: a rectangular section with uniformly dis-
tributed reinforcement and reinforcement bunched at the ends; and an I-section with concen-
trations of reinforcement in the flanges. The latter section represents box or I-gsections
as used in slevator cores.

S5ince we are interested in the properties at maximum capacity, rather than at the code
“"ultimate” (which is at the first yielding) it is important to model the properties of the
materials, particularly after ylelding, as accurately as possible. For the steel reinforce-
mant thers is good stress-strain information available; for tne stress-strain characteristics
of concrete a complex equation was develcped based on all tests reported in the literature.
The complexity of tha expression is not abjectionable, since it is intended far computer
application; accurate presentation of bhoth the ascending and descending branches of the
stresa-strain curve -as the most important consideration.

The load-moment interaction diagram shown in Fig. 15 is the envelope of maximum
capacity, at whatever atrain this may occur, rather than for the customary concrete strain
of 0.003. It is found that tha strain of the concrete at which maximum cavacity occurs
increases as the eccentricity increases, from about 0.002 for the compression controllea
branch of the interaction diagram to three to four times as much for the tension controlled
branch (zevro axial lvad). The reason for this increase: as the steel stretches in yielding,
the cqncrete strain increases progressing along the descanding branch; the strain hardening
of the stesal causes an increase of the strength of the section. Computation of design
strength bas«d on concrete strain of 0.003 for all eccentricities is conservative. The
deformation capacity of the section from the onset of yielding of reinforcement until its
final rapture, or until the cowpression failure of the concrete, is the section ductility.

Also, the available section ductility was investigated as related to the axial load
level. The plot Iin Fig. 16 of sectional ductility against axial loads shows that the I-
section with confined flanges has a substantial ductility even at balanced load level.
Gbviously, all these analytical findings will have to be confirmad by laboratory tests.

Heeded Studies

Turther work is needed in both the analytical and experimental areas to supplement the
pressnt knowledge for a complete procedure for earthquake resistant shear wall type build-
ings. Extensive shear tests have been carried out for monotonic and cyclic loading on
short shear walls. Experimental testing for cyclic reversed locading is needed to further
jnvestigate ths effect of the many variables and to perfect the reinforcing details to
assure an optimum strength, stifiness, and ductility of slender shear walls. Important
variables to bes considered are the arrangemant of reinforcement, details for confinement,
details for splices, effects of strength of concrete, influence of floor level construction
joints, and others. Also, the sxtent of the ylelding region needs to be investigated
experisentally. The studies should encompass rectangulayr, dumbbell, T-sectisns, and walls
with openinga. Experimental studies would provide mument-rotation and shear-deflection
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characteristics needed to develop a mathematical model to be used for dynamic response
studiea of str. :tures containing shear walls. Also dynamic experimental studies on the
shaking table ere desirable w ascertain the reproducibility of the general response char-
acteriatics us.ng mathematical models.

In the area of analytical Aynamic response studies, work is needed on shear wall and
shear wall-frame type structures to determine the ductility demands on shear walls. Also,
the required sciffness of the structure to respond to various cateqories of earthquake
ground motions should be investigated tc determine the eventual number of shear walls needed

in a building to control its earthquake response.

Conclusgion

In conclusion, it should be pointed out that until now safety against callapse has
been the major preoccupation of earthquake engineering. However, we now should enter a
second stage of ocur development in which, in addition to safety, damage control should be
our major goal. Judging from the behavior of multistory reinforced concrete bulldings in
earthquakes, it seems that to achieve damage control the ductile shear wall may be the most
logical solution. Actually, from chservations in earthquakes, it seems that we can no

longer afford to build our multistory buildings without shear walls.
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SURVEILLANCE OF CORPS OF ENGINEERS STRUCTURES
TN EARTHQUAKE-PRONE AREAS

bv

Keith O. O'Donnell
Office, Chief of Engineers
washington, D.C.

ABSTRACT

This paper explains the program which the Corps of Engineers has adopted to assess the
effects of earthguake activity concerning the structural behavior of Civil Works hydraulic
structures. The program encompasses rzporting earthquake effects and an instrumentation
system on dams and appurtenant structures 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 earthguakes. 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 belLavior
structures subjected to larger design earthquakes. 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 Earthguake Effacts
General

In 1969 the Corps of Engineers sstablished a program for assuring the structural integ-
rity and aparational adequacy of major Clvil wWorks structures following the occurrence of
significant earthquakes. This program is primarily concerned with damage survays following
the occurrences of earthquakes greater than Richter Magnitude 5. The evaluation of struc-
tures following an earthquake is of paramtunt concern to insure structural stability, safety
and operational adequacy for structures whose fallure or partial failure would endanager
lives or causs substancial property damage. sStructures included in the program are dams.
navigation locks, powerhouses and appurtenant structures which are operated by the Corps
of Enginesrs. Other facilities such as major levees, flood walls and pumping atations
which are designed and constructed by the Corps of Engineers are included clthough their
maintenance and operation are by other agencies.

Guidelines for Post-Earthquake Inspections

Earthquakes may cause hidden or obviocus damage to all types of structures. It is in-
tended that prompt post-earthquake field inspecting and reporting wiil aid in determining
the appropriate remedial measures for structures that have been damaged. All important Civil
Works structures within a prescribed area that has been subjected to an earthquake of
sufficient magnitude to produce a Mcdified Mercalli Intensity of S (MMS) or greater will be

inspected for damage. This prescribed area is defined as the area enclosed by the Intensity
5 Contour or “igsoseismal.” Information to identify the prescribed area usually can be ob-
tained from the Coast and Geodetic Survey or U.S. Geological Survey. However, since the
qualitative or quantitative ground motion data ‘re usually not immediately available, the
prescribed area for post-earthquake inspection will be determined by magnitude scale. PFor
a Richter Magnitude less than 5.0, no inspection is required unlees apecfic reports of
possible damage are received from project affices. For a Richter Magnitude 5.0 through 7.0,
inspection of projects within 200 miles of the epicenter is required and for a magnitude
exceeding 7.0 inspection is required within 500 miles of the epicenter.

There are many types of atructural damage induced by ground moiion from earthquakes
that need to be reported. Any change in appearance or functional capability of a major
Civil works structurss should be svaluated. Examples would include cracked or shifted
bridge pier footings or other concrets structures; turbidity or changed static leval of
water wells; cracks in concrete d-- - or earth embankments; misalignment of hydraulic control
structures cr gates; lors of freeboard by settlement; develapment of a localized quick
condition within an embankment section or new seepage paths through an embankment or founda-
tjon.

Inspection and Evaluation

Generally, the structures that would be of most concern folluwing an earthquake are also
the structures which are coversd under the periodic inspection program which the Corps of
Enginesry adopted in 1965 for major Civil works structurss. Wwhere feasible, the instrumsan-
tation and prototype testing program included in the periodic inspection program to monitor
structural performance will serve in the post-sarthquake safety svaluation pre-ram. Addi-
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tional special types of instrumentation are incorporated in selected atructures in which it
is desirable to measure forces, pressures, lcads, stresses, straing, displacements, deflec-
tions or sther 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 instrumentztion and other observa®ion data, for permanent
record and reference purposes. The U.S5. Army Waterways Experiment Staticn at Vicksburg,
Miggigsippi is assigneld the responsibility for analyzing and interpreting the earthquake
data obtained from the strong motion instrumentation.

Earthquake Aftershock Measurements

A field team has been formed at the Watervays Experiment Station which is capable of
being mobilized immediately 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 Torps of Engineers. The cbjective of the field team is to provide a capa-
bility for rapid response to esarthquake occurrences in recording response of installation,
such as dams, to earthquake aftershocks. Instrumentation will be utilized to supplement
existing instruments which may have been installed as a part of the Corps of Engineers
strong-motion instrumentation program. The measurements obtained will provide approximate
input fnr analysis of the response of the structures under loading by more severe earth-
quakes. Additionally, they will provide input for the analysis of other similar structures,
and by comparison of observed and calculated response of the structures, allow evaluation
of existing analytical procedures and aid in developing improved methods for seismic design.

The instruments presently available for this purpose include four Teledyne model RFT-250
accelarographs, which have response ranges from 0.25g to 1.0g, and four Kinemetric SMA-1
strong-motion accelerographs with 1.0g maximum range, incorporating WWVB time base radio
receivers. These instruments record accelerations on 3-orthogcenal axes, and the standard
time kase will permit correlation of events that are recorded on the various instruments.
This equipment is maintained on standby so that it is available on a 24 hour basis. The

equipment is packaged so that it may accumpany the field team aboard commercial aircraft.

Seismic Instrumentation Program

General

The Corps of Engineers has alopted 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 states is
shown in Figure 5.

Seismic Instrumentation for Concrete Dams ard Intake Towers

The normal installation for concrete dams 150 feet or over in height in all geismic risk

Zones 4 or 3 ard those in Zones Z 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 moncliths, one in the upstream gallery near the base of the same monolith
and one in the bedrock foundation at a distance downstream of the toe of about chree times
the dam height. For the larger dams {300 feet and over), or where foundation conditions
warrant, a fourth accelerograph should be located about mid-height of rhe principal instru-
mented monolith. For dams 150 feet or more in heigat in Zones 2, other than in the western
part of the United States, at least one strong-motion accelerograph is located on the bed-
rock structure near the dam to record ground motion. Intake gate towers 150 feet or more

in height located in Zones 4 or ? and in Zone 2 in the western part of the United States are
usually instrumented with one accelerograph at the base and ore 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-1, 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 maximum operating
range up to 0.5g or 1.09. The 1.09 insiruments would be appropriate at the crest of high
dams and the 0.59 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 loucated at the foundation or abutments. Hydradynamic pressure gages are installed
on the upstream face of high dams and intake towers (over 300 feet) to measure the increased
pressure of the reservoir water during sarthquake 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 Idahc and has a maximwn structural height of 717 feet. The instruments
at Dworshak consist of four time recording stcong-motion accelercgraphs, thirteen triaxial
peak accelerographs and six dynamic water pressure cells. These instruments are generally
located within the highest mcnolith of the dam, in the powerhouse superstructure concrete
walls, around the lake in the vicinity of the dam and at two bridges located approximately
18 and 40 miles upstream from the dam. Three Kinemetric, Type SMA-1 accelerographs are
located in monolith 23 in small instrument rooms at elevation 980, 1260 and 1603. The
fourth SMA-1 is located on the right bank 1430 feet downstream of the dam in a steel and
concrete vault. This fourth inatrument is to measure ground shock-wave intensity for a
basis of comparison of intensities measured at different locations within the structure.
Six dynamic water pressurs cells are located on the upatream face of the dam at elevations
1050, 1160, 1220, 1280, 1350 and 1435 to measure and record wate: pressure changes against
the 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 monitcr poasible
varying intensity of ground shock-waves at different locations. The other four triaxial

accelercvgraphs are located at the two bridges upstream from the dam.
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Seismic Instrumentation of Parth and Rock-Fill Dams

Barth and rock-fill dams 100 fest high and gzeater and locatad in saismic risk zonas
2, 3, and 4 are instrumented for strong-motion measurements. All areas west of the Rocky
Mountains are considered at. least zone 2 for instrumentation purposes. Dams less than 100
fest high and/or located in :lones other than stated above are considersd for instrumentacion
dependent upon esbankment and foundation materials, particularly if such materials are con-
sidered susceptible to liquefaction. Locations of instruments for an esbankment dam are
shown on Figure 7. All embankment dams in seismic zone 4 and in zones 3 west of the Rocky
Mountains are instrumented in accordance with Category C as depicted in Figure 7 except in
special cases whers more complete measurements are desired and in these cases Category D
is followed. MoBt other structures are instrumented in accordance with Category B.

The strong-motion accelerographs, such as the Teledyne RFI-250 or 350 and Kinemetric
SMA-1 ars also recommended for embankment dams. Because of difficulties with transmission
of signals from transducers to remote recorders, central recording systems are not generally
recommended, Seismoscopes are used on different geologic deposits in the immediate vicinity
of the dams to provide an estimate of the influence of geologic conditions on ground motion
intensity and to supplement ground motion information obtained from the accelerographs.
However, seismoscopes are not installed on embankment dams because of the difficutly in
interpreting the records irom this type of installation.

Seismic Hazards of Reservoirs and Landslides

Experiences elsswhere in the world have indicated that the filling of large reservoirs
might induce earthquake activity. An example of this is the Koyna Reservoir in India. The
Corps of Engineers has designed and built a nuwcr of high dams with large reservoirs and
no earthquake activity has been reported as a result of repervoir filling. The Corps' hagh
dams are as follows: 34 dams over 200 feet high, 15 dams over 300 feet high, 6 dams owver
400 feet high and 2 dams over 600 feet high. Of these damg 24 have a reservolr volume
larger than one million acre feet. Special microseismic instrumsentation to measure
reservoir effects has been installed at several projects.

The importance of possibie landslider into the reservoir cannct be overlocked. While
not caused from earthquake activity, the Corps of Enginrers had an experience at Libby Dam
when during construction a small slide occurred in hedrock at the left abutment which
damaged the concrete plant. As a result a2 comprehensive study was made to determine
possible effects s‘culd a geclogically similar landslisd: into the reservoir develop. A
model was built at the Watarways Experiment Station to measure tha effects of such a land-
slide. To increasa stability and minimize concern at Libby Dam, a massive rockfill but-
tress was constructed along the upstream abutment slope. Extensive instrumentation was
daveloped to detect and measure changes in subsurface conditions indicating potential
instabilitic3. The instruments included the following: extensometers, porepressure

measuring devices, inclinometers, and micro acoustic noise transducers.
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Strong-Motion Instrumentation Installations

As of July 1974, 38 dam projects had been instrumented with 117 strong-motion accelero-
graphs, 52 seismoscopes and 18 peak recording accelarographs. Additional iastrumentation
is currently planned for 56 projects which includes 171 strong-moticon accelerographs, 50
seismoscopes and 17 peak recording accelerographs. The atatus of the inatrumentation pre-
gram is shown in Table 1.

Seismic Engineering Branch of the U.5. Geolegical Survey (USGS) is respousible for
maintenance of the strong-motion instruments installed on Corps of Engineers structures.
The record of ground and structure moction during earthquakes should provide valuable infor-
mation to form a basis for selecting design sarthquakes and for establishing the validity of
dynamic design procedures. Also, the record of small esarthquakes will be helpful in making
preliminary estimates of the behavior of the structures during larger design earthquakes.

The instrumentation program is of great importance to the Corps of Engineers because
of the many large reservoir projects for which the Corps is responsible. It is hoped that
should significant earthquakes occur, the results of seismic instrumentation will q.ve a

better understanding of dynamic response of structures and perhaps lead to improved designs
for seiamic behavior.
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Figure 1 "TT-150 strong motion accelerograph.
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Figure 2 SMA-=1l accelercgraph with WWVB recelver, sntenna, and
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Figure 2 PRA-107 peak recording accelerograph.

F.gure 4  Wilmot SR-100 seismoscope with cever.
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SCHOOL AND HOSPITAL CONSTRUCTION IN CALIFORNIA
by

John. F. Mashan
Research Director, Supervising Structursl Engineer
Structural Safaty Section
Office of Architecture and conatruction
Department of General Servicas
State of California

ABSTRACT

The California State Legislature has adopted statutes concerning the regulation of ths
design and construction of public school buildings and hospitals. These statutes were
brought about because of the rather poor performance of these types of buildings in Cali-

fornia earthquakes. Events leading up to these statutes and the methods of their enforce-

ment will be discussed.

Key Words: gu;i:ing Codes; Building Regulations; Design Criteria; Earthquakes; Hospitals;
¢l 8.
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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 California State Lagis-
lature requires school attendanc;e of the youngsters and recognizing that earthquakes may
occur at a time of full occupancy of the children, took measures to prepare and adopt the
Fleld Act within a month after the earthquake. The rapidity of the passage of this leqis-
lation clearly indicates the gravity and concern of the legislature and the public. Each
earthquake that has occurred in California since 1933 has proven the wisdom of this Act.
Reports of earthquake damage in California usuaily point out 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 expiained and the method of its enforcement by the
Structural Safety Section (SSS) of the Office of Architecture and Construction (OAC} in the
Department of General Services (DGS) will be described. The Field Act is given in Section
3 of Title 21, California Administrative Code (CAC).

The Act applies to all new public school buildings and to all additions or alterations
of schools costing more than $10,000. The plans and specificaticns must be preapred by
registered structural engineers and/or architects in the private sectorx. The complete 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 by 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 are rather closely checked. The plans and specificaticons 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 responsible 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 and the contract may 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 S55. Continuous
on-site ingpection 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 $ss. Materials of con-
struction to be tested and special inspections to be perfnmmed are established at the time
of back check. Reports are filed by private sector testing 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 cf construction. Certificates verifying that the construction fully complies
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with all of the requirements of the approved documenta are filed by the structural enginssr,
architect, construction inspectors, testing laboratories and contractor. Making a false
statement is a felony. Field psrsonnel from SSS also visit the projects periodically to
review the construction for possible design and constiuction errors. A fee of one-half of

na percant of the construction cost is paid by the school district to the S55 to fund this
operation.

It has been frequently expressed by structural enginesrs in the private sector that the
reasons for the good performance of public achool buildings in earthquakes are because the
desiyns are prepared by capable personnel; the independent review of the plan details by
structural engineers equally capable as those who originally designed the structure to
assure code compliance and design concept; the inspection provided by the responsible de-
signers; the continuous detail inspection provided by the approved construction inspectors;
and the review of the construction by the S§5 structural engineers for conformance of design
principles. In general it is required to pay close attention to proper detailing of the
structure and provide comglete and logical means of resisting lateral loads giving full con-
sideration to deflections and displacements.

The Fisld Act also established that regulations may be adopted pursuant to the legis-
lation. Thede regulations, adopted by SSS, are those of the 1973 uniform Building Code
together with certain nominal additions and deletions found necessary to accomplish the re-
quirements of the Field Act. These amendments are printed in Title 21, CAC. The lataral
force provisions are bagically those recommended by the Seismology Committee of the
Structural Engineers Association of California. A copy of Title 21, CAC, can be obtained
from State of California, Documents Section, P.O. Box 20191, Sacramento, Calif. 95820.

Title 21, california Administrative Code (CAC) and Uniform Building code (UBC)
Exceptions

The regulations adopted to administer the Field Act are given in Groups 1 and 2 of
Title 21, CAC. The detail technical regulations area given in Group 3, Article 23 through

Article 47. All of the items given in Title 21, CAC in article 23 through 47 are exceptions
or additions to the 1973 UBC. Just a few of these will be mentioned here.

Loading

The minioun acceptable base shear KC factor for any one and two story bullding is 0.10
as mentioned in Section T21-2316(d) (1) and all framee must meet the ductile requirements.
This Lase shear factor seldom is applied, as most designs proposed ares based upon a base
shear of 0.133, and further, the framing is usually of shear wall design concept.

Any single mass structure on a single column or of a type wvheres a single column must
provide the total lateral resistance, the lateral force base shear KC factor must be 0.30,
and the coliumn must mast the ductile requirements.

Also if building frames are designed for a base shear KC factor of 0.30 or more, the
frame need not be ductile but the columns must be ductile. Most frames are designed under
this basis.

In the near future Title 21, CAC will probably be revissd to require a XC base shear
factor of 1.5 Simes the code force when the building is located near established active fmits.
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brifc is control’ad in Section T21-2307(c)}. This section requires the maximum drift
of 1/16" par foot of height. The drift is also limited to 1/32" per foot of height of
opaning where glass ie installed in the walls wvhich may daflect in the plai of the wall and
the glass is not separated from the frame such that any in-plan deflection will transfer
load into the glass. In tests, reported by thisz author at the Second World Conference on
Barthquake Enginsering in Tokyc, it was shown that glass fails at about 1/16™ per foot of
heighiv when bedded in stiff mastic and the glass frame cannot rotate. Wall defelction lim-
irations applied perpendicular to the wall is also given in Section T21-2307(c).

There are diaphragm span/depth ratios given in Table T21-23L. These ratios are primar-
ily to control deflection and stress in the horizontal diaphragms whicn, in effect. also
control the flexibility of the horizontal diaphragms. <Controls are algso provided for vert-
ical diaphragms in this table.

Masonry

All masonry construction requires inspection by a specially approved masonry inspector.
His Auties are described in Section 2401 of Title 21, CAC. This section also recuires cores
of the completed walls to be taken and tested in shear and compression. Cores not only pro-
vide an indication of the strength of the materials but also provide an excellent means of
determining the quality of workmanship within the wall.

The allowable stresses in masonry are given in Article 24, but under most < *signs the
stresses in masonry seldom control the design. All masonry must be reirforced. Miximum
spacing of reinforcing is limited to 24 inches each way in walls and extra ties a'e re-
quired at the ends of all columns and around bolts. Such reinforcing greatly increases
the toughness of the wall. High and low lift grouting is allowed but it is imperative that
it be reconsolidated at the proper time and again after the next lift of grout is placed,
also it is strongly recommended that an erpansive type admixture is used in the grout.

Both of these conditions, the reconsolidation and the expansive admisture, greatly reduces
the amount of internal shrinking cracks in the grout. Unreinforced masonry or cavity wall
construction is not allowed.

Methods of rehabilitating e¢xisting masonry construction is given in Section T2102422.

wood

Article 25 of Title 2., CAC coverts the requirements for wood. The exceptions are

rather nominal. The maximum adjusiment for stress for duration of loading is limited to 15%
increase. The allowable nail stresses are higher than those given in the current UBC be-
cause of the success of designs provided under Title 21, CAC. As an example, the allowable
shear load on an 84 common nail in Title 21, CAC is 100 pounds whereas the allowable is 78
pound in the 1973 UBC. These nail stresses have been used successfully since the Field

Act became effective in 19313,

Glue lam construction, Section T21-2511, basically conforms to current industry
standards except the maximum moisture content at time of gluing relates to the expected
molsture content in the area when the building is situated. That is, the maximum allowable
moisture content along t'.e sea coast is 16\ whereas in the desert areas it is limited to

108, Continuous inspection by a specially approved inspector is required for glue lab
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beam construction.

Unblocked plywood diaphragm allowable loads are a bit lower than that permitted by UBC
as given in Section T21- 2514.

Rather complete 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 concrete walls.

Concrete

Much of the material in Title 21, CAC in the concrete section refers to proportions,
mixing and placement. There are Beveral additional design and construction reguirements
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 coluwans; the column ties shall terminate in a 135° bend with 6" extension; Section T21-
2614 requires height/thickness ratio of hearing walls to be not more than 30 and not more
than 36 for non-bearing wells, precast walls require special trim wall reinforcing, anchor-
age and other requirements: Section T21-2618 requires grouting of all post-tension tendons
anchored with friction type anchors: and Section T21-2621 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 necegsary to
assure himgelf of the proper quality of the weld.

Foundations

Under foundations, the additional special requirements are for inspection of engineered
fill, piles and other miscellaneous items.

Veneer

All veneer over 3/8" in thickness must be anchored by mechanical means. Decails cor
anchorage and reinforcing of the masonry i given in Article 30. Walls to which veneer .t
applied must have stiffness of L/600. The connection is urually by means of sheet metal
dove-tail anchore. The anchor slot is cast into the concrete walls or nailed with 104
common nails at 12" oc. A nail placed vertically between the end of the anchor and the
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 horizontal joint containing an anchcr. The maximum
spacing of anchors is about 16" oc horizontally and 12" vertically.

Althcugh currently not required by code, it is this authors preference to omit any
veneer, or glass over exit doors.

Roofing

Art.cle 32 provides for anchoring the roofing to the structure including tile. The
anchorage of each tils: by means of non-coriodil.le wires or nails is required to prevent the

tile from sliding off the roof and falling to the ground during earthquake motion.
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Plaster ceilings must be wire-tied to the ceiling framing to prevent the ceiling from
falling. It was learned that ceiling 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.
Complete details for all types of ceilinys and light fixture anchorages n.:'st be shown on the
drawing.

Anchorage

Items Such as bcilers, water tanks, fixtures, cabinets, shelves, window sash, ceilings,
heaters, etc. muc: be properly archored to the structure and are shown on the approved de-
tail drawings.

Field Act Advisory soard

The SSS has an Advisory Board composed of four structural 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 ragulations and en-
forcement of the Field Act.

Other Legislation

when the Field Act w~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 unsafe and the
building was allowed to mntinue in operation without correction and without atiempting to
obtain funds tor the cor:2ction if ne funds were available, the school board members were
individually liable. Many old schuol buildings were, therefore, never examined to determine
whether they were unsaf:.. In 1967 legislation was adopted to require a stryuctural examina-
tion of all school buildings constructed prior to 1933, In 1968 the statutes were changed
and provided that if found unsafe and not corrected, such buildings could not be used for
school purposes alter June 30, 1975, 1In 1975 .egislation was added to provide that if def-
inite steps were taken by June 30, 1970 to correct the deficiency, the building could be
used until June 3¢, 1977.

when the Field Act was firs: adopted there was no control established concerning the
location of the school site. As a resualt, many school buildings were located very close to
active faults. 1In 1967 legislation was enacted to require a geologic hazards report and to
prohibit siting new scheols 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 geolegic hazards report is required when deemed necessary by SSS.

Hospicals

Hospital buildings have frequently been damaged from 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 cther damaged man-made structures.

Following the 1971 San Fernando earthquake, where 50 deaths or E5% of the total deaths
of patients or employees resulted from hospital building cellapse or inoperative equipment,

where four hospitals were evacuated, and where 17 hospitals were damaged, leglslation was

vVi-69



passed by the state legislature in 1972 requiring construction approval procedurss similar
to those in the Pield Act to apply to hospitals. There are some differences.

The Departasnt of Health (DH) adminigters the act, but is required to contract with the
DGS to perform a similar service on hospitals as they do on public school buildings. It
requires that all plans and specifications =hall be prepared under the responsible charge of
a Califoinia registered architect or structural enigneer or hoth; it requires that a struc-
tural angiaser shall sign plans and specifications related thereto; it requires a genlogic
hazards report on all but the small bulldings; it requires the geologic data to be reviewed
by an enginssring gesologist and the structural design to b2 reviewed by a structural engineer;
it requires a fee based ypon the estimated cost and a further fee based upon the final cost;
it requires continuous on-site inspection by competent psrsonnel and administration of the
worlc of construction to be under the reaponsible charge of such structural engineer or
architect; it requires signed certificates indicating conformance with the approved docu-
mants from all those involved in the construction; it authorizes the DH to adopt requ-
lations with the advice of the DGS to carry out the desires of the bill; and it establishen
a Building Safety Board to advise and act as sn appsals board with regard to seismic safety:
and Lt established that any person who violates the provisions are quilty of a misdemeanor.
This bill is Chapter 1130 of the 1972 Statutes and is given in Division 12.5 of the Heaalth
and Safsty Code.

The $SS enforcemsnt of this act is quite similar to the procedures followed under the
Fiald Act and will not be rapesatad hers.

Building Regulations

Tha legislation mandates that “...hospitals...be completely functional to perform all
NECASSAry services...to resist, insofar as practicable, the forces generated by sarthquakes,
gravity and winds...” places a new direction in building codes. Recognizing this and the
nesd for immediate input from the private sector, DH contracted with a structural engineer,

a mechanical/elactrical engineer and an architect as consultants to SSS to prepare the reg-
ulations. They wers adopted as emergency maasures, then public hearings weres held when
input was proviled by the Seismology Cosmittes of the Structural Engineers Association of
California and othsr interested groups.

The building regulations for Califernia hospitals are given in Title 17, CAC and con-
tains the special provisions for the seismic load levels and performance. The remainder of
the regulations are assentially thosa required for public school buildings. As mentioned
previously, these latter regulations consist of the 1973 Uniform Building Code as the basic
code, together with nominal additions and dslstions found necessarv to accompliah the de-
sired results. A copy of Article 23, General Design Requirements can be cbtained from the
State of California. The remaining regulations are sssentially those given in Title 21,
CAC,

A few of the highlights for earthquake forces of Article 23, General Design Requirements
in Title 17, CAC will be pressnted, There are two basic methods of design. One may be by
dynamic analysis, Method A, and the other by static analysis, Method B. Section T17-2314 of
Title 17, CAC requires that buildings over 160 fset in height or those with highly irreguliar
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shapes, or other unusual structural features must have & Method A or a dynamic analysis.
This requirea that the structural and deflectian capacities shall bhe sufficient to resist
the effects of earthquakes upon the structure as determined by dynamic analyses. These
analyses shall be based upon the ground motion prescribed for the site in a geotechnic re~
port. The report gshall consider the aeismic event that may be postualted with a reasonable
confidence level within a 100 year period.

The analyses way be based on appropriate time-histories or response mpectra with
percentages of critical damping consistent with the strain levels in the structural materials.
All patural modes of vibration with periods greater than 0.05 seconds shall be considered in
the analyses. 1If the stresses calculated by elastic analyses exceed the numinal yields
stresz of the structural materials, the structural elements toc be used shall be justified
by approved methods which reconcile the equivalent inelastic deformations with the ductility
of the structural elements.

The base shear resulting from the dynamic analyses shall be not less than POV af the
base shear calculated from the provisions of Method B. If the base shear as determined by
dynamic analyses must he increased to meet this re-uirement, the design spectra shall be
normalized to a proportionately higher value.

Under Method B, the static analysis, the lateral load level has been raised above that
provided for other occupancies given in the Uniform Building Code. The base shear equation
is

V = KCW

where K shall be 3.00 for all buildings, tha value of C is the same as that given in the
1973 Uniform Building Code, except that the combined value of KC shall be 0.25 for all and
two story buildings and need not exceed 0.25 for any building. The method for calculating
tha period, T, and the load distribution is the same as that of the 1973 Uniform 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 for inclusion in the Uniform Building Code is included in the XC value. All
lateral force resisting frames must be ductile; however, in one and two story buildings
when the XC value used in the design is 0.50 or more, the frames need not be ductile but the
columns must be ductile. The Cp table is more extensive than that given in the Uniform
Building Code and the load level is higher in all cases. Anchorage requirements for such
items, equipment, elevators, piping, cabinets, lights, ceilings, partitions, etc. ure
Presented.

Building Safety Board

The statsesy esatablish the formation of a Building safety Board to advise the DH with
regard to seismic strautural safsty and to act as a board of appeals in the enforcement of
the Act. This board is compogsed of members qualified by close connection with hospital de-
sign and construction and are highly knowledgeable in their respective fields with particu-
lar reference to seismic safety. The board consiste of eleven members of -thich there are
two structural engineers, two architects, one engineering geclogist, one soils engineer and
one hospital administrator appointed by the Director of Public Health from nominations of
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technical and professional associations. Thare are also six ex-officic members from state
offices.

This board has provided a great dsal of input to the Department of Health concerning
the operation of this Act. It reviews ths raguletions to be adopted, has studiad and recom-
mendsd methods of approving work in existing buildings and advises the Dapartmenc as re-
quasted.

The board has sstablished standing sub-committees on structural, architectural, mech~
anical and eletrical, geotschnic and hospital operations. These committess act as liaison
batween the Loard and the respective technical associations and provide advice on assigned
subjects. Thers are ulso ad hoc commlttess on appeals rrocedure, plan checking fses, board
rules and procsdurss, and legislative intent. A board member is the chairman of each sub-
committes and ad hoc committes.
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IMPROVED EARTHQUAKE RESISTIVE DESIGN AKD
CONSTRUCTION OF SINGLE-FAMILY RESIDENTIAL DWELLINGS

by

G. Robert Fuller, P.E.
Office of Underwriting Standards
Housing Production and Mortgage Credit
Federal Housing Administration
U.S. Department of Housing and Urban Development

ABSTRACT

This paper presents results of the research program being carried out by the Applied
Technology Council (ATC) of the Structural Engineers Association of California (SFAOC) under
the sponsorship of the U.S. Department of Housing and Urban Development. The objective of
this project was to review and evaluate available manuals, literature and standards con-
cerning design and construction of residential dwellings and response of such structures
to earthquake motions; and to then develop a manuzl of recommended practice for sarthquake
resigstive design and construction. This manual would be primarily directed toward bullders,
building officials, field inspectors, and house designers and would contaln recommended
construction details, architectural layouts, design recommerdations and types of construc-
tion recommended or to be avoided. The manual is now in draft form 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 ATC 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 Design
Criteris.
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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 (ATC) of the Structural Engineers Association of Califor-
nia, on Juns 30, 1974. The primary objective of this research is to develop a "Manual of
Recommended Construction Practice for Earthquake Resistive Residential Dwellings™ to be
used by builders, building officials, field inspectors and house designers.

The manual is to explain the structural behavior of single-family znd townhouse
rasidential construction subjected to forces produced by earthquake shocks. HUD Minimum
Property Standards and other building code requirements will be illustrated. Sound prac-
tical construction methods and details for the reduction of structural damage due to earth-
quakas, will be covered. The manual will alse illustrate recommended construction details,
architectural layocuts, types of construction recommended, or to be avoided, and methods ->f

installing machanical equipment to resiat seismic forces.

Scope of Manual
Tasks

Several tasks make up the total project:

Task 1: Review of Literature: Review literature and reports on damage to residential

structures as a resuylt of recent earthquakes. An analysis and bibliography of
literature reviewed ocutlining the engineering causes for identified damage tc buildings
and outlining pcssible solutiona and corrective actions wae required.

Task 2: Review HUD Minimum Property Standards (MPS) and Building Code Requirements:

Review the HUD-MPS, Manual of Acceptable Practice and appropriate building codes to
determine their adequacy for preventing earthquake damage to single-family residences.
Recommend improvements in terma of structural performance based on reviewed reports
of past earthquakes.

Task 3: Develop Construction Details: Develop typical engineering drawings,

illustracions and details which are required to resist earthquake forces with appro=-
priate descriptions and explanations to be easily understood by non-technical
representativeas of the hcousing industry. Details are to be categorized, as appropri-
ate, by Seismic Zones 1, 2, and 3 as delineated in the Uniform Building Code, "Seismic
Rizk Map of the United States.” 1Illustrations shall include the types of construction
moet commonly used for residential dwellings in earthguake prone areas of the country,
i.e.: wood frame with siding, wood frame and brick veneer, wood frame and stucco,
brick or concrete block masonry, ste=l or aluminum frame with siding or masonry venser
and other prevalent conventional combinations of framing, materials, and building
componants.

Construction details will include those for basement and slab foundations, dwelling
structures, utility and mechanical equipment instailation, chimneys and fire places,
attached garages, and other architectural and structural components which may affect
the strength, rigidity or stability of dwellings.

Task 4: FPrepare Manual and Supplementary Enginesring Analysis Report:
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Task 4: Frepare Manual and Supplementary Engincering Analysis Report: To include the

following general sublects:
1. Introduction
2. Commentary onh principles of seismic force design.

3. Illustrative typical construction details. Description ad discussions of Jletails,
as developed in Task 3.

4. Recommendations:

a. Concerning plan checking

b. Concerning construction inspection at site
5. Summary, general conclusions and recommendations

6. Supplementary engineering analysis report including discussion of theory and design
calculations to justify typical details developed to resist seismic forces.

Task 5: Presentation Material: Presentations to include 35mm slides, text material

and voice tape which will be used to explain contents of the manucal 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 .fficials to acquaint them with contents of

manual. Presentations will be conducted in Los Angelps, San Francisco, Partland and

Seattle at different times.

Major progess has been achieved on all of the tasks preliminary to the final presenta-
tions. Following is a general synopsia of accomplishments to date including philosophical
discussions by the subcontractor to ATC: Ralph W. Goers and Associates aof Los Angeles,
California.

General Philosophy

Economic considerations must be reviewed not only in terms of life/safety but alsc
damage control. 5Single-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
n¢ 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 (WBC)
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 minimize the degree of damage rather to prevent all
damagse.

This approach will either limit design or more prcbably 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 decisicn will be up to HUD after re-
viewing all of the applicable data concerning earthquake prcbahilty, intensity and fre-
quency and if justified by reference literature, field cobservations or calculations.

Finally, governmental agencies have normally led the way in developing both social
and structural changes in our system. It seems cnly 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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Seimmic co efiiciznts fur single-family constructio: are not specified in some juris-
dictions and alsoc vary from code to code. It is felt *hat the UBC value of 0.133g for Zone
3 is sufticient. This would coincide with field observations of damage and with current
HUD-MPS requirements. This conclusion is felt to be justified by the following:

1. Ons=-story homes performed rsasonally well in S5an Fernando earthquake and they
probably would have psrformed even better Lf built according to the proposed
manual.

2. Factors of asafety for plywood diaphragms are consistently at or above 3.0. There-
fore, houses properly designed and constructed using plywood shear panels to ve-
sist 0.133g would actually be capable of resisting 0.40q¢ ultimate load.

Virtually all homes built recently have wood framed second floors and roofs. Current
sngineering analysis ysneraily assumes the wood diaphragm to he flexible, therefore lateral
loads are distributed to shear walls on a tributary area basis. Field observations indicate
that this assumption is not nacessarily correct. Preliminary calculations show that the
second floor diaphragm is approximately ten times as rigid as the longest transverse shear
wall. Relative rigidities of shear resisting elements used in single-family framed con-
struction are difficult to determine. General conclusions, however, can be reached on
how shear resisting elements act in relation to small wood disphragms.

Analysis reveals that shears are generated in the first atory walls of a small two-
story house in axcess of allowable values for any of the shear-resisting materials required
by Section 2518(f)5 of the UBC. Proposed requirements will either result in plywood shear
panels or much longer panels of material of lesser shear rcsistance for two-story and split-
level homes.

A split-level house plan was analyzed by use of tributary area method. This typical
type of house received severe damage in one case and collapsed in two other cases during the
San Fernando earthquake. Analysis revealed that the wall between the garage and family
room would receive arcund three-quarters of the total lateral load. 1I1f the diaphragm were
analyzed as a cantilever beam in houses of thia type, the interior wall would receive cleoae
to 100% of the lateral load. It was found that one of the greatest deficiencies of wood
frame construction is its lack of resistance to torslonal racking. 1In the one case examined
the floor diaphragm rotated in plan, lifting the rear wall from its foundation and leaving
only the center wall to resist further earthquake mctions. It is obviocus from these pre-
vious examinations that analysis technigues must be evaluated and perhaps be revised.

Collection of Data

Several interviews have bean completed or arranged with architects, engineers, HUD of-
ficials, bulilding department officials 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

types of singla-family conatruction most prevalent in the U.5. (see Attachment No. 1).
Construction methods will alsoc be determined.

Preliminary information indicates that in earthquake prone areas of the U.S5., over 20%
of all houses presently being constructed are wood frame with either stucco, wood siding or
BASONrY veneer as an exterior finish and either plaster or gypsum drywall on the intaerior.
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Data is being collectsd on shear wall diaphragm properties

plywood, atucco, lath and plaster, gypsum wall board (drywall),

Orqanization of Manual

The following is a general outlins of the propossd manual:

Introduction
Acknowladgements
Chapter I - Purpose and Use of Manual
1. Audience
2. Economics vs. Safety
3. Definitions
4. Geographical Scope (Seismic Zone Map)
5. oObservations of Barthquake lamage
6. Use of Manual
Chapter I1 - Principles of Seismic Design
l. Inertial Movement
2. Walls as Vertical Basams
3. Floor and Roof Diaphragms
4. Shear Wall Diaphragms
5. Shear Rasistance of Materials (Graphs & Tahles)
a. Roofs
b. Floors
c. Walls
6. Chords and struts
a. Splices and Connections
7. Load te Shear Wall Calculations
8. Effacts of Deformation
a. Glazing
b. Other brittle materials
9. Fireplace and Chimney Design and Anchorage
10. Mechanical Equipment
11. Other Norn-Stru.tural Items
12. Bagement Construction
13. Layout Configurations
14, Glossary of Terms

Chapter III - Construction Details

1.

2.

4.

Shear Wall Design and Details

a. Hold-Down Anchors

b. Sill-Bolt Size and Spacing
Shear Transfer Details

Struts and Choxds

Connection of Studs to Sill Plates
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10.
Wind

Exterior Corner Framing and Anchors

Firsplaces

Mschanical Equipment

Other Non-Structural Items

Masonry Construction

Steel Prams Houses

design will ba coverad to the extent that comparisons can be made between wind

and earthquake forces for the entire structure not for individual elements. Seismic Zones

1 and 2 in the U.S. will be covered together since wind forces generally govern. Seismic

Zone 3 will be covered in a separata section. Even though wind coculd govern in some areas,

the dynamic effort of earthquakes precludes a comparison with wind forces.

Review of Building Codes and HUD Minisum Property Standards
Uniform Building Code (1973 Edition)

1. Sec. 2308 Wind Pressure: Bulldings shall be deaigned for wind pressures indicated

in tables and maps. Uplift wind pressures for enclosed buildings are 3/4 of the

uniform wind pressures specified and for unenclosed buildings are 1 1/4 times those
specified. Overturning moments calculated shall not exceed 2/3 of dead load re-

sisting moment.

Based on experisnce in Phoenix and Los Angeles, failures duoe to wind are

generally caused by uplift on the roof or to walls by inadeguate anchorage of walls

to roof or other supporting diaphragms. The conolusion drawn from observing wind

damaged homes is that either the factor for uplift on unenclesed structures or tne

wind zone map is inceorrect. Herizontal wind pressures as applied to the whole
structure appear to be too high.

Despite the fact that uplift forces seem to be critical, overturning require-

ments for shaar walls are questicnable since shear forces appear to result ia

answers which are too high.

Sec. 2311 Anchorage: Masonry and concrete w...3 shall be anchored to all floors

and roofs to resist a minimum force of 200 plf of wall or the calculated horizon-
tal force, whichever is greater; continuous crossties shall be provided in roof
and floor systems between diaphragm chords.

The force requirement of 200 plf appears to be tooc low. In many areas of the

country this anchorage requirement and the diaphragm crossties are virtually

ignored. This has proved disastrous ncc only for earthquake loads but also for

wind forces as well. The manual will orovide for minimuwm sill bolts and horizon-
tal connections to roof framing, roof sheath:.nc cf blocking between rocof framing
members .

1. Sec. 2314 Earthquske Regulations: Thir section de”ines various systems utilized
to resist earthquakes, formulas to determins equivalent static forces for design,
digribution of horizontal lcads, overturning, setback requirements, etc.

As applied to residential consizuction, this section spacified that virtually

all residences are "box systems"™ without vertical load carrying space frames.
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Lateral forces are resisted by shear walls or braced frames and the force to be
reslisted in 0.133 times gravity loads.

Sec. 2514 wood Diaphragms: Connections and anchorages capable of resisting design
forces shall be provided between diaphragms and resisting elements. 1In buildings
of wood frame construction where rotation is provided for, depth of diaphragm nor-
mal to open side shall not exceed 25 fest nor 2/3 diaphragm width, whichever is
smaller. Straight sheathing shall not be permitted to rasist shears in diaphragms
acting in rotation.

One-story, wood-framed gtructures with depth normal to open side not greater
than 25 feet may have depth equal to width. Where calculations show that
diaphragn deflections can be tolerated, depth normal to cpen end may bhe incrsased
to a depth to width ratio not greater than 1 1/2:1 for diagonal sheathing or 2:1
for special diagonally shsathed or plywood diaphragms.

In masonry or concrete buildings, lumber and plywood diaphragms shall not be
considered to transmit lateral forces by rotation.

The provisions for rotation as presently written are considered to be one of the
most controversial items in the UBC in light of the i971 San Fernando Valley
earthquake. Many residential structures which had to depsnd on the principle of
rotation in order to remain standing, fared reasonakly well. Generally though,
this type of structure hHas more than average damage and in some cases collapsed.
Improperly braced cripple stud walls, impropsrly tied levels of split~level homes
and the principle of rotation are the three principle causes of residential damage
due to earthquakes. The manual will recommend that rotational principles of de-
sign be used for one-story detached garages.

Sec. 2517 Structural Roof Sheathing: Plywood roof sheathing is used in most

home construction in the U.S., but various other systems are used in the los Ange-

les area. Most of these other systems would not qualify as diaphragms. Despite
thia, there was little damage to roofs from the San Fernando earthquake. This
wag prcbably due to the fact Chat interior walls stopped at the ceilinus and the
roofs only carried their own weight. The manual will, therefore, not spacify as
doas the UBC that structural roof sheathing ghall be designed to support all loads
specified in the Code.

Sec. 251B(f)5 Bracing: All exterior walls and main cross~atud partitions shall
be effsctively and thoroughly braced at each end and at least svery 25 feet of
length by one of several methods which include let-in 1"x4" diagyumal braces,
diagenal wood boards, plywood sheathing, fiherboard sheathing and gypsum board
sheathing panels.

Braced panele shall be 48" in width., Solid sheathing shall be applied continu-
ously on the firat story exterior walls of all wood framed bhuildings three stories
in height. Solid sheathing shall be applied on either face of the first story ex-
terior walls of all wood framed bulldings two stories in height in Seismic Zone 3.
These braced wall sections shall be located at each and and at least 25% of linear
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8.,

10.

lerjth af wall shall be braced. All vertical joints shall occur over studs and
horignntal joints shall occur over blocking unless panels are 4'xB' applied verti-
cally.

Poor performance of let-in braces was observed after the San Fernando earth-
quake. FParticle-board is allowed by the Code although no shear values are speci-
fied. Some of the materials specified for sheathing have no minimum attachment
specified. The sheathing specified is to be used in Seismic Zone 3 even though
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
shear walls are pryoviced, all of the sheathing materials specified for exterior
walls will be overstressed if a two-story building experiences a 20 psf wind load.
If an interior shear wall does exist at the center line of the structure; fiber-
board, gypsum board and particle bcard would still be overstrcased.

Calculations also show thai 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,

Sec. 2518(f}6 Cripple Walls: Toundation cripple walls are fyamed walls less than

full story height that extend from foundation wall to the floor or roof level.
Such walls shall be braced as required for first-story exterior walls. Solid
blocking may be used to brace cripple walls having a stud height of 14" or less.

Some split-level homes in the San Fernando carthquake were constructed with
cripple walls. Most of these houses suffered severe damage caused by collapsa of
the cripple-stud walls. Let-in braces are not adequate and will not be allowed in
the manual.

sec. 2518(g)6 Blocking: Rafters more than 8" in depth shall be supported later-

ally at ends and at each support by solid blocking unless nailed to header, band
or rim joist or to an adjoining stud.

Prefabricated roof truss-rafters are used predominantely in today's houecing con-
struction. When rcof rafters are used, they generally are less than 8' deep. In
any case,; blocking is seldom specified and szhear vransfer is not achieved. The
manual will probably require solid blocking for truss-rafters and all other rafters.

Chapter 17 - Masonry or Concrete Chimneys, Fireplaces and Barbecues: Many differ-

ences exist between the Code, HUD-MPS, and other bvilding codes and stardards.
The manual will specify requirements as verified by calculations or observations.

Cenaral Reguirements

a. Roof Diaphragms: Roof diaphragms, as opposed to ceiling diaphragms, play a
smull 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 tn interior crosswalls. Specific reguirements
for roof diaphragms, in the opinion of the contractor, accomplish little and only
add to cost.
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b. Roof Framing Blocking: The Code stipulates that blocking for 2x4 through 2x8

roof framing members may be omitted. Normal procedure in California, however, is
to provide such blocking. Blocking for roof trusses is generally not provided in
the Phoenix, Arizona area. Because of relatively low chear forces, blocking may
not be needed continuously. Some shear transfer is required and this Is difficult
to provide without some blocking. It is suggested that a minimal length (as littla
as six feet) 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 congtruction can be considered as "conventicnal." 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 insufficient 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 cof construction must play a very important role when 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.

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 758 of dead
load. Hold-down anchors have not been required for home construction except in

those isclated cases where engineering design is provided. These anchors fre-
gquently cause problems in the field because of misplacement, lncorrect installa-

tion and 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
mahual will have provisions to allow designers greater latitude in selecting shear

wall lengths, spacing and location to precluwde hold-down anchors.
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b. Shear values for differing materials applied to sach zide of the same wall are
proposed.

c. The height to width ratio for fiberborad, stucco, gypsum lath and plaster and
gypsum board will be increased from 1 1/2:]1 to 2:1 as implied in Section 2518(#)5S
of the Code.

Sill Bolts: The Code stipulates that sill bolts shall be 1/2-inch diameter em-
bedded at least 7" into concrete and spaced not more than six feet apart, with a
minimm of two bolts per piece and cne bolt within 12" of each end. The manual
will raquire that sill bolts be placed in accordance with shear in the wall which

Sac. 91.2305-Horizontal Forces {a} General: Requirements of this section do not

apply to any conventional framed one-story, Type V building accessory to dwelling,
provided building is not an unusual shape or size and not subjected to unusual

loading conditions. This would exempt most garages. The manual will clarify this

Sac. 91.2305(h) Overturning: 75% of dead load may be used to reduce tensile

stresses caused by seismic overturning moments. The manual will specify full dead

a. Walls anchored to continuous footings do not need to be anchored to floors

b. When roofs, including their supporting joists, beams or purlins, are con-
structed of metal and are not designed as diaphragms to resist horizontal forces

anchors may be spaced at greater then four feet on center. These provisions will

Division 24 - Masonry, Table 24-H, Note No. 5: Shear walls which resist seismic
forces shall bs designed to resist 1.5 times forces as determined by Sec. 91.2305
(d)2. The allowable shears in Table 24-H are lower than the UBC values. The

manual will use shear values from the UBC but will require the 1.5 factor for over-

12.
will increase the number in some cases.
Los Angeles City Building Code (1972 Edition)
1.
requirement.
2.
load as stated in the review of the UBC.
3. Sec. 91.2306-Design for Horizontal Force (b) Anchorage:
that are within .our feet of the footings.
be contained in the Manual.
4.
turning.
5.

Division 25 - Wood, Table 25~H,-Allowable Shear for Diaphragms and Shear Walls:

This table sets forth allowable shear values for 1" and 2" straight sheathing,

1" and 2" diagonml sheathing, fiberboard wall, sheathing, expanded metal lath

with cement plaster, gypsum lath and plaster, and gypsum wallboard. Several
clarifying notes are appended. Table 25-C contains relative strength values of
bolts, nails, screws and connectors in different species of wood. The shear values
in Table 25-H are at variance with the UBC. However, the format is excellent and
will ba incorporatead in the manual. No similar table to 25-C is contianed in the
UBC ~ it therefore will bs printed in the manual.
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6. Sec. 91.2512(b) Design Cotsiderations: wood diaphragms and wood shear walls shall
be considered flexible and shall not be used to transmit rotational forces unless
otherwise approved. Wood diaphragms in houses are not necessarily flexible, there-
fore, the manual will present some design criteria.

HUD Minimum Property Standards {(MPS} (1973 Edition)

A preliminary review of the MPS has been completed and several sections may be affected
by the manual. In addition some general comments were offered by the contractor which will
not affect the manual directly, but may affect implementation of its requiremsnts. 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.

Conclusicn

It has been the intent of the author to present a status report on the research project
undertaken by the Applied Technology Ccuncil for HUD. Malor pertinent Areas of concern and
conflicts between various building codes under which most U.S5. housing is constructed, are
discussed with an attempt made to present their treatment in the proposed “"Manual of Recom-
mended Congtruction 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 Qaks, California to Mr. Rolan‘d L. Sharpe, Executive
Director of the Applied Technology Council, Palo Alto, CTalifornia. This review and analysis
of recommendations are solely the interpretation of the author and do not necessarily re-
flect the official position of the U.S5. Department of Housing and Urban Development, the
Applied Technology Council, or the subcontractor.
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ATC- 7= KA
MMANUAL O RICQTUIN CENSTRUCTION URACTICYH T'OR
EARTHQUAKE KiS)H0IVE RESIDLTIAL OMILLINCY'

CHEEAL

1.

whak bullding code (or coder)] are uscd in your arcal

—————————

1f the cede utilized (s local, §s Lt bascd on:
A, hOCA
3. Southern Ruilding Code
€. Uniform Luilding Coade
P. OLher (spccily)

A. Snow load or roof live load i» psf.
B. Wind load {rot ronc) for lowest huuding is pst.
C. QResfdential Flaer live Load {a psf.

1s residence roaf and floar framing "designed” (by span tables or
sclual engincering)? Yes

What scimic zone ars you in (1S Reown)? O 1 2 3

Are small commereial buildings Ln ysur ares required to be saglnesced

by 8 licenscd enginesr? Yes o

1f yea, are wind or saismic designs raquired? Yes _ Mo

Ace Tesfdcencos and Cracts plan checked? Yes ¥o

Ry vhom? licensed engincar
Licenssd architect
Unlicansnd personnel

Vhat s your escirate of the percentage af tract type housing designed

by - Acchitects b 3
Building Designers k4
Drafting services %
Contractor smployae z

Ochar (speclify)

What percentate of homes in your area are “splic-level™? (Split-level:
two or mete [loor slevations approximately onc-halfl story spart in
height) 1

AND FLODR FRAMIN

1.

Are aay systeis other than wood fraae used for floor and roof framing?
(Specify) farerial

Roof: X used

rloor: L used

Are reef tt;ll designs .:.mu,- engincerod by the fabricater?
e

What is the weight renge of roofing matarials used?
Macterisl Het

Neaviest pst
Lightest (.14

vi-85



4, 1% Bluwhing between sood (raming membera voquined at
Koal Yoz No
¥loor Yos No,

S, Listed in desconding order of uge (mout conman firse} wiat sheathing
material. arc uscd?
Ronf Floor

6. ‘hat specics and grade of lumber are most commonly used for roofl and
floor framing?

Ruol Floor
Species Crade Species Crade

7. Are you familfar with the terms roof and [loor diaphragns? Yes __ Wo __
At what sire building do you aluiost alwvays require they be designed?

8. What perceataged of roof framing weilizes prefabricated roof trussce?
T

P

MALL FRAMIRG

1. Please list the types of wall framing 4nd exterior finishes uied in
your arca with your «stimate of the percentage of tract type homes
bullc using thac system. (Examples: Brick Masonry, Block Masonry
with or without interior furring, wood studs with all walls veneered,
wood studs and [iberboarzd, ctc.)

Materipls Porcontsie
A.
[
[
b.
[
r.
[

2. What cypes of incerior finfshes are commonly uied La your arca?
pacerials Parcencope

[

|

¢.
b.

k.

3. Are sasonry excerior walls in resfdential construction
A. Fully reinforced
8. Fartially reinforeced
€. Unreilaloreced

Ot ———ee e,
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Are atl maconcy walloed howses (osterior and fntevior) betit vith aay
frequency b your arca?  Yes No

5. Do you requive dowele to the [ooting to mateh vertical seinfurcing

in A. Kesidence Yoo __ WMo
B, Cowei-ccial Bulldings Yos Ne

6. Spreics and grade C(or wuod studs ara

7. Ars mcthods of sttachment of wood stud wall finish matertial specificd
ia your codc? Yes o
If yes, do these xcquircments pertain o resldenced? Yo ___ Mo
By your bent estirare, sre thesa requirements met in the field (for
resldences)t Yo e

8. What type, size and spacing of sill plate sttéchmant (to foundation
or slab) do you require?

9, Althouzh this quascion 1s dLfficult to mecimete, we aok your indul-
gence. For the average one-stery house and the averaga two-atory
hovee, 1£ a horizontal line vers Jravn across the froat and rear
elewstions (first Zloor for two-story) such that as much of the line
ae poasible crosmed windoun, doots and other Openings, what péccent=~
age of the 1ine would ba across such ocpanings?

gne-peory Twp-story
faax Elevation
Front Elavatlon R

ECUNOAT]IONS

1. Are »lads on jrade uvsed ia your ares? Yes o
1£ sa, vhat is requirad chickness?

Are they tequired to be veinforced?
Tyee of vsinforcing?
2. WVhar percentage of homes fa your sres have basemencs? 1
Ave bascment wlls - Concrete
Mesonty {type)
Gcher {specity)
s reinforcing steel required! Yes L]
Vet reinforcing?
3. What (s minimm size footing Tequired?

Pne-ytory Iwp-pepyy
Pepth below grada:

Width:
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. ¥ §5 froct Line depuh?

3. Ave oxtorfor footing: normally
A, Full widith pour
B. Footing and [nocing wall
C. ocher (Spreifly)

é. Ix reinforciag normally requived in fpotings? Yes Mo
1I so, what ang vhere

7. Are houses Irequencly built in your azes wilh tha loveat atory eone
half story below grade? Yas

Are one or wote sides Srequontly at grade when this tonstruction

is used?

MWill you include, plcasa, any "hand-cut' shacts or orther information
Pertaining to resideniial construction, firsplace conptrvction, foundatices
requiroments, etc. which your deparctmont urilizes?

SPECLAL CONDITIONS IN YOUR AREA -~ OR OTHER COOMENTS --
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DYNAMIC TESTS OF STRUCTURES FOR OIL TANKS AND NUCLEAR POWER PLANT'S
by

Seiichi Inaba
National Research Center for Disaster Prevention
Science and Techneiogy Agency

ABSTRACT

In Japan, it is necessary to build an increasing number of nuclear power plants in
order to overcome the cnergy problem. Also, an increasing number of large oil tanks have
been Luilt in order to increase the amount of standard crude oil, It has, 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 circumstances, several dynamic tests of plant structures have
been conducted by using a large-scale shake table of 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 Ta2ste; Muclear Reactors; Oil Tanks: Power Plants;
Shake Table, ) ) ' ' ¢ e

vII-1



Introduction

A large-scale shake table, of the NRCDP, was built in 2970. Since then, a number of
vibration tests on structures have bsen conducted under a joint research program with
engineers of other research crganizations. Most of the dynamic test projects have been
related to problems concerned with soils, soil-structures, and soil-structure interaction.

Some of the test regsults have been reported at a previous Joint Panel on Wind and Seismic
Effec%q.

Dynamic Test of a Graphite Shielding Structure

The dynamic test of a graphite shielding structure, used for fast ceactors, was
conducted by the Power Reactor and Nuclear Fuel Development Corporation and the Building
Research Ingtiture in Sune, 1971, using the large-scale shake table of NRCDP.

The graph.te shielding 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
o graphite shear keys, and the cutside rows of the blocks are linked by st:¢l pins to the
safety vessel.

Aseismic stability of this gtructure was to be obtained directly from the vibratjon
test, pecause it is difficult to theoretically analyze structures with many gaps. 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 in outer diameter, 2270 mm in inner diameter, and 1067 mm
in height.

The model structure was tilted 30 degrees 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 displacements of the blecks, and accelerati~ns of the graphite blocks ware made
throughout during the tilting test and the vibraticr test, After completion of these
tests, an ultimate strength test was conducted by applying static loads, to determine the
ultimate strength of several raphite blocks of 1 or 3 layers and 3} rows connected by the
shear keys and pins.

The results of the ultimate strength test showed that the ultimate limit acceleration
of the blocks correaponds to the collapse mode around the pin hole, (the limit accelera-
tion for the pin) this limit acceleration was 52.4 g and the ultimate limit acceleration of
the blocks, corresponding to the collapse mode arcund the key way, {the limit acceleration
for tha key) was 57.3 g.

The teqults of the static tilting test indicate that the limit acceleration for the
pirn kay were 31.8 g and 56.9 g respectively, as obtained from the measured stress values due
to the lateral force of 45° inclination. Ther:fore, the stress concentration on the model
structure for the actual numbe:r of rows was qreater than that of three rows. The dynamic

amplification was determined frou vibration tests data, and the values for the pin and for
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key were 6.8 and 3.5 respectively. Thus, the limit acceleration for the pin was 4.7 g
and that for the key was 16.3 g. The vibration test of the 1/2 scale simulation model
shows that the limit acceleration was 4.7 g, which is equivalent tc 2.3 g on the proto-
type structure according to the similarity law.

The results of the response analysis of the reactor building and the safety vessel
supporting the graphite shielding structure indicate that the maximum response acceleration
of a dedign earthquake (0.15 g at the base of the building foundation) was 0.43 g at the eleva-
tion of the graphite shielding structure.

From these results, it is cconsidered, therefore, that the graphite shielding structure
was ascismic. The safety vessel had high stiffness and the earthquake rasponse of the
vasael was uniform in the vertical direction. The effect of insufficisnt number of layers
for the model can be ignored. The design of the graphite shielding structure can be
applied to other areas of greater earthquake design for this reactor, if the rin is rein-
forced.

Dynamic Test of Fuel Assembly for Nuclear Rearctcor

The fuel assembly of a nuclear reactor is cne of the most important parts of the
reactor, as it contains the boiling water, and thus it is ne:cessary to evaluate its dynamic
characteristics. The dynamic test of such a fuel asszerhly, was conducted by Hitachi and
the NRCDF in June, 1%74.

A unit of 4 fuel elements was used for the test, and had a dimension of 4,500 mm in
length, containing 49 fuel rods inside the channel hox with dimension of 138 mm and 2.03 pm
in thickness. The model fuel roda were made from lead, which had a density approximately
eguivalent to that of uranium dioxide. The four fuel eslement unit was fixed toc the
supporting system inside a steel tank, which had a dimension of 800 mm in diameter and
5200 mm in height.

The lateral vibration forces were applied at two »~v zontal diractions O degree and
45 degrees. Thase angles were between the side of the fuel element and the direction of
the dynamic force. The influence of the inserted control rod insert and the gap betweern
the fuel slements was studied. The effects of the boiling water inalde the reactor core
were also examined by £illing 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 chanuel fasteners (designated as a spring joint) wasg fixed by a spring in
the original design. The tests were conducted using a wedge type fastener in order to
study the influence of the fixed supporting system (designated as a pin joint).

The dynamic respcnse of the structure was measured by accelerograms attached to the
fuel assembly, tank, and the shake table. Sinuscidal waves, with a frequency range between
3.0 and B.0 Hz at a sweeping speed of 0.025 Hz/sec, were induced for the vibration tests.
The input accelerations were between 0.1 g and 0.3 ¢ and were chosen in order to test the
influence of the various vibrational forces on the response structure. The design earth-
quake response waves, chbtainea from 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 resalts,
when considering high to low fregquencies. 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 that of the direction of table vibration.
The measured accelerations during the 45 degree vibration test was smaller chan those
during the vibration of the 0 degree test, with .he difference becoming smaller between
the test values, as the vibration force was increased. Tne dynamic amplification ratio
was greater for the O degree test than for the 45 degree vibration test. For the teBts with
the spring joint system, the rescnant frequency became higher and the amplification ratio
increased with an associated increase of the applied force. 1In the case of the pin Jointed
system, the amplification ratio of the elements was constant even when the 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 the 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 the control rods can cause damping, and thus will reduce
the dynamic response due to earthguake. The amplification ratio obtained from the earth-
guake vibration %ests were between 1.1 and 1.3, 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 assambly, without control rods and with the force direction at 0 degrees. The non-
linear characteristics of the fixed joint system caus«s no problem on the response analysis
dunder the comparatively greater design accelarations and also when the fuel assembly is

submerged into the water.

Dynanic Test of Thin Shell Container Vessel

The container vessels for the nuclear reactor are shell type vessels with additional
structure elements inside the wall. It is generally assumed that such vessels will show
a complicated dynamic respinse " : to earthguakes. The dynamic test of a model thin shell
container vessel was therefore conducted by the Hitachi and the NRCDP in July., 1974 after
completion of the fuel assembly act.

The model structure was domed shaped and had a dimension of 2400 mm in diameter, 3600
mm in height and 2 mm thick, and was made of vinyl chioride resin. The model had a*
circular flange bonded to the bottom of the vessel which was then bolted to the large-
scale shake talblle. The model container vessel haa supplmentary weight inside the shell
wall and a stiffener belt ocutside the vessel. ‘The molel war subjected to sinusoidal
vibration waves forcing out various frequencies and acreleration.

The accelerations of thin shell in the normal direction and the stresses of the shell
in radial and vertical directions were measured using accelerograms and strain gages.

The results of the dynamic tests indicate that the vibrational behavior of the
this shell type vessel simulates beam type vertical vibrations. The resonant frequency

was approximately 19 Hz, which was not inf'uenced by the supplementary weight or by the
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stiffener. In the range of the low frequencles shell type characteristic vibrations were
noted but the amplifications were smaller than thoze obsarved for the beam effact. The
shell response increases the resonant frequencies but reduced the dynamic amplification in
the lower frequency range.

Dynamic Tast of Oil Tank

In order to increase the c>rude o0il regerve in Japan, . is necessary to bulld super-
scale crude oil storage tanks. The dynamic test of a model oil tank, was therefore conduc-
ted in order to confirm the aseismic stabiltiy of floating roof tanks. Such tanks are
considered to be suitable for per-icale oil tanks. Th dynamic test of a model tank was
conducted by Nippon Kokan (.. .) and the NRCDF in February, 1974.

The purpose of the test was to establish the sloshing movement of fluid in the tanks,
examine the stressas in the shell wall, and to design the ageismic floating rnof tanks.

The wave heights of the fluid, the dynamic pressure, the velocity, and the straing in the
tank shell were measured to obtain the dynamic characteristics of the tank and the contained
fluid. Sinusoidal, triangular and rectangular waves were applied for the dynamic test, as
were earthquake simulated waves of six representative earthquakes.

Three model tanks were built on the shake tahle. A cylinder ty/pe model used for a
sloshing test had a diameter of 2860 mm, a height ¢f 1219 mm and a steel plate thickness
of 4.5 mm. The rectangular type model also used for sloshing test had a length of 2000
mu, & width of 1000 mm, a height of 1000 mm, and a steel plate thickness of 4.5 mm. The
third model was a cylinder type which had a diameter of 21390 mm, a height of 214 mm, a
steel gheet thickness of 0.4 mm and was constructed for the dynamic tests. The cylinder
type m>del tank used for the sloshing test was also used to determine +the damping effecte
of a floaring roof with damping fins. The results of the dynamic tests showed that the
stresses in the cylinder wall due to the vibrational force were greater than those
assumed from the analyses. The wall stresses due to sloshing fluid however were less
than the stresses assumed from the analysis. ‘he natural freguency of the sloshing fluid
was in good agresment with those obtained from the theoretical analysis. When sinusoidal
waves representing the natural frequency of 0,5 Hz for the first mode, 1 Hz of the
second 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
phenomencn was cbserved in the range of frequency which were different from the natural
frequencies.

In order to reduce the sloshing movement ~f the fluid surface, dynamic tests were
conducted for the following casess (1) using a floating roof, with fine for damping, (3)
using a flcating with water on the top of the roof. The result of the tests with a floating
roof, showed that the damping coefficient was not different from that of the free surface
fluid. In the case of the teat for a tank with a floating roof with damping fins, the
damping coefficient of the sloshing was three times as much as that of free surface sloghing.
In the case of the teat for tanks with a floating rocf with 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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that the damping fins are quite effective in reducing the sloshing movement.

Conclusicn

This paper has briefly described the dynamic tests using the large-scale shake table
of the NRCDP, and the obtained on structures for nuclear power plants and oil tanks, these
tests are guite important in order to prevent disasters due to the earthquakes.

The oil tank fires, due to the Niigata Earthquake in 1964, and the crude oil leakage
and pollution caused by the collapse of tanks in to the Tnland Sea in Okayasa in 1974, and
the possible Kawasaki Earthquake predicted from data on ground upheaval, have aroused
concern in the field of earthquake angineering and in the aseismic stability of structures
in industrual plants. However the industry and private organizatioins are primarily
responsible for the deaign of such structures and the government institutions can only
requlate the design of such structures. It is therefore necessary to davelop the theoreti-
cal analysis of the dynamic behavicor of plant structures and alsc to test large-scale
strucrture on a shake table. In addition,it is necessary to improve the shake +able,
development of techniques for dynamic tests, and studies regarding simulation and
modeling.

The Resources and Enaergy Agency of the Ministry of International Trade and Industry
has appropriated part of the funds to build a new large-scale shake table in their budget
for the fiscal year of 1975-1976. The shake tabla, of dimension of 30 m square can
support a test structure of 1000 tons and was built for the dynamic testing of structures
for future nuclear power plants. However, there ara still many problems concerned with
the construction of such super-scale shake tables.

It is hoped that by exchanging technical information throughthe Joint Panel on
Wind and Seismic Effects, wany of these problems can be solved.
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SHEET PILE FOUNDATION AND ITS STRUCTURAL
CHARACTERISTICS AGAINST HORIZONTAL LOADS

by

Xenijl Kawakami

Tadyoshi Okubo

Keiichi Xomada

and

Michio Okahara
Structuras & Bridges Divisicn
Public works Research Institute
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ABSTRACT

The general responss of sheet pile foundations, relative to analytical and axperimental
studies, are discussed. Test repults are given, in addition to the development of general
design equations.

Key Words: Foundation; Lateral Loads; Sheet Piles; Structural Analysis; Tests,
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1. 1Introductian

Sheet pile foundations congist of steel piles with joints, driven into the grourd to
form a closed unit. Thia is a8 unique foundation structure and was developed by the Japanese
steel manufacturers. Since this foundation uses steel piles, it has advantuges in that the
work can be mechanized and completed within a shorter period of time and that the dimensions
and penetration length of the foundation can be freely 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 used in 1965, for cthe foundation of blast furnaces,
and was used for bridge ~onstruction in 1969. Owing to its outstanding advantages, the
sheet piling method has been used in the construction of scme 148 foundatinna for 40
bridges, and it will probably be used more freguently in the future. This method has pri-
marily been used for such cases that cannot use cassions or piled foundations, bhecause the
ground and water depth conditions are poor and the dimensiions are large.

The sheet pile foundation is conaidered to be a structure having mechanical character-
istics intermediate between the caisson fourdatijon and pilec foundation. It is therefore,
nacessary to astabliah more efficient design of the sheet pile foundation, by making
further investigations on its mechanical characteristics.

In this paper, we would like to discuss the structure of the sheet pile foundation,
the presently used design methodl), past performances, and the results of in-site experi-
ments. AlsC to be presented will be the results of an anaiysis we have made in an artempt
to clarify the structural characteristics of the sheet pile foundation. The sheet pile
foundation has such complicated gtructural characteristics, that we have advanced only one
step in ity investigation.

We will not discuss the use of the sheet pile foundation for cofferdam, it this paper.

2. Sheet Pile Foundation structure‘l)

2-1 General Definition

The sheet pile foundation is defined as a structura that forms a circular,
ellip:ical or rectangular enclosure with steel-pipe or H-shaped steel piles driven
into the ground. Their heads are rigidly connected, and ithe joints are so treated
that the required horizontal resistance and vertical bearing capacity is developable.
A5 will be seen from the examples given later, it can be said that steel-pipe piles
can be used in many instances. As for the treatment of the joints, they are grouted
with mortar to prevent the passage of water, because the -heet pile foundation ir also
ugsad to serve zs a cofferdam. The grouting of the joints with mortar, although it is
a technically difficult work, is employed because the wveak points of the sheet pile
foundation lies in the joints and its strength can be increased by the treatment of
such joints. Much is expected in the development of efficient joints for the future.
-2 Material

The material that is used for the sheet pile foundation is steel. which has
sufficient strength, quality and sectional characteristics to satisfy its structural
configuration. As a rule, the steel shall be over 8 mmn in thickness. The sheet pile
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foundation utilizes steel piies or H-shaped steel sheets, whose shapes and dimensions
are described at the end of this paper. The shapes of steel piles and joints are
shown in Fig. 2-1 and their 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 AS528 and is as follows.

Steel-pipe piles: Svid

H~shaped steel sheet piles: SY10, 5Y40
The allowable stress intensities for the stecl piling, as given in the chapter de-
voted to surveying and designing in the Specifications 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 some of the piles are driven to the bearing
stratum. These two basic forms of sheet pile foundations, can be further divided
into several types according to the cross sectional contour, number of foundations,
and joint grouting method as shown in Table 2-4.

Ag was mentioned previously foy the well type, all the piles are driven tc the
bearing stratum and the head of piles are rigidly connected by a footing. However,
when the bearing stratum is lacated at a relatively great depth, it has greater verti-
cal load bearing capacity than horizontal capacity. In such cases it is more eccnom-
ical to employ the pronged type, in which some piles are driven to the bearing stratum
while others are stopred midway between the ground surface and the bearing stratum,
thereby reducing the guantity of steel piling.

The sheet pile foundaticns can have such cross sectional contours as circular,
oval and rectangular, as illuctrated in Fi.qg 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 differences 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) ic called the "rigid" type,
in which the inside of the well is excavated down to the kearing stratwn and filled

with concrete.
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-4 _The Development and Characteristic Features of Sheet Pile !"oundatiomu)

The sheat pile foundation was used as & foundation for the First time in conjunc-
tion with the blaat furnaces at the Mizushims Iron Works of Kawasaki Steel Corporation.

In addition, after repeated tests on models and actual sheet pile foundations. this
method was used in the construction of bridges for the first time on the Ishikari Kako
Bridge (Hokkaido), 1969) and then for the Omigawa Bridge {(Chiba Prefecture, 1970) and
the Senbonmatsy Bridge (Osaka City, 1970).

As noted the first application of this method was in the construction of a blast
furnace foundation, with the development and research of the sheet pile foundation con-
ducted by several major steel manufactures. Apart 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 research projects were
conducted, thereby developing the fundamental technigues for its application in the
construction of bridge foundations.

The sheet pile foundation, is considered io have a rigidity close to that of
the caisson foundation, and can be built almost in the same manner as the plled
foundation and is well suited for labor-saving and rapid construction work. This
method has so many advantages, that the Ministry of Construction granted research sub-
sidies to the steel manufactures in 1969, in order to encourage their ressarch relative
to the workability and structural characteristics of sheet pile foundationz. In this
relation, the steel manufacturers took the initiative to form a sheet pile foundation
research committee which included university profegsors and government officials, in
order to conduct the four research pxojectsu) . These prolects were; (l) investiga-
tions on pile driving accuracy, (2) the water seepage prevention, (3) the integrity of
piling and concrete grouting, and {(4) vibration characteristics. As a result of these
studies, the “Specification for Designing and Conatruction of Sheet Pile Foundations”™
was publiched in January, 1972. Although this is a Specification, which was developed
from nongovernment basis unlike the technical standards set up by the Ministry of con-
struction i.e. the Specifictation 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 gheet pila foundation is that the
coffering method can be used. As a matter of fact, this particular type has been
used in most of the shaet pile foundations constructed. Fig. i-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 complete 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
same gtructural material as the foundation body, therefore, it has a very high degree
of safaty. It ies possible to further increase the safety by filling the gaps between
the cross beams of H-shaped steel sheet piles and steel-pipe piles, thereby integrating
the timbering and cofferdam. If the gheet pile foundatijon is to be effective as a
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cofferdam, it is necessary tc have watertightness of the joints, and have a proper
technigua in cutting of the steel pipe piles in water in order to have an efficient
and sconomical product.

3. Designing of Sheet Pile Foundations
3~1 Fundamantals of Design

The basic principles to be considered in the design of sheet pile foundations

are listed below:
(1) The maximum ground reaction on the well bottom and at the distant ends of the
prongs of sheet pile foundations must not exceed the allowable bearing capacity
of the groundat the given peosition.
{(2) The shear resistance on the well bottom of a sheet pile foundation must not
exceed the allowable shear resistance between the well bottom and the ground.
{3) The displacement of a shect pile foundation must be considered, by considering
the allowable amourt of displacement that is determined in relation to the
superstructure.
(4) The intensity of strees, in the varicus partse of a sheet pile foundation,
must not zxceed the allowable stress intensity.
(5 Since the horizontal resistance (7 a sheet pile foundation is treated as a
bheam on an elastic foundation, as in the 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 displacemant is large and
natural frequency 1s long, it is preferable, if the respor.ible engineer deems
it necessary, to make a dynamic analysis, such as analysis w:ll take the super-
structure into cansideration, 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 Highway Bridges" and Chapter 3 "Loads”
and Design Conditions to be Considered in Earthquake Registant 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, buoyancy, effects of temperature changes, effects of earthquakes, show load
(] 15

3-3 pllowable Vertical Bearing Capacity

The allowable vertical bearing capacity shall be determined, taking into consid-
eration the degree of importance of the structure, as follows;

{1) Vertical locad test

(2) The formula for statical bearing capacity

(3) Estimated 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 merely one formula, should be used s0 that a comprehensive 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 frum the statacal formulas
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 3-2. The
symbols used in Table 3-2 are as follows;

Ra: Allowable bearing capacity of a sheet pile (kg)

S: Safety factor
Lenyth of penetration of well {(cm)
% : Length of prong (cm)
U: External circumference (cm)
U : Circumferential length of prong (¢m)
n Number of sheet piles forming the well
n : Number of prongs

qd: Ultimate bearing capacity of the ground at the distant end of sheet pile
(kg/cmd)

f: Frictional force on the circumferential surface of well (kq/cmz)
f : Prictional force on the circumferential surface of prong tkg/cmz)

3-4 Horizontal Resistance

{i) Flexural rigidity

The flexural rigidity is considered to vary according to the treatment of the
joints between the sheet piles, the treatment of the heads of sheet piles, the
type of s0il, 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 n
1 1 2
E_ = E{ LI + WAy v3) (3-1)
I . i
i=] i=1

where
E: Elastic modulus of sheet pile {2.1 x 106kg/cm2)
I: Moment of inertia of sheet pile foundation tcm4)

Ii: Moment of inertia of i-th sheet pile (cm4)

n: Number of sheet piles
Ai: Secticnal area of i-th sheet pile (cmz)
yi: Distance of i-th sheet pile from the center axis of sheet pjle foundatior

{cm)
v: Composite efficiency of sheet pile foundation (0 to 1.0).

The reference values are shown in Table 3-3,
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(1i) Coefficient of ground rsaction
The cosfficient of the ground reaction, is deiinsd as the split line
gradient of the load-displacement curve. That is,

k=& (32
T )

where
K: Coefficient of ground reacticn (kg/cn3)
The ground reaction coefficients include horizontal ground reaction
coefficient {l&[) , vertical ground reaction coefficient (Kv), and hori-
gontal shear spring coefficient (Xs).
F: Load intensity (kq/cmz)
y: Amount of displacement (cm)
(1) Method of estimating the ground reaction coefficient, in the wall type of
sheet pile foundation

© Method of estimating the horizontal ground reaction coefficient

Rap = Fuol35) ¥ - 1as KyoB % (3-3)
whers

,&113 Horizontal ground reaction coefficient (kg/an)

KHO: This is the horizontal ground reaction coeffi_ient (kg/mB) which is
squivalent to the value obtained by ths plate loading test umsing 30 om
diameter rigid disk and can be expressed by the following formula in-
cluding the 20% share by the side.

KHO - ‘Toa u.BO = 0.040 CIEO
B: Load width (om)
E : Modulus of deformation of ground 9kg/cu\3) measured or estimated by the
methods shown in Table 3-4.
a: Coefficient which are used normally or at the time of earthquakes.
Shown in Table 3-4.
© Vertical ground reaction coefficient

4
Bv.” 3 -4
Kvl, sz - KVO(E) = 12.8Kw3v k] {3-4)
vheze
Kv].' Coafficient of vertical ground reaction at the well hottom (kq/clsl
K1 Coefficient of vertical ground reaction at the prong end (kg/cla)
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K__: The vertical ground rsaction coefficient (kg/cn]) equivalent to the
value obtajined hy the plate loading test using a 30 om diameter disk and
can be obtained by the following formula.

1
KVO - 30 [+ Eo 0.033 Bo

an Equivalent load width of foundation (cm), which can be chtained by the
following formula.

Bv = Av

E : Modulus of deformation of ground measured or estimated by the method:
shown in Tabla 3-4 (kq/ms)
a: Coefficients to be used normally or at the time of earthguakes. Shown
in Table 3-4.
a_: DBase area surroundsd by the outer and inner circumferences of the
foundation (mﬂ)
when the grouxd beneath the base of the sheet pile foundation changes in the
direction of the depth, or when there exists a particularly weak stratum, the foullowing
should be considered;
© Horizontal shear spring coefficient

K =AK]1
| ] v

x'e shear spring cosfficient of the well bottom (kg/‘cmB)
(iii} Calculation of horizontal resistance
Assuming the shest pile foundation to be s beam on .n elastic foundation, its
horizontal resistance shall be obtained by Lhe following formula.

d‘
51—1‘- - -ky {3-5)
ax

whare
k: Horizontal ground reaction coefficient (kq/cl\3)
¥: Amount of displacement (cwm)
x: Depth from the ground surface (cw!

Both the well typs and the pronaed type of the sheet pile foundation sghall be
such a structure that there exist a horizontal spring, vertical spring and shear spring
on its front, side and bottom. Furtharmore, in the case cof the well type, the bottom
shall receive a vertical ground reaction proportional to the vertical displacement and
a shear resistance proportional to the hc-_izontal displacement.
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When the penetration length is short for its rigidity, and the shear deformation
is 80 large in amount that it cannot be ignored, the foundation must be designed by
taking the shear deformation into consideration.

{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 shown in Fig. 3-1.

d‘yo
EI =0

dx

4 (3-6)
EI : YI P

d x4

where

P-Esyl-K‘le (cm)

D: Load width of sheet pile foundation (cm)
Yor ¥y® Displacement {cm)
The following are the general solutions to ejuations {3-6).
Yor the part above the ground
- Ao x3 + Bo x2 + C° X + DO

Yo

For the part under the ground

{(3-7)

Y, = (A 1 sin fx + Bl cos PBx)

Bx

e (Cl ain Bx + D, cos Bx)

1

The unknown constants can be detexmined by substituting the following

bourdary consitions into the general equaticns;
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z=-h

'E:")vc»lI = -Mg

'Elyo'" = -Hy

=0 :yo=¥lL Yo' =y
Yo'r ¥1"s Yo" = y1™

= 4 :-El" =Ky 1y

-E[yl"l = -Kg A'v 2]

r 3-8

However, when a tensile force is acting on the well bottom, the solution must
consider Il (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 in the vertical 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 exceeds
0.5, the equation (3-9) shal: be used and when it does not exceed 0.5, equation
(3-10) shall be used.

g = vo + Mo y (3-9})
nl Ao -~ I
. 7
o = Yo Mo + =) (3-10)
n1 Ao - 3z, 2

0: Stress in*ensity in the vertical direction (kg/cmz)

V_ : Vertical force working on the top of the well (kg)

Aoz Sectional area of a sheet pile (cmz)

M : Moment working on the top of the well {(kg/cm)

I: Moment of inertia (cm‘) with corsidering the composite efficiency (W

y: Distance (cm) from the central axis of the well to the point where stress is
calculated

n,: HNumber of sheet piles in the well
21: Section modulus of each sheet pile (cm3)
ziz fection modulus cf the foundation when U = 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

4. Past Pile Foundation Construction Projects 0.5} 0.93

important examples of sheet pile foundations, constructea pricr to January 1975,

are 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 sectiora’ timsnsions, sheet pile di-
mentions, number of foundations), the type of sheet pile (typc, 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
foundations. Table 4-2 shows the cases in which steel-pipe piles were uused@ in the con-
struction of blast furnace foundations and other foundations. There are 14 cases and 59
foundations. Table 4-3 shows the cases in which H-shaped steel sheet piles were used.
There are €& cases and 32 foundations. A total of 148 sheet pile foundations were con-
stcucted for 40 bridges. As seen from thege cases of sheet pile foundation projec.s,
steel-pipe pPiles were used for most cases. There were very few cases in which H-shaped
steel piles were used, and almost none in recent years. It is also noticeable that there
is an increasing number of the cofferdam type, which is an important characteristic
feature and merit of the sheet pile foundation.

Figs. 4-1 through 4-4 show the histoqgrams, obtained from the data given in these
tables. Fig. 4-1 shows a histogram representing rectangular or ovual sheet pile feundations,
using their largest width. Of the bridge foundations built with steel-pipe piles, there are
16 such foundations rangirg from 10 to 15 m in width. Fig. 4-2 shews the circular-shaped
sheet pile foundations, arranged by their diameters. In this instance, these are the only
cases in which steel pipe piles are used. The foundations of this type, range from 5 to 10
m in diameter, and are used most often for bridges. There are as many as 30 such cases.
Fig. 4-3 shows a histogram arranged by the sheet pile 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 number are the steel-pipe piles rangirg

from B0O to n2ar 1000 mm in diameter. As many as 57 fourdations fall intn this category.

5. _In-site Tests of Sheet Pile Foundations

Tables 4-1 through 4«3 show the sheet pile foundations which were constructed in the
past and in=site tests {(loading tests, vibration tests, in-site measuresments 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 Omigawa Bridge, in which
axtensive 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 5-3 shows the load-displarement curve.
The load was imposed in a horizontal direction around the middle of a bridge pier. The
displacerent measured was located in the horizontal direction at the top end of the bridge
pler. wWhen the load was 200 tons, the displacement was about 13 mm. It is noted that the

curve is essentially straight, and it can be said that the test was conducted withir the
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elastic limits. Fiq. 5-4 shows the load-angle of slope curve. The angle of the slope was
measured at three points, that is, the top of the bridge pier, the top end of the top plate,
and the bottom of the top plate. Fig. 5-5 shows the distribution of strains in t*- bridge
pier. Fig., 5-6 shows the distribution ¢f stresres in the sheet pile well. Fic. =7 shows
the horizontal response curve for the top of the bridge pier. The natural fre,iency during
this time was about 6Hz. Fig. 5-7 shows the vertical response curve for the bridge pier.
The natural frequency at that time was about 4.S5H=z.

6. Joint Characteristics of Sheet Pile Foggﬂations‘e)

6=1 Purpose of Joint Strength Tests

The sheet pile foundations consiat mainly of steel-pipe piles driven into the
ground to form a circular, oval or rectangular enclosures, with the plles 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 from 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 as In
the case of the main pipe piles. The analvsiz of such a system taking into account
the joint characterist cs, is obviousgly an important item to be considered in designing
sheet pile foundations. As was discussed in Chapter 3, the moment of inertia of the
entire foundation is evaluated by the use of the “"composite efficiency”, and then
assuming the foundation to be a beam on an elastic foundation. This method is very
advantagecus, due to its simplicity when the length is sufficiently large in comparison
to the diameter. However, as the ratio of diameter to length approaches 1, it is
difficult to apply this method of solution. This is because che shear deformation of the
jaint is ignorned.

In order to consider the joint characteristics in the design of a sheet pile
fcundation, it is necessary to know the shear streangth characteristice of the joint.
There are various tests that can be performed to evaluate the shear strength of the
joint. Two such tests have beun conducted, as will now be described. 1In one test,
three piles wire connected in parallel and a punching lcad was applied to the middle
pile in order to maxr a direct measurement of the shear strength of the juint. 1In
anothev test, two piles were comhined, one on top of t° other to form a beam and a
load is then concentrated in the middle therecf to determine the shear characteristics
of the joint.

6-2 Direct Shear Test

As shown in Fig. 6-1, three pilies were connected in parallel, with their joints
grouted with mortar and a punchinj leald 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 tests vere pipe type and the
CT type joints, which are shown in Fig. 6-2. The fracturss considersd are s illus-
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trat=d, assuming the fracture of the joints to be the minimum area of contact, between
the joint material and mortar. (The bond strength of mortar is sufficiently small
compared with the cosmpressive strength).
The results of the tests conducted on the pipe type joint will now be discussed
Relative to the fracture of the pipe type joint, the shear s*rength per unit
length ¢ and the shear stress per unit area can be easlily calculated by the following

formulas.
P
0 (kg/cm) = 2L
{6=1)
2 P
Tikg/ea) = FupL
where:

D: Joint pipe diameter {cm)
L: Joint pipe length (cm

The results of the direct shear test will be graphically shown as the relation-
ship between the superimpoasd load P, shear strangth per unit length Q, shear stress
per unit area T and the amount of displacement betwsen the joints. The amount of dis-
placement and deformation between the joint and mortar, where they are in contact with
each other, increased almost linearly until the )oad reached about 25 tons. Thereafter,
i* increased sharply and ruptured when the locad was increased to about 50 tons. This
qccurred vhen maximum shear strength O and maximum shear stress T weres about 250 kg/om
and 5 kq/cmz, respectively. The compressive strength of the mortar which was used to
20" 180 kg/cuz. 5 R
Assuming that the mortar's Young's modulus is E = 2,1 x 107 kg/con , the modulus

grout the joints was ¢

of rigidity of the standard mortar G therefore is as follows;

5
G = .“:W) = 2'1"10 - 0.3 x 10° kg/cm’ (6-2)
2(1+g)

Howavey, from the test results, the modulus of rigidity G' can be calculated
using the shear stress per unit area T and the amount of displacement of the joints

1.0

—— =247 x 10* kg/cm® =
1%1073/24.7

a1y = {6-3)

S _
3.64

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 mortar.
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6.3 Bending Shear Test

Ag 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 were also used in the direct shear test.
The results of only one of the tests will be given herein due to space limitation. The
relationship between the shear =t .. 41 in the joint and the rate of decrease in the shear
stress for the condition of . rigid connection is obtained from the test results. There-
fore, a method which gives such a relationship obtained from the load-strain curve and a
method of obtaining the information from the load-strain distribution in relation to the
shear strength transmission coefficient & will be presented.

(1) A Method ¢of Obtaining the relationship from the Load-strain Curve

The shear strength transmission coefficient a is defined as follows:
r(kg/cm2) = ar (0 a =1) (6ma)
in which T is the joint shear stress in which the rigid connections are imperfect,

and 1" is the joint shear stress between the two pilea with rigidly connected. The

moment of inerria I° would be as follows;

lo = 21t + 281(~3—)” 3 = arg? (6-5)
whare:

A': Sectional area of a sheet pile (cmz)
I': Moment of inertia of a sheet pile 4cm4)

When a concentrated load P is imposed in the middle of the beam, the uefiection
of the centerpoint & can be obtained as follows;

i) a = 0 (No joint connection)

96 ET' (6-6)

ii) @ = 1 (Perfect rigid joint connection)

p 3
"W EL (6-7)

{ii) 2 < a < 1 (Imperfect rigid join® connection)

4
The g L. ALZ
2 Is

[S—
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Prom the equilibrium of moment

dMm d P 1 .. P_
—J;-'Q-rﬂ-z—'-i—{(l-z)?-*!-t;}' 25
where:

. 1
by -

u'ﬂ

At this time, tha daflection of the center point is

rPg' .
b -sEm P

the joint shedr strength Q is

P
Q- 3y

Thus, ws can cbtain the relations of P, 4 and a.

(6-8)

(6-9)

(6-10)

{2) A Method of obtaining the Relationship from the Load-strain Distribution

ASsuming two cross sectional strain distributiona of the composite beam, that is,
when the joint is imperfactly connected and when the joint is perfectly connected, the
joint shear strength Q and the shear transmission coefficient a can be obtained as

follows:

Pig. &-5 Strain Distribution

Q.f. Euds

o is determined frow the strain distribution iz defined as folilows
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{(6-12)

As shown Above, the shear strength transmisaion coefficient a can be obtianed by two
different methods from tast results.

The bending test is illustrated in Pig. 6-6. IR this test, the joint was a
pipe type, and the relative size of the joint for the main pile is larger in comparisnn
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 experi-
mental curve is approximately midway between the calculated values, in the case o!.
rigid joint connection, and of no joint connection. When the steel material begins to
yield, (the ctresc is about 2400 kg/cmz). the deflection increases substantially com-
pared to an increase in load. Fig. €-8 shows the load-deflecticn 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 occurs but
as the load increases, the upper and lower piles gradually begin to show an independent
strain distribution.

The relationship between the load and the shear strength transmission coefficient
is shown in Fig. 6-10. The s0lid line, in this figure represent what was obtained
from the load-strain curve given 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, bux 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 vaiues 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 rearly 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. The average of the load-shear strength transmission
coefficient curves, obtained by the tests, is represented by the cu ve shown in Fig.
6-11. To obtain this curve, the shear strength of the joint (the shear strength
when the jeoint is rigidly connected) was obtained assuming a joint fracture and it was

replaced by the load.
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7. New Approaches ta Structural Analyeis for Horizontal Resistunce of the Eheet Pile

Fo 'ndation (5)

7-1 Linear Interpolation Hethod(G)(7)

(1) Method of Analysis

The method of analysis to be used is based on the curve given in Fig. 6-11 which
was obtained in the preceding chapter. The analysis of the sheet pile foundation wit)
rigidly connected joints is abtained by U.L. Chang's formula. This formuiz is obtained
by the group of piles methaod when the joints are not connected. They are 'inearly
distributed by the shear strength transmission coefficient 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 assumred to be rigidly connected.

The section forces of the sheet pile foundation when horizontally loaded can be
obtained as follows.

(1} Section forces when the joints ave rigidly conne:ted

- H
,~n’| + ‘F‘l’l

A= 11/ E’l/ (E!} {7-1)

E =Ky (D1 d)

Eal

I: Moment of inertia of the entire sheet pile (cm4)
Ii: Moment of inertia of an individual pile (C‘m‘)
Ai: Sectional area of an individual pile (cmz)
Yy ii;:a?zzlfrcm the centroid of the whole piles to the centroid of the i-th

The cection forceg of the whole piles at an arbitrary point is

i B
M (z)=— oxp (-4 1) {Hq (cosf t+eainfd 1) +;: sinf zf (7 2)
3, 2)= wap (—Az){H, (cosff 2z~ einf z) - 28 M singd z)

The bendiny moment, as.al force and shear strength of an individual pile at an

arpitrary poinc are
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1 (1-3)
Nll =‘; ,.".|(']

I +x
5, == 7 > S, {2)

where :

Li) Section Forces When the Jointa Are Not Connected
Analysis shall be made by the use of the group pile displacement method. The
analysis can be made by determining the footing displacement .
If
=4E1 2}
=2El 57k,

e
L. ] -

x (7-4)

L

I

|
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';.

me o
"
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-
I
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.

N
a
~
-
[
~
-

wa obtain
K, 0 -k, . B, (7-5)
0 X, 0 Lt =47,
%K, 0 L1 [ ’.' J+ ‘K1 “ ~.

Hence we can determine the section forces of an individual pile at an arbitrary
point from the value of

{0, 0, 4}7
Y - , P8
p, = tep (=F ) (PN, {cosfyr +8ind,2) $—2t sinf, 1
M, = PN ﬂ, (7-6)
[ 1 9
5, == erp (- A2) (P, (cosfz—sinf ) ~ 24PN Sinfyz )
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where:
P”.o:”o/‘ "
P‘uu == ‘J‘- + Kaao

(7-7)
PN:U;KS‘J,‘*’, d’)

(iii) Section Forces When the Joints are Imperfectly Connected
The section forces can be obtained by the use of a, and thus linearly
diatribute the section forces of an individual pile at an arbitrary point which
have been determined by (i) and (ii).
M =aM + (1-a) N,

1

A=alN 4+ (1—a) 5. (7-8)

S —al, + {1—-a) S“

In this case, where the linear interpolation method is used, the shear stress of
the joint is needed for determining @ and it is necessary to take a representative
value at the section. In determining the rcpresentative value, a value of 2/1 of
the maximum shear stress is assumed, and the sectional 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 were obtained by use of the

method given by the present specification m

(two mathods using the composite
efficiencies Of 0.5 and 1.0), the group pile method, and above-mentioned linear inter-
polation method giving a total of four methods. The comparison of these are shown in
Figs. 7-1 and 7-2. 1In Fig. 7-1 the horizontal force is 160 tons and in Fig. 7-2 it
ie 25- tons. Apart from these values, the analytical values are compared with

the measured values for the four cases. From such results, it can be said that the
linear interpolation method produces values considerably close to the measured walues.

7-2 Analysis, With Consideration of the Relative Displacement cf Piles

(i) 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;
(1) The intersections of the plane A'-A' and the center lines of the piles
are or a plane B-B. This makes it possible to treat the entire 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 assumptions. If the displacement of
pile at an arbitrary point is represented by u and w, or;

.= ‘g

v=w,—br— (u; —u) ¢ (7-9)
where:
u e W Components of cisplacement in x and Z directions

uc‘ : Differentiation for 2

The coordinate system is shown in Fig. 7-4.

The direct atrain ez and the shear strain sz are

l.=-;—"{:—l)—-:£ }

’
rll_..—.

(7=-10)

The formula of ecuilibrium is derived from the principle of wvirtual work as
follows.,

x= 2z z
/ / (o 80, 4r,,8r,.) waae +/ ’ !‘Hdz—/\ S PP
T, A z z -

_(.._/: (3,0m+5,, 90) 443.: =9

{7-11)
where:

: Ground reaction
P : Distributed external force working in direction
surface force working in 2 and x direction at the sections of both ends

v, : x-direction component of the outward unit normal line vector of the
sections of both ends

Transforming the equation (7-11), the differential equations of equilibrium
exprassing displacement can be obtained as follows:

-(EHI:]'_O
— B 3 {GAG, —0) ) — kg +p,=0 (7-12)
— (EF*"Y —GAte]~0) =0
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where:
I*: Moment of inertia at the gravity center due to the axial force of pile
Ip: Total of moments of inertia of all piles

I1f the displacement § is eliminated from the equation (7-12), the fullowing
differential equation of equilibrium with respcet to the displacement is obtained;

! El (6) A r () ! 7-13
— ¥ -
LA -8 + ! ).o +—“0 h‘o - P‘ { )

{ii) Selac:ion of Modulus of Elasticity

Tl nodulus of elasticity E is assumed. 2.1 x 107 (t/cm2) for steel.
The shear modulus of rigidity is assumed 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 sheir deformations of the joint and
the main body of pile are represented by Tc and Yg, respectively, then;

r = "‘
'—G‘
£
. gD {7-14)
J'PGA

whers:
Gc= Shear modulus of rigidity of material of the joirt
G-= Modulus of rigidity of whole pile
The equivalent shear modulus of rigidity G can L@ determined by the use of
the eguation [7-14) as follows;

) PP, A=A + A, (7-15)

(1i1) Application of a Simple Case

An application is made relative to _an experimental specime. as illustrated
in Plqg. 7-6. The juin: is grouted with cement paste, because the model is
small is size. Thers ars two models, one of them uses three piles and the other
six piles. The model is assumed to be placed in the air, and the pile heads are
hingai &n4 the bo.toms are rigidly connected and a horizontal lcad is applie” to
the hea<.

in obtaining the general solution to the equation (7-13), if the spring
constant of the ground k 18 0 and the x-direction distributed external force Py
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is O, the equation {7-13) can be rewritten as follows;

.O(t) L OM -0
fGace (1% + 1) (7-16)
" e -
4 EI*EIP

The general solution to the equation (7-14) is

vt A€ Lyl 4 o + Cocosifs + C xinkfz (7=11

The boundary conditior feor the hinged head is obtained by assuming it to he
in the vertical and horizontal divections and rotation. The angle of rotation
at the end of pile and foi the pile ar a whole are nct the same, Lecause the
piles are displaced in relationship to each other. From such boundary conditions,
the unknown constants Cl..C6 can be obtained by solving the six simultancous
egquations given in Table 7-1.
{iv)} Calculation Results

The displacement of the pile head and the stress 11t :'n2 pile body were
calculated by varying the shear modulus of rigidity of the joint. The following
moduli of rigidity were used.

{G) G¢ = Gg: The equivalent shear modulua of rigidit:., when the secticn of the
joint is assumed to be made entirely with steel

(G) G == ;: Infinite 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 o rigidity obtained by method (iii)

In Fig. 7-7 the ratio of {(equivalent G) to (G) G¢c=Gs is plotted on the
horizontal axis and ratio of (uol to (uo) G = @ on the vertical axis. If the
damping rate for Gc (shear modulus of rigidity of the cement paste) is taken
at 1.0, the abscissa would be 0.45. Alao uo/(uo) G = ™ would be 1.02, 1.075,
1.080 and 1.375 when N (number of piles) = 3 (=1.615m), N-1(£=0.7m) and N-6
(£=0.7m), The bond rigidity 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) Ga=Gc would be 0.19. Thus, from Fig, 7-7, uofluo) G = ™ would be 1.025,
1.110, 1.125 ¢1d 1.5735, respectively.

Analysis with Consideration of the Bending and Shear Deformations

(1) Derivation of Basic Formula
A model is constructed as shown in Flg. 7-8, which rapresents 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

oy }
(7-18)

= -0z
-,

The direct strain Ez and the shear strain sz can he gbtained by use of the

LIRS
r,, w0 (7-19)

equation (7-16) as follows

From the principle of virtual work, the equation of quilibrium can be obtained

as follows

Iy x
./, s (Ula(‘ + ., l’r.‘ ) d Adr +/ ! g duds —f ‘1 P, dudr

L '
- - —_ 1
_'k"“/‘\(l.dw+f"du) da) ' =0
b
(7-20)

From the equation above, the differential equations of equilibrium expressing

displacement can be obtained as follows:

- (Eawy'= ¢
{GA (e~ 0Y ]} " by +p, =0 i

(—E18Y ' —Gatu = 0) =0 (7-21)

If the displacemerit 9 is eliminated from the equation {7-13), the fsllowing

differential equaticn of equilibrium 'n relation to the digplacement is
obtained;

El
— Kl o, __ [ T =
ugy +G,{ Ky .y P, (7-22)
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(ii) Application of a Simple Case

Application of these equationas is made relative to an experimental specimen,
a. illustrated in Fig. 7-6. The shear rigidity of the joint is determined by
use of equation {7~15), 1If, in equation (7-22), the spring constant of the
ground k is). and the x-direction distributad external force Px is 0.

3 =0 (7-23)

The general solutior will be

2 3
Mo Cl + sz + C3Z + C‘Z (7-24)

However, the unknown constanta CJ. ~ C 4 Can be obtained from the boundary condi-

tions as follows;

]
Pt Pt
Cl = — ‘- —
3E] GA
€. _ P L
r = T T T e
2E1 GA Y
€, =¢ (7-25)
c =_L£_
4 cEl

{iii) Calculated Results;

In Figs. 7-9 and 7-10, 4 ~ Gc ( 3 is damping rate} is plotted on the
horirzontal 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 cother. Fig. 7-9 shows a case
in which there are six piles and the pile length 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 bc said that the two methods of analyeis
produce little differences, relative to the horizontal displacement of pile
heads.

Fig., 7-11 shows a comparison of the stress distribution, as cbtained by the
two methods of analysis. 1t can be sald that the two methods procude great
differences with regard to the distribution of streases. Examination of the
distribution ¢f stresses measured in the in-gite tests, it may be said that the
analysis when taking into consideration the displacement of piles in relation
to each other shows a better approximation.
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8. The Problem to be Solved in the Future

The method of design of sheet pile foundations Las been established. However, this
type of foundation can have a wide rangs of dimensions, thus the design of the structures
using the existing method may not be adequate to cover such & wide range of dasigns of the
sheet pile foundations. Studies of the structural characteristics of sheet pile foundations
have just been initiated with an ultimate view of sstablishing better design standards.

The following subjects of study are being considered;

(1) Structural Characteristics of a Sheet Pile Foundation as a Unit

(i) Construction of mechanical models and studies of the theoretical formulas
(11) Comparison aof the theoretical formulas and the rasults of loading tests
{displacements, stresses, spring conatants, damping)
(iii) Experimental invastigation of the ultimate yield strength and rupturing
condition (including torsion)
{2) Characteristics of Sowe Specific Parts of Shest Pile Poundations
(1) Evaluation of the rigidity of the joints
(ii) Investigations of the joint connections of the top plates
{3) Cofferdam Type

(i) Investigations of the stresses in the cofferdam
(11} Investigations of the weldability and strength in the presence ¢of reaidual
Btresses
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T:ubhle 2-1 Dimensions & weight of steel pipe pile

Outer 'Thick-TE_SoctionTEmit Moment |Section ‘Radlus Outer
dia- 'ress |area weight of modulus|of gyra- | surface

meter-1 2 inertia tion °,f area
mm . mm |em kg/m |1 em2  |Z em” lareaicm|m?/m
5 Tien | a1 | 730x102 | 24ani0 2009 | 1.88

12 [221.7 174 | 958x102 [320x10 | 20.8 1.88

600 14 l257.7 ! 202 | 111x103 (36sx10 | 20.7 1.88
16 |293.6 | 230 | 125x103 [418x10 | 20.7 1.88

9 11854 | 153 | 117x10° |333x10 | 21,1 2,20

12 |259,4 | 204 | 154x10° |439x10 | 21.3 2.20

700 ‘4 [301.7 | 237 | 178x19% I507x10 | 21.3 2,20
15 [343,8 | 270 201x102 575x10 | 21,2 2.20

9 |227.3 | 178 | 1a34x10° |452x10 | 23.4 2,55

12 [301.9 | 237 | 242x10% {596x10 | 24 3 2.55

812.8% 14 3513 | 276 | 230x103 [620x10 | .2 | 2,55
16 |400.5 | 314 | 318x103 [782x10 | 28.2 2, 55

9 |340.2 | 267 | 346x10%|758x10 | 31.9 2,87

12 1396.0 | 311 | 401x103|878x10 | 31.8 2, 87

4.4 | 14 |asis | 354 | 4e6x10® |verxro | s | 2.87
18 Jsu.s 420 {1170x103 |117x102 | 31,7 2.87

-

9 [378.5 | 297 | 477x103 {939x10 | 35.5 2.19

12 |440.7 | 346 | 553x10% |100x102| 33,4 2,19

1018 1 44 ls02.7 | 385 | a28x10% [124x102| 35.4 | 2.19
16 (595.1 | 467 | 740x10% |146x102| 35.2 2.19
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Table 2-3

sllowabls screm intensity ( x-;.)cm' )
Slagy
nds ) S8 44 )| SS 50 SN 50 A
1. axial tensile stres intensity A
{per all section mes) 1 400 1, 700 1,900
2. axial compression siress intensity
(per all mxtion ares) 0t e < ,
<L/ a0 0L/ 7 5100 0Z¢ /v 90
compressive members 1400=006 (27" |1 9/ | 1sog-vaicsr)
£ = length of members 1772110 /v >100 y | ¢7->90 ,
1T = sectional radius of all cross ,'T”'%ﬂd’/- ) 7.200.000/(2/¢) 17.200.000/{¢7y)
| 34 1.800 . 820
section
compressive added member
3. bending strems intensity temsile fibre
of beam (per all section ares) 1,400 1,800 1, %00
compressive fibre of beam 300—08( 275 | 1.600—-0.902/)" | 1s00-11¢200
{per all sction area) where ¢35 30 where 174 5 30 where 2/4 5, 30
£ = distance between fixed points
of flange (em} 1.300 1,600 1,800
b = width of flange
in this case beam with being fixed
compressive flange direcdy by
reinforced concrete deck and so
forth
4. members for axial compressive load
and bending moment
whose bers must be cal d
by formulas to be given below.
P N e P
for buckling about horizontal axis | = + = ye — £, M, 2L H B Rt
A 17 1300 4, 17 usoo a, ! 1.800
Saca S tcnl Sreo
L
for buckling sbout vertical axis = +7y¢-$4r-1
rrL 1o left toteft
- S et
‘!
Table 2-4
numoer of treatment of
basic t section sha
ype pe foundations joint
well type circular oval single grouting mortar
pronged |oval rectangular| complex welding
type other no treatment
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Table 3-1

kinde of piles friction pile
\urounds bearing ] ]
kinds of pile good sandy .
times in loading \\ stratum othar
—— e e
normal 3 3 . 4 J
erarthquake 2 2 J 2
Table 3-2
2) pronged

1) well

i) distance bet-
ween each
prong over 2,5D

ii) distanc> vetween values smaller

each prong between (1) and
under 2,53D {2)
(1) same in 2) §) {2)

i

s

Lo oA 10

1
Rom g a +f ol o2, +

gl 1
LY . ?'S_

L9 A UL +4))
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Table 3-3 Composite efficiencies

I

Kinds of Composite
sheet piles Treatment of joint efticlency Remarks
Filling with concrete in part -
of flange with dowel 1,00 $.8.8
connectors
Filling with concrete in all
section 1.00 @
H- Filling with concrete in part .
shaped of flange 1.00 ]:IxI
We'ding 30 cm part of joint 0, 40 I‘LI';I
Fixing the head 0.40
Grouting mortar und fixing 0. 50 OO
the head
Steel
pipe T
Fixing the head 0. 30
Table 3-4
modulus of deformation of ground by T
the following tests E (kg/cm?) Normal . earthquake
a half of the E, obtained by the plate
loading test using a 30 cm diameter 1 2
disk
the E, measured inside a boring hole 4 8
the E, obtained by the unconfined
compression test or the triaxial 4 8
compression teat
the E, estimated by E,=28N; the
N-valve obta.ned by the standard 1 2
penetration test
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ON SPECTIFICATIONS POR EARTHQUAKE-RESISTANT DESIGN
OF HIGHWAY BRIDGES (JANUARY, 1971)
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ABSTRACT

This paper presents the details of new specification for Design of Highway Bridges
to Resist Earthquakes, completed i1, Januarv 197) by the Highway Bridge Committee of the

Japan Road Association.

Key Words: Earthquakes; Highway Bridges; Seismic Providions; Specifications; Structural

Engineering.
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Introduction

In the event of a major seismic disaster, highway networks should perform their duties
to facllitate evacuation, rescue and recovery operations with a minimum loss of life and
property. In such a case, bridges, viaducts, etc. which constitute important parts of
highways, would decide the fate of each route of a highway network. Therefore, the struc-
tural safety of these structures, against earthquakes, are extremely important.

In 1966 the Ministry of Construction commissioned the Japan Road Association to draw
up & new comprehensive specification for the sarthquake-resistant design of highway bridges,
and accordingly provide maximum protection against earthquakes at minimum cost. In response
to the commission, the Japan Road Association established a special comittee to develop
these new spacifications, which were completad in January 1971. The Japan Road Association
immediately reported to the Ministry of Construction, who then notified the highway admin-
istrative crganization of these specifications. These specifications were then issued as
directives of the Road and City Bureau on standards for bridges and viaducte in March 1971.

The directives issued are supplements to Article 5 of the Ministry of Construction
Ordinance for the enforcerent of the Road Structure Ordinance, which is a governmental
ordinance. The legal conditions of this ordinance is as follows; The Road Structure Ordin-
ance is in force and conforms with the Road Law. Article 30 of the Road Law provides that
technical standards for bridges and other principal structures, which are deaignated by a
governmental ordinance, may be subjected to a governmental crdinance. Paragraph 1 of
Article 35 of the Road Structure Ordinance provides that bridges, viaducts, etc., shall
be constructed of steel or concrete, of gimilar nature., Paragraph 2 of Article 35 provides
the total design live loads shall be 20 or 14 tons, for bridges, etc, Paragraph ) states
that other matters concerned with the structural standards of bridges, etc. shall be pro-
vided by a Ministry of Cnnstruction ordinance. Article 5 of the Ministry of Construction
Ordinance for the enforvement of the Road Structure Crdinance provides that bridges, viaducts,
etc. shall be sufficiently safe against dead loadsm, live loads, wind loads, seismic effects
and otl.er loads which are expected to act ¢n bridges and any combination of loads, consider-

ing structural types, traffic situations, topographical, geolegical, meteorological and
other conditions.

Outline of Specifications for Earthquake-Resistant Design of Highway Bridges (January 1971)

Since 1956, the earthquake-resistant design of highway bridges had beea conducted in
accordance with the provisions of Section 13 (Section 2.9 in the English version) of
"specifications for Design of steel Highway Eridges” which were issued in 1958 by the
Japan Road Association. These srecifications were rovised in 1964 (the English version
was issued in 1968) and subscuently displaced by “Specifications for Highway Bridges*
in 1972 the de:ails of which are as follows;

{1l) The horizcntal design seismic coefficient shall be determined by Table 1.

(2) The vertical design seismic coefficient shall be assumed equal to 0.10.

{3) Increases in the allowable stresses for only seismic forces or for dead loads plus
seismic loads shall be taken as

V1IiI<2



708 for steel structures

5007 for concrete structurss and reinforced concreta sturctures

Bince the provisions in the Section 13 were not comprehensive, it was necessary to
drawv up new detailed Lpecifications exclusively for aseismic design of highway bridges.
Current “Specifications for Earthquake-Resistant Design of Highway Bridges" were issued
in January 1971, by the Japan Road Assoclation, which apply to the design of highway
.bridges with spans not longer than 200 meters, tc be constructed on expressways, national
highways, prefectural highways and princ¢ipal municipal highways.

The specifications basically require that seismic coefficient methoda be applied
and that methods be used in determining the seimmic coefficients. One method is the conven-
tional seismic coefficient technique that applies to the design of relatively rigyld struc-
tures. The other method is the modified seismic coefficient technigue considering the
strXuctural response that appliss to the design of relatively flexible structures. The
following lists the principal pointas of the specifications;

{1) The horizontal design seismic coefficient for a rigid structure is determined system-
atically, depending on the geographical location of the bridge site, the ground condi-
tions at each sub-structure site. and the importance of the bridge. The horizontal de-
sign coefficient, for a flexible structure is determined as sz function of the funda-
mental natural pericd of each structural system.

{a) In the seismic coefficient method that is employed for relativaely rigid structures,

the horizontal design seismic coefficient (kh) shall be determined by

kn = ¥ V2 Vikp )

whare :
)%z horizontal design seismic coefficlent,
ko' standard horizontal design seismic coefficient (=0.2),
e seismic zone factor,
v, orcund condition factor,
vy importance factor.
The valuas of ML and "3 are shown in Tables 2, 3 and 4 respectively. The
definitions of classification are specified in the provisions. The minimum value
of )r.h shall be considersd as 0.10.
(k) In the modified selsmic cosfficient method considering structural response that
is employed for relatively flexible structures such as a bridge with highrise piers
higher than 25 m or a bridge with a fundamental period longer than 0.5 seconds,

the horizontal design seismic coefficient (kh-) shall be determined by
K = Ban {2)
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where :
kt-: horizontal design seismic coefficient in the mcdified seismic coefficient
mathod considering structural responss
‘h 1 coefficlent given by eq. (1)
B : a factor dependent on the fundamental pariod of ths bridge, and obtained by
Fig. 2. Tor structures whose fundamental periods are shorter than 0.5 seconds,
8 may be considersd as 1.0.
The minimum value of kh. shall ba 0.0S.

(2) The vertical design seismic coefficient may generally be considered as zero, eaxcept
for special porticns such as bearing supports.

(3) The horizontal design seismic coefficient for structural parts, soils and water ovelow

the ground surface may be considered as zero.

(4) Hydrodynamic pressure during sarthquakes are specified in the specifications.
Earth pressurss during sarthquakes, however, are specified in the related specifica-
tions.

(5) Specific attention should be paid tc vaery soft soll layers and soil layers vulnerable
to liquefaction during sarthquakes. The bearing capacities of these layers are to be
neglected in the design, in crder to assure high earthqu-ke-reaistance for atructures
that are built in these laysrs.

(6) Special attention should also be paid to the design of structural details, in
consideration of the damage previously sxperienced to bridge structures. To this aim
praovisions are specified for bearing supperts and devices for preventing bridge
girders from falling.

(7) Increasea in the allowable strasses of materials may be conaidered in the earthquake-
resistant design, magnitudes of increases for various materinls are specified in
saveral related specifications, and the increasing rates are a: follows:

concrete in reinforced concrete structures; 508
reinforcements in reinforced concrete gtructures: 508
structural steel for superstructures: 708
structural steel for substructures: 508

concrete in prestressed concrete structures against
comprassive forces:

foundation soils: 508

658
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Table 1, Hori~ontal Design Seismic Coefficient (Out of Date)

Ground
]
Conditions Weak Ordinary Firm

Regions* T

Where severe earthquakes

have been frequer.tly 0.35~0.30 | 0.30~0.20 |0.20~0.15
experienced

Where gsevere earthquakes

have been oceurred 0.30-~0,20 | 0,20G~0,15 | 0.15~0.10

Other regions 0.20 .15 0.10

*no further deacription on regione and ground conditions,

Table 2, Seismic Zone Factory; for General Highway Bridges

Zone Value of ¥
A 1,00
B 0. 85
C 0,70

Note: Refer to Fig. 1.
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Table 3. Ground Condition Factory, for General Highway Bridges

Group

Definitions 1) Value of,,

1)

2)

Ground of the Tertiary era or oider
(delined as bedrock hereafter)

Diluvial layer2) with depth less than
10 meters above bedrock

0.9

(1

(2)

Diluvial layerz’ with depth greater
than 10 meters above bedrock

Alluvial hyera) with depth less than
1C meters above bedrack

1.0

Alluvial hycra) with depth less than
3 25 meters. which has soft layer$) with 1.1
depth less than 5 meters

4 Other than the above 1.2

(Notea} 1)

Since these definitions are not very comprehensive, the
claasification of ground conditions shall be made with
adequate consideration of the bridge site,

Depth of layer indicated rhere shall be measured from the

actual ground surface,

2) Diluvial layer implies a dense alluvial layer such as a
dense sandy layer, gravel layer, or cobble layer.

3)  Alluvial layer implies a new sedimentary layer made by
a landslide.

4) Soft layer is defined in Section 3. 7 ""Soil Layer Whose

Bearing Capacities are Neglected in Earthquake Resistant
Design"'

Table 4, Importance Factor v, for General Highway Bridges

Group Definitions Value ofy,
Bridges on expressways (limited-access
highways), general national highways and
1 principal prefectural highways, 1,0
Important Bridges on general prefectural
highways and municipal highways.
2 Other than the above a,8
Note: The value of »; may be increased up to 1. 25 for special cases
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APPENDIX

SPECIFICATIONS FOR EARTHQUAKE-RESISTANT DESIGN
OF HIGHWAY BRIDGES (JANUARY 1971)

Tentative English Version

JAPAN ROAD ASSOCIATION

VIII-9



FOREWORD

The earthquake-resistant design of highway bridges is currently being conducted in accordance
with the provitions of Section 13 (Section 2.9 in the English venion) of the Specifications for Desgn
of Steel Highway Bridges Since the pruvisions concerning earthquake-resistant design are not very
comprehensive sx staled in the preface of the Specifications, the design iz in many respects dependent
on the designer’s interpretation. Accordingly the results of the various designs were not always
consistent. To alleviite this problern it was necesssry to revise the Scction 13 of the Specifications
and to draw up new detailed specifications exclusively for earthquake resistant design of highway
bridges.

In response to the need for revisions, the Jupan Rosd Association cstablished the Earthquake
Resistant Detign Subcommittes under the Highway Bridge Committee in 1966, Belween 1966 and
1962 a preliminary draft was prepared. The task was laken over by the Earthquake-Resistant D-sign
Branch-Committes of the Specifications Subcommittee in 1968, when the Highway Bridge Committee
wis reorganized.

The Subcommitiee and the Branch-Committee have scriously attempted to draw up the revision
through surveys of the available research work, discussions with specialists from universities and other
organizations, and trial calculations and bridge designs st several stages in accordance with the interin
drafty. and finally completed the revision of the Specifications in 1971,

The new Specifications sre completed basically in sccordance with the provisions of Section 13
of the Specifications for Design of Steel Highwe, Bridges, and also by extensively referring to the
rests of recent investigations on esithquake engincering. Therefore the design methodology of
Sectizn 13 of the current Specilications was generally traced in establishing the new Specifications.

Y determining the design ssismic coefficient the importance factor is newly considersd in
sdicon to the Lraditional factors such as znne factor and ground condition factor. Mareover, for
bridges which have longer natural periods the f[actor on the natural periods of the structures sre
congilered.

Although the desiga harizontal seismic coefficrent used to be 0.1 10 0.35 in the Section 13 of
the cuTent Specifications, the value is reduced 10 0.1 to 0.3 oW over 0.3 only for rare occasions in
\he 2iw Specifications. This is based on ‘the results of rceent investigations that it seems more
eshezzal t0 pay attention to poil conditions rather than to the magnitude of stismic coefficients in
desigz of bridger against seismic forces.

Snce design seismic forces in the new Specifications were determined by referring to the seismic
risk map expected for 75 vears presented by Dr. Kawssumi and by reflecting the resulis of a recept
stulr on the meteolorogical data since the Kanto Earthquake in 1923, seismic forces considered in
the 2w Specifications would cover the severest earthquakes exptrienced in individual regions in
Japzx.

The seamic forces would ako correspond to those due to the grestest earthquakes in the
seixmriogical paint of view,

L3 the new Specifications the following aspects differ from the previous method.

(1) Tue design seismic coefficients of & bridge are determined systematically dependent on
gographical location of the bridge site, the ground conditions 8t each substructure site, and the
mportance of the bridge,

(2) The vertical design seismic coefficients are generally neglected.

(3) The design seivmic coefficients for structural parts, soils and water below the ground surface are
neglected.

{4) Epecisl attention is paid to very soft 30il layers and s0il layers vulnevable to liquefsction during
mrthquakes. The bearing capacities of these layers arc negiecied in the design in order to assure
ngh eanthquake-resistance for those structures which sre constructed in these layers.

(5) Tic design seismic coefficients for diidges with highrize piers are determined in accordance with
e modified sebsmic coefficient method considering structural response, instead of the conven-
wmal way in which the design seismic coefficients increase with the height of the piers.
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(6) Special attention it also paid to the design of structurs! details in view of earthquake damage
previously experienced to bridge structures. To this end provisions re specified for bearing
supporis and devices for preveating superstructures from falling.

Although the Specificstions were developed through extensive siudies and discuss.ons of research
reports on carthquak i ing fram throughout the world as weil as Japan, scme unexpected
problems may arise when they are applicd to actual structures. Becsuse of this and the fact that
technological improvements take place very rapidly, another revision will be required in the future,
Everyone i urged to indicate sny insufficient points or to make sny suggestions for the present
Specifications, so that they may be improved in subsequent revisions.

The present publication is limited 10 the provisions which are considered to be sufficient for the
design of bridges. Comments which dedscribe the basis and the application methods of the provisions
will be issued immediately after their completion. They will be indispensable when it is necessary (o
revise .a¢ present Specifications agsin of wher any paris of the provisions are found to be uncerlain
in their spplication.

Dr. Hircshi K i, Dr. Tt Terashi snd Mr. Tsutomu Tomita participated in the
discussions on special matters as special members of the Commitice. Thoir cooperation is greatly
sppreciated.

Janusry, 1971
Earthquake Resistant Design BranchLommittee
Specifications Subcommiltee
Highway Bridge Committee
Jepan Road Associstion
3-3-3 Kasumigaseki
Chiyoda-ku, Tokyo
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CHAFPTER 1 GENERAL

1.1  Scope

The provisions in the Specifications spply to sarthquake resistant design of higliway bridges with
spans not longer than 200 meters, 1o Le built on expressways, nationsl highways, prefectusal highways
and principal municipal highways.

In regard (o matters which are not specified herein, the following Specifications shall be
conformed 1o, in sccordance with the type of the structure considered.

Specifications for Design of Stee) Highway Bridges, Japan Road Association
Specifications for Design of Welded Highway Bridges, Tapan itoad Association

Specifications for Design and Construction of Composite Beams for

Steel Highway Bridges, Japan Road Association
Specifications for Design of Reinforced Concrete Highway Bridges, Japan Rosd Associztion
Specifications for Design and Construction of Friction Type Joints

in Steel Highway Bridges Using High Strength Bolls, Japan Rosd Association
Specifications for Design of Subsiructurcs of Highway Bridges, Tapan Road Amociation
Specifications for Prestressed Concrete Highway Bridges, Japan Road Associstion

1.2 Definitions of Terms
The following definitions apply only to the provisions of these Specifications.

(1) Earthqushe: A phenomenon with propagation of vibration due to a sudden naturally occurring
movement at a cerfain portion inside the eanth,

(2) Earthquake Ground Motion: Vibration of gsound during ¢srthquakes.

(3) Design Seismic Coefficient: A coefficient indicating the magnitude of accelerition to be
considered for ¢arthquakesesistant disign of structures, and expresscd as 8 fraction of the
acceleration of gravity.

(4) Seismic Coefficient Method: A method for carthquake-resistant design in which seismic forces are
assumed 10 sct ON structures as static forces,

(5) Modified Seirmic Coefficient Method Considering Structursl Response: A method for esrthquake
resistant design which s developed through modification of the seismic coefficient method by
considering characteristics of earthquake ground moations, dynamic praperties of structures, etc.
for those structures with long fundamental periods of vibration.

(6} Modified Design Seismic Coeflicient Considering Structural Resp : A desiga seismic coeflicient
wsod in the modified seismic coefficient method considering structiral response in which the
design seismic coefficient is dependent on the fundamental period of the structure.

(7) Standard Horizontal Design Seismic Coefficient: The Horizontal design seismic coefficient which
applies to a bridge which is located in a zone where severe earthquakes have frequently occurred or
where stvere earthquakes have 3 high potential of occurance, and which it constructed in soil
layera with ground canditions corresponding 10 group 2 in Tabie 4.5,

{B) Seimic Zone Factor: A factor to decrease the horizontal design seismic coefficient in accordance
with the geographical location of the structursl site, The factor has the value of 1.0 for those Toues
where severe earthquikes have frequently occurred or where severe tanthquakes have a high
potential of occurance.

(9) Ground Condition Factor: A factos to modify the horizontal design seismic coefficient depending
upon the ground conditions of the structural site. The factor is intended to unily the inargin of
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saiety ageinst sarthquake disturbances smong struciures construcied in virious ground conditions,
in consideration of damage previously sxperisnced.

(10) Importance Factor: A factor .0 modify the horizontal design seismic coefficient depending on the
importance of the structure.

(11) Inestis Farca: Product of the waight of the structural body and the deaign seismic coufTicient.

(12) Sekmic Force: Aay forces such as inwitia (Orces, sarth pressures, atc. to which struclumt are
wubjected during sarihquakss.

{13) Coefficienl of Subgrade Reaclion: A cosfficisat given by the followinj formula, which is slso
showa in Section 3.1 of the Volume of Spread Foundatioas, the Spicifications for Design of
Substructures of Highway Bridges.

-

where
K:  cosfficient of subgrade reaction in kg/cm®
p:  losding pressures in kg/cm'
$:  displacement in cm

(14) Esrtbquake Resporse Analys: An analyss of the dynamic behavior of str duri
sarthquakes.

CHAPTER 2 BASIC PRINCIPLES FOR EARTHQUAKE-RESISTANT DESIGN

(1) The sacthquake-resistant devign (0r 2 highway bridge shail provide sufficient stability against seismic
disturbances for the structure as & unit and abio for all parts thereof, iscluding muperstructures,
mbstructures, and surrounding soils, considering topographical and geological coaditions at the site.

(2) The mismic costficient method busically shall apply ta the sarthquake-resistant design of relatively
rigid structures.

{(3) The modified seamic cosflicient mathed ideting structursl resp shall spply 1o ihe
sarthquake resistant design of relatively flexible structures which ame of long fundamental periods of
vibration, sich aa bridges with highrisc piers.

The carthquake response analysis shall siso be sdopted for those mructures, Tor which detailed
imvestigations aic required.

{4) Particulsr artcntion shall be paid to preventing the fall of supersiructure: from substructures due to
the movemenis during sarthquakes.

When the design sllowing for partial failures of the whole system or iocsl fsilures of cerlain
structural members is required on the basis of mical iderati special stiention to
préventing the fall of supsrstructures shail be paid.

CHAFTER 3 LOADS AND CONDITIONS IN EARTHQUAKE-RESISTANT DESIGN

3.1 Genmsnal

{1} The following loads shall be taken into account in earthquake-resistent design. The appropriste
loads shall be selected from this list on the basis of the location and the type of the srructure

Desd Loads

Earth Precsures

. Hydraulic Premurss

. Buoysncy or Uplifts

. Effects of Tempsrature Change

bl
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6. Effects of Shrinkage due to Humidity in Concrete Structures (Including Creep Effects)
7. Seiamic Effects
8. Effects of Friction at Bearing Supports
9, Effects of Consolidstion end Seutlement of Ground
19. Effects of Movemeats of Supports

11. Other Loads

(2} Combination of Losds

Design conditions shall be determined considering the follow ng four cases. The combinstion of
various loads Ested above shall be 2ecided in accordance with the provisions in individual
Specifications according to the typs of the bridge considersd.

Case 1  Maximum stresses will be sxpected in the members

Cesa2  Maximum reactions will be expecied in the foundation soils

Case 3 Maximum displacements will be sxpectsd ot the supports

Case 4  The structure will b cri*’cal conditions due 10 overturning, sliding, stc.

-

3.2 Scismic Effects
The following seimic forcas shall be taken into account to determine seismic effects in design of &

bridge structure.

1. Imertia forces due to the dead weight of the sttucture: The magnitude of the inertis forces shell be
the product of the weight of the structure and the design s imic coefficient. The design sismic
cosfficient shall be vbtained in accordance with the provisions ir Chapter 4 “Design Seismic
Cosflicient .

2. Inenia forces due to the superimposed weight: The magnitude of the inertis forces vaall be the
product of the superimposed weight and the design seismic coefficient. The de gn isnic
« oufficient siso shall be obtained in accordance with the provisions in Chapter 4 “Design Selemic
Coefficient.”

3. Earth presures duting earthquakes.

4. Hydrodynamic pressures during sarthquakes.

3.3 Inertia Forces

(1) Both for the sismic cotfficient method and the modified seismic coefficient method, bridge
substructures shall be subjected to the inertis forces of superstructures during earthquakes as
follows (refer to Fig. 3.1):

(a) Horizontal seismic force acting on Ay, (left sbutment) shall be

Hap =Ryp -fap rommmemmemmrorsssossmstomototissnasantaiear cneorran cnnna s (3.1)
where My, s%:,, W omemmmeamensssmsissmeensaessamaasmremis mee mem s e sses (3.2)
in other words,

Rae far

Hay = smallest of or

%k.lv.

(b} Herizontal stismic f¢ ¢ acting om F, (Pier 1) shall be
RyW4 (Hgp =0 in (his case)------=-=-=-=-=c=mom=ceeacnone(3.3)

Hag + Hgy ™ largest of or
ThaWa ¢ Rop -fpgommoormemmssrmssssommosesmenooses 34
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Imequation (3.4), Ry - fp; shall satisfy

Ryr -f"_ < lk. Wp --ovmmee

3 L L L LT TR RIPRRRY § X 31
ic) Horizonial stismic force sting on Ay (right sdutment) shall be
figa = g W g o mrmeme e e e e e near e s s e (3.8)

M P,

An

Fig. 3.1 [Inertia Forces of Sugerstructures

Far:  Stabic friction coelficier: at movable pport A,

far:  Static {riction coefficient at movable woport 8, ,

Hup:  Horizontal seismic force (inertia force or friction force) acting on A due to Girder A,

Han' Horizonta) seismic force (inertia force) acting on P, due to Girder A,

Hpy: Horizontal seismic force (inertia force or friction force) acting on P, due to Girder B,

Hpp: Hotizontal seismic force (inectia force) acting on A g Gue 1o Girder B,

LS Horizonial design seismic coefficicnt (in accordance with the provisions in Chapter 4
“Desngn Seismic Coelficient™: &y in equation (1) lor the seismic coefficient method,
Of Kyy in equation (4.2) for the modified seismic coefficient method, shal] be
emplayed),

Ryp:  Reactionat Ap due to W,

Rap: ResctionatP, dueto’.

Ra:: Reaction st Py due to Wy,

Rap: Rewction at Ag due to Wy,

Wy Dead weight of Girder A, and

Wy: Dead weight of Girder 8.

(2) Liertia forces shall be assumad 1o acl al the center of gravity of the structure. in designing the
substructure, inertia forces exerted [rom superstructures may be sssumed to act at the level of the
base of the supports in the loagitudinal direction to the bridge axis, snd st thie level of the center of
gravity of the superstructures in the 1rangverse direction.

In the transverse direction the leve! of the center of gravity of the superstructures may generally be
taken as the Jower level of the floos slab.

(3] Inertia forces shall be assumed to come (rom Lwo hotizontal directions: longitudinal and transverse

t0 the bridge axis, or parallel and perpendicular to the principal axis of sny structural elements of
the bridge.

3.4 Eanth Pressures dusing Eanthquakes

Earth presures during earthquakes shall be determined in accordance with provisions in the
Specifications for Design of Substructures of Highway Bridges (Sce Reference 1 at the end of the English
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Version). The horizontal seismic cosfficient in the calculstior: of #s..h pressures shall be in accondance
with the provisions in Section 4.7 “Design Seimic Coefficisat in the Seismic Cosfficient Methad.”

3.5 Hydrodynamic Praassures during Esrthyuakes
Hydrodyaamic premmires during sarthquakes shall be determined by the foliowing formulas. The
pressures shall b amumed to act in the tame direction a3 that of the inertia forcer givan by the
provitions in Saction 3.3 “Inertia Forces.”
(1) Hydrodysamic Prassures o Walls
Hydrodynamic pressures acting oa Zne side of a will-typs structure shall be determined as follows
(vefar to Fig. 3.2):

7
P —ﬁk.w,u- : m———— . seoemes e (AN
i
hy - T" .- RIS ITTRTEEPREER TSR ¢ X}
e
g of Nueray
L =]

Fi 52 Mpdredmamic Pratoores s Well Shwctwes

Fig. 33 Mydewdpamic Prosvone o Cotmn Sirusturee

Width of the wall in maters in the perpendicular direction to thai of the prassurs,
Depth of watsr in meters,
Height of the total hydrodynamic pressure in meiers above the bottom of the waler,

.?!‘!’g
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ky: Horizomial design ssismic coafficient given by the provisions 1n Section 4.2 “Design
Seismic Coefficient in the Seismic CoefTicient Method,”
P Total hydrodyssn presmreint, +nd
Wo: Unit weight of water in t/m*.
(2) Hydrodynamic Fremums on Columm
Hydrodynamic premures acting ow 3 columa-type structure surrounding by water shall be
determined st follows (refer to Fig. 3.3):

.!. 2 i _b. .......... (
P-‘t.w,bhu-«) r«.m (3.9)
P et L4 :

-i- niWe A [«-i 3> 2iecemmmmsnciannsnnicnnarrsnmrmsennnennen = (3| 0}
] -lh-—— e mssacssssesavcansamsnaanns ain

(] 2 .

1.6 Ground Surface A d in Esrtbquaks Resistant Dexign
In earthquake resistant design the bearing cipacities of soll layers which are tpecified in Section 3.7
“Soil Laysrs Whose Bearing Capacities are Negiocted in Esrthquaks Resistant Dexign'’ shall be neglected.
Ground surfacs in design shall be amsumed to be the level of the lower boundary of the neglected layer, if
the layer extonds continuously below ths actual ground surface.
For this case the naglected layer shall be ascumed to have praperties of zero cohesion and 1ero angle
of inteenal friction,
3.7 Soil Layers Whoss Bearing Capacities are Neglected in Easthquake Resistant Desgn
(1) Sandy Soil Layers Vuine.uble to Liquefaction
Sstunted sandy »0il layars which are within 10 meters below the actual ground turface, have &
wtandard psnetration test N-valus lass than 10, have 1 costfiient of uniformnity less than 6, snd also
Bave & Dyg-value on the grain size accumulation curve between 0.04 mm and 0.5 mm, shall have »
bigh potential for liquefaction during sarthquakes, Bearing capacitics of these laycrs shall be
neglected in design.
Saturated sandy soil layers which have a D; g -v-jue between 0.004 and 0.04 mm or between 0.5 mm
snd 1.2 sw may liquefy during sarthquakes, snd shall be given particular attention. Estimation
whether or not these layers will Hque(y shall be made in sccordance with the available information
on liquefaction problems.
When a specisl investigation is performed, the provisions in this item (1) in Section 3.7 may not be
required to apply.
(2) Cohasived Soil Layers and Silty S0l Layers
Bearing capacities of cohesive 3ol laysrs and ailty soll layers, which are within 3 meten of the actual
ground surfce, and are very soft such st thoss with the comprestion strength, determined by
unconfined compression tests or field tests, besa than 0.2 kg/em?, shall be neglected in design.
Weight of Suil Layers Whose Dearing Capacities are Neoglected
The weight of 20il layers whose bearing capacities are noeglecied shall have surcharge effects on the
fower ground.

(&)

-

3.8 Buoysncy ot Uplifts
Buoyancy or uplifis shall be determined in accordance with the provisions in the Specifications for
Design of Substructures of Highway Bridges (Se¢ Referance 2 at the and of the Englizh Version).
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CHAFTER 4 DESIGN SEISMIC COEFFICIENT

4.1 Genersl
The design seismic coefficient shall generally be determined in sccordance with the provisions in
Section 4.2 "Design Seismic Coellicient in the Seismic Coefficient Method > For those bridges, however,

which have flexible piers and long fundaments! periods, such as those with piers higher than 25 meten
above the ground surfsce, the design seismic coefficient shall be determined in accordance with the
Provisions in Section 4.4 “Desgn Seismic Coefficient in the Modified Seismic Coefficient Method
Contidering Structurst R

L

4.2 Design Scismic Coefficient in the Seismic Coefficient Method
(°) The horizonta! design seismi- coefficient shall be determined by the following formula:

Ka = M) B Wy K e e et et e et bttt et ca s e aa e - €4.1)
where

kp:  Horizontal design seismic coefficient,

k,. The standard horizontal design seismic coefficient (= 0.2),

¥Py:  Seismic zone [aclor,

¥;:  Ground conditlon factor, and

¥y:  Importance factor.
The value oi k, shall be rounded to two decimals. The minimum value of k,, shall be considerod as
0.10. The values of factors »;, ¥; and », shall be obtzined by the provisions in Section 4.3 “Facion
for Modifying the Standard Horizontal Design Coeflicient.”

(2) The verticid design seismic cocfficient, k, may generally be considered as 0. Vertical seismic forces
for design of bearing supports, however, shall be determined ia accordance with the provisions in
Section 5.3 “Vertical Seismic Forces for Desgn of Connectiont between Superstructures and
Substructures.”™

{3) The horizontal design seismic coefficient may be considered 22 O for structural parts, soils and water
below ithe amsumed ground surface in design. The assumed ground sutface in desgn shail be
determined in accordanceé with the provisions in Section 3.6 “Ground Surfsce Amsumed in
Earthquske Resistant Desgn. ™
Item (3), however, shall not apply to underground structures such as culverts.

4.3 Factors for Modifying the Siandard Horizontal Design Scismic Coefficient

(1) Seismic Zone Factor
Seismuc zone factor shall be det ined in accord with Table 4.1, in which the zone
classification shall be determined from Fig. 4.1 or Table 4.2,

Table 4.1 Scismic Zone Factor ¥,

Zone Vilue of
A 1.00
B 038s
c 0.70
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Sefamic Zoning Map

Fig. 4.1
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{Note)

Tabk 4.2, which indicates in detail the seivmic zone through the use of place names, 13 omitted
ia the English version.

{2) Ground Condition Factor
Ground condilion factor shall be determined in accordance with Table 4.3.

Talle 4.3 Ground Condition Factor v;

Group befmitions!) Value of »;

(1) Ground of the Tertiary era or older
(defined as bedrock hereafter)

12) Diluvial layer?) with depth lems than
10 meter; atove bedrock

(1} Diluvil lsyer?) with depth greater than
10 meters abov- bedrock

(2) Alluvisl layer? with depth less than
10 meters above bedrock

I
Alluvial layer® with depth less than 25 meters,
3 which has soft layer® with depth less than 11
5 metess
4 Othver than the sbove 1.2
(Notms)

1) Since these definitions are not very comprehensive, the claskfication of ground conditions
shall be made with sdequate consideraticn of the bradge site,
Depth of layer indicated hers shall be measured from the actual ground surface.

2} Diluvial layer implies a demse alluvial layer such as a dense sandy layer, gravel layer, or
cobbie layer.

1)  Abuvisl layer implies a new sedimentary layer made by s landslide.

4) Soft layer is definad in Section 3.7 “Soil Layer Whose Bearing Capacities sre Neglected in
Earthquake Resistant Design**

(3) Impostance Factor
Impontance factor shall be determined in accordance with Table 4.4.
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Table ¢.4 Importance Factor vy

Group Definitions Value of »y

Bridges on expremways (limited-access
Rhighways), general astionsl highways and

1 principal prefoctural highways. 1.0
important Bridges on general prefactural
highways and municipal highways.

2 Other than the above o8

Nots: The velue of ¥, may be increased up to 1.25 for special cases in Group 1.

4.4 Desian Seismic Coefficient in the Modified Seismic Coefficient Method Considering Structural

Responss

The desiga seismic coefficient specified in this Section thall apply to the desiga of mperstructures
and substructures of thoss bridges which have flexible piers and relatively long fundamental periods,
mch as ones in which the height of the substructures is 25 meters or more a%ove the ground surface in
desiga.

The sbuve-mentioned grouna surface in design shall be specified in Section 3.6 “Ground Surface
Asumed in Earthquake Resistant Desiga.”

The Design Seismic coefficients in *Bis Section shall be determined Dy modifying the horizontal
desiga seismic cos{ficient ia Section 4.2 “Denga Seismic Coefficient in the Seismic Coefficient Method,"”
on the basis of charscteristics of stroag sarthquake ground motions recorded, and dynamic properties of
bridgs structures, such as nstural periods, mods shapes end damping cepacities of bridgs substructures.

A%.%x obtaining the design seismic cosfficient, the method for applying seismic loads for the design
shall be the same as specified by the provisions in Chapter 3 “Loads and Conditions in Earthquake
Resistant Design.”

The provisi in thes Section shall not apply to the design of superstructures of thase bridges in
which superstructures are flexible and have longer periods, such s suspension bridges.

4.4.1 Design Seismic Cosflicient
(1) The horizontal design ssismic coefficient shall be determined bv the following formula:

I P T TIN SRR --(4.2)
whers
kam :  Horizontal design sismic cosfficient in the modified seiwnic coefficient method
considering structural response,
ky: Horizontal design seismic coefficient given by eq. (4.1), and
s A f(actor dependent on the fundamental period of the bridge, and obtained by
Tabls 4.5 or Fig. 4.2
For structures whose (undamental periods are shorter thaa 0.5 sec., § may be
considered a3 ) .0
The valus of kg, shall bs ded 10 two decimals. The minimum value of ky,, shall bs considered
050.08.
(2) The vertical design seismic cosfficient shall be provided in sccordance with the provisions in Item
(2) of Section 4.2.

(3) The horizomtal design ssiamic coeffickent for the portions below the assumed ground mrface in
dosiga, shall be provided in accordance vith the provisions in Item (3) of Section 4.2.
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Fig. 4.2 Factor # (For reference of Tabls 4. 5)

Teble 4.5 Vialue of §

Group on
Ground Value of § for Fundamental Period T (sec.)
Conditions
. 8= 1.1% B= 13T A=050
r05STS )0 for 1.1STS28 for T2238
5 8=1.15 f=1.75T =050
fr05ST< 1.4 fr 14STS3S forT2233
3 =115 8= 2.10/T 5=0.50
for0.5STS 1.7 for 1.TSTS 4.2 for T242
A 8=1125 £ 2.30/T g=0.50
for0S<TL20 for 205T<5.0 orT25.0
(Notes)

1) RefertoFig 4.2.
2) Refsr to Table 4.3 regarding grour - on ground conditions.

4.4.2 Mathod for Obtaining ¥ undamental Perioda
Fundamental natural periods of a bridge shall be determined for the individual system comisting of
ssch subgiucture and the PAMT of superitructures supporied by it rather than for the itructural system a1
s whole.
(1) Bridges Supported by Spread Foundations or Pils Foundations
For those bridges whi~'. s.. supporied by spread foundations ot pile foundations, the foundamental
periods may bs obluined from Table 4.6,
Any formulss in Tabla 4.8 shall apply to bridges in which the levat of the base of the faoting is
lower than that of the assumed ground surface in dotign and the deformation of the mbsimnicturs
mainly caused by the elastic flexursl deformation of the pir which is the upper part of the
substructures above the top of the footing. Therefors, they shall not apply to bridges in which the
leval of the base of the footing is Righes than that of the assumed ground surface in design.
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Table 4.6 Fundamental Periods of Bridges Supported by
Spread Foandations or Pile Foundations

Carmulas for Fundsmental Petiods
Direc. ) )
Type of Structural System ton Material of Pier
Reinforced Concrete Steel
A bridge whete most siper- 0.3W, + W, 03w, + W,
structures wre continuous, Trans- T=2r | T=12a g _—Ep
3EL, 4.5El,
have fixed supports (or mova- | verse
ble suppors specified in 4.3 44
Article 5.2.1) on most sub-
atructures, and also have rigid "
abutments, to one of which Longi- TeX /_! K
the extreme end of the super- | tudinal 8/ Ely
structures is connected with a
fixed support (See Fig. 4.3) (4.5)
JE—
Other than the above: Longi- fo3w, - Wy o4
For exsmple, » bridge with | tudina! TR Tl
simple supports or 2
Trans- 4.6
vere
iyl
F Faid St
N v Tamen
M Nt Supdart
Fig. .3  AnExample of Typs | of Structural System ir Teble 4. € )
where
T : Fundamental period in second of the system isting of a sub and the section

&

of the superstructures which it supports,

. The weight of the pierin t,

The weight of the section of superstructures in t supported by the substructure being
considered,

E:: Young’s modulus of the pier in t/m?,
1. © Moment of inertia of the pier in m* in the direction connidered.
For piers with varying section with the height, I may be an average value,
h : The height of the pier in M, and
2 ¢ Acceleration of gravity { = 9.8 mjsec?).
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{Now)

Eq. (4.4) shall appiy to thoss bridges which have a ratio of the Jength between supports on both
sbutmeniy 1o the width betwasn outsids girdars, less than approximately 50 {refer to #/b in Fig.
4.3).

(3) Bridgss Supportad by Caisson Foundations
For thoss bridges which are supported by caisson foundations, the fundsmental periods may be
obtained from Tabie 4.7.

Table 4.7 Fundsmental Petiods of Bridges Supported by Caiston Foundations

Typs of Structursl Systam Diraction Formulas for Fundamenial Periods
one of eqn. (4.3) {or (4.4), and (4.7),
Transve
1| Type ! ih Teble 4.6 ™ which gives the largest value of §
Longitedinal oq. (4.5)
2| TypedinTobleds | troTem one of eqa. (4.6) and (4.7), which pives
Longitudinal the largest value of 3
{Nots)
( M%r 7 Wer (30 ednedpr) w,+£9 W,
Te WAl - ~e(47)
;{Ku—ﬁ + .K'.-;— +K, -'B}
where
T : Fund tal period in d of the system consisting of a substructurt and the section
of the superstructures which it wpports,
Wy: The weight of the pwrint,
¥,. The weight of the part of supemstructures in t supported by the substructure being
considersd,
W,: The weight of the caiwon foundation in t,
A : The height of pier in m,
A . Cromesclional ares in m? at the base of the caisson foundation,
Ip : Momentof inertia in m* at the base of the caistan foundation in The direction considered,
Ky: Morizontal cosfficient of subgrade reaction in 1/m” at the level of the base of the caisson
foundation,
K, : Vaertical cosfficient of subgrade reaction in Ym> 1t the base of the caisson foundation,
K, . Horzqmal cosfficiem of mbgrade reaction in t/m’ for shear deformation st the base of
the caisson foundation, and
& : Accelerstion of gravity ( * 9.8 m/wc” ).
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CHAPTER § GENERAL PROVISIONS FOR DESIGN OF STRUCTURAL DETAILS

5.1General
Every bridge structure or every portion thereof shall be designed and ted 1o resist seismic

forces as provided in Chapter 1 through Chapter 4 and to meet the provisions for design of struciural

details specified im this Chapter.
Moreover, attention shall be paid to the following respects.

(1) For those abutments which are constructed in soft ground layers, the failure of the ground layer
during earthquakes shall be checked,

(1) For those bridges in which tny sdjacent substructures have different ground conditions, different
type of structurs! systems, or different structural dimensions, special attention shatl be paid to the
denugn of structural detsils, considering that those two substructures may respand differently during
earthquakes.

(3) For those portions guch as joints between superstructures and substructures, connections between
piers and foundstions, or connections between footings and piles in pile foundations, where the
seismic forces may not be transmitted smoothly and acismic failure have been observed often in the
pat, particular stiention shall be paid to the design of structural details, considering accuracy of
evaluation of ground conditions, existance of construction joints, ac.uracy of construction, etc.

5.2 Devices for Preventing Supentructure from Falling
Movable supports shall have stoppers (special devices for retisting large movements of
superstructures during earthquakes) to preveni the superstructures from falling from the substructures,
caused by the dislacation of the upper shoes of tie supports from the lower shoes during strong
earthquakes (refer to 5.2.1).
For the girder ends one of the following methods shall be employed as well as the sbove-mentioned
consideration.
{1} A method extending the length betweer the end of the support and the edge of the substructure (or
widening the width of the crest of the substructure in the longitudinal direction to the bridge axis)
in order to prevent the superstructures from falling from the substructure (refer ta 5.2.2 or 5.2.3),
(2) A method connecting adjacent girders on the substructure to prevent the superstructures from
falling from the substructure even il they become dislodged from the substructure (refer to §.2.4).

5.2.1 Stoppersat Movabie Supports

The allowable movable length in the design of stoppers at movable supports thall be sssumed as the
sum of the movement due to temperature change, the movement due o the deflection of the girder
when subjected to live loads, & margin for covering construction errors, and 20 mm.

The above-mentioned provition need not apply to thow stoppers which are not instalied near the
supports.

n.e horizontal design scismic coelficients for designing stoppers shalt be détermined by increasing
the horizontal design seismic coefficient given by eq. (4.1) or (4.2) by S0% of more.

5.2.7 Method of Extending the Length betwean the End of th: Support and the Edge of the Sub-

structure

For those substructures wiich mpport the ends of girder, the length S{in cm) between the end of

the support and the edge of the substructure, shall be equal to or more than the value given by the
following formulas:

S§=24+051 for I < 100m

S=30+041 for I > 100m
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where
S Length between the end of the support and the edge of the substructure in cm, and
I : Span length in meters.
For parlicularly imporfant bridges constructed in soft ground layers (Group 4 in Table 4.3), the
value of § shall be oqual to 35 cm ot more.

$.2.1 Suspeaded Joints

For suspended joints the length between the ends of girders shall be equal to 60 cm or more, as
shown in Fig. 5.1. The length for those bridges consirucied in soft ground layer (Group 4 in Table 4.3)

shall be equal to 70 cm or more,
0"
} l

Fig. 5.1 Lanpth hetween the Ends of both Girders

§.2.4 Mcthod of Connecting Adjacent Girders

Devices for connecting sdjacent girders on substructures shall have the movable length specified in
Section 5.2.1, for cases in which at least one of two supports is a movable one.

The devices shall be designed to rotate freely to sllow the rotation of the girder subjected to uve
loads, for cases in which both two supports sre fixed on one pier.

5.3 Vertical Seismic Forces for Design of Connections between Superstructures and Substructures

The vertical design seismic coefficient for the design of connections between superstructures and
substructures shall be anumed a3 0.10. When the vertical design ¢ cismic coefficient applies upward, only
scismic forces shall be considered, neglecting the effects of the dead loads.

The same value of the vertical design seismic coelficient shall be employed Tor the design of iny
connections similar to the above.

5.4 Methods for Transmitling Seis ' woes at Connections between Superstructures and Substruc-
tures
The method for transmitting seismic forces st connection between superstructures and substructures

shall be as follows:

(1) For cast-in-place reinfurced coacrete bridges, the means of transmission of seismic forcer shall be
due ta the bearing pressure bitween the swelling at the basz of the lower shoe ard the concrete at
the crest of the substructure. The concrete portion near the base of the lower shoe shall resist
seismic forces as one body together with the pier of the substructure. [n the above-mentioned cases,
the means of transmission of seismic forces between the upper shoe and the girder shall be due to
the anchor fixed on the upper shoe.

For & margin of safety anchor bolts between the lower shoe and the substructure shall be designed
to regist seismic forces atone, in consideration of cases where no resistance between the swelling at
the base of the lower shoe and ihe concrete at the crest of the substructure can be expected.

The abave method is recommended not only for cast-in-place concrete bridges, bul, if passible, also
for prefabricated concrete bridges or steel bridges.

vIIT=-27



(2) in casss whars RO bearing resistance of is can be sxpecied, snchor bolts shall be empioyed to
transmit the seiamic forces. In thes cases ons of the Tollowing two methods shall be considered.
(a) A method in which s steal plate with anchor bolts is fixed firmly on the coemt of 2 Subitructure
whils comcrets is being placed, and then the lowet shos of the wupport is welded to the Resl
plate after the srection of the girdern.

(b} A method in which a hols is prepared whea te is placed, B PO i st up REa? the hole,
and then anchor balis ars fixed by plecing cymant MOrtar iato the hole, of 8 method in which
anchor bolts are sel up while te is being placed, and then the lower shos is fixed on the
anchor bolts

{3) Amnchor boils used shall be 25 mm or more in diameter, and the depth of the anchoe bolts fixed in
the concrete shall be 10 limes the diametsr or more.

3.5 Devices Expected for Decreasing Seismic Forces

When any devicys which aré expected to dacreass selsmic force ars smploysd for brides structures,
sufficiont invastigations shall be conducted on theis sffectiveness, and special altention shall be paid to
preventing the superstructeres from falling.

CHAFTER 6 MISCELLANEOQUS PROVISIONS

When sufficient reasons sxist, thess Specifications nasd aot apply to the design of bridges.

REFERENCE

Refersnces ure provided exclusivaly in the English vemion.
{Reference 1)
Spacifications for Design of Substructures of Highway Briden:
Volume lfor Genaral Survey and Design
Pant 3 Dosign, Chapter 2 Losds.
Section 2.5 Eerth Pr
Earth pressuret acting on & wall shall be the distributed loads givea by the following formules:
(1) Normal Earth Pressurea
(a) Earth presures acting on s movabie wall during socmal time shal! be determined by the
Coulomb’s theory s (ollows:
i} For Sandy Solls

Po= v Kax+Kag
Pr=y-Kpxtkpq

ii) For Cohesive Sods
Pomy Kax=20VK4 + Kat
Pr ey Kpx+20/Fp + Kog

(b) Earth pressures on a fined wall ducing normal time shall be determined by
Py =y K, -xtka
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(2) Earth pressures during earthquakes shail be determined by the Mononobe-Okabe method.
Pywil-k)y x-Kga

Pp= (1 -k)-¥ Ker

&»

b o

Passve Exrn Presasre

Fig. 1 Earth Pressure

¢ :Cohasion of the sol in t/m?,

K4 Active sarth pressure cotfficient for Coulomb's theory,

Kp :Passive earth pressure coefficient for Couiomb's theory,
Kga: Active earth pressure coetficient dvuring esrthauakes,

Kgr: Pastive eantn pressure coefficient during earthquakes,

K, : Earth pressure coefficient st resy,

k, : Vertical seismic coelficient,

P, Active earth pressure in (/m” at depth of X meters,

Pp :Pagsive carth pressuze in t/m® al depth of X mesars,

q  :Surcharge in t/m? on ground surface,

x  : Arbitary depth in meten,

o Angle beiween the ground surface line and the horizontal line,
¥ : Unit weight of the soil in 1/m’.

8  : Angle ol Iriction between the wall and the soil,

¢ Angle of intemal [riction of the soil, ang

8 Angle between the back line of the wall snd the vertical line.
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{Comments)
K4, Kp,Kgq and Kgp ars expressed aa follows:

cor’ (6 -0

Ky=
sin (8 +§) . sin (o—n)] 3

b}
con'® . cos (0 +5) [IO e+ 5) soall —m)

1
Kp= cob” (@+ )

2 sin(p-8) unie+a) ) ?
cos*d . con(d +§) [I-Jm“,n:w“_au

cos’ (90 - 9) :
ccsdy - cos?d . cos (0 + 8,) [l ’Jr““-ln(._ﬂ—'.q k

Kgam

cos(l - 0;) - coald —a

cos’ (¢ — 0 +8)

Kep=

cotly . cos’l . cos (& - 8) [l—- En@-sn(g+a—8,) J'
)

cos(@ —0,) cos (# - @&

where sn(pta-8)u0 when ¢ta-0,<0
and § is assumed to be 2010 during earthquakes.
where
ka
Oy =tan’!
* 1-k,

ky:  Horizontal stismic cosflicient
k,:  Vertical mismic coefficient
{Reference 21
Specifications for Design of Substructures of Highway Bridges
Volume for General Survey and Design
Part 3 Design, Chapter 2 Loads
Section 2.7 Bucyancy or Uplifts

When it is apparent that buayancy forces or uplifts act on structures, they shall be taken into
account in the design.

(Comments)

When # i1 unknown whether they act or not, both cases shall bs taken into account in the
design.
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ON SPECIFICATIONS FOR EARTHQUAKE-RESISTANT DESIGHK
OF THE HOWSHU-SHIXOKU BRIDGES (JSCE 1974)

by

Ishic Xawasaki
Director, Honshu-shikoku Bridge Authority

and
Biichi Xurbayashi
Chief, Earthquake Engineering Research Section
Public works Rasearch Institute
Ministry of Construction
ABSTRACT

The following describes the general specificaticns for earthquake resistant design
of the Honshu-Shikoku Bridges, as developed by JSCE in 1974, after significant study.

¥ey Words: Bridges; Earthquake Design; Earthquake Forces; Specifications; Seismic Provisions.

VIII-31



Introduction

The Japan Society o Civil Engineers issued "Specifications for Earthquake-Resistant
Design of the Honshu-Shikoku Bridgea"(l) in May, 1967. The Spacificatiors were developed
by JSCE's sub-Committee (Chairman: Professor Shunzo Okamotc}, which existed for-a
five year period. The committee stared in 1962 with a commission joirtly from the
Ministry of Construction and the Japanese National Railways (the Japan Railways Construc-
tion Public Corporation took over the work of JNR after March, 1964). 1In May, 1970 three
years after the completion of the above Specifications (1967), the Earthquake Engineering
Committee (Standing Committee) of the JSCE established a Joint Meeting feor Studying Earth-
quake-Resistant Design of the Honshu-Shikoku Bridges (Chairman: Professor Shunzc Okamoto),
and to consider future resedarch needs. The Joint Meeting 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 Honshu Shikoku Bridge Authority (the Authority was established in July, 1970), and
experts from various organizations. The committee attempted to improve the Specifications
{1967) in view of recent progress in the area, and presented in June, 1971 a report(z)
summarizing the results of its research activity.

Furthermore, with a commission from the Honshu-Shikoku Bridge Authority, the JSCE
established a Research Sub-Committee on Earthguake-Resistant Design of the Honshu-Shikoku
Bridges (Chairman: Pvofessor keizaruro Kubo) in June, 1971, The Research Sub-Committees
charge was to amend the Specifications for Earthquake-Resistant Design of tha Honshu-
Shikoku Bridges (1967) and also to clarify the design procedurs Jetails. The Ressarch
Sub-Committee studies showed that ths following three subjects should be inveatigated
axtensively:

1) Evaluation of seiamic forces--Effects of near earthquakes on structures, affacts
of long-period ground motions and their measuring systems, factors to be conside
ered in determining the magnitude of seismic forces, etc.

2) Evaluation of dynam.c characteristica of soils 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),

The Research sub-Committee concluded investigations on those subjects by March, 1974,
and recently published the final report(l). The report proposes revised Specifications
for Earthquake-Resistant Design cof the Honshu-Shikoku 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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Specifications for Earthquake-Rasistant Design of the Honshu-Shikoku Bridges (JSCE-1974)
l. General
1.1 Scops
The provisions in the Specifications apply to sarthquake-resistant design of the
Honghu~Shikoku bridges.
1.2 Motations
The following notations are used in the Specifications:

Notation Definition Unit
A Lateral cross-sectional area of a structurwe -2
a Langth of cross-saction of a structure in -

the parallel direction to that of seismic
motion considered

b Width of cross-section of a structure in n
the perpendicular direction tc that of
seismic motion considered

4 Depth of water »
h Damping ratio n
K, Deaign seismic ccefficient
KR Response seismic coefflcient
S. Responge acceleration spectrum cn/u«-.-2
sv Response velocity spesctrum cm/sec
T Natural period of a structure s8C
x Any depth below the surface of water »
or ground
a Coefficiert dependent on vibrational
Rodesa of a structure
B Coafficient dependent on shape of a
foundation
Yy Unit weight of sea water t/’l3
u Modification factora necessitated in

obtaining design seismic coefficient from
rasponse seismic coefficient
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2. Earthquake to be Considered in Design
2.1 Earthquake to be Considered in Design

An earthquake with the following characteristi-~s shall be considered in design:

1) Magnitude: Large-scale (Namely around B on the Richter scale)

2) location: Comparatively far from the bridge sites (Namely off Kii Peninsula,
or off Tosaj

3) Frequency: Once Or twice per one hundred years

2.2 Design Ground acceleration
The maximun valus of the design ground accelezatlon 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 Methad of Design Calculation

1) For structures whose principal dimensions are determired by some requirements
other than those by earthquake resistant design, the xodified seismic coeffi-
cient method considering structural response shall be adopted. 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.mensions shall be determined
by the regsponse spectrum method of dynamic analysis. In such cases the results
should be examined through a numerical integration methoC 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 selsmic coefficient method when considering
structural response, the seiamic forces specified in 4.2 and additional effects
specified in 4.4 shall be taken .nto account simultanecusly.
4.2 Seimmic Forces

Seismic forces shall be determined by the product of structural dead weight and
the design selsmic coefficient. The design seismic coefficient is provided in *4.3
Design Seismic Coefficient Considering Structural Response.”™
4.3 Design Selsmic Coefficient Considering Structural Responce

4.3.1 Horizental Response Seiasmic Coefficilent

The horizontal response geismic coefficient (KR) shall be determined from Fig. 1.

This figure was obtained by asauming the following conditions:

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 maximum ground acceleration for cesign is expected to be 180 gals.

4.3.2 Vertical Response Seismic Coefficient

The Vertical response seismic coefficient shall be generally the half of the

horizontal response seismic coefficient.

4.3.1 Desaign Seismic Coefficient Considering Structural Response

The design seismic coefficient, considering structural response, shall be deter-

mined by the following formula:
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KD - "l. ut. u!. uh- u!.IR

where l(D: Design seismic coefficient considering structural response

Kaz Response seismic coefficient (see rig. 1) dependent on structural
type and the predominant natural period.

U : Modification factor depandent on the maximum ground acceleration for
design ”‘1'1'0 for the case of 180 gals)

U : Modification factor to cover the influsnces of tha higher modes
u : Modification factor to apply equivalent uniform seismic loads
M

: Modification factor to cover the case where the direction of structural
response is perpendicular to that of seismic motion applied,

H & modification factor to be adjusted by engineering judgment.

The predominant natural psriod heraein is the natural period corresponding to a
vibration mode whose response (stress or displacement; is the most predominant in
respective structural mambars. This predominant natural period does not necessar-
ily coincide with the fundamental period.

4.4 AMditional Effects to bs Considered in Design

4.4.1 Effacts of Ground Reactions on the Structural Response and Stresses

In evaluating the effects of the surrounding soil on the structural rasponse

and atresses, ground reactions shall be taken into acccunt as the product of
the structural displacement relative to ths ground and the sprang constant of
the ground.

4.4,2 Effects of Surrcunding Soil and Water on Structural Response

1) The surrounding soil will effect ths structural response Therefore the
spring and dampinrg factors shall bs taken into account. The muss sffect of
the scil, however, way generally be reglected.

2) The effects of water shall be taken intc account by applying the virtual or
added mass, as described in "5.5 Effects of Surrounding Water on Structural
Response® .

5. ¢ Analysis
5.1 Methods of Analysis
The following methods shall be employed in the dynamic analysis to obtain the
structural response.
1) Response spectrum method: Calculate the maximum values of the structural
earthquake response based on the response accsleration spectra specifisd in 5.3,
2) Numerical integration method: Calculate the time history of the structural
earthquake response bassd on spscific seismic motions specified in 5.4.
5.2 application of Dynamic Analysis
In performing the earthquake-resistant desigr. of structures, the dynamic analysis
shall be employed in the following ways:
1) The design results cbtained by using the modified seismic coefficient method
considering structural response or the seismic coefficient method are
sxamined by the dynamic analysis.
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2) The response spactrum mathod of dynamic analysis is employed for struciuros
whose dimension can be assumed by normal loads. The structural dimensions
determined by this procedure are then sxamined by the numerical integration
method of <dynamic analysis.

5.3 Response Acceleration Spectrum for Dynamic Analysis

The respcnse acceleration spactral curves shown in Pig. 2 ghall ajply to the
response spactrum method of dynamic analysis specified in 5.1(”
5.4 Seismic Ground Motion for Dynamic Analysis

Seismic ground motions used for the numerical integration method of dynamic anal-
yeis specified in 5.!(2) shall be either of the following. The maximum acceleration
shall be adjusted to 180 gals by proportioning the various original acceleration re-
cords.
1) 1ypical seismic records obtained near the bridge sites
2) Strong motion records obtained ar El Centro in 1940.
5.5 Effects of the Mass of the Surrounding Scil on the Structural Response

In the dynamic analysis of substructures, the effects of the uass of tha soil
on the response may generally neglected.
5.6 Effects of Surrounding Watar on the Structural Response

Por the portion of the structure which is in water, the virtual mass of the

water converted from thea hydrodynamic pressure shall be contidsred by the following
formula:

M_=as X2 A/ 2
WX ) a

where:

M _: Virtual mass (or added mass) per unit width at the depth of x below the
water surface (t secl/m2)

&: Coefficient dependent on vibrational mode of the structure
81 Coefficient dependent on shape of the foundation

b b b
l) B = :(l'ﬁ) for the case of 3 é 2

b b
2) B ;‘0'7-ﬁ) for the case of 2 < g

o

<

Yw: Unit weight of the sea water (t/nj)
A: Lateral cross-sectional area of the foundation
g: Gravity of acceleration (=9.8 w’-ccz)

a: Langth of cross-section of the foundation in the parallel direction to
that of the seismic motion considered (m)

b: Width of cross-section of tha foundation in the perpendicular direction
to that of the seismic motion considered (m)

41 Depth of water at the gite (m)
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5.7 Dynamic Characteristics of Structures

1) The Directions of Selsmic Motion to be Considered are;
Directions of seismic motion to be considered in dynamic analysis shall be
longitudinal, transverse, and vertical.

2) Natural Frequencies and Mode Shapes:
The scructural earthquake response shall be analyzed by taking inco account
the order of the natural frequencies and the corresponding mods 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 ratics, used for dynamic analysis, shall be determined in view
of the results of the appropriate investigations.

6. Safety Considerations in Earthquake-Regigtant Desjign

6.1 Factors of Safety in the Modified Seismic Coefficient Methed Considering
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 + acil pressure +
water pressure + buoyancy or uplift + seismic eifects
5.1.2 Increase in Allowable Stresses for Steel Superstructure
The Increase in the allowable gtresses for steel superstructures in earthquake
resistant design shall be as follows:
For suspension bridges and long-span btidée: 1.5
For bridges other than the above: 1,7
6.1.3 Stability of Substructures
{1} Allowable bearing capacities of soil: The ultimate bearing capacity of scil
shall be evaluated in accordance with the Specifications for Design of
Substructures of Highway Bridges-Volume for Design 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 hy the factors of safety specified in Table 1l.
(2) Stability for Overturning
In normal design, the position of the resultant force acting on the founda-
tion base shall be located within the middle third of the base. In earth-
quake-resistant design the force shail be located within the middle twe
thirds of the base. When the position of the resultant force, for the
earthquake-resistant design, ls 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
Bridgea-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 providea i Table 3.

6.2 Factors of Safety in the Design Based on Dynamic Analysis

Faclors of Safety, of the design using the dynamic analysis, shall be in accord-
ce with the provisions in 6.1.
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Japan Society of Civil Engineers, "Technical Report of Investigations on the Honshu-
Shikoku Bridges.” July 1967. (in Japanese).

Japan Society of Civil Engineers, “Report of Resvarch for Improving the Earthquake-
Resistant Design Criteria for the Honshu-Shlkoku Bridges,” June, 1971. (in Japanese).

Japan Society of Civil Engineers, "Tachanical Report of Investigations on Earthquake=
Rasistance of the Honshu-Shikoku Bridges,™ September, 1974. (in Japanese).
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Direction of
. .| ble—r Seismic Mation
—t
Fig. 3. Virtual maas of water
Table 1. Factors of Safety for Bearing Capacities
Censtruction Manner of Foundation Brse
Dry Under Water
Normal Design 3.0 4.5
Earthquake-Resistant ,
Design 2.0 3,0
Table 2, Factors of Safety for Sliding

Construction Manner of Foundation Base

Dry Under Water
Normal Design 2.0 2.5
Earthquake-Resiatant 1.2 L5
Design
Tahle 3. Displacement Standards for~ Substructures

Suspension Bridges

Other Bridges

Abutmenis

Tower Foundations

Horizontal
displacement at
the Saddle Position
{cm)

Rotation at the tower
base

Horizontal displace-
ment ai the level of
ground surface (cm)

¢ =0 0174

4 = 0,0055¢ + 2

{ : central span length {m)
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RECENT REVISION OF DESIGN STANDARDS OM
BEISMIC EFFECTS FOR PORY AND HARBOUR STRUCTURES

by

satoshli Hayashi
Head of Structures Division
Port and Harbour Ragearch Institute
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Chief of Earthquake Resistant Structures lLaboratory
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Setsuo Noda
Chief of Subagqueous Tunnels and Pipe Lines lLaboratory
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ABSTRACT

The design standards for port structures have been compiled four times in Japan.
In thege desigr standards, pravisions on earthquake resistant design of wharves are
included.

’n 1950 the first desi yjn standard was published, and in 1959 and 1967 new Adesign
standards as an expansion of preceding one were compiled. Those design standards were
recognized as the most advanced design procedure in the timea 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 revised and to secure the safety in ports it
was asgigned to establish engineering requirewent of facilities in por-s, The require-
ment has beean effective since 1974 and the earthquake resistant design of the facilitias
are gpecified in it.

Kay wWords: Structures, Ports, Harbors, design, specifications, earthqguakes.
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1. Introduction

A port is an interconnection batwesn saa transportation and land transportation
and is an sssential part in the activity of our mcdern socisty. Loss or even partial
<amage of a port, due to an sarthquake, causes serious ffect on the activities of a com-
munity. This is especially true after a destructive sarthquake, as the port is regnired
to function for transportation of emergency goods and materials for reconstruction of dam-
aged facilities.

During past sarthauskes, however, serious damage to port facilities has heen
axperienced. For instancs, in the Niigata earthquaks of June 16, 1969, which had a magnji-
tude 7.5, the damage tc the port facilities in ths Niigata port cost 22 billion yen.
Wharves are major facilities in a port, and many wharves are earth retaining structures
auch as a gravity type quay wall and a sheetpile bulkhead. These structures support
large soil areas which move in a very cosmplex manner during sarthquakes. This is one of
the rrasons why the port facilities were greatly affected by past earthquakes.

Because of these circumstances, intensive efforts have been made by port engi-
neers tc increase the aseismicity of port facilities, with a minimum increase of construc-
tion cost, which was acceptable tc the community.

In this paper, the basic requirements and procadures for earthquake resistant
design of port facilities will be presented. It is well known that a large variety of
structures surrounding a port exists; however, in this paper, tite authors will limit the
discussion to sea walls, piers, etc., and those types of structures which exist only in a
port. Therefore, the term "port structures™ will mean such structures. In this repoxt,
the design standard means a compilation of typical procedures and considerations. Such
standards would be allowable stresses and factors of safety for designing port structures.
These design standards have been published praviously four times in Japan, and their v
deqrees of restriction to actual designs differ according to each publication.

2. Histary of Design Standard

The first design standard for the port structure was published by the Japan Port
and Harbour Association in 1950, and was called "Manual of Harbour Construction Work
(Title in Japanese: Kowan Xoji Sekkei Shiho Youn)'(” . The manual consisted of three
parts; namely the recommandations for design of quay walls and piers, the recommendations
for planning and sxecution of dredging and £fill-up, and the recommendations for design of
breakwaters.

In the recommandations for design of quay walls and piers, relative to earthquake
resistant design, inertia force, earthpressure and dynamic water presgure were consider: ..
For the estimation of the earthpressure during earthquies, a8 formula proposed by Matsuo
based on his expsrimental study(z' was adopted. However, Mononcbe-Ckabe's forlula”')
for sarthprassure during sarthquakes was also explained as an applicable formula.

The second design standard for the port structure was published by the Japan Port
and Harbour Assaciation in 1959, called "Design Manual for Harbour Construction Work
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(Title in Japanese: Kowan Koji Sekkei Yoran) ‘47, mhis document has been called the
“Greaen BOOK" by port engineers because of the color of the cover.

In the "Green Book"” the area of Japan was divided into three regions and a seismic
coefficient was specified for each region. The formula to estimate earthpressure, during
earthquakesa, consiated of Mononobe-Okabe's formula.

The third design standard was published also by the Japan Port and Harboux
Association in 1967, and was called "Dasign Manual of Harbour Structures in Japan (Title
in Japanese: Kowan Kozobutsu Sekkeli Kijun) ‘5). This design standard had varicus unique
characteristics, in comparison to the previous two design standards. The first quality
was that the third design standard presented procedures for the design of the structures,
such that even a less experienced engineer could design the structures without any other
cextbook, and it also presented to the engineers the background information on thes
procedures. As a result, the third design standard has become a publication of many pages
and has the characteristics of a specialized textbook.

The second quality was that the third des.gn standard was to be revised regularly,
in order to introduce results of the most recent research and technological developments.
In order to make such a condition possible and easier, the design standard was compiled
such that any page could be replaced by a newly printed paqge.

The provisions in the third design standard, regarding earthquake resistant design,
ware pregsented at the First Joint Meeting, U.5.-Japan Panel on Wind and Seismic Effects,
UJNR(G) , and at the Second Joint Meeting relative to the comments on the revision of the
of the third design stnndardtv).

The third design standard described previously was recoghized as the best pro-
cedure at that time by the port engineers. Most of the port structures wers designed
according to these design standards.

3. Engineering Requirement by Port and Harbour law

In 1973 the Port and Harbour law was revissd. Because of social demands on the
gafety of facilities in ports and harbours, the ministry established engineering require-
ments on facilities which were to be constructed in ports and harbours. In 1974, these
angineering requirements were established as Ordinance No. 30 by the Ministry of Transport,
which prescribes that the facilities in ports and harbours must he safe against earthquakes
as well as dead load, water pressure, wave force, surcharge, impact and drag due to ships,
etc. However, de%tails on earthquake resistant design, such as design procedures, factors
of safety, and allowabis stresses, have not been given in the ordinance, but were
gpecified in an order by the Director General of Bureau of Port and Harbours. Such
a legal sysiem was chosen because considerable progress in earthquake resistant design
is expscted in the near future, and flexibility to revise the requirements is necessary.

Even in the order of the Director of Bureau of Ports and Harbours only important
peints are specified. Therefore, it is recommended that the third design standard should

be used as a supplement to this order.
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The basic consideration of earthquake resistant decign of structures, corstructed
mainly in ports, is the seismic coefficient method; however, earthqguake resistant design
depending on dynamic analysis is alsc acceptable.

4. Earthquake Resistant Dorign in the Requirement

In this section the sarthquake rssistant design, specified in the engineering re-
quirements, will be described. Yowever, the following are not a translation of the pro-
visions, but an explanation of the earthquake resistant deasign. The provisjons are

available in the separate publication(a).

4.1 Design Earthquake Load

1) Earthquake load

The earthquake loads acting on port structures should be cal:u.ated by the following
formulas, where the most severe conditiong should be chosen.

i) Earthquake load = Dead load x Seismic coefficient
ii) Earthquake load = (Dead load + Surcharge) x Seismic coefficient

The seismic coefficient is defined in the next paragraph.

2) Selsmic coefficient
The seismic coefficient should be calculated by the following formula, taking
regional seismicity. foundation soil and importance of the structure into consideration.

Seismic coefficient = Regional seismic coefficient x Factor for subsoil conditicon x
Importance factor

In general the earthquake load is applied horizontally at the centexr 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
seismic coefficient should be calculated to two decimal places, where the last digit is
set equal to 0.1, if equal to or greater than 0.08; if the digit is between 0.07 and
0.03 set the value equal to 0.05.

1) Regional seismic coefficlent

Standard values of the ragional seismic coefficient are tabulated in Table 1. The
seismic coefficient in a region which is not described in Table 1 is determined consider-
ing meismicity of the region and the regional seismic coefficients in the neignboring
regions aa given in Table 1.

rig. 1 shows the regional seismic coefficient and Pig. 2 the expected maximum
acceleration of earthquakes in the next 75 years estimated by Kawasumi.
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4) Factor for subsoil condition

The standard value of the factor for subsoil condition should bs determined as
shown in Table 2.
The classification of the subscil condition should be assigned as shown in Table 3, con-
sidering the thickness of the quaternary deposit and the kind of subsoil.

S) Pactor depanding on importance of structure
The standard value of the factor relative to the importance of the structure
should ba determined by Table 4.

4.2 Earthpressure in an Earthquake

Lateral sarthpressure of gandy soil in sarthquakes is computed by using Mononabe-
Okabe's formula which is derived from Coulomb's formula by statically applying the earth-
quake load to the soil mass in question. For horiszontal ground surface, the formula is
as shown in (Fig. J).
where) p : intensity of lateral earthpressure in esarthquakes (t/nz)

w : intensity of uniform load on the ground surface (t/nz)

k : seismic coefficient

¢ : angle of internal friction of sandy soil (*)

for general case «:+30°
for particularly good backfill ...40*
¥ t+ unit weight of sojl tt/n3)1 buoyesd unit weight should be used below water
level and the following are the standards:
above water Lable in backfill ...1.81:/!3
below water table in backfill ...1.0t/m’>

: depth from the ground surface {m)
: coefficient of lateral sarthpressure
angle between wall surface and the vertical (*)
: angle of friction between soil and wall (*); usually |6] 15¢
+ angle given by the following equations; G-tm-l k or B-tan-lk'
: angle batween failure surface and horizon (*}

PLEEE- S-S -

In Egs. (2) and (3), upper signs are for active and passive earthpressure for
typical values of ¢ and § are shown in Figs. 4 and 5 respectivaly.

For backfill, in layers (w + ¥ h) in BEg. (1), these terms should be replaced by
the vertical effective stress. Below the water table the apparent seismic coefficient
should be used. In calculation of the vertical effective stress the bouyed unit weight
of soil is used, this causes a smaller estimation of the earthquake load acting on the
soil mass, since the weight of soil mass in the air should be multiplied by the seismic
coefficient. The apparent seismic coefficient compensates the difference. The apparent
seismic coefficient is given by the following equation.

k'-_TﬁTk R 7
where; k': apparent seismic coefficient

¥': unit weight of saturated scil (t/ms)
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4.3, Dynamic Water Pressure

Rigid wall- and column-like structuras facing the water are designed by taking the
dynamic water pressure into consideration. However, the structure is retaining soil and
the earthpressure is calculated by Mononobe-Okabe's formula with the apparent seismic
coafficient, where the dynamic water pressure is not considered in the design calcula-
tion. The rsasons for this assumption are: first, when the apparent seimmic coefficient
is applied for the earthpressure calculation the inertia force due to pore-water has
al-eady been considered. Also experience from structural performance during past
sarthquakes d~ not indicate the necessity to consider the dynamic water pressure acting
on the face of the earth supporting structures.

4.4. Allowable Stresses

Allowable strosses of the materials ars determined as shown in Tables 5 through 9.
Allcwable stress of tie rods must be squal to or below 40 percent of the certified
yielding strass.

Allowable stresses of steel and concrete, for short period icad such as earthquake
load, may be equal to or smaller than 1.5 times of the allowable stresses in normal
condition.

4.5. Earthguake Resistant Design Baged upon Special Study

When the seismic coefficlent ig determined from consideration of a survey on
seismicity of the ragion, and from the characteristics of earthquake moti>n and
response characteristics of the ground against earthquakes, the requirement described in
4.1 need not be applied to design.

When the earthquake resistant desigr is confirmed by considerat.on of ~he dynamic
characteristics of the structure and the investigation on the reaponse analysi. for the
striuture against earthquakes, the requirement described in 4.]1 need not b~ applied.

It is advised that in case of necessity the earthquake resistant derign is con-
firmed by the consideration of the dynamic characteristics 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
establishad for each type of astructure.

1) Design Specifications for Steel Highway Bridges, established by the Japan 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 Design Specifications for Civil Engineering Facilities established by the
Japan Railway Facility Asscciuation may be applied to the earthquake resistant design of
the railway bridges.
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J) On the earthquake resistant design of the pipe line for transporting such fluid
and gaseous materials as petroleum, Fire Service Law, 0il Pipelines Enterprise Law

or High Pressure Gag Control Law and requlations established to supplement these laws,
may be applied.

4) On the earthquake resistant design of the buildings, Building Standard Law and
requlations established to supplement the law may be applied.

5. Puture Follow-up

In this report the earthquake resistant design designated by the Port and Harbour
Law, has been presanted. Many new types of structures are going to be constructed
on or off-ghore and the social demands for envirommental consideration of such structures
Lave been increasing. Because of such circumstances, revision of the Design Manual of
Harbour Strugtures in Japan has been undertaken. The rationalization of earthguake

resistant degign will ba achieved by this revision.
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Classification

Ragion

Regional
seinmic

Firat region

Hokkaido (Nemuro, Kushiro, Hidska)
Kanto (Chiba, Tokya, Kanagawa)
Chubu (Shizucka, Aichi)

Kinki

0.15

3
Second region

Hokkafdo (Ishikari, Iburi,
Shiribashi, Hiyama,
Oshima, Rumol)

Tohoku

Kanto {lbaragi)

Chubu (Niigata, Toyama, Ishikawa,

Pukui)

Shikoku

Chugoku (Tottori, Oksymms,
Hiroshima).

Kyushu (Oitas, Miyasaki)

0.10

Third region

Hokkaido (Soya, Abashiri)

Chugoku (Shimsne, Ysmaguchi)

Thushu, Okinawa (Fukucka, Saga,
Hagasski, Kumamoto, Kagoshims,
Okinava)

0.05

Table 1 Regional seismic coefficient

[ ECRr
[TLET 2w e 0.
[ mtens YWY T

Fig. 1. Regional seismic Tig. 2. Expectancy of maxisum sccel-

coefficiemt for port eration of earthquakes in

structures

75 years in gals (Afcer

Kawasusi)
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Classificarion

1at kind | 2nd kind | Ird kind

Factor

0.8

1.0 1.2

Table 2 Factor for subsoil condition

Thickness of quaternary
deposit

Gravel | Sand or clay

Soft ground

less than 5 m

1st kind lst kind

nd kind

5-25m

lst kind 2nd kind

3rd kind

more than 25 =

2nd kind 3rd kind

Ird kind

Table 3 Classification of subsoil condition

Classification
| of structure

Characteristics of structure

Iaportance
factor

Special
clasp

The structure has significant character-
istics described by items of (1) - (3)
in A class

1.5

A class

(1) [If the structure iz damaged by an
earthquake, s large nusber of human
1life and property will possibly be lost.
(2) The structure will perform an -
important role on the reconstruction.
work of the region after an earthquake
() The structure handles a hazardous
or s dangerous object, and it is feared
that the damage on the structure will
cause 8 great loss of human 1life or
property.

(4) If the structure is damaged,
economical and social activity of the
regian will be severely guffered.

(5} 1If the structure is damaged. it

is supposed that the repair work of

it is considerably difficult.

1.2

Classification
of Btructure

Characteristics of structure

Importance
faceor

B class

The structure is other than Special,
A and C classes.

1.0

C class

The structure is small and easy for
repairment, excepting that in Special
and A class.

a.5

Table & Factors depending on lmportance of structure
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Fig. 3. Earthpressure acting on a vertical wall

F={w+r-h)K e B |
K= cor($19—0)

b sin($t8)sin($—0) ., ]
cos?» cosly col(a"-':t’)flh/coa%;%ﬁ;j—ca(;%‘r (2)

(p+318)sin(p1d)
cosPsin($~¥)

C=:lan(fil':t'?)"'“C(*iai'h’)ﬁo' “(3)

1 fntensity of lateral earthpressure in earthquakes (t/m2)
: intensity of uniform load on the ground surface (t/m2)

seigmic coefficient

+ angle of internal friction of sandy soil (*)
for general cezue ...30"
for particularly good backrill .,.40*

: unit weight of soil {t/3; buoy unit weight should be

used below water level and the following are the standards:

sbove water table in backfill ...1.8t/md
below water table in backfill ...1.0t/wm3

: depth from the grourd surface (m)

coefficient of lateral ea-thpressure

: angle between wall surface and the vertical (*)

angle of friction betweer soil and wall (*); us.sllyi&| 15°

! angle given by the following squations;f=tan-l k org =tan-lk'
angle between failure surface and horizon (*)
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Coefficient of active earthpressure

by Mononobe-Okabe's formula

S8 41, SM 41

Kind of stress SMA 41 SS 50 SM 50
Axial tensile
stress 1,400 1,700 1,900

(for net se~tiom)

Axial compressive
stress
{for gross
section)

A: effective

buckling length

(cm)

(a) f:;zo. 1,400
¢
) 20<E<as

1L400 —8.4({-20)

(a) fs;lv 1,700
) 1w<fs

LTOO-IL&(% -17)

1™

(a) %(.15 1,90¢

(b) 15T

f 80
p

1,900-13( £-15)

r: radius of (c) 93i;€ (c) Bﬁf;g (e) 505;£
gyration for r f
gross section ! _12000,000 12,000,000 _ 12,000000

(em) 6,700+(€/r)? 5700 + ( £/ r )" 5000+ (/¢ ¥

Bending stress

(1) tensile stress |
for net section 1,400 1,700 1,900

{2) compressive
stress for
gross section

Shearing stress

(fox gross 80O 1,000 1,100

section)
kp/cn?)

Table 5 Allowable stresces of structural steel
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§5 41, SM AL
Kind of stress SMA &1, STK &1 SM 50, STK 50
Axial tensile stress
(for net section) 1,400 1,900
Axial cospressive stress Same as shown in Table-5
(for gross section)
Combination of sxial . L4
compressive force and “,‘L *‘;u's 10
banding moment ca ba
Shearing strass
(1) with sciffener R/t<l2s R/t<95
800-0.019(R/t)2 | 1,100~0.044(R/t)2
000R/t>115 - Z003R/t>95
75,000/ (R/t)-%0 75,000/ (R/t)-90
(2) without stiffener
(L/t£30) S00 600

{unit : kg/cal)
Notation #.: compressive stress of axial compressive force
*he i compressive stress of bending moment
®o.o: allowable axial compressive stress
®pa: sllowable bending compressive stress shown in Table-3

R : outer radius of steel pile (cm)
t : thickness of stesl pile {(c)

Table & Allowable stresses of steel pile materials

Kind of steel material Allowable stress

SY 24 1,400
5Y 30 1,800
SY 40 2,400

(unit : kg/ca?)
Table 7 Allowable stresses of steel sheetplle materials

Kind of reinforcing bars { SR 24 | Sk 30| SD 24 | SD 30 SD 35| 5D 40

Tensile stress 1,00} 1,600)1,500)]1,300) 2,000 | 2,100
Tensile stress for
fatigue loading 1,400} 1,600 12,4001 1,600} 1,800 | 1,800

(unit : kg/cm?)

Nation 1) Diameter of bars is less than 32 am
2) When design standard strength ¢ck is leas than 180 kg/cm?
deformed bars  0g4. 1,600 kg/culd
round bars oga< 1,200 kg/ce?

Table 8 Allowable tensile atreas of reinforcing bars Osa

VIII-S54



l JTANNATARI Ry
J, [ .
| /1 1/ / °
- VAN
Ey/mu
n " ) ,:":‘ N ~ 2
i A AR I R - |
IR A avin ) 7 ;
[EVANAR ° [ U 17
[ 1T: . [ T/ .
é © @ - o ° ?[ ? k’ﬂ °
: s [ .
117 T e ol JIT [ |l
i/ yAW /A
iAW, ~ g ° ° N
° '}/ J/ «"/7 °
L) e/ w -
[ 1 °
[3) o[ 2] o Oo
i i reinforced conc
[::::c:f Items -Tlﬂ'z:.o % Plain concrete
::::::::.ve _— “ca §"T“ ‘c.é%'_‘gss
stress
v . [beam 6 | 7 g
Shearing sl [llab 8 |9 |10 _
stress
fs2 only shear force 17 |20 22
Bond stress szgggnzzt:lrs 12 12 l: —
:i::t;r:l  — 0 “en = %5 3
8tress
¢k : design standard compresive stremgth
y) ¢ design ;nn:::d tenaile acrength
@,y : allowable stress

Tul ¢

Ta2:

allowable shearing stress without calculation of
diagonal tension bars

allowable shearing strezs with calculation of diagonal
tension bars

Table 9 Allowable stresces of concrete
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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

Hajime Tsuchida
Chief, _arthquake Resistant Structure Laboratory
I.rt and Harboy Research Institute
Ministry of Transport

ABSTRACT

In response to the request from Ministry of Construction and Minigtry of Transport,
the Japan Scciety of Civil Fngineers has concluded in March 1975 the final draft of the
Specifications for Earthquake Resistant Cesion of Submerged Tunnels. The writers of this
raper have worked on the drafting of thcse Srecifications in cooperation with colleagues
of the Public Works Research Institute and Port and Harbor Regearch Institute during the
last four vears.

The draft of the Specifications was adcpted as Specifications for Earthquake Resistant
Design of the Propocsed Tunnel across Tolyo Bay. This paper presents the principal provi-
siocns and articles of the draft of the Specifications, and contains the following five
chapters; General, Investigation, Earthguake Resistant Design, Dynamic Analyses, and

Preaservation and Countermeasure in Earthquakes.

Key Words: Aseismic Design Criteria; Design Provisions; Earthquakes; Specifications;
Structural Engineering; Tunnels,
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Forewora

The Committes Of Earthquake Rasistant Design criteria for Submarged Tunnels, chaired
by Professor Shungo Okamoto, was sstablished by the Japan Society of Civil Engineers under
a contract with the Public Works Resesarch Institute, Ministry of Construction in July, 1971.
The contract had been supported by the Institute in addition to The Second Construction
Bureau for Port and Harbor, Ministry of Transport since 1972.

Since the initiation of this work, the committes has met nine times with the Sub
Committes, who drafted the specifications and have met forty-four times. Through 1971 to
1972, the Adynamic hehavior of submerged tunnels was exeamined, and then the provisions of
the Bpacifications were drafted on ths bases of these results.

Prior to daveloping the specifications, the application of sarthjuake sngineering and
design practices to submerged tunnels both in Japan and abroad, and the general cbservation
of submerged tunngls during earthquakes were comprshensively studied. Tha Committee, how-
ever, adopted the final resolution as a draft to the Specifications with dus consideration
that lack of sufficient examples of design applications sxisted. This draft will attempt
to sstablish a meaningful spacification for the future and thus provide needed exparience
on their application of sarthquake resistant design.

The safaty and stability of the submerged tunnels are important and therefore. the
skeleton of the specification draft should be applied toward the design and construction of
tunnels with care. The draft will, however, be an important guide in the construction and
the cdesign of tunnaels.

Pinally, the sembars of the Committes which participated in the draft of the Specifi-
cations included the Ministry of Construction, the Ministry of Transport, and the clerk
of the Committes of Japan Bociety of Civil Engineers. Their cooperatiaon is deeply
appreciated.
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Chapter 1 General
1.1 Scope

Tw «r.v. < wif. un the Specification apply to earthguake resistant design of submerged
cunnels.

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 o§ Concrete,
Japan Scciety of Civil Engineers
Specifications for Design and Construction of Prestressed Concrete,
Japan Scociety of Civil Englneers
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 Road Association
Design Standards Bn Seismic Effort for Port and Harbor Structures,
Port and Harbor Association of Japan
Uniform Building Code,

1.3 Definiticns of Terms
The following definitions shall apply only to the provisions of these Specifications.

Submer ;ed ‘unnel; A total gtructural system which are composed of submerged structures,
approaches and ventilation towers.

Submerged structure; A portion of the tunnel which is under water on a water table. Those
portione are conatructed in the following sequence.
lst: 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 tcgether under the water tables.
5th: Over-all elements are covered with rock and socil.

Approach; Under-ground structures or expesed structurcss which lead from the submerged
structure to airial portions.

ventilation tower; A structure which is located at the intermediate portion ot the tunnel
for the purpose of construction and ventilation of the tunnel.

Seismic Deformation Method; A method for earthguake resistant design of the tunnel, in
which the ground displacements at%t the level of an axis of the tunnel are assumed
to apply seismic effeccs to the submerged structure.

{Pourteen additional terwms, 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 earthguakes and earthquake ground motions: geology and soils; materials, and types
and details of structure; preservation and counter-measures in earthquakes; and a

post-earthquake inspection procram.
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

earthquakes.

2.2.2 Earthquake Grouad Motions

Field observations on earthquake ground motions arebeing conducted in order to ob-
tain data necessary to estimate earthqguake response of scil strata and structures.
Such estimations shall ba 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 resistant design
is divided into two categories; (1) preliminary investigation and {2) site investiga-
tion. The preliminary investigation is required in order to collect information <n
geology and snils in the tunnel locality, preceding the site investigation for making
the site investigation efficient and effective. The site investigation iq conducted
in order to obtain all the necessary data for design and construction of a submerged

tunnel.

2.3.2 Preliminary Investigation
In the preliminary investigation the following information shall be collected:
1) Topographic map; also submarine topographic map when it is necessary
1) Geological map
3) soil profile
4) Soil map
5) Boring log

2.3.3 Site Investigation

In conducting the site investigation, the followino items should be determined;
possible structural types of a submerged tunnel, soil condition, and other related
factors. 1In ccasidering these items the following wviewpoints shall be made of the

site investigation.
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1} Data necessary for determination of design earthquakss
2} Data necessary for structural design
3} Data necessary for examination of stability of solils during sarthquakes
Items that are included in site investigations depend on the propossd tunne; however,
the following items shall be included in the site investigation.
1] Boring, scunding (normally standard penetration tests), and sampling
2] Laboratory tests of samples
1} Measurement of sgeismic wave velocities with borsholes.
4]} Measurement of density of soils

5] Microtremor observation

2.3.4 Test Proceduras

Field and laboratory tests shall be conducted in accordance with procedures speci-
fied in the Japan Industrial Standards or the Standard Specifications of the Japaness
Society of Soil Mechanics and Poundation Engineering.

2.3.5 Configuration and Depth of Base-rock

In the site investigatjion configuration and depth of base-rock surface shall be
surveyed. The base-rock surface means an interfacs between base-rock and surface
layer.

2.4 Investigation of the Engineering Property of the Soil and Surfacs Layer

2.4.1 Engireering Property of the Soil and of the Surface layer
The following are the important properties to be considered for earthquake resistant
design.
1} Density
2) Elastic moduli; Young's modulus and shear mciulus
3) poisson's ratio
4) Strength parameters; angle of internal fricticn and cohesion
5} Coefficient of subgrade reaction
6} strength of coils under dynamic loading

7} Velocities of seismic waves; velocity of longitudinal waves and velocity of
transverege waves

8) Dynamic characteristics of subground

Thase properties shall be detarmined directly by observation or tests. Only when it
is very difficult to be obtained directly, the properties can be determined indirectly
using the results from standard penetration tests or other observation tests.

2.4.2 Strength of Soils under Dynamic Loading
Dynamic strength-test of soils, to examine the soil behavior under dynamic loading,
iz desirable.

2.4.) Measurement of velocities of Seismic Waves
Velocities of selsmic waves shall be measured at the proposed tunnel site.
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2.4.4 Measurement of Microtremor
For estimation af the dynamic characteristics of the surface layer, at the tunnhel
site, microtremors shall be measured and analysed.

2.4,5 Damping Factor of the Surface lLayer

pamping factors of surface layer, which are applied in the earthquake response
calculations and dynamic model tests shall be carefully determinsd based on results
of field and laboratory tests.

2.4.6 Properties and Strain of the Soil

Properties 0i the soil and surface layer, sauch as elastic moduli, velocities of
seismic waves, and damping factor, depend of the atrain 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 scoft, and

thus the stability of a submerged tunnel depends largely on the behavier of the ground

during esarthquakes., Zngineers concerned 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 Scils

2.6.1 Stability of sandy Soil

tigquefaction of soils around a submerged tunnel shall be avoided. When the soil
is estimated to liguefy during earthguakes the scil shall be improvecd. Liquefaction
potential shall be examined based on liquefaction case records from past earthgoakes
and resvlts of research on liquefaction.

2.6.2 stability of a Cohesive Soil

When coil at a tunnel site is cohesive, it shall be checked such that a change in
the solil strength and deformation Aue to earthquake will never affect the stability
of a subrerged tunnel.

2,7 Invegtigation cf the Materjals and Structural Types

Relative to materials, types and details of a submerged tunnel, tests and investiga-

tions shall be conducted on the following;

1)
2)
3)
4)
5]
6)

Structural concrete

Structural steel

Watertightress of elements

Types and materials of the joints

Types of foundationg

Preraration of trench bottom and bhackfilling

VIII-€1



2.8 Investigation of the Preservation and Proper Countermeasures in Earthquakes
Por the preservation and countarmesasures of tunnels in earthquakes, traffic control
systems of the tunnel shall be examined, and the interaction of the function among these

systems sha . be sufficiently considered.

Chapter 3 Earthquake Resistant Design

3.1 General Principle

Every partial structural system shall be dasigned by the seismic deformation method
and the seismic coafficient in accordance with the provisions in Chapter 3 "Earthguake
Resistant Design". Also the total structural system shall be designed by using the results
of the dynamic response analysis with regard to the influence 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
Earthquakes”.

3.2 Design Requirements

1) Mot only the submerged structure but also the total structural system, including
the effects of the surrounding topography and geology, shall be designed to provide
sufficient stability against seismic disturbances.

2) Every structural system of the submerged tunnel shall be designed in accordance
with the displacamert. of the surrounding ground during earthquakes and design
seismic coefficients. The structural system shall be designed and the results
exanined 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 seismic resistance of the submerged tunnel.

4) For the preservation and countermeasures of the tunnel during earthquakes, the
reliability of the operation of the systems of the submerged structure, the spproach,
the ventilation tower and other squipment shall be considered.

3.3 Loadings and other Conditions in the Earthquake Resistant De :ign

3.3.1 General

1) The following Loadings and Conditions shall be taken 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 the structure,.
a) Dead Loads
b) Earth Pressures
¢) Hydrostatic Pressures
d) Buoyancy or Uplift
e) Live Loads
f) Effects of Consolidation and Settlement of the Sub=-grc and
q) Effects of Temperature Change
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2)

3

h) BEffects of Shrinkage due to Humidity in Concrets Structures

i)} Other Loadings (Tidal Waves, etc.)

The following seismic effacts shall be taken into account in earthquake resistant
design.

a) Displacemsnt of the sub-ground or struct ves in earthquakes

b) Inertia forces due to the dead weight of the structure

c) Earth pressures in sarthquakes

4) Rydrodynamic pressures in sa.thquakes

Combination of Loads

Design conditions shall be determined considering the loading conditions a)

through h), given in the preceding article (1) and in addition the loading

effects h) and i) in accordance with the site conditions.

3.3.2 Ground Displacemernt in Earthquakes

1)

2)

The displacements of the subsurface ground in which the submerged tunnel is
embedded shall be determined in accordance with the provisions given ir Section
3.4.2.1 "Ground Displacement in Earthquake Resistant Design”. The ground
Displacement for the design of submerged structures shall be taken as the
ground displacemant at the level of the longitudinal axis of the structure.
The plans vhere the ground displacements are aprlied, shall be taken as the
horizontal and the vertical plane on the axis respectively.

3,3.3 Inertia Forces (omitted)

3.3.4 Barth Pressures due to Eartaquakes (omitted)

3.3.5 Hydrodynamic Press.res due to Earthquaxes (omitted]

3.3.6 Soil Layers Where the Bearing Capacities are Neglected in

Earthquake Rasistant Design (omitted)

3.4 Design Earthquake Ground Motion

31.4.)1 General

1)

2)

3}

The ground Displacement and the design seismic coefficient shall be taken into
account in the design of the submerged tunnel

The submerged structure shall be designed by the seismic deformation method and
the seismic coefficlent method,

Ventilation towers and other structuras can be designed by the seismic coeffi-
cient method.

3.4.2 Design Barthgquake Ground Motion

3.4.2.1 Ground Displacement in the Earthquake Registant Design

The ground displacement, in the earthjuake resistant design, shall be .avalnated

on the basis of the ground displacement coneidering the nature of the earthquake
ground motions and the soil conditions.
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3.4.2.2 Bame Rock Accelerations in Earthgquake Resistaunt Design
1} 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 base 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 Seimmic Coefficient Method (omitted)
3.5 Earthquake Resistant Design of Submerged Structures

3.5.1 General

The submerged structure shall be principally designed by the seismic deformation
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 Seiamic Deformation Method

The submerged structure shall be designed in accordance with the Seismic Deformation
Mathod,

3.5.3 Seismic Coefficient Method (omi tted}
3.6 Barthguake Resistant Design of Ventilation Tower

3.6.1 General

The earthquake resistant dassign of the ventilation tower shall provide appropriate
stability against seismic disturbances for the tct:l structural system of the submerged
tunnel, considering the conditions for the connecticn with the submerged structure.

3.6.2 Barthquake Resistant Design of th2 Ventilation Tower

The ventilation tower can be designed by the seismic coefficient method. The cesign
seismic coefficient, in the seismic coefficient method, shall be determined in accord-
ance with the provisions in Section.

3.4.2.3 "Design Selsmic Coefficient in the Sei.mic Coefficient Method"

The directions of the inertia forces and the design method shall be determined

in accordance with the provisions in individual related st :cifications, according

to the type of the ventilation tower considered and the conditions of the construc-

ticn site.

3.7 Earthquake Rrsistant Design of Approaches
3.7.1 General {omitted)
3.7.2 Earthquake Resistant Design of Approach {omitted}
3.8 Stability of Subgrounds

3.8.1 General
The stauility of the ground around the submerged structure shall be evaluated.

VIII-64



3.8.2 stability Analysis of Ground

The Stability of the ground can be analyzed by the seimmic coafficient method
assuming a slip plane. Also the submerged structure shall be analyzed to avoid the
critical damages due to the ground displacement evaluated by the dynamic analyses.

3.8.3 Stability of the Soil-use for Submerged Structure Fill

1) Liquefaction
A 80jl which is prone to liquefaction during earthquakes shall not be used for
soil fill for submerged str..‘ures. The estimate of ligquefation shall be
evaluated in accordance with the provisions given in .ection 2.6.)! "Stabiltiy of
Sandy Soils”™.

2) Examination of 5liding
The stahility of the sliding of aubmerged structures in the transverse direction
zhall be analyzed in accordance with the provisions in Section 3.5 "Earthquake
Resistant Design of Submarged Structure”,

3.9 Allowable Stresses

3.9.1 General

The allowable stresses of the materials, and the increase of the allowable stresses
for earthquake resistant design shall be determined in accordance with the structural
types and the importance of the structures.

The etresses shall be required t~ be based on the various Specifications
and the consideration of the assumptions in the design and the procedure and operation
in the construction.

3.9.2 Allowable Stresses of Toncrete

1) The allowable stresses of concrete, for use in submerged tunnals, shall conform
to the provisions specified in the following:
Standard Specifications of Concrete,

Japan Society of Civil Engineers

2) The allowable atress of concrete placed in water shall be determined on the
basis of experiments of simulated field conditions, because of the lack of
reliability of the uniform quality of the concrete.

3.9.3 Allowable Stress of Steel
1) The allowable stress of steel used for submerged tunnels shall conform to the
provisions specified in the following Specifications.
For reinforcing Bars;
Standard Specificatione of Concrete,
Japan Society of Civil Engineers
For Structural Steel, Except for Reinforcing Burs;
Standard Specifications for Highway Bridges, Part of Steel Bridges,
Capat. Roal Association
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2) In the case of minor cracking of the concrete, the allowable tensile gtresses
sha..l be designated in accordance with the effect of cracking of concrete.

3.9.4 Increase in the Allowable Stresses in the Earthquake Resistant Design
L) Use of the allowable stresses specified in the provisions of the Section 3.9.2
“Allowable Stressea of Cuncrete” and the Section 31.9.3 “Allowable Stresses of
Steel™, the increase of the allowable stresses shall be allowed in accordance
with the following combination of loadings;

Table 3.3

Cowbination of Loading Limitation of Increase of
Allowable Stress

ordinary Load + Earthquake

Loading 508
Ordinary load + Effect of Temp.
Change + Shrinkage + Earthquake 65%

Loading

Note) In this table, the fundamental allowable tensile stress shall
conform to the provisions of Section 3.9.2 "Allowable Stresses of
Steel”. .
2) I1f the provisions of the Section 3.9.1 "Allowable Stresses of Concrete" and
the Section 3.9.3 “"Allowable Streases of Steel" are not used in the evaluation
of the gross allowable strength of the section of the structural member, the
allowable stresses for ordinary conditions and seismic conditions or the safety
factor shall be determined on the baeis of the experiments or egquivalent measures.

3.10 Earthquake Resistant Design in Detail

3.10.1 General {omitted)
3.10.2 Attached atructure (omitted)
3.10.3 Pile Foundation {omitted)
3.1014 Ventilation tower (omitted)

Chapter 4 Dynamic Analysis

4.1 General
Th.e dynamic analyais for the design of a submerged tunnel is divided into the dynamic
analysig for the partial structural syatem and the dynawmic analysis for the total rtructural

system.
4.2 Earthquake Responss Analysis

4.2.1 Genaral
The earthijuake response ana’ysis for the submerged tunnel shall be conducted for
the individ.al items of the atructural system, such as the surrounding cround, the
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submerged structure and the ventilation tower, in addition to the total structural
system, The analysis shall consider the dynamics of the soil-structure interaction and
the characteristics of earthquake ground motions by using the method which can simulate
the dynamic response of the submerged tunnel as close as possibla.

4.2.2 Method of Earthquake Respanse Analysis
The earthquake xesponse analysis can be conducted by using one of the following
two methods.
{A) method using the averaged response gpectrum,
{B) method using the original record of earthquake motions.

4.2.3 Mechanical Mcdel

The mechanical model, for the earthquake response analysis, shall be individually
designated to represent such structural aystems as the ground, the subrmerged structure,
the ventilation tower and the submerged tunnel of the total system and taking into
account if necessary the gffects of the existance of the water. The dynamic properties
of the ground, such as natural period, vibration mode, damping characteristics 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

aceount in representing mechanical mode.

4.2.4 Input Earthquake Motion

The input earthquake ground motionh shall be designated by the maximum acceleration
and the characteristics specified in the provisions of Chapter 2 “Investigation”.

The input earthquake ground motion shall be applied to the base rock.

4.3 pynamic Model Test (omitred)
4.4 Designation of safety (omitted)
Chapter S Pregervation and Cour. 'ermeasures in Earthquakes

5.1 General

For the purpose of preservation and countermaasures in earthquakes, earthquake
equipment chall be installed in the submerged tunnel. The security and the stability of
the tunnel are guarunteed completely by using the equipment and also conducting inspections.

5.2 Preserving Equipment

For the purpose of the preservation and countermeasures in earthquakes, the following
equipment shall be installed. This equipment shall be guaranteed to have normal operation
during earthquakes and have periodical inspections.

1) Sensor, recorder and system of notification for earthquake ground motion

2) Sensor, recorder and system of notification for the level of tidal wave and tsunami
3) Traffic control system during and after earthgquake

4) Sensor, recorder and system of notification for settlement and spill water

5) System for evacuation and induction

6) Emergency power plant

VIII-67



7) Syatam for inspection of traffic
8) Drairage and aystem of protection for inundation
9) Other (strain-meter, stress-meter, etc)

5.3 Preserving Operation

By ssployving the preserving equipmsnts, the countermeasure for the security of traffic
and the safety of the structure shall be applied in accordance with the intensicy of earth-
quakes at the location of the tunnel.

5.4 Inspection for preservation

The tunnel structure shall be maintained by inspection, for proper pregervation. The
inspection shall be pericdically conducted, and also the temporary inspection shall be
conducted during sarthquakes of the strong intensity.

5.5 Investigation after sarthquakes

The administrator of the submerged tunnel shall immediately conduct an investigation
of every portion of the tunnel after earthquakes of high intenaity. The results of the
investigation and the proper countermeasures shall be employed and recoxded.
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ABSTRACT

Recently the Uniied States and Japan have m: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-
tancs of ductility in columns. However there are a ;ew seismic studies based on the
loading tests of full size structures. Fortunateiy, in Japan there is the greatest loading
test facilities in the world, with nev larger facilities now under construction. By using
these facilities full size asemismic tests can be conducted. This proposal provides a
plan for the testing of reinforced concrete structures 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; Testing.
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Recent Research Progress

R.C, structures are 7anerally recogqnized to have sufficien: earthquake resistanca.
dowever in 1968, the Tokachi-Oki earthquake induced extensive damage to school buildings
in Japan. In 1971, the San Fernando sarthquake induced severe damaje to hospital buildings
in the USA. Examination of the earthquake damage indicated that many R.C. columns sus-
tained severe damage, particularly shear failures. Thus the problem of the need for ductility
of R.C. column was reconfirmed. Therefore, since 1972, a research project was organized by
the Ministry of Construction whic¢h included tests of alout 200 R.C. ~olumn specimena. The
following listms some of the results obtained from these tests;

{1) All types of fajlure modes of the columns were defined precisely from the tests.

They consist of shear diagonal tension failure, shear compression failure, shear ten-

sion failure, bond splitting failure, and buckling of the main bars. Empirical equa-

tions relative to strangth associated with each mode were then established.

(2) Load-deflection curves of all type of columns were standardized and the limitation

of web reinforcement {(quantity, shape and arrangemen”) for ductile members was

determined.

Further Problem

At present many experimental studies have been conducted on columns, beams and shear
walls. However, there are many fields still unexplored. For example,the seisnic tests
{static and dynamic) of full size structures with slabs, shear walls and fourdations need
invegtigations. These test results would provide insight on the difference between the
behavior of a structure and unit member, especially the anchorage of the main bars or
ground effects on the walls, etc. Previous satudies on the structural damage due to
earthquake were based only on rembor tests in the laboratory, and the behavior of entire
structures had to he based on many engineering assumptions, which may lead to some errors.

Full size structural testing should He made in order to avoid such errors.

Planning of vest
a) Testing Facllities

In Japan, there are large dynamic and static testing facilities and many otheis

now under construction. Two such facilities are described below;
(Large Scale Errthquake Simulator)

This simulator system is housed in the National Research Center for Disaster
Prevention and located in Tsukuba Research and Education City (that is now under
construction). The performance of this simulator is shown in Table 1. The test
platform is 15 by 15 meters in plan, which allows free motion in two directions.
The effective weight on the plattorm is 500 ton (horigzontal motion), and 200 ton
{vertical motion). The test platform is actuated by a 360 ton capacity hydraulic
actuator at a maximum acceleration of 500 gals and a maxirmum velscity of 37 cm/sec
and a maximwm Aisplacment of 1 30 me under dynamic conditions. Fig. 1 shows the
relationship between acceleration, frequency and weight.
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(Zarge Size Loading Pacility)
This facilicy is for both static and dynamic full sise atructural tests using
hydraulic serve actuators, which are not under construction. The plan and sectiocn
of this facility sre shown in Fig. 2. The facility consists of two blocks A and B,
and a wall for horisontal reaction which is located along the pariphery of the blocks.
B block has two reaction walls in two directions. All the testing systems, loading,
vibracion and seasurement ars directly contrclled by a computer sysmm in this facility.
Pig. 3 shows an example of the testing capacity of this system.
b} Description of Test Structure
As a firast atage of the testing project, it is proposed that a four story buildine
with shear walls be tested, a8 shown in Fig. 4. The type of shear walls will inclule
normal types, precast walls and slip walls. Conducting of this test will permit
solution of such problema as the actual behavicr of shear walls, effects of the founda-
tion, soil conditions and the mechanism at structural yislding. The test structure
as shown in rig. 4, is one sxample, other types of ktuildings however, should de in-
cluded in the project, i.e. structures without shea walls »nd with short columns or
long columns, long span structures and many types of ground conditions.
Conditions
Important buildings and matarials must bes protected during strong earthquakes. From
this viewpoint, therefore, cur first study should be the development of full size aseismic
*eats using Japanese large scale facilities. Systematic full size tests in cooperation

between the U.S.A. and Japan will pernit a better understanding of factors in order to
establish an internaticnal standard aseismic design cods.
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BARTHQUAKE DISASTER MITIGATION:
A Joint Research Approach

by

Charles Cc. Thiel
and
John B. Scalxi
Program Managers, Earthquake Enginsering
Ressarch Applications Directorate (RANN)
tational Science Poundation

ABSTRACT

This paper discusses the current sarthquake ressarch being undertaken in the USA
under sponsorship of the NSP. In addition, possible cooperative research studies between
the USA and Japan are described.

Key Wordet Buildings; Earthquakes; Research; Structures; Structural Engineering.
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Introduction

Nume .ous recent publications attest to the seriousness of the hazard presented by
car “hquakais to the peoples and scomomies of the United States and Japan. The damaging
quakes of this decade are grim reminders of the severe im.acts of the 1923 Tokyo and 1906
San Prancisco events. In the intervening years these cities have grown, concentrating sub-
stantially greator populations likely to experience earthquakes of comparable intensity.
Urbanization corbiued with industrialization are increasing cur vulnerability not only to
calamitous life losses but to major economic disruption and dislocation through lest indus-
trial capacity.

These are not problems without potential resolution. It is a tenet of engineering that
we can devise strategies at some ¢ost that will reduce the potential for disruptio-. It is
this belief that drives the research procens to discover and develop better economic design
and construction practices., Our joint national intereats in this area are conai-tent and
compatible: to control the ccnsequences of earthquake occurrxances through limiting life
loss and injury, property damage and social disruption.

The United States program of research in earthquake mitigation is directed at the
development of

(A) economically feasible design and construction methods for building earthquake
resistant structures of all types, and for the identification and repair of
existing hazardous scructures:

{B}) an operaticnal program for predicting damaging earthquakes and their physical
effects in the seismically active regiona of the United States;

(C) procedures for integrating data and information about seismic riek with on-
going land use planning and regulation activities;

(D) procedures for identifying, evaluating and accurately characterizing seiamic
hazards in earthquake-prone regions;

(E) improved underatanding of the social and economic consequences of individual
and compunity decisions on earthquake-related issues, esphasizing risk con-
£xol, pre-event planning, issuance of warnings, provision of emergency eer-
vices, rescue, recovery and redevelopment; and

(F) methods 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 professionrls
wvorking in concord.

The problem posed by earthquakes to the U.S. are comparsble in most ways to those
posed to Japan. Both our countries have embarked on extensive programs of research in
engineering, seismology, geology and the social sciences to develop earthquake mitigaticn
procedures consistent with the above objectives. It is certainly true, in the U.5., and
almost surely true in Japan that the magnitude of the research probleame we face are signi-
ficantly greater than the man power and financial resources we can bring to bear to resclve
<heam. Under the auspices of the U.S. - Japan Pancl on wWind and Seismic Effects we are now
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meating for *the seventh time to discuss our mutual pyoblems and accomplishments. This is a
vital slement in keeping curselves jointly informed o. the work being pursued i.. our res-
pective countries. We believe that it is now 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 membership been
strongly oriented toward engineering problems. But the problems we face in earthquake
disaster mitigation are not simple engineering, or for that matter seismological, economic
or political. There appear to be eight approaches to limiting earthquake impact, four each
of a physical and social type:

Control the event by prevention or madification of the event;

Intjcipate the event so that remedial actions may be taken;

Identify the seismic potential of areas;

Congtruct facilities so as tou perform acceptably during and after the event;
Plan for the warning, response, and recovery to the event;

Distribute the econumic risk:

Generate and select alternative physical development plans; and

Adopt and enforce zoning, construction and management standards.

Clearly if cur panel is going te focus on the p.cblem 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 earthguake prediction is a vital
area, advancing guickly in our respective countries. This panel could act as a focus for
the exchange of mutually beneficial data and accomplishments. We propose, at the least, to
extend the 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 fuil range of earthquake
disaster mitigation methods.

As noted above we also feel that it is time for us to begin the pooling of our joint
national research resources to resolve problems of public safety. As noted in the appended
list, the NSF pragram has made substantial investments in regearch 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;

Y Large scale destructive testing:

3., Design of industrial facilities:

4., [Instrumen:ation at foreign sites;

5. Land use planning;

6. Structural upgrading, repair and retrofitting:
These areas will be discussed individually below:

1. Fublic Policy Implications of Earthquake Prediction

The issuance of predictions of damaging earthguakes in selected geographic areas may
well be upon us. Forecasts could be one mechanism for reducing potential loss and disrup-
tion from earthquakea. With extended lead times, actions could be taken to inspect and
strengthen buildings, upgrade the seismic resistance component of building code requirements
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50 all new structures wouid be less susceptible to damage, improve land use zoning regula-
tions tc limit or prohibit construction in especially hazardous areas and, of course, is the
forecasted event day aprroaches, plans for partial or complete evacuation could be carried
out.

On the other hand, the negative consequerces could b enormous if an extended period
of uncertainty follows a forecast for a damaging earthquake. Public and Private investment
agents may drastically reduce their construction and development in the ares as well as cur-
tail production and commercial activity that could trigger an extended showdown in the
local economy which would be reflacted in increased unemployment, reduced private income,
shrinking tax base, and increased demanis for public services,

Today there is no base of scientific knovledge to provide infcrmation on the benefits
or dis-:nefits of such actions. Limited studies have been initiated in the United States.
They are, how:ver, confined by the time frame in which the research must be accomplished and
by the need to velidate policy reccamendations by observing the jublic's response to actual
predictions. A juint pruqram of cooperative research could materially reduce the time frame
in which this research is completed and lead to a better utilization of earthguake predic-
tica for the public benefit., We propose a four item cooperative program to achieve the
following objectivas:

1. To dsvelop and interpret a comprehensive set of empirically Lased findings regard-
ing the probable responae of organizations and individual citizens to early
credible sarthquake forecasts:

2. To develop and apply an effective means of informing organizations and the public
of the findings and their implicationa;

3. To teat in a rigorous fashion the impact of these findings on organizations: and

4. To prepare recommendations for legislative and administrative actions.

To facilitate such & program we propcse that a bilaterzl meeting between appropriate
officials and researchers be concemed in the near future to plan such a program.

2. large Scale Destructive Teating of Structures

In the area of structural analysis and design we have relied heavily on our technical
capabilities with theory and computers to develop concepts for design of structures to re-
sist earthquake forces. Many of these concepts have evolved from post-inspections of sarth-
quake damags and shake table results. As beneficial as these concepts are there are many
factors which cannot te avaluated by inspection ox amall scale tests.

Among tha parameters for which better data is required are: tche three dimensional
behavior of full size structures and individual components subjected to controlled ssismic
type forces, the determination of the structural damping characteristics caused by the
varjous slements in a building, the connections of various structural components and
equipment, the force¢s acting on various equipment caused by the interaction of the structura
and the equipment, the attachment of non-structural items and other items wirich are either
too larga or too cumbarsome to be handled on a thake table or confidently by analysis.

A plan to obtain the required data could he formulated by a Joint U.S,.-JapAn program
consisting of: {(a) large scale testing of existing structures of various typss of materials
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and construction, (b) pseudodynamic tests on full size spocimens or structures constructed
to obtain apecific data, (c) shake table verifications where required for the pseudo-
dynamic teats or for specimens which may be considarad full size.

At the present time a tew projects are underway to investigate the behavior of masonry
construction by pseudo-dynamic test methods. Llarge joint specimens of reinforced concrete
frame and shear walls are being analyzed and tested by pseudo-dynamic test procedures.

The results of these tests could be veriied by full size structural tests to evaluate
the time behavior in a structural system. A program to extend the tests to full size
structures to determine the parameters which can not be evaluated otherwise would be most
desirable and beneficial to both countries.

3. Industrial Buildings

Up to the present time research on buildings has been concentrated on the high rise
type of residential and commercial types because of the hazards to the lives of the occu—
pants. Very little attention has been given or devoted to other types of facilities which
are equally unimportant to the welfare of the comgunity. These are the industrial buildings
which provide the eccnomic base for the existencs o/ the community. The amount of earth-
guake resistance in these buildings is dependent. upon the design engineer of the building
who may or may not have had experience with earthquake design criteria. In general, however,
it appears that most 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,

{h} the seismic resistance of the major structural components of fossil fuel power plants,
such as the boiler, the coal handling conveyor system, the stack, the cooling tower, the
piping systems, and the related structures, (c) a study to determine the seismic vulner-
ahility of the electrical distribution system will result in policy decisions for types of
spare parts, readiness of the opsrational crew, and similar type operational decisions.

A3 one views the industrial complex of both countries, it is a simple matter to observs
the many types of facilities which will require intensive study and research to develop
aconnmical design procedures which plant managers will be willing to accept. A joint
U.S. - Japen program +o investigate these industrisl facilities will reduce the duplication
of effort and : 'lorten the period of implementing the research results.

Areas of further research which could be undertaken in consort or separately are:

a, - ydroelectric plants and all their sppurtenances

b. other componenti of fossil fuel powar which are not already under study such
as turbines, sn1 other pieces of equipment.

c. refineries

d. cliemical plants

e. food processing planta

f. warehouses, etc.
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A plan to attack these problems with the greatest benefit to each country would be to
asgign 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! country 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 difficul®ty in obtaining strong ground mo-
tion useful for extending our design practice. Both the United States and Japan have ac-
tive instrumentaticn programs designed in part to instrument sites of likely activity to
yield data on both ¢ round design and building response. Both our programs are weak, however,
in that we have not necessarily placed these instrumentation networka in the araas 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 lugarithmically; indeed data at damaging in-
tensity levels for earthquakes with Richter magnitude above 6.5 are virtually non-existent.
Yet our dciién 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 most likely to occur. This involves the placement Of networks outside
of our respective countries. Since we both benefit from this data, we ocught to pocl our
resources to design, place and maintain these systems.

To accomplish the goal of the timely collection of near field, large magnitude, strong
motion data we propose the joint development of special arrays to be placed cutside our
respective countries through the following steps:

Select reglons of the world with sufficiently high seismic activity which are
expeditious to develop in such arrays:

Define the nature of the arrays which may be utilized effectively for this purposs;
Evaluate the instrumentation needed to implement these arrays;
Design specific arrays for several of the active areas selected in the first tasks:
Jointly place and maintain the instrument gites;
Reqgularly exchange data.
5. Land Use Planning/Site Plannin
Averting or lessening the potential effects of many geophysical based disaster can be
achieved by regulating the use to which land is put and the materials and methods employed
in the design and construction of physiczl facilities. For the most part, seismic land use
considerationa in the U.S. have been either through the publication of seismic risk maps for
state sized regions, or through the imposition of relatively vague legislative admonitions.
In California's case, they have snacted a atatute that requires the consideration of
earthquake hazards in each communities master plan, although there is little agreement on
what such an incorporation should entail as its technical content. Land use is a technigue
that offers the opportunity for control not only of earthquake related damage, (ghaking,
faulting, landslides, tsunami, etc) but also for other geobased hazards. Within the U.S.,
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it is unlikely that land use criteria based sclely on earthguake hazard can be widely adopted.
¥hern floods, landslide, eartaquakes and allied hazards are considere@, there is some likeli-
hood for implementing 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 propose 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 integrated
regsearch/information exchange program to implement these objectives.

6. Structural Upgrading - Repair and Retrofitting

Most current structural research and that of the past years has concentrated on the
bshavior of matarials components, structural and systems in order to develop techniques to
improve new construction. Very little, if any research was devoted to the problem of retro-
fitting for strengthening purposes, or repair after an event. These were left to the
judgmant of the engineer or building official to decide how the building was to be re-
paried or strengthened. Their decizicn was usually based on past personal experience rather
than research resulta and, in general, these profegsionals 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 an earthguake strikes, it is imperative that
consideration be given to the 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 beat posasible method.

A specific project is underway to evaluate the resistance of structures up to four
stories in height, typical of school buildings, and to determine the most cost-effective
method of retrofitting the building. various materials, such as steel ané reinforced con-
crete with different framing systems are to be studied. The objective for the project 1s to
develop a methodology for the evaluation of an existing building and to autline the various
methods which may be used to retrofit the specific building.

No doubt, in both countries there are many buildi-ns which could be retrofitted to a
higher seismic resistance and conseguently provide a greater degree of safety for the
occupants.

A joint program outlining the types of buildings each country could study would certain-
ly reduce the time and cost of abtaining this most useful.information. A subcommittee -~
this panel could meet to decide the distribution of activities bLetween countries which
would lead to a common goal,

Conclusion

The time is ripe for our two countries to extend our cooperation in the earthquake area
from one of information to one of joint endeavor. We propose to accomplish this through
two actions. PFirst to extend the participation in the Panel to all of the disciplines en-
gaged in sarthquake mitigation research and implementation. Second that the Panel foster a
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serjes of focused research studies to be undertaken jointly. Obvicusly such undertakings
will require both the commitment of time and personnel . develop the program and the
allocation of rescurces to carry it out. We are prepared to Act as the rccal poiar for

development of the U.S. participation in such a plarning effcrt.
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HIGH WIND STUDY
IN THE
PHILIPPINES

by

Ncel J. Raufaste
Federal Building Program Cooxdinator
Office ol Federal Building Technology
Centar for Building Technology
Institute for Applied Technology
National Bureau of Standards
Washington, D.C. 20234

ABSTRACT

A review of the National Bureau of Standards three-year high wind study in the Philip-
pines is presented. Accomplishments during the first two years of the atudy are discussed.
Principal accomplishments include 1) formation of a Philiprine Advisery Committee ta coor-
dinate local wind research, 2) selection of three field test sites, 3) construction and
instrumentation of six test buildings with wind recording equipment at the test sites,

4} instrumentation of the University of Philippines wind tunnel., and 5) participation in
two international workshops on high winds in Manila.

Key Words: High winds, Philippines, field studies., instrumentation, wind tunnel test.
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Introduction

The National cureau of Standards (NBS) is developing improved design criteria for low-
rise buildings to better resist the effsct of axtrems winds. The three-year project is
sponsored by Agency for International Development (AID).

This research project criginated from recognition of a need for additional research to
supplement the limited amount of existing data coucerning the effects of wind on low-rise
buildings, aspecially in developing countries. Many existing criteria for wind loads
design do not make provision for rteady and fluctuating wind pressures along the edges of
roofs and walls where flow separations occur. Yet wind pressures along these regions are
one of the primary contributors to building damages. This research and the resultant
developmert of sultable design criteria and mathodslogies will reduce losses of structures
ar.d lives in the count~ies whare the criteria are applied.

The Philippines experience the highest worldwide annual frequency of intense tropical
storms. Within the Philippines, the frequency of tropical storms is greatest in Luszon.
Statistics indicate chat between 1948 and 1971 the Philippines weare exposed to 482 tropical
storms, or an average of 20 per year. As such, thess occurrences make the Philippines a
natural laboratory to measure wind loads on buldings.

NBS's extreme wind study includes several components. It is based largely on field
work (¢ollection of wind loading data from seven field test buildings) and from wind
tunnel testing of building scales models. The study also includes a review of climatologi-
cal data from the weather buresus of the Philippines and two othar developing countriaes,
Bangiadesh and Jamaica. Socio-sconomic, architectural and structural data, from the Philip-~
pines and other developing countries will be inciuded in the implamentation aspascts of
this study. In addition, knowledge about wind effects on buildings obtained in other
countries such as the United S.ates, Japan, Australia and the United Kingdom will be used
as required.

It should be noted that Dr. Richard Marshall, the principal investigatcr, is respon-
sible for directing the wind regearch activities as discussed in this report. These
activities are found on pages 31 - 10.

Background Information

The first step in performing this research was tc identify interested organisations,
agencies, universities and other groups within the Philippines, selected Bay of Bangal
countries and several northern Caribbean islands to assess their degree of interest for
possible in-country project participation. On April 27, 1973 the Philippine Advisory
Commjittee was formed, Professionals from various building related fislds wers brought
together., The response from tha Philippine Government and the private sector numbered
more than 30 scientists, engineers and researchers represanting government entities,
professional organizations and private groups. Also included wers the USAID Mission to
the Philippines and the U.S. National Buresau of Standards. The Philippine Advisory Com-
mittes serves as the focal point for coordinating project activities centering in the
Philippines.
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The committee i3 composed of the following organizations:
University of the Philippines

Philippine Atwospheric Geophysical and Astrohomical Services Administration (PAGASA)
National Housing Corporation

Land and Housing Development Corporation

Feoples Homesite and Housing Corporation

Gavernmant Service Insurance Systes

Social Security System

Philippine Standards Association

A. R. Florss and Associates

wWational Building Code Committee

National Soclety for Seismology and Earthquake Engineering of the Philippines
Aspociation of Stractural Engineers of the Philippines
Philippine Institute of Civil Engineers

Bursau of Public works

Philigpine Civil Aarcnautics Administraticn

Mational Science Davalopment Board

USAID Mission t¢ the Fhilippines

Bangladesh University of Engineering and Technology
CARE, Inc. - Bangladesh

Douet, Brown, Adams and Associates, Jamaica

U.5. Rational Bureav of Standards

In addition to NBS and AID support, principal membars from the abhove groups donated their
time and professional expertise, test buildings, land to construct “est buildings, scienti-
fic facilities and funding for continuation of Philippine research activities.

In mid-1973 two individuals were selected, representing the Bay of Bengal and the
northern Caribbean Island. These individuals contributed information about their respac-
tive geographic areas as inputs to the developwent of final design criteria. They will also
transfer the projasct results to their respeciive geographic areas.

¥ind Research Activities
Field Test Sites

Three field test sites are being operated under the full-scale phase of the test pro~
gram. In order of selection and installation of equipment, they are as followa: (1) Science
Garden at Quezon City, (2) Dmet and (3) Laoag City. A number of factors were co.sidered in
selecting these test sites; the fi .a) choices required scme compromise in the original
selaction criteria. The main factors in order of importance were as follows;

High frequancy of extreme --inds,

Accesaibility,

Availabiltiy of commercial power,

Typs of wind exposure, and

Security



The Sclience Garden site was an gbvious choice since it is staffed with qualified PAGASA
technicians. These technicians form the nucleus of a team trained by NBS in the installa-
tion, operation and maintenance of teat equipment. It was thus possible for the NBS team
members to transfer a significant portion of the installation work and associated responsi-
bilities during the early stages of the program. Science Garden also serves, in conjunction
with the University of the Philippines, as the center for reference standards, spare parts
and service eguipment.

Selection of the remaining sites was not 30 obvious. PAGASA weather stations were
selected because of the security and personnel available to service the equipment. 1In
addition, mcasurements of temperature and barometric pressure would be available, thus free-
ing data channels for additional pressure measurements. In discussions with the Philippine
Advisory Committee, seriocus consideration was given to sites at virac, Casiguran, Aparii,
Baguio City, Daet and Lacag City. Virac and Baguio City were eliminated on the hasis of
unusual terrain features {mountain top locations) which are not typical of wind exposures
for housing developments and would be extremely difficult to model in the wind tunnel.
Casigu:r an was eliminated because of the difficulties of transporting equipment and personnel
for periodic maintenance and calibration (boat service only). Aparii was eliminated becsuse
of plans to relocate the preseit’ P’AGASA weather station site, and the lack of eslectrical
power.

Daet and Laocag City were selected with some compromise on statistical independence and
frequency of extreme winds. However, it is believed that other attributes of these sites
(eare Of transporting equipment and personnel, availability of electric power, non-unusual
terrain features) more than offset these compromises.

Arrangemv:nts were made with the Philippine AMvisory Committee to build test houses at
the sites aud, where possible or necessary, to use existing PAGASA structures. Test equip-
ment was assembled, tested, calibrated and packaged at the NBS for shipment to the test
sites.

Science Garden, Quezon City. The wind exposure at this site varies with wind directim,

being relatively clear and flat from N to SE and slightly rough from SE to W due to con-
struction of high-risge buildings some 500 metres away. The ~‘te is moderately rough from
W to N due to local topographical features and other low-rise buildings on the test site.
Three test houses are instrumented. Basic plan dimensions of the first twe gable roof units
are 7 x 8 metres. The tunird unit designed by CARE, Inc. in Bangladesh was shipped to Quezon
City for full-scale testing. This building is barrel vaulted in end elevation and has plan
dimensions of 5.4 x 2.5 metres. The data acquisition system is located in the PAGASA
Instrumentation Building {adjacent to the first test house) which is air conditioned and
relatively free from dust. A total of 21 pressure channels are available (an increase of
10 channels through use of an auxili.ry signal conditioning system).

Dust Weather Station. The Daet site is approximately 230 km SE of Manila. It is loca-

ted next to the city airport which borders the Pacific Ocean. The site haaz a very flat and
clear exposure with the excaption of a coconut grove running from NE to 3E adjacent to the
ocean. The main PAGASA Station Building was instrumented. This is the only building under

Xx-4



test which has a hip roof. The data acquisition system fa installed in the main building's
radar squipment room which im air conditioned. An emergency generating system is availabls
at this site in the event that commercial power gervice is disrupted.

Lacag City weather Station. This site is approxima* 500 km north of Manila. As

with Daet, the site iz adjacent to the municipal airport and has a clear and flat exposure
for All directions. Two test houses wiith plan dimensions jdentical to the test units at
Science Garden {but with different roof slopes and eaves overhang) were constructed, one on
the PAGASA station ground and one on CAA property. One of the two units is located in
close priximity to two existing buildings which will allow the influence of neighboring
structures to be evaluated,

Research Equipment

Full-Scale Test Equipment. Based on technical needs, some of the data acquisition

squipment was specially developed at NBS while the balance was obtained from commercial
sources. The data acquisition system used in the full-scale test program consist of five
basic subsystema: (]) the sensors of transducers, (2) a logic section, (3) a signal condi-
tioner, (4) s recorder, and {5) a power supply. The equipment was assembled, tested and
packaged for shipment to the Philippines by the NBS project staff.

The :ystem is designed to continuously monitor input signals and to go into a calibra-
tion and record sequence when the signzl being monitored exceeds a preset level. When the
recording period ends, the system enters a "hold"” period during which no data are collected,
regardleas of the signal level on the channel being monitored. The "record"™ and "hold"
per.nda ar. switch-selectable and are usually set at 20 and 30 minutea, respectively. The
total record:ng time available on a reel of tape i1s approximately & hours. Thus, the total
time period between changes in tape reels (assuming continuous high wind conditiona} is
approximately 12 hours which is considered to be sufficient for moet typhoon passages.

wWind speed and direction are measured by a propeller-vane anemometer mounted on a 10-
meter mast located far enough from the test buildings to register conditions in the undis-
cturbed wind field. The anemometer is rated at 100 m/s and provides the signal which trig-
gers the recording system. An ambient pressure probe is also mounted on the mast just below
the anemometer and provides the differential pressure transducer with a standard reference
pressure. The pressure transducers are mounted in low-profile housings which are designed
to create a pressure intengity at their center equal to the pressure that would exist on the
surface of the building without the hcusings installed. This cbviates the problems involved
with mounting the transducers flush with the wall or roof surfaces. The transducers are
fitted with a solenoid valve which is activated by the logic system one minute before the
gensration of pressure records begins. This value places the transducer in a "closed-loop”
configuration, thus allowing the subsequent record to be corrected for zero offset due to
drift or loading of the transducer diaphragm with rainwater.

The logic portion of the data acquisition system normally operates in an automatic
mode, but provisions axist for manual intervention for the purposs of calibration or peri-
odic system checkout. The logic section alao includeg a time codes generator which provides
both digital and analog code of Greenwich Meridian Time (GMT) in days, hours, minutes and
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seconids. The time code genesator is set by radio countdown from PAGASA Headquarters in
Quezon City and normally requires correction only two or three times a year.

Analog signals from the pressure tranaducers ars converted to DC voltages (demodula-
tion) and filtered by the aignal conditioner prior to recording. The signals ara also
attenuated to match the range of the tape recorder, thus providing & better signal to noise
ratio than would be pcossible by straight recording of the transducer outputs.

The recordings section congists of a lé4-track analog tape unit with /6.7 cm reels
containing 1100 metres of tape. Usual record speed is 4.8 cm/sec. The recorder is normally
in a "powered down" mode and only operates on command from the logic section. As with the
logic section, manual intervention is permitted for calibration, cleaning and rewinding tape.
Recorded signals can be reproduced in the field to check recorder operation.

With the exception of the Laoag City test site, commercial power ig used to operate tle
data acquisition gystems. The Lacag City site is provided power by the CAA. To ensure
availability of power under atorm conditions, all three sites are equipped with a backup
system of batteries. The Latteries are continuously ctharged when external power is
available and provide system power {115VAC) by means of an inverter. When commercial power
is interrupted, the batteries aytomatically switch on and pick up the load to supply the
data acquisition system for approximately B hours of continuous operation. The Lstteries
are recharged automatically when service is restored.

since typhoon winds can be expected to come ‘rom any direction, it is extremely diffi-
cult to determine a “best” configuration of pressure transducers. Because roof structures
are known to be the most susceptibie to wind damage, they received the highest pricrity in
transducer allocations. Extreme pressures acting along ridge lines, eaves and roof corners
are cf interest Asg well as the average uplift pressures acting on the overall roof areas.
The confiqurution of pressure transducers is arranged differently on each test building,
thus providing the ability to measure a greater range of wind loadings. 1In allof the test
buildings, transducers were installed inside the building to measure internal pressures
which significantly influence the ne. roof uplift loads. An advantage of the test equip-
mant used in this study is that the pressure transducer posiri.rs can be easily changed
after a storm to study wind pressure distributions on other parts of the test houses, there-
by enhancing the value of the data and reducing the amount of redundant information.

Wind Tunnel Test Equipment. Test equipment being used in the wind tunnel can be divided
into three categories; {1) pressure transducers, (2) wind speed measuring equipment, and

(3) signal conditioning and analysis equipment. The pressure transducers avce guite aimilar
to those being used in the full-gcale tests except for the cylindrical transducer housings.
Normally, four transducers are installed in the building model although six units are
available.

Wind speeds are measured by pitot tubes when mean values are required. Ffor measure-
ment of wind speed fluctuacions, hot-wire anemometers are used. The anemometere have an
extremely high frequency response and are well suited to making m:asurement over the
frequency range of interest (0 to SCO Hz). Two anemometer systems are used, permiuting

simultanecus measurements at two points in the tunnel for th: detarmination of integral
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scales (mize of wind gusts). The second system also provides backup if a component should
fail.
Wind Tunnel Modeling

The wind tunnel facility at the National Hydraulic Taisearch Center (NHRC), University
of the Philippines, is being used to carry cut a series of tests on mocels of the full-scale
test buildings. The cross gection of this tunnel is 1.22 metres square and 3.70 metres
long and produces a wind speed of ap;:-oximately 30 metres per second. These mxlel tests
have aided in the interpretation of full-scale studies and have allowed design pressure
cosfticients to be determined in a gystematic manner.

While it is not possible to exactly model atmcspheric boundary layers in conventional
wind tunnels, an acceptable degree of gimilitude is achieved by proper use of surface
roughness elementa and vortex generators. This modeling technique used in the NHRC tunnel
was used in previcus wind tunnel model studies and was perfected for this applicaition in a
slightly larger but quite similar wind tunnel at the Colorado State University (Csu).
Tapered spires are placed at the entrance to the test section to produce a sheared flow of
arbitrary turbulence intensity. The spires are followed by several rows of roughness ele-
ments located on the floor of the wind tunnel. The roughness elements generate a turbulent
boundary layer which extends to almost the full height of the tunnel at the downstream end
of the test ssction. 1Two combinations of spires and surface roughness elements were devel-
oped which produce turbulent boundary layera typical of amooth and moderately rough terrain,
respectively. The model scale being used in theae studies is 1:80. Ideally, thia sacale
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 spectrum. Test
results obtained in the CSU studies suggest a scale ratio of from 1:100 to 1:200. However,
the physical size of the model precludes installation of pressure transducers at these
small scales. Thus a compromise of 1:80 was used. Preliminary test results and results
obtained in other wind tunnel model investigations suggest that scale matching is of secon-
dary importance compared to intensity of turbulence and shape of the spectral density
function.

Approximately 10 model configurationa were investigated with roof slopes ranging from
0° to 30* and eaves overhangs ranging from 0 to 1.5 meters (full-scale). Two clagses of
surface roughness were used in these studies. Several low-rise building types were analymed
(houses, school buildings).

In addition to the wind tunnel modeling as described above, the NBS developed, speci-
fied, obtaineu and transported various items of test equipment for the UP wind tunnel
facility. The equipment was installed in the wind tunral and training sessions were con-
duted in the operation of equipment and the interpretation of test results. Major items of
equipment transferrsd to the University of the Philippines include a signal correlatur and
probability analyzer, hot-wire anemomatars, pressure transducers, electronic filters,
signal amplifiers, x-y and stripchart recorders, voltmeters and an oscillcscope. This test
equipment is housed in an air conditioned room built by the Univeraity. Computer programs



developed at the NBS for the anlaysis of random dats were transferred to UP Computer lenter.
In addition, an extensive collection of documents dealing with the wind tunnel modeling of
buildings and other engineering structures was placed in the UP Library.

Collection, Reduction and Analysis of Field Data

All data collected at the field test sites are recorded on analog magnetic tapes.
Typically, these tapes contain one channel each of wind speed and direction data, 11 chan-
nels of pressure data and one channel of time code. Prior to the recording of data, a tape
is assigned a site designation and tape identification number. This information, along with
the time code, uniquely identifies the data.

The first step in the data reduction process is to record certain key channels, such
as wind speead, wind direction and a representative pressure signal on a paper stripchart
and subjectively classify the records by degree of stationarity. Reccords which contain
redundant information are eliminated at this time. The remaining records are then viewed on
an oscilloscope to determing the approximate maximum or minimum peak values and to verify
that the reccrdings have an acceptable signal to noise ratio and are free of discontinuities.
once tl';e records are determined to be of acceptable quality, they are converted to digital
form for analysis.

Analog to digital conversion is accomplishet by means of a computer-controlled data
acquisition system which scans the analog channels in sequence and converts the wltage
levels into binary equivalents. The data channels are multiplexed at a rate of 20,000
channels per second so that the time skew is negligible for the frequency range of interest.
The scan rate can be varied but is typically 12 scans per second. Each channel is sampled
12,00C times, resulting in a record length of 1000 seconds (16 min - 40 ¢ ~). The multi-
plexing stage is followed by a programmable amplifier which allows best use of the digital
representation (eleven binary bits plus sign). The digital data are entered on a 7-track
magnetic tape for subsequent analysis in the NBS Computes Center. This tape also contains
header information such as site 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 Density Function {PDF) which determines the peak values (either maxi-
mum or minimum} between zero crossings, calculates the mean and root mean square values
and plots probability distribution functions; Correlation Analysis (CORREL) which calcu-
lates correlation functions and spectral density estimatea:; and a Summation Program (SUMP)
which calculated the area-avaraged surface pressures and the drag and upiift forces acting
an a structure.

Pata obtainsd from the wind tunnel are procecsed "on line" and are not recorded for
future reduction or analysia. A hybrid computer allows the direct calculation of auto-
and cross-correlation functions as well as probability denaity and éistribution functions.
A time domain analyzer is used to cbtain direct measurements of mean and ns values. This
system has the disadvnatage of manual calculation of pressure coefficients, but this is
insignificant when compared with the abllity to quickly agsesss the test results and alter
the model configuration without waiting for results from a central computer.
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Dsvelopment of Design Pressure Cosfficients

The 1970 editicn of the Mational Building Code of Canada (NBC) provides for risk of
occurrence, tarrain roughness, height above ground and building geometry in calculating
wind pressures,

P = qc_c gc o
In this exprassion; q is a reference mean velocity pressure for a given mean recurrsnce
interval, c. is an exposure factor which varies with surface roughness and height above
ground, c9 is a gust effect factor to provide for surface pressure fluctuations caused by
turbulence and localized flow phenowsna, and Cp is a conventional mean pressure cosfficiant.
The propar valuea for C . will be datermined from existing data, full scale wind data and
thecretical models of wind speed distributions in typhoons and hurricanes. The cosfficients
Cq and cp sust be detarmined experimentally. This is the primary output of the wind tunnel
test program with the full-scale test results serving as a control on both the coefficiants
and final design criteria.

Assassment, Selection and Application of Climatological Data

A study of the available Philippine wind climate information with a view of assessing
its adequacy from a structural -.nqinnrinq viewpoint will continue throughout the life of
the project. Records of wind speeds, of typhoon observations and damages due to signifi-
cant typhoons were collscted by NBS through the courtasy of the PAGASA. Out of these re-
cords, data ware selected which appear to be suitable for analysis. These will be used as
input in computer programs available at NBS for predicting extreme winds corresponding to
various mean recurrence intervals. A listing of the NBS programs was sent to tha PAGASA
Computer Center for adeption by the PAGASA as a calculation tool. NBS will provide
appropriate assistance as required.

A parallel study of wind distributions, including the 1972 National Structural Code
for Buildings of the Association of Structural BEnginesrs of ths Philippines and tropical
cyclone frequsncy and intensity maps, reveala the area of northern Luzon, and perhaps parts
of Mestern Luzon (including Manila) may need to bs included in & more intenss wind zone
area. It is desirable that futurs editions of the building code differentiats batween
zones with different exposure {(e.g. urban terrain vs. coastal sites). Results from this
task will provide the appropriate Philippine code officials with much neesded information
for incorporation in a new building cods. This information will serve as an input to the
final report.

Information Transfer

In addition to advisory committes mestinga, conferencas and workshops provide a mech-
anism to transfer information to a larger iody of individuals.

An International Workshop held in Manila, Philippines on Rovember l4-17, 19/3 addressed
the stats~cf-the-azt in mitigating building damages from winda. The workshop was jointly
sponsored by AID, the Fhilippine advisory Ccemittae and the U.5. tational Bureau of Standads.




Four themes covering climatology and aercdynamics, structural engineering, sociow~econ~
omic and architectural considerations, and ccdes and standards were discusced.

The first two workzhop days wire devoted largely to presentations of technical papers.
puring the afternoon of the first day, a visit was scheduled to the field test site at the
PAGASA Sclience Garden site, Quezon City.

Nine papers and five related reports wera presented during the technical sessions with
time reserved for digcuscions. The third day was devoted to subcommittee working sessions
where 311 recommendations were daveloped. They were presented and discussed on the fourth
day. Approximecely 140 individuals from five countries (Jamaica, Bangladesh, the United
Kingdom, the Philippines and the United States) attended the wnrkshop.

The proceedings of the workshop was published as an NBS Building Science Series 56.
This publication includes 14 recommendations (edited from 31) for improved building prac-
tices, the opening ceremonies, and the technical papers and reports.

On May 16-17, 1975 a regional conference was conducted in Manila, Philippines to
discuss the draft project results to date. This meeting afforded the opportunity for mem-
bers from wind-prone countries to further establish a dialogue for suggesting methods to
better present the final results. A similar regional conference will be conducted in
Kingston, Jamaica on November 6-7, 1975. The final report is expected to be published by
the end of June 1976.

Conclusion

This paper descirbes the activitias assoclated with developing improved design criteria
for low-rise building to better rasist the effects of extrema winds. 1t also discusses a
very important element associated with developing technology--its transfer to the ultimate
user. After completing the research a continuing effort by the Philippine Advisory
Committee will ba required tc further the development of technology. This projeact is only
one step in the process of improvement that will continue.

Acknowledgments
Parts of this paper were excerpted from NBSIR 74-567 FY 74 Progress Report on Design

Criteria and Methcdology for Construction of Low-Rise Buildings to Better Resist Typhoons
and Hurricanes by Raufaste, N.S. and Marshall, R.D., Center for Bull)ding Technology, Nation-
al Bureau of Standards, Washingtom, D.C. 202)4.

X-10



heferences

1. Climatology and Wind Related Problems in Philippines” by R.L. Kintanar, November 1973,
Manila, Philippines {paper presentsd at a workshop in Manila, Philippines}.

x-11

-



SURVEY ON SEISMOLDGY AND EARTHQUAKE
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ABSTRACT

A serias of sarthquake engineeriny courses have been held in Japan in cooperation witn
Iran, Mhdia and Turkey. This paper presernts the details of theose courses and the aid such
courses have provided to the supporting countries.
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Summary

1) A training course was conducted at the International Earthgquake Engineering Depart-
ment of Bul)lding Re:w =vch Institute, Ministry of Construction, which is greatly appraciated.

2) It is requirec .o wstablish an advanced course for these ex-participants in order
to provide an up~-to-date knowledge and technique on earthquake engineering. In this con-
nection, a 5 to € wonths' training course, is being organized.

3) Recrutiment procedures for the training course should be made promptly (4 to 6
months prioz to the coomencement of the training course).

4) In regard to thae follow-up of the ex-participants, it is necessary fo: a staff
from either the Japanese Embassy or the JICA overseas office to keep close contact with
their rejpresentatives. Such a successful case concerning this plan has been Turkey.

5) In addition to inviting a technical trainee, it is important to promote a visit
from Japanese expert to the traineds country.

6) It 1s the intention of this program to strengthen cur system s0 as to cope with
the request from ex-participants, and tc readily supply technical information and
measuring instruments. Purthermo:a, an invitation of high ranking ufficials should be con-
sidered at the earliest date, in order to promote further technical ccoperation in this
field.

7} A follow-up team was well received in every country. It is required to accelerate
this kind of service more positively, but more carefully in the future. If this follow up
team is dispatched every three years and the selection of the participants for the advanced
courge is made at that time, the intensive training in Japan will be more bensficial.

Analysis of Quastionnaire

1) Ex-participants' position in their countries are as followa; 86% of the ex-partici-
pants belong tc the public or educational institution, and two thirds of them hold an
irportant post. From this trend, it can be easily understood that thelr training in Japan
was highly regarded and they wers promising and selected researchers.

2) Evaluation of training

60% of the ex-participants or their senior officials highly praised their training
in Japan.

3) Compositinn of the personnel at 1.I.S.E.E. (International Institute of Seismology
and Earthquake Enjineering):

71% of the ex-participants are in favor of the present composition of our Insititute,
while 15% of them sxpact an increase in the number of staff, and 4% hope that it will be
enlarged. 19% of ths ex-participants strongly wish to introduce lecturers from abroad, and
57% agree, while 24% think it neceasary, or a matter of no consequence. As a conclusion,
it can be interpreted that many of the ex-participants expect to have foresign lacturers
added to the staff of the Institute.

4) Training System:

Pach ex-participant santhusiastically hoped to be re-trained in a short period during
the training course. In connection with the duration of training, 62% of the ex-partici-
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pants hoped it would be less than € months, while 14y of them wanted a longer period,
Puring this training, it is requested that more attention to the selection of applicans
be paid, in order to allocate more time for special self-study, lszboratory practice and
an exchange of views on seiamology and earthquake engineering.

S) Future follow-up service;

We have snconntered numerous inquiries for catalogues of Japan-made measuring inetru-
ments and information on how to purchase thase and if there is a sales agent in their
country. Many of these enginears wanted a continuous suppli of the research -eports and the
“Year Book" regularly published by the Institute, or the periodi~<al "Technocrat”. Further-
more, as the best mcans of follow-up, sole enginears eagerly regueated that Japanese ex-
perts be gent to their country.

Situation of Seismology and Earthquake Enginesring in India, Iran and Turkey
1) India

The Japanese Ambassador has asked whether there are earthquakes or not in India.
As such an event seldom occurs, people are quite indifferent to earthquakes. For that
reason, it seems that the officials in charge of the technical cooperation at the Ministry
of Finance in India will take a negative attitude toward allocating scholarships offered
from Japan to this training course, although it is recognized that in the Meteorolegical
Department of Roorkee University where there are many young reaeaichers eager to study in
England, United States, or Japan. Although the directors at the Metecrological Department
have intended to send at least one researcher to our Institute every year, only one has come
in the past 2 or 3 years to study in Japan. Duc Lo the influence of England, seismology in
India has advanced considerably as has earthquake engineering. In Roorkee University,
located in about 200km north of New Delhi, Dr, J. Krishna and his excellent staff have
established the Earthquake Engineering Center, and have invited young researchers from
neighboring countries to study. However, Japan's follow up service has bheen badly evalu-
ated in this country. For example, in regard to Japancse made measuring iistruments, due
to imperfection in the catalogue and specifications it is dif“icult to repair these instri-
ments when they are out of order. Accordingly, the donation of ewperimental inatruments
should be made providing a service enqlneer be made available. On the cther hand, the United
States, because of the demand made when the instruments are out of ordexr, replaced in a
week through the diplomatic channels. Also relative to follow up service, Japan i3 far
behind the United 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 in the tachnical cooperation. Iranian peovle are
in fear of earthquckes and thus the Government of Iran has given a considerable thought
to this matter. 1In spite of active influence by the Ministry of Housing Development, a
very limited number of participants have been conveysd to the Japanese Embassy, due to a
difference in views witl other organizations concerned with technical cooperation.
Recently, a Building Research Center has been established by & joint project with UNESCO,
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in Iran. Mr. Javdan, one of tha ex-participants, has been engaged as director of this
ressarch work. His contribution toward the establishment of this organization is to be
highly praisad. This insticution was formed for the purpose of providing leadership in the
field c.. the esarthquake engineering in the Middle and Near East. They disclozed a desire
to purchase ressarch equipment from Japan, neverthsless Nr. Pakdaman, Vice-Minister of
the Housing Development expressed his regret to Japan because it took & long time and re-
quired sophisticated formalities in order to purchase such items. However, a fesling of
satisfaction was obtained o see a dome-shaped housing complex with aseismatic structure,
designed by the ex-parti-ipants which was constructed in the suburb of Gazvin city about
150km west of Tehran.

3) Turkey

It seems that an ideal type of technical cooperation between Japan and Turkey can be
obtained. Ex-participants who studied in Jappn are now taking initiative in this field
and in particular research work relative to earthquake engineering. In addition, a close
liaison among the ex-participants, both in the FEarthquake Engineering and in Seismology,
has been preserved at the same time, and there is constant contact with the Japanese Em-
bassy. Success in this technical cooperation greatly owed toc the prominent Japanese experts
who made self-sacrificing efforts when in Turkey. It is assurec that Japanese technoioqy
in the area of earthquake engineering and seismology will further help advance Turkey's
tachnology.

Special Lecture
A follow up team made an attempt to present a special lecture on “Evaluation of

Seismic Input Force" through a l6mm film of the earthquake engineering. To facilitate
the understanding of the lecture. a series of color slides, and mOreover a lecture notes
were distributed to attendents. After 45 minutes of lecture, a short motion picture
entitled "Vibration” was then shown, and a special lecture was then concluded with a ques-
tion period. Because the actual lecture hall was not properly selactad, some difficulcy
arose with respect to prasantation of slides. MNowever. the lacturas were & success due to
the kindnegs of the Japaness Embazsy and the JICA overseas office. The special lecture
wvas well received by attendants. The number of attendance in the respective countries
vere as follows;

India 160
Iran 70
Turkey 70
Total 300
Contents of the lecture
i) srochastics on the hisctory of earthquakes

ii) Magnitude and intensity and the maximum acceleration
1ii) Evaluation of the intensity level of the sarthquake in terms of return period
iv) The earthquake damage and subsoil condition
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v) Aseismic regulations and responss spectrum
vi}  International aseismic regulations

As for movie films

i) Bhip and wave

i1} Earthquake and structure

1ii) wind and suspension bridge

iv) Alr turbulance and air plans

v) Rosad and automobile

vi} Derailing and vibration of the train

vii) Otilization of vibration
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NBS TECHNICAL PUBLICATIONS

PERIODICALS

JOURNAL OF RESEARCH reports National Bureau
of Standards resenrch and development in physies,
mathematics, und chemistry. It is pubhished in twao
sections, available separately:

o Physics and Chemistey (Nection A)

Papers of interest primarily to screntists working in
these fields, This section covers a broad riunge of physt.
eal and chemiwcal research, with majer emphasis on
standards of physical measurement, fundatental con-
stants, atidd properties of matter lssued six times i year.
Annuad subseription. Domestiv, 317 00; Forewn, 32120,
* Mathematical Nciences {Section B)

Ntudies stul compilations desigrned muinly for the math-
ematician and theoretical physicist, Topes in mathemat.
el stutisties, theory of expernmment desigr, numerwal
anulyvses, theoretical physies and chemistry, logival de
suetand programmnng of conputers ad computer sys.
tems short numernca, tables iscued quarterly. Annual
subscniptions Domestio, $0.00; Forenen, $11.25.

DIMENSIONS/NBS (formerly Technical New s Bulle-
tin)—"This monthly muagazine o published o inform
sewentists, eorineers. businessmen. andusiey. teachers,
students, and consumers of the latest advances n
setenee anid technology, with primary emphasis on the
work at NHS. The rowgrazine hghhghts and reviews
such 1sstes s energy reseanch, fire protection, bulding
technology, metrie conversion,  pollution  abatenient,
health and safaty, and copsumer product performnnce.
In addition, it reports the results of RBurcau programes
in mepsurenient standards and technigues, properties of
matter and materceds, engineering standards and serv
fews, nstrumentation, amd automatie data processing

Annpual subszeription: Domeatie, $12 W0 Foreipn, 315600

NONPERIODICALS

Monugraphs  Major contributions ta the technical liter-
ature on various subjects reluted to the Bureaw's srien.
tafie and technieal actisties
Handbooks -Recommended  codes of engineering and
industrial practice fnctuding safety codes) developed
i cooperatinn with interested industries, professional
aryiastzations, end reguliatory bodies,
Special Publications  Include proceedings of conferences
sponsored by NB3, NBS annual reports, and otisr
specil publications approprete to ths groupmy such
g% wall charts. pucket cards. and bibhographies,
Applied Mathematics Series- - Mathematical tables, man-
uals, and studies of special interest to physicists, engi-
neers, chemists, hivlogists, mathematicians, c¢om-
puter programmeoers, and -thers engaged in scientific
und techniest work.
National Standard Reference ‘tala Series--Provides
quantitative data on the passical and echem‘eal proper-
ties of materials, compiled from the world’s literature
and cnitically ovuluated, Developed under g world.w e
. program coordinated by NHBS. Progran under autharity
of National Standard Data Act ¢Putdic Luw 90.306)

NOTE: At present the principal publication outlet for
these dutu is the Journal of Physical and Chemicsl
Reference Data (JPCRD published quarterly for NBS
by the Americun Chemieal Society (ACS) and the Aner-
teaen Institute of Physies (AP Subscriptions, reprints,
and supplements availanble from ACS, 1153 Sixteenth
SN WL, Wash 1y, ¢, 200546,

Huilding Science Series  Disseminates techniesl infor-
mation developed ut the Ryreau on building materials,
components, systems, and whole structures. The series
presents research results, test methods, and perform-
ance s rilerm related to the structural and environmental
functions and the duralality and safety charactenstics
of butlding elements and systems.

Technical Notes  Studies or reports which are coniplete
in themselves but restrictive n thewr treatment of s
sabject. Analovous (o moregraphs but not so compre-
hetisive 110 scons or definitive in treatment of the sub-
jeet area. Often serve a~ & vehivle for fiaal reports of
work perforped at NBS under the sponsorship of other
POVETTINE N e ites

Voluntary Product Standards- Developad under proce.
dure< publizhed by the Department of Commerce in Part
1 Title 13, of the Code of Feder ! Regutations. The
PUT P b standard< s to establish nationally ree-
ugrized roouirements for products, and to provide sll
concernsd nterests with o basis for common under-
standimg eof the characteristivs of the products. NBS
administers thix program ax o <upplemeat to the activi-
ties of the privan sector standardrzing orpamzetions.,
Consemer Information Series Pructical information,
based on NBS ressarch and experience, covering 8regs
of interest to the vonsumer. Fasily understandable lang-
ware annd tHustrations provide useful backgrround knowl-
edpe for shopping in today s teehnologieal marketplace,

firder abave NES publicutions from: Supe rivtendent
wl Diarumentx, Gomeroment Priiting Offiee, Wushingtom,
L, ol

tirder following NN pubibeations— NBSIR's apd FIPS
teon the Nutgoal Techuical Iniormntion Nervices,
Npeeemgpriekd Ve e

Federal Information Processing Standards Publications
(FIPS PUBSY. -Trablications o this series colleetively
constitt e the Federal Information Precessing Stund-
ards Vegister. RHegister serves as the official <ouree of
mfr emation in the Federal Government regarding stand-
ards 1saued by NES pursuant to the Federal Property
st Administrative Services Aet of 1849 as amended,
Fublic Law X905 (79 Stat, 1127), and as implemented
b Executive Order 11717 (348 FH 12315, dated May 11,
WA and Part o of Title 15 UFR (Code of Federal
Regulutionsy.

NHS Interagency Reparts (NBSER) - A special series of
interim or finul reports on work performed hy NBS for
outstde sponsors (hoth povernment and non-govern-
ment}, In general, initial distribution is handled by the
sponser: publie distribution is by the National Techni-
cal Information Services (Springfield, Vao 22161) in
paper copy or microfiche form.

BIBLIOGRAPHIC SUBSCRIPTION SERVICES

The following current-awareness and literature-survey
bibliographies are issued periodically by the Bureau:
Cryagenic Data Center Current Awareness Service. A
[iterature survey issued hiweekly. Annual subscrip-
tion: Domestic, $20.00; Foreign, $25 0.
‘quified Natural zas. A literature survey issued quar-
. Annual subscription: $20.00.

superconducting Devices and Materials. A literature
survey jssued gquarterly. Annual subscription: $20.00.
Send subseription orders and remittances fur the pre-
veding bLibliographic services tu National Buresu of
Standards, (ryogenic Data Center (275.02) Boulder,
Colorado HO3G2.
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