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PREFACE

The Eighth Joint Meeting of the U.S5.-Japan Panel on Wind and Seismic Effects was held
in Gaithersburg, Maryland on May 18-23, 1976. This panel is one of the eleven panels in the
U.S5.-Japan Cooperative Program in Natural Rescources (UJNR). The UJNR was established in
1964 by the U.S.-Japan Cabinet-level Committee on Trade and Economig Affairs, The purpose
of the UJNR is to exchange scientific and technological information which will be mutually
beneficial to the economics and welfare of both countries. Accordingly, the purpose of the
annual joint meeting of this panel is to exchange technical information 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 resolutions, and the technical papers
presented at the Joint Meeting. The papers were presented in the respective language of
each country. The texts of the papers, all of which were prepared in FEnglish, have been
edited for obvious errcors and clarity. The contents of the papers are the sole re-
spensibility of the individual authors. The illustrations werxe reproduced from the work-
ing documents used at the Joint Meeting. The formal resolutions were drafted at the closing
gession of the Joint Meeting and adopted unanimously by the panels of both countries.

It should be noted that throughout these proceedings certain commercial equipment,
instruments or materials are identified in order to specify adequately experimental
procedure. In no case does such identification imply recommendation or endorsement by the
National Bureau of Standards, nor does it imply that the material or equipment identified is
necessarily the best available for the purpose.

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

H. 5. Lew, Secretary

U.3. Panel on Wind and
Seismic Effects
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21 Conversion Units

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

of measurements have been used throughcut this report. It should be noted that the U.S.

is a signatory to the General Conference on Weights and Measures which gave official status

to the metric ST system of units in 1960.

Customary Unit

Length inch (in)
foot (ft})
Force pound (1bf)
kilogram (kgf)
Pressure pound per square
Stress inch (psi)
kip per square
inch (ksi)
Energy inch-pound (in-1bf)
foot-pound (ft-1bf)
Torque pound-inch
Begging pound-foot (lb#-ft)
Moment
Weight pound (1b)

Unit Weight pound per cubic foot

(pcf)
Velocity foot per second
(ft/sec)
Acceleration foot per second

per gecond (ft/sec”™)

Conversion factors for units in this report are:

International Conversion
(ST), UNIT Approximate

1 in=0.0254m*
1 ft=0.3048m*
1 1bE=4.448N
1 kgf=9.807N

meter (m)a
meter (m)
newton (0)

newton (N)

newton/meter2 1 psi=6895N/m2
2 . (5 2
newton/meter 1 ksi=5895x10 N/m
joule (J) 1 in=1bf=0.1130 J
joule (J) 1 ft-1bf=1.3558 J

1 1bf-in=0.1130 N-m
1 1lbf-ft=1.3558 N-m

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

kilogram (kq) 1 1b=0.4536 kg

kilogram per cubic 1 pcf=16.018 kgﬁg

meter (ka/m3)

meter per second
(m/s)

metey per secong
per second (m/s”)

1 £fps=0.3048 m/s

1 ft/sec®=0.3048 m/s

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

*Exact.
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ABSTRACT

The Eighth Joint Meeting of the U.S,~Japan Panel on Wind and Seismic Effects was held
in Gaithersburg, Maryland on May 18~21, 1976. The proceadings of the Joint Meeting include
the program, the formal resolutions, and the technical papers. The subject matter covered
in the papers includes wind effects on structures and design criteria; extreme winds for
structural design; earthquake ground mctions and instrumentation; seismicity and earthquake
risk; seismic effects on structures and design criteria; lessons learned from recent natural

disasters; design of nuclear reactor facilities,

Key Words: Accelerograph; Bridges; Buildings; Codes; Disaster; Dynamic Analysis; Earth-
quakes; Ground Failures; Nuclear Facilities; Seismicity; Soils; Standards;

Structural Response; and Winds.
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TUESDAY~May 18

10:00

10:30

10:45
11:00
11:15
11:30

12:00

2:30

2:40

EIGHTH JOINT. MEETING
OF THE
U.S.~JAPAN PANEL ON WIND 2ND SEISMIC EFFECTS
MAY 18-21, 1976
AT THE
NATIONAL BUREAU OF STANDARDS

OPENING SESSION
Ccall to order by Dr. H.S. Lew, Secretary, U.S. Panel

Remarks by Mr. Robert S. Walleigh, Acting Deputy Director
National Bureau of Standards

Remarks by Mr. Kiichiro Nagara, Counselor, Embassy of Japan

Remarks by Dr. Edward 0. Pfrang, cChairpersen, U.S. Panel
National Bureau of Standards

Remarks by Dr. Kaoru Ichihara, Chairperson, Japan Panel

Introducticn of U.S. Panel Members by U.S. Chairperson and
Japan Panel Members by Japan Chairperson

Election of Conference (Chairperson

adopticon of Agenda

Adjourn

Group Photograph

Lunch-Dining Room "C*

SESSION II -~ WIND EFFECTS ON STRUCTURES AND DESIGN CRITERIA
Chairman: Dr. Edward ©. Pfrang

Aspects of Hurricane Winds as Recorded at an Instrumented Suspension
Bridge -—- R.H. Gade and R.H. Scanlan

Study of Wind Effects on Eaves -~
Tatsuro Murota (Presented by Masakazu Ozaki)

Measurements of Wind Loads and Tie-Down Forces on Mobile Homes =-
Richard Marshall and Robert A. Crist

On the Wind Resistant Design Specifications for the Proposed Shikoku
Bridges {1975} -- Tadayoshi Okubo and Nobuyuki Narita

Equivalent Static Wind Loads for Tall Buildings =--
Emil Simiu (Presented by Robert A, Crist)

Break



3:20 A Wood House Will Resist Wind Forces --
Billy Bohannan

3:30 wind Loads on Low-Rise Buildings =--
Noel J. Raufaste

3:40 Discussion
4:10 Adjourn
4315 Informal Discussion of Resolution and Task Committees

WEDNESDAY-May 19
SESSION ITI: EXTREME WINDS FOR STRUCTURAL DESIGN
Chairman: Dr. Kaoru Ichihara

9:00 Characteristics of the High Wind at Hachijojima Island on the Occasion
of Typhoon No. 7513 ~- Seiji Soma {Precented by Masakazu Ozaki)

92:30 High Winds in the United States 1975 ~-
aArnold R, Hull, Thomas D, Potter, Nathaniel B, Guttman

10:00 Mean Profiles of Hurricane Winds ~-
Emil gimiu (Presented by Robert A. Crist)

10:10 Discussion

10:30 Break
SESSION IV: FEARTHQUAKE GROUND MOTIONS AND INSTRUMENTATION
Chairman: Dr. Edward Q. Pfrang

10:45 Planning and Design of Strong-Motion Instrument Networks —-—
R.B. Matthiesen

11:15 Observation of Earthquake Response of Ground with Horizontal and
Vertical Seismometer Arrays —--— Satoshi Hayashi, Hajiwme Tsuchida

and Eiichi Kurata

11:45 Building Strong-Motion Earthguake Instrumentation --
Christopher Rojahn

11:55 Characteristics of Underground Seismic Motions at Four Sites
Around Tokyo Bay —- Toshic Iwasakl, Susumc Wakabayashi and
Fumio Tatsucka

12:05 Discussion

12:30 Lunch~Dining Room *C"

SESSION V: SEISMICITY AND EARTHQUAKE RISK

Chairman: Dr. Kaoru Ichihara

2:00 Relationship Between Earthquake Disaster on Exis@ing Houses and
Seismicity -- Eiichi Kuribayashi, Tadayukl Tazaki and Takayuki Hadate
xi



THURSDAY=-May 20

10:00

10:1¢

10:20

10:30

10:40

11:00

A Method for Calculating Nonlinear Seismic Response in Two Dimensions ~-
William B. Joyner (Presented by R.B. Matthiesen)

A New Scale Representing the "Quake Sensitivity" at a Certain Region --
Tsutomu Terashima and Tetsuce Santo

Discussion

Break

SESSION VI: LESSONS LEARNED FRCOM RECENT NATURAL DISASTERS

Chairman: Dr. Kaoru Ichihara

Damade to the Civil Engineering Structures on Hachijojima Island

by Typhoon 7513 == Tadayoshi Ckubo, Nobuyuki Worita and Koichi Yokouama

(Presented by Masakazu Ozaki)

Cyclone Tracy --
Richard Marshall

The Damage te Bulldings on Hachijojima Island Caused by
Typhoon 7513 -~ Tatsuro Murota

Discussion

Adjourn

SESSION VII: SEISMIC EFFECTS ON STRUCTURES AND DESIGN CRITERIA
Chairman: Dr. Edward O. Pfrang

Seismic Response of Reinforeed Concrete Highway Bridges --
J.A. Penzien, W.G. Gooden, M.C. Chen, D. Williams, and Kikawashima

An Evaluation Method for the Barthquake Resistant Capacity of
Reinforced Cencrete and Steel Reinforced Concrete Columns --
Masakazu Ozaki and Yuji Ishiyama

The Earthquake Engineering Program of the National Science Foundation
John B. Scalzi

lLarge-Scale Testing Programs Related to Wind and Seismic Effects
Currently Underway in Japan
Seiichi Inaba (Presented by T. Kinoshita)

EBarthguake Damages of Earth Structures —-
Kenkichi Sawada

Break

Dynamic Tests of Circuit Breakers for Transformer Substation --
Seiichi Inaba and shigeo Kinoshita

New U.S. Recommendations on Seismic Design Criteria -—-
Charles G. Culver



11:10 Discussion
12:00 Ianch-pining Room "C¥

1:30 Retrafitting of Vulnerability in Earthguake Disaster Mitigation Problems ~-~
Kgoru Ichihara, Eiichi Kuribayoshi and Tadayuki Tazaki

2:00 Dynamic Response Characteristics of a Model Arch Dam ~~
C. Dean Normanh, Reger D, Crowson and Jimmy P. Balsara

2:30 The Measurement of the Dynamic X-Value In Site and Its Application to
Design —-- Tetsuo Kunihiro, Kaname Yahagi and Michio Okahara

2:40 Laboratory Investigation of Undisturbed Sampling and Standard Penetration
Tests in Fine Sands -~ William F. Marcuson III, $.S. Cooper and W.A.
Bieganousky

2:50 Dynamic Soil Properties with Emphasis on Comparison of Laboratory
Tests and Field Measurements -- Toshio Iwasaki and Fumio Tatsuoka

3:00 Break

3:20 Design Earthguakes --

Ellis I.. Rrinitzsky and Frank K. Chang

3:30 Relation Between Seismic Coefficient and Ground Acceleration for
Gravity Quaywall -~ Satoshi Hayashi, Setsuoc Noda and Tetsuo Uwabe

3:40 Investigation of Farthguake Resistance of Structural (Shear) Wall
Buildings Carried Out at Portland Cement Association -- Mark Fintel

3:50 A Philosophy for Structural Integrity of Large Panel Buildings-—-—

Mark Fintel and Donald M. Schultz
4:00 Discussion

4:45 Adjourn

FRIDAY~May 21
SESSION VIII: DESIGN OF NUCLEAR REACTOR FACILITIES
Chairman: Dr. Raoru Ichihara

9:00 Wind and Seismic Design of U.S. Nuclear Power Plants -
Lawrence C. Shao, Richard J. Stuart and Charles H. Hofmayer

9:30 Ccutline of Basic Philosophy and Practice of Aselsmometer Design for
Nuclear Facillities in Japan -- Makoto Watabe and Yorihiko Osaki

{(Presented by Masakazu Ozaki)

10:00 Tornado Borhe Missiles --
James F. Costello

10:10 Discussion

10:40 Break
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SESSION IX: SPECIAL SESSION ON GUATEMALA EARTHQUAKE
Chairman: Dr. Kaoru Ichihara

11-00 Structural Damage to Bridges Resulting from the Guatemala Earthquake --
James D. Cooper

11:20 Informal Discussion of Guatemala Earthquake -—
- Panel: Masakazu Ozaki, James D. Cooper, Charles G. Culver, Mark Fintel and
R.B. Matthiesen, and Eiichi Xuribayashi
12:15 Lunch-Dining Room "C"
SESBION X: TASK COMMITTEE REPORTS

Chairman: Dr. Edward 0. Pfrang

1:15 Strong Motion Instrumentation Arrays and Data —--—
R.B. Matthiesen and Hajime Tsuchida (Represented by Satoshi Hayashi)

1:30 Large Scale Testing Program ~-
Charles G. Culver and Seiichi Inaba (Represented by Takeo Kinashita)

1:45 Repalr and Retrofit of Existing Structures --
John J. Healy and Kiyoshi Nakano (Represented by Masakazu Ozaki)

2:00 Structural Performance Evaluation «-
John Scalzi and Masakazu Ozaki

2:15 Land Use Programs for Controlling Natural Hazard Effects -~
$.7T. Algermissen and Eiichi Kurbavashi

2:30 Disaster Prevention Methods for Lifeline Systems --
Charles Scheffey and Tadayoshi Ckubo (Presented by Eiichi Kuribayashi)

2:45 High Speed Wind Recorded Data --
Thowmas D. Potter and Seiji Soma (Presented by Masakazu Ozaki)

3:00 Discussion of Task Committee Reports
SESSION XI: CLOSING SESSION
Chairman: Dr. Edward O. Pfrang

4:00 Adoption of Formal Resolution
Closging Remarks --
Dr. Kaoru Ichihara

Dr. Edward 0. Pfrang

4:30 Adjourn
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RESOLUTIONS OF EIGHTH JOINT MEETING
U.S.-JAPAN PANEL ON WIND AND SELISMIC EFFECIS
U.J.N.R.

May 18-~21, 1976

The following resclutions for future activities of this Jeint Panel are hereby proposed:

1.

The Eighth Joint Meeting was an extremely valuable exchange of technical information
which was beneficial to both countries. Considering the importance of cooperative
programs on the subjects of wind and seismic effects, the continuation of the Joint
Panel Meeting is considered essential.

The resolutions of the Seventh Joint Panel Meeting are considered important to the con-
tinued cooperative program and are hereby incorporated as a part of these resolutions:

a. Disseminate technical reports and state-of—-the—art reports continually.

b. Publish proceedings of each joint meeting for benefit of other organizations
in each country.

c. Solicit state-of-the-art papers on wind and seismic effects from other govern-—
mental and private technical organizations.

d. Promote dissemination of technological information to developing countries.

e. Promote cooperative research programs through the Task Committees including
exchange of personnel and available equipment. Publish reports of these
Task Committees.

f. Incorporate SI Metric System for units of measurement,

Establish a new Task Committee to consider problems associated with soils such as lique-
faction, landslides, subsidence, etc. An exchange of complete soils reports from areas
of liquefactions should ke encouraged. These should include accurate boring logs with
description of soils and field and laboratory test data.

The date and location of the Ninth Joint Meeting on Wind and Seismic Effects will be

May 1977 in Tokyo, Japan. Specific dates and itinerary of the meeting will be determined
by the Japanese Panel with concurrence by the U.S. Panel.

ot . Preceding page blank






Aspects of Hurricane Winds as Recorded at an

Instrumented Suspension Bridge

by

R. H. GADE
Federal Highway Administration, McLean, Virginia

and

R. H. SCANLAN
Princeten University, Princeton, New Jersey

ABSTRACT

Velocity spectra of the winds of tropical storm Doria in its passage over
the Newport, Rhode Island, Suspension Bridge is presented for four mean wind
speeds. Data was acquired with five 3-component Gill prepeller anomometers,
spaced at approximately 350 feet (108 m) intervals along the semispan of the
bridge. This paper presents final information on the wind mean angle of attack,
turbulence levels, vertical and horizontal spectra of wind of various velocity
levels, derived surface drag coefficients, and a comparison of results with
standard spectra and other applicable data from the Japanese, United States,
and Canadian wind literature.

KEY WORDS: Wind; wind velocity spectra

INTRODUCTION

In 1971 wind-speed measuring instruments were temporarily installed, under the
supervision of the Federal Highway Administration, and with permission of the Rhode Island
Turnpike and Toll Bridge Authority, on the Newport Bridge, Rhode Island. Figure 1 depicts
the geographical location of this bridge. The instrumentation consisted of 3-component Gill
windmill-type anemcmeter groups at each of five locations on the bridge. These locations
are shown in Figure 2, with their respective elévations and span positions designated. The

bridge, completed in 1969, satisfactorily withstood the winds of tropical storm Doria which



passed in the vicinity in August 1971. During this passage, peak horizontal wind gusts as
high as 75 mph (33.5 m/s) were recorded by the instrumentation on the bridge. Some charac-

teristics of the project and wind data obtained therefrom are discussed below.

INSTRUMENTATION

Three~component anemometers were placed in five locations designated by numbers 5
through 9 in Figure 2. The anemometers of the Gill windmill-type extended on booms out
about 35 feet (10.7 m) from the lower wind truss at each location on the seaward side of
the bridge. The distance constant of the Gill anemometer is 1.07 meters. The frequency
response characterigtics of the apemometer, relative to frequencies in the variable velocity
signal of the wind, are not completely known. Research continues on this question.[l]
However, the data from the anemometers is treated in the present paper as faithfully repre-
senting the component wind speeds.

The system used accomplished repeated sampling of the analog velocity signals at 14,3
Hz, resulting in a Nyquist data cut-off frequency of about 7 Hz, which was largely adequate
for the wind variations observed. In the final processing, data compression permitted a
reasonable array size. An upper frequency range of 1.8 Hz was obtained with the processed

data set.

WIND DATA

Each transducer group furnished wind data representing the following time-varying
quantities:
U: horizontal velocity component perpendicular to the bridge roadway
centerline
V: horizontal velocity component parallel to the plane of the roadway
centerline
W: wvertical velocity component normal to V
Only the U and W components are discussed in this paper; i.e., velocities along the bridge

span are not considered in present analyses.

(1] 7. M. McMichael and P. S. Rlebanoff, "The Dynamic Response of Helicoid Anemometers,"

National Bureau of Standards Report WNBSIR 75-772 November 1975, (Available as PB 2L6-86L

from the National Technical Information Services, Va. 22161,
I1-2



The basic wind data selected for analysis consisted of 40 time-histories of approximately
10 minutes each. The more convenient record length of 10 minutes was found to give consistent
results to 20-minute records, which were alsc examined initially. The records were selected
in nominal mean horizontal velocity ranges of 15, 30, 50, and 60 mph (6.7, 13.4, 22,4, and
26.8 m/s) from each of the U- and W-transducers at positions 5 through 9, respectively.
Broadly speaking, the rotating storm passed in such a manner that the lowest recorded velo-
cities approached the bridge from the southeast, while the highest velocities were almost
directly perpendicular to the span. The actual mean wind velocity components together with

associated variances ¢? about the mean are presented in Table I.

PRELIMINARY RESULTS AND METHOD OF DATA PROCESSING

The basic W/U represents the tangent of the instantaneous angle of attack of the wind
crossing the bridge deck. This was calculated for each of the transducer locations, and
the results were plotted, Figure 3. It is observed that a band of values 1s produced which
represents a steady dimirution of mean-wind angle to the horizontal at transducer height on
the bridge (average about 205.6 feet = 62.7 meters). This angle drops from about 20° in
mild winds down to 3° or 4° in high winds. These results tend to confirm the validity of
the aerodynamic testing of bridge models at angles to the wind not usually exceeding 6°.

The evidence of Figure 3 also suggests that there is probably also a decrease in tur-
bulence level 0/U (where U is the mean horizontal velocity) with increasing wind speed.
Figure &4 is a plot of this specific trend. Somewhat analogous data are presented in [2],
though the possibility of much higher turbulence occurring at extremely high velocities
over a sea fetch (~50 m/s) is suggested there also.

The basic time-history data referred to in Table 1 was digitally processed according
to the flow chart presented in Table II. In order to smooth and reduce the digital data
available at 0.07 second intervals to more manageable proportions, new samples were taken
at every fourth point only; i.e., a sampling interval of 0.28 seconds. While basic time-

history selections were visually made of winds with sustained characteristics, it was found

[2] M. Sniotani and H. Arai, "Lateral Structures of Gusts of Hipgh Winde," Paper 20 VHI Proc.

Int'l. Res. Seminar on Wind Effects on Buildings and Structures, NRG, Ottawa, Canada,

September 1967, pp 535-555, University of Toronto Press.
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1"t

necessary to remove slight "ramp" trends from such selections prior to evaluating means.

Standatd Fourier transform techniques with taper window were employed, followed by conver-

ﬂEéﬂl-, where 5 is frequency,

sion to power spectral demsity S(n) in the "logarithmic" form
which has become conventional in the presentation of wind spectra. The abscissa used for

eventual display was the mean-wind wave number n/U, U being taken at bridge mean elevation.

HORIZONTAL WIND SPECTRA

One ten-minute sample wind time-history from transducer 7U at nominal 60 mph (26.8 m/s),
together with its derived spectrum presented in the standard form HSU(H)/G% versus n/U, is
presented in Figure 5, where U is the mean wind velocity at transducer height. Altogether,
20 spectra of this type were derived from the similar time~histories recorded at the five
transducer locations 5 through 9 for the four selected nominal wind speed ranges.

Figures 6 through 9 present the combined spectral results for all transducers at each
of the four nominal wind speeds, respectively. Along with each mean spectral plot is pre-
sented a comparative plot based on the following formula:[3]

nSy (n) _ 4N
KO2(10)  (24n2)5/6

where K is the surface drag coefficient, and E(IO) is the mean velocity, both referred to
nl

10-meter height, and N = 10 L being a peak wavelength "constant." This formula is
converted for comparative purpeses to the desired form as follows:
() LT
mEyn) ae22(,) Az -
= 55
2 . 62,
% o zlnég-ln 2.7 n = 1
U zg ) s+ |21 °
alz) ™, 10
n =2
Zo

where K, Karman's constant, is taken as 0.4, ﬁfz) is averaged mean wind velocity at bridge
height (av. 62.7 m), and 1/A(z) = n/U(z); zo» the surface roughness length, is related to k

by the formula; K2
"z( 10)2
n =
Zo

[31]

R. I. Harris, "The Nature of the Wind," Paper 3 Proc. CIRTA Seminar: The Modern Design

of Wind-Sensitive Structures, London, England, 1971, pp 29-55.
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The peaks of the sample and reference spectra were arbitrarily equated to obtain the
values of K and L. The resulting relations are:
2 _ 2
1.812 kU*(10) = [n Sy(n) 1,40y

and

L =73 in lO/Zo
1 82T

Y73
Alz) Z,

VERTICAL WIND SPECTRA

A sample spectrum obtained from a ten-minute time-history of wind vertical velocity at

transducer 9W at the nominal mean wind speed of 50 mph (22.4 m/s) is presented in Figure 10
nsy(n)

2
aw
were developed. Figures 11 through 14 present mean combined spectra of vertical wiand at

in the form versus 1/U for U at transducer altitude. Altogether, 20 such spectra

each of the nominal horizontal wind speeds. On each of Figures 11 through 14 is presented,

for comparative purposes, an empirical spectrum derived from the following formula: [4]

A8y (n) 6f
KO2(10) (1 + 4F)°

where £ = 7%’, z being the height of the transducer, and U being the mean horizontal
velocity at that height.

This formula is converted for comparative purposes to the desired form as follows:

Py @ 0ae))ee
°w2 °w2<z” 65:) (1 + hz/A(Z))

The surface drag coefficient is similarly obtained by

-
0.375 kU°(10) = [nS(m) 1, . w2

and z, as above.

41 u. a. Panofsky and R. A. McCormick, "The Spectrum of Vertical Velocity Near the Surface,"

Quart. Jnl. Royal Meteorclogical Soec,, 1960, Vol. 86.

I-5



DISCUSSICN

It was noted earlier that the wind fetches were different (see Figure 1) as the wind
direction swung from the 15 mph (6.7 m/s) values over to 60 mph (26.8 m/s). Thermal effects
probably were more strongly present at the lowest velocities, though some evidence
(Figure 3) suggests that there was an unstratified (rising) condition during all measurements
taken. It is of interest to note that horizontal spectral peaks at all wind speeds iIn the
presently analyzed data occurred at practically the same frequency (0.06 Hz); similarly,
the vertical peaks grouped around 0.13 Hz. In Figures 6 through 14, values of K and (where
applicable) L for the reference spectra are given. The K values are reasonable with respect
to published values for the expected fetches; values of L are shorter than values chosen

[6]

for spectral matching elsewhere.[3] [5] Owen and Simiu[7] comment that spectral peaks
may be expected to shift widely in location. However, the right-hand, downward slopes of
the spectral curves, Figures 6 through 14, exhibit fair agreement with the expected boundary

layer energy cascade results (N_Sja law). The spectra exhibited show reasonable similarity

to spectra published elsewhere of which [8] and [9] refer specifically to typhoons.

[5] A. 6. Davenport, "The Dependence of Wind Loads Upon Meteorological Parameters,” Paper

2, Proc. Int'l. Res. Seminar on Wind Effects on Buildings and Structures, Ottawa,

Canada, September 1967, University of Toronto Press.

[6] p. R. Owen, "Buildings in the Wind," Quarterly Journal of the Royal Meteorological

Society, Vol. 97, 1971, pp 39%6-413,

(71 g. Simiu, "Wind Spectra and Dynamic Alongwind Response," Jnl. Struct. Div. Proc., ASCE,

Vol. 100, No. ST9, September 1974, pp 1897-1910.

[8] M. Hino, "Spectrum of Gust Wind," Proc. 3rd Int'l Conf. on Wind Effects on Buildings

and Structures, Tokyo, 1971, pp 69-77,
(91 y. Mitsuta, "Preliminary Results of Typhoon Wind Observation at Tarama Island, Okinawa,"

Proc. U.S5.-Japan Res. Seminar on Wind Effects on Structures, Kyoto, Japan, September

1974.



NOMINAL
VELOCITY

15 MPH

(6.7 m/s)

30 MPH

(13.4 m/s)

50 MPH

(22.4 w/s)

60 MPH

(26.8 m/s)

MEAN AND VARIANCE OF WIND VELOCITIES OF THE

TABLE I

10-MINUTE DORTA DATA SEGMENTS USED FOR SPECTRAL ANALYSIS

HQRIZONTAL
MEAN  VARIANCE
i ay?
MPH
U 15.29 11.37
81 18.41 8.47
70 16.74 8. 84
6U 15.94 9.71
50 19.97 9.77
Average 17.270 9.632
qu 31.00 19,94
8u 31.85 28,29
7U 32.35 18.27
6U 27.84 20.10
5U 34.62 28.77
Average 31.532 23.074
U 52.69 61.87
8U 51.70 58.02
U 48.63 44.68
6U 48.63 40.50
5y 53,29 39.60
Average 50.988 48.926
9U 51.22 39.52
80 52.37 27.34
70 49,19 29.02
6U 49,89 24.26
5U 55.86 26.96
Average 51.706 29.420

I-7

VERTICAL
MEAN VARTANCE
W oW’
MPH
9W 4.36 3.68
8W 3.72 3.44
W 4.42 4,86
6W 4.01 3.52
5W 3.52 3.58
Average 4.006 3.816
9w 4,25 3.93
8W 3.46 5.83
7w 4.05 5.38
oW 4,26 4.83
5w 3.48 4.94
Average 3.900 4,982
9w 2.91 9.23
8W 2.38 9.10
W 3.56 9.93
oW 4,23 7.30
SW 2.96 7.51
Average 3.208 8.614
oW 3.12 6.93
8w 1.91 9.49
7W 3.46 9.11
6w 4.51 5.13
5W 2.69 7.78
Average 3.138 7.688




TABLE IL

PROCESSING OF WIND DATA

Time—Series Data (Sampie interval 0.07 sec)

Data Resampling (Sample interval .28 sec)

Demean & Detrend

Apply Window Taper (107 cosinez)

Time-to~Frequency
Transform

L

Convert Amplitude Spectra RPDi =
‘ to Reduced

Power Density Spectra ampliz x freq.

"1

VARIANCE

Convert Frequency (WNi =
to

Wave Number freq.i/mean velocity)

Spectral Smoothing (19 pt.
averaging)

I1-8
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STUDY ON THE WIND EFFECT ON EAVES

T. MUROTA
Chief, Structure Section
Building Research Ingtitute
Ministry of Construction
Japan

ABRSTRACT

Recently in Japan damage to flat roofs of light weight roofing is increasing.
The damage is often very severe to the extent that complete removal of the roofs occurs. The
dynamic bhehavior of the eaves is related to the damage. A current research project is

also described,

Key Words: Dynamics; Failure; Roofs; Wind.

1. Introduction

Eaves, and ridges of dwellings often suffer damage from severe winds. This local
damage to roofs is caused by the high wind suction acting on these various parts. These
local failures, however, have not caused severe damage to traditicnal wooden houses in
Japan. This is because traditional Japanese wooden houses are constructed with heavy
clay-tile rcofings. When such clay-tiles are lifted away, the roof structures composed
of bed boards and rafters still remain undamaged and therefore the interiors of houses
are well protected from the wind and rain.

In Japanh, the use of clay-tile on roofs is decreasing, and the use of light weight
thin metal plate roof material is increasing. Roof structures are therefore also becoming
light due to the change of the weight of the roof material. Accordingly, the damage to
roofs is changing, and in some instances, these light weight roofs have shown perfect
wind resistant performance. Those roofs which suffered severe damage such as complete
removal of roofs, have been flat roofs or slightly pitched roofs of gentle slope. Typical
damage of this type has recently been reported, in which complete removal of the roofs
of about 30 prefabricated houses occurred. These houses were located in Richi prefecture,
and were subjected to an average wind of about 30 m/s as caused by Typhoon Na. 7220 in 1972.
The characteristics of the roofs which were damaged are as follows:

i) flat roofs

ii) long projection of eaves

iii) low flexural rigidity of the roof structures
Examination of some of the damage which ocourred also indicates that one of the causes of
the roof removals was vibration of the eaves.

In 1975, Typhoon No. 7513 caused similar damage to flat roofs which were constructed
of light roofing material., BAfter this storm, the Building Research Institute initiated a

I-12



research project which would study technigques to prevent damage to light weight roofs. The
following will describe the ideas of this project relative to wind excited ascillations of

flat roof eaves.

2. Characteristics of Wind Pressure on Eaves

Tt is well known from wind tunnel tests that large negative pressures develop on the
wind ward edge of eaves. The values of this pressure differ according to each investiga=-
tor, however, it is not unusual that a pressure coefficient of -5 be recorded near wind-
ward edge.

Shape factors for eaves have bheen estimated by some investigators. These factors
have been determined by assuming that the pressure on eaves is static and uniformly dis-
tributed along the span. The maximum shape factor value is reported is about -3. The
pressure coefficient is 0.7 to 0.8 for the under surface of eaves and the upper surface
coefficient is -2.2 to -2.3. However, such large values have not been cbtained in wind
tunnel tests, except in the case when the eaves are very short.

The Building Code of Japan has specified a value of -0.5 prior to 1973, and after
1973 the value of ~-1.5 has been adopted.

In order to discuss the appropriateness of these values as a design shape factor for
eaves, it is necessary to know the characteristics of the pressure fluctuation on eaves
and the corresponding dynamic behavior of eaves. In the past, many investigations on the
pressure fluctuation on sguare cylinders induced by Karman vortices, have been made.
However, only the investigations which will now be described, give details on the pressure
fluctuation near the edge of buildings.

In order to generate Kavman vortices actively, the flow around a body has to be two-
dimensional and alsc the cross—section of the body must not be slender in the direction
of the wind. However, in case of ordinary buildings, these conditions are not satisfied.
It is considered, therefore, that the turbulence induced by the separation of flow will be
predominant in the pressure fluctuation generated near edges of buildings. From this point
of view Ishizaki et all) have measured pressure on the surface of slender sguare cylinders
in a smooth wind tunnel flow, as shown in Fig. 1. They obtained the following results, as
given in Fig. 2 and 3.

i) At points near the windward edge, high negative pressures were observed but their

fluctuation was not intensge.
ii) Pressure fluctuation increased on the leeward surfaces.

iii) Spectra of fluctuations showed that pressures were not composed of a single fre-
guency component, as in case of Karman vortex excited fluctuations, but were
composed of widely ranged frequency components.

iv) The reduced frequency, of the spectra of fluctuations, has a peak value 0.16,
which agrees with the Strouhal number for square cylinders.

2)

Mori has measured pressures on a flat roof model set in turbulent boundary layers
as shown in Fig. 4. He obtained the following results, where h is the height of the roof
model and Zo is the roughmess length:
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i) When h/zo=6, the pressures contained non-convective fluctuation components of
frequencies around fh/v=0.07 and also convective fluctuation components of higher
freguencies (Fig. 5).

ii) when larger values of h/z0 ocour, non-convective fluctuations observed near the
windward edge are diffused rapidly downstream and convective fluctuations have a
spectral peak at a reduced frequency of fh/v-0.2 to 0.25 which became predominant
{(Fig. 6 and 7).

The value of the central reduced frequency of the non-convective pressure fluctuation
components, observed near the windward edge, is 0.14 where the characteristic length ig
taken as twice the roof height h, this wvalue agrees with the Strouhal number for sguare
cylinders, as in the case of the experiments of Ishizaki et al as stated before.

From the results of these two experiments, it can be concluded that the pressure
fluctuation near the windward edge of flat roofs (whose lengths of the horizontal direc-
tion perpendicular to wind are large) is induced by the turbulence of flow separationat
the windward edges. A spectra of these pressures have energy peaks-at a reduced frequency

2fh/V, which is about the same value as the Strouhal number for square cylinders.

3. Power Spectrum of Pressure Fluctuations on Baves

Width and/or depth of plan of ordinary houses are not large compared to their height.
Therefore, air-flows round their roofs will have different properties from those of the
above two experiments. It is considered, however, that pressure fluctuations on flat
roof eaves are induced by turbulence of separated flow and have a random nature, which is
the same for ordinary houses having flat roofs.

Then we can assume the spectra of pressure fluctuation on eaves, sp(f), as a form

£25 () = glsg(f 1
SP( ) GP g(f) (1)

where
f = fh/v (2)

It is considered that the universal function g(f) can be cbtained by wind tunnel
experiments. This function g(f) Jdepends on the aerodynamical shape of the houses, however,
we expect the function to be constant which is applicable to flat roofs of most common
sizes and shapes. In addition it will be better if pressure fluctuations under surface

of eaves (this is considered to have the same nature as that on windward wall) are
measured in the experiments and the effects are taken into account when determining the

form of g(f).

4. Response of Eaves in Turbulent Winds
If the form of the power spectrum of pressure fluctuations on the eaves was shown

in eq. (1), it is possible to obtain the statistical characteristics of the response by
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applying the probabilistic theory of dynamics. This is a well-~known method and the outline
is as follows:
The eguaticn of eawves is

Zly,£) + 280 Zly,t) + W2ly,t) = = Ply,t) (3)

g~

where Z = deflection of windward edge of eave at a position y along the edge and at time t.

1/2 . . . . .
Wo = (k/m) / ; where X is spring constant of eave and m is mass per unit length in y
direction.
§ = damping constant.

P(y,t}) = total pressure along eave span per unit length in y direction.

The solution of eqg. (3), in terms of normal mode um(y), is

Z(y,t) = Z am (t)'um(y) (4)

where

_ sin mmy
M y) = = (5)

and ¢ is length of eave in the direction perpendicular to wind.
Here we need a cross spectrum of pressure fluctuation Sp(y,y',f), which gives the
correlation of the pressure fluctuations between two points y and y'. If this function is

obtained by experiments, the spectra of the mode coefficients m is given by the equation

= 2,
Sy (£) = {Hm(f)i Juom (£) (6)

]2 is the mechanical admittance function of the form

where |H_(£)
m

2 _ 2 a2 el l 2 g
]Hm(f)| = /M A=W/ (260 )2 (7)

and Jmm (f) is the joint admittance function,
¢ £

Jam {f) = S [Sp(yhry?_'t) Um(yl))im(yz)dyldyz (8)
o o

Then the variation of a, is obtained as follows

¢

a, = j sum('w ) aw (9)

0

5. Concluding Remarks
Recently in Japan damage to flat roofs of light weight roofing is increasing. The

damage is often very severe such as bodily removal of roofs. The dynamic behavior of the
eaves is considered to relate to this damage. In this paper is described a research pro-

ject presently being conducted by the Building Research Institute concerning the problem.
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MEASUREMENTS OF WIND LOADS AND TIE-DOWN FORCES ON MOBILE HOMES

RICHARD D. MARSHALL
National Bureau of Standaxds
Gaithersburg, Maryland

and

ROBERT A. CRIST
National Bureau of Standards
Gaithersburyg, Maryland

ABSTRACT

This paper describes instrumentation, experimental techniques and progress to date
on a program of research into the effects of wind on mobile homes. Direct measurements
of 1ift and drag forces on a nominal 12 x 60 ft. (3.66 x 18.3 m) mobile home provide more
reliable information on load fluctuations than is possible with the usual approach of
measuring surface pressure alone. Results of spectral analysis conducted on time histo-
ries of overturning forces suggest that a simple guasi-static appreoach, when used with
appropriate gust factors, can be employed to calculate loads for the design of mobile home

anchoring systems.

Key Words: Aerodynamics; Buildings; Full-scale testing; Mcbile homes; Wind loads.

1. Introduction

Although the general area of wind research has made tremendous advances over the past
decade, most studies have been carried out on tall buildings and only recently have the
problems associated with wind forces on low-rise buildings been given proper attention.

The purpose of the research effort described in this paper is to establish a source
of data upon which to base criteria for the design of mcbile homes and their anchoring
systems to resist wind forces. Mobile homes account for a significant percentage of single
family dwellings in the United States and, next to fire, wind is the primary cause of
deaths, injuries and property damage.

The problem of wind forces on mobile homes is complicated by the fact that, near
ground level, the local terrain and upwind buildings have a pronounced effect on the vari-
ation of mean wind speed and turbulence intensity with height. In addition, their limited
size makes them more sensitive to wind gusts than i1s the case with conventional low-rise
buildings where spatial averaging can substantially reduce the effectiveness of load
fluctuations.

This project is being funded by the Department of Housing and Urban Development (HUD)

under the Mobile Home Construction and Safety Act.



2, Description of Experiment
a) The Test Site

The field tests are being carried out on the Gaithersburg Campus of the National
Bureau of Standards in an area which has a clear exposure to the prevailing winds. Strong
winds in the Gaithersburg area are most frequent during the winter months from November
through March and are usually associated with the passage of low pressure systems to the
north, The strongest winds [50 mph (22 m/s)] generally blow from the west-northwest, al-
though several events can be expected each winter from the southwest., The surrounding terrain
is gently rolling and mean velocity profiles can best be described by a power law [VZ =
V3 (2/240)
imately to Exposure C of the American Natiomal Standards Institute Standard A58.1-1972. A

d] with values of o ranging from 0.16 to 0.25. This exposure corresponds approx-

plan of the test site and prevailing wind directions are shown in figure 1.
b) Design and Installation of Mobile Home Support System

The test site is located on a paved parking lot which facilitated mounting the
mobile home on a supporting frame and.turntable so that various relative wind directions
could be selected for each wind storm. This allowed an expedient method of garhering the
necessary data for the forces on the mobile home during one wind season at the NBS site.
Copsultations were held with the project sponsor (HUD) and representatives of the mobile
home manufacturing industry to determine the most representative mobile home for the re-
search. A nominal 12 ft (3.66 m) by 60 ft (18,3 m) mobile home with a roof to ground height
of 10.8 fr (3.30 m) was used. The test setup also allowed the open space between the ground
and the floor level to be enclosed or open to study the effects of these two configurations
on lift and drag.

The support system was designed so that the lowest first mode natural frequencies
(vertical or horizontal) of the supports and the linking components were at least the v 2
times the largest first mode natural frequencies of the mobile home (vertical and horizontal),
This prevented resonance of the mobile home and supports and approximately uncoupled the
dynamic response of the mobile home and the supports, 1.e., the foundation stiffness >>
mobile home- stiffness. This provided a realistic simylation of the in-service foundation
conditions of a mobile home. The mobile home natural frequencies were determined by
temporarily mounting the home on rigid supports similar to those to be used in the experi-
ment, exciting the home and measuring the free vibration with an accelerometer. The highest
first mode natural frequencies in the place of the floor were 8 Hz vertically and 4 Hz
horizontally,

The support system can best be described as three separate systems, the foundation
system which consists of four beam and column assemblies, a force measure-
ment system, and a main support frame. The four beam and column assemblies simulate an
actual installation which includes diagonal and vertical tie-down cables (figure 2). The
force measurement system consists of four force links to measure horizontal forces
(drag) and eight force links to measure 1lift and overturning. All force links are conmected
to a main support frame with four leveling points and a turntable (figure 3). The

turntable is staked to the ground through a set of wooden ties. The turntable allowed
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216 degrees of rotation (figure 1) of the mobile home. A set of vertical and horizontal
steel wheels on the turntable holds the home in place for rotation during windstorms as

well as when it 1s in the stationary position. The lowest calculated first mode natural
. frequencies of the foundation system and main support frame are 80 Hz horizontally and 32 Hz
vertically. The force 1link lowest calculated first mode natural frequencies are 10 Hz

horizontally and 12 Hz vertically.

3. Field Measurements
a) Wind Speed

Two types of anemometers are being used to obtain wind speeds at the test site, the
standard 3-cup Mod. F420C used by the National Weather Service and Mod. 27100 Gill 4-blade
propeller anemometers. The Mod. F420C is mounted at the 10-meter level of an 18-meter
guyed mast and provides wind speed records which can ultimately be related to extreme-
mile speeds referenced in ANSI Standard AS58.1-1972. Gill propeller anemometers are
mounted at the 18, 10, 5, 3 and 1.5 meter levels to provide a good definition of the mean
velocity profile and to allow flow characteristics at the height of the mobile home to he
expressed in terms of mean wind speeds at the l0-meter level. These anemometers are
conventionally used in pairs to measure the u and v components of turbulence and to esta-
blish the mean speed vector. However, the present installation uses only one anemometer
at each level, the anemometers being mounted on a vertical support pipe which runs the
height of the mast. The support pipe is manually adjusted prior to recording of data =o
that the anemometers are faced directly into the wind. A direction vane is mounted at the
top of the mast.

In addition to the anemometers on the mast, two Gill anemometers are mounted on
tripods which are positioned upwind of the mobile home for cbtaining along-wind and
cross-wind correlations. The tripods are adjustable to cover a range of heights from
near ground level to the roof height. Nominal sensitivity of the anemometers is 10 mv
per mph (22.4 mv per m/s).

b) Surface Pressure

Surface pressures are measured by means of differential pressure transducers of
the variable reluctance type. Nominal output is 4+ 10 volts at the full-scale range of
0.1 psi (689 N/mz). This allows direct recording without signal conditiecning, although
the transducer demodulators are provided with switch-gelectible filters which are usually
set at a cutoff freguency of 10 Hz. A conventional tap-tube-transducer arrangement is
used, the transducers being mounted inside the mobile home and connected tc the 3/8-in
(95 mm) diameter pressure taps with short lengths of flexible tubing. The frequency re—
sponse ¢f this system is flat to approximately 20 Hz.

The pressure transducers are referenced to outside ambient pressure by means of an
cmnidirectional probke mounted on the guyed mast. Transducer offsets are measured just
prior to recording of dataz by means of solenoid valves which shunt the active pressure

line to the reference side of the transducer. The transducer and solenoid valve are
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built inte an assembly that can be quickly attached to a wall or ceiling tap. A total of
27 transducers are available and can be placed in various arrays, depending upon the
pressure patterns being investigated. The pressure tap layout is shown in figure 4.
¢} Deformation and Acceleration
Racking deformations are measured at the approximate mid-length of the mobile
home with displacement transducers mounted on telescoping rods running along the diagonals
of the mobile home cross-gection. Recordings of horizontal acceleration have been ob-
tained at floor level and along the bottom chord of the rocf trusses for the purpose of
estimating structural damping.
d) Lift and Drag Forces
The force links previously described are instrumented with strain gages in a full-
bridge configuration to produce maximum sensitivity and to provide temperature compensa-
tion. Nominal sensitivity of the force links aftexr amplification is 1 mv per 1lhf (225
v per N). Bias voltages at the amplifier inputs allow the bridges tc be nulled for “at
rest" conditions.
e) Data Acguisition
The primary data acquisition system is a computer-controlled digital and analog
system with a total capacity of 112 data channels and an effective maximum sampling rate
of 13 samples per second per data channel, A programmable gain control allows the selec-
tion of five ranges for each data channel; + 0.5, + 1, + 2, + 5 and + 10 volts. Normal
operation utilizes approximately 40 data channels and the 20 kHz scan rate reduced time
skew to a negligible amount for the frequencies of interest in this study. Data channels
are usually sampled at the rate of 12 samples per second, but this rate is doubled for
the measurement of surface pressures at points on the mobile home where large fluctuations
and high frequency components are cobserved. Record lengths range from 500 to 1000 seconds,
depending upon the sampling rate. All recordings, both digital and analog, are identified
by time code.
Certain data channels are also recorded in analog form on a l4-channel recorder
under control of the system computer. This allows analog analysis of selected records
and digital analysis at higher sampling rates by selecting the proper ratico of record to

reproduce speeds.

4. Data Reduction and Analysis

a) Methods

Because of the large amounts of data involved in this study, it is important that

the data handling be as efficient and reliable as possible. An extensive package of com-
puter software has been developed at the NBS over the past few vears for the analysis of
wind load data. Although the techniques used depend upon the particular variable being
analyzed, the analysis generally consists of the following steps: ‘

1. Sorting of samples by data channel.

2. Calculation of means and removal of trends.

3. Calculation of peak departures from the mean and their cumulative distributions.
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4. Area integration of surface pressures.

5. sSpectral analysis.

To aid in the selection of records which are to undergo detailed analysis, continuous
stripchart recordings of wind speed and direction are taken during strong wind conditions
and the digital recording intexrvals are noted on the stripcharts. A subjective assessment
is then made as to the stationarity of the records and their general suitability for
additional analysis.

The analog recordings provide additional information on data quality but are primarily
used for spectral analysis. Auto- and crosscorrelations are obtained by use of a hybrid
analyzer which accepts an analog input and computes a 400-point correlation function. By
making repeated entries of the analog records, extremely stable estimates of the correla-
ticn function can be obtained. A Fourier transformation of the 400 points is then carried
out. This technique has the advantage of an early look at the form of the correlation
function without the expense of computer time and, if the form appears to be satisfactory,
extremely reliable estimates of the gpectral densities with a minimum of computaticnal
time required.

L) Typical Response Analysis

As previously described, the support system was designed to measure drag (horizontal)

and overturning (lift) forces. A typical overturning force response time history is shown
in figure 5 with the corresponding wind speed record from the 1l0-meter standard 3-cup
anemometer. Refer to figure 1 for the lccation of the anemometer in plan. Note that the
major force response correlates well in time history with the slow increases and decreases
in the wind speed. To further analyze such records statistical analyses as previously
discussed were performed on the force link time history of approximately 17 minutes, a

portion of which is shown in figure 5. The following parameters were determined.

mean wind speed = 21.6 mph (9.7 m/s)
uxl = mean force = 112 1b (530 N)
peak force = 199 1b (885 N)
le = standard deviation, force = 29 1lb (130 N)

This record represents relatively low magnitudes compared to others obtained in this
experiment and to anticipated design wind speeds of approximately 100 mph (45 m/s).
However, it can be shown that this experimental data can be scaled with confidence to
the more intense wind gpeeds to provide data for extreme design wind speeds.

Further analysis of the time history data (figure 5) provide autocorrelation and

spectral density functions. The autocorrelation function is given in general form as

R(T) =

(=N

OJ‘T x(t)x(t + T)dt (1)

and the spectral density function is the Fourxier transform of the autocorrelation

function or



s (£) = 4 of°° R (T)cos 2nf 1at (2)

Normalized autocorrelation and spectral density functions are given in figure & where

T = time lag = 0.08 seconds

R(I) = R(T)

OZ
X
and

2 R
GX = variance of x

Also

These typical records and analyses form the basis to transform the random data gathered
from the experiment to forces on the mobile home in the form of degign loads. It is con-
venient to express the wind load in terms of mean and fluctuating load components. The
contribution of load fluctuations over specified frequency ranges can be determined from
the spectral density function where

V2= A s (myar (3)

Using the spectral density functions of figure 6 for two frequency ranges 0.01 < Afl < 10
and 0.01 < Af2 1.0, values of wi and w; were obtained. The contribution te the fluctuating
force by the resonant response of the mobile home is eliminated in the Af2 range. Note
that the spectral density function shows a peak, the highest first mode natural frequency
of the mobile home at 3.7 Iz which is approximately egual to that measured when the mobile

home was mounted on temporary supports as previously discussed. By integration the ratio

] P

XL 1044 or FE = 1,022
2 Vo

wa X

was determined. This shows that approximately 2 percent of the fluctuating force is
contributed by the resconant response of the mobile home (£ > 1 Hz) and the remainder of
the fluctuating force is contributed by the wind 1oad which is considered, in this case,

as a quasi-static force. In terms of the mean force, uxl = 119 1b (530N}, the contribu-
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tion by the rescnant response of the mobile home and fluctuating wind load is 0.5 and 24
percent respectively. These observations are important in transforming the response data

to design c¢riteria through the appropriate use of parameters such as gust factors.

5. Summary and Acknowledgements

A research project has been described which is currently gathering data for the
development of design criteria for mobile homes to resist wind forces. The test setup,
instrumentation, data acquisition and analysis, and typical response analyses have been
presented. The entire program when completed will provide data for transformation to
wind load design criteria in the areas of wind profiles below 10 meters, pressure distri-
butions on mobile homes, forces on foundation systems transferred through mobile homes,
and structural response.

The assistance in the conduction of the program by Dr. Bruce Ellingwood, Mr. Charleg

Yancey, Mr. Randolph Williams, and Dr. James Shaver of the National Bureau of Standards is

gratefully acknowledged.

NOMENCILATURE

f Frequency

R{T) Autocorrelation

s{f) Spectral density

v Mean wind speed

Z Height above ground

Q Power law exponent

i Mean force

g Standard deviation of force
fluctuations
TLag time

wz Fraction of toptal variance
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ON THE WIND RESISTANT DESIGN SPECIFICATIONS
FOR
THE PROPOSED HONSHU~SHIKOKU BRIDGES (1975)

T. OKUBO
Head, Planning and Research Administration Division
Public Works Research Institute
Ministry of Construction, Japan

N, NARTITA
Chief, Structure Section
Structure and Bridge Division, Chiba Branch
Ministry of Construction, Japan

ABSTRACT

The newly revised specifications for the wind resistant design of the proposed
Honshu-Shikoku Bridges are introduced in this paper. The previous specifications (the
first edition was issued in 1964, and the second edition in 1972) have been revised by
ﬁaking into account recent research activities, resulting in final edition as established
in the fall of 1975.

The main subjects discussed in this paper are:

1. Scope of application

2. Basicwind and design wind speed

3. Drag coefficients

4. Gust response

5. Wind resistibility of structures under construction.

Key Words: Bridges; Specifications; Wind.

1. Introduction

The design of bridges to connect the Honshu (the mainland of Japan) with the Shikeku
(the fourth largest island) was initiated after formation of the Honshu-Shikoku Bridge
Authority in July 1270. The wind resistant design specifications, the first edition of
which was formulated in 1964, have been reviged and applied in the preliminary design of
structures.

In a previous paper, the authors introduced the main features of the wind resistant
design specifications for the proposed Honshu-Shikoku Bridges (1972) and related problems.
The significant points that were revised are as follows:;

{1) To clarify the design procedure and the constitution of articles in the specifi-

cations.

(2) To reexamine the hasic wind speed in due consideration of the recent wind data

in the Seto Inland S5ea, and to set the basic wind speed for the resgpective zone

or route,



{3) To determine the modification factors for converting a basic wind speed into the
design wind speed, where the analytical method of the gust response was tentatively
adopted.

(4) To revise the values of the drag coefficients, structural damping, and vertical
wind inclination by using the data which was recently obtained.

As the design work progressed, the authority requested the formulation of design

specifications which could be uniformly applied to all of the bridges in the project.

In order to meet this request the former specifications had to be extensively revised.

These revisions are given in the latter part of this paper, the significant topics will

now be described.

2. FExpansion of Scope

The (1972) specifications were applicable to a truss stiffened suspension bridge
with a span length of 500 meters or more. However, the scope of the {1975) specifications
have been expanded to bridges which may be affected by strong winds in the Inland Sea.
Then the boundary for the respective route, in which the specifications are applicable, is
definitely stipulated. The basic wind speed, therefore, for an on-shore bridge, shall be

the same as used for the off-shore bridge in an identical route.

3. Basic Wind Speed
The basic wind speed should be determined by considering the observed wind speed,
durability of the structure, and the return period of the wind. The period of the wind
observation in the Inland district has not been extensive enough to estimate the return
values during a longer period. These wind periods have, therefore, been derived as
follows;
(1) Estimation from the correlation between wind record at the construction site
and that of the standard weather stations.
(2) Estimation from direct application of the Gringorten method to the cbhserved
data at the construction site.
(3) Estimation from a multi-regression method.
The estimated return wind value has not been established, and only the basic wind
speed in the northern district of the Onomichi—Imabafi route has been evaluated and is

equal to 37 m/s.

4. Design Wind Speed - Gust Response

The effects of the statistical characteristics of the natural wind on the dynamic
behavior of a structure should be taken into account on determining the design wind speed.
The fundamental meterorological data, indispensable in analyzing gust responses, were
collected in 1973. These data include power spectrum of the wind speed, frictional con-
stant of the ground roughness, index of the space correlation of the wind, and cther

variables.



Parametric calculations of the gust response has been carried out for a series of
preliminary designs with different types of bridges, spans, and rigidities., Consequently
the following two types of wind speeds are defined; 1} basic wind speed, which is the ten
ninute averaged wind speed at a height of ten meters above sea or ground level, and 2) the
design wind speed. The design wind speed can be deduced from the basic wind speed by
modifying the effect to the altitude of the structure and the horizontal or vertical
length of the structure. The safety factor of self-excited oscillation (flutter) may
then be defined as the ratic of the flutter speed against the design wind speed. The load
magnification effect due to the gust is then considered in the design wind load. In this
context the consistency between the revised specifications and the design specifications

for highway bridges can be preserved.

5. Drag Coefficients

a) Longitudinal Wind Load

The stiffening truss of a sugpension bridge moves longitudinally due to the wind

component in that direction, where its magnitude will have a great influence on the design
of the expansion joints and wind shoes. It has been specified in the specifications, as
indicated by wind tunnel experiments, that sixty percent of the transverse wind load shall
be applied longitudinally to the stiffening truss of a suspension bridge.

b) Drag Coefficient of Solid Girder

The drag coefficient ¢f a solid girder is given by the following empirical formula;

¢,=2.1-0.1xB/D (1L%B/DZS

c. = 1.3 (/D > B)
where CD B, and D indicates the drag coefficients, width and depth of girder respectively.

&6, Wind Resistibility Under Constructicn

How much wind load should be applied to a structure during the construction state?
This is an important consideration since many accidents have occurred during the con-
struction stage. The static and dynamic characteristics of a structure changes gradually
during the progress of the construction. Therefore, the aerodynamic stability of the
structure at each stage should be confirmed by a wind tunnel test using the full-model.
However, if the unit constructicn period is assumed as two years, the return value in
five years given the equivalent safety to a structure under construction as the completed
structure. The intensity of the wind loading for a structure under construction is

stipulated as half of the design wind load.

7. Conclusive Remarks
The following are the problems which should be examined in order to enhance the wind

resistant design method of bridges;



(1) To establish a unified method for estimating the return value of the wind speed.
(2) To establish quantitative evaluation of the wind load with regard to gust effects.
(3) To improve wind tunnel techniques with regard to gusty wind.

(4) To establish a more rational factor of safety.

I. General
A. Scope of Application
The following specifications as shown in Table 1.1.1, were applied to the wind

resistant design of the bridges in the Honshu-Shikcku Bridge Project.

Table 1.1.1 The district for scope of application

Route District

Maiko Viaduct v Akashi Straits Br. ~ Matsuho |

Kobe~Naruto Viaduct

Tozaki Viaduct * Onaruto Br. "~ Muva Br.

—_—

Kojima-Sakaide Shimotsuiseto Br. " Bannosu Viaducr

Onomichi Br. "~ Kurushima 3rd Br. (Limited

Onomichi-Imabari
to the bridges across the straits)

B. Definitions and Symbols
1. Definitions
The following terminology is used in these specifications:
(a) Basic wind speed
Basic wind speed is the wind speed used as the basis of the wind resis-
tant design, and is the average wind speed over a ten minute interval at a height of ten
meters above the ground or water surface at the site where the bridge is to be constructed.
(b) Design wind speed
Design wind speed is the wind speed used in computing the design wind Icad
on the structures and in establishing the wind stability of the structures against wind.

The basic wind speed shall be converted to the design wind speed by multiplying appropriate
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modification factors to consider the height of structure, and the horizontal linear dimen-
sion or vertical linear dimension of the structure,
(¢) Critical wind speed for self-excited oscillation
Critical wind speed for self-excited oscillation is the onset wind speed
of the self-excited oscillation which occurs in the structure in relation to its aeroelastic
characteristics.
(d) wind direction
Wind direction is the direction of wind in the horizontal plane.
(e) wWwind inclination angle
Wind inclination angle is the angle of wind inclination measured from
horizontal axis in the vertical plane, and is taken as positive when the wind blows upward.
(f) Design wind locad
Design wind load is the computed air force obtained from the design wind
speed, and is the mean drag component of the air forces acting in the direction of bridge
axis or in the horizontal direction perpendicular to bridge axis.
{g) Circumscribed area
Circumscribed area is the average area per unit length of a structure,
which is enclosed by the surrounding lines of the structural part under consideration. 1In
computing the circumscribed area, handrail and guardfence are to be considered. However,
the effect of the transverse slope of the floor deck and floor system shall be ignored.
(h) Projected area
Projected area is the average area per unit length of a structure projected
to the plane which is at a right angle to the acting direction of the wind load.
(1) Solidity ratio
Solidity ratio is the ratic of the projected area to the circumscribed area.
(3) Structural damping
Structural damping is the vibration damping of a sturcture in still air,
and is expressed by a logarithmic decrement.
(k) angle of attack
Angle of attack is the angle between the direction of wind acting on the
structure and the horizontal reference axis perpendicular to the bridge axis. This angle
is taken as positive when the wind blows upward.
(1) standard sea level
Standard sea level 1s the level for computing the elevation of the struc-

ture, where the datum of standard sea level is the mean sea level of Tokoyo Bay (T.P.).

2. Symbols
In these specifications symbols are defined as follows:
(a) Vlo: Basic wind speed (m/s}
- {b) vl : Wind speed modification factor for the elevation of structure
() v2 : Wind speed modification factor for the horizontal linear dimension

of structure.



(d) Vg o Wwind speed modification factor for the vertical linear dimension

of structure.

(e} v, Wind load modification factor for the horizontal line-like structure
(f) vs Wwind load modification factor for the vertical line-like structure
(g) VD : Design wind speed (m/s}

(h) 2 : Elevation above ground or sea level (m)

(i) & : Power index in the power law of wind profile

(1) PD : Mean drag force on unit length of structure (kg/mz)

(k) CD Drag coefficient

(1) 9§ structural damping

(m) Ag : Circumscribed area (mz/m)

(n) An Projected area (mz/m)

{0y ¢ : sSolidity zratio

©) p : Air density (kgesZem )

II. Static Design

A. Basic Wind Speed

The following basic wind speed shall be applied to the bridge structure of the

Honshu-Shikecku Bridge according to the digstrict in which the bridge is to be constructed.

Tabkble 2.1.1 Basic wind speed

Route District

Bagic wind
speed (m/s)

Akashi Straits district 43
Kobe-Naruto

Naruto Straits district 50
Kojima-Sakaide whole Route 43

Kurushima Straits district 40
Onomichi-Imabari

Others 37

B. Design Wind Speed

The basic wind speed VlO shall be converted to the design wind speed VD by

multiplying by modification factors as given in the following equations:

for horizontal line-like structure: VD =V, *

1

for vertical line-like structure: V. =V, *

D 1

\) »
2"V10
Ya'Vio




Modification factors v_, Vor and V. shall be taken as shown in table 2.2.1, 2.2.2 and

1 3

2.2.3 respectively. When the value is not shown in the table, it shall be derived from
proportional allotment and be computed to three decimal places and counting fractions of
.5 and over as a whole number and disregarding the rest.

convergence due to special topographical conditions such as cape or peninsula is antici-

pated, the modification factor vl

field observations of the wind profiles or results from wind tunnel experiments on topo-

graphical models. The elevation and the length to be used in computing the modification

factors vl, vz, andv3 are shown in Table 2.2.4.

Table 2.2.1 Modification factor v;

In the area where the wind

may be modified by taking into account the results of

Eleva-
t1on (m) <10 TZO 30 40 50 60 70 80 180 1200
Vi 1.00!1.10 1.1701.2211.26(1.29(1.32(1.35 1.5111.53
Table 2.2.2 Modification factor vy
Horizontal length (m) {200 300 |400 {300 1,50041,800

vy 1.21,1.19 1.18/1.17

1.13L1.1z 1.12

Table 2.2.3 Modification factor vj

Vertical length (m) &0 160

vs 1.26 | 1.25
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Table 2.2.4 Definition of elevation and length of structural element

Bridge
type SuspenSL?n brldgg. Cable~ others
stayed girder bridge

Factor

Suspended structure of The higher elevation between
suspension bridge and the mean elevation of support
girder of cable-stayed + [{the maximum elevation of
bridge: structure) - (the mean eleva-
tion of support)] x 0.8 and
mean elevation of the maximum elevation of
center span. designed road level.

Cable and hanger:

V1 mean height between the
elevation of the tower
top and the lower
surface at the mid-
point of stiffening
structure or bridge
girder at the center
span.

Tower:

65 percent height of
tower

Vo Center span length or maximum span length

V3 Height of tower

C. Design Wind Load
In the static design, only the mean drag component of the air force shall be
considered. The wind load shall be determined as follows:
1. Bridges with a maximum span length more than 200 meters for horizontal line-

like structure:

1 2
PD = EpVD v4cDAn
for vertical line-like structure:
1 2
Pp = 3%p Vs n

2 -4 .
in which p, air density, shall be taken as 0-12 kg*s *m . The drag coefficient CD and the
projected area An shall be calculated by data given in Table 2.3.1 and 2.3.2, The modifi-

cation factors v4 and Vg shall be chosen from Table 2.3.3.
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Table 2.3.1 (Supplement}
Shape of Drag coef- Shape of Drag coef-
cross section ficient cross section ficient
. r 1
N <:1rc‘ular 1.2 + rectangular 1.5¢1.1)
cylinder FAHAA [(): z>d/12]
! square
+I l flat plate 2.2 - , cylinder 2,1(1.5)
[C): r>d/12]
rectangular
1 .
»p—— flat plate 1.8 - D eylinder 2.7
i
rectangular
-><> i 1.5 > | |2 eylinder 2.3(2.1)
cylinder : [(): r>d/29]
i ]
Table 2.3.2 Projected area
sridge Structural Transverse Longitudinal
type element
Suspended Windward side of stiffening frame, floor deck,
structure curb and handrail
Suspen-— T Windward and leeward side Two tower shafts
sion ower of tower schafts and web members
bridge ——1—""-—"F-—-—— — - —
Windward and leeward side
Cable
of cable
Not considered
. Windward and leeward side
-anger of hanger
Brid T Windward side of truss,
ridges br?ss floor deck, curb and
except riage handrail .
suspen— ,,, Kot considered
;1?2 Solid Windward side of girder,
ricge J girder curb and handrail
Others Effective cross section
Table 2.3.3 Modification factor vy, vg
Direction ’
Transverse Longitudinal
Factor ]
Vi 1.3 1.0
1.0
Vs 1.0 free-standing tower: 1.2




Moreover, the designed sections based on the herein specified value of drag
coefficients, shall be examined by wind tunnel model test as occasion demands and these
drag coefficients cbtained from such wind tunnel tests can then be adopted. Wind tunnel
model tests shall always be carried out for the suspended structure of a suspension bridge,
and when the drag coefficient to the transverse wind of zero degree angle of attack
measured by wind tunnel tests differs more than 5% of herein specified value, then the
structural section shall be redesigned by taking into account the measured values.

When calculating wind load together with iive load, VD shall be limited to 30 wm/s.

2. Bridges with Maximum Span Length Less Than 200 m

In the case of a gtorm: P_ = { vD )2-P '
D 55

In the case of live loading: PD = PD'

where PD‘ is the wind load specified in "the Specifications for Highway Bridges".
3. Wind Load Acting Upon Live Loads

When wind effects on live loads are to bhe considered, the following wind load

perpendicular to the bridge axis shall be applied.

road deck 150 kg/m
railway deck: 450 kg/m

D. Way of Loading
The wind load is in principle to be considered as a horizontal uniform load acting
in the transverse longitudinal direction of bridge axis. But, if necessary, the full and
half wind loads shall be applied to the most unfavorable part and the remaining part of the

structure, respectively.

The wind load shall be determined as follows:

1. ©Suspension bridge, cable-stayed girder bridge and the bridge with maximum span
length greater than 200 m

(a) Transverse wind load

Suspended structure of a suspension bridge, deck girder of a cable-stayed

bridge and truss bridge:

Full wind load shall be applied on the windward side of structure. 1In
case of a suspension bridge, wind load acting upon hangers shall be
equally divided to the stiffening girder and cables.

Cables of a suspension bridge and cable-stayed girder bridge:

In the case of a suspension bridge the wind load shall be applied to the
axial line of the cable. 1In the case of a cable-stayed girder bridge,
the wind load on the cables shall be equally divided to the girder and
tower.

Tower :

The wind load shall be applied to the axis line of the windward and
leeward pillar of the tower, respectively.
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{(b) Longitudinal Wind load
Suspended structure of a suspension bridge:

The longitudinal wind locad is to be considered as a uniform load. 1In
this case, the wind load on e¢ables and hangers shall be ignored.

Tower :

The wind load on a tower shall be calculated using the projected area,

including tower shafts and web members, and shall be considered as uniform
load.

Cables, hangers, and girders of cable-stayed girder bridges;
Ignored.
2. SOIid bridge with main span lengths greater than 200 m
(a) Transverse wind load
Full wind load shall be applied to the windward side of the girder.
{k) Longitudinal wind loagd
Ignored.
3. Bridges with main span lengths less than 200 m
The wind load shall be applied in accordance with the Specificaticns for
Highway Bridges, except the design wind load is corrected as specified in article 2.3.
However, the wind load for a railway bridge shall be applied in accordance with the Standard

Specifications for Steel Railway Bridges.

E. Combination of Design Loads and Allowable Stress
Combinations of the wind load with other design loads will permit an increase in
the allowable stress for each combination as given in Table 2.5.1.
Where: W : Wind load
D : Dead load

W(L) : Wind load applied together with live load

L{W) : Live load applied together with wind load w(L)
T : The effect of temperature change

B : Braking locad, Starting load

LF : Rolling stock lateral load

LR : Longitudinal load of long rail

Each load shall be determined by "The design criteria of superstructures of the
Proposed Honshu-Shikoku Bridges", but the maximum temperature combined with wind load can
be considered as 35°C.
F. Proofing of Lateral Buckling
In the case of a suspension bridge,the lateral buckling of the suspended,structure
due to wind force shall be proofed. The critical load for the lateral buckling must
exceed 1.7 times of the design wind loads. The aercstatic coefficients used in the

estimation of the critical load are to be obtained from wind tunnel model testing.



Table 2.5.1 Combination of loads and coefficients of
increase of allowable stress

Coefficients of increase
of allowable stress
Main structure of
bridge with span
length more than
Combination of loads 200 m and stiffen- Other structures
ing girder and
tower of suspension
bridge
DHHT 1.50 1.35
W 1.50 1.35
DHW (L)L (W4T 1.25
BHW (L) 1.25
LE+W{L) 1.25
DHW(LY+L{W)+LR 1.40
DHW (L) +L (W) +LF 1.40
DHW(LY+L (WY+B 1.40
DHW (L)L (W) +B+LR 1.50

III. Proofing of Dynamic Behavior

A. Outline
For the design of flexible structures, like suspension bridges or cable-stayed

girder bridges, the investigation of the aeroelastic characteristics of the structure
and the confirmation of the safety against wind action shall be performed. For this
purpose, the dynamic proofing of the structural system, obtained through the static

analysis, shall be conducted. The wind tunnel testing for the dynamic proof is to be

pased upon "the Standards of wind tunnel tests for the proposed Honshu-Shikoku Bridges

(1973)".

B. §Structural Dampfng

Relative to the vibration mode, the damping capacity of a structure can be

assumed as fellowing:
(i) for the whole system of a suspension bridge and a cable-stayed truss

stiffened bridge: § = 0.03

(ii) for the whole system of a cable-stayed solid girder bridge:
§ = 0.02
(iii) for the free standing tower: § = 0.01
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C. Vertical Inclination of Wind
The relation between the wind speed and the vertical inclination of the wind
shall be assumed to lie in the domain shown as in Fig, 3.3.1l. When the wind character-
istics at the site where the structure is to be constructed shows a singularity, this

condition shall be considered.

L 50

25

Wind speed (m/s)

7 T

-7 -3 0 3 7

Vertical inclination of wind (degree)

Fig. 3.3.1 Wind speed versus vertical inclination of wind

D. Critical wind speed for Self-excited Osciliation
The critical wind speed for a self-excited oscillation, derived from a dynamic
analysis or wind tunnel test, should lie beyond the domain enclosed by the line of the
wind speed of 1.2 times of design wind speed, and the lines shown in Fig. 3.3.1.
The critical wind gpeed shall be defined as the lowest wind speed at which the

self-excited oscillation, with amplitude of one to five degrees, takes place.

E. Restricted Oscillation
When the occurrence of the restricted oscillations of the structure or elements
are anticipated at the wind speed less than the design wind speed, a sufficient counter-
measure relative to fatigue of the elements of disfunctioning of the structure, shall be

adopted.

IV. Others
A. Examination to be taken during Construction
Enough care shall be exercised to prevent serious wind effects on the structure,
not only at the time of its completion, but at each stage during construction.
Special care of free-standing towers, cables or stiffening girders during con-

struction should be noted.



The static and dynamic safety of a structure against wind effects during each step
of construction shall be confirmed through appropriate techniques such as the wind tunnel
tests, and suitable countermeasures shall be taken if necessary.

Wind load during construction as a standard is to be half of design wind load.

Reference

Wind resistant design specifications (1975) for the proposed Honshu~sShikoku Bridges

and its commentary: JSCE, March 1975.
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EQUIVALENT STATIC WIND IOADS FOR TALL BUILDING DESIGN

EMII, SIMIU
Structural Research Engineer
Center for Building Technology
National Bureau of Standards
Washington, D.C., U.S.A.

ABSTRACT

Certain shortcomings of current procedures for computing along wind structural response
have been shown to result in unrealistic estimates of tall building behavior under the
action of strong winds. Differences between predictions of fluctuating response hased on
various such procedures have been shown to be in certain cases as high as 200%. In recent
years, advances in the state of the art have been made which provide a basis for signi-
ficantly improved alongwind response predictions. The purpose of the present work is to
Present a procedure for calculating alongwind response, including deflections and accelera-
tions, which incorporates these advances. The metecrological and aerodynamic mcodels on
which the procedure is based are briefly described. The practical use of the procedure is
illustrated in a numerical example. Estimates are provided of errors inherent in the
models employed. The range of applicability of the procedure is defined, and it is indi-
cated that for structures with unusual modal shapes or for which the influence of higher
vibration modes is significant, a recently developed computer program should be employed

in lieu of the procedure presented herein.

Key Words: Design; Equivalent loads; Tall Buildings; Wind loads.

1. Introduction

Several procedures for computing alongwind response have been proposed in the last
decade (1, 2, 3}. The purpose of these procedures is to calculate equivalent wind loads
whose effect upon the structure is the same as that of the gusty wind.

As part of an effort aimed at evaluating and improving building code provisions on
design for wind loads, an analysis of current procedures for computing alongwind structural
response — including the procedures described in the American National Standard A58.1 [4]
and in the National Building Code of Canada [5, 6] - has been presented in ref. 7. From
this analysis, the following points have emerged. First, the alongwind cross-correlation
of the fluctuating pressures is represented in current procedures by models which are
fundamentally inadequate [8]. It is primarily for this reason that the differences be-
tween the values of the fluctuating part of the response calculated in accordance with
the A58.1 Standard, on the one hand, and the National Building Code of Canada, on the

other hand, may in certain cases be as high as a few hundred percent [7]. Second, current

I-49



procedures do not take into account the dependence of the longitudinal wind velocity
spectra upon height above ground. This was shown to result in significant overestimates

of the components of the fluctuating velocity which produce resonant excitation in wind-
gsensitive sfructures [7, 21. Third, current procedures do not enable the analyst to
estimate the contribution of the higher vibration modes to the structural response. Pourth,
existing procedures do not provide an estimate of the alongwind accelerations induced in
Qtructures by the gusty wind.

In the years following the development of the procedures described in refs. 1, 2, 3, 4
and 6, developments of significance in the context of determining structural response to
wind have taken place notably in the area of boundary layer meterology. Progress has alsc
been made in understanding and evaluating the effect of the alongwind pressure cross-
correlations upon building response. Finally, effective numerical methods have been
developed, from which economical computer programs, suitable for the analysis of structures
subjected to wind loads, could evolve. In ref. 10, a procedure was presented for calcula-
ting alongwind response which incorporates and utilizes these advances and is thus free of
the shortcomings mentioned above of the procedures currently in use. If the modal shapes
of the structures analyzed are unusual or if the contribution of the higher modes to the
response is significant, the procedure requires the use of a computer program, A machine-
independent, Fortran version of this program is listed in Ref, 10. However, in a large
number of cases of practical interest, it may ke assumed that the fundamental modal shape
is linear and that the response is dominated by the fundamental mode. In such cases, the
procedure may be simplified, i.e., graphs can be developed which may be used for rapid-
manual calculations of the alongwind deflections and accelerations.

The purpose of this paper is to present this simplified version of the procedure and
to illustrate its practical use. The meteorological and aerodynamic models on which the
procedure is based are briefly described. Results of numerical calculations are used to
discuss some of the approximations and errors inherent in the models employved, as well as

the range of applicability of the procedure presented herein.

2., Meteorological and Aerodynamic Models

a) Mean Wind Profile. In most structural engineering applications, mean wind profiles

in horizontal terrain of uniform roughness over a sufficiently large fetch are currently
modeled by the so-called power law, first proposed by Hellman in 1916 (ll). However, as
noted by Pasquill (12), the logarithmic law,

Zg

-
U(z) = 2.5u.In——— (13
Z0

where U(z) = mean speed at height z above ground, a, = zerc plane displacement, z_ = rough-

ness length and u, = friction velocity, is a superigr representation of mean wind profiles

in the lower part of the atmospheric boundary layer. Balckadar and Tennekes (13), Tennekes

(14}, Carl, Tarbell and Panotsky (15), Helliwell (16) and others have shown that for high

wind speeds, such as are assumed in design, the logarithmic law may be applied throughout
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the height range of interest to the structural engineer.

The use of the logarithmic law in structural design is believed to be justified for
the following three reasons. First, as was just mentioned, eg. (1) represents an improve-
ment over the power law. Second, since the logarithmic law is universally emploved in
meteorological work, results of meteorological research may readily be used in engineering
applications., Errxors inherent in attempts fto reformulate such results in terms of the
power law are thus avoided, as is unnecessary and costly duplication of research. Third,
in the logarithmic representation, the mean speed - just as the spectrum of the longitu-
dinal wvelocity fluctuations (see eq. (5)) - is explicit function of u,. Thus, if the
logarithmic law is used, an internally consistent representation of the flow structure is
achieved. This is not the case if the mean profiles are modeled by the power law, in which
the exponent is not clearly and uniquely related to u,. For these reasons, the legarithmic
law will be employed in this work. To account for flow disturbances by the building near
the ground, following common practice (6), it will be assumed that, for 0 < z < zd + 10
meters, U(z) = U(zd + 10).

suggested values of the roughness length zo are given in table 1 (see refs. 16, 17, 18
For example, at Sale, Australia, for terrain described as open grassland with few trees,
at Cardington, England, for open, farmland broken by a few trees and hedge rows, and at
Heathrow Airport in London, 2, = 0.08m (16,17,19). At Cranfield, England, where the ground
upwind of the anemometer is open for a distance of half a mile across the corner of an air-

field, and were neighboring land is broken by small hedged fields, z = 0.095m (17,20).

3. Equivalent Static Wind Ioads for Tall Building Design

The zero plane displacement may in all cases be assumed to be zero, except that in
centers of large cities the smaller of the values zd = 20m and zd = 0.73h, where h =
average height of buildings in the surrounding area, may be used (16).

In designing tall buildings it is reascnable to use mean wind speeds averaged over a
period of one hour {4,6). If the mean winds ut are averaged over periods t different
from one hcour, the mean winds Uh averaged over one hour may be cbtained using Table 2 (21}.
For valuas of t not included in Table 2, linear interpolation is permissible. If the
wind speeds are given in terms of fastest miles, the averaging period t in seconds is given

by
t = 3600/v_ (2)

where vf iz the fastest mile in miles per hour.

a) Relation hetween Wind Speeds in Different Roughness Regimes. Consider two adjacent

terrains, each of sufficiently large fetch, the roughness lengths of which are denoted

Z zo, and over which the mean wind speeds may be described by egs. {3) and (1), respec~

oL’
tively: z—z
U,(z) =2.5u., In a4

(&)
Lot
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The relation between the friction velocities u, , u, may be obtained, as a function

1

of z zo, from Fig. 1. The latter was developed in Ref, 17 on the basis of theoretical

ol’
and experimental work reported by Csanady (22) and others (23).

b) Iongitudinal Velocity Fluctuations. The cross-spectrum of the longitudinal

fluctuating velocities at two points P., P, may be expressed in the form:

1 2

S, (P,.Py,m) = 812 (P, M) S (Py 1) Ry, ¥2.2,, e NP Pom) - ()

in which Yi' zi are the coordinates of point Pi(i=l,2) in a plane perpendicular to the
direction of the mean wind and 5u(P,n) is the spectral dengity of the longitudinal velocity
fluctuations. Expressions of the spectrum Sr(P,n) which take into account its dependence
upon height above ground and are consistent with theoretical and experimental results of

recent micrometeorological research have been presented in Ref. 9. 1In this work, the

expression
nS () 200f \
= (s
w2 (1 + 5057
developed in Ref., 9, was used. In eq. (5), £ = n{z-2)/U(z). The mean square value of

the fluctuations described by eq. (5) is u2(z) = 6u2.

The functions R, and N in eq. (4) are defined as the acrosswind and the alongwind
cross-correlation coefficient, respectively. By definition,.if the points Pl' P2 are in
the same plane perpendicular to the mean wind direction, Nu(Pl,Pz,n) = 1. Otherwise,
and

N (P yn) < 1; its magnitude decreases as the alongwind separation between P

u'F17 72 17727
as the frequency n, increase. The acrosswind cross-correlation coefficient is a complex
guantity, the modulus of which is known as the square root of the across-wind coherence
function (24). However,its imaginary part has been determined by measurements to be
negligible for wind engineering purposes (k,2,3,25). The fellowing expression for the

acrosswind cross—correlation cocefficient, proposed by Davenport (3), has been used

herein:

—2n[Cl(z, — 2,0 + Ci(y, — y,)? ]2

Uz, + Ulz,)

R.(y.2/,¥,.2,,0) = exp

in which €= 10, C = 16 (3).
z ¥

c) Relation Between Wind Pregsures and Wind Speeds. The fluctuating pressures, p&,
pé. on the windward and leeward sides of a building are assumed to be linearly related

to the velocity fluctuations u, i.e.,

By (P) = pC U(z)u(z) &)
Py (P) = pCU(2)u(2) (8)



in which

p,(2)
S " TR *

w
Pg‘('-)
C = 77070 (10)

Pw' Eﬁ are the average values of the mean pressure at elevation z on the windward and the
leeward faces of the building, respectively. The model represented by egs. (7)-(10)} is

discussed in some detail in Ref, 10, In this work, it was assumed CW = 0.8, C, = 0.5.

It is implicit in eq. (8) that the pressure fluctuations on the leeward side are pro-
portional to the velocity fluctuations in the upstream flow. As noted in Ref. 8, in
reality the flow in the wake of the building is quite dissimilar from that in the oncoming
flow. Measurements suggest that the fluctuating pressures on the leeward side are small
compared to those on the windward slide and, therefore, that eg. (8) may be slightly con-

servative (8,26,27).

d) Cross-Spectra of Fluctuating Pressures. If eq. (7) or (8) is used,

Lies yure
Sy (P sPyun) = CP(F‘)CP(F:)p U UE) g
S, (PraPyuml

in which the cross-spectral density of the velocity fluctuations can be written as

1/2 1/2
(P, Pun) * su’ pomst ey mIR (PP )

N (P1oPom) (12)

and in which CP(Pi) = Cw or C, according to whether Pi(P ,2) is on the windward or leeward

2 1

side. Useful information regarding the magnitude of Nu(Pl ,n) 1is provided by results

,P2
of measurements of cross-spectra of pressures on the windward and leeward sides of struc-

tures. Such measurements, carried out on full-scale buildings, have been reported by
Lam Put (22) and by Van Koten (27) who found that except for very low fregquencies,

Nu(le'PZR'n] < (0.2 (the subscripts w, % indicate that points P P, are on the windward

ll

and leeward sides, respectively; the points P have coordinates vyr 2

1w F1g 3 PoyurPoy 1
and y2, 22' respectively). From the results of wind-tunnel measurements reported by Kao
(Fig. 5.1, 5.19, 5.21 of Ref. 29) it also follows that, except for extremely low frequen-—
cies corresponding to eddies of negligible energy, N(le,Pzg,n) is nearly zero. It was
shown in Ref. 10 that it is reasonably conservative to assume N = 1 for 0 < n < 0,9n, and

. 1
N =1 for O.9nl < n < ®, This agsumption will be used in the present work.

4, Alongwind Deflections and Accelerations

Let B, H denote the building width and height (in meters); m, its mass per unit height
(kg/m); n,,
g the ratios of maximum probable value to r.m,s value of the fluctuating deflections and

—_— 2 ——
accelerations: a'“(z) 1/ and a“(z)

its fundamental frequency of vibration {cycles/s); n, the damping ratio; Ty

,5r.m.s. of the alongwind deflections and accelerations
(in meters); G.F., the gust response factor; a(z) and 3(z), the maximum probable alongwind

deflection and acceleration, respectively {in meters). Using the assumptions stated in
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this paper, and the air density being p = 1.25 kg/m3, the expressions developed in Ref. 9

can, as shown in Ref. 10, be written in the form;

3.

' U, 3, zd- 2 .
3(z) = 0.387—3 J(T g W B (13)
my
—1/2
2 1/2
LY L1 P ;x ! (14)
o) 172
= [28n 3,600 v -
g, (2) = [28n : N (Ls)
0.577

[7in 3,600 vz]uz

v, (2) = (————;R )/, )
by ey
GF. =1 eg 22 an
a(z)
= a 4 ‘:18
amax(z] (G.F.) a{ 1’ )
1/2
T = 50 ni ———R'J a0z (09
' 172 0,337
(2} = [7n 3,600: R
E‘(Z) [*In 00n) ] [2in 3.600:11]:"
1/2 (20
'a'max(:) = gy Ht(z) (21)

The eguivalent static wind load is the product of the gust factor, G.F., by the mean
wind load,

1
fe Za. ) = f(-z-ﬂ) e — (100 + 307, + 328 . . . . 22
H H H H 2
& (1 z").@
= H . @3
where all dimensions are in meters. j can be obtained form Fig. 2 and kl, kz, k3 are
given in Table 3. 5 can be obtained from Fig. 3.

For zd # 0, eq. (23) is approxi-
mate; the approximation has been verified by numerical calculations to be of the order of
1: (10).

In egs. (14), (15), and (17), the guantity ,2, , associated with the resonant part
f the response, may be written as

2 C%+2C,C\N, + Ct «f, . (B z, D f)
.+ C)r 4q “\H'H'H') Y
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fow 562 ¥ Y i (253
= n,d n
in which fl =5 The values of Yll can be found in Figs. 4 thourgh 7 (linear inter-
polation within and between Figs. 4 through 7 is permissible). The Y_ . curves are

11
identified by capital Roman letters to where there correspond ratios zO/H, zd/H, listed

in Table 4. Suggested values for the mechanical damping ratios n of steel frames and
reinforced concrete frames are 0.01 and (.02, respeétively (4,6). Lower values of n may
have to be used, for example in the case of welded steel stacks, of certain prestressed
structures (6} or of structures of the framed tube type (33). In addition to the mechani-
cal damping, the aerodynamic damping may, in principle be also taken into account. BAero-
dynamic damping is associated with changes in the relative velocity of the air with res-
pect to the building as the latter oscillates about its mean deformed position (see Ref.
25). It appears that it may be unconservative to rely upon the effect of the aerodynamic
damping; for this reason, the latter is not taken into account in Refs, 4, 6, and will

also be neglected in this work.

5. Numerical Example

Consider a building for which the height H = 400m, the width B = 66m, the depth (i.e.,
the dimension in the alongwind direction) D = 45m, the damping ratio n = 0.01, the funda-
mental frequency n, = 0.09 cycles/s, the weight per unit volume w = 1,500 N/ma. The
basic wind speed (i.e., the fastest mile wind at 1Om above ground in open terrain for
, = 0.07m) is vf
center of a large city for which it may be assumed zo = 0.65m, z, = 20m.

d
The mass of building per unit height is m = w xBxD/g = 445,000 kg/m, where g = 9.81

which zo = 75mph (1 mph = 0.4474 m.s). The building is located in the

m/sz.

The friction velocity, u, for the builtup terrain, is obtained as follows:
Averaging time for fastest mile: t = 3600/75 = 48s (eg. (2)); ration Ut/Un: 1.26 (Table
2); mean hourly speed at 10 m elevation in open terrain:'Ul(lO) = vf/1;26 = 26.8 m/s;
u*l = Ul(lo)/(2.5 in (lO/zol)) = 2.16 n/s (eq. (3));
u*/u*1 = 1.17 (Fig. 1); u, = 1.17 x 2.16 = 2,54 m/s.

friction velocity in open terrain:

The quantities, J, ®, %, are obtained as follows:

B/t $.183; zoH o= Le 1370z /M =
0.03: ?1 REROHREY ST 6L A
35.25, ks = 3.76 (table 3): J = 17.1 (fig
2); 3 ="3.9 (fig. 3); 7., « .8 x 107°
4 and iz, 5); J 717
23)); =
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The quantities sought are

i(z) = 0.76 z/H (meters) {eq. (13))

-—,—7"-;;'1/2

2 e = 0,278 {2g. {14)]
a(z)

5 " 31.46 {eq. {15) and (16)]
G.F. » 1.96 {eq. (17)]
a&; = 1,49 2/H (meters) {eq. (18)]

% . 0,045 M (w/sh) [eq. (19)]
8z ™ 3.57 {eq. (20)]

i(z) = 0.16 /s’ 0.016 g [eq. (21}]

a) Comparison Between Gust Response Factors Calculated Using Various Current Proced-

ures. For the building just considered, the values of the gust response factors calculated
in accordance with the procedures described in the ANSI A58.1 Standard (4), the Canadian
Structural Degign Manual (6} and Ref. 3 are 1.33, 2.83 and 3.38, respectively, versus

1,98 as calculated herein. As noted in Ref. 7, the gust factors calculated using Refs.

3 and 6 are overestimated, first, because the pressures on the windward and leeward sides
are conservatively assumed to act in phase {(i.e., to be perfectly correlated) and second,
because the variation with height of the spectfum of the longitudinal velocity fluctuations
is ignored. Gust factors are underestimated by the procedure of Ref. 4 because the along-
wind pressure correlation coefficient, rather than being applied as a reduction factor to
just the cross-spectrum of pressures acting on opposite sides of the building, is applied
to the entire alongwing response, in violation of basic random vibration theory (see Ref.
3.

6, Approximations and Errors in the Estimation of the Alongwind Response

In this section, results of numerical calculations are presented on the basis of
which estimates can be made of the errors associated with uncertainties regarding certain
features of the models employed. The calculations were carried out for two typical
buildings selectéd as case studies (Table 5). The wind speed at 10m elevation in open
terrain (zO = 0.07m) was assumed to be vf = 75 mph (1 mph = 0.447 m/s), where vf = fastest
mile of wind.

a) Contribution of Higher Vibration Modes to the Response. Iet n_, n,, n dencte

1 3
the natural frequencies in the first three modes. For both buildings in koth open and

center of large city exposures, the percent contribution of the higher vibration modes
to the r.m.s. of the flutuating alongwind deflections was of the order of 5-15%, if it
was assumed that n2/nl = 1.2, n3/nl = 1.5, and about 13 if nz/nl = 2.5, n3/nl = 5. The
contribution to the r.m.s. of the alongwind accelerations was of the order of 10-20% if
n2/nl = 1.2, nx/nl = 1.5 and about 3-10% if nz/nl = 2.6, n3/nl = 5, Typical modal shapes
have been used in the calculations, as indicated in Ref. 10.
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b) Influence upon Calculated Response of the Deviation from a Straight Line of

Fundamental Modal Shape. A convenient means for estimating the influence upon response

of the shape of the fundamental mode of vibration is provided by the expression,

—=1/2
had =

12

|+
-<|-¢
"

2 [y
£
—~
rJ
o

Z 5)

a

[Ro ey

derived by Vickery (3) on the bases of the assumptions that the power law holds, that the
spectra of the turbulent velocity fluctuations are independent of height and that the

fundamental mcdal shape is described as follows:

1y
w2 o= () (27}

where Y 1is a constant. In eqg. (26), o = exponent of the power law and ¢ = function of
geometrical, mechanical and environmental parameters, independent of Y. It may be

assumed, roughly, that o can vary between 0.10 for open exposure and 0.40 for centers of
large cities. It follows from eq. (26) that, for o = 0.10, the ratios 5T7’1/2/E calcu-
lated assuming Y = 0.5 and ¥ = 1.5 differ by less than 1% from that calculated assuming 7y

= 1.0 {i.e., a linear fundamental modal shape). For a = 0.4, the corresponding differences
are about 3%. It is thus seen that deviaticns from a stralght line of the fundamental
modal shape have an insignificant effect upon the calculated ratio gT?_l/z/E.

¢) Influence Upon Calculated Response of Errors in the Egtimation of the Roughness

Length. To estimate the magnitude of the error associated with uncertainties regarding

the actual value of the roughness length, the response of buildings 1 and 2 was calcu-
lated for coastal (zo = 0.005-0.01m) , open (0.03-0.08m), suburban (zo = 0.20-0.20m), center
of town (zo = 0.40m) and center of large city (zO = 0.60-0.80m) exposures. The zero

plane digplacement was in all cases assumed to he zero. The results of the calculations
are shown in Table 6.

It is seen from Table 6 that the sensitivity of the rasults tc even large errors in
the estimation of the roughness lengths is tolerably small. It is also noted that the
alongwind deflections and, consequently, the design wind loads are higher by about 15%
in the case of the coastal, than in the case of the open exposure.

d) Spectra in the ILower Frequency Range_and Alongwind Regsponse. It was shown in Ref,

9 that no universal relation exists that described the shape of the spectral curve in the
lower frequency rande and that the peak similarity coordinate appears to vary, strongly
between sites and between atmosphere and laboratory. To estimate the effect of this

variation, the responge of buildings 1 and 2 was calculated in the cases 2z = 0.07m, Zd =

0 and aO = 0.80 m, z_ = 20m assuming values of the reak similarity coordinate f£f. = 0.033

d 1
(egq. (5}) and £. = 0.01, fl = 0.10, fl = 0.19 (egs. (11) through (13) of Ref. 9). The

1

ratios (amsx)fl/(a of the maximum probable response calculated using the values

max)o.033
of the peak similarity coordinate fl and 0.33, respectively, are given in Table 7.
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The results of Table 7 indicate that eq. (5) (tec which there corresponds fl = 0.33)
is slightly conservative. It is noted that, in view of Eg. (19), the influence of the
spectral curve shape in the lower fregquency range upon the value of the acceleration is

negligible.

e) Acrosswind Correlation of the Pressures and Alongwind Response. In current pro-
cedures for calculating alongwiﬁd response (1,2,3,4,6) it is assumed that the wvalues of
the acrosswind cross—-correlation function are nearly the same for the pressures and for
the fluctuating velocities in the undisturbed flow. According to Refs. 25, 29, this
assumption has been verified in the wind tunnel. However, full-scale measurements (30)
suggest that if the acrosswind cross-correlation of the pressures is represented by an
exponential function as in eq. (12), the values of the decay coefficients CZ, Cy are
smaller than in the case of the fluctuating velocities, i.e., the acrosswind correlation
of the pressures is higher than that of the velocity fluctuations which generate them.
It also appears that, rather than being constants, the decay coefficients may be func-
tions of the freguency n. For low frequencies, values as low as CZ = 4 have been
reported (30}.

It is therefore of interest to estimate the errors in the calculated alongwind
response that correspond to possible errors in the values Cz, Cy. The aleongwind response
"= 0) exposures

of buildings in open (zo = 0.07m, z, = 0) and large city (zO = 0.80m, =z

was therefore calculated separatelydfer CZ = 10, Cy = 16 (case 1), for gz =4, Cy = 6.4
(case 6) and for four intermediate cases in which CZ, Cy were assumed either constant
throughout the freguency range (case 4) or to have lower values at low frequencies and
higher values near and beyond the fundamental fregquency nl, (cases 2,3,5). Graphs similar
to Figs. 3 - 7, corresponding to Cz = 6.3, Cv = 10 and Cz = 4, Cy = 6.4 have been presented
in Ref. 10.

The ratios r, = (amax)/(amax)l’ %i = (amax)i/(;max)l in which cases 1 and i are
denoted by the indices 1 and i, respectively (i = 2,3,4,5,6), are given in Table 8 for
large city exposure. The values of these ratios in open exposure are of the same order

of magnitude or slightly lower.

It is seen that even a considerable change in the wvalues of CZ, CY in the lower fre-
quency range affects little the calculated response {(cases 1,2,3). However, large
decreases in these values near the fundamental frequency of the structure do increase the
total response, by as much as almost 10-20% in the case of the deflection and 30-80%
in the case of the acceleration.

As menticned previously, the data available so far suggest that the acrosswind
crogg-correlation of the low frequency components of the pressures may be higher than
was reported in Refs. 25, 29 and assumed in Refs. 1,2,3, in the ANST A58.1 Standard
and in the National Building Code of Canada. However, no persuasive evidence appears to
exist to the effect that the correlation is also higher for frequency components in the
range of natural frequencies of structures. Even if this were the case, it must be
recalled that these components are actually attenuated to some extent (31,32); the possi-
bly increased correlation would then, at least partly, be compensated by this attenuation.
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The sensitivity of the calculated accelerations to changes in the values of exponential
decay coefficients suggests that measurements of accelerations, which are relatively

simple and inexpensive, might offer useful information on the actual magnitude of these

coefficients.

7. Conclusions
In this paper a practical procedure for calculating alongwind deflections and acceler-
ations has been presented, which accounts for the variation of wind spectra with height
and makes allowance for the imperfect correlation in the alongwind direction of pressures
acting on the windward and leeward building sides. For a specific case, a numerical ex-—
ample is given, and the gust response factor obtained is compared to those calculated
using procedures described in current codes and standards.

The procedure presented herein may be applied to typical tall structures for which
the ratios ¢f higher to fundamental frequencies are not unusually low (e.g., for which
n2/nl > 2) and for which the fundamental modal shape may be expressed as ul(z) = {(2/H)Y,
where 0.5 < ¥ < 1.5. Results of numerical calculations have been presented which show
that the effect upon the response of the possible wvariation of the frequency, n, for
which the reduced spectrum nS(n)[u2, reaches a maximum, is small. Information is also
provided on the errors in the estimation of the response associated with uncertainties
regarding the actual terrain roughness and the values of the exponential decay parameters.,
It is noted that for structures with unusual modal shapes or for which the influence of

the higher vibration modes is significant, the computer program presented in Ref. 10

should be emploved in lieu of the procedure presented hexein.
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A Wood House Will Resist Wind Forces
by
Billy Bohannan

Forest Products Laboratory, Madison, Wisconsin

Experience tells us that wood-frame houses built by conventional construction
practices will be long-lived structures. Why then should we be doing research on light-
frame wood comstruction.

The answer seems simple, There are reasons to believe that the conventional wood
frame systems are overbuilt in many respects, Initial evaluations have indicated that
significant material savings are possible without sacrificing any of the structural
integrity of wood-frame systems,

The actual structural performance of the conventional wood-frame house is not well
understood. Iittle or no structural engineering goes into its design. While a lot of
research effort has gone into defining pieces and parts of houses, much of this research
has been aimed at very narrow objectives. TLittle attention was given to the house as a
complete structural system. The interaction of components has not been evaluated.

It is assumed that the resistance to wind-caused racking or shear would be provided
solely by the end-walls of a conventional wood-frame house. There are no known formulae
for calculating the racking resistance of these walls, In fact, there is even some

question as to how much of the total wind force actually reaches the end-walls,

KEYWORDS: Structural performance; Mode of failure; Racking resistance; Design criteria;

Concentrated loads; Uniform loads.

On-going Research
One primary objective of on-going research in this area at the Forest Products
Laboratory is to develop engineering criteria for the structural responses of a convention-
al house to simulated wind forces. Recause of the many facets of the unknown character of

a house, a study was broken down as follows:



1. Measure the racking resistance of walls under concentrated loads during
progressive stages of construction, as the house advances from a simple wall panel to a
complete 3-dimensional structure.

2. Correlate the relationship between uniform loads (wind load) and concentrated
forces as they affect racking distortion.

3, Determine the ultimate state limits or weak links in the house that may lead to
structural failure,

To consider these points, one full-scale house was tested under simulated wind
loads, A series of six tests were conducted under horizontal forces to assess the racking
properties of the house. The first five utilized concentrated loads, during progressive
stages of construction, to measure stiffness of walls; the final test employed uniform
loads to determine both stiffness and strength cof the complete house.

The conventionally constructed wood frame house was 24 feet wide and 16 feet long.
The size was limited by the dimensions of the structural test facility, The 24-foot
width is fairly typical, but the 16-foot length is no more than one-half the house in
length, This is, however, a reasonable distance from an end wall to a partition, The two
end walls (parallel to the load) contained windows and doors.

A detailed discussion of test procedures and results is given in "Testing of a Full
Scale House Under Simulated Snow and Wind Loads,' USDA Forest Service Research Paper
FPL-234, Forest Products Laboratory, Madison, Wisconsin.

Results
The average racking stiffness of the walls during the five progressive stages of

construction are given in Table I,



Table I. Average Racking Stiffuess of Two Walls During Progressive

Stages of Construction.

Stage of Load at 0.l-in. Relative
Description

Construction deflection stiffness
Ib Pt
No. 1 3/8=-inch plywood sheathing 1,480 100.0
2 Cut-in window and door openings 910 6L.5
3 Add drywall and siding 1,770 119.6
4 Add sidewalls 2,220 150.0
5 Add trussed roof system 2,760 186.5

The sequence and modes of failure in the house subjected to simulated uniform loads
are given in Table IT,
Table IT. Sequence and Modes of Failure in House Subjected to

Horizontal Uniform Loads.

Pressure Equivalent wind
Sequence of failures 1/
p velocity™
2 .
Ib/ft Mi/h
1. Sole plate brcoke loose on
loaded wall 63 157
2, Center stud on loaded wall broke
in bending (estimated) 70 165
3.“ House slid off sill plate
(foundation) 123 220

1/ From V = 19,8 JFE



Wind Loads
On
Low-Rise Buildings

Noel J. Raufaste, Jr.
National Bureau of Standards, Gaithersburg, Maryland

ABSTRACT

The National Bureau of Standards is continuing its project to develop improved design
criteria for low-rise buildings in developing countries to better withstand the effects of
extreme winds. This paper is an overview of the results of the project, some of which have
cccurred since the Seventh meeting of the U.S8.,-Japan Panel on Wind and Seismic Effects, that
is to say, the third year of this 3 1/2 year project. To date, most data analyses have been
completed and presented in several NBS published progress reports. The final report is
expected to be published in the Fall of 1976.

KEYWORDS: Codes and Standards; Disaster Mitigation; Housingj; Low-Rise Buildings; Socio-

Economics; Structural Connections; Wind Loads.

INTRODUCTION

This paper supplements High Wind Study in the Philippines, which was presented at the 7th

Joint Meeting of the U.S5.-Japan Panel on Wind and Seismic Effects. It presents the results
of continuing activities associated with this 3 1/2 year project to develop improved design

criteria for low-rise buildings to better resist extreme winds.

The project originated in 1972 from a recognition by the Agency for International Development
(AID) and the National Bureau of Standards (NBS) that additional research on wind was needed
to reduce human suffering, property losses, disruptions to productive activities, and
expenditures for disaster relief, This is the primary goal., The objectives are to:

1) learn more about the effects of high winds en low-rise buildings; 2) develop improved
siting, design, and construction information, which would improve the resistance of buildings

to extreme winds and which would be culturally acceptable to the user; 3) provide training

170



The first structural failure ocecurred along the sole plate of the loaded wall under
a uniform pressure of 63 pounds per square foot. At this point it was necessary to repair
the sole plate and reinforce the loaded wall to resume testing. Finally, at a pressure
of 123 pounds per square foot, the connections between the floor system and the foundation
failed. At this load, which equates to a wind force of approximately 220 mph, there were
no visible structural failures to the end walls which were resisting racking forces.

With proper anchorages to the foundation, the house would certainly have sustained a
considerably larger load.

Firm conclusions cannot be derived from a single test, but observations are possible.
The racking resistance of end walls were more than adequate, The wall-to-floor comnnection
was the first weak link, but this could be easily rectified with minor design modifica-
tions. The final weak link in the resistance to wind forces was in the connection between
the housé and foundation., About one-fourth of the simulated wind load was transmitted to
the foundation and three-~eighths of the load was resisted by each end wall,

To complement the empirical evaluations of the structural performance, theoretical
engineering design criteria are being developed to predict the racking strength and stiff-~
ness of walls., The theory is based on an energy approach whereby the racking force and
displacement are equated to the energy absorbed by the fasteners. It considers the
geometry of the sheathing panel, the number of fasteners, and the lateral resistance of
fasteners in covering materials. The theoretical analyses should be published this

calendar year.



to local professionals and technicians in performing wind measurement and analysis of
full-scale- and wind-tunnel testing; and 4) provide a large-scale transfer of technology to
make use of these improvements in design and construction, as well as new climatological,

sociological and economic findings.

The activities and accomplishments associated with the project have produced the following
benefits: 1) improved design criteria; 2) focused an awareness of the need for improved
ways to design against effects of extreme winds and on the methods required to improve
building designs; 3) essential documentation of new and under-used existing information:;

4) excellent working relationships with public and private decision makers in several
developing countries and continued excellent working relationships with building profession-
als in developed countries; 5) training professionals and technicians in developing countries
for carrying out wind measurement and. analysis procedures; and 6) methods tao transfer

information to users in developing countries.

The results of these efforts are significant. These activities provided the first step
toward the preparation of improved wind codes and standards for developing countries.

The Philippine National Building Code is currently undergoing revision that will lead to
improved building practices. The project's test data including improved gust factors

and mean pressure coefficients are being incorporated into Section 2,05, "Wind Pressures’

of the National Structural Code for Buildings. Also, the project% test results will be

made available to the subcommittee on wind loads of the American National Standards Institute,
Inc. (ANSI) for possible incorporation into the American National Standard A58.1-—"Minimum

Design Loads for Buildings and Other Structures.”

The project is scheduled for completion in September with final report printing during the

Fall of 1976.

BACKGROUND

Wind loading on tall buildings has been extensively studied during the past 10 years.

However, wvery little parallel work was devoted to buildings less than 10 meters high. Post-
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disaster investigations of wind damage suggest that coefficients contained in most current
codes and standards do not adequately describe the wind characteristics near the ground and
the pressure distributions on low-rise buildings. Highly localized wind pressures on build-
ings tend to be underestimated while overall pressures tend to be overestimated. This

observation was confirmed from full-scale tests during this program,

Equally important to the understanding of wind pressures on buildings, is the selection of
design wind speeds in geographic areas having a high frequency of tropical storms. By
taking account of local frequencies and terrain effects, it is anticipated that design
speeds can he selected that will accurately reflect the risk of wind damage to buildings.
It will be possible for building designers to specify more realistic design loads (from

the NBS-improved pressure coefficients)l.

Field Test Sites

Three field test sites in the Philippines were selected for recording wind load data on
buildings. The sites are: Quezon City, where three houses were instrumented with wind
pressure equipment; Laocag City, about 500 kilometers north of Quezon City, is the site
of two test houses; and Daet, about 230 kilometers south east of Quezon City, is the location

of one test house. The paper High Wind Study in the Philippines contains additional infor-

mation on field test sites, wind tunnel studies, and other background information.

Wind Tunmnel Studies

In addition to wind tunnel studies performed at the University of the Philippines (UP) in

lDr. Richard D. Marshall, the project's principal investigator is responsible for the
development of the test data leading to improved design pressure coefficients. This
paper is based in large part on the National Bureau of Standards Interagencv Report 75-790,

which was authored in part by Dr. Marshall and Mr. Raufaste.
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Quezon City, NBS project staff initiated a series of wind tunnel tests at the Virginia
Polytechnic Tnstitute and State University (VPL and SU). These tests used a flow simulation
technique similar to that which was perfected at the University of Philippines. Since VPI
and SU's wind tunnel test section was larger than that at the UP (2.14 x 2.14 meters square
and 5.5 meters long) the scale ratio was increased from 1:80 to 1:70. The tests, begun in
April, 1975, have been completed. They cover 32 combinations of roof slope, height-to-width
ratio, length-to-width ratio and size of roof overhang. The test results are still being
analyzed., Preliminary analysis suggests that additionmal studies should be conducted on roof
slopes near 10 degrees, The wind tunnel test and the full-scale test results obtained during
previous studies in the state of Montana, United States, and studies conducted by the Build-
ing Research Establishment in England and including research by NBS in the Philippines pro-
vided the hasic data used in developing tentative design pressure coefficients. These and
other results are discussed in more detail in the National Bureau of Standards Interagency

Report (NBSIR) 75-790, FY 75 Progress Report on Design Criteria and Methodology for Construc-—

tion for Low-Rise Buildings to BeLter Resist Typhoons and Hurricanes.

Additional wind tunnel studies are being performed by the VPI and SU, Measurements are
presently being conducted at 18 locations on a scale model of a quonset shape building.

These will present the characteristics of the turbulent wind flow, mean wind speed turbulence
intensity at the scaled 10 meter level, and integral scale of the turbulence and typical
spectra of along-wind fluctuations. Results are expected during this summer. The buillding
being tested is a model of a low-cost house designed by CARE, Inc., Bangladesh. It is built
in l-meter modules bolted at the top and along ridges at its sides. LIt 1s about 4 meters

wide and 3 meters high.

Regional Conferences

Project results were discussed at two regional conferences; cne in Manila, Thilippines (May
1975) and the other in Kingston, Jamaica (November 1975). These conferences provided a

channel to tramnsfer results to the building community including govermment agencies, private
developers, design professionals, regulatory officials, and university staff from Asian and

Caribbean wind-prone countries. The conference provided an cpportunity for the participating
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countries to comment on the design criteria and to offer suggestions for their implementa-
tion. Members from developing countries were provided an opportunity to better understand

wind and building design problems common to their countries and discuss methods for solutdions.

Technology Transfer

The NBS/AID high wind project results should have an impact on several key sectors of the
local developing country's population-—the professional community, the government policy-
making sectors, and the general public--building owners and tenants. The technology develop—
ed has and is continuing to be transferred to the participating country's building community.
To stimulate the general public te improve their buildings to better resist extreme winds,
consumer—oriented material has been developed containing concise and graphic descriptions

of technological issues, research,findings, and conclusions. The use of brochures and
pamphlets containing comsumer—-oriented material is an excellent method to transfer such
information. This material consists of recommendations on siting, design, and construction,
checklists of recommended construction practices, summarized technical reports prepared

by NBS staff and consultants, and a selective list of resources.

A 16 mm movie, another consumer—oxiented package, completed in 1975 was modified in 1976

to include information on project results. The movie summarizes the high wind research
project. Starting with the destructive effects of winds on buildings, it progresses to

the NBS field-testing activities and the wind tunnel-testing program and the project outputs.
The movie also uses computer graphics to illustrate the effect of wind on buildings., The
movie and the consumer material are two of the various ways to continue information exchanges
among the users of this project and between the U.S.and other country participants. Through
March 1976 over 10,000 persons—-both technical and lay audiences and school children-——view-

ed the movie.

PROJECT RESULTS

The following presents a brief description of the results of the project. The reader should

reference the NBS report NBSIR 75-790 for additional information about the following project
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results. NBSIR 75~790 can be obtained from the National Technical Information Service,

Springfield, VA 22161 as PB 250-848.

A comprehensive review of the probablistic techniques for the analysis of extreme wind speeds

was developed by Dr. Emil Simiu of NBS and published as Estimation of Extreme Wind Speeds in

the Philippines. Corrections of annual extreme speeds for the type of instrumentation used,
averaging time, height above ground, and type of exposure are presented so that homogeneous
sets of wind records can be established. Probabilistic models are described and applied

to wind records for several Philippine stations using a computer program developed at the
NBS. The results are compared with design speeds presented in the National Structural Code

which is part of the National Building Code of the Philippines.

Analysis of wind speed data show that design speeds currently used can be reduced in some
areas of the Philippines and should be increased in other areas, including coastal plains.

Similar analysis may be performed for other countries as well. The computer program is

available for use by other wind-prone countries.

Simplified procedures for the calculation of wind pressures acting on building surfaces
were developed. These improved design criteria provide building professicnals with more

accurate design loads. This information is contained in the report, A Guide to the Deter-

mination of Wind Forces, by Dr. Richard D. Marshall of NBS. The report describes the basics
of wind flow around buildings and the pressures created by these flows on building surfaces.
Effects of such features as roof slope, roof overhang, and building openings are discussed.
It refers to material covered in Dr. Simiu's report and assumes that the basic wind speed

is known or can be calculated by the designer. A procedure for determining the design
speed is presented. It takes into account the general terrain roughness, local topographical

features, height of building, expected life of building, and risk of failure,

Once the design speed has been obtained, the mean dynamic pressure is calculated and
pressures acting on walls, roofs, and internal portions of bhuildings are determined by use
of appropriate pressure coefficients tabulated in the report. Finally, cortections are
applied to the calculated pressure to account for terrain roughness and height of building.

The steps required to calculate pressures and total drag and uplift forces are summarized
=75
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and an example is presented. It is intended that these data form the basis for wind load

design standards in developing countries.

Another output of the project was a set of recommendations for good construction practices
and details, especially for countries experiencing extreme winds. This material is found

in A Guide for Improved Masonry and Timber Connectors in Buildings by Dr. 3. George Fattal

of NBS and Messrs. Gerald Sherwood and Thomas Wilkenson of the Forest Products Laboratory.

A survey and evaluation of some current masonry practices as used in the tropics are present-
ed, Local practices, investigation of building products, and standards compliance are
discussed and evaluated with the aid of photographs of buildings during various stages of
construction. Current masonry practices in the United States are presented. Also, various
types of connectors used in U.S. construction are discussed. This serves as a reference

for improving building practices. The chapter addressing timber fastemers is similar in
format to that for masonry connectors. It presents a general introduction to timber fasten—
ers and a review of Philippine timber—fastener construction practices. Recommendations
follow. The report also addresses suggested improvements in masonry and timber construction.
The suggestions are based on a review of many masonry and timber documents, related reports,
building codes, specifications, working drawings and photographs of Philippine houses and

on-site post-disaster surveys of typhoon-damaged buildings.

The study also produced a method to allow a country's planners, economists, public officials,
and other decision-makers to assess housing needs up to 20 years into the future. The report,

The Economics of Building Needs - A Methodological Guide, by Dr. Joseph Kowalski of NBES,

presents this information. The data serves as a tool to assist the decision-maker in assess-—
ing the impact of the development of buildings to better resist winds on local housing needs.

The report attempts to identify those parameters that define a low-cost house. This is

determined by a simple mathematical procedure based on readily available data, i.e., family

income, housing expenditure, and the established regional proverty level.
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The study examined cultural and socio-economic factors that affect building practices. It
alsoc shows how strong, inexpensive locally available building material can be integrated

with good building design. The report, Housing in Extreme Winds, by Stephen Kliment, archi-

tectural consultant, presents this information. The report is consumer-oriented in nature
and is intended for residents, owners, planners, and builders of low-cost/low-rise housing
in developing countries. The report addresses the Philippines, Jamaica and Bangladesh. A
general review considers socio-economic conditions prevailing in developing countries.
Suggested solutions include the placement of building to exploit existing land contours and
vegetation, and the design of buildings so as to conform to research recommendations
concerning preferred configurations of roofs, walls, overhangs and openings. 1In addition,
construction techniques are briefly covered. Materials that are cheap, strong and locally
available are recommended, and several inmovative methods of construction are mentioned.
Plastics have been produced using native and imported raw materials and could serve as an
excellent low-cost house once their configurations become more familiar to the population.
At first, they may be used for clinics, schools and warehouses. Rural and urban components
of population trends for each of the three countries are reviewed. Finally, housing charae~
teristics peculiar to each country are summariZzed through text and in thumbnail sketches,
in both architectural terms and in terms of occupancy characteristics. The socio-economic
functions of family ties and housing needs are reviewed. The community structure, the

economics of housing, the housing characteristics, and the housing programs are summarized

by countrv.

SUMMARY

This project produced test data and information for improving current low-rise building

practices, They are:

a methodology to estimate extreme wind speeds for

wind-prone countries;

o, X , , . .
improved design criteria to determine wind forces
on low-rise buildings:
o cq2s .
recommended goed building construction practices;
o

methodology to forecast housing needs; and
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o . R .
cultural, architectural, and socio-economic factors

that affect building practices

Thus, the study shows it is possible for wind-prone developing countries to design their

low-rise buildings to better resist wind and build them at an acceptable cost.

THE FUTURE

It is anticipated that the utilization phase of this project will begin in September 1976,
The purposes are: 1) continue transferring technology to participating countries;

2) provide spare parts on an as—needed basis to maintain field and laboratory equipment;
3) explore chamnnels for expanding this technology to other developing countries subjected
to extreme winds and to other professionals involved in aspects of low-rise building
technology; 4) continue field and laboratory data analysis based on new information;

5) investigate further the mechanisms of information transier at the level of the general
public; and 6) assist as necessary in the incorporation of test results into codes and

standards-~both domestically and intermationally.
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CHARACTERISTICS OF THE HIGH WIND AT HACHTJOJIMA ISLAND
ON THE OCCASION OF TYPHOON NO. 7513

SEIJT SOMA
Chief, Meteorological Research Institute
Meteorolocical Agency
Japan

ABSTRACT

A typhoon that attacked Hachijojima Island on Octobexr 5, 1975 brought to this island
very strong winds which were beyond expectations. The value of the peak gust cbserved at
the weather station, located at the central part of the Island, was 67.8 m/s. Moreover,
in the premises of the lighthouse situated on the southeastern part of the Island, an
incredible wind of 82.4 m/s was recorded. This wind was extraordinarily strong and was
the third strongest recorded wind in our country. Due to this high wind, a great deal of
damage was caused in various parts of the Island. Houses and bulldings suffered the most
from the high wind. The damage rate to houses which varied in different areas, had a
high of 7.3%, which were completely destroyed, and 21% in which half of the houses were
completely destroyed. Wether this strong wind was innate in the typhoon, or whether it
was brought about due to the peculiar topographic features of the Island was the subject
of this study. However, it was not possible to clarify these points quantitatively.
Although, in certain areas, it was realized that topographic influences were apparent.

While making this survey on the typhoon's effect, it was noted that severe damage
occurred to the windowpanes in tall buildings. An administrator of the building told us
that these panes were brcken by fragments of houses that were scattered in the high wind.
This, therefore, indicates that a problem exists when tall buildings are surrounded by
houses which have low wind-resistance in their vicinity. Therefore, the damage indicates
that in town planning, not only a wind resistant design of individual buildings is re-

gquired but also wind resistant planning of the entire environment is essential.

Key Words: Damage; Effects; Houses; Typhoon: Wind speeds.

1. Introduction

On October 5, 1975, typhoon No. 7513 passed over the northern part of Hachijojima
Isiand and brought to this Island a wind which had a maximum speed of 67.8 m/s. This wind
was the strongest ever recorded, since the weather station was established. This high
wind caused a great deal of damage to houses and other structures on the Island. This
typhoon was a typical wind typhoon according to newsmer:, winici have often attacked the
Mainland of Japan in the late autumn. The amount of preciplitation that was produced by
the typhoon was merely 26 mm, but the wind was extremely strong. The wind speed of 67.8

m/s was only the value recorded at the weather station, and a far stronger wind of 82.4 m/s
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was recorded at another part of the Island. Even in Japan, which is called one of the
typhoon countries, a wind record of over 80 m/s has been experienced only twice in the
past. The first was 84.5 m/s recorded at the Murotomisaki Weather Station in Shikoku
Island on September 16, 1961 and the other was 85.3 m/s observed at the Miyakojima Weather
Station on the Nansei Islands on September 5, 1966. The wind record of 82.4 m/s due to
Typhoon No. 7513 was observed not by a station under the Japan Meteorological Agency, but
at the lighthouse under the control of the Maritime Safety Agency. However, it was
recorded by the same type anemometer as is used by the stations under the Japan Meteoro-
logical Agency. Therefore it is guite trustworthy.

The question concerning this strong wind, was it a natural phencomenon, or did the
formation cause such an extreme wind. This i@fan interesting problem, which at present,
still remains unsolved. I wish to describe bélow the characteristics of the high wind
at the time of the Typhoon No. 7513. This will be achieved by referring to data of strong
winds which blew on the Island in the past, and also referring to those two typhoons that

were acceompanied by extremely high wind, as mentioned before.

2. Topographic Features of Hachijojima Island and Wind Records in the Past

Hachijojima is a small island covering 68.3 km2 and is situated in the Pacific Ocean
250 km south of Tokyo, and administratively belongs to the Tokyo Metropelis. Its popula-
tion is 10,320. Because of its warm climate and scenic beauty, the Island is visited by
a great number of tourists from the mainland. In order to accommodate these pecple, many
high-storied hotel buildings were constructed during the past several years.

On this Island, there are two comparatiwvely high and steep mountains in proportion to
the small area, i.e.,, Mt, Hachijo Fuji (854 m) and Mt. Miyake (700 m) situated in the
northwestern and southeastern parts of the Island, respectively. The area lying between
these two mountains consists of flat land. This land is positioned in the southwestern
and northeastern directions, which lead to the sea coasts. The main clty area of Hachi-
jojima is on this flat part of the land. The weather station, that recorded the wind
speed of 67.8 m/s is located in the southwestern part of this flat area, which is about
1,000 m from the west coast. Due to such peculiar topographic features of the Island,
the wind direction on the level area is SW-NW, and NE-ESE

Because Hachijojima lies in the middle of the Ocean, it is prone to typhoons, and
so far strong winds have been recorded on a number of occasions. Table 1 lists those

recorded windzs which have exceeded 50 m/s.

3. BApproach of the Typhoon and the Change in Weather Elements

Photo 1 taken by radar on Mt. Fuji, 250 km north of the Island, shows the way
Hachijojima was enveloped in the eye of the typhoon. BAlso, according to the barographic
record cbtained at the Hachijojima Weather Station, the funnel~shaped pressure change
which is characteristic of a typhoon was noted, suggesting that the center of the

typhoon was very close (Fig. 1l).
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From this chart, it shows that the tyrhoon was closest to the Island at 16.30 on the
5th, and the lowest recorded pressure was 947 mb. Wind speeds observed prior te, at and
after this time are shown on Table 2.

The column on the left hand side of Table 2 shows the wind speed recorded at the
Hachijojima Weather Station and the column on the right shows those values which were
recorded by the lighthouse in the Sueyoshi District in the Southern part of the Island.
The peak gust wvalue 1n the brackets were obtained by the average gust factors, between
13.00 and 16.00 hrs. on that day, multiplied by the average wind-gpeed. As can be seen
from this table, peak gust {(or the maximum instantaneous wind speed) reached its maximum
at 16.30 hrs. at both observation points. The difference between these two values, shown
as the peak gust at 16.30 at the lighthouse, is due to different people who read the self-
registering paper.

If one looks at the recording paper carefully, a gust of over 60 m/s wind speed was
recorded five times between 16.20 and 17.00 hrs. However, the wind record obtained near
the lighthouse, utilized a pen which went beyond the scale. Therefore, judgement was
regquired in estimating the speed. It appears that a peak gust of 75 m/s occurred several

times during 20 minutes initiated at 16.20.

4. Outline of Damage

The largest damage caused by the typhoon was to houses. The detailed number of damaged
houses will be mentioned in the next section. Other noticeable damage included collapse of
electric poles, the Loran nautical mark towers, and overturning of motor vehicles. Trees
that were completely up rooted throughout the Island. Damage unique to the area was
caused by the salty wind, which killed the leaves of the trees all over Mt. Hachijoc Fuji,
up Fo a height of 854 m and changed the color of the mountain to red.

According to the distribution map of the damage prepared by the weather station (Fig.
2), the most afflicted area was the flat land lying in between the two mountains. Needless
to say, this is due to the fact that the principal cities and towns are located in this
part of the Island. BAlso the southern part and the goutheastern part of the Island suffered
from damage. The arrows shown on the map indicate the direction in which houses and
structures collapsed (Photo 2).

a) Damage Rate of Buildings and Air Current Characteristics

In order to show how the buildings suffered from the gust, it is more appropriate

to show the damage rate rather than by the number damaged. The damage caused by the high
wind, in various areas, was investigated resulting in the data given in Table 3. Shown is
the damage ratio, which is a wvalue calculated by dividing the number of damaged houses by
the number of households.

as mentionied in Section 3, the wind direction at the peak gust time was SSW. When
the wind blows in this direction, the Mitsune District should have been right behind Mt.
Mihara and accordingly less windy. On the centrary, however, according to Table 3, the

damage rate is higher than one would expect (51.2%).
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As it happened, approximately one year before this typhoon, we had made an observation
of the wind distribution on Hachijojima Island, by spreading the observation network
throughout the flat area of the Island and on top of Mt. Mihara. The number of observation
points at that time was nine, including the weather station.

First of all, we tried to obtain from this data what wind direction and speeds were
observed at the eight other check points, where the wind at the weather station showed an
SSW direction. The analytical material used at this time was restricted to the wind speed
over 10 m/s. The result of the survey is shown by the diagram on Fig. 3, in which the
wind direction and speed are indicated by wvectors. This diagram shows that when the wind
direction is SS5W at the weather station (B point), it becomes 100% SW at the Mitsune Dis-
trict (G point). In other words, the air current that comes in from the SSW direction pro-
ceeds to the right along Mt. Mihara, keeping the strong wind speed to its back, and goes
around the mountain. The diagram also shows that the wind direction on top of Mt. Mihara
(A point) stands high from the S, as against the SSW at the weather station. The topo-
graphical experiments carried out by use of a wind tunnel also proved a similar air current
characteristic when the SSW wind was given. Photo 3 shows an example of the experiment by
the wind tunnel.

b) wind Speed Distribution at the Time of Typhoon

At only three locations during 16.30 hrs. on the 5th, the wind speed was actually
recorded; at the weather station, the upper air obsgervation point belonging to the same
station (point F), and at the lighthouse. The extent of the damage by the high wind, how-
ever, covered a very wide area and it is necessary to find out, from the viewpecint of the
investigation on wind damage, what wind speed had actually blown at those respective points.
Therefore, relying on past obgervation data, a wind speed ratio at each point as against
the value observed at the Hachijojima Weather Station (in case of SSW wind) was sought, and
by using this percentage ratio, values of wind speed at various points at 16.30 were esti-
mated. These are shown on Table 4. According to this table, it is estimated that on top
of Mt. Mihara (point A} the wind was 1.89 times as strong as the weather station. There-
fore, the wind speed at this point at 16.30 hrs. on the 5th, is estimated to be 60.0 m/s.

The next task was to work out the peak gust at various points by reading gust factors
from the past observation records on the wind recording papers and by the estimated wind
speed, as shown on Table 4. These results are given in Table 5. The wind speeds and the
peak gusts estimated at 16.30 hrs. are shown in Fig. 4. According to this table or the
figure, the peak gust on top of Mt. Mihara at 16.30 hrs. is estimated as 77.4 m/s. The
Loran nautical mark tower could not have stood against such a terrific gust. Also by
this table, at point G (Mitsune District) the peak gust is estimated to have been 54.4 m/s.
Considering that thig district is located leeward of the mountain when an SSW wind blows,
this figure seems to be extremely large. This is due to the fact that because the mountains
are situated in the northwest and southeast, the level area served as a c¢orridor between

these mountains and the SSW wind blew right through to the east coast.
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5. Extremely High Wind in Sueyoshi District

“As mentioned before, an extremely strong peak gust of 82.4 - 85.2 m/s was recorded in
the premises of the lighthouse in Sueyoshi District on the southeastern part of Hachijojima
The high rate of house destruction up to 79.1% as shown in Table 3 was due to this extreme
peak gust. This gust also destroyed the lantern panes of the lighthouse, which is an
unprecedented occurrence,

According to the report given by the Hachijoijima Lighthouse, six sections of the
lantern panes out of twelve, which sheltered the luminant components and lenses of the
lighthouse, were broken, i.e. three entirely and the other three cracked. Most of the
broken panes had been placed at the windward side of the lighthouse (Fig. 5).

Tt may have been possible that fragments of the broken glass had caused the damage to
other glass on the leeward side, but the details of the situation at the moment of this
destruction have not been clarified. It may be added that the lantern panes employed for
this lighthouse was 7 mm thick, 1,200 mm long and 800 mm wide, reinforced against wind and
curved outward as a convex lense. There have been few cases when lantern panes of light-
houses were brokan by strong winds. However, in most of these cases, pebbles or other
fragments blown and scattered by the wind were considered to be the immediate cause of the
breakage. It is difficult to reason this situation in the Hachijojima's case when the
location of the lighthouse is taken into consideration. The lighthouse is located at the
windward edge of the bhreakwater stretched out on a cape into the sea. Consequently, it
may be correct to conclude that the extremely high wind, which was the third highest wind

speed in observatory history, was the exclusive factor of the destruction.

6. Records of Strong Gusts of More Than 80 m/s

Considerable lead time is needed to decide whether the record of 82.4 - 85.2 m/s
in the Suevyoshi District can be attributed only to the Typhoon, or to some topographical
feature which contributed to its strength. In this section, analysis will be giwven for
reference on the situations where peak gusts of more than 80 m/s cccurred.

a) The Mivakojima Typhoon IT

The strongest gust ever recorded on flat ground and at a regular weather station

was a maximum of 85.3 m/s. This was recorded at the Miyakojima Weather Station located
on the Nanseili Islands at 6:30 on September 5, 196% during the Miyakojima Typhoon II. The
direction of the wind was NE and the mean wind speed was 60.8 m/s. The distance from
Miyakojima to the Typhoon was 20 km at the closest time. This was verxy similar to the
relative distance observed in the case of Hachijojima and Typhoon No. 7513, while the
Miyakojima Typhoon showed the lowest atmospheric pressure of 930 mb, which was far below
that seen in Typhoon Na 7513. Miyakojima is a flat island, 108 m above sea-level at its
highest point, and 2.5 times larger than the area of Hachijojima. The Miyakojima Weather
Station is located on this flat island and is not influenced by the configuration of the
surrounding land. Conseguently, the value recorded on Miyakojima can be considered to

have been brought about by the typhoon itself and not by any other influences.
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Mr. Mitsuta says that the Typhoon passed slightly outward with respect to Miyakojima
and consequently the island was in the proximity of the typhoon's maximum wind speed zone
which produced the extremely strong winds on Miyakojima. This assumption will give some
insight in the analysis of the Sueyoshi District of Hachijojima.

b) The Murotoc Typhoon IT

At 11:30, September 16, 1961, a maximum wind speed of 84.5 m/s (wind direction:
WSW, average speed: 66.7 m/s) was recorded at Murotomisaki Weather Station. At this time,
the typhoon passed rather close to the station, i.e. 7 km to the west. The lowest atmos-
pheric pressure cbserved at this time was 931 mb. The extreme wind speed can be naturally
attributed to the energy of this large scale powerful typhoon itgelf, however, some consid-
eration should be given to the geographical characteristics of the location. Murotomisaki
is shaped like a half-cylinder with its top, where the station is, 184 m above the sea.
It may be natural to consider that the air current was accelerated when the wind blew in a
crosswise direction over the cape. Thus, the observed value of 84.5 m/s may well include
the influence of the topographic factor described above. 1In the case of Sueyoshi District,
the site where the anemometer was set was similar to that of Murotomisaki, while the
height above sea-level was 95 m, about half the height of Murctomisaki Weather Station.

¢) The Factors of the Extremely High Wind Observed in Sueyoshi District

It may be misleading to determine the factors of the extremely high wind obserwved
in the Sueyoshi District based on these two cases, but it may be worthwhile to do so at
any rate, as a start of this study. Some of the important factors may be:

1. Sueyoshi District was located in the proximity of the maximum wind speed zone of

Typhoon No. 7513.
2. The wind blew in a crosswise direction over the cape of the island.
3. The district is located southeast of Mt. Mihara and a corner effect of airflow

may have occurred.

7. The Characteristics of Wind Damage in Hachijojima

There has not been any strong typhoons which have hit big cities for a peried of
sixteen years, since the Isewan Typhoon. During this period many new forms of houses
and structures have been rapidly constructed and the life-style has changed significantly.
Wind resistant design should have been taken into account in cases of these new houses and
structures. However, we do not have experience on new types of construction, and only
when they are exposed in severe condition of nature, do they show their weakness.

a} Destruction of Glass in Large Buildings
A typical example of glass damage in large buildings was seen in the case of

this typhoon. This occurred in the Hachijojima Kokusai Kanko Hotel, a six-story building.
The curtainwall of the large lobby facing the sea on the first floor of this hotel is 90%
constructed of fixed windowpanes. The size of each windowpane is 3,000 mm leong, 2,000 mm
wide and 10 mm thick. The typhoon seemed to have generated a wind speed of 68 m/s, and
destroyed first 13 windowpanes in the windward side of the lobby. The destruction of

these windowpanes caused a strong influx of the storm's wind into the lobby. Furniture
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and in the shops of the lobby were blown away and they destroyed the window-
panes on the leeward side of the lobby. The hotel personnel testified that the destruc-
tion of glass on the windward side of the lobby was not due to wind pressure, but due to
objects that were blown away from the destroyed houses in the windward direction. If this
is true, the damage in Hachijojima seems to imply that not enly is wind resistant design
for glass required for buildings, but alsc a more general wind resistant design, including
the overall environment in the city is reguired,
b} Collapse of Electric Poles

This typhoon caused collapse of many electric poles; this is very common damage
caused by typhocons. The number of totally torn down poles was counted at 47. 26 poles
out of 47 were concrete poles and 21 were wooden, which shows that the destruction rate
of concrete poles was slightly higher than that of wood. The number of poles which were
half torn down or left in a leaning position reached 420. The collapse of electric poles
not only crushes things under the poles, but also interrupts traffic. Moreover, the most
serious effect of the destruction of electric poles is power blackouts. Power blackouts
causes serious effects, not only to households, but also to the industrial facilities and
medical ingtitutions when it is prolonged over a long period of time in the big cities.

¢) Overturning of Motor Vehicles

The exact number of motor vehicles that were overturned is not known when this
typhoon struck wnHachiloiima, but the several cases were reported. It is anticipated that
when motor vehicles are overturned, and if it happens in the big cities and in their
suburks where traffic is heavy, it will cause serious traffic problems. This is a problem

which should be examined in the future.

8. Conclusion

The characteristics of the high wind brought about by Typhoon No. 7513 to Hachijojima,
taking into account the wind and the configuration of the land, have been described.
and the possible damage by typhoons hitting the big cities were examined through an
analysis of wind damage caused by this typhoon. Among other things, the destruction of
large windowpanes in large buildings, the collapse of electric poles, and the overturning
of motor vehicles were discussed.

Finally, the fact that this typhoon did not cause any death tolls in spite of serious
damage to houses and structures should be mentioned. The Miyakojima Typhoon 11 which re-
corded a maximum wind speed of 85.3 m/s caused no death tolls either. This is very for-
tunate, but this cannot be expected in all typhoons. In 1234, the Muroto Typhoon I with
a peak gust of 60.0 m/s in Osaka destroyed a primary school building and caused the death
of 400 pupils of that school. The fact that the typhoon hit Hachijojima on Sunday and
that the peak gust was recorded in the day time, was part of the reason for the few number
of casualties. It is also of interest to know what kind of refuge measures were taken
by people to minimize the damage of the high wind which caused the total destruction of
275 buildings.

II-7



References

Ishizaki, H. et al (1968): The Structural Damage Caused by the Miyakojima Typhoon IT
Disaster Prevention Research Institute Annuals, No. 11A.

Mitsuta, Y. et al (1968): Severe Wind Storm Caused by the Miyakojima Typhoon II,
Disaster Prevention Research Institute Annuals Wo. 11A.

Meteorological Agency (1967): Report on the Muroto Typhoon II (No. 6118, Nancy),
Technical Report of the Japan Meteorological Agency No. 54, Mar. 1967,

II-8



Phote. 1.

Typhoon No. 7513 taken
by the Radar at top of
Mt. Fuji; Hachijojima
is located on the south-
ern part of the typhoon
eye wall.

Photo. 2
Exemples of houses damage on Hachljo-
Jinma.
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Photo. 3

An example of distribution of wind by wind tunnel
experiment. The fixed wind is S5W, and the measu-
ring equipment is small flags made of styloform.
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ANNENY

Atmospheric pressure change of typhoon Bo.
recorded at the Hachijojima Weather Station.

7513

HACHIJCJIMA

Fig. 3

Dgsbrﬂmtion of wind shown by vector formu-
1a various sites, when the Weather Station

indicated S8W (Based on special observation
data between 1973 and 197h).
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WIND RATIO TO THE VALUE OBSERVED

Table 4.
AT HACHIJOJIMA WEATHER STATION(B)
[ T

A D {E | F |G | H I
SITE MEM qu?s. 5(::5. R T
WIND RATIO 1.89 | — [1.10 0.97] 0.78 r— 0.88 | 1.07 | 1,00
™ (B) P
ESTIMATED 60,0 [31.7]| 34.9 |20.7 | 24.7 27.9 | 33.9 | 31.7
WIND SPEED (ny's) ‘

(]~ ---OBSERVED VALUE AT 16:30, OCT. 5, 1975

Table 5. GUST FACTOR AND PEAK QUST(ESTIMATED)

A
SITE A B C D E
L MM WS, (AP, F__(E’ AH_.. I,,*
GUST FACTOR 1.291{2.14{1 1,97 1 1.99| 1.98 ' 1,62]! 1.95' 1.67 1.69
FSTIMATED 77.4167.8]| 68.8 | 61,1} 48.9 }47.7 54.4]56.6:; 53
PERK GUST (m/s) L -6

[__]---- OBSERVED VALIE AT 16:30, OCT. 5, 1975
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High Winds in the United States, 1975

by

Arnold R. Hull#
Environmental Data Service
National Oceanic & Atmospheric Admin., Washington, D.C. 20235

and

Thomas D. Potter
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National Oceanic & Atmospheric Admin., Asheville, N.C. 28801

and

Nathaniel B. Guttman
National Climatic Center, EDS
National Oceanic & Atmospheric Admin., Asheville, N.C. 28801

During 1975, high winds in the United States were associated with tornado
and thunderstorm activity, major extra-tropical storms and Hurricane Eloise.

Hurricane Elcise reached the coast of Florida with an observed minimum
pressure of 95.5 kPa and sustained surface winds estimated at 202 km/h (56
m/s). Associated gale winds were reported from Cedar Key, Florida, to south-
ecastern Louisiana and northward cover most of Alabama, western Georgia, and
extreme southeastern Tennessee. A unique set of hourly meteorological data
and some oceanographic data was collected by two buoys during the approach and
passage of the eye of Hurricane Eloise, These data, along with simultaneous
ship, aircraft, and satellite data are being assembled and packaged for
hurricane research gtudies,

During 1975, 918 tornadoes and numercus storms with high winds caused
damage estimated in excess of 2 billion doliars.

A devastating January blizzard dumped up to 58 cm (.58 m) of snow in some
areas of the North Central States and was accompanied by winds of up to 130
km/h (36 m/s). In contrast, a severe sandstorm struck southern California on
June 17-18, bringing near zero visibility and windspeeds of 144 km/h (40 m/s).
Damage to power lines, poles, and other facilitles exceeded $100,000.

Key Words: Extra-tropical storms; Hurricanes; Thunderstorms; Tornadoes;
Wind; Wind damage

* Deceased.
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High Winds in the United States, 1975
1. TINTRODUCTION

During 1975, high winds in the United States were associated with Hurricane Eloise,
tornado and thunderstorm activity, and major extra-tropical storms. High winds occurred
somewhere in the United States during each month of the year, and almost every state received
extensive damage at least once, Property losses exceeded two billion dollars from the more

than 1,500 separate storms that were reported.
2. 1975 TORNADO SEASON

Last year 918 tornadoes were reportedl throughout the United States on 204 days. They
occurred in all states except Alaska, ILdaho, New Hampshire, Rhode Island, Utah, Vermont, and
Washington. The season began on January 7 and ended on New Year's Eve. During the year, 60
people were killed, 1,504 were injured and property damage exceeded 500 million dollars.

Over 1,120 mobile homes were destroyed by tornadoes.

A total of 53 tornadoes was reported in the United States as a whole during the month

of January, eclipsing the old record of 39 in 1967. New state records were set as follows:

New Record Previous
Month State Number Record
January Alabama 13 5 (1974)
February Florida 10 8 (1970)
Oklahoma 6 4 (1961)

New York 1 0
March Mississippl 13 7 (1950)
North Carolina 8 7 (19586)
Virglnia 4 2 (1969)
April Florida 13 12 (1973)
Louisiana 17 7 (1967)

lNational Oceanic and Atmospheric Administration, National Climatie Center,

Storm Data, Vol. 17 (1975).
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New Record Previous

Month State Number Record
May Louisiana 12 10 (1950)
June Montana 9 6 (1971)
Virginia 4 2 (1969)
West Virginia 2 1 (1973)
July Maryland 6 2 (1971)
August Delaware 2 1 (1967)
Florida 13 & (1974)
Virginia 4 2 (1962)
September Florida 9 7 (1967)
November Iowa 9 3 (1960)
December Lowa 1 0
North Carolina 3 2 (1967)

On 10 January twenty-six tornadoes reported in Alabama, Louisiana, and Mississippl
killed 10 people, injured 286 and caused over 30 million dollars worth of damage. The

severe oputbreak resulted {rom a squall line preceding a cold frontal passage.

In March, a tornado struck Warren, Arkansas. Seven people lost their lives. A major
industrial area sustained extensive damage. A total of 151 buildings were destroyed, 100
others received major damage and 200 others sustained minor damage. Later in the month a
tornado moved through Atlanta, Georgia, at 79 km/h (22 m/s). It killed three people, injured
152, and did 56 million dellars worth of damage. The storm struck a major industrial area,
two large apartment complexes, many businesses, hundreds of fine homes and the Governor’s

Mansion. There were 550 families left homeless.

The worst tornado disaster in Omaha, Nebraska, since Easter Sunday 1913 occurred on
6 May 1975. Three tornadeoes killed three, injured 133, and caused damage in excess of 400
million dollars., The storms moved through residential and business areas causing extensive
damage to apartments, homes, businesses, schools, autos, trucks, and trees. In places the

damaged area was a quarter-mile wide.

II1-17



Figure 1. Row of houses twisted off foundations
{courtesy R. Paskach, Omaha World-Herald).
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Figure 2. Houses twisted off foundations
(courtesy R. Paskach, Omaha World-Herald).

Figures l-4 depict some of the damage in Omaha. The first two photographs show frame
houses twisted off cement foundations. Winds in this area were estimated at approximately
324 km/h (S0 m/s)z. The pattern of debris in Figure 3 is alsc indicative of strong vortex
motion. The fourth photograph was taken in an area where residences were completely flat-

tened. Figure 5 vividly portrays the human suffering caused by the tornadoes.

Zr, Fujita, personal communication (1976).
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Figure 3. Debris pattern indicative of strong vortex motion
(courtesy R. Paskach, Omzha World-Herald).
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Figure 4. Area of worst destruction
(courtesy J. Demney, Omaha World-Herald).

Figure 5. Human suffering from tornadoes
(courtesy S§. Melingagio, Omaha World-Herald).
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On 23 July, Canton, Illinois, was hit by a tornade that killed two and injured 69.
This was the first storm to kill anyone in the State of Illinois during the month of July
since records have been kept. About 20 million dollars worth of property was damaged in
Canton. In a five block area in the central portion of the city, 127 businesses were
damaged; some buildings were totally destroyed while others were so badly damaged that they
bad to be demolished. About 100 homes and 50 mobile homes were destroyed; 300 other homes

and 100 other mobile homes were damaged.

3. EXTRA-TROPICAL STORMS

A devastating mid-January blizzard wreaked havoc over Illinois, Indiana, Iowa, Michigan,
Minnesota, Missouri, Nebraska, North Dakota, South Dakota, and Wisconsin. The low pressure
system moved across Oklahoma into eastern Kansas on the 9th and reached Missouri by daybreak
on the 10th. It then curved sharply to the north-northeast, deepening rapidly and intensify¥
ing as it moved over eastern lLowa into southeastern Minnesota. The storm track is shown In
Figure 6. During the night of the 10-11th, record low pressures were reported at Rochester

(97.0 %Pa), Minmneapolis/St. Paul (96.9 kPa), and Duluth (96.7 kPa), Minpesota.

Wind gusts of up to 130 km/h (36 m/s) were observed im Minnesota, 122 km/h (34 m/s) in
Iowa, 112 km/h (31 m/s) in Indlana and Wisconsin, and 97 km/h (27 m/¢) in Il1linois, Nebraska,
and North Dakota. Strong winds and cold temperatures resulted in wind chills below -62°C
(211°K) in Minnesota, North Dakota, and South Dakota. Snowfall measured up to 58 cm (.58 m)
in Minnesota, 48 cm (.48 m) in Nebraska, 38 cm (.38 m) in Iowa, and 25 cm (.25 m) in North

Dakota.
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mid-January blizzard.
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The blizzard caused 31 deaths and hundreds of injuries. Damage from the wind, snow and
cold temperatures consisted of towers blown down, roofs blown off, broken windows, fallen
trees, severe livestock losses and collapsed buildings. Power outages were common and

transportation was stalled.

Another January extra-tropical storm swept across the State of Washington., Gusts near
112 km/h (31 m/s) toppled trees, flipped aircraft and caused widespread power outages.
Considerable wind damage to irrigatlcen equipment in the eastern part of the State was

reported.

One of the worst March blizzards since 1951 struck Wisconsin, Minnesota, and Michigan
on the 23-24th. 0Official observations recorded gusts in excess of 130 km/h (36 m/s), while
unofficial reports exceeded 162 km/h (45 m/s). Wind-driven waves of 6.1 m pounded the shore
of Lake Superior washing away large sections of the beach and causing extensive flooding.
Wind, snow, ice, and water resulted in collapsed buildings, towers and signs, power outages,
and cancellations of most activities. Six days later the area was struck by another blizzard

with winds up to 112 km/h (31 m/s).

A severe storm struck Maryland, West Virginia, Pennsylwvania, New York, and New England
on 2-5 April. Western New York recorded the worst April smnowstorm since 1894 as 61 cm (.61
m) of snow fell. Winds associated with the storm reached 241 km/h (67 m/s) atop Mt. Wash-
ington, New Hampshire, 162 km/h (45 m/s) in Maryland, 148 km/h (41 w/s) in Pennsylvania, 140
km/h (39 m/s) in Maine, and 126 km/h (35 m/s) in Massachusetts. Buildings were destroved,
power lines were downed, trees were broken, mobile homes were blown over, windows and signs

were broken, and fishing equipment along the Atlantic coast was extensively damaged.
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An intense low pressure system gpread across the Midwest on 9-10 November. Winds in
excess of 97 km/h (27 m/s) were reported at several stations in Illinois, Indiana, and Iowa.
One hundred twenty-six km/h (35 m/s) winds were recorded in Michigan. On 29-30 November
another low pressure system moved across the Midwest with similar wind speeds reported.
During both storms, damage was widespread to power lines, trees, windows, buildings, and

mebile homes.

4. OTHER SEVERE WINDSTORMS

Thunderstorms in the United States during 1975 often produced locally damaging winds in
excess of 79 km/h (22 w/s). One of the more intense thunderstorm outbregks cccurred on 22
May in Minnesota and South Dakota. Several areas in these states reported winds above 162
km/h (45 m/s) that destroyed farm buildings, mobile homes, aircraft, trees, and power
lines. An outbreak om 16 June in Nebraska and Oklahoma also caused winds of about 162 km/h
(45 m/s). Damage to crops, farm equipment, and mobile homes was extensive, On 13 December,
thunderstorms in Xansas resulted in winds estimated at 184 km/h (51 m/s) that damaged farm

buildings, mobile homes, and trees.

Dust-laden winds gusting to 115 km/h (32 m/s) in the northern two~thirds of Arizona in
May caused widespread property damage. Many mobile homes were damaged, sections of roofs
were blown away, storm windows were blown out, signs were blown down and large trees fell on
houses, cars, and power lines, Traffic accidents were numerous as dust reduced the visi-

bility to zero.

California experienced a sandstorm in June. At the height of the storm a wind speed of
144 km/h (40 m/s) was recorded. Damage to utility company facilities was about $100,000.
In addition thousands of automobiles and trucks had paint blasted off, pitted windshields
and chrome, and damaged engines. In one area more than 100 automcbiles were half-buried in

sand.
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Figure 7.

pressure of 95.5 kPa.

5. HURRICANE ELOISE

The track of Hurricane Floise across the Caribbean Sea and Gulf of Mexico 1is shown on

On 23 September, she moved onshore in the Florida Panhandle with a minimum

Above normal tides and high winds caused considerable damage, even

though the storm rapidly lost stremgth as it moved northward over the land.
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Northwest Florida was battered by sustained winds as high as 202 km/h" (56 m/s) and
gusts as high as 248 km/h (69 m/s). Tides along an 80 km strip of shoreline we1613.7 to
4.9 m above normal. Damage in this part of Florida was estimated at 150 million dollars.
Wind—driven storm tides eroded 9.1 to 21.3 m of sand and undermined beach front structures.
Eighty-five to 90 percent of the buildings between Fort Walton Beach and Panama City on
the water side of the coastal highway were severely damaged or destroyed. Airplanes and
boats were also destroyed. The hurricane affected one million acres of timber, and crop

damage was severe.

Away from the center of the hurricane, wind gusts of up to 194 km/h (54 m/s) were
reported in Alabama and 130 km/h (36 m/s) in CGeorgia. Gale winds associated with the
storm were reported as far west as Louisiana and as far north as Tennessee., Crop damage
in these states exceeded one million dollars - 50,000 pecan trees were uprooted, the corn
crop was virtually a total loss, and the cotton and soybean crops were severely damaged.
In addition, hundreds of buildings were damaged and some were destroyed, numerous mobile

homes were either damaged or destroyed, power outages were widespread, and thousands of

trees were felled.

A unique set of hourly meteorological data and some oceanographic data was collected by
two buoys during the approach and passage of the eye of Hurricane Eloise. These data,
along with simultaneous ship, aircraft, and satellite data are being assembled for hurri-

cane research studies.

From 19-25 September buoy EB-04 at 26.0 N, 90.0 W collected air pregsure, air and sur-
face water temperature, dew point, solar radiation, wind speed and directiom, surface
salinity and surface current direction data. The gecond buoy, EB-10, at 27.5 N, 88.0 W
collected from 20-26 September the above data plus wave height, wave period and precipi-
tation; and subsurface temperature, pressure, salinity and current information. In addition,

wave spectra are available from 20-24 September, Most of the data collected are 15 minute
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averages. Time series of sea level pressure and wind speed at EB-10 are shown on Figure 8.
The passage of the eye on 23 September is distinctly represented by the sharp drop and rapid

recovery of both the pressure and wind speed.
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Figure 8. Time series of the sea level pressure and wind speed

for buoy EB-10 during the passage of Hurricane Eloise.

The assembled data package from the National Climatic Center will contain digitized
buoy data, land station data (surface and upper air), ship observations and satellite
data. It will also contain microfiche of records of climatological observations, National
Hurricane Center bulletins and advisories, barograms, hourly precipitation data and
meteorological observations forms. Surface and upper air synoptic charts and forms,
satellite photographs, reconnaissance data and radar logs will be microfilmed, and 16 mm
films of satellite and radar data will be available. In short, a complere data package on

Hurricane Eloise will be available at the National Climatic Center for researchers.
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6. SUMMARY

Several severe windstorms caused loss of life and extensive damage in the United
States during 1975. During each month some location in the United States was battered by
strong winds from either relatively short-lived meso-scale storms (like tornadoes) or long-
lived large scale storms (like hurricanes or severe extra-tropical storms). Some new
records on frequency of storms and on damage were established during 1975. But the year was
not highly unusual —-- new records of some sort are established somewhere in the United
States almost every year. Engineers designing systems to withstand wind damage must be
cognizant of the likelihood of such extreme winds and of the establishment of new records.

Meteorologists must continue work to better define the extreme wind environment.
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ABSTRACT

A numerical solution of the hurricane boundary layer problem is presented in which
the hurricane is modeled as a steady, axisymmetric, neutrally stratified flow. The turbu-
lence effects in the flow are accounted for by the phenomenological relatiens proposed by
Bradshaw et al, and Nash, which provide a considerably more realistic picture of the actual
flow than the pseudolaminar model used in previous solutions of the boundary layer prcblem.
The results of the calculations obtained on the basis of the model just described suggest
that: (1) in the height range of interest to the structural designer, say up to a height
of 400 m above ground, it is permissible to use the logarithmic law to represent the mean
velocity profile of hurricane winds and (2) if the relation between wind speeds in different
roughness regimes which is valid in extratropical storms is applied to hurricane winds, the
speeds over built-up terrain, calculated as functions of speed over open terrain, may be
underestimated by about 10% and 10-20% in suburban and in urban exposure, respectively.

The corresponding mean loads are then underestimated by about 15% and 30%, respectively.

Key Words: Boundary layer; Hurricanes; Loads {(forces): Natural analysis; Tall buildings;

Wind Profiles.

1. Introduction

In view of the considerable influence upon tall building design of the assumptions
regarding the variation of mean winds with height, the question has been raised as to
whether or not mean wind prefiles in mature hurricanes differ significantly from profiles
typical of extratropical storms [6, 16, 21]. In the Southern Standard Building Code [19]
it is assumed that hurricane wind speeds increase with height only up to an elevation of
100 £t (30.5 m) above ground and are constant above that elevation, i.e., that hurricane
winds are characterized by flatter profiles than winds associated with inland storms.
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On the other hand, in both the 1955 and the 1972 versions of the American National Standard
A58.1 [1, 2] it is assumed that there are no differences bhetween profiles in the two types
of storms.

Several attempts to provide a description of the boundary layer in a mature hurricane
have been reported in the literature. However, as noted in Ref. 16, the results obtained
so far have been largely inconclusive. Hurricane wind speed data recorded in Florida
suggest that mean profiles are considerably flatter in hurricanes than in extratropical
storms. However, these data were discounted by Gentry [6, 21] as being of dubiocus relia-
Wwility. It has also been argued [2] that no inferences valid for mature hurricanes can be
drawn from data measured at Brockhaven, N.Y. in 1250, which are representative of a hurri-
cane in the decaying stage, Finally, existing analytical solutions [4, 14, 18] are based
uypon the unrealistic assumption of pseudolaminarity and are therefore capable of providing,
at best, a qualitative picture of the flow.

The occurrence of a hurricane at any one location is a rare event. It is therefore
difficult to obtain relevant measurements on the variation of hurricane speeds with height
and on the relation between hurricane wind speeds in different roughness regimes. This
being the case, it appears reasonable to attempt an analytical solution of the hurricane
boundary layer problem, based on a realistic representation of the turbulent flow. Such
a solution is described herein. Numerical results corresponding to typical situations of
interest to the designer and code writer are presented, Current building code provisions

on hurricane winds are then assessed in the light of these results.

2. BAnalytical Model Method of Solution

Following Rosenthal [14], Carrier et al [4] and Smith [181, it is assumed that the
hurricane boundary layer flow is steady, axisymmetric and neutrally stratified. Except
in the immediate proximity of the eye, where the boundary layer assumptions break down [18],

the Reynolds equations may be written as

2 aT
au U Vg Ldp 1w
U AR W fv + 5 g% 5 3z 0 (1)
3T
a3V o av v B l_ Voo
U 'a—R*'F W :d—z'i" R + fU ) —'—"az Q (2)

The equation of continuity is

P =

3 I (RW) = 0
5_P_\.(Ru) * =z (RW)

Ir-31



Here, R is the radial distance measured from the storm center, z is the distance measured
normal to the earth surface, U, V and W are the radial, circumferential and normal (verti-
cal) mean velocities, respectively, ¢ is air density, p is static pressure, f is the
Coriolis parameter (in this work it was assumed £ = 5 = 10—5 s_l) and Tu and T, are the
turbulent Reynolds stresses (the molecular stresses being negligibly small) in the radial
and circumferential directions, respectively.

According to Rosenthal [14)1, measurements indicate that the expression

) dp _ Bp_ . 4
3 E%—— pRZ Rvm exp ( Rvm/R} (4)

is quite representative of the pressure field in hurricanes. In Eq. 4, Rvm = xalue of the
radius, R, at which the gradient wind, Vgr' is a maximum and Ap = difference between the
high pressure in the far field (R = 1000 km, say) and the low pressure at the storm center.
The relation between pressure gradient and gradient velocity is given by the classical

frictionless balance equation in cyclonic flew [7],

v
dp _ _gr (5}

!
o dR R

The boundary conditions, at the top and bottom edges of the boundary layer region were

expressed as follows:

z=0 U=0 V=0 W=0 (6)
-V (7

In actual computations, condition (7) is satisfied with sufficient accuracy at some finite
distance of the order of the boundary layer thickness §.

Previous experience [4, 18] has shown that the solution of the eguations of motion
is not unduly sensitive to small variations in the boundary conditions at the far field
radius. In this work, it was assumed that at R = 1000 km, the velocity and shear stress
profiles are the same as in horizontally homogeneous flow over a rough plane surface, with
a boundary layer thickness § = 1.4 km.

To solve the equations of motion, phenomenological relationg must be gpecified that
describe the Reynolds stresses Tu' Tv. In this work, the relations proposed by Bradshaw
et al. [3] and Nash [8] have been employed. These relations have been shown to result in
successful predictions in a variety of boundary layer problems [11, 17] and have recently
been also employed in micrometeorological work ([13]; as shown by Nash [8], they are parti-
cularly suitable for use in the three-dimensional boundary laver problems. For the case
of the hurricane poundary layer, and assuming, as in Ref. 8, that the directiong of Reynolds
stress vector and of the mean rate-of-strain vector coincide, the closure relations may be
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written in the form

Q.
A
ar

T au 3V 3 T
—_— Vo 4 Puiindl - -2 - + = —_ =
Vg v Vgt e (n, gyt i gt v 28y gy lagn) r /5 =0
(8)
and
T
ool v (9)
sU v
3z 9z

In Eg. 8, which may be interpreted as an empirical model of the equation expressing the

. . . 2 2.1/2 .
conservation of the turbulence kinetic energy, T = (Tu + Tv) / (a; is an absolute convec-
tive constant (= 0.15), and a, and L are universal functions of z/8 which model, respec-

tively, the diffusion and dissipation of turbulence energy across the boundary layer. The
empirical functions L and a, used are the same as those given in Ref. 9.

The system consisting of the Reynolds equations, the egquation of continuity and the
closure relations, with the given boundary conditions, was solved numerically using a
time-relaxation procedure developed by Patel and Nash and described in some detail in Ref,
12. The numerical solution of the boundary layver equations was terminated at a height
above ground of 0.05 times the local boundary layer thickness and then matched with the

logarithmic law

] z
Pl (10)

. . , 1/2
assumed to be valid below that height. In Eg. 10, u, = shear velocity = (TW/D) / , Tw =
resultant shear stress at the ground, p = air density, @ = resultant mean wind velocity,

K = von Karman constant, z_ = roughness length.

3. Numerical Results

Nine cases were investigated, covering four different roughness regimes. Values of
the parameter z were used in the calculations that correspond, roughly . to flow over
open water (zo = 0.0023 m), flow cver open terrain (zo = 0.012 m and Zo = 0.03 m), flow
over suburbs or towns (zO = 0.35 m) and flow over large cities (zO = 0.90 m). For simpli-
city, the terrain roughness was assumed to be uniform. The profiles were calculated at a
distance, R, from the storm center equal to the radius of maximum gradient winds, Rvm'
except that in one case the profile was also calculated at R = 2 Rvm, in addition to R =
Rvm. Typically, it was assumed R,Vm = 30 km and Ap = 100 mb. These assumptions are con-
sistent with observed data (see for example, Ref. 20) in hurricanes of great intensity.

To assess the influence upon the results of the magnitude of Ap and Rvm, additional calcu-

lations were performed with Ap = 60 mb, Ap = 140 mb and Ry, = 50 km. The values of the
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parameters for the various cases investigated are given in Table 1. The results of the
calculations, based on Egs. 1-9, are listed in Table 2 [columns (1}, (2), (3), (5), (7},
(9)]. Table 2 also includes mean speeds calculated in accordance with the logarithmic law

[columns (4), (&), (8), (10}].

4. Interpretation of Results
a) Logarithmic Profiles and Calculated Hurricane Wind Speeds.

It can be seen from Table 2 that, in the height range of interest to the structural
designer, hurricane wind speeds, as determined on the basis of Egs. 1-9, are smaller by
less than 3% than speeds determined in accoxdance with Eg. 11.

(It is noted that the results reported in Ref. 12 show that the differences between
the resultant mean speed Q(z) and the tangential component V(z) are negligiply small -
of the order of 1% or less). Since the logarithmic law is an excellent representation of
wind profiles in the lower few hundred meters of extratropical storms [10, 151, it
follows, according to the results of Table 2, that mean profiles in hurricanes and in
extratropical cyclones may be assumed to have approximately the same shape. It thus
appears that, insofar as the power law is an approximation of the logarithmic law, the
assumption regarding mean wind profiles used in the AS58.1 Standard [1,2) is justified,
and that, on the other hand, the assumption implicit in the Southern Building Code [19],
according to which, at elevations higher thian 30 m above ground, hurricane winds do not
increase with height, may be unsafe from a structural design viewpoint.

k) Wind Speed Reduction due to Increased Roughness of Terrain.

In terrain that is built-up over a sufficiently large getch, the higher friction
at the ground will retard the flow more effectively than is the case over cpen terrain.
Thus, at any elevation within the boundary layer, mean wind speeds will be lower in built-
up, than in open terrain.

Wind maps included in the A58.1 Standard 1972 [2] specify wind speeds at 30 ft (9.15
m) above ground in open terrain. To calculate the corresponding speeds cover built-up
terrain (suburban or urban) it is necessary that a model be assumed, describing the rela-
tion between wind speeds in different roughness regimes. Two such models are currently in
uge [2, 15). The model presented in Ref. 15, referred to as the similarity model, is
based on recent results of theoretical and experimental bhoundary laver research [53], and
rests on the assumption that the flow in the free atmogphere is geostrophic. In accor-

dance with this model, the friction velocities, and u,, over terrains of roughness

u*
1
length z 1 and N respectively, are related as follows [151:
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. 20.25 + 0% —
Yo = [— o ]1/2 (12)
u 5 Y

20.25 + 4n z

where £ = Corolis parameter. The model included in Ref. 2, referred to as the power law

model, assumes the validity of the equation

Viz) = v{10) (]2_0;’«‘ (13)

where o = 1/7 in open terrain, o = 1/4.5 in suburban terrain and ®@ = 1/3 in urban terrain.
This model assumes, in addition, that the gradient height (i.e., the thickness of the
boundary layer) is zg = 275 m, Zg = 366 m and zg = 458 m in open, suburban and urban ter-
rain, respectively. The magnitude of the wind speed at 10 m above ground in open terrain
being specified, the corresponding speed over suburban or open terrain is easily obtained
using Eg. 13, in which for all values of o, the gradient wind, U(zg). is the same [2}.

Implicit in the power law model, which is in effect an empirical approximation of
the similarity model, is the assumption that the flow in the free atmosphere is geostrophic.
This assumption does not held in the case of hurricane winds. Nevertheless, the power
law model is applied in the A58.1 Standard [2] not only to extratropical storms, for which
it may indeed be assumed that the flow 15 approximately geostrophic, but to hurricane
winds as well.

The question thus arises as to whether it is permissible to apply the same relation
between speeds in different roughness regimes - based on the assumption of geostrophic
flow - to both extratropical storms and hurricanes. This question will now be examined
in the light of the results of Table 2.

A direct comparison between these results, hased on the model consisting of Egs.

1-9, and those cbtained if the power law model is emploved would present difficulties
insofar as the two models use different roughness parameters, vix., the roughness length,
2 and the exponent, ¢, respectively. It will therefore be more convenient to compare
the results of Table 2 with those obtained if the similarity model is used.

Let zo = (0.03 m and zol = 0.0023 m, zol = 0,012 m, Zol = 0.35 m and zol = (.90 m.

The ratios (ukl/u*)extr’ obtained using Eg. 12 are given in Table 3, in which the ratics,
(u*l/u*)hurr' based on Egs. 1-9 and obtained from Tables 1 and 2 (cases 3, 6, 7, 8, 9) are
listed for purposes of comparison (the subscripts extr, and hurr, indicate that the gquanti-
ties involved are calculated for extratropical storms and for hurricanes, respectively).

The gquantities EV(z)]hurr and {V(z)]extr in Table 3 are mean speeds over terrain of
roughness ERY calculated in accordance with Egs. 1-9 and with Eg. 12 {in which z = 0.03 m),
respectively. Assuming the model consisting of Egs. 1-9 to be correct, it is seen that the
similaxity model (Eq, 12} results in underestimates of the mean speeds in suburban and

urban terrain of the order of 5-15% and, therefore, underestimates of the mean load (which
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is proportional to the square of the mean speeds) of the order of 10-30%.

The results of Tables 2 and 3 are based on the assumption that the terrain roughness
is uniform throughout the area swept by the hurricane. In reality, the roughness corres-
ponding to suburban or urban terrain only prevails over a small part of this area and
thus the flow over rougher terrain is retarded somewhat less effectively than indicated
by the results of Table 2. It may therefore be expected that the actual ratios (u*l/u*)hurr
and [V(z)]extr for the suburban and urban terrain cases are larger than indicated in Table
3.

It thus appears that if Bg. 12 - which does not take into account the presence of
inertia forces in the hurricanes - is used in structural engineering applicétions for
calculating hurricane wind speeds over suburban terrain, the error involved is for zOl =
0.20 - 0.35 m, of the order of 5~10%. If Eq. 12 is applied for calculating hurricane
wind speeds over urban terrain (z01 = 0.40 - 0.90 m), according to the results reported

herein, the calculated speeds may be underestimated by about 10-20%.

5. Conclusions

A numerical solution of the hurricane boundary layer problem was presented in which
the hurricane was modeled as a steady, axisymmetric, neutrally stratified flow with a
pressure field represented by Rosenthal's expression {141 (Eg. 4). The turbulence effects
in the flow are accounted for by the phenomenclogical relations proposed by Bradshaw et al
[3] and Nash [12], which provide a considerxably more realistic picture of the actual flow
than the pseudolaminar model used in previous solutions of the boundary layer problem
i4, 14, 18].

The results of the calculations obtained on the basis of the model just described

suggest that:

1. In the height range of interest to the structural designer, say up to a height
of 400 m above ground, it is permissible to use the logarithmic law to represent
the mean ¢elocity profile of hurricane winds. Accordingly,

{a) the assumption used in the AS8.1 Standard [2], according to which the varia-
tion of mean winds with height follows the same law in both extratropical
storms and hurricanes is acceptable.

(b) the assumption implicit in the Southern Standard Building Code [27],
according to which, at elevations higher than 100 ft (30.5 m) above ground,
hurricane wind speeds do not increase with height, may be unsafe from a
structural design viewpcint.

2. If the relation between wind speeds in different roughness regimes which is valid
in extratropical storms is applied to hurricane winds, the speeds over built-up
terrain, calculated as functions of speed over open terrain, may be underestimated
by about 5-10% and 10-20% in suburban and in urban exposure, respectively. The
corresponding mean loads are then underestimated, roughly, by 15% and 30%, re-—

spectively.
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Appendix IT - Notations

a; Convective constant in the turbulent shear stress equations
a, Diffusion constant

L Dissipation length

£ Coriolis parameterx

P Static pressure

0 Resultant mean wind velocity

R Radial distance from the storm center

Rmax Radial location of maximum pressure gradient

Rvm Radial location of maximum gradient wind

U,y Shear velocity in terrain of roughness length Zor 2oy respectively
u Radial mean wind wvelocity

\' Circumferential mean wind velocity

Vgr Gradient wind

W Vertical mean wind velocity

4 Vertical distance above the ground

zO Terrain roughness length

Ap Pressure depression

§ Boundary-layer thickness

i Karman constant in the Law of the Wall

8] Air density

Tu Reynolds shear stress in the radial direction

T Reynolds shear stress in the circumferential direction
Tw Resultant shear stress at the ground

II-38



Table 1 - Values of Parameters for the

Various Cases Investigated

Case*Number Rvm Ap
kilometers millibars
] 30 60
2 30 140
3 30 100
] 30 100
5 50 100
6 30 100
7 30 100
8 30 100
9 30 100

qradius at which profile was calculated
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2z
-0

meters
0.0023
0.0023
0.0023
0.0023
0.0023
0.012
0.03
0.35

0.50

R®
kilometers
30
30
30
60
50
30
30
30
30



Table 2 ~ Calculated Hurricane Wind

Speeds in meters/second [12]

Case § u, z {meters)
meters | meters/second 100 200 300 400
(M) (2) (3 @ 1 )y (6) | (7] &) | (9% (10)

1] 1,590 1.45 38.5(38.8)1 40.&i(41.3)} 41.8/42.8) 42.31(43.9)

i
2 | 1,600 2.2h 59.3.5(59.8) 62.6(63.6)1 64.3.(65.9)165.1(67.5)

: |
3 1,610 1.89 49.9(50.3)152.7(53.7)153.2(55.5) 54.9f56.9)
L} 3,430 1.59 Lo, 3(42,3) | 44, 8i(45,1) 46, 1(h6.7) a7.ofh7.9)
[ 5 | 2,480 1.80 48.0/(48.0) 50.6%51.2) 52.2(53.0)|53.2(54.3)
6 | 1,950 2.16 h8.8¥h8.8) 51.7?52.6) 53.5?5&.8) 54.5156.3)
7 | 2,200 2.36 l+7.7§(l»7.7) sx.oi(sx.S) 53.1i(54.2) | 54 2:(55 9}
8 | 3,200 3.06 h3.zrh3 2) hs.oras.s) 50.5{51.6) |52 3153.8)
9 | 3,79 3.4k 40.6(40.6) |46.0(46.5) | 48.9(50.0) 50.9.52.5)
Note. Numbers in parentheses represent wind speeds calculated using the

Z01 {meters)

0.0023
0.012
0.03
0.35

0.90

logarithmic law {Eq. 11}).

Table 3 - Calculated Ratios u¢1/u¢ and

(U*
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[V(z)]hurr/[v(z)]extr
2
[V(Z)]hurr {V(Z)]hurr
iy (u,,/u,)
““hurr 17 TR extr 2
[V(Z)]extr [V(Z)}extr
0.862 .800 .93 .86
0.951 .916 .96 .91
1.000 1.000 1.00 1.00
1.189 1.229 1.09 1.19
1.257 1.463 1.16 1.36




Planning and Design of Strong-Motion Instrument Networks

R. B, MATTHIESEN
U,S3, Geological Survey, Menlo Park, California

ABSTRACT
The types of research studies that utilize strong-motion data may be
classified as: source mechanistm studies, ground motion studies, soil
failure studies, studies of the response of typical structures (including
soil-structure interaction effects), and studies of the respconse of equip-
ment.

In planning networks and arvays to make these studies, criteria must be
established based on the tectonic setting, the seismicity or recurrence of
strong ground motions, the reliability of operations in different regions,
and a cost/benefit analysis of the data that may be obtained, A review of
the strong-motion records that have been obtained during the past 40 years
indicates significant variations in the recurrence of strong ground
motions in the seismically active regions of the western United States,
When combined with instrument costs, maintenance costs, and the reliability
of operations, these recurrence relations can be interpreted in terms
of the cost per record for different levels of motion. The benefits to be
derived from each type of study in each region need to be established,.

Current plans call for additional arrays to be installed in California,
the Mississippi embayment, the Yellowstone Park region, and Alaska to study
the spectral characteristics of strong ground motions in these regions.
Special studies of local site effects and structural response are being
planned in the more seismically active regicns of California. Similar
criteria and planning should be applied in the establishment of arrays of

strong~motion instruments on a worldwide basis.

Key Words: Cost effectiveness; ground motion; network design; strong-motion record.
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INTRODUCTION
The primary input for the design of strong-motion instrument arrays comes from the
research needs in strong-motion seismology and earthquake engineering. The impetus behind
much of that research is the application of the research results in engineering design and
reduction of earthquake hazards. This input defines general objectives to he accomplished
by an appropriately designed network but does not constrain the development of the network
geographically. A secondary input comes from the mission-oriented and regulatory agencies
that desire toc monitor the response of critical facilities to assess their response during
potentially damaging earthquskes. The location of this instrumentation is constrained to
the specific structure or system being monitored but may add significant data to that
obtained from a network of research instruments. The mission-oriented agencies also
influence the design of the network through their need for additional research results on a
timely basis.
The types of studies that utilize strong-motion data may be classified as follows:
~ Studies of the source mechanism,
- Studies of the spectral characteristics of strong ground motion
and of the variations of these characteristics with the nature of
the source, the travel path and regional geology, or the local
site conditions,
~ Studies of soil failures such as soil liquefaction or landslides,
- Studies of the response of representative types of structures and
interconnected systems at potentially damaging levels of response
and of the influence of the foundation conditions on this response.
- Studies of the response of equipment which may be free-standing

or mounted on structures,

The first of these studies is a fundamental study in seismology. The remainder conven-
iently divide into ground motion studies and structural response studies and may involve

the use of dinstrumentation for either the research or monitoring function.
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CRITERIA FOR NETWORK DESLGN
The development of criteria for the planning and design of networks and arrays of

instrumentation to measure ground motions involves the following steps: (1) the ground
motions must be estimated; (2) the costs of operations must be evaluated; and (3) the
benefit to be derived from the data must be assessed. A similar process is also required
as the first step in the process of planning instrumentation arrays for structures
(Rojahn, 1976).

The estimation of ground motions involves a determination of the tectonic setting,
the seismicity of the region, and the recurrence of strong ground motions. This is
similar to the process of obtaining ground motions for use in analyses of seismic risk or
for use in establishing design levels for critical facilities (Algermissen and Perkins,
1972; Hays, et al, 1975). In this basic approach to estimating ground motions, the
source characteristics are modeled in terms of the recurrence of earthquakes of different
magnitudes; the transmission of the motion is modeled as an attenuation of peak acceler-
ation; and the motion at the site is obtained as a recurrence relation for particular
site conditiens (see fig, 1), More refined techniques are the subject of current research
in which the source characteristics are modeled in terms of the expected stress drop and
source dimension; the transmission of the moticn is modeled in terms of the wave propa-
gation, attennation, and dispersion; and the site effects are modeled in terms of their
infiuvence on the spectral characteristics of the motion.

Several authors have gathered a considerable amount of data indicating thar for
appropriatelv large source regions, the recurrence of earthquakes of different magnitudes
can be represented as straight lines on semi-log plots (see Algermissen, 1969, for
example), On the other hand, the existing data on the attenuation of strong ground
motions indicate that there is a considerable amount of scatter in the relation of the
peak acceleration, velocity, or displacement to the distance from the source. Figure 2
presents the attenuation of maximum acceleration with distance from the source for all of
the data recorded during the San Fernando earthquake (see Maley and Cloud, 1971). An
order of magnitude difference may be seen in the peak accelerations recorded at any one
distance. Figure 3 presents the attenuation of peak accelerations with distance from the
epicenter for all data recorded at Ferndale, Calif., during the past 40} years., A consid-

erable amount of scatter is evident in this plot also. This large amount of scatter in
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the data casts some doubt on the validity of the simplified model of transmission of
motion,

The availability of data from several stations that have been installed for about
40 years provides a more direct approach to the evaluation of the recurrence of strong
ground motions, TFor example, the results obtained from Ferndale are shown in figures 4
and 5. In fipure 4, the cumulative numbers of events for which peak accelerations have
exceeded selected levels are plotted versus the year in which the event occurred. The
levels of peak acceleration used in figure 4 were selected to illustrate the approach
used. Similar results can be obtained for each of the levels of peak acceleration
recorded at this site. WNo attempt has been made teo distinguish between foreshocks, main
events, and aftershocks in compiling these data. Straight lines have been fitted to the
data, and the slopes of these lines define the "events per year" for each of the selected
values of peak acceleration.

All levels of peak acceleration from the complete set of records obtained at
Ferndale were used to construct figure 5, in which the cumulative distribution of events
per year is plotted versus the peak acceleration values, The end points are shown as
circles in this figure, signifying an insufficiency in these data. (The value at a peak
acceleration of 10 cm/'sec2 appears to be too low as a result of the fall off im the number
of low level events that are recorded by an instrument that is triggered by the event
being recorded, whereas the values for the highest peak accelerations are obtained from
fewer than five events, and this is considered to be an insufficient amcunt of data). The
amount of scatter in the data in figure 5 is relatively small compared with the amount of
scatter indicated by the attenuation plots in figures 2 or 3,

Data of the type shown in figure 5 have been obtained for all of the strong-motion
instrument sites that have been in place for about 40 years (table 1). Only in three
cases (Ferndale, Hollister, and El Centro)} are the data sufficient to provide statis-
tically meaningful results for peak accelerations up to 100 cm/secz. 0f equal importance,
however, is the fact that at several sites in these "seismically active" areas, no estimate
of recurrence could be made after 40 vears of recording. For example, in the San Francisco
Bay region, no reliable estimates of recurtrence could be made for Golden Gate Park or San
Jose, although a maximum value of greater than 10u cm/sec2 has been recorded at each site.

In the Los Angeles basin, no reliable estimates can be made for Westwood or Pasadena.
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Similarly, although 12 records have been obtained at Helena, Mont., only three of these
have been recorded since 1940 and none since 1960. The results in California are in sharp
contrast to other estimates of recurrence that yield equal rates along most segments of
the San Andreas fault. These results are also an indication of the serious difficulties
in any attempt to provide a rational plan for obtaining the desired strong-motion records:
potentially damaging earthquakes in any one area occur infrequently, and our basic under-
standing of the processes and recurrence of potentially damaging ground motions is there-—
fore inadequate.

The cost of maintenance has been found to be about three times the cost of the

instruments themselves (depreciated over a 20~year life). As a result, the procedures
used in instrument maintemance need to be critically evaluated. In particular, the
service interval may be lengthened if an evaluation indicates that this will not result

in serious depreciation in either the quality or number of records recovered., The results
of a study of the length of the service interval is shown in figure 6, In the early days
of the program, a service interval of 2 months had been established. As the numbers of
instruments being maintained dramatlically increased in the late 1960's, this interval was
perforce increased to 3 months. More recently, a general policy of servicing at a nominal
4~ month interval has been adopted (a selected group of instruments are being serviced at
6-month intervals), Since the current cost figures are based on a nominal 3-month service
interval, an increase to a 6-month interval will significantly decrease the maintenance
costs, although they are not expected to decrease by half since it is planned that more
time should he spent at each instrument when the service interval is lengthened. As a
part of the evaluation of maintenance procedures, zll of the older instruments are being
replaced with modern instruments, and the modern types of instruments in service are being
modified to bring them up to present specifications, This upgrading of the instruments
should raise the lower of the two sets of lines shown in figure 6.

From the recurrence data summarized in table 1 and the average costs of instruments
and maintenance (8400 per year), the costs per record for records with peak accelerations
greater than specified amounts can be obtained (see table 2). At most sites, the cost
doubles as the level of peak acceleration doubles, FEstimates of these costs for other
sites must be determined if planning criteria are to be firmly established. Since peak
accelerations on the order of 200 cm/sec:2 are the minimum levels of potentially damaging

motions, significant costs must be anticipated if we are to record potentially damaging
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ievels of ground motion at many of these sites.

The benefits that will be derived from the data that will be obtained must be esti-
mated in order to assess the proper gsignificance of these costs., Obviously, the first set
of data that will permit some of the unanswered questions regarding the nature of the
strong ground motions from earthquakes in the eastern part of the United States will be
of considerable benefit, whereas additional records at 50 cm/sec2 cbtained at many of the
sites in California are of little benefit. It is clear, in general, that those studies
that can be accomplished in the more active areas may cost one tenth as much as they would
in other areas of California. Thus, studies of local site effects should be planned for
Ferndale, Hollister, and Kl Centro, if the local soil conditions permit, Studies of low—
rise buildings should be conducted in these same regions, whereas studies of high-rise

buildings can be conducted only in the San Francico or Los Angeles areas.

GENERAT, OBSERVATIONS

Most of the strong-motion records obtained to date have been obtained in California,
and the techniques for estimating ground motion spectra are largely based on these records.
Preliminary evaluations for other regions of the United States suggest that the Mississippi
embayment and Yellowstone Park regions may provide as much data, and as inexpensively, as
some of the less active areas of California. On the other hand, high maintenance costs
in Alaska offset the advantage of the generally high level of activity in that region.

General information on the influence of local site conditions on the spectral ampli-
tudes of ground motion may be cobtaiped from the regional networks by placing instruments
in different geologic settings or at sites with different soil conditions. More detailed
studies will require an expensive instrumentation program including down-hole instruments,
These should be conducted in regions where the seismic activity is sufficiently high to
insure an adequate return on the investment in instrumentation and its maintenance.

Similarly, instrumentation designed to study soil failures through liquefaction or
landsliding can be incorporated into the regional arrays if areas subject to soil failure
are identified. Remotely recording instruments should be placed on the area of potential
landslide or liquefaction as well as on nearby stable ground. Extensive instrumentation |

for these studies should be installed only in highly active areas,
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The information necessary to assess the costs of chtaining strong-motion data from
all parts of the world should be assembled so that the greatest benefit mav be derived
for all concerned with earthquake hazards and the loss of 1ife that has occurred in past

earthquakes,
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Table 1 - Recurrence times for stations

installed for 40 vears

Total Number  Maximum Station Location Years /Fvent
Number of Accel -
Years  Records cm/sec a> 25 a 50 a > 100
a _in cm/sec
40 45 274 FERNDALE 1.5 3 6
40 11 230 EUREXKA 8 (15) -
40 3 124 GOLDEN GATE PARK -
39 6 52 ALEXANDER BUILDING (20) -
39 11 48 SOUTHERN PACIFIC BLDG (10) -
40 6 45 OAKLAND CETY HALL (12) -
40 6 56 BERKELEY (15) -
41 4 138 SAN JOSE -
30 32 191 HOLLISTER 2 4 8
40 9 172 SANTA BARBARA 10 -
40 3 100 WESTWOOD -
40 220 HOLLYWOOD (30) -
40 9 110 OCCIDENTAL BLDG 14 -
41 11 210 VERNON 10 20 -
41 10 250 LONG BFEACH 10 (25) -
40 4 100 PASADENA -
40 10 46 COLTON 12 (25) -
41 24 314 EL CENTRO 3 6 12
41 9 30 SAN DIEGO (20) -
4Q 13 38 BISHOP 8 -
36 7 42 HAWTHORNE 10 -
38 12 115 HELENA -

Numbers in parentheses are based on an insufficient amount of data.
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Table 2 = Summary of costs per record

Cost/Record in Dollars

Station Location Maximum

Accel a » 25 a > 50 a > 100

cm/sec in cm/sec2
FERNDALE 274 600 1200 2400
EUREKA 230 3200 (6000) -
GOLDEN GATE PARK 124 -
ALEXANDER BUILDING 52 (8000) -
SOUTHERN PACIFIC BLDG 48 4000 -
OAKLAND CITY HALL 45 (4800) -
BERKELEY 56 {(6000) -
SAN JOSE 138 -
HOLLISTER 191 800 1600 3200
SANTA BARBARA 172 4000 -
WESTWOOD 100 -
HOLLYWOOD 220 (12000) -
OCCIDENTAL BLDG 110 5600 -
VERNON 210 4000 8000 -
LONG BEACH 250 4000 (10000) -
PASADENA 100 -
COLTON 46 5000 (10000) -
EL CENTRO 314 1200 2400 4800
SAN DIEGO 30 (8000) -
BISHOP 38 3200 -
HAWTHORNE 42 4000 -
HELENA 115 -

Numbers in parentheses are based on an insufficient amount of data.
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OBSERVATION OF EARTHQUAKE RESPONSE OF GROUND WITH
HORIZONTAL AND VERTICAL SEISMOMETER ARRAYS

SATOSHI HAYASHI
Head, Structures Division
Port and Harbour Research Institute
Ministry of Transport, Japan

HAJIME TSUCHIDA
Chief, Earthquake Resistant Structures Laboratory
Structures Division
Port and Harbour Research Institute
Ministry of Transport, Japan

EITICHI KURATA
Earthguake Resistant Structures Laboratory
Structures Division
Port and Harbour Research Institute
Ministry of Transport, Japan

ABSTRACT

A horizontal seismometer array, having six observation points along a straight line
of 2500 meters in length, have been established at the Tokyo International Airport. Each
obsexrvation point is equipped with two horizontal seismometers. Downhole seismometer
arrays have also been established at two points, one at the end of the cbservation line
and the other at a point 500 meters inside from the other end of the line. The observa-
tion started in April 1974 and since then 28 earthguakes has been recorded as of June
1975. Correlations among the ground motions at the points on the ground surface and the
two points in the ground where the downhcle seismometers have been installed, have been
studied. The relative displacements between the points have also been studied.

It was assumed that there had been a straight pipeline made of steel along the obser-
vation line and the pipe motions had been egual to the observed ground motions. Then, the
stresses in the pipe were estimated, and it was found that the stresses due to axial defor-

mations were remarkably larger than those due to the bending deformations.

Rey Words: Arrays, Earthquakes, Ground motion, Records, Results, Seismometers.

1. Introduction

The Barthguake response analysis of ground over an area where a structure extends has
been recognized to be important and investigated by researchers and practicing engineers.
This is very important especially for ektending structures such as pipelines and subagueous
tunnels. Stresses in such structures due to earthquake ground motions depend not only on
acceleration but also on the relative displazement of the ground along the route. For that
reason, the earthquake response analysis of the ground along extended structures is

important.
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The data to be collected during earthquake studies should include the simultancous
recording of earthquake ground motions at several points distributed along a line or in an
area. The strong moticn earthquake instruments currently being operated in the world,
however, are installed to record ground motions at geparate points. Only a few observa-
tions of earthquake ground motions, with seismeometers arranged along lines, have been
utilized to cbtain basic field data {1, 2).

The authors have estabiished a horizontal seismometer array which consists of six
sets of seismometers located at an egual spacing of 500 meters along an observation line
of 2500 meters in length. Each set has two horizontal seigsmometers. Two downhole
seismometer arrays also have been established. The cbservation system was briefly re-
ported at the 6th Joint Meeting, U.S.-Japan Panel on Wind and Seismic Effects, U.S.-Japan
Cooperative Program in Natural Resources (3).

The observations were started in April 1974 and as of June 1975, 28 earthguakes have
been recorded. 1In this paper, some observation results and analyses of three of the 28
earthgquakes will be presented. Chservations, however, are being continued as is the

analysis.

2, Seismometer Arrays

The horizontal seismometer array has been established in the Tokyo Internaticnal
Airport, parallel to the C-runway, as shown in Fig. 1. The soil profile beneath the
array is shown in Fig. 2; the profile was constructed by engineering geologists based on
the two borings made for installation of the downhole seismometers and 62 borings which
had been made for planning and construction of the alrport facilities.

The seismometers, to observe ground surface motions, are installed at six observa-
tion points, designated as points A through F shown in Fig. 1. The distance between
adjoining points is 500 meters and total length of the observation line is 2500 meters.
Each point is equipped with transducers to observe the longitudinal and transverse com-—
peonents of ground accelerations. At the points A and E the vertical seismometer arrays
are installed; the lower seigmometers are at depths 67.2 meters and 49.6 meters below the
ground surface respectively. The downhole seismometers have three transducers to observe
longitudinal, transverse, and vertical components of the ground accelerations.

All the seismometers are of moving coil type whexe the output are recorded with four
electro magnetic oscillographs. Frequency ranges of the seismometers (within 10%) are
0.1 to 35Hz for the seismometers on the ground surface and 0.5 to 50Hz for the downhole
seismometers. The oscillograms were digitized for analyses with a computer on-line

digitizer at equal time intervals of 0.01 seconds.

3. Observation Results

Parameters of the three earthquakes, which are designated as TIA-3, TIA 6, and TIA-9,
included maximum accelerations at the cobservation points and other parameters are listed
in Table 1. The locations of the epicenters are chown in Fig. 3, in which the direction

of the horizontal seismometer array is indicated as D.H.A. The ground acceleration
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records (longitudinal component) of the earthguake TIA-3 at the points A, C, and E are

shown in Fig. 4, which is a computer plot of the digitized records.

4, DbDisplacement

Displacements of the earthguake ground moticns were calculated from the observed
acceleration time histories. For the calculation, operaticn of a seismograph to the
observed ground acceleration was simulated with an analog computer. The seismograph has
a pendulum with a natural period of 6.0 seconds and amped at 55% of critical. The geismo-
graph that was used is also being used in the network by the Japan Metecrological Agency.
Filtering was applied to the input and the output of the simulated seismographs in order
to eliminate components with periods longer than 10 seconds. The procedure used to cal-
culate the displacement was compared with the procedure developed at the California
Institute of Technology in the United States in their processing of strong motion acceler-
ograms. The displacements calculated by both procedures agrees very well, when the dif-
ference between the freqguency ranges of the integrations in both procedures are taken
into account.

The calculated displacements for the earthguake TIA-3 are shown in Figs. 5 and 6.
It can be geen from these figures that the displacement time histories, at all the obser-
vation points, are wvery similar to each other. The wave forms cof the earthguake TIA-6
was similar to earthquake TIA-3 as shown in Figs. 5 and 6. However, earthquake TIA-9
did not show any similarity as the case of the other earthquakes. The maximum ground
displacements at the points are listed in Table 1.

From the calculated ground displacements, the relative displacements of the two
points adjoining each other were examined. The maximum relative displacements are listed

in Table 1.

5. Wave Propagation

The cross correlation functions were calculated between the time histories of the
calculated ground displacements at the points. The time-shifts for maximum correlation
were then obtained, as given in Table 2. The time histories at point F were used for all
calculations of the cross correlation function.

If it is assumed that the waves propagated from the epicenters straight along the
ground surface, the velocities of the wave propagations are estimated as 5.3, 5.9, and
4.4 km/sec for the earthquakes TIA-3, TIA-6, and TIA-9, respectively. It should be
noted, however, that regardless of the locations of the epicenters the cross correlation
analysis implies that the waves will arrive at point F sooner than at point A,

Fig. 7 is a hodograph at point E from 10 to 20 seconds after the origin of the record

of the earthquake TIA-3.
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6. Stresses in Underground Pipeline
Based on the earthquake records, induced stresses in steel pipelines due to the
ground motions were calculated. In performing these calculations the following assumptions
were made: 1) steel pipes of different diameters were buried in the ground along the
observation line. 2) displacements of the pipes at the cbservation points were equal to
the ground displacements calculated from the recorded ground accelerations.

Maximum axial strains of the pipes were calculated from the maximum relative longitu-
dinal displacements between two adjoining cbservation points. Where the axial strain means
a strain due to the longitudinal component of the ground motion. The axial strain was
assumed to be uniform between the two points.

In calculating the maximum bending stresses, using the deflection curves of the
pipelines, were estimated as follows; three adjoining observation points were selected
and a parabolic curve was fitted to the displacements at the three points. This curve
was considered as the deflection curve of the pipelines, and the maximum bending strain
in a segment of the pipelines under consideration was then calculated. This procedure
was applied to four combinations of the observation pointsand for different 0.0l second
time intervals, over significant part of the ground motion records. Then, with the
maximum bending strain of the earthquake under consideration, the largest value was selec-
ted among the maximum bending strains calculated for different segments and times.

The calculated maximum axial strains and the maximum bending strains were converted
into stresses and listed in Table 3.

Engineering requirements for oil pipelines have been established under 0il Pipelines
Enterprise Law (5, 6), and a design formula to estimate stresses in steel pipelines due
to earthquake ground metions is given. Comparison ratio of the maximum acceleration
recorded by the downhole seismometers to the acceleration of gravity was taken as a design
seismic coefficient. Stresses were then calculated by the formula in the assumed pipe-
lines along the observation line with the results shown in Table 3. 1In these calculations
the displacement of pipeline was considered to be equal to that of the ground. It will
be noted, however, that other engineers may reach slightly different results with the same
formula, since the details of application of the formula depends on judgement of each

engineer.
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Building Strong=Motion Earthquake Instrumentation

CHRISTOPHER ROJAHN
U.S5. Geological Survey, Menlo Park, California

ABSTRACT

Based on the recommendations of a special ad-hoc committee, twenty—-one
geographic areas will be instrumented under the bullding instrumentation
phase of the California Strong-Motion Instrumentation Program, a statewide
program established by law in 1971 and funded through an assessment of
estimated construction costs collected statewide from building permits.
The areas were selected on the basis of population density, locations of
buildings already instrumented, and the probability for potentially dam-—
aging earthquakes. Buildings to be instrumented will be of typical
construction, simple in framipg and design, and of various heights with the
instrumentation of low-rise buildings emphasized, Remote recording instru-
mentation, consisting of single or multiaxial accelerometers connected via
data cable to a central recorder, will be installed in each building., The
accelerometers will be placed on the lowest level, at the roof level, and,
in many cases, at one or more intermediate levels. The instrumentation
will be situated $7 as to separately record both translational and
torsional response.

On the basis of current projected revenues, and instrument procure-
ment, installation and maintenance expenses, it is estimated that as many

as 400 buildings may be instrumented under the State program,

Key Words: Buildings, Instruments, Strong Motion
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INTRODUCTION

In 1971 the State of California established a Strong-Motion Instrumentation Program
to assure the development of a scientifically sound distribution of stromg-motion instru-—
ments throughout the State. The California Division of Mines and Geology (CDMG) operates
the program with the advice of an Advisory Board, Funding is provided by a ,007 percent
(7¢ per $1000) assessment of estimated construction costs collected statewide from
building permits.

During the first two years the program was in effect (1972-73), the instrumentation
of ground or '"freefield" sites was emphasized and all available funding was used to pur-
chase and install strong- motion accelerographs for that purpose. 1In 1974; with the
"freefield" instrumentation phase of the program well established, a large segment of the
avallable funding was channeled for use in instrumenting buildings, the second priority
of the program, At the request of the CDMG and its Advisory Board, a set of detailed
guidelines for selecting and instrumenting buildings was developed by a special ad-hoc
committee, Those guidelines, their background and subsequent implementation, are the
subject of this paper. Similar guidelines, not discussed herein, have also been developed
for a third phase of the program in which dams throughout the State are being instrumented.

The basic objectives for the building instrumentation phase of the State program
were adopted by the Advisory Board's Site Selection Committee in mid—1973 as follows: to
place a high priority on instrumenting buildings in Zone IIl of the Preliminary Map of
the Maximum Expectable Earthquake Intensity in California, figure 1 (Alfors, Burnett, and
Gay, 1973), and a lower priority on instrumenting buildings in Zome II; to place the
highest priority on instrumenting buildings located within five miles of the major faults
along which there is significant activity; to seek the assistance of the Structural
Engineers Association of California in selecting buildings to be instrumented under the
program; to select representative types and heights of buildings; to instrument many
buildings moderately rather than a few buildings extensively; and to use remote recording
accelerograph systems with accelerometers located so as best to record both translational
and torsional response of each building, With these objectives and at the request of the
Site Selection Committee, the specially appointed ad-hoc committee (the Subcommittee on
Instrumentation for Structures) developed a series of guidelines defining ﬁhere, which
types, and how buildings should be instrumented under the program. Those guidelines,

discussed in detail helow, are now being implemented.
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GEOGRAPHIC DISTRIBUTION OF INSTRUMENTED BUILDINGS

In adopting its objectives for the building instrumentation program, the Site
Selection Committee stipulated that areas within Zone TIT (zone of maximum expected
intensity) of the Preliminary Map of Maximum Expectable Earthquake Intensity in California,
and especially areas within five miles of the major active fault zomes, should be given
highest priority for the instrumentation of buildings. Tn light of these stipulatiomns
and considering population densities, locations of buildings in which strong-motion
instrumentation had already been installed, and a best~educated-guess on the probability
for potentially damaging earthquakes in wvarious areas throughout the State, the Subcom—
mittee on Instrumentation for Structures established a list of 21 areas recommended for
instrumentation and suggested how many buildings should be instrumented in each area
(expressed as a percentage of the total number of buildings to be instrumented). With
the exception of the highly populated San Diego area, all selected areas were either in
or immediately adjacent to Zone III. The area along the Hayward fault between Milpitas
and Geyserville was selected for the largest number of buildings because of the high con-
centration of builldings adjacent to the fault, high probability for potentially damaging
.earthquake activity, and lack of existing instrumented buildings. The area along the San
Andreas fault between Los Gatos and Fort Bragg was chosen for similar reasoms. In Los
Angeles, where a large number of mid- and high- rise buildings have already been instru-
mented under the terms of the city ordinance, the concentration of buildings and proba-
bility for potentially damaging earthquake activity were also considered to be high and
the need to instrument low-rise buildings was considered to be great. A slightly lower
number of buildings were recommended along the Calaveras fault system as it extends from
San Jose to Napa, along the San Jacinto fault from Cajon Pass to Hemet and from Hemet to
Fl Centro, and along the San Andreas fault from Cajon Pass to Calipatria. These areas
were considered to have a high probability for potentially damaging earthquake activity,
moderately dense populations, and few instrumented buildings., In the remaining selected
areas, a relatively small number of buildings were recommended because of lower population
densities and postulated lower potential for seismic activity.

Because of the manner in which seismic waves Propagate and attenuate in the California
region (high frequencies tend to attenuate more quickly with distance than lower

frequencies, which tend to be more pronounced away from the source of energy release) and
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the fact that the natural periods of vibration of buildings are approximately proportional
to the number of stories (the higher the building, the longer the fundamental period),
recommendations were made on the distribution of the height of instrumented buildings
relative to the distance from potentially active faults. Those recommendations, shown in
table 1, suggest that instrumented low-rise buildings (one to six stories) should be
within 10 miles (16 km) of the fault of dinterest, that most of the instrumented mid-rise
buildings (seven to fifteen stories) should be within a 25-mile (40-km) range, and that
most of the instrumented high-rise buildings (greater than fifteen stories) should be in

the 5- to 25-mile (8- to 40-km) range.

SFLECTION OF TYPES AND HEIGHTS OF BUILDINGS

In its interpretation of the legislation creating the State program, the Advisory
Board indicated that one of the primary objectives should be to provide data on which to
base improvements in engineering design practice. In light of this objective and the
general stiﬁulation that representative buildings throughout the State should be instru-
mented, it was recommended that: all major building types, construction techniques, and
materials should be equitably represented; each instrumented building should be rela-
tively simple in framing and design so that the response can be readily interpreted; and
the instrumentation of low-rise buildings should be emphasized.

In regard to building type, an attempt was made to ascertain an equitable distribu-
tion of the types of buildings shown in table 2. No recommendations were made with
regard to date of design or construction although it was believed that the instrumentation
of buildings designed since the Long Beach earthquake of 1933 should be emphasized.

With respect to the percentage distribution of instrumented building heights, it was
suggested that 28% of the Instrumented buildings should be in the cne to two-story range,
32% in the three to six-story range, 26% in the seven to fifteen-story range, and 147%
greater than fifteen stories (table 1). This distribution reflects the attitude that
low—rise buildings (one to six stories) should make up 60% of the total number of
buildings instrumented under the State program, The emphasis on low-rise buildings stems
from the fact that they are vastly more numerous throughout the State than their high-rise
counterparts, and that they have historically been more hazardous when subjected to strong

ground shaking (all known deaths in the 1971 San Fernando earthquake, for example,
III-29



occurred in low=rise buildings), TFurthermore, relatively few low-rise buildings had been

instrumented prior to the development of the State program.

SELECTION AND PLACEMENT OF INSTRUMENTS IN BUILDINGS

In general, it was recommended that all buildings instrumented under the State
program should be instrumented using remote recording instrumentation, consisting of
single or multlaxial accelercmeters connectedlvia data cable to a central recorder(s),
and that the accelerometers should be installed at locations prescribed by the guidelines
for instrumenting buildings developed by the author and R. B. Matthiesen {Rojahn and
Matthiesen, 1975).

Remote recording systems were recommended rather than triaxial optical-mechanical
self-contained accelerographs (triaxial accelerographs are presently required by the city
of Los Angeles and other municipalities that adopted similar ordinances) because remote
recording systems give greater flexibility for accelerometer placement, space requirements
are minimized, and the recorder can be centrally located for easy maintenance and record
retrieval, Furthermore, triaxial systems 1ike those presently required by the city of
Los Angeles do not provide enough data to isolate translational and torsional response, a
capability that forced-vibration tests (Goebler, 1969; Hart, DiJulio and lew, 1974;
Jennings, Matthiesen and Hoerner, 1972) as well as analyses of records from the 1971 San
Fernando earthquake (Blume and Associates, 1973; Gates, 1973) indicate is wvital even in
highly symmetrical buildings.

As a minimum, accelerometers should be placed on the lowest level and at the main
roof level, On the lowest level, it is recommended (as a minimum) that three orthogonal
accelerometers (two horizontal and one vertical) be attached firmly to the foundation or
floor near the center of plan with the horizontal accelerometers oriented parallel to the
transverse and longitudinal axes of the building. If the foundation conditions are such
that differential horizontal motion may occcur (Yamahara, 1970), one or more additional
horizontal accelerometers are reccmmended. In a building that is large and relatively
square in plan, two additional accelerometers should be positioned along and parallel to
two adjacent outside walls, whereas in a building that is very long in comparison with

its width, one additional accelercmeter positionad and parallel to ome of the outside end
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walls may be sufficient (figure 2a). If the building has a rigid mat foundation and
rocking motion is expected, two additional ve¥tical accelerometers are recommended. These
should be positioned so that rocking meotion can be recorded along any azimuth, i.e., one
vertical accelerometer should be positioned in each of three corners of the building
(figure 2b). Tn a building that is quite large in plan with significantly varying
foundation conditiomns, it is recommended that additional triaxial packages be installed

on the different foundation materials.

Instrumentation at the main roof level, as well as at all instrumented intermediate
floors, should consist of an array of remote horizomntal accelerometers arranged so as
separately to record both translational and torsional motion. If the roof or instrumented
floor is very stiff and is expected to be ripgid in the horizontal plane, only three
horizontal accelerometers are required. A biaxial pair should be located at the predicted
or known center of rigidity sc as to record pure translational motion along the trans—
verse and longitudinal axes of the building. The third accelerometer should be positioned
along and parallel to the most distant outside end wall so as to record torsional motion
(figure 3a). If the roof is not expected to be rigid in the horizontal plane, one or more
additional horizontal accelerometers is recommended. The location of each of these will
be dependent upon the expected response of the roof (floor). For example, in the case: of
a rectangular—-plan exterior shear-wall building with the roof (floor) diaphragm flexible
in the transverse direction and not in.the longitudinal direction, ome additional accelero-
meter is recommended. Tt should be positioned so as to facilitate the interpretation of
relative motion in the transverse direction between the end walls and the center of the
roof (floor) diaphragm (figure 3b). Because the most significant motions in building
response to strong ground shaking are normally in the horizontal direction, vertical
accelerometers are not felt to be as crucial above ground level as horigzontal accelero-
meters. If vertical response is of interest, however, vertical accelerometers sufficient
in number to determine all significant relative motions should be installed. In masonry-
wall buildings, for example, where ultimate strength is a function of bearing stress
(Mayes and Clough, 1975), the vertical accelerometers should be aligned vertically on the
wall(s) of interest at various heights throughout the building, including the lowest level,
Likewise, if the vertical response of a floor slab or heam is of interest (in any type of

building), multiple vertical accelerometers should be installed at the slab edges, or
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beam ends, and the mid-span.

The number of intermediate levels at which instrumentation should be installed is a
functon of the structural framing system, number of stories, architectural configuration
and known dynamic characteristics of the building. Unless mode shapes have been prede-
termined by forced-vibration or in-depth ambient vibration tests and intermediate level
instrumentation is not considered to be necessary, instrumentation should be placed at as
many intermediate floors as is economically feasible because the accuracy with which a
building's response to earthquake motion can he deternmined is largely proportional to the
number of levels instrumented. As a minimum, it is recommended that at least two inter-
mediate levels be instrumented in buildings hﬂving more than six stories above ground and
at least one be instrumented in buildings having three to six stories. The level(s) should
not coincide, 1f at all possible, with a nodal point of any of the modes of predominant
response (usually some or all of the first four modes). Close examination of the mode

"anti-node" areas for buildings uniform in

shapes in figure 4 indicates the most optimal
plan with height are located at about 25%, 40% and 70% of the above ground building height.
If no other information is available, it is recommended that one or two of these levels

be instrumented. If, however, mode shapes based on a computerigzed model of the building
are available, such mode shapes should be used to determine the optimal locations. Stiff-
ness discontinuities must also be considered in the process and should be instrumented
whenever their effect on mode shapes is unknown. Instrumentation at such locations could
elther serve as or complement the intermediate level Instrumentation recommended as
minimal, In some buildings, such as one having a slender tower on a wide base, the dis-
continuity is obvious, whereas in others, stiffness discontinuities may be revealed only
through a thorough investigation of the structural framing system.

Other recommendations designed to emhance and facilitate the analysis of records
obtained from instrumented buildings are as follows: '"free-field" accelerographs should
be located near each instrumented building in order to obtain data on site=structure
resonance effects and soil-structure interaction; the CDMG should collect and archive

plans, specifications, calculations, and pertinent construction and inspection records

for each instrumented building as well as site soil and geology descriptions.
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IMPLEMENTATION OF THE PROGRAM

“The above guidelines were submitted to the Advisory Board in mid-1974 and approved
shortly thereafter with the stipulation that they be regularly updated (perhaps annually)
as more geologic, seismological, engineering analysis and other pertinent information
becomes available. After approval, the CDMG solicited and received from the Structural
Engineers Association of California (SEAOC) a list of 54 buildings to be instrumented
under the first phase of the program., The size and location distribution of this first
set of buildings (figure 5) are not in exact adherence to the criteria established by the
above guidelines, though the basic intent of the guidelines certainly has been met.
Significant deviations from the recommended distributions will be rectified in subsequent
phases of the program.

On the basis of current projected revenues, and instrument procurement, installation
and maintenance expenses, it is estimated that as many as 400 buildings may be instrumented
under the State program (Califorpnia Division of Mines & Geology, unpublished report to
the California Legislature). The installation phase of the program is expected to be
completed in the year 2035, the time at which program revenues are expected to be suffiecient
only for covering instrument maintenance (a major cost), personnel (minimal staff), and

data analysis expenses.
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Table 1 - Proposed Distribution of Instrumented Buildings

as a Function of Distance from Fault of Interest,

in percent

Number of
stories 1-2 3-6 7-15 >15
Distance
from fault
in miles (km)
0-5 (0-8) 16 16 4 H
5-10 (9-16) 12 16 12 4
10-25 (16-40) 0+ O+ 8 8
>25 (>40) 0+ O+ 2 2

Table 2 - Recommended Types of Buildings to be Instrumented

I, One and two-story buildings.

A.
B.
Cl

Open frame type — gymnasiums, auditoriums.
Continuous frame = school classrooms, offices,
Box structures — commercial masonry or concrete wall

structures with flexible diaphragms.

II. Three to six-story buildings.

A.
B.
C.
D,

Frame.
Shearwall,
Combination.

Precast structural elements.

ITI. Buildings over six stories.

A,
B.
c.

Frame,
Shearwall.

Combination.
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Suggested additional
accelerometer for
recording differential
hor{zontal f0undat1on\

motion | Triaxial accelerometer

N //— package (minimum
T suggested {nstrumentation)

Plan of Lowest Level

LEGEND:
—> Horizontal accelerometer

. Vertical accelerometer

Figure 2a.- Suggested strong-motion instrumentation scheme for recording
differential horirontal foundation motion in a building
vhose length is very large in comparison with its width,

(.

Plan of Lowest Level

LEGEND:
—> Horizontal accelerometer

. Vertical accelerometer

Figure 2b.- Suggested strong-wotion instrumentation scheme for recording
rocking motion at lowest level,
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Plan of Upper Floor or Roof

LEGEND:
—> Horizontal accelerometer

Figure 3a.- Suggested strong-motion instrumentation scheme for roof {or
floor) expected tc be rigid in the horizontal plane.

Lt

Plan of Upper Floor or Roof

LEGEND:
— Horizontal accelerometer

l-Shear wall

SIS LI ITIII LSS

TIPS SIS
—

Figure 3b.- Suggested strong-motion instrumentation scheme for roof (or
floor) where relative diaphragm motion is expected in the
transverse direction.
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Figure 3.— Locations of buildings recommended for instrumentaticn under
the California Strong-Motion Instrumentation Program (1974
1975).
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ABSTRACT

This paper discusses the dynamic behavior of subsurface soil and rock layers on the
basis of acceleration records triggered during actual small to moderate earthguakes.
Borehole accelerometers are installed at four sites around the Bay of Tokve. These were
installed in 1970-74, in connection with the Tckyo Bay Loop Highway Project proposed by
the Ministry of Construction.

Important acceleration records were cbtained during sixteen moderate earthgquakes
(Magnitude - 4.8 - 7.2) which occurred near the area in September, 1970 through February
1975. From distributions of maximum accelerations at the four stations, it seems that
the surface magnification factors (ratios of the surface acceleration to the base acceler-
aticn) are large (2.5 to 3.5) at the soft clayey scil site, small (about 1.5) at the rocky
gite, and medium (1.5 to 3} at sandy soil sites.

Response spectrum curves from typical acceleration records are shown. Comparison of
the spectral curves from records obtained at three (or four) levels of onhe station during
an earthguake suggests that frequency characteristics at the several depths are compara-
tively similar. Also it seems that frequency characteristice of earthgquake ground motions
are influenced by seismic conditions (such as magnitudes, epicentral distances, etc) as
well as soil conditions at the sites.

Key Words: Acceleration records; dynamic¢ behavior; earthquakes; response spectra, soils.
1. Introduction

At the present there are more than 200 strong motion accelerographs (mostly SMAC type)
installed at the ground surface of various sites throughout Japan, which provide us with
ground motion records during strong earthgquakes. The number of stations, however, where
borehole seismometers are installed in the underground is comparatively less. To analyze

the dynamic behavior of the soil layers during earthquakes, the measurements of the earth-
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quake motions at the deeper levels below the ground surface seem very important. This
paper intends to present the results of seismic cbservation with use of borehole acceler-

ometers installed at four stations around Tokyoc Bay.

2. oCutline of Observation Stations

The Public Works Research Institute and the Kanto Regional Construction Bureau have
been measuring underground seismic motions at four stations around the Bay of Teckyo (1).
As shown in Fig. 1 the stations are located in Futtsu Cape, Chiba Prefecture; Ukishima
Park; Kawasaki City; Kannonzaki, Yokosuka City; and Ohgishima, Yokchama City. These were
installed in 1970 through 1974, in connection with the Tokyo Bay Loop Highway Project pro-
posed by the Ministry of Construction.

Depths of the borehole accelerometers and soil profiles at the four stations are
shown in Figs. 2 and 3 respectively. At the site of Futtsu Cape, where a comparatively
uniform sand layer exists, 3-component borehole accelerometers are set up at three levels,
the surface, =70 m, and -110 m. At Ukishima Park, consisting of reclaimed soils, silts,
clays, and sands, four pickups are installed at the surface, -27 m, -67 m, and -127 m.

At Kannonzaki, indicating a rocky layer (siltstone) with a shallow topsoil, three acceler-
ometers are set up at the surface, -80 m, and -120 m. Furthermore, at Chgishima, a newly
reclaimed island consisting of deep reclaimed sands and stiff clays, four acceleration
transducers are installed at the surface, =15 m, -38m, and -150 m. Each accelerometer

has three components - one vertical and two horizontal. Time dependent acceleration

waves are triggered on oscillograph papers.

3. BAgcelerxation Recoxds

Table 1 indicates a list of the earthquake records obtained during sixteen small and
moderate earthquakes (Magnitude = 4.8 to 7.2) which broke out near the area between 1970
and 1975. In the table the maximum accelerations in the three directions are listed, to-
gether with the dates and magnitudes of the earthguakeg. In the column of remarks of the
table H denotes the hypocentral depths and D means the ranges of the distance from the epi-
center to the stations. BAn example of the records triggered is shown in Fig. 4, which is
a set of acceleration records obtained at Ukishima Park during the earthquake (M = 4.8) of
September 30, 1970. Most’ earthquake records including those in Table 1 are digitized,

and their spectral characteristics are obtained (2).

4. Distribution of Maximum Accelerations Relative to Depth

The variation of maximum accelerations with respect to depths and the three components,
is illustrated in Fig. 5 for six typical earthquakes. The normalized distribution of maxi-
mum accelerations are obtained by averaging all data in Table 1. In the upper part of the
figure the maximum acceleration at the surface is taken as a unit, and in the lower part
the deepest is taken as a unit. From the figures the following conclusions can be derived,
relative to the distribution of underground accelerations during small and moderate ecarth-

quakes.,
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(&) The vertical distribution of underground accelerations with respect to depths var-
ies with stations, directions, earthquake properties, etc.

(b) Depths where the accelerations become one half of the surface accelerations at
Futtsu Cape, Ukishima Park, Kannonzaki, and Ohgishima are about 70m, SOm, more than lZOm,
and lSOm, regpectively.

(c) Accelerations at the deeper layers are close among the values at the four stations.
Accelerations at the surface, however, differ greatly among the four stations. Furthermore,
accelerations at the deeper layer of each station do not change with respect to depths.

(d) Ratios of the surface acceleration to the deepest acceleration are large (2.5 to
3.5) at the soft clayey soil site (Ukishima Park}, small (about 1.5) at the rocky site
(kannonzaki), and medium (1.5 to 3) at the sandy soil sites (Futtsu Cape and Ohgishima).

(e) Vertical accelerations are generally smaller (1/3 to 1/2) than the horizontal

acceleration.

5. Characteristics of the Response Spectra for Underground Motions

In order to show the frequency characteristics of underground metions, regponse spectral
curves for horizontal components of typical records are illustrated in Fig. 7 (3). The
abscissa denotes the natural period of a single degree of freedom system. The ordinate
indicates the maximum absolute response acceleration of the system with a damping ratio of
2%, when subijected to time dependent accelerations recorded at respective levels of each
station. These spectral curves indicate the following:

(a) It is apparent that frequency characteristics of acceleration records cbtained
at one station during an earthquake are very similar among the three or four layexs of the
station.

(b) By comparing (A) with (B) of Fig. 7, it is seen that frequency characteristics at
one station considerably differ between records obtained during the two different earth-
quakes. Pig. 7 (A) shows the spectra at Ukishima Park for a small and near earthquake
(M =4.8, A =10 km), and Fig. 7 (B) shows the spectra at the same station for a moderate
and distant earthquake (M = 7.2, A = 320 km). The characteristics of these two spectra
are very different.

(¢) By comparing the spectra at two stations (whose seil conditions are considerably
different, for example, Fig. 7 (B) and (D) during an earthquake, it is seen that the general
characteristics are very close, and that the responses in the range of longer periods are

predcominant at the soft soil site (Ukishima Park).

6, Conclusions
From the analyses of underground seismic acceleration records, obtained during small
and moderate earthguakes with magnitudes of 4.8 to 7.2, the following conclusions can be
drawn.
(a) The distribution of the maximum accelerations, with respect to depths, changes

considerably with the change of soil conditions near the ground surface. Ratios of the
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surface acceleration to that at the deeper layer (110 to 150™) are about 1.5 at a rocky
ground, 1.5 to 3 at sandy grounds, and 2.5 to 3.5 at a very clayey ¢round.

(b) Although the acceleration values are smaller at deeper layers, frequency charac-
teristics of underground seismic motions are close to those of the surface motions.

(¢} It appears that the characteristics of earthquake ground motions are influenced
by seismic conditions such ags magnitudes of earthquakes, epicentral distances, etc., as

well as soil conditions at the site.
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Table 1 Maximum Accelerations during 16 Moderate Tlarthquakes
Since Sept., 1970 (in gals)
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2201972 | NS | 461 | 323 | 186 ) 103 | 133 (122 i
= 99}
3 M~ 72 BEW 516 | 236 | 216 L] 8.6 | 149 [L46 ]
E OFF L] Pl At=300kem
Hachijo uD 1721109 1183 | ] 60 | 113104
1 — R
10181972 | NS 64 | 35| 2t | 65 58| 37 a1 6.1 46 | 31 e B0k
= m
4| M-s1 EW | a0 33| 25 |120] 96| 21| 36 |tre | 30| 3 ]
Northern / 2:+50~70 km
Chiba-ken uD 28 13 ] 12 | 4z| 28| 16| 11 10 | 21 18
11 61972 | N§ 2.8 16| o8 | 33 a2| zo| L8 He a0k
= m
5| M=s51 EW 32| 14! 14| 81| 63| 25| 16 ]
W / £5°=60~- 90 km
fbaraki-kem g 18] 08 09| 22 14] 09| o9
12. 41972 | NS 200( 146 | 741 64 65 | 10.1 104
M=T7.2 P H=50km
6| 5 oit EW 156( 113 | 71{ 47 73 | 106|107 / P
Hachijo uD 41| a8 30| 30 - )
12, 81972 | NS 123 | 12| 32 |te1] 93| 53| 44 83 | 5.0 12 ” He90k
= m
7 M= 48 EW 70 | 36| 85 |134] 104 42| 33 [168 | 59| 5.3
Northern / =30~ 40 km
Tokyo Bay | yp a0 | 18| 21| 37| 24| 16} 15 | 61 | 25| 25
3271973 | N& | 475 | 307 | 74 B 186 |259 |168
/,/ | He=6 0 ki
51 M-a48 EW | az1 [ 123 |137 { 315 |267 ] — ‘\/4
Tolyo Bay ) ) / e=; 20 40 km
i3] 71 | B5 | 58 85 | 93] 54 | ]
12221973 | Ng 10s | 85| 28 130 | 64| 60 He70k
~70km
3| M=s0 EW 726 | 43| 78 L 184 | 73 74 /4/ n
Southern D=z B~ 5 km
Chiba-ken | UD 34| 18 | 23 63 | ao| 3s | 7]
. 819 § . . . : 5 =10 km
5 81974 | NS 380 | 223 | 287 > 300 | 147 j115 4 At 1 20
10] M=869 EW | 406 | 264 137 377 177 j224 ot lzu
S Coast of ] ~ Pen. B
Tzu Den. up 139 17 125 | 69| 55
7 B1974 | NS 4.1 24 | 08 | 42{ 20| 29| 10 | 35 | 19 s Hesok
= m
11| M=s3 EW 33 | 12| 20| a3| 07| irz| 17 36 1o 20 | oo 1
Off lbarak ae=160~
e D 23] 17 13| 18] 10} o] 10 f 2o | 19| sz
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ABSTRACT

This report discusses a guantitative relationship between a ratic of earthguake damage
of existing wooden houses and seismic intensities.

The ratio of earthquake damage of the houses is useful not only for understanding
house and building design criteria but for presuming the damage ratio of other structures
such as bridges, roads, public utilities, etc.

Using statistics of disaster documents on short distant earthquakes; Fukul Earthquake
(M = 7.3, 1948), Isuhanto-0Cki Earthgquake (M = 6.8, 1974) and Ebino Earthquake (M = 6.1, 1968)
the relationship between the ratic of razed houses and epicentral distances or magnitudes
of earthquakes was analyzed. The equivalent ratio of razed houses in earthquakes (D1) and

the original ratio of razed houses (D2) are defined as;

Number of Razed Houses + (0.5 x Wuwber of Hal? Razed Heouses
St - <
Total Number of Existing Houses

D] =

Number of Razed Houses .
D2 = T5TaT Numver of Exisring Houses 160 (%)

Conclusively Dl in the area of diluvium or tertiary (given as D__) and in the area

11

of alluvium (given as DlII) can be tentatively expressed as follows:

D11 = K1 x IOkI

. K
Dypr = Kyp x 1011

where KI and KII are respective constant values, KI and KII are functions of epicentral

distances and earthguake magnitudes.

Moreover D1 and D2 correlate with each other and D2II {(in the area of alluvium)

is greater than D (in the area of diluvium or tertiary).

21

Key Words: Classification, Damage, Seismic, Intensity, Wooden Houses.
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1. Introduction (1, 2)

This report discusses relationships among damage of houses, loss of human life,
epicentral distances and earthguake magnitudes, using documents obtained in earthquake
disasters relative to the Fukui Earthquake (M = 7.3, 1948), Isuhanto-Oki Earthquake (M =
6.8, 1974) and Ebinc Earthquake (M = 6.1, 1968).

2. Classifications of Damage Due to Earthquake (2)
Damage due to earthquakes can roughly be classified from the disaster documents, as

shown in Fig. 1.

3. Analyses on Distributions of Earthquake Damage Ratios
In order to analyze earthguake damage of existing wooden houses, earthgquake damage

ratios are defined as follows,

number of razed housegs + 0.5 x number of half razed houses
1 total number of existing houses

D. = numbexr of razed houses (2)
2 total number of existing houses

D. = number of houses burnt (3)
3 7 total number of existing houses

D = nunber of houses lost by floods (4)
4 total number of existing houses

D = number of houses inundated (5)
5 total number of existing houses

where

equivalent ratios of razed houses due to earthguakes,

-

; original ratios of razed houses due to earthquakes,
ratios of houses burnt due to earthquakes,

; ratios of houses lost by floods due to earthquakes,

[ I = A A - |
(LU NS S

ratios of houses inundated due to earthguakes.

~

similarly, earthquake damage ratio for human lives axe defined as follows.

_ number of death by razed houses + number of igjured by razed houses

Dg = population respected (6)

D = numpber of death by razed houses 7
7 population respected

D = number of heads burnt to death + number of injured by fires (8)
8 population regpected
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D = nuncer of heads burnt to death 5
] population respected {9

- nunber of heads drowned (10)
10 population respected

where
D6 i ratios of death and injured due to earthquake,
D7 ; ratios of death by razed houses,
D8 ;7 ratios of heads burnt and injured by fires,
D9 ; ratios of heads burnt to death,
D ratios of heads drowned.

10 ¢

b) Earthquakes Employed
In this analyses, three earthquakes, so called short distant earthquakes are
employed as follows,

(1) 1948, June, 28 Fukui Earthquake (5, 6); magnitude M = 7.3, focal depth H =

20 .

(2) 1968, February, 21 Ebino Earthquake {7); magnitude M = 6.1, focal depth H =
o km.

(3) 1974, May, 9 Isuhanto-oki Earthquake (8); magnitude M = 6.8, focal depth H =
20 km.

c) Distribution ¢f the Ratios of Razed Houses
The relationghips among the ratios of the razed houses, the epicentral distances
and magnitudes of the subgrounds are classified in two types;
type 1; deluvium and Tertiary
type 2; alluvium (9)
According to preliminary analyses, relationships between the equivalent ratios and
epicentral distances can approximately be expressed by exponential functions as shown in

Fig. 2 (5, 10). Since the above, the damage ratio is assumed as follows,
.4
Di=a-10"""(loghi =g8. 4+10ga ) , (11

where & and B are coefficients statistically obtained from topographical distributions
of actual damage ratio and A is the epicentral distance.

o and B with respect to the earthquakes and the types of subground properties, are
estimated as shown in Fig. 3, Substiputing the values of 0 and B into Eg. {11}, D, with

L
respect to the type of subground properties can be expressed as follows,
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Dip (4 - M) = 1 X ] 00625M+00254N—02724 , (12)
- 164

1 IM-02484
Dl (4 -M)= g X 1 005 TEM+0026IM-0248 , (1)

where D is the equivalent ratioc in respect of type 1 of subground properties and

11}
Dl:I; is the equivalent ratio in respect of type 2.

Equations (12) and (13} are applicable to following cases,
6.0« Mg 7.0 and 5.0 KM g A& = 40.0 XM

where Fig. 4 shows various relationships.

d) Correlations Between the Equivalent Ratios of Razed Houses and Original Ratios
of the Razed Houses

In Fukui Earthguake, correlation between the original ratios and the types of
subgrounds, are shown in Fig. 5. Further details on the subground type 1 are shown in Fig.

6, where the numbers with circles represent the following:

1 ; mean values of the ratio,
2 and 3 ; limits for confidence levels with five percent,
4 and 5 ; 1limits for confidence levels with two percent and
6 and 7 ; limits for confidence levels with one percent.

As shown in Fig. 6 four out of fourteen data are scattered beyond the domain of the
one percent interval because of the rough classification of the types of subgrounds and
nonuniformity of capable loads of the houses.

Regression ccefficients of the ratios {(gradients) increase with increases of earth-

guake magnitude, as shown in Fig. 7.

4, losses of Human Lives (5, 12)
H. Kawasumi relationships between damage of houses and losses of human lives are used

and are given as follows, (l1)

number of razed houses ; N - 0.2X 1 Q2(M 8) , (14)
number of houses burnt ; B -1 05 N2 » (15)
number of death Y oon -1 0-2 NLZ5 .- pgll2s 0625 , (16)

where M means earthguake magnitudes.
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Eq. (16} is available only to estimate total numbers of death and not the ratio of
death. With respect to the type 2 subground properties in the Fukui Rarthquake, rela-

tionships between the equivalent damage ratio and the ratioof death can be expressed as

follows,
the ratio of death and injured 5 21 03 Dyy? . (17)
the ratio of death i3~ 107 Dg? s (18)
where DlII means the equivalent ratio of razed houses.

The above indicated that death and injury increases progressively with increase of

the damage ratio.

5. Conclusions

a) According to the statistical analyses using documents concerning earthquake digsas-
ters, the damage ratios of wooden houses can be expressed as functions with respect to
the types of subground properties, epicentral distances and magnitudes of earthquakes.
The trend between the ratio and the components is as follows: -

subground properties;

Relatively small damage ratios for subground type 1 (stiff and sound} and
relatively large damage ratios for subground type 2 (soft).

epicentral distances;

Larger damage ratios for shorter distances, and magnitudes of earthquakes
(Richter scale);
Larger damage ratios for larger magnitudes
k) Although the value of the functions of the ratios near epicenters statistically
exceeds 100 percent in some cases it seems that the capacity of the structural material
is gmaller than the actual vibratory loads induced in.the earthguakes concerned.
¢) Under a constant value of equivalent damage ratioc, the trend of the original
damage ratic is as follows,

subground properties:

Relatively small damage ratios for subground type 1 and relatively large
damage ratios for subground type 2 in Fukui Earthquake, and magnitudes of earthquakes;
Larger damage ratios for larger magnitudes when comparing Fukui and Ebinoc Earth-

quakes.
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Fig.¢ Distribution of earthquake damage of Wooden houses

in Fukui Earthquake
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Fig.d Distribution of earthquake damage of Wooden houses
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A METHOD FOR CALCULATING NONLINEAR SEISMIC RESPONSE
IN TWO DIMENSIONS

WILLIAM B. JOYNER
Office of Farthquake Studies
Branch of Earthquake Hazards

U.S.G.8
Menlo Park, California

ABSTRACT

L method is presented for calculating the seismic response of two-dimensional config-
urations of soil testing on bedrock. The methed, which is based on a rheclogical model
suggested by Iwan, takes account of the nonlinear, hysteretic behavior of soil and offers
considerable flexibility for incorporating laboratory data on soil behavior. An approxi-
mate treatment of the boundary conditionsg ig employed which permits energy to be radiated

into the underlying medium. Examples are shown to illustrate the method.

Key Words: Bedrock, Modeling; Rheological, Two-dimensions, Seismic Response.

1. Introduction

Numerical calculations of the effect of local site conditions on strong earthquake
ground shaking play a major role in the design of important structures for earthquake
resistance. Most such calculations at present employ one or both of two major simplifi-
cations. The first simplification is the use of one-dimensional models. 1In such models
conditions at the site are represented by a system of horizontal soil layers resting on
a semi-infinite elastic medium. The source of earthquake energy is represented by a verti-
cally-incident shear wave in the underlying medium. Serious reservations have been expres-—
sed about such models (Hudson, 1972; Newmark and others, 1972), and their range of appli-
cability is a subject of considerable dispute.

The second major simplification has to do with the nonlinearity of the stress-strain
relationships of soils. The one-dimensional problem was solved for the case of linear
visco-elastic layers by Kanai (1952) some years ago. When we are dealing with input motion
sufficiently intense to cause severe damage to structures, however, we cannot assume linear
behavior over the entire range of strain. To do so would imply stresses many times greater
than the strength of typical materials as measured in the laboratory. To circumvent this
difficulty, the method in common use is what is called the "equivalent linear method"
(Idriss and Seed, 1968; Schnabel, Seed, and Lysmer, 1972). It is based on the assumption
that the response of the system can be approximated by the response of a linear model whose
properties are chosen in accord with the average strain that occurs in the model during
excitation. The average strain level is found by iterative calculation. The equivalent
linear method has been applied to two-dimensional as well as one-dimensional models

(Idriss and Seed, 1974).
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Recently, a number of workers have developed truly nonlinear methods of solving the
one-dimensional ground response problem (Streeter, Wylie, and Richart, 1974; Constantopolous,
1973; Faccioli, Santoyc V., and Leon T., 1973; Papastamatiou, written communication; Chen
and Joyner, 1974; Joyner and Chen, 1975). Streeter, Wylie and Richart (1974) have extended
their method to two dimensions by replacing the continuum with a latticework of cne-dimen-
sional elements.

The method of Chem and Joyner (1974) is based on a rheological medel proposed by
Iwan (1967). In his paper Iwan extended the one-dimensional model to three dimensions.
application of the extended Iwan model leads to a rigorous and efficient method for comput-
ing the seismic response of two-dimensional soil configurations. The present paper des-
cribes that method.

Two=-dimensional computations have potential application for determining free~field
site response in cases where one-dimensional models are inadequate. In addition, such
computations have a special application of particular importance in evaluating the response

of earth dams.

2. Basic Computational Scheme

The computations are done step by step in time over a grid. ¢f discrete points. The
displacements of grid points are congidered small, and the movement of material relative
to a fixed frame of reference is neglected. The soil mass is divided into prismatic
elements of infinite length, either sguare or right-triangular in cross section. The soil
is underlain by a semi-infinite elastic medium representing bedrock. The velocities of
both P and S waves in the underlying medium are assumed large compared to the velocities
in the soil. The sources of seismic disturbance lie in the semi-infinite medium. Figure
1l is a schematic illustration of a possible configuration.

For square elements the mass is divided equally among the adjoining nodes. In some
of the examples presented later, the mass of triangular elements is divided equally
between the two nodes on the horizontal leg of the triangle. 1In others the mass is
divided equally among all three adjoining nodes. The latter procedure is preferable, but
the difference should not be significant.

The behavior of the system is described in terms of the three components of particle
velocity Vi at the nodes and the nine components of total stress Sij and strain Eij for
the elements. The state of initial stress prior to seismic disturbance may be Lncluded
in the formulation of the problem. Mean stress UM and deviatoric stress Oi. are defined

by the equations
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where the repeated index denotes summation and Sij is the Kronecker delta. Mean strain

ey and deviatoric strain eij are defined by the corresponding equations

M kk (1)

For both deviatoric stress and deviatoric strain only five components are independent.

A simplified outline of the sequence of computations is as follows:

1. At each node the components of particle velocity Vi are known at time t, and,
for cach element, the mean gstress OM and deviatoric stress Gij are known at time (t - At/2).

2. The values of Vi at time t are used tc compute the change in mean strain AeM and
deviatoric strain Aeij for a time interval At centered about t.

3. The values of AeM and Aei. are used in conjunction with the constitutive relations
described in the next section to cbtain the change in mean stress AOM and the change in
deviatoric stress Aoi., which are used to update the stress components to time (t + At/2).

4. From the stress components at time (t + At/2), the corresponding force on each
node is determined and this is added to the gravitational force to give the total force on
the node.

5. Values of the total force on a node at time (t + At/2) are used to update the
particle velocity v, to time (t + At).

The increment in strain over a time At is given by

avi - v,
AE. . = 1/2 (= —3) At (2)
1] cxj cxi

Once the increment in total strain is known, the increment in mean strain and deviatoric
strain can readily be found using eguations (1).

Particle velocities are assumed to be independent of the %, coordinate, so that

The quantity BVi/ ij, for values of j other than 2, is approximated in terms of the
particle velocities at the nodes. Consider the two elements diagrammed in Figure 2 with
the nodes numbered as shown. For the triangle assume that the velocity within an element

is a linear function of position. This leads to the expression

3
TRIORRACIS

B;’i 2V, () =V, (@) /ax (3)
d%q

where Ax is the nodal spacing and the numbers in parenthesis refer to the nodes. Corres-

ponding expressions can be derived for triangles of other orientations. The square
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elements are considered as two triangles within esach of which velocity is a linear function
of position. It does not matter which diagonal is used to divide the sguare into triangles,
the result is the same. Averaging the values from the two triangles gives for the square

elements

V. - -V (
i (v, 08+ v, (3 v, Vi(i))IZAx

Y5 o (T, (D) + V(0 =V (2) - v (3)) /28 (4)

Equaticns (1) through {4) are used to obtain the strain increments AeM and Aeij for
the elements from the wvelocities Vi at nodes. The strain increments are used with consti-
tutive relations described in the next section to obtain stress increments AUM and Aoij,
which are accumulated to give the stresses GM and Gij in the elements.

In order tc advance from one time step to the next, it is necessary to compute the
forces on the nodes. The force on each boundary segment of an element resulting from
stress in that element is computed using Cauchy's formula (Fung, 1265, p. €3). Half the
force on the boundary segment is applied to the node at one end of the segment and half
to the node at the cther end. The total force on an internal node is simply the sum of the
contributions from all the boundary segments connected to that node plus the gravitational
force on the node. The nodes along the outer boundary of the basin are subject to an
additional force resulting from stresses in the external medium. The part of the additional
force that is constant in time is computed from the initial state of the system by applyving
the requirement of equilibrium. The dynamic boundary resulting from seismic disturbance
is. handled by methods described in a subsequent section of the report.

From the total force Fi acting on an internal node, the velocity of that node in the

next time step is given by

Vi (t + At) = Vi(t) + FiAt/m (5)

where m is the mass lumped at the node. Computation of Vi for nodes along the boundary

with the underlying medium is described in the section on boundary conditions.

3. Constitutive Relations

The stress-strain model used in the computations was given by Iwan (19267). The one-
dimensional version of that model for simple shear is shown in Figure 3. It is composed
of simple linear springs and Coulomb friction units arranged as shown. The friction
units remain locked until the stress on them exceeds the yield stress Yi' Then, they
yield, and the stress across them during yielding is egual to the yield stress. Generally,
the vield stress ¥. of the first unit is set to zero. The spring constants Gi are chosen

1
so as to reproduce stress-strain behavior measured in the laboratory.
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The type of hysteresis loops that such a model produces is shown in Figure 4, which
illustrates the behavior of a single soil element subject to c¢yclic shear loading of in-
¢creasing amplitude. The loops of Figure 4 are plotted in terms of reduced stress and
reduced strain - scaled in such a way that the maximum stress on the sample is one unit
and the low-strain modulus has a value of one. The spring constants of the model were
chogen to give the behavior as a function of strain indicated by the experimental work of
Hardin and Drnevich (1972a, 1972b). The model of Figure 4 contains 50 springs and 50
friction units.

In order to extend the model to three dimensions, Iwan (1967) introduced an extension
of the standard incremental theory of plasticity (Fung, 1965). Instead of a single yield
surface in stress space, Iwan postulated a family of yield surfaces. The development of
the constitutive relations given below follows Iwan with minor modifications.

The relationship between mean stress and mean strain is presumed elastic so that
= do
de, = do,/3K (6)

where K is the bulk modulus. The deviatoric stress Gij is congidered as a vector in nine-
dimensional space, and a family of vield surfaces is postulated, represented by the yield
functions

a ) =%

Fn( nij n

95 "

where kﬁ is a constant characteristic of the nth surface and unij represents the "origin"
of the surface. The total deviatoric strain eij is presumed to consist of the sum of an

elastic strain e 5 plus plastic strain components e each associated with the nth

Ei Pni
vield surface. Kinematic hardening of the Prager type is assumed so that

da = C de
n

i )

fnlj

where ¢, is a constant associated with the nth surface.
The plastic strain increments must be normal to the corresponding yield surfaces.

This gives

- 3 :
dePnij =L hn o (8)
0.,
1]
where
L =0if F <k 2 or BFn do,, < O
! n n g ij '
1j
L =14fF =k and *'n do.. > O.
n n n ij -
00, .
1]
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The requirement that lcading from a plastic state must lead to another plastic state can

be used to determine hn (Fung, 1965, p. 147-151).

a (aFn/ach) dorS
Cn (BFn/Sckl)@anackl)

h =
n

The elastic deviatoric strain is given by

=g,,/2G
Cpiy 13T e
where GO is the low-strain shear modulus.

Summing elastic and plastic strain increment components and substituting from equa-

tions (8) and (9) gives the total deviatoric strain increment

deyy = Quypg o ¥+ doy /26, (1n)
. ) (3F_/3
where Qijrs -1 L (BFn/a°1J)(3 AL,

C, (BFnlaokl)(BFn/ackl)

Eguation (10} i1s to be solved for ddrs in terms of deij, but first it should be
noted that only five of the components of dgrs are independent. Five independent compon-

ents are selected, and using the relationships

rs Sr

and

11 22

equation (10) is rewritten in terms of the independent components.

an
. $ 7. dga. P, dO L
I PRI TITIC TR ELE It E I SEE R S

where (i,j) takes on the wvalues (1,1), (1,2), (1,3), (2,3), and (3,3). The coefficients

are given by
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L (aFn/aaij)(aFn/ac11 - an/agzz)

P =1 n
1311
Cn (BFnladkl)(aFn/ackl)
Pijlz - g Ln (aFn/acij)(BFn/aa12 + an/EUZI)
Cn (3Fn/30kl)(3Fn/BUk1)
Pij13 - x L (BFn/Buij)(BFn/acl3 + 8F_/954,)
3 kaFn/aakl)(aFn/aokl)
Pij23 - é o (aFn/aoij)(BFn/3023 + 3Fn/3032)
Cy (B f30, ) (37 /09, )
- L (3F /[3c, , )Y(3F /oo - 3F [30..)
Pij33 = g n n i4 n 33 n 22

(BFnlackl)(BFn/Bckl)

By solving equation (6) and (11), the stress increments are obtained from the strain
increments. Gaussian elimination is used in solving equation (11). Since the equation
must be solved for cach element at each time step some care was taken to insure that the
programming of the soluticn was efficient.

The coefficients in equation (11) depend on BFn/BOij, Cn’ and Ln' The vield condition

of von Migses is used so that

}n = 1/2 (oij - a

and
JF

ol
B0y °1; 7 %nij

With that choice the parameter kn in the eguation that described the yield surface repre-
sents the initial yield stress in simple shear. The values of kn and Cn are chosen in
order to fit laboratory data on the stress-strain behavior of the material. In order to
determine the value of Ih we need to know the value of Fn and the sign of the guantity
(aFn/BUij) dOij. The first is no problem, but the second requires a knowledge of ddij,
which is the unknecwn in equation (11). This difficulty is avoided by a procedure that is
the equivalent of choosing L in accordance with the sign of (BFn/BGij) doij during the
previous time step. The adequacy of this approximation has been checked by comparing

with the results of one-dimensional calculations for which the approximation was not made.
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If during a given time step yielding takes place on the nth surface, the quantities
unij are changed. 1In order to ensure that the stress point always remains exactly on a
vielding surface, equation (7) is not used to calculate the change in Gn_,. Coincidence

of the stress point and the yielding surface is maintained by using the following

equation

I AR CAUURE - T,
nig = G'ij a ij nij 7 (13)
[1/2 (o' )]

' —_
k1" %k’ Ol T %

where the unprimed guantities represent values at time (t-At/2) and the primed guantities
values at time (t+At/2).
The actual seguency of computations is given below, where the primed guantities are

computed in the current time step and the unprimed gquantities are inherited from the pre-

vious time step.

1, New values of the stress components g‘ij are cobtained from

2. The quantity Tn is evaluated as

Yo"

T = ' _ 1/2
W= /2 @' - a e )] /

nkl

3. The quantities BFn/BUij are evaluated. The equation used can be derived by
noting that form (12)

Combining with eguation (13) gives

BFn kn (14)
=— (o',. - a_..).
i ni
Bcij Tn 3 ]
4, The coefficients of equation (11) are evaluated using (14). Eguation (11) is

then solved to give the new stress increments Aoij. Factors of (kn/Tn) from (14) appearing
in the numerator and denominator of the expressions for the coefficients of (11) cancel
out, simplifying the calculations.

5. Equation (13) is used to evaluate ulnij'

Iv-25



Determination of the constants Cn is accomplished by considering the behavior of the
system in simple shear. Iwan (1967) showed that the behavior of the three-dimensional
model in simple shear is equivalent to the behavior of the one-dimensional model, which is
illustrated in Figures 3 and 4 of this paper. It is assumed that the loading curve from an
initial state of zero deviatoric stress and strain is known. In principle it could be
determined from laboratory measurement. With the proper choice of coordinate axes the

non-vanishing components of stress and strain in simple shear are

913 = 931
213 T

The parazmeter kn represents the yield stress in simple shear for the nth yielding surface.

A set of values of kn is chosen to cover the range of stress the system is expected to
encounter, and the values are distributed so that the initial leading curve can be faith-
fully represented. From the initial loading curve a set of values e (n=1, N) is obtained
for the shear strain corresponding to the stress values k;. A stress value Oe1 is

chosen larger than kN and larger than any stress that is expected to occur. A corresponding
strain value e is obtained from the loading curve. For the case of simple shear

N+1
egquation {10) becomes

d513 5

deiy = 55 * Q313 Y9y3 F Qagy 40y
0

Evaluating Ql3l3 and Q1331 with the ald of equations (9) and (12), gives

1 I
o n=1-"n

where j is the index of the surface with the largest yield stress of all the surfaces
that are in the yielding state.

Equation (15) leads to a simple recursion relationship for determining Cj

B L s S T A
e
h| J+1 3 o n=l g

-

The evaluaticn of CN is the same except that GN+1

In order to simplify the computations, stress and strain are normalized in a way

is used in place of the undefined kN+l'
similar to that used by Hardin and Drnevich (1972b). Stress is normalized by multiplying
by l/omax’ where Omax is the maximum stress the material can withstand in simple shear,

and strain is normalized by multiplying by 2Go/gmax' The normalized stregs-strain curve
has a limit of 1.0 for high strain and an initial slope at the origin of 1.0. fThe computa-
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tions are simplified by using the same normalized initial loading curve, and therefore
the same set of normalized Cn and kn, for all of the soil elements in the model. The
differences in soil behavior from one element to another result from differences in the
values of O nax and GO assigned to the different elements.

For the examples presented later in this report, the following set of values was

adopted for kn and O

N+1
k =0.1n 1 <n <9
a Zn <
klO = 0.99
UN+1 = 0.9999

A hyperbolic initial loading curve (Hardin and Drnevich, 1972b) was used and normalized

strain was expressed in terms of normalized stress by the equation

The method described here in no way depends on the hyperbolic relationship; a purely
empirical stress-strain curve derived from laboratory measurements could be used just as
well. '

The method of normalization and the use of a hyperbolic stress-strain curve is similar
to the approach of Hardin and Drnevich {(1972b), but some differences should be noted. The
stress-strain curve considered by Hardin and Drnevich is the curve formed by the loci of
the endpoints of hysteresis loops formed in cyclic loading experiments at differing peak
strain levels. The stress for the Hardin and Drnevich curve is the shear stress on a
horizontal plane applied to a sample with an initial geostatic stress state characterized
by non-vanishing deviatoric stress. The stress-strain curve referred to in this report,
on the other hand, is an initial loading curve in simple shear from an initial state of
zero deviatoric stress. Given the constitutive relationships adopted in this report, an
initial loading curve is identical to the loci of endpoints of hysteresis loops. The
difference in initial state of stress, however, may be significant.

Total stress rather than effective stress is used in this report to describe soil
behavior under seismic loading conditions. That is essentially eguivalent to using the
undrained strength principle (Whitman, 1961, p. 587-589), the presumption being that un-
drained conditions prevail during seismic deformation. The parameter Gmax is therefore

related to the undrained strength, which is commonly used property in soils engineering.

Seismic deformation implies relatively rapid loading conditions, however, and values of
undrained strength measured by quasi-static metheds should not be used for Gmax without
considering the effect of loading rate.

The assumption of an elastic relationship for volumetric stress and strain coupled

with the use of the von Mises yielding condition is about the simplest set of choices that
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could be made. It does not incorporate in any direct way the effects of dilatancy, the
tendency of soils to change in volume when undergoing shear. The effect of dilatency upon
shear strength {(through its effec¢t on pore pressure) can be incorporated indirectly, how-
gver, by choosing Cn values to satisfy labkoratory data on the stress-strain relationship.
With the flexibility that comes fromthe choice of c, and kn values, this rather simple
model may give an adequate representation of the behavior of a wide range of material.
Extension to more elaborate models poses no obvious difficulties except for possible

increase in computation costs,

4. Dynamic Boundary Conditiens

Problems involving the regponse of soils to seismic motion in the underlying bedrock
are commonly soilved by assigning the particle velocity {(or acceleration or displacement)
along the boundary between rock and soil. This is an approximation, because in the real
case the reaction of the soil will modify the motion of the boundary. The accuracy of the
approximation depends on the contrast in properties across the boundary. Assigning parti-
cle velocity at the soil-rock boundary is the eguivalent of assuming infinite rigidity
and incompressibility for the rock. Such as assumption has the disadvantage of allowing
no energy to be radiated out of the goil system. If the rate of energy dissipation within
the soil is small, multiple zeflections may give rise to resonances that are gsignificantly
stronger than would occur in a system that allowed energy to be radiated from the boundary.
This may be true even for systems with substantial contrasts in rigidity and incompress-
ibility at the boundary. The method presented in this paper, which assumes zero energy
loss in compressional deformation, is particularly sensitive to this problem. For low
amplitude motion the energy loss in shear would be small and the problem would occur for
shear waves also.

Te minimize this problem, the writer has adopted a method for approximating the
boundary conditions that is based on the method used in one dimension by Papastamatiou
(written communication). The approach is similar to that of Lysmer and Kuhlemeyer (196€9).
At every point on the boundary a vector function VF is defined which is the particle
velocity that would be produced by the given seismic sources if the boundary were a free
surface. The actual motion V of the point is then approximated by substituting for the
sources an equivalent combination of plane P and S waves normally incident on the boundary.

The wvelocity V of a boundary node is obtained by solving an equation involving all of
the forces acting on the node. In general, a node along the boundary is associated with
two boundary segments (Figure 5). The forces on half of each segment are considered to
be applied to the given node, Congider one segment at a time. Define a new coordinate
system xi', rotated so that x.' is normal tc the boundary (Figure 5). The specified

3
input function when transformed to the prime coordinate system is given by

Fi- 13 Vs
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where Bij is the matrix of the transformation.

Since the x., axis is the axis of rotation

2

Bog =

1.0

Bl2 = Bpy = Byy = 84, =

The motion Vi of the boundary node is considered the sum of incident and reflected P,

SV, and SH waves with ray paths normal to the boundary node is considered the sum of inci-

dent and reflected P, S5V, and

SH waves with ray paths normal to the boundary segment in

question. v .
v 3 v PL +v PR
| t + V'
Vi = Visvr ¥ Vg {16)
] =vl +V'
v 2 SHI SHR
V_.; is defined such that
Fi
| t
VF3 2VPI
(SN
[P ' J
VF] vS‘Jl
v..'=2v, '
F2 Sl
To compute for forces on the node due to the input motion, note that VPI, and VPR'
are considered plane waves in the underlying medium. The corresponding particle displace-
ments can be expressed as follows:
|= 1 I_
UPI UPI (x3 vpt)
[ i '
LPR UPR (x3 + th)
whezre Vp is the compressional wave velocity in the underlying medium.
3 ¥ _I
Wpp _ Vel
1
ax3_ vp
1 1
3UPR v PR
S =
3x3 vP

The strain components in the underlying medium due to the hypothesized incident and re-

flected P waves are
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t -
Epr3z = F1
v
P
V'
L] =
Epraz = BB
v
p
The corresponding stress components are
_ ¥

S* o (K+l+Go/3) Vior

PI35 v

P
+ 1
q' _ (K 400/3) Y PR
N PR3 v
: p
The eguations above can be rewritten

v = '
S'p13z T TPV Vpr
S

1 - ]
P33 - PVp VpR

Substituting from equations {(16) and (17) and adding gives

L v r
Spaz’ = vy (Vg = Vg
A corresponding argument gives
t = t - L t
$'syar = Ssy1z = Vs (YT T V)
1 = g - T 1
S'suaz = S'gmaz T 0Vs (V' T VD

where Ve is the shear wave velocity in the underlying medium. The other stress components
are zero.

"The force Fail applied to the given node from boundary segment a is then

= v 1

Fa3' = v, (v3 Vs )Asa/l
= v '

Fopl = =evg (V1 = Vg Des /2
| v _ '

Fao = 7PV (VZ VFZ )Asa/l

where Asa is the length of boundary segment a.
Transforming to the original coordinate system and adding the forces from boundary
segrents a and b gives

Fai + Fbi = —Aij (Vj - vFj) (13)
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where the non-zero components of Aij are given by

_ooal -1 .
Arp = (Byp Vg By + By5 v 83)) ebs /2
T e T O g T
11 's 11 7 713 Tp P31’p P88y
AL =B v s +aty g ) pas /2
13 11 Vs 713 13 “p T334 PO5,
1 -1

11 Vs P13 T 813 v, Bag)y e /2

a1 -1
A31 (831 vs Bll + S33 Vp 8Bl)a pAsa/Q

1 -1

* By g By * By v, Byp)y phs, /2

_ a1 1
33 = (B3] Vg Byg + Byy v Byp) eds /2

g
t

-1 _
+ (831 v_ B + B 1 v_ B

s B13 T B3 v, Ba4)y 085/

Ay, = pvs(Asa + Asb)/jz,

All the other forces acting on the given node point are accounted for in the basic
computadtional scheme. Denoting the sum of those other forces by Fi, Newton's second law

requires that

F+F.+F,=mai (]_9)
where m is the mass and a the acceleration of the node.

<';1i = (Vi - VLi)]At . (20

where vLi is the value of Vi from the previocus time step. Substituting from eguations

(18) and (20) into equation (19) gives

Fo=A, (V, - _
T T oL
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Slight rearrangement gives

F, = (A

i 13 + dij m/Az)(vj -V

Fj)
(21}

+(V_, -~ VLi)m/At

Fi

The solution of eguation (21) for Vi in terms of the other gquantities is
V, =V + N. F, + -
1 = Vpi ij ( 4 (VLj VFj)m/At)

where Nij is the inverse of the matrix (Aij + 6ij m/At) .

Components of the matrix Nij are computed for each boundary node at the beginning of
the computer program and are stored for use at each time step.

Possible methods of synthesizing realistic input motion are not taken up in this
paper. There has been much progress recently in computing expected ground motion using
diglocation theory (Boore and Zoback, 1974; Trifunac, 1974}, and it is hoped that such
methods could be used for generating the reguired input motion. For the examples presented
later in this report, simple plane waves are used as input. Calculations using simple
input motion may give valuable insight into the character of earthquake ground response

even though the motion itself is not totally realistic.

5. Resolution, Stability, and Converxrgence
In choosing the mesh size Ax, the rule suggested by Boore (1972b) was adopted which

requires 10 mesh points per wavelength for the highest frequency wave for which faithful

representation is desired. Once Ax is chosen, the choice of At is limited by the re-—

quirement of stability. No attempt was made to do a stability analysis of the nonlinear

system. The stability regquirement derived by Alterman and Loewenthal (1972) for the

corresponding linear elastic system is

At < bx [1 + ’s 2] w2

v ae < ox 0+ () (22)

In the nonlinear system, v, ig a function of strain level, but for the strain-softening
behavior characteristic of soils vy hever exceeds the low-strain limit. Values of At
chosen in accordance with (22), using the low-strain limiting value for Ve have not led
to any stability problems in nonlinear calculations done by the methcod described in this
report.

Convergence was investigated by repeating an experimental run with Ax and At reduced

to one-half. The agreement was satisfactory.
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6. Examples

Examples are shown for the purpese of illustrating and testing the method. They are
not intended as a basis for any general conclusions regarding the response of soil to
earthquake motion.

The first example is a linear elastic problem for which Boore, Larner , and Aki (1971)
have published a solution calculated by a finite difference method. The problem is a
symmetrical basin filled with soft material, excited by a shear wave vertically incident
from below with particle motion parallel to the basin axis. A diagram showing half of the
symmetrical basin is given in Figure 6. The shear velocity is 0.7 km/sec in the basin
and 3.5 km/sec in the underlying medium. The rigidity ratio between the basin material
and the underlying medium is 0.0286. The incident wave has the form of a Ricker wavelet,

As explained in a previcus section, the input motion for the method described in this
repcrt is specified in terms of the motion that would be produced on the soil-rock inter-
face if that interface were a free surface. In this example the motion is approximated
at each point on the interface by doubling the amplitude of the incident wave. The approxi-
mation neglects the diffractions generated in the underlying medium by the non-planar por-—
tions of the interface. The calculations were made using a nodal spacing of 100 meters and
a time step of 0.01 second.

The solid lines in Figure 7 show particle displacement calculated by the method of
this report. The dashed,fineSgive the results of Boore, Larner, and Aki (1971) for
comparison. The agreement is gatisfactory, in view of the approximate specification of
the input motion and the approximate boundary conditions used in computing the solid lines.

The second example demonstrates the method for a case in which the input motion is
strong enough to give a highly nonlinear response. As in the first example, input particle
motion is parallel to the long axis of the two-dimensional configuration. The grid is
chown in Figure 8. | It represents a simple, hypothetical basin 20 meters deep and 540 meters
wide at the surface. The nodal spacing is 9 meters and the time step 0.005 second. The
basin is filled with cohesive alluvial material with a plasticity index of 20 percent,

a density of 2.05 gm/cmB, and a P velocity of 1.69 km/sec. The material is overconsolidated
near the surface, having a maximum past vertical effective stress of 2.94 bars. Complete
water saturation prevails throughout. In the underlying medium the density is 2.6 gm/cm3,
the P velocity 3.7 km/sec and the § velocity 2.0 km/sec,

The key material parameters are the maximum shear stress Umax and the low strain
shear modulus GO. Both parameters are strongly dependent upon the effective stress prior
to seismic excitation, which in turn depends upon depth. An attempt was made to assign
values to these parameters as functions of depth in a reasonably realistic manner. The
approach taken relies heavily on the work of Hardin and Drnvich (1972b). The approach is
described in some detail to show how the parameters might be estimated for a real problem.

In the normally consclidated part of the section Gmax was assumed proportional to
effective stress,

o = (C P
max S ve
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where Pve is the vertical effective strxess prior to seismic excitation. Pve can readily
be calculated given the density and the depth. The coefficient CS was evaluated by
assuming that no pore-pressure change occurs during shear and using the Mohr's circle

construction in Figure 9. This gives

. _ 1+ KO —
max 5 sin ¢Pve
where 67 is the angle of drained shear resistance and_Ko is the coefficient of earth pres-
sure at rest. Estimation on the basis of the plasticity index of the material gives a
value of 31° for $_(Terzaghi and Peck, 1967, p. 112) and 0.55 for Ko {Brooker and Ireland,
1965). Carrying out the computations gives a value of 0.4 for Cs'
The assumption of no pore pressure change will tend to lead to an over-estimate
of the strength and théreby of the capacity of the material to transmit shear. Normally
consolidated clays tend to contract with shear, increasing the pore pressure and reducing
the strength.
For the overconsolidated part of the section it was assumed that Gmax cbeyed the
following xelationship
%pax = Cs P (ocr)y T
where OCR is the overconsolidation ratio in terms of vertical effective stresses. BAnalysis
of undrained strength data from Ladd and Edgers (1272) gave a value of 0.75 for T.
Hardin and Black (1969; Hardin and Drnvich, 1972b) have shown that for a wide
variety of undisturbed cchesive soils, and sands as well, the low-strain shear modulus GO
is given by an equation which can be rewritten in the form

1/2 H
(OCR )

G =(C P
me
where Pme is the mean effective stress, OCRm is the overconsolidation ratio in terms of

mean effective stresges, C, ig a constant depending on void ration, and H depends on

plasticity index. For a Pi of 20 percent H has a value of 0.18.

It is more convenient in the present case to deal in terms of vertical stresses.
Using Ko values from Brooker and Ireland (1965) to convert from mean stress to vertical
stress, it was found that the values of equation (23) could be reprodiuced within a few

percent over the range of 1.0-32 in OCR by the following equation

1/2 Q
= R
G, cG Pve (OCR)

1
where Q takes on a value of 0.28 for a PI of 20 percent. A value of 0.9 x lO6 (dynes/cm%2
was chosen for CG based on shear velocity on shear velocity measurement in a 180 meter
drill hole in alluvium in the San Francisco Bay Area (Warrick, 1974). With these choices

IV-34



the low-strain shear veloclity in the basin ranges from about 200 to 300 meters/sec. The
vertical transit time through the basin for shear waves at low strain is 0.3 second. This
implies a fundamental resonant frequency of 0.8 Hz for the equivalent plane layer at low
strain. The resolution for low strain excitation is approximately 2.5 Hz. At high strain
levels this will be reduced somewhat.

Initial values for the total vertical and horizontal stress are specified for each
element. Vertical total stregss is readily calculated given the depth and the density.
Vertical total stress is converted into vertical effective stress by subtracting the fluid
pressure. Horizontal effective stress is then calculated from vertical effective stress
using Ko data{from Brooker and Ireland (1965} for the assumed PI of 20 percent. Finally,
herizontal total stress is obtained by adding the fluid pressure.

The input consists of a plane SH wave incident from the left at an angle of 30° from
the wertical. The time history of the particle velocity, after doubling to allow for the
effect of the bedrock surface, is that of the integrated N21E component of the Taft
accelerogram multiplied by a factor of 4, giving a peak velocity of ©7 cm/sec. (The Taft
accelerogram was recorded during the 1952 Kern County, California, earthguake.) No
attempt was made to correct the input motion to account for departure of the bedrock
surface from a plane. This approximation should be adequate because the dimensions of
the sloping portions of the basin are small compared to a wavelength in the underlying
medium (Boore, 1972a).

Results are shown in Figure 10, which gives the horizontal component of particle
velocity in the direction of the long axis of the basin at the points on the surface
designated in Figure 8. The peak particle velocity at the midpoint of the basgin is
larger than that of the input motion by about 25 percent. Computations with a one-
dimensicnal method (Joyner and Chen, 1975) give a particlevelocity time history almost
identical to that for the two-dimensional calculation at the midpoint of the basin. The
peak values differ by less than one percent.

Even though the input motion has a component only in the direction of the basin axis,
the components of particle velocity in the plane perpendicular teo the axis do not wvanish,
as they would in the elastic case. Because of the initial stress and the nonlinear material
behavior, antiplane strain motions (motions parallel to the long axis of the structure)
are not uncoupled from plane strain motions (motions in the plane perpendicular to the
long axis). The plane strain components (xl and x3) are very small, however, the peak
being no more than three percent of the peak antiplane strain component for nodes 1
through 5 on Figure 8. This suggests the feasibility of developing simplified models in
which only antiplane strain motion is permitted. Such models would reduce computation
time by a large factor, in part because the number of computations per time step would be
significantly reduced, but alsoc because larger time steps could be used. This is true
because, if compressional deformation is excluded from the model, the stability require-—
ment on At (Boore, 1972b) is much less restrictive. Plane strain models are subject to

the same stability requirement as the general model, but they, too, offer savings in
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computation time by reducing the number of computations per time step.

For a model restricted to antiplane strain it is necessary to ignore initial stress
and carry out the computations in terms of stress departures from an unspecified initial
state rather than in terms of absolute stress. Computations made with both antiplane
strain and plane strain input motions indicate that this is feasible. The results of runs
made with initial deviatoric stress set to zero gshow little difference from those with
initial stress assigned by the methods described previously. Ignoring initial stress and
dealing in terms of stress departures from an initial state is convenient in the plane
strain case, though not necessary as with antiplane strain.

For the example of Figures 8 and 10, the computations required 740 seconds on the
CDC 7600 at the Lawrence Berkeley Laboratory. This is the equivalent of 360 microseconds
per element per time step and indicates that the method is fast enough to be useful.
(Running time is esgsentially proportional to the product of the number of elements and
the number of time steps.) The larger time step permissible with an antiplane strain
model would reduce the computation time on this cxample by a factor of six. A further
reduction by about a factor of two would resultfrom the reduction in the number of computa-
tions per time step in an antiplane strain model. Even with the reductions, however,
the cost of the computations will place a practical limit of the size of the problem that
can be solved for a given freqguency resolution, ‘

The final example involves plane strain input motion and illustrates the application
of the method to calculating the response of earth dams. As in the previous example, the
input motion is strong enough to produce a highly nonlinear response. The cenfiguration,
ag shown in Figure 11, represents a simplified model of an earth dam. The nodal spacing
is 9 meters and the time step 0.005 second. The elements marked with dots represent the
clay core of the dam and the other elements represent granular material. For simplicity
all elements are assigned a density of 2.05 gm/cmB, a P velocity of 1.69 kn/sec and a low
strain shear velocity of 300 meters/sec. This gives a low-strain frequency resolution of
3.3 Hz. The maximum shear Omax is 0.9 x 106 dynes/cm2 for the clay core and 1.2 = 106
dynes/cm2 for the granular material. In the underlying medium the density is 2.6 gm/cmS,
the velocity 3.7 km/sec and the § wvelocity 2.0 km/sec. The initial stress is ignored
and the computations are carried out in terms of stregs departures from the unspecified
initial state. Only plane strain motions are permitted.

The input motion consists of a vertically incident plane shear wave with particle
motion confined to the plane of the section shown in Figure 11. The time history of
particle velocity for the input motion is the same as in the previous example, with the
amplitude doubled, as in the previous example, to allew for the effect of the bedrock
surface.

The resultis are shown in Figure 12, which gives the horizontal particle velocity for
the points on the surface indicated in Figure 131. The peak velocity at the crest is
approximately 30 percent greater than the peak for the input. The computations reguired

200 seconds on the CDC 7600, which represents 210 microseconds per element per time step.
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7. Conclusions and Applications

The Iwin rheolegical model leads to an efficientmethod for two-dimensional soil re-
sponse calculations that takes account of the nonlinear, hysteretic behavior of soil and
allows flexibility for incorporating laboratory data on soil behavicr. The method can be
used to compute free-field response at sites where the soil configuration cannot be
adequately represented by simple plane layers. For a given frequency resolution, howevex,
the size of gsuch models is limited by computexr time requirements. The method has parti-
culaxy promise for use in calculating the response of earth dams. It could also be

adapted to the calculation of goil-structure interaction in two or three dimensicns.
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Figure Captions

Figure 1 - Schematic diagram of computational grid.

Figure 2 - Diagram showing the different types of elements and the numbering of the
nodes.

Figure 3 - Rheological model in one dimension {(Iwan, 1967).

Figure 4 - Hysteresis loops produced by the model of Figure 3 under cyclic loading
with increasing amplitude.

Figqure 5 - A portion of the boundary.
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Figure 7 -

Figure 8 =

Figure 9 -

Figure 10 -

Figure 11 -

Figure 12 ~

Horizontal particle displécement for the soft basin problem. Solid lines
represent results of the method described in this report and dashed lines
are from Boore, Larner, and Aki (1971)

Grid for hypothetical basin described in text.

Mohr's circle construction for determining Gm . The inner circle repre-
sents the intital geostatic styess state and £he outer circle represents
the limiting state.

Horizontal component of particle velocity in the direction of the long axis
of the basin at the points on the surface designated in Figure 8.

Grid for simplified model of earth dam described in text. The elements
marked with dots represent the clay core,

Horizontal particle velocity at the points on the surface designated in
Figure 11.
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ABSTRACT

The nature of ground motions due to earthquakes, depends on the property of the
superficial materials of the ground, which vary in different areas. 1In this paper,
the different characteristics of the ground motions is normalized by a new scale designated
as "Quake-Sensitivity." This scale is defined as a ratioc of N(I)/S, where N{(I) is the
annual mean frequency of seismic intensity of more than III (in J.M.A. scale) and S is
seismicity index which has been defined previously by the authors. .

A seismic zoning map was then made for Japan Islands relative to the "Quake-Sensiti-

vity". The area having a large value of N(I)/S means that the area is sensitive to earth-

quake motions or the neighboring area has moderate earthguakes.

Key Words: Earthquake; Index; Quake-~Sensitivity; Seismic Index; Seismicity.

l. Introduction

In the previous seventh joint meeting in Tokyo of this Panel (May 20~23, 1975),
we introduced "Seismicity Index S" as a quantitative seismicity scale being defined as
follows:

S = (N(M)/T) T = 100 years,

A X 100km
in which N(M) is the frequency of shallow earthquake with the magnitude M greater than 6.
If a geological structure in a certain region is uniform, the earthquake with the
magnitude greater than 6 shakes the ground with seismic intensity of more than approxi-
mately III inside a circular area with diameter of 100 km. The distribution of the
seismicity index S above defined, therefore, might also represent a regicnalization with
regard to the annual frequency distribution of a seismic intensity of more than IIT due to

the occurrence of earthguake of M > 6.0 during 1900 years.

Iv-47



In practice, however, the intensity distribution due to a certain earthquake is
almost always distorted from a circular configuration because of the different superfi-
cial conditions from region to region (Fig. 1). Moreover, if we also take into account
the intermediate or deep earthguakes, the distortion of the isoseismal distribution from
the circular shape due to the passing and/or the absorption of short period seismic waves
caused by the penetration of a rigid slab (Fig. 2} (Utsu et al., 1968). 1In other words,
the distribution of the seismicity index $ is not directly related to the distribution
of the intensity larger than TIIT.

The present paper is a first step in determining the distribution of the regions
which were subjected to an intensity of more than a certain level, say the intensity III
on the Japanese scale. Such intensgities are caused by special superficial conditions and/
or the geographical situations against the distributions of deeper shocks and abnormal
situations in the upper mantle being underthrusted by a slab. For this purpose, a new

scale representing the "Quake-Sensitivity” of the ground, is proposed.

2. Definition of the "Quake-Sensitivity"
As was mentioned in the previous section, our final purpose is to select special re-
gions where the ground is subjected to abnormally high intensities. The following quantity

will be used to desoribe this intensity;

Q. I, = N(I)/s,

where the guake intensity is given by the ratio of the freguency of seismic intensity
more than a certain level N(T) to the seismicity index S. Taking this ratio, we can
exaggerate the regions where the grounds were frequently quaked either due to the occur-
rence of near (A < 100 km) earthguakes of M < 6.0 or due to particularly worse situations

related to the superficial and/or upper mantle conditions.

3. Analytical Example

Distribution of "Quake-gSengitivity" thus defined is surveyed for Japan. As for N(I),
frequency of geismic intensity greater than III (J.M.A. scale) in period 1921-1973 at
every stations (Terashima, 1976) are used. As for Seismicity Index S, the result by T.
Terashima (1973) is also used directly.

Fig. 3 shows the contour lines of the annual mean frequency of seismic intensity
greater than IIXI. Fig. 4 shows the distributicn of N(I)/S as derived by superimposing Fig.
3 on Fig. 5 and shows the distribution of seismicity index § in and near Japan. Fig. 4
is further rearranged as given in Fig. 6. FProm the distribution of high numbers in Fig.
4 and Fig. 6, we can suggest the regions where the ground can be easily gquaked. From
these maps, the fcllowing is recognized:

1, There are gensitive regions for geismic motions even if the seismicity is low.
For instance, seismicity indexes S of northern and middle regions in Hokkaide, Niigata

prefecture and western part of Kyushu are smaller than Pacific side of Tohoku and Kwanto
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regions. But, N(I)/S of those regicns are larger than those of Pacific side of Tohoku and
Kwanto regions. This means that the regions guite often suffer from the seismic motions
compared with Pacific side of Tohoku and Kwanto regions due to smaller events or due to the
geological gituyations.

2. There are non-sensitive regions even if seismicity is active. For instance,
seismicity indexes 8 on Pacific side of Tohoku and kwanto regions show the largest values
in and near Japan. But N(I)/S are not large compared with the othex regions. This means

that these regions have been guaked mainly due to the events with magnitudes larger than 6.

4. Conclusicns

A new scale of "Quake-Sensitivity" which is a ratio of the annual mean frequency of
seismic intensity to seismicity index, has been proposed. Regionaligzation of this Q.TI.
were made for the Japan Islands (Fig. 4 and Fig. &) for an example. These maps show the
regions in which the ground is frequently quaked due to the following situations:

1. Seismic activity of the earthquakes with the magnitude less than 6 is high in
the heighborhood (A < 100 km} of the position.

2, The region with bad superficial geological conditions cor the region whose loca-
tions are such that the high intensities due to the deeper shocks easily appear by the
penetrating slab.

among these conditions, regionalizations due to the second cause is more important by
eliminating the effect due to the first cause. We shall aim to make this kind of

regionalization as a next step for various intensity levels.
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The East Off Fukushima Pref. Earhquake, 1938

(November Gih, 17:54.
37736, 141°48°E,
r=557 km, M=17.7}

A small tsunami occured.

Intensity Distribution
The Kwanto Earthguake, 1823
September 1st, 11:58

35°20'N, 139°20°'F, H:shallow
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Fig.1, Examples of complicated distribution of seismic intensity.
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Fig,5, Distribution of seismicity index S in and near Japan.
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DAMAGE TO THE CIVIL ENGINEERING STRUCTURES
IN HACHIJOJIMA ISLAND
BY TYPHOON 7513
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ABSTRACT

Typhoon 7513 passed across Hachijojima Island on 16:40, October 5, 1975 and caused
damage to property, houses and public service. The Public Works Research Institute per-
formed a field investigation in Hachijojima Island. In this paper the record of strong
wind and the state of damage are introduced. Typhoon 7513 is g¢lassified as a small but
strong typhoon, and the maximum wind speed, averaged over ten minute intervals was 35.5
m/s, and the maximum instantanecus wind speed was 67.8 m/s.

The number of the wounded was 85, but fortunately no one.was killed. A great deal
of damage was done to houses, trees, poles and fences. The damage, with regard to public
service was the destruction of a school and hospital building, and the interruption of
electric power, telephone, and roads. The damage to large scale structures consisted of
the destruction of a guyed tower 80 meters high, a panzer-mast, a bridge and four arc

lamp standards.

Key Words: Damage; Structures; Typhoon; Wind; Wind Effects.

1. Introduction

Typhoon 7513 passed the southeast of Okinotorishima Island on October 2, 1975, then
continued to the neorth, and grew to a small but strong typhoon. The typhoon then advanced
to the sea south of Honshu (Mainland of Japan) and passed through the Hachijejima Island
on 16:40, October 5. This typhoon 7513, caused damage to property, houses, and public
service such as electric power, telephone and roads.

The Public Works Researxch Institute performed a field investigation throughout
Hachijojima Island, from October 2 through October 11.

In this paper, the record of the strong winds and the damage situation on Hachijojima

Island are introduced,



2. Strong Wind Characteristics
a) Abstract of the Typhoon 7513
According to the announcement of the Meteorological Agency, typhoon 7513 passed near

Hachijcjima Island on 16:40, October 5 as shown in Fig. -1. At that time the central
pressure of the typhoon was 945 mb, the maximum wind speed was 45 m/s. The scale of storm
area, in which wind speed was more than 25 m/s, was about 230 km long to the southeast
and 140 km long to the northwest as shown in Fig. =2. Typhoon 7513 can be classified as
"a small but strong storm" according to the standard classification of typhoons shown in
Tables-1 and-2.

The observed wind at the Hachijojima Weather Station isg shown in Table -3. This
data indicates that the characteristics of the typhoon, are as follows:

1. The maximum wind speed, at its center, was high in comparison to its scale. (No
damage occurred to the Acgashima Island, 60 km from the Island.)

2. Typhoon 7513 had a strong intensity and a clear eye, until it came near Hachijo-
jima Islang. ’

3. The stormy zone area was small and the travelling speed was as high as 60 km/h,
a strong wind of 15 m/s was observed for a short period of time. (3 hours from 15:00 to
18:00, October 5 in Hachijojima Island).

4. The total precipitation on Hachijojima Island was only 25.5 mm, and most part of
the damage was caused by the strong wind.

The strong wind caused by typhoon 7513 and previous strong wind observations are
given in Table -4 and Fig. -3. From these data it can be stated that;

(a} There are more pogsibilities to have hard winds on the Hachijojima Island than
on the Honshu Island.

(b} The maximum wind speed caused by typhoon 7513 is the seventh worst during
the past 47 years, such a storm has not occurred during the past 15 years.

(¢) The frequency of such a strong wind due to a typhoon, is about 7 years.

{d) The time when the maximum instantaneous wind speed was observed did not
coincide with the time when the maximum wind speeds averaged over a ten-minute intervals
was observed. The gust factor was 1.9 relative to values of 1.2-1.5 as usually observed.

b) The Characteristics of Topography and Wind on Hachijojima Island

Hachijojima Island is located 300 km south of Tokyo and has a circumference of
about 60 km. As shown in Fig. -4, Mt. Hachijo-Fuji (854.3 m high) is located in the
northwest and Mt. Mihavra (704 m high) is located in the southeast, and has facilities such
as an airport and town offices, between two mountaing. The wind direction was south during
the typhoon, and was west when it was leaving; 1t appears that the wind was influenced by
the two mountains.

Wind observation was performed, not only at the Hachijojima Weather Station, but
the Hachijojima Lighthouse in Sueyoshi and at the Hachijojima Airport in Ohkage. The
wind record traces at these stations, are shown in Fig. =5. The Hachijojima Weather Sta-
tion is on a hill 79.7 m above the sea level and 1 km distance from the seashore in
Ohkago, and has instruments which are on a building as shown in Photo -1. The chserved
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wind speed is thus influenced by the topography.

Hachijojima Lighthouse is located on a bluff located at the southeast tip of the is-
land as shown in Photo ~-2. The intensity of the wind turbulence is very low, in comparison
with the wind record trace of the weather station shown in Fig. -5 (1), (2). When the
typhoon passed through, the wind direction changed from south to west and the wind speed
became weak due to the effect of the topography.

Hachijojima Airport is located at the foot of Mt. Hachijo-Fuji. Anemometers have
been installed on the top of the building and at the east tip and west tip af the runway
at this airport. The wind speed observed at the airport was nearly the same at that
recorded at the weather station.

The wind data at each station, as given in Eig. -6, 7 and Table -5, reveal the fol-
lowing comparison:

1. The wind speed cbserved in the lighthouse is higher than that in the weather
station, where the magnification factor is from 1.25 te 2.0.

2. The wind speed observed in the airport is nearly the same as that in the weather
station.

The wind characteristics at Hachijojima Island, due to typhoon 7513, are summarized
as follows:

1. The wind direction was south while the typhoon was approaching, with strong
wind of low intensity and turbulence blowing in the Yaene and sSueyoshi district near the
seashore.

2. The wind direction changed from south to west accompanied with passage of the
typhoon. The wind speed became weak in the Sueyoshi district, because the wind from
the west is blocked by the mountains. The wind wasnegligible in the Ohkago and Mitsume
district located between Mt, Hachijo-Fuji and Mt. Mihara.

3. At the district located in the rear of Mt. Hachijo-Fuji and Mt. Mihara, the wind

became so weak that these areas had minimal damage.

3. Examination of Damage

a) Abstract of Damage

The statistics of damage is shown in Tables-6 and-7. The number of the wounded

was 85, but fortunately no one was killed. On the other hand a great deal of damage
occurred teo the houses, where the number of fully and halfly collapsed houses were 304
(8.0%) and 539 (14.2%), respectively. The damage occurred when wooden houses leaned and
fell, the roofs was peeled off or blown away and the window glass was broken into pieces
as shown in Photos -5 and-6. Galvanized steel rocofing is widely used in Hachijojima, and
the damage of the roofs, for the most part, occurred to these galvanized steel roofs. As
an example of the damage to window glass, the Hachijojima Kokusal Kanko Hotel had exten-
gsive damage as shown in Photo -7. The window glass with 8 mm thick at the south side of
building and was broken into pieces when hit by blowing pebbles etc. It was also noted
that in some instances the aluminum window frames yielded, in spite of this the glass did

not break as shown in Photo -8. The damage relative to public service was the destruction
v=-3



of a schoel and hospital building, and the interruption of electric power, telephone and
roads, The number of damaged major structures, except buildings, has_few, and consisted
of destruction of a guyed tower, a panzermast, a bridge and four arc lamp standards, this
is because there are only a few large structures in Hachijojima.

b) Damage to Roads

Roads were lightly damaged and no large scale landslide occurred as the total
precipitation was only 25.5 mm. The roads were cut off at 150 places by such obstacles
as fallen trees and pieces of broken houses, but they cleared in a few days. Many trees,
at the slope in Yokomagaura, fell due to the typhoon. The inclination of the slope at
Yokomagaura is steep and thexefore, preventative work had been conducted in order to
avoid future landslides.

c) Damage to Structures

(1) Bridges and Breakwater

A girder bridge, with 15 m span at the Yaene Harbor, was damaged by waves
as shown in Photo =10. This bridge consisted of 17 PC beams which fixed on the abutment
with bolts and a concrete slab. Due to typhoon 7513 the slab was lost and some anchor
bolts sheared so that some of girders fell into the sea.

The breakwater at the Aegae Harbor was partially destroyed at the concrete joint. The
state of damage is as shown in Photo. -11

(2) Guyed tower of the Loran Long Range Navigation Station

Hachijojima Laran Station, of the Maritime Safety Agency is located on the
top of Mt. Mihara, and has a guyed tower 80 m high and a panzer-mast 20 m high. During
the storm both the tower and mast collapsed.

The guyed tower was constructed in 1966. It congisted of 16 blocks of triangular
truss with a side length of 60 ¢m, and block length of 5 m. The tower is stiffened by 4
layers and 3 direction guys as illustrated in Fig. -8, The state of damage is shown in
Phota =12. The tower failed at the base in the north direction (leeward). The 4th block
from the base of the truss yielded and the others remained without deformation. - The guy
was cut near the tower as illustrated in Fig. -8.

The state of destruction of thig tower was presumed as follows:

1. Excessive wind loads acted on the tower, and the guy on the windward and at the
lowest layer fractured.

2. This resulted in an induced severe bending moment to act on the truss and thus
caused failure of the 4th block of the truss.

3. Consequently, the whole tower fell in leeward direction.

This tower was designed using the standard for structural designs of steel towers
(Architectural Institute of Japan). Namely, the design wind load is calculated by the
following equation and the design wind speed is 60 m/s.

P = gCA where P: wind pressure {(kg)

q: design velocity pressure (kh/mz)
C: coefficient of drag

= 120%/™n A: projected area (m2)

Q
1
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: height above the ground (m)
C = KFMC coefficient of wind force for latticed structure

h
K
F: aspect ratio
M: modification factor of wind pressure
C

d modification factor for circular member

Because the highest tension acts on the highest guy according to these calculations,
it is difficult to assume that the lowest guy had first featured. But these calculations
assume that the vertical wind profile is peculiar.

The wind at this site influences its height and the effect of the topography, namely
the tower existed on the top of Mt. Mihara and its height is 704 m. As an example, the
convergence of the wind at the top of a mountain is shown in Fig. -9, as a result of
wind tunnel experiments.

(3) Arc Lamp Standard
Arc lamp standards at the Mihara Junior High School and Hachijo High School
broke near the base. The panzer-mast consisted of 8 pipes, at length 2 m, thickness of
2 mm, diameter at the base of 55 cm and a material of high-tensile-steel. The dimension
of the lamp is as shown in Table -8. The layout of schoel is as shown in Table =8, and
the state of the damage is shown in Photos -14 through 16.

The lamp standard fell down toward the north which coincides with the wind direction,
therefore, the standards fell down due to an excessive wind load. A gap, shown in Photo
-14, was left at the base between the ground and the standard did not fall down. The
directicn of this gap is perpendicular to the wind direction, thus the standards vibrated
due to Karman vortex where the amplitude at the top of the standard reached more than
10 cm. The fact that only 2 standards among ¢ standards were damaged, shows that wind
affects were very local, thus, the existence of buildings or others blocks or the wind,
had an effect on the intensity of the wind.

(4) Poles and Fences
Many concrete telegraph poles broke and fell in the Ohkago and Mitsune district
(Photos -17, 18). Most of damaged poles broke near the base, but some of them broke in
the middle. The standard for concrete poles is provided by JIS (Japanese Industrial
Standard) and the configuration and design loads are as shown in Table 9. The length
and design loads on pcles used in Hachijojima are 12 m and 350 kg, respectively, and the
design wind speed is 50 m/s (for reference, 40 m/s in Tokyo).

Many concrete block fences and net fences fell. Concrete block fences, shown in

Photo -18, broke at the boundary between the foundation and blocks. Net fences, shown

in Pheto =19 were damaged, although its frequency ratio was small.

4. Conclusion
Results from this examination are summarized as follows:
1. According to the observed data, the wind speed over a ten-minute interval was

35,5 m/s and the maximum instantaneous wind speed was 67.8 m/s, therefore the gust factor
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was over 1.9 and is larger than the usual value.

2. After performing some calculations on the return period of annual maximum wind
speeds, the return period of a strong wind due to the typhoon 7513 is 7 years, which is
very small. Hence, it is necessary to consider wind effects in future design of structures
in Hachijojima.

3. A great deal of damage was done to public service. This interruption to public
service produces a powerful effect on the civilian populations, thus the design wind speed
has to be determined with due regard to the importance of the public.

4. The design wind speed for the design of structures is considered to be the
wind speed over a ten-minute interval. However the destruction of structures is related
to the maximum instantaneous wind speed. Therefore it is necessary to examine such

effects by engineers.
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Classification of scale of typhoon

Grade
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Large
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Table-2 Classification of strength of typhoon

G Central atmos- Maximum winé speed
rade

pheric pressure {for reference)
Weak More than 990 mb Less than 25m/s
mean 950 - 989 25 - 34
Strong 930 - 949 35 - 44
Extremely strong 900 - 929 45 - 34
Violent Less than 900 mbh Meore than 55m/s
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Photo-1. Hachijojima Weather
Station

Photo-3. Hachijojima Airport Photo-4. Hachijojima Airport
(control office) (west side of runway)

Photo~5. Damage to wooden house Photo-6. Damage to wooden house
{Ohkago) (Ohsato)
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Photo-7. Damage to Hachijojima Photo—-8. Damage to window frame
Kokusai Kanko Hotel (Hachijo High School)

Photo-9. Fallen trees in slope (Yokomagaura)

Photo-10. Damage to bridge Photo-11. Damage to breakwater



Photo-13. Damage to arc Llamp
standard (Mihara
Junior High School)

Photo-12. Damage to guyed tower
(on top of Mt. Mihara)

Photo-14. Close-up of the base Photo-15. Damage to arc }?mP )
of arc lamp standard standard (Hachijo High
School)

Photo-16. Damage to telegraph Photo-17. Damage to telegraph
pole pole
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Photo-18. Damage of concrete .~ Photo-19. Damage of net fence
block fence
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CYCLONE TRACY

RICHARD D. MARSHALL
Center for Building Technology
Institute for Applied Technology
National Bureau of Standards
Washington, D.C.

ABSTRACT

During the early moruning hours of December 25, 1974, the cityof Darwin was devastated
by the most damaging cyclone ever to strike the Australian Continent. Winds of up to 75
m/s caused extensive damage to housing in particular, requiring the evacuation of approxi-
mately half of the 45,000 residents to other major cities in Australia. This report is a
result of the author spending several days on temporary assignment with the Department of
Housing and Construction-Australian Govermment to imspect the damage, and to participate
in discussions regarding the establistment of new design criteria and construction practices
for cyclone areas. The fact that most of the damage was caused by wind forces rather than
a combination of wind and storm surge greatly simplified the assessment of damage and
structural performance. The experience at Darwin points out the danger in depending too
heavily upon past experience and intuition in the design of housing. It alsoc makes clear
the need for additional research into the behavior of certain bullding materials under
repeated loads and missile impact, and the racking strength of walls subjected to uplift

loads.

Key words: Buildings; Cyclones; Disasters; Structural Engineering; Tides; Wind.
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1.0 INTRODUCTION

Cyclone Tracy, which struck Darwin, N.T. in the early morning of December 25, 1974, was the most
damaging cyclone ever to strike the Australian Continent. In the four to five hours required for the
storm to pass over Darwin, approximately 50 lives were lost and damage in excess of $300,000,000 (US)
was done to buildings and other structures. This report is an attempt to describe the more common
types of buildings in Darwin and their performance under extreme wind conditions. Some residential
areas suffered almost complete destruction while other areas of the city experienced only moderate
damage, The wide variety of construction and the fact that most damage was due entirely to wind
effects rather than a combination of wind and storm surge make possible some important and meaningful
deductions and point up several areas that should be given closer attention in designing structures

for wind-prone areas.
2.0 STORM SUMMARY

2.1 DEVELOPMENT AND LANDFALL

Cyclone Tracy originated as a tropical depression in the Arafura Sea near 85-134E early on December 20,
1974, The storm system moved off in a southwesterly direction and was classified as a troplical cyclone
during the evening hours of the 21st., On the morning of the 22nd, Tracy was located at 95-131E, or
approximately 200 km north of Darwin. It continued to move toward the scuthwest for the next two days,
entering the Timor Sea and passing some 50 km west of Bathurst Island on the morning of December 24,
Shortly thereafter Tracy made an abrupt change in direction and headed southeast, directly towaxrd Darwin.
At midnight Tracy was located just off Point Charles or 30 km WNW of Darwin, moving to the ESE at
appro;imately 8 km/hr (see Fig, 1). Landfall (passage of the leading eye wall) is believed to have
occurred somewhere between East Point and Nightcliff shortly after 0300 hours on the 25th, the eye
passing directly over the Royal Australian Air Force (RAAF) Base and Darwin International Airport

(see Fig, 2). Extreme winds persisted over the greater Darwin area until approximately (600 hours.
Tracy continued on a southeasterly course, dissipating over Arnmhem Land during the remainder of the
25th,

2,2 WIND SPEEDS

The only detailed wind speed record obtaimed during the passage of Tracy was that of the Bureau of
Meteorology at the airport. The Dines anemometer was mounted on a l0-meter mast and the recorded
gusts correspond to an averaging period of from 2 to 3 seconds. Gusts of 12 m/s were recorded over
the period 1300 to 1930 hours on the 24th with & steady increase up to 24 m/s at midnight. Gusts

of 40 m/s were being recorded at 0200 hours on the 25th and the peak recorded gust of approximately
57 m/s occurred just after 0300 hours. At this point, the anemometer was struck by flying debris and

no further wind speed measurements were obtained,

Estimates of maximum wind speeds (3-second gust at 10 meters) in Cyclone Tracy range from 50 to 75 m/s.
Based upon peak departures from the mean just prior to failure of the airport anemometer and the
observed passage of the eye wall shortly thereafter, a maximum speed of 70 m/s seems reasonable,

Several observers are of the opinion that wind speeds on the rear edge of the eye exceeded those on

the leading edge. There is no way to confirﬁ this, but many structures apparently suffered the heaviest

damage just after passage of the eye. The average speed of passage is believed to have been 6 to 8
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km/hr. Winds in excess of 50 m/s extended ocutward 10 to 12 km from the center.

2.3 BAROMETRIC PRESSURE

The barograph record obtained by the Bureau of Meteorology dropped below 990 mb at 0030 hours, reached
a minimum of 940-950 mb at 0400 hours and recrossed 990 mb at approximately 0730 hours. This record

was obtained at the city office which is located just to the south of the estimated eye path. The
diameter of the eye is believed to have been about 10 km, based on radar pictures obtained at 0400 hours
while Tracy was passing over Darwin, The diameter of the calm area would have been slightly less than

this since the radar image represents the location of the rain hands.

2.4 STORM SURGE

The maximum surge level (departure from predicted tide) recorded at Darwin Harbor was 1.6 meters at
0215 hours on December 25 [1] . The maximum predicted tide of 5.3 meters occurred at 0116 hours [2].
Since the astronomical tidal range at Darwin is approximately 8 meters, the storm surge caused very
iittle structural damage. The eye of Cyclone Tracy passed to the north of Darwin Harber, thus creating
higher surge levels at the northern beaches due to the clockwise circulation. It is estimated that a
maximum water level of 9 meters (8 meters above town datum) occurred at Casuarina Beach [1]. This level
inciudes wave effects and is approximately 4 meters above predicted high tide. Had Cyclone Tracy
coincided with the highest astronomical tide, some of the lower sections of Darwin would have been

flooded to a depth of approximately 3 meters.

2.5 COMPARISON WITH OTHER INTENSE TROPICAL STORMS

Whatever the maximum wind speeds, Cyclone Tracy must be ranked as an extremely intense tropical storm
and compares with two netable U.S. hurricanes: Hurricane Camille which struck the Mississippi Gulf
Coast in 1969 and Hurricane Celia which caused heavy damage to Corpus Christi, Texas in 1970 [3, 4, 5].

Significant characteristics of these storms are listed below:

Tracy Camille Celia

(1969) (1970)

Central pressure (mb) 940-950 905-915 940-950
Maximum wind speed (m/s) 60~75 75-85 70-75
Diameter of eye (km) 8-10 8-10 20-30
Radius of winds > 50 m/s (km) 10-12 30-50 25-30
Forward speed (km/hr) 6~8 20-25 20-25
Maximum storm surge {meterg) 1.6 7.4% 2.8%

(*) Includes astronomical tide.

Other notable cyclones affecting Darwin occurred on January 7, 1897 and on March 10, 1937 [6]. The
1897 event is believed to have been the most intense cyclone to strike Darwin prior to Tracy with
extensive damage to the city and trees either flattened or stripped of branches., Twenty—eight
deaths were recorded and a minimum barometric pressure of 950 mb was observed at Point Charles
Lighthouse. As with Tracy, the direction of travel was SE. The 1937 cyclone approached from the NW

and caused very rough seas with waves breaking over the cliffs at Fannie Bay and Emery Point. Wind

1Figures in brackets indicate literature references
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gusts of 44 mfs and a minimum pressure of 975 mb were recorded. Most trees were stripped of branches.
3.0 TYPES OF BUILDINGS AND DISTRIBUTION OF DAMAGE

3.1 GENERAL

All areas of Greater Darwin suffered substantilal wind damage, the severity depending upon the type

of conmstruction and degree of wind exposure. The purpose of this section is not to describe the

damage in detail, which will be covered.in subsequent sections, but rather to describe the predominant

types of buildings by subdivision and the general distribution of damage.

3,2 TYPES OF BUILDINGS BY SUBDIVISION

The following tabulations are necessarily subjective and are intended to convey a general description
of types of buildings located in the various subdivisions of Darwin. 8See Figure 2 for subdivision

locations.

Darwin City: Commercial buildings up to three stories, government administration buildings, city
office buildings and several historic buildings constructed prior to 1900. Three recently constructed
reinforced concrete buildings of 10 and 11 stories, one 8-story lead=bearing brick masonry building,
several apartment buildings of two and three stories. Some industrial buildings and petroleum storage
tanks in the railway atea along Francis Bay. Several transit sheds and a power plant next to Darwin

Harbor. Very few single-family dwelliings.

Larrakeyah: Military area on Emery and Elliot Points, Darwin Hospital, one-and two-story commercial

buildings, apartment buildings and sinmgle-family dwellings.

Stuaxrt Park: Railway workshops, some light industrial buildings, several apartment buildings and

single-family dwellings.

Fannie Bay and Parap: Single-story commercial buildings, primarily single-family dwellings and some

apartment buildings cf two and three stories along Fannie Bay. Darwin High School.
Winnellie: Large steel-framed warehouses and multiple-bay industrial buildings.
Narrows: Single-family dwellings and apartment buildings.

Ludmilla: Single-story commercial buildings and single-family dwellings.

Coconut Grove and Wightcliff: Single-family dwellings, apartment buildings up to 4 stories and some

single-story commercial buildings.

Northern Suburbs: Includes all subdivisions north of airport and east of Nightcliff. Primarily single-

family dwellings, schools, shopping centers and a few apartment bulldings.

Darwin International Airport: Terminal building, aircraft hangars, RAAF operations buildings and

military housing adjacent to Narrows and Ludmilla subdivisioms.



3.3 DISTRIBUTION OF DAMAGES

Shortly after the passage of Cyclone Tracy, a survey of damage to houses in Darwin was carried out by
the Northern Territory Housing Commigsion [7]. Approximately 85 percent of the houses in Darwin
(estimated at 8,000 units) were surveyed, the subdivisions of Tiwi and Anula (see Figure 2) being
excluded because many of these houses were still under construction and the destruction in these
subdivisions was very close to 100 percent. RAAT housing was also excluded from this survey. The

results are as follows:

Subdivision Destroyed Intact
(Percent of houses in each subdivision)
Darwin City 38 9
Larrakeyah 29 &
Stuart Park 24 10
Fannie Bay and Parap 33 11
Narrows 5 29
Ludmilla 32 6
Nightcliff 54 4
Millner 33 3
Rapid Creek 37 6
Jingili 51 7
Moil 75 2
Alawa 57 3
Wagaman 72 2
Nakara 97 0
Wanguri 86 o]

It is fairly obvious from the above tabulation that the major damage occurred in the northern suburbs
and that Marrows and, to some extent, Stuart Park suffered less damage to housing than did most other
areas of Darwin. The Narrows area runs along the upper reaches of Ludmilla Creek and is at a lower
elevation than adjacent subdivisions. Stuart Park is located on fairly irregular terrain and while
many buildings were directly exposed to the wind, several sections were protected by hills and ridges.
The northern suburbg, on the other hand, had very little protection, particularly afrer the surrounding
trees had been stripped of their branches. The entire area rises gently from Casuarina Beach north of
Nightcliff and thus experienced scant reduction in wind speeds due to terrain toughness. Tt is quite
likely that Winnellie, Stuart Park, Larrakeyah and Darwin City did benefit from terrain effects,

particularly in the early stages of the storm passage.

Because of the different styles of construction and changes in design criteria and construction materials
that accompanied the growth of Darwin, it is not possible to deduce local maximum wind speeds on the
basis of housing damage alone. A comprehensive study of simple structures such as road signs and flag-
poles which showed no evidence of missile impact provided valuable information on extreme speeds and
wind direction [8]. Based on this study the following description of wind conditions during the

passage of Tracy was deduced:.

Location Maximum Speeds Range of Direction

Darwin City & Larrakeyah 50-60 NE to SSE
Fannie Bay & Parap 55-65 NE to S

Winnellie & Narrows 55~65 NE to SSW
Airport 60-70 NE to SW
Nightcliff 60-70 NNW to SW
Northern Suburbs 65-75 NW to WSW
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4,0 PERFORMANCE OF BUILDINGS
4.1 HOUSES
4,1.1 Background

The vast majority of houses in Darwin were constructed for the Department of Housing and Constyuction
or for the Northern Territory Housing Commission. There are some privately constructed houses and
several prefabricated housing systems which were introduced within the past two or three years. The
design of housing was largely based upon intuition and experience with very little attention given to
the rational estimation of wind loads and load capacity. An exceptien to this was the newer
prefabricated housing systems whose designs were subjected to a careful review prior to acceptance by
Jocal authorities. Design wind speeds for Darwin varied somewhat through the years and included
adjustments for type of exposure, expected life of structure and height above ground. Design speeds

of 45 to 50 m/s were used from 1951 to 1972 at which time the new code provisions for wind loads

(AS CA34.2) were adopted [9], This code, subsequently re-issued as AS 1170 Part 2-1973 specifies a
basic design speed of 56.4 m/s for Darwin and allows reductions for terrain roughness. Following the
adoption of AS CA34.2, a category 3 (mean velocity profile described by a power law with an exponent of
approximately 0.25) terrain was assumed with a corresponding basic design speed of 39.4 m/s. Hind-
sight suggests that category 2 terrain {exponent of 0.15) or a design speed of 56.4 m/s would have been

more appropriate.

0Of approximately 7,000 houses surveyed, more tham 50 percent were damaged beyond repair and only some
400 units could be considered to be intact with minor damage to roofing, wall cladding and windows. Of
those considered to be repairable, the vast majority suffered substantial damage to roofing. The
following sections describe some of the more common housing systems and their performance during Cyclone

Tracy.
4.1.2 High-Set Houses

By far the most popular style of house in Darwin is the so-called '"high-set" house comstructed for

the Department of Housing and Construction. Although there are several variations the basic unit
consists of an elevated platform and light timber frame with a gable roof (see Figure 3). The plan
dimensions are approximately 7 x 16 meters with the platform some 2.5 meters above ground. Prior to
1968 galvanized steel pipe columns with cross-bracing were used to support the platforms (see Figure 4).
These were superceded by concrete columns on simple spread footings and the cross-bracing was replaced
by concrete bleck shear walls installed between 4 adjacent columns, the resulting enclosure serving as

a laundry room or storage space.

The frames of the older high~set houses were constructed ¢of 2 x 4 in. (nominal) wood studs with let-in
diagonal bracing and the 6 mm (}/4-inch) asbestos cement wall cladding was not counted on to provide
principal resistance to racking. In more vecent constxuction the let-in bracing was eliminated,

the stud sizes were reduced to 2 x 3-in. (nominal) and both the corrugated galvanlzed iron (CGIL) roof
cladding and asbestos cement wall cladding were assumed tuv provide sufficient resistance

to racking in the roof and wall planes. Following Cyclone Althea which struck Townsville in 1971,
certain changes were Introduced to improve the wind resistance of new hcusing in tropical areas,

These changes included the additicn of steel rods or "ecyclone bolts" extending from the roof trusses
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down through the walls to the underside of the floor joists. Nails were replaced by self-drilling

wood screws with neoprene washers for the attachment of CGI cladding and reinforced concrete bond beams
were added to the concrete block shear walls. Another important feature of the high-set houses, and most
other houses in Darwin for that matter, is the widespread wnse of prefabricated wall panels containing
jalousie windows and ventilation louvers. The frames and mullions in these units are extruded

aluminum sections.

The high-set houses performed reasonably well in the older subdivisions such as Fannie Bay and
Latrakeyah where there was some protecticon provided by other buildings and trees and where the wood
frames contained diagonal bracing. Many of these older houses were roofed with corrugated asbestos
cement sheets. 1In the northern suburbs, however, rhe new high-set houses suffered extensive damage.
The failure of upwind buildings created a source of missiles which undoubtedly played a major role in
the widespread damage observed in the northern suburbs. This tended to be a self-sustaining effect

as other structures failed downwind., The sequence of failure is believed to have been loss of roof
cladding and purlins, followed by collapse of roof trusses and large unsupported walls, particularly

in the living rooms. The racking strength of the walls was reduced by missiles fracturing the asbestos
cement cladding and these sheets completely failed once racking deformations ocecurred. In many cases
the entire wood frame was removed from the elevated platform (see Figure 5). The piers and platforms
generally remained intact, but there were cases where the entire structure collapsed or where the piers
were racked following failure of the concrete masonry shear walls due to overturning (see Figure 6).

No failures of the older steel pipe columns were observed (sce Figure 4), A typical connection between
the concrete pier and floor beam is shown in Figure 7. Note that the floor joists are toenailed to

the nailing strips which are attached to the steel beams by "Ramset” studs. Some high-set houses

used metal cladding on the endwalls as seen in Figure 6 and this generally performed very well, being
much more resistant to missile impact than the asbestos cement cladding. The c¢yclone bolts which

were installed in ail houses built after mid-1972 (see Figure 8) do not appear to have made any
significant difference in performance since the main problem was a lack of racking strength once the
ashestos cement cladding had failed. Many instances of endwall fallure were observed (see Figure 9),
suggesting inadequate corner connections and roof-wall connections at the gable ends. The performance

of roof cladding is dealt with in a separate section of this reporr.
4.1.3 Conventional Single-Story Houses

Houses constructed for the Northern Territory Housing Commission were, for the most part, single-story
slab~on~grade structures. There were several variations of this system but the cavity wall with bond
beams was by far the most common. A typical cavity wall is shown in Figure 10. In several cases

bond beams were provided only along the sidewalls and were inadequately tied through the walls to the
footings (see Figure 11). This system generally performed very poorly with many cases observed.in
which the entire roof structure was removed intact and the ties between inner and outer leafs or
wythes {each continuocus vertical section of wall one masonry unit in thickness) of the cavity walls
appeared tro be inadequate. Both brick and concrete block were used for the exterior wythe. A few of
the newer houses were of timber frame construction with brick veneer on the endwalls. Overall performance
of this type of construction was generally poor. Some units in Wanguri and Anula, under construction
at the time of Cyclene Tracy, utilized precast-tiltup conerete panels and performed exceptionally

well.
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4.1.4 Prefabricated Houses

0f the several prefabricated housing systems used in Darwin, only two were investigated in some detail
and are described herein. The first is a high-set house with the same general floor plan and overall
dimensions as the timber high-sets constructed for the Department of Housing and Construction (see
Figure 12), All components are of precast concrete with welded and grouted beam—column connections.
Columns ate 200 x 200 mm in cross—section and the beams are 300 mm deep and 75 mm wide. The floor and
roof panels are approximately 50 mm thick except for the edges which are 100 mm thick, A screed course
is placed over the floor panels and the roof panels are bolted intec sockets provided in the top edge
of the beams. Wall panels lock into slots provided in the beams and columns. Conventional alumirum
window frames, jalousie windows and metal louvers are also used in these houses, A conventional
truss-purlin-CGI roof 1s placed over the ceiling panels, the timber plate being bolted down with the
precast ceiling panels. This system would have performed very well had it not been for the fact that
anchor bolts were installed only along the perimeter of the roof, even though :hé interior ceiling
beams contained bolt sockets (see Figure 13). The result was that many of the panels were lifted from

the interior beams, causing the perimeter anchors to fail.

Some of the ceiling panels shifted enough to drop off of their supporting beams, causing damage to
wall and floor panels. In some cases the ceiling panels were flipped over and fractured adjacent
panels (see Figure 14). This occurred after loss of the CGI roof cladding and roof trusses. One
house had obvicusly received a heavy missile impact, causing failure of a second story corner column.

The beam-column connection detail revealed by this failure is shown in Figure 15.

The second prefabricated system inspected is a single-story dwelling with a gable roof as shown in
Figure 16. The walls are sandwich panels of 6 mm asbestos cement with a polyutethane core. The
panels are framed with steel "H'" sections (two channels back to back) and the roof system consists of
welded, light-gage steel members. Roofing varied from structure to structure, the type shown here

being "Decramastic,’

a steel sheeting stamped into the shape of tiles and coated with an asphaltic
compound. Sandwich panels are also used for the ceiling, the channel framing also serving as the
bottom chords of the trusses. This detail allowed the ceiling to act very effectively as a diaphragm.
Although there were some window failures and substantial loss of roefing, this system performed
exceptionally well. The walls and roof trusses exhibited no permanent deformations and the resistance
of the sandwich panels to missiles was far superior to the ordinary asbestos cement cladding used on

the high-set houses.
4.1.5 Privately Constructed Houses

Several privately constructed houses performed well with damage being limited to loss of CGI rcof
cladding or tiles and some broken windows. The house shown in Figure 17 is located in Nakara and has
a welded steel frame with brick veneer. Note that the roof tiles have been replaced since the storm.
Commercially produced timber comnectors were used in many of these houses to attach purlins and

trusses.



4,2 SCHOOL BUILDINGS
4,.2,1 General

Several scheool buildings were constructed in Darwin over the past two years, particularly primary
schools in the northern suburbs. Time did not permit a detailed study of all school buildings, but it
is generally agreed that most of these buildings performed very well, Darwin High School served as
the main center for recovery operations and provided temporary shelter for wvictims of Tracy while
evacuation plans were being formulated. Design wind speeds for the newer scheols in Darwin are not
known to the author, but were probably between 50 and 55 m/s. It is important to note that most of
these structures would have served well as community shelters during the passage of Tracy. The
buildings described in this section were quite closely inspected and are believed to be representative

of recent school constructiom in Darwin.
4,2.2 Millner Primary School

This complex consists of an auditorium and two-story classroom buildings connected by covered walkways.
Consttruction i1s steel frame with concrete and brick masonry walls and roofing is steel pan-type sheet
with hidden locking clips. The entire auditorium roof and most of the cladding over the covered
walkways failed as did some portions of the roofing on the classroom buildings (see Figure 18). It

is believed that the loss of roofing followed the failure of window panels on the windward side of

the buildings. Two large infill masonry walls were blown in, falling onto the stairway leading to

second-floor classrooms.,

0f particular interest at this school were the temporary classroems shown in Figure 19. Construction
is cold-formed steel frame and steel cladding. They suffered a number of missile impacts and some
loss of windows, but remained intact. The anchorage system depended solely on the dead weight of the
concrete piers and footings and performed very well. One case of partial anchorage failure due to

overturning of the piers was observed. Again, these units would have provided adequate refuge.
4.2,3 Darwin Community College

Darwin Community College is located just west of Nakara and was ome of the more interesting complexes
inspected because of some rather_unusual structural failures, The main classroom building is a two~
story reinforced concrete structure with masonry spandrel walls. The roof system consists of pan-
type steel sheet carried by bar joists which are bolted to the column tops. A view of one-half of
the north or windward wall is shown in Figure 20 and it is obvious that c¢racking has cccurred in all
of the columns just above the level of the second floor. The other half of the windward face of the
building is shown in Figure 21. The roof structure has been folded over the exposed interior wall,
and the second-story spandrel wall and several columns have failed. It was originally believed that
the column failures were due to a poor splice detail, i.e., insufficient bar lap and column ties.
However, a closer inspection revealed a quite different mode of failure. Following loss of the
windows and/or spandrel walls the bottom chords of the bar joists failed in compression due to the
high uplift pressures on the roof cladding and absence of any lateral bracing of the bottom chords.
This, in turn, displaced the column tops and caused them to fail in combined bending and tension.
This sequence of events was quite clear, both in the failed section and in the portion which was

still standing.



A& number of failures of masonry walls were observed in the buildings hcousing the metal and woodworking
shops of Darwin Community College. These buildings have structural steel frames and concrete block
walls as seen in Figure 22, The walls were unreinforced and are believed to have failed by direct
wind loading since there was no source of debris upwind of these structures. There was no apparent

damage to the steel frames.

Damage to student housing, located downwind of the main classroom building, is covered in a subsequent

section.

4.3 APARTMENT BUILDINGS

No damage statistics on apartment buildings were available at the time the author visited Darwin.
However, it was quite obvious that apartment buildings performed considerably better than did houses.
It was observed that a substantial number of the people remaining in Darwin after Tracy were being
lodged in apartments and that the highest density of apartments is in the subdivisions of Stuart

Park, Larrakeyah and Darwin City. These subdivisions are believed to have had slightly lower wind
speeds than did other parts of the city, but the relatively good performance of this class of structure
can be largely attributed to better structural detailing, These buildings are typically two or three
stories with reinforced concrete floor slabs and loadbearing walls of brick or concrete masonry.

Roof decks are either steel purlins and CGL cladding or reinforced concrete. Figure 23 shows typical

units in Darwin City.

Structural failures generally involved loss of roof decks and, in a few cases, collapse of masonry
walls on the top floors following loss or buckling of purlins, Most roof failures are believed to
have been initiated by breakage of windows or failure of dcors on windward faces. No cases of primary
structural damage were observed in apartment buildings with reinforced concrete roof decks. The
building shown in Figure 24 is located in Millner, very close to the center of estimated storm track.
Damage was limited to some broken windows, loss of an infill wall in the stairwell and partial failure

of an equipment enclosure on the roof.
4,4 PUBLIC BUILDINGS
4.4,1 Government Office Blocks

These buildings are concentrated in the SE portion of Darwin City and are typically two and three

story structures with steel or reinforced concrete frames. Design wind speeds are believed to have

been in the range 49 to 58 m/s and maximum speeds in this area during the passage of Tracy are estimated
at 50 to 60 m/s. Damage was generally limited to broken windows and partial loss of roofing. The
amount of debris available for missile damage was markedly less than in other parts of Darwin. A

very interesting observation was the effectiveness of sunscreens in protecting windows from missiles.
Note the impact points in Figure 25. It is also possible that the sunscreens served to reduce the

wind loading on cladding panels and windows.
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4,4.,2 Darwin Hospital

Darwin Hospital is located in Larrakeyah adjacent to the military area on Emery Point and was designed
for a wind speed of 58 m/s. It is a 3-story reinforced concrete structure with sunscreens (see

Figure 26) and has a relatively clear wind exposure, This building performed very well and continued
to function during the storm, switching over to emergency power when the main distribution system
failed. Maximum wind speeds in this area were probably in the range 55-60 m/s. As with the city area,

relatively small amounts of debris were available to cause missile damage.

4.4.3 Historic Buildings

Several buildings constructed prior to 1900 have been preserved as historic buildings and are of
interest because of their previocus exposure to intense cyelones. These buildings are all quite
similar in physical size and type of construction, having timber roof trusses and load-bearing walls
of native stone approximately 40C mm thick. Most of these buildings suffered extensive damage in the

cyclones of 1897 and 1937, Typlcal damage is shown in Figure 27.

4.5 TALL BUILDINGS

Several new hotels and office buildings have been constructed in Darwin since 1970. These include
the 10-story MLC Building and the ll~story Travelodge (Figures 28 & 29) in the Darwin City area.
Both are of reinforced concrete flat plate construction with concrete shear walls. Most wind damage
was superficial, being limited mainly to loss of pan-type roof cladding and broken windows. There
proved to be no substance to the rumor that a large missile caused the partial failure of the brick
and concrete block endwalls of the Travelodge (see Figure 23). An identical failure occurred at the
same level on the opposite end, undoubtedly due to extremely low surface pressures downstream of the
separation points. The change in wind direction in this area would have been sufficient to create
identical pressure distributions at each end of the building. The design speeds are not known, but
inspection teams reported no evidence of cracking or plastic action in either structural system.
Occupants did report noticeable oscillations during the storm passage. Water damage was extensive in

these and other tall buildings following loss of roof cladding and glass breakage.

4,6 INDUSTRIAL BUILDINGS

Most of the industrial buildings are located in Winnellie and Stuart Park. Maximum speeds in Winnellie
are believed to have been 55-60 m/s and slightly lower in Sguart Park. Structural details and materials
used in most of these buildings are very similar to U.8. practice; i.e., cold-formed rafter sections,
purlins and girts with 26 ga. CGI cladding. Wind bracing was usually limited to diagonal rods in

one or two wall panels, the cladding belng ccunted on for most of the in-plane stiffness. Most
builidngs had a concrete masonry infill wall and small cffice area at one end, the other end consisting
of girts and CGI wall cladding. In many cases the purlins were tied directly into thg concrete

masonry wall, the end rafter being eliminated.
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The overall performance of industrial buildings was good, but damage to these light-frame structures
in some areas of Winnellie was heavy. It was quite apparent that these buildings had little variation
in ultimate load capacity; if one building of a particular type failed, most others of that same type
also fafled. It is quite likely that failure of rollup doors, windows, and flashing led to gross
cladding failure because of sudden increases in internal pressure. Many cases of purlins being
buckled upward were observed and this often led to failure of the masonry endwalls to which they were
anchored., 1In other cases the roof cladding was removed by direct pullour of the fasteners, but was
more often due to fatigue failure in the material adjacent to the fasteners. This often resulted in
total collapse, particularly where the cladding provided the only source of racking_s:rength in the
roof planes. A typical failure is shown in Figure 30. Several buildings suffered complete loss of
roof and wall cladding without the frame collapsing, In these cases, however, a conventional system

of diagonal bracing had been installed in the roof and wall planes.

The buildings shown in Figure 31 are located in Stuaxrt Park and, excepting some loss of wall cladding,
they performed very well. These buildings have 22 ga, CGI cladding with 16 mm washers under the
fastener heads. This detail, in conjunction with the ridge ventilators undoubtedly had much to do
with the overall good performance. Ridge ventilators effectively lower the Internal pressure and
reduce the uplift load on the recof. This observation has been made in previous surveys of wind

damage.
5.0 PERFORMANCE OF MATERTALS AND STRUCTURAL SYSTEMS
5.1 GENERAL

The behavior of certain materials and subsystems under repeated loading and attack by windborne

debris was an important factor in the overall performance of buildings in Darwin and deserves special
attention in this report. It raises serious questions as to the validity and application of design
criteria based solely upon static load tests of builidng elements and structural subsystems. Although
nany of the failures observed can be explained by extreme loading, poor workmanship or poor design,
there was overwhelming evidence of consistently poor performance of certain materials and strucktural

subsystems during the passage of Cyclone Tracy. These are discussed in the following sections.

5.2 CORRUGATED GALVANIZED IRON CLADDING (CGI)

As with other tropical regions of Australia and, in fact, throughout the world, CGI cladding is

widely used in Darwin. There are many variations in the sheet profiles and types of fasteners, by

far the most common being a sinuscidal cross section with self-drilling, self-tapping fasteners equipped
with a2 neoprene sealing washer ., Immediately following Cyclome Tracy, laboratory tests and field
inspections of single-family dwellings and industrial buildings were carried out by the Heusing

Research Branch, Department of Housing and Construction to establish the reasons for the widespread
failure of CGI in Darwin [10]. These investigations are continuing, but preliminary findings indicate
that low-cycle fatigue was the predominant failure mode. Repeated load tests carried out at approximately
30 percent of the ultimate static load capacity produced failures after 2000 to 3000 cycles. A

typical failure is shown in Figure 32, Data obtained in recent full-scale investigations of wind
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loading [11] suggest that this combination of load and number of cycles would have been exceeded in
slightly less than one hour for the wind speeds ocecurring in the northern suburbs. This suggests
that the fastening system in current use (typically 15 mm diameter screw heads with screws installed

at every second or third crest) will have to be radically altered. Possible improvements include:

a) Imstallation of fasteners in valleys rather than on ridges
b) Larger washer or screwhead diameter
c) Battens placed over the CGI and bolted into the purlins

5.3 ASBESTQOS CEMENT CLADDING

The asbestos cement cladding used on most of the high-set houses and some of the single~story dwellings
proved to be very susceptible to missile impact. This was a major factor in the poor performance of
those stryctures which depended entirely on cladding for racking strength. Static load tests did not
reveal this deficiency and it is likely that performance would have been substantially better had a
tougher material such as plywood been used. It is interesting to note the drastic improvement in
impact resistance where the same material is used in sandwich panel construction (see Figure 33).
Conventional nailing of asbestos cement sheets subjected to repeated racking loads deserves additional

study.

5.4 MASONRY CAVITY WALLS

Many failures of masonry cavity walls were observed. Lack of bond beams and lateral loading due to
purlin buckling were often the cause of these failures, However, a number of cases were observed
where the crossties were either inadequate or improperly installed and the inner and outer wythes did
not act together in resisting lateral lecading. Since Australian practice with respect to masonry
cavity wall construction is quite similar to that here in the U.S., this high incidence of failure is
cause for concern. Most load tests on masonry walls have been carried out with vertical compression
loads applied to simulate deadload. This load condition overestimates resistance to racking and
lateral loads when uplift forces are sufficient to offset the deadload. In many cases observed in
Darwin, it is likely that the uplift forces transmitted through the purlins were sufficiently high to

place the entire wall in tension.
6.0 UTILITIES

6.1 POWER GENERATION AND DISTRIBUTION

6.1.1 Stokes Hill Power Station

The Stokes Hill Power Station supplies the entire greater Darwin area with electrical power and is
located at the extreme southern tip of the city. It does not function as part of a grid system and

was thus essential tG recovery operations. Damage was primarily due to water enterlng switch gear
following loss of roof cladding. A trawler was washed ashore directly over the cooling water outlet
structure, but this did not require any immediate repair work. The one reinforced concrete and three
steel stacks at the station suffered no apparent damage and the station was placed in partial operation

within two days after the storm.
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6.1.2 Electrical Distribution

With the exception ¢f the main transmission line running across Darwin to the northeast (conventional
steel space-truss towers), most distribution lines were heavily damaged and required complete replacement.
Most power poles were either stecl lattice structures or prestressed concrete and failures were

generally due to accumulation of CGI cladding on the conductors and poles. Many lamp standards also
failed due to debris loading (see Figure 34). Primary distribution lines were put back in service

within one to two weeks after the storm,

6.2 COMMUNICATIONS

Darwin is connected through a microwave link to the naticnal communications network and most linmes in
the city are buried. The microwave tower and related equipment in Darwin City experienced only light
damage and telephone communications were thus partially restored within hours after the passage of

Tracy.

6.3 WATER AND SEWERAGE SYSTEMS

Damage to water and sewerage systems was minimal, primarily due to the fact that there was very
little ercsion due to storm surge and wave action, Most of the disruption was caused by lack of
riectrical peower at pumping stations. Of the half-dozen or so large elevated water tanks in Darwin,
none suffered any noticeable structural damage. The extremely heavy damage in the northern suburbs
required that most of the water mains in that area be shut down until