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/ / he Mational Bureau of Standards' was established by an act of Congress on March 3, 1901. The
Wi / Bureau’s overall goal is to strengthen and advance the nation’s science and technology and facilitate

-

their effective application for public benefit. To this end, the Bureau conducts research and provides: (1) a
basis for the nation’s physical measurement system, (2) scientific and technological services for industry and
governmeint, {3) a technical basis for equity in trade, and (4) technical services 10 promote public safety.
The Bureau’s technical work is performed by the National Measurement Laboratory, the National
Engineering Laboratory, the Institute for Computer Sciences and Technology, and the Institute for Materials
Science and Enginecring .

The Novional Measurernent Laboratory

Provides the national sysiem of physical and chemical measurement;
coordinates the system with measurement systems of other nations and
furnishes esseniial services leading to accurate and uniform physical and
chemical measurerneni throughout the Nation’s scientific community, in-
dustry, and commerce; provides advisory and research services to other
Government agencies; conducts physical and chemical research; develops,
produces, and distributes Standard Reference Materials; and provides
calibration services. The Laboratory consists of the following centers:

Basic Standards®
Radiation Research
Chemical Physics
Analytical Chemistry
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The National “ngineering Laboratory

Provides technology and technical services to the public and private sectors to o Applied Mathematics
address naiional needs and to solve national problerns; conducts research in Electronics gnd Electrical
engineering and applied science in support of these efforts; builds and main- Engineering”

L.}

tains competence in the necessary disciplines required to carry out this © Manufacturing Engineering
research and technical service; develops engineering data and measurement ¢ Building Technology
capabilities; provides engineering measurement traceability services; develops ® Fire Research

test methods and proposes engineering standards and code changes; develops ¢ Chemical Engineering?
and proposcs new enginecring practices; and develops and improves

mechanisins to transfer results of its research to the ultimate user. The

Laboratory consists of the following centers:

The Instiute for Computer Sciences and Technology

Conducts research and provides sclentific and technical services to aid ¢ Programming Science and
Federal agencies in the selection, acquisition, application, and use of com- Technology

puter technology to improve effectiveness and economy in Government e Computer Systems
operations in accordance with Public Law 89-306 (40 U.S.C. 739), relevant Engineering

Execulive Orders, and other directives; carries out this mission by managing
the Federal information Processing Standards Program, developing Federal
ADP standards guidelines, and managing Federal participation in ADP
voluntary standardization activities; provides scientific and technological ad-
visory services and assistance to Federal agencies; and provides the technical
foundation for computer-related policies of the Federal Government. The In-
stitute consists of the following centers:

The Instituie for Motevials Science and Engineering

Conducts research and provides measurements, data, standards, reference s Ceramics

materials, quantitative understanding and other technical information funda- e Fracture and Deformation
mental to the processing, structure, properties and performance of materials; e Polymers

addresses the scientific basis for new advanced materials technologies; plans ¢ Metallurgy

research around cross-country scientific themes such as nondestructive ¢ Reactor Radiation
evaluation and phase diagram development; oversces Bureau-wide technical

programs in nuclear reactor radiation research and nondestructive evalua-

tion; and broadly disseminates generic technical information resulting from

1ts programs. The Institute consists of the following Divisions:
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"Headquarters and Laboratories at Gaithersburg, MDD, unless otherwise noted; mailing address
Gaithersburg, MDD 20899,

ISome divisions within the center are located at Boulder, CO 80303.

Located at Boulder, CO, with some elements at Gaithersburg, MD.
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PREFACE

The U.S.-Japan Cooperative Program in Natural Resources (UJNR) was established
in 1964 for the exchange of technical information and experience mutually
beneficial to the economics and welfare of both countries. The Panel on Wind
and Seismic Effects held its first joint meeting in 1969 in Tokyo, Japan. The
joint meeting has been held annually ever since, 'alternating in Japan and the
United States, The Panel is composed of 15 U.5. and 6 Japanese agencies,
co—chaired by the National Bureau of Standards and the Public Works Research
Institute. Results from this Panel's efforts have impacted building and
structure code changes in both countries.

The Nineteenth Joint Meeting was held at the Public Works Research Institute,
Tsukuba, Japan, May 12-15, 1987. The Panel featured five themes; 30 technical
papers were presented out of the 38 authored manuscripts. Ten Panel

task committees promote jolnt cooperation; they held their meetings

during this period.

These proceedings Include the program of the Nineteenth Joint Meeting, the
Panel resolutions, all technical papers, and the task committee reports.

Partial support to maintain the US Panel was provided by the Natiounal
Seience Foundation, Department of State, Bureau of Reclamation, Department
of Navy, Department of Housing and Urban Development, Federal Emergency
Management Administration, Nuclear Regulatory Commission, US Geological
Survey, and the National Bureau of Standards.

Noel J. Raufaste, Secretary
US Side, Panel on Wind and Seismic Effects

o
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ABSTRACT

The Nineteenth Joint Meeting of the U.5.-Japan Panel on Wind and Seismic
Effects was held ar the Public Works Research Institute, Tsukuba, Japan,

from May

12 - 15, 1987, This publication, the proceedings of

the Joint Meeting, includes the program, list of members, Panel resolutions,
Panel charter, task committee reports, and technical papers.

Papers were presented to the Panel under five themes. These were:

Theme I  — WIND ENGINEERLNG
Theme IT - EARTHQUAKE ENGINEERING

Theme III

STORM SURGE AND TSUNAML

Theme IV - U.5.~JAPAN COOPERATIVE RESEARCH PROGRAM
Theme V - RESULTS OF RECENT TASK COMMITTEE WORKSHOPS

Subjects

(1)
(2)
(3)
(4)

(5)
(6)
(7
(8)
(%)
(10)
(11)
(12)
(13>

KEYWORDS:

covered in the papers presented include:

characteristics of strong winds;

wind loads on structures and design criteria;

earthquake ground motions; ’

soll liquefaction studies and methods to improve liquefaction
resistance; ’

geismic loads on structures and design criteria;

stress analyses of pipelines during earthquakes;

full=-scale seismic experiments;

earthquake hazard reduction program;

use of the microcomputer for earthquake studies;

quantitative evaluation of damage caused by winds and earthquakes;
tsunami research projects;

coordinated masonry building research;

bridge design to resist naturazl hazards.

Accelercograph; bridges; codes; concrete; design criteria;
disaster; earthquakes; earthquake hazards; earthworks;
geotechnical engineering; ground failures; liquefaction;
masonry; plpeline; repair and retrofit; seismicity; standards;
storm surge; structural engineering; tsunami: and wind loads.
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PROGRAM FOR 19th JOINT UJNR MEETING

Opening Session

Tuesday = May 12, 1987{10:30 - 12:00)

Conference Hall(8th Floor), Public Works Research Institute

Call to order by Dr. Toshioc Iwasaki, Secretary-General, Japan Panel,
Director of Planning and Research Administration Department, Public

Works Research Institute

Remarks by Mr. Teshio Hirose, Engineer General, Ministry of
Construction

Remarks by Dr. W. McPherson, Science Officer, Office of Science
and Technology, Embassy of the United States of America

Remarks by Mr. Masayasu Miyabayashi, Director, International Affairs
Division, Science and Technology Promotion Bureau, Science and
Technelogy Agency

Remarks by Mr. Shunichiro Kamijoc, Chairman, Japan Panel, Director-
General, Public Works Research Institute, Ministry of Construction

Remarks by Dr. R. N. Wright, Chairman, U.S. Panel, Director, Center
for building Technolegy, NEL, National Bureau of Standards, Department
of Commerce

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

Election of Conference Chairman
Adoption of Agenda

Memorial Addresses on the late Dr. T. Ckubo by Dr. H. S. Lew and Dr. N.
Narita

Adjourn
Commemorating Planting

Group Photograph
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Closing Session

Friday-May 15, 1987(16:30-16:50)

International Conference Room
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FORMAL RESOLUTIONS
RESOLUTIONS OF THE NINETEENTH JOINT MEETING
U.S.-JAPAN PANEL ON WIND AND SIISMIC EFFECTS (UJNR)

Public Works Research Institute
Tsukuba Science City, Japan

May 12-15, 1987

The following resolutions are hereby adopted:

1.

The Nineteenth Joint Panel Meeting provided an opportunity to exchange
valuable technical information which was beneficial to both countries.
In view of the importance of cooperative programs cn the subject of wind
and seismic effects, the continuation of Joint Panel Meetings is
considered essential.

The following activities have been carried out since the Eighteenth
Joint Meeting:

a. Guest researchers from both countries performed jciﬁt research that
advanced the state of wind and earthquake engineering.

b. Technical'documents, strong motion records including those from the
Mexico Earthquake of 1985, research reports, earthquake damage
records and workshop proceedings were exchanged.

¢. Workshops and Planning Conferences were held:

{2) Planning Conference 6n Disaster Prevention Methods for Lifeline
Systems _
—-— Task Committee(F), August, 1986, Charleston, South Carclina

(B) Third Workshop on Repair and Retrofit
~=~ Task Committee(C), May, 1887, Tsukuba

(¢) Planning Conference on Evaluation' of Seismic Resistance of
‘" Existing Buildings
——— Task Committee(D}, May, 1987, Tsukuba

(d) Third Bridge Workshop
——~ Task Committee(J), May, 1987, Tsukuba

The findings promoted improved knowledge for wind and seismic
disaster mitigation.
d. The Coordinated Research Program on Large-Scale Testing of Masonry
Structures is currently underway. Research is coordinated by the
Joint Technical Coordinating Committee on Masonry Research (JTCCMAR).

At the Eighteenth Jeint Meeting, a charter was drafted for this Panel on
Wind and Seismic Effects as suggested at the 1lth UJNR Plenary
Conference, December 1985, Tokyo. The charter was approved at the
Nineteenth Joint Meeting.



4.

The Panel recognizes the importance of the following items:

a. Translate and disseminate the Japanese MOC '"Manual of Repair Methods
for Structures Damaged by Earthquakes" to U.S. engineering
profession.

b. Exchange information on application of base isclation and active
damping systems.

c. Collect stroﬁg motion data on performance of buried pipeline systems.

d. Obtain experimental verification of the effectiveness of retrofitting
and strengthening methods for structures and soils.

‘The Panel endorses the following workshops proposed by the Task

Committees:

a. Workshop on Strong-Motion Earthquake Observation, Task Committee (A},
to be held in the San Francisco area, August 1987.

b. Fifth Workshop on Repair and Retrofit, Task Committee (C)}, to be held
in conjunction with the 20th UJNR Joint Meeting.

c. Workshop on Wind Characteristics and Structural Response, Task
Committee (G), to be held in the coming year.

d. Workshiop on Remedial Measure against Liquefaction, Task Committee
(#), to be held in conjunction with the 20th UNJR Joint Meeting.

e. Second Werkshop on Storm Surge and Tsunami, Task Committee (I), to be
held in conjunction with the 20th UJINR Joint Meeting.

f. Fourth Bridge Workshop, Task Committee (J), to be held in conjunction
with the 20th UJNR Joint Meeting.

Scheduling for workshops shall be performed by the chairmen of each Task
Committee with concurrence of the Joint Panmel chairmen. Results of each
workshop shall be presented at subsequent Joint Panel Meeting.

The Panel recognizes the importance of continued exchange of personnel,
technical information, research and recorded data, and methods to
mitigate losses from earthquakes and strong winds. The Panel also
recognizes the importance of using available large-scale testing
facilities in both countries. Thus, these activities should be
strengthened and expanded. To facilitate such exchanges, the Panel will
continue to erncourage them and provide official Panel sponsorship.

The Panel recommends that for future Joint Panel Meetings, priority
attention be given to the following items:

a. Task Committee Chairmen shculd give attention to identifying jeint
research needs, priorities, development plans, ancd recommendations
for future research programs. Each Task Committee's Chairmen are
encouraged to examine their Committee's objectives and to modify the

objectives, as appropriate, to meet the need for improved technology.

b, Task Committee Chairmen should exchange summaries of their Task
Committees activities, current and proposed, tc the other Task
Committees for improved understanding of Panel activities. Task
Committee Chairmen should furnish copies of Task Committee
correspondence to the Secretariates of both sides.



8.

Recognizing that wind and seismic disaster mitigation plans benefit
disaster-prone countries worldwide, that many developing countries
suffer from natural disasters such as extreme winds, storm surges,
earthgquakes and tsunamis, and that both the U.5. and Japan have been
involved in international technical cooperative programs, the Panel will
continue efforts to develop and coordinate projects which provide aid
and training to developing countries and maintain the exchange of
technical information.

The Twentieth Joint Meeting of the UJNR Panel on Wind and Seismic
Effects will be held at the Washington D.C. (USA), May 1988. Specific
dates, program, and itinerary will be proposed by the U.S. Panel

with concurrence by the Japan Panel.

o
o



CHARTER OF THE UJNR PANEL ON
WIND AND SEISMIC EFFECTS

OBJECTIVES

1)

2)

3)

4)

Encourage, develop, and implement the exchange of
wind and seismic technology between appropriate
United States and Japanese organizations to share
scientific and technological knowledge.

Develop strong technical links of scientific and
engineering researchers between the two countries
and encourage exchanges of guest researchers.

Conduct joint research in areas of winds and seismic
technology including exchange of available research
equipment and facilities in both countries.

Publish findings from joint research efforts.-

Conduct ccoperative programs to improve engineering
design and construction practices and other wind
and earthguake hazard mitigation practices.

Publish results from cooperative programs.

CURRENT TOPICS AND SUBJECT AREAS OF INTEREST

1)
2)
3)
4)

5)

6)
7)
8)
9}

i0)

Strong Motion Instrumentation Arrays and Data
L.arge Scale Testing Program

Repair and Retrofit of Existing Structures
Evaluation of Performance of Structures

Natural Hazard Assessment and Mitigation Through
Land Use Programs

Disaster Prevention Methods for Lifeline Systems
Wind Characteristics and Structural Response
Soil Behavior and Stability During Earthquakes
Storm Surge and Tsunamis

Wwind and Earthguake Engineering for Transportation
Systems

go9
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COOPERATIVE ACTIVITIES

-1)

2)

3)
4)
5)

6)

7)

Conduct annual joint panel meetings alternating
locations between the United States and Japan.

Publish proceedings of annual meetings and of task
committee events.

Exchange data and information between both countries,
Exchange guest scientists and engineers.

Develop cooperative research programs on mitigating
the effects of wind and seismic forces on structures.
Concerning these programs, exchange available
research equipment and facilitles in both countries,
if necessary.

Conduct task committee meetings and workshops in
areas identified in "Current Topics and Subject
Areas of Interest® to faclilitate exchange of
technical information.

Establish and maintain effective communications
between scientists, engineers, and administrators
of the two countries.

PANEL. MEMBERSHIP

1)

2)

Members of the panel are personnel of government
agencies designated by the agencies.

Other experts may be selected, as temporary members,
from appropriate disciplines representing industry,
academia, and research organizations.

CHARTER MODIFICATIONS

This Charter may be revised by the concurrence of the US
and the Japanese sides.

xxxiv



Theme I

Wmd Engmeermg






Mean Wind Force Measurements on the
Deer Isle-Sedgwick Suspension Bridge

By Harold R. Bosch!

ABSTRACT

This paper presents the results of a
wind tunnel investigation of the Deer
Isle - Sedgwick Bridge. The structure
studied is a 45 year old suspension
bridge located in the State of Maine on
the New England coast. Static force
measurements were performed on a 1/25
scale section model of this bridge by
the Structures Division of the Federal
Highway Administration (FHWA). All
tests were conducted in the G. 8.
Vincent Aerodynamics Laboratory at the
Turner-Fairbank Highway Research Center
(TFHRC). A low-speed wind tunnel with a
€ ft by 6 £t (1.8m by 1.8m) cross
section was employed to provide wind
velocities up to 40 fps (12.2m/s3).

KEYWORDS: Aerodynamics; Drag; Lift;
Moment; Stability; Suspension bridge

1. INTRODUCTION

The wind tunnel research reported herein
is only part of a larger research,
program being conducted jointly by FHWA
and the Maine Department of
Transportation, see reference 1. Work
on this project is divided into 4 basic
areas:

o Field measurement of wind
characteristics at the bridge site
and structural response to wind as
well as traffic loading.

o Static and dynamic analysis of the
structure at each of its various
stages of development.

o Wind tunnel testing of section
models representing the existing as
well as proposed new shapes.

¢ Development and verification of
remedial or rehabilitation measures.

Wind tunnel tests were conducted on a
1/25 scale section model of the Deer
Isle-5edgwick Bridge. The large scaling
ratio used permits accurate reproduction
of details from the existing bridge
cross section. Since the structure has
a2 shape similar to that of the originzal
Tacoma Narrows Bridge and has exhibited
significant wind induced response
throughout its many years of service,
several modifications to the basic
bridge section were also evaluated.
Section model studies were performed in
both smooth flow and simulated
large-scale turbulent flow conditions,
with wind speeds ranging from 0 to 40
frs (0 to 12.2m/s). BRMS response

Preceding nane hiank

amplitudes were measured for the
vertical and torsional
degrees-of-freedoem to identify regions
of aerodynamic sensitivity. Flutter
derivatives were computed using damping
and frequency measurements obtained from
fres oscillations of the section model
under a variety of wind conditions.
Mean l1ift, drag, and pitching moment
forces were obtained for the basic
section model and the "best" alternate
at several different wind speeds with
wind angles of attack ranging from -10
to +10 degrees.

The experimental program outlined above
is, in fact, gquite comprehensive and
research is still underway. The limited
space available here does not permit
discussion of all the work which has
been completed or is underway.
Therefore, this paper will concentrate
on the investigation and evaluation of
mean wind forces. First, a description
of the Deer Isle-=Sedgwick Bridge will be
provided. Next, the test setup,
instrumentation, and procedures will be
discussed. Test results, in the form of
force coefficients, will be presented
for the existing shape and Alternate A.
Some comparisons will be made between
this bridge and the original Tacoma
Narrows Bridge. Finally, conclusions
will be drawn from the results
presented.

2. DEER ISLE-SEDGWICK BRIDGE

The bridge is a girder-stiffened
suspension bridge similar in cross
section to the original Tacoma Narrows
Bridge. As illustrated in figure 1, the
structure consists of a main span 1080
£+ (329.2m) in length, side spans of 484
ft (147.5m) each, and approach spans of
130 £t (39.6m) each, giving a total
length of 2308 ft (703.5m). The
structure is symmetrical with two 213 £t
(84.9m) high towers. The roadway
represents a vertical curve with
tangents of B.5% grade at each end to
provide vertical navigational clearance
of B85 £t (25.9m) at midspan. The 2-lane
roadway itself consiasts of a 4.5 in
(11.4cm) reinforced concrete slab having
a width of 20 ft (8.1m). The stiffening
girders are 5.5 ft (2.0m) deep and
spaced 23.5 ft (7.2m) apart. Spacing of

IFederal Highway Administration, HNR-10
6300 Georgetown Pike, McLean, VA 22101



the suspender cables is 28 ft (8.5m).
Deck and tower details are presented in
figure 2.

3. TEST SETUP

The section model was suspended in front
of the wind tunnel nozzle by means of
six force transducers, as illustrated in
figure 3. TFour of these transducers
were attached to the laboratory test
frame above the test area to measure
model 1lift and moment forces resulting
from the wind flow. The two remaining
sensors were mounted on the wind tunnel
pilasters, located upstream of the test
area, for measuring model drag forces.
The force transducers consist of stiff
cantilever beams with a full strain gage
bridge located near each fixed support.
This configuration was chosen for its
high strain output and small
displacement characteristics. Lift and
moment sensors were preloaded by the
weight of the model itself. To prevent
longitudinal or lateral movement of the
medel during tests, horizontal
restraining wires were attached to the
end bracket crossbars at the center of
gravity of the section. Preloading of
the drag sensors was accomplished by
attaching restraining wires between the
‘crossbars and the laboratory wall
downstream of the wind tunnel nozzle.
All wires were tensioned by 2 1b (0.89kg)
weights and wire lengths were long to
ensurs that vertical components do not
influence the force measurements.

4., TEST INSTRUMENTATION

Signals from the transducers were routed
through shielded cables to an array for
instrumentation, as illustrated in
figure 4. A set of signal conditioners
and amplifiers was used 10 energize the
strain bridge circuitry as well as
amplify the incoming analog signals. 1In
addition, the "built-in" low pass
filters were used 1o remove any
electronic noise present. Further
"gleaning” of the signals was
accomplished by passing them through a
set of anti-alias low pass filters to
eliminate extraneous fluctuations. All
analcg inputs were monitored through a
select switch connected to a digital
voltmeter.

Te moniter the true wind speed of the
wind tumnel, a pitot tube was extended
into the flow at the nozzle. This
senscr was connected via tubing to a
high precision electronic mancmeter.

The manometer provides a digital display
as well as an analog output which is
proportional to the differential
pressure measured.

_moment forces per foot of section.

All conditioned, analog inputs were
connected to a high speed, automated
data acquisition system (DAS). This DAS
was employed to efficiently sample,
digitize, and store the experimental
measurements onto digital magnetic tape
for later reduction and analysis,

5. TEST PROCEDURE

Before starting any measurements, the
sensitivity of the force-balance system
was. adjusted to provide the maximum
allowable signals for the anticipated
range of applied forces. The system was
then calibrated by applying known
weights to simulate either drag, 1lift,
or pitching moment forces and recording
the znalog outputs,

Static force measurements on the section
models were taken only under laminar
flow conditions. The tests were
conducted at wind angles of attack
varying from +3i0 to -10 degrees, For
each 1 degree position within this
range, the model angle was fixed and
force measurements were taken at a
series of steady wind velocities ranging
from 4 to 28 fps (1.2 to 7.9m/s). At
each new velocity, the wind tunnel was
allowed to stabilize before measurements
were taken. With wind angle and
velocity established, the seven data
channels were sampled at a rate of 20
cps for a pericd of 40 to 60 seconds.
The DAS was started and stopped manually
and the digitized data was recorded
automatically in a multiple record file
on tape. Periodically, air temperature
and barometer readings were taken for
later use ln correcting the wind tunnel
velocity measurements. During testing,
the force-balance system was checked for
temperature drift and adjusted as
necessary.

Force measurements were conducted on the
existing cross section and Alternate A
only, illustrated in figure 5. Raw data
obtained for these two cases was
reduced, analyzed, and displayed using
the computer system illustrated in
figure 6. For each event or tape file,
a 20 second window of data was selected
for analysis and the mean values
calculated for each channel. These
"channel means" were then used together
with the system calibration factors to
determine the drag, 1lift, and pitching
Drag
and lift forces were translated to chord
and normal forces using the following:

X

Deos=:- Lsin= (1)
Z

Lecog=:+ Dsine- _ (2)



The orientation of these forces is
indicated in figure 7.  All forces were
then reduced to dimensionless
coefficients defined as:

Ca= 2D / (2 V2B) (3)
Ci= 2L / (2V=B) (4)
Cm= 2ZM / (2 VEB2) (5)
Cx= 2X / (%VEB) (6)
Cz= 22 / (2V=eB) (7)

6. FORCE RESULTS

6.1 Existing Cross Section

Force coefficients for the existing
configuration are displayed graphically
in figures 8 through 12. These figures
represent a consolidation of all test
results obtained within the velocity
range 10.8 to 18.6 fps (3.3 to 5.7m/s).

The forces measured exhibit only slight
variation throughout the velocity range
investigated which supports the view
that violation of Reynolds aumber
scaling here will have little effect on
test results. The drag coefficients
vary from 0.36 to 0,48 over a 20 degree
range of wind angle. For a horizontal
wind with a mean velocity of 100 mph
(181km/h) and 50 mph (80km/h), the
respective drag forces are calculated to
be 240.4 and 80.1 1b/ft (357.8 and
89.4kg/m) with corresponding pressures
of 37.0 and 9.2 psf (1772 and 440pa).
In comparison, the AASHTO Bridge
Specifications, reference 2, recommends
that pressures of 50 and 12.5 psf (2394
and 5%9pa), be used at the respective
velocities and a2 O degree horizontal
angle. These figures represent an
average drag coefficient of 1.955 for
commen girder shapes. This coefficient
is based upon span depth (d) rather than
deck width (B) as demonstrated below:

P =Dsd = (1/2)=V=(d/d) Cd
P = (.5)(.002378)(146.687=)(1)(1.955)
P = 50 psf {2394pa) (8)

The "equivalent"” Deer Isle drag
coefficient of 1.4486 is somewhat less
than the conservative AASHETO value.
minimum and maximum coefficients give
pressures of 33.3 and 44.4 psf (1594 and
2128pa), respectively, at the higher
velocity. Although the high velocity
and high wind angle yield pressures
approaching the AASHTO value, it should
be noted that this condition is not
likely to occcur. In point of fact, wind
angle tends to decrease as wind speed

The

increases. Figure 13 presents a -wind
angle envelope developed from data
obtained at the Severn Bridge, see
reference 3. 8Such information is
frequently used as a guide in the
selection of realistic design
conditions.

The lift curve for this cross section
develops a negative slope in the middle
region, -5 to +5 degrees, and flattening
of slope near the ends. These are
undesireable aerodynamic characteristics
since the negative slope indicates a
tendency for galloping in vertical modes
and flattening means stalling of the
deck section at moderate angles of
attack. To determine the critical
velocity for onset of galloping, the
following relationship may be used:

2mt o+ (1/2)2 VB ((dC:1 /d=)+ Ct) = Q

from figure 9,
from figure B8, Cd

(dC1 /d==)} = -2.2037/rad
= 0.40 at === 0O°

2(74.5)(.015)(.213)(2m) +
(.5)(.002378)(Veor)(23.5)(-1.8037) = 0

(9)

It should be noted that this computation

Ver = 40.47 mph (66.12km/h)

~is for the fundamental vertical mode of

the structure with an assumed damping
ratio of 1.5 percent. This is
particularly important since the
critical velocity is directly
proportional to the assumed damping and
frequency.

The moment curve exhibits a negative
slope over nearly the entire range of
angles. This characteristic points to
the potential for autorotation in
torsion and is thus undesireable.

8.2 Alternate A

Force coefficients for this
configuration are also presented in
figures 8 through 12, representing a
consolidation of all test results for
wind velocities in the range 5.6 to 25.8
fps (1.7 to 7.9m/5).

It should first be noted that since this
model configuration is inherently more
stable, it was possible to obtain static
measurements over a much wider wvelocity
range than previously. Although thers
is slightly more variation in the forces
with velocity, the total is still
considered to be relatively small and
continues to substantiate the view on
Reynolds number scaling. In this case,
drag coefficients vary between 0.20 and
0.48, with a value of about 0.27 at 0
degrees. This results in a pressure of
25.0 psf (1195pa), which is less than



half the AASHTO value of 50 psf (239%4pa)
for a velocity of 100 mph (161lkm/h).

-Both the lift and moment curves for this
alternate indicate that the- aerodynamic
characteristics of the bridge can be
greatly enhanced by this modification.
The slope of the 1ift curve is positive
over the entire range of wind angles.

In addition, the moment curve is mostly
positive in slope except for large
positive angles.

7. DEER ISLE AND TACOMA NARROVWS
COMPARISON

Since the dramatic collapse of the
Tacoma Narrows Bridge in 1940, much
effort has been expended to study the
aerodynamic stability of long span
bridege superstructures. This event is
perhaps the best known and most
thoroughly documented example of a
bridge deck failure due to aeroelastic
instability. Wind tunnel studies have
been conducted by many organizations
including the University of Washington,
California Institute of Technology,
FHWA, and others resulting in a wealth
of experimental information. The cross
section of the original Tacoma Narrows
Bridge, with stiffening, plate girders 8
ft (2.44m) deep and spaced 39 ft
(11.89m) apart, is guite similar to the
Deer Isle configuration. The structural
similarities together with the
availability of extensive aerodynamic
data make it possible to compare results
obtained for each bridge.

The University of Washington conducted
static force measurements on a 1/20
scale section model of the original
Tacoma Narrows Bridge, see reforence 4,
Drag coefficients for this bridge model,
designated Aa, have been used here to
gompute drag pressures for vertical wind
angles ranging from -10 to +10 degrees.
These pressures are plotted along with
the Deer Iale values in figure 14.
Review of the results indicates that
drag forces are generally equivalent for
the two bridges with only slight
variation at large positive angles of
attack. This small difference is likely
due to the smaller depth-to-width ratio
of 0.20, unvented curbs, and slightly
higher deck poesition of the Tacoma
Narrows section.

Force measurements were also performed
on a second Tacoma section model,
designated B, which was to the same
length scale as the first but with a
larger aspect ratic. This model was
designed as a “"universal model” on which
a varisty of truss, deck, and plate
girder arrangements could be studied.
With a depth-to-width ratio of 0.29,

version "Bd” of this bridge model moxrse
closely approxlimates the Deer Isle
proportions. Therefore, 1ift
coefficients for Model Bd have been used
to determine lift pressures for
comparison with Deer Isle values.
Resulting lift curves for the two
bridges are presented in figure 15.

Both sets of data clearly demonstrate
gimilar undesireable aerodynamic trends,
i.e., flattening of slope at moderate
angles and negative slope at small
angles,

A review of pitching moment data
obtained for each structure also leads
to a like conclusicon. Both bridge
section models exhibit a negative slope
in the moment curve over the range of
wind angles tested. As noted earlier,
this is an undesireable characteristic.

8. CONCLUSIONS

Based upon the results of these force
measuremnents, the following conclusions
may be drawn:

o Force coefficients obtained for both
the Existing Shape and Alternate A
show little variation with change in
wind veloecity. This supports the
view that violation of Reynoclds’
number criterion in this case will
have minimal impact on test results.

o Drag pressures computed for the
Existing Shape as well as Alternate
& are somewhat less than the
conservative AASHTO wvalues. In
fact; measurements on the alternate,
which is a relatively streamlined
aross section, indicate drag forces
roughly half those recommended for
design. .

o The 1ift coefficient curves obtained
for the Existing Shape exhibit a
negative slope. This trend
generally indicates an undesireable
tendency for galloping response in
the vertical mode. In addition,
there is a flattening of the slope
at moderate vertical wind angles
which implies potential for stalling
of the deck section.

o In a gimilar fashion, the curves for
pitching moment coefficient
demonstrate a consistently negative
slope. Here, the slope indicates a
tendency for autorotation in the
torsional mede.

o Force measurements on asymmetric
Alternate A, on the other hand,
clearly demonstrate that aerodynamic
characteristics of the basic cross
section can be greatly improved



(1)

through simple modification of the
shape. 1In this case, drag is .
reduced significantly, while lift
and moment curves present strongly
positive slopes.

(2}

(3)

Comparison of the Deer Isle static
force results with those obtained by
others for the original Tacoma
Narrows Bridge illustrates a number
of important similarities.

(4)
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Field Experiments for Wind Pressure

KISHOR C. MEHTA

ABSTRACT

A project sponsored by the National Science
Foundation is underway to collect wind and
building surface pressure data in the field.
30 ft x 45 ft x 12 ft building will be con-
structed on a concrete pad in flat, open terrain
in Lubbock, Texas, The building structure is
designed to support on four wheels located in
corners of the building so that the building can
be rotated on the concrete pad. A 100 ft tall
meteorological tower will be instrumented at
four levels to measure wind speed and direction.
Building surface and internal pressures will be
monitored using differential pressure trans-
ducers, A computer will control the data acqui-
sition by triggering collection and termination
of record, Extira precautions are taken in
design of the experiment to collect reliable
data in a wind regime that exceeds 20 mph. The
paper describes planning of the field site, the
instrumentation and the data acquisition system.

A

KEY WORDS: Building; Field Data;. Pressures;

Wind
1. INTRODUCTION

Wind~induced damage to buildings and other
structures causes significant economic l1oss in
addition to injuries and, at times, fatalities.
Continuing urban sprawl increases the population
of man-made structures, increasing the potential
future cost resulting from wind-induced damage.
it is recognized that the bulk of the damage is
caused to Tow-rise ordinary buildings, Enhanced
understanding of wind pressures on building
surfaces can lead to improved construction of
low-rise buildings and has potential of miti-
gating future damage. Pressure coefficient
values that are available in the literature are,
to a large extent, determined from wind tunnel
tests. A number of full-scale field tests in
natural wind environments have been conducted to
substantiate wind tunnel test results. Addi-
tional field test data can advance understanding
of wind pressures on building surfaces and can
pave the way for improvement in wind tunnel
technology.

A project is underway at Texas Tech University
to acquire wind and building surface pressure
data in the field., Specific objectives of the
National Science Foundation sponsored project
are: (1) to acquire a reliable data base for
external wind pressures on building surfaces and
internal pressures in the building, and {2) to
assess the effects of wind direction fluctua=-
tions on wind pressures.

BY
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The paper describes planning of the field site,
the 30 ft x 45 ft x 12 ft building, the meteor-
ological and pressure instrumentation, and the
data acquisition system. The experiment will be
implemented within the next six months,

2.  FIELD TEST FACILITY

The test site is in open terrain on land owned
by Texas Tech University in Lubbock, Texas. An
aerial view of the site is shown in Figure 1.
The site is within a 10-minute drive from the
main campus where the research team is head-
quartered. Lubbock is Tocated on the high
plains of Texas. There are no hills or valleys
within a 20-mile radius of the city. The
terrain is extremely flat, with ground elevation
changing approximately 5 ft in a 1000 ft dis-
tance. Most of the land surrounding Lubbock fis
used for agricultural purposes with principal
crops of cotton and sorghum. This flat and open
terrain eliminates possible anomalies in wind
characteristics caused by terrain.

The Lubbock area is an appropriate site for wind
pressure experiments in the field because it
experiences strong winds many times in a typical
year. Table 1 summarizes by month the number of
hours of high winds recorded at the National
Weather Service station in Lubbock in 1981. The
National Weather Service station is within seven
miles of the proposed site. Because of the flat
and open terrain in the Lubbock vicinity, the
winds at the NWS station and the site are of the
same intensity. In the wind data shown in Table

2, the wind speed was at least 20 mph for 864

hours, mostly in the spring and fall seasons.
The early spring months hold significant promise
of frequent strong winds. The open terrain of

‘the proposed site makes it possible to conduct

experiments in a relatively simple terrain
exposure,

The field test facility is illustrated in Figure
2. The rectangular building with dimensions 30
ft x 45 ft x 12 ft will be placed on a concrete
pad. The unique feature of the field facility
is placing the building in a circular track so
that it can be rotated. The internal structural
system of the building is designed to be sup-
ported on four wheels, with each wheel located
near each corner of the building. A circular
raflroad track will be embedded in the concrete
pad such that the top of the track will be flush

1Professor of Civil Engineering, Institute for
Disaster Research, Texas Tech University,
Lubbock, Texas 79409.



with the concrete surface. Mechanical screw
jacks will raise the building and- support it on
the four wheels. The building will be rotated
manually to the desired direction and lowered to
let it rest on the concrete. Once a directional
position is obtained, the building will be
anchored using four anchor bolts. The building
will be constructed without architectural
features so that the external surfaces will be
as smooth and as simple as possible,

Pressures on the building surfaces will be
measured at a number of locations using pressure
taps. A pressure transducer inside the building
will monitor internal pressures. Locations of
pressure taps will be selected for each specific
data recording event.

The 100-ft tall meteorological tower will be
located approximately 150 ft from the building.
The tower will be a three-legged truss tower,
Wind speeds will be measured at four levels:
100 ft, 60 ft, 33 ft and 12 ft, Wind direction
will be measured at two levels: 100 ft and 12
ft. In addition, temperature, barometric
pressure and relative humidity will be measured
to assess stability of the atmosphere during the
data recording period. The speed and direction
measuring instruments will be placed on 6 ft
Tong booms. This distance will assure that
interference of the tower structure on winds
being recorded will be eliminated except for
wind direction that comes from the direction of
the tower. The wires from the instruments will
be brought down to the ground along the tower
and transferred to inside the building from
underground.

3. INSTRUMENTATION

Two distinct types of instruments are utilized
in the project, meteorological and pressure
measurement instruments. Horizontal wind speed
and wind direction wiil be measured using a Gill
three-cup anemometer and microvane #12002
supplied by Ralph M. Young & Co. One set of
these instruments has been acquired and is being
tested in the laboratory. One of the tests in
the laboratory is the assessment of accuracy
with a 250-ft of cable. If the tests of ac-
curacy, linearity and stability are found to be
satisfactory, additional instruments will be
purchased., No decision has been reached for
instruments to measure temperature, barometric
pressure and relative humidity.

Pressure taps will be instrumented with dif-
ferential pressure transducers. One of the
important characteristics of the differential
pressure transducer needed for this project is
the low range of transducer. The full range
needed is 0.5 psi; this low range will provide
the desired accuracy of 0.005 psi. Two com-
mercial companies are identified that can supply
differential transducers with this Tow range.

Validyne Engineering Company provides diaphragm
type pressure transducer with 0.5 psi full
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scale range (model DP45).. This is a variable
reluctance diaphragm type of transducer, It is
rugged with steel housing and can be used for
gas or liquid. The range of the transducer can
be changed by simply replacing the diaphragm;
thus, the transducer is flexible. The dis-
advantage of this transducer is the cost.
in the range of $400-$500 per umit,

It is

Omega Engineering, Inc. can provide a 170 series
differential pressure transducer with range of
0.5 psi. The output for this transducer is
35mV + 2mV. It uses a silicon sensor chip for
diaphragm material. Some of its characteristic
specifications are: Tlinearity of £1.5% of full
scale output; compensated temperature range of
32 to 122°F; thermal zero effect of 3 mV; and
stability over one year of +1.5% of full scale
output. Suggested cost for this unit is $60 per
transducer.

One transducer of each type is purchased. They
are being tested in the laboratory for accuracy,
stability and suitability for the project. In
addition to the instruments mentioned above,
calibration equipment for wind speed and dif-
ferential pressure is being reviewed for acqui-
sition.

A critical item in differential pressure
measurement is the reference pressure. Two
methods of obtaining reference pressure are

being checked: (1) pitot tube with wind vane,
and ?2) opening below ground surface, Both
methods will be impliemented in the field, The
one that is found to be more stable will be used
for reference pressure in differential pressure
measurements.

4., Data Acquisition System

Data acquisition will be controlled by a dedi-
cated IBM XT computer which will be housed at
the test facility. It is equipped with hard
disk, monitor and graphic capabilities. It will
be programmed to automatically trigger data
collection and termination. 1In addition, it
will be programmed to dump data directly into a
Bernoulli box equipped with a 20M byte removable
floppy cartridge. This system will be capable
of collecting and storing 6 hours of data for 36
channels at the rate of 10Hz for each channel,
The data will be collected in digital form using
a Metrabyte Dash-8 analog to digital converter,
1t is planned to collect a 15-minute continuous
record, once the collection is triggered by the_
computer. The computer will monitor wind for
one minute and trigger a new data collection if
the wind speed is above threshold value. The
threshold wind speed will be 20 mph.

The data acquisition-system is designed to
obtain basic statistical properties such as mean
and standard deviation immediately after col-
Tection of data. In addition, it will provide
time-history plot to spot anomalies in any of
the data collection channels. The floppy



cartridge is removable; it will be brought to . TABLE 1
the Texas Tech campus, where the data will be

put on magnetic tape through the Texas Tech NATIONAL WEATHER SERVICE HOURLY WIND SPEED
computer. Additional analysis of the data will DATA FOR LUBBOCK, TEXAS IN 1981

be performed on the main-frame computer on the

Texas Tech University campus. NUMBER OF HOURS BY WIND SPEED RANGE AND MONTH

5. Conclusion Wind Speed Range (mph)

This project, sponsored by the National Science Month 20-30 30-40 40-50 Totals

Foundation, should provide reliable field data
for wind pressure on surfaces of a 30 ft x 45 ft

x 12 ft building. Use and analysis of data will gaguary 2? g 8 2?
depend on the reliability of the data. It is ebruary 113 ’c 1 138
anticipated that wind direction fluctuation and March
non-stationary winds have potential of providing .
new knowledge in wind pressures that is not Qpr11 igg Ii g igﬁ
available through wind tunnel testing. Design ay 138 3 a 131
of the experiment that permits rotation of the June
building should permit collection of wind 1 24 0 0 24
pressure data for specific angle of attack. The duly 5 0 0 5
field site and instruments should be in place August 5 0 0 5
within the next six months, - September
October 59 6 0 65
November 82 10 0 92
December b6 6 0 62
TOTALS 793 65 6 864

FIGURE 1. AERIAL PHOTOGRAPH OF THE FIELD SITE
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100 FT MIGH
MET TOWER

30x458 %12 FT

FIGURE 2. FIELD TEST FACILITY
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Aerodynamic Characteristics of Continuous Box Girder
Bridges Relevant to their Vibrations in Wind

N, Narita,' K. Yokoyama,®> H.Sato® and Y.Nakagami®

ABSTRACT

The wind tunne! experiments concerning the wind-induced
vibrations of continuous box girder bridges are presented in this
paper. The vibrations were measured both in smooth and
turbulent flow. Their characteristics and the effects of turbu-
lence were investigated and explained in view-point of the aero-
dynamic damping and the external lift force.

KEY WORDS: Aerodynamic Damping, External Lift Force,
Continuous Box Girder Bridge, Wind-Induced Vibration.

NOTATION

B: width of the bridge deck

CL:  lift coefficient

D: depth of the bridge deck

f: frequency

fi: natural frequency of i th mode

fr: reduced frequency (= fB/U)

h: displacement of vertical bending vibration

HLh: frequency response function between lift force and
heaving motion

Im: imaginary patt

Ji: joint acceptance function for i th mode

1: bridge length

fm mass per unit length

Mi - generalized mass of i th mode (= ff mi{z) & i* {z)dz)

qi: i th generalized coordinate for h

S: Power Spectral Density Function

U: mean wind speed

Ur: reduced wind speed (= U/(fB) = 1/fr)

u,w: fluctuating wind speed of longitudinal and vertical

component

axis along the main flow

hoerizontal axis perpendicular to x

axis along the bridge axis

logarithmic structusal damping (of i th mode)
logarithmic aerodynamic damping (of i th mode)

air density,

reduced mass (= m/(pB*)),

i th mode shape

& Qv o ;Mo
.‘..‘ﬁlm—».-.,
O e
B

1. INTRODUCTION

Since the collapse of the Tacoma Narrows Bridge, a great deai of
attention has been paid to the wind effects on bridges, resulting
in a great number of studies on the subject. These studies have
enabled the construction of long-span bridees to take place.
ITowever, there is much that remains uncertain concerning the
mechanism of the aerodynamic forces and wind-induced vibra-
tions ot bridges. This is due to the complexity of the nature of
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flow around a structure, as well as the complicated configuration
of the structure.

In general, structures are apt io vibrate when the product of
their natural frequency and their representative length of the
section is small compared to the wind speed at the site, and
when their mass and damping are small as well. Therefore,
research on wind effects is indispensable for construction of
long-span bridges, such as suspension bridges and cable-stayed
bridges, whose natural frequencies are very small, Since to in-
crease mass is not economical as well as unfavourable due to
the reduction of natural frequency, and to increase damping
is not practical, the most effective way to reduce wind-induced
vibrations is to select the bridge deck section so that it has
favourable aerodynamic characteristics as well as sufficient
rigidity. Such sections are a truss deck with small solidity ratio
and a streamlined box deck which has a large ratio of deck width
(B) to depth (D) (say, B/D>5). These bridge deck sections
have been applied to most of the long-span bridges.

However, the recent trend of increasing the span length of con-
tinuous hox-girder bridges presents a new problem. The in-
creased span length decreases the natural frequency of vertical
bending mode to values as low us those of cable-stayed girder
bridges. To bear the static load by its deck alone, the depth of
the bridge section must be larger than that of a suspension or
cable-stayed bridge, resulting in a small B/D, which is aerodyna-
mically unfavourable. In Fig. 1 plotted are the changes of the
lift slope (dCF/da=dCL/da+ CD) with B/D{l]. The lift
slope, dCF/d «, can be considered as a representative value for
the aerodynamic admittance and the aerodynamic derivative
in the low frequency range (or high wind speed range). The
aerodynamic damping would be negative for a bridge deck with
small B/D ratio. It may be correctly anticipated that the wind-
induced vibrations of such a bridge would be violent.

In the Public Works Research Institute, Ministry of Construc-
tion, Japan, several wind tunnel experiments have been co-
ducted concerning the wind-induced vibration of continuous
box girder bridges. Among these studies, the followings are
described in this paper.

1) the full model test for the proposed bridge design,

2) the sectional model test for the measurement of aero-

Ypr. of Eng., Deputy Director General, Pubiic Works Research
Institute, Ministry of Construction, Japan,

2 Head, Structure Division, Structure and Bridge Department,
P.W.R.L

3 Senior Research Engineer, Structure Division, P.W.R.L

4 Engineer, Local Road Division, Road Bureau, Ministry of Con-
struction, {(Formerly, Research Engineer, Structure Division,
PW.RI)



dynarnic damping of box girder bridges, and
3) the single span elastic model test for the measurement of
externai lift force.

2. FULL MODEL TEST FOR THE PROFOSED BRIDGE
DESIGN ’

The proposed bridge was a four-spanned continuous box girder
bridge (150+ 190 +190 +150m). B/D changes from 2.2 to
4.1 along th bridge axis. The general view of the bridge is
shown in Fig. 2.

The 1/120 full elastic model was constructed in the boundary
layer wind tunnel at PWRI, whose test secton is 6m wide,
3m high and 27m long. The stiffness of the model was simulated
by two steel spines, on which correctly scaled deck segments
were mounted. The reduced generalized mass for the first mode
M1/ 20, 2dz2)/(pB?*)) was 32. The logarithmic damping
in still air was 0.02 for the first mode, and somewhat smaller
for the higher modes. The natural frequencies of the model
and the prototype are shown in Table 1.

The vertical vibrational displaceément at the midpoint of the
center span was measured both in smooth and turbulent flow.
The turbulence was generated by spires. The turbulence inten-
sities Iu and Iw were about 12% and 8%, and the integral scales
Lxu and Lxw were about 0.8m and 0.3m, respectively. The
measured vibrationai dispiacements are shown in Fig. 3.

From the test results, it was found that the proposed bridge
had strong possibility of limited amplitude vibrations of 1st
mode, 2nd mode, 3rd mode and 5th mode in the low wind
speeds, and divergent amplitude vibrations in higher wind speed
in smooth flow. On the other hand, the magnitude of limited
amplitude vibrations decreased remarkably in the turbulent flow,
and the divergent amplitude vibration observed in smooth flow
turned to be the less divergent but more random vibration in
the turbulent flow.

3. MEASUREMENT OF AERODYNAMIC DAMPING

In general, wind-induced vibrations are caused either by seli-
excited forces (negative aerodynamic damping) or external
forces (approaching turbulence, vortex excitation). When the
summation of structural damping and aerodynamic damping
is 0 or negative, the aerodynamic instability will take place,

The aerodynamic damping of the box girder bridges was mea-
sured in the Low-Speed Wind Tunnel-B of PWRI, whose test
section is im wide, 2m high and 3m lorg. The turbulence
was generated by the coarse grid whose mesh size is 0.25m
and whose bar size is 0.05m. The intensities of the turbulence
Iu and Iw are 6.2% and 5.0%, respectively, and the integrai
scales Lxu, Lxw, Lyu and Lyw are 0.09m, 0.04m, 0.04m and
0.04m, respectively. The measurement was made by the dy-
namic balance developed at PWRI [2]. The sectional models
were shaken in heaving mode with an amplitude of B/100.
The cross sections of the tested bridge deck models are shown
in Fig. 4. Model A corresponds to the cross section at 1/6
point of the center span of the bridge mentioned in Chapter
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2. 'Model B is a rectangular ptism whose B/D = 2. Model Cis
the typical streamiined box girder for cable stayed or suspension
bridges.

The self-excited Lft force was transformed into mass-damping
parameter as follows.
oéa=-ImHLh/((8 »fr*) (0.5 p U* 1)) (1

In this transformation, the effect of aerodynamic stiffness was
neglected, and the uniform mode shape was assumed.

v 6 a of Model A in smooth flow is shown in Fig, §.1. Posi-
tive aerodynamic damping appears in high reduced frequencies
(fi>0.6), and then negative damping appears in the lower fre-
quencies .(0.4 <fr <0.5). The negative damping corresponds
to the limited amplitude vibration observed in the proposed
bridge design test. Then the sharp peak of positive damping
appears at {1 = 0.23. The negative damping foilows this positive
peak. The critical reduced frequency at which the damping
turns to negative is about 0.2, which corresponds to the onset
of the divergent vibration observed in the proposed bridge design
test.

¢ § ¢ measured in the turbulent flow is also shown in the figure.
The pattern is similar to that for smooth flow, however, the
positive damping peak shifts to the lower reduced frequency
and the peak becomes broader in the turbulent flow. It resuits
the decrease of the critical reduced frequency or the increase
of the critical reduced wind speed where the aerodynamic
damping turns to negative. The aerodynamic damping for the
thinner box girder models, whose B/D ratios (3.4 and 4.0)
correspond to the cross section at 1/3 and 1/2 point of the
center span of the continucus box girder bridge mentioned in
Chapter 2, was also measured. Their characteristics were similar
to those of Model A. These results suggest that the less diver-
gent but more randam vibration observed in the turbulent flow
was caused by the external lift force but not by the negative
aerodynamic damping.

In Fig. 5.2. shown is 5 8 a of the rectangular prism (Model B).
The characteristics of aerodynamic damping of the prism seem
similar to those of the box girder bridge (Model A).

These characteristics of ¢ 5 aof the box girder bridge are
quite different from those of the streamlined bridge deck
(Model C). As is shown in Fig. 5.3, the aerodynamic damping
of the steamlined bridge deck is positive both in smooth and
turbulent flow, The effect of turbulence on the aerodynamic
damping seems negligible for this kind of bridge deck.

4. MEASUREMENT OF THE EXTERNAL LIFT FORCES

Since the aerodynamic damping of the box grder bridge bec-
comes positive in the turbulent flow, the random vibration can
be explained by the external lLift forces induced by the appro-
aching turbulence or by the vorticies behind the deck. The
external Lt forces were estimated from the Power Spectral
Density Function (PSDF) of the wind-induced vibration of the
single span elastic model.



The experiments were made in the Low Speed Wind Tunnel-A
in PWRI, whose tesi section is 2.5m wide, 4m high and 10m
long. The three kinds of turbulence were generated by spires
and floor roughness. The characteristics of the turbulent flow
are shown in Table 2.

The span length, deck width and depth were 1.65m, 0.1lm and
0.05m, respectively. The cross section and mass were uniform
along the span. The reduced mass and logarithmic structural
damping were 33 and 0.01, respectively, The elasticity of the
model was provided by the simply supported alminum spine,
and the fundamental mode shape of the model was half-sine.
The cross sectional shape was similar to the box girder bridge
in Chapter 2, except that B/D (= 2.0) is a little smaller.

The wind-induced vibrations were measured both in smoath
and turbulent flow. The characteristics of the vibrations (Fig.
6) were similar to those described in Chaper2, however, the
effect of turbulence intensity on the rms values of the response
was not simpie. While the turbulence intensity increases in
the order of turbulent flow 1, 2, 3, the tms value around the
reduced wind speed 6 increases in the order of 2, 3, 1. The
aerodynamic damping estimated from the auto-correlation
function of the vibrational displacement suggested that the
relatively large responses in the turbulent flow 1 were caused
by the small aerodynamic damping.

The PSDF of the reduced generalized force for the first mode
was estimated as follows,

FSCLCL () [Ji(6) |2 /17 = £Sqiqi () (Mi (2 7 fi)?)?
/(0.5 pU* BL)® [ Hsi(D)|* 2

THsi(D) |* = ((1-(/f0)* )% + (80 + 8ai) (F/)/m)2 )" ()
The results are shown in Fig. 7. Since the PSDF of the external
force has sharp peak in smooth flow, it seems that the primary
cause for this force is vortex-excitation. The peak reduced
frequency becomes smaller in turbulent flow than in smooth
flow. It seems that the turbulence broadens and lowers the
peaks of the PSDF when the intensity is not so high (smooth
flow, turbulent flow 1 and 2), and that the turbulence increases
the power of the external force in case of high intensity (tur-
bulent flow 3).

5.  DISCUSSION

The magnitude of the randam vibration of the box girder bridge
in turbulent flow is atfected by both the external lift force
and the aercdynamic damping. In the experiment described
in Chapter 3, the lift force on the models at rest was measured
in the turbulent flow as well as the aerodynamic damping.
The PSDF of the lift force is shown in Fig. 5.1 together with
the aerodynamic damping. From the figure, it can be found
that the large power of the lift force is associated with the
lazge positive damping.

[t may be interesting to note the close correlation between
the PSDF of the external lift force and the aerodynamic damp-
ing plotted against reduced frequency for the box girder bridges.
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First of all, the effects of turbulence are similar, namely, turbu-
lence decreases the peak reduced frequency of both the lift
force and positive damping, and turbulence broadens their
peaks. - Secondly, the peak reduced frequencies are almost
identical as is shown in Fig. 5.1. These correlations were also
observed in case of the rectangular prism whose B/D=2. As.
is shown in Fig. 5.2, the peak reduced frequency of the posi-
tive damping in smooth flow coindides with the reduced fre-
quency of vortex shedding [3]. The frequency of vortex shed-
ding is identical with the peak frequency of the PSDF of the
external lift force. In the turbulent flow, both of these peaks
shift to the lower reduced frequency, and they are almost
tdentical as is shown in the same figure. These findings suggest
that the vorticies behind the bedy are the primary factor for
both the external lift force and the large posiiive damping in
case of the box girder bridge deck.

The effects of turbulence on the wind-induced vibrations of the
continuous box girder bridges are shown schematically in Fig. 8.
The Power Spectral Density Function of the external lift force
has a sharp peak in case of smooth flow. The turbulence shifts
the peak to lower reduced frequency and broadens the peak.
The aerodynamic damping has a sharp positive peak in case of
smooth flow. The negative damping follows the positive damp-
ing at the lower reduced frequency, which corresponds to the
onset of galloping. The turbulence shifts the positive damping
peak to lower reduced frequency and broadens the peak, which
remarkably decreases the reduced frequency for the onset of
negative damping. The broad-banded lift force in the turbulent
flow is associated with the broad-banded positive damping.
This results the less divergent but more random vibration in
the turbulent flow.

6. CONCLUDING REMARKS

The wind-induced vertical bending vibrations of continuous
box girder bridges have been investigated thrcugh the wind
tunnel tests, The main findings are as follows.

a. The limited amplitude vibrations in the low wind speed
and the divergent amplitude vibrations (galloping) in the
high wind speed were observed in case of smooth {low.
They weze caused by negative damping.

b. The areodynamic damping has a sharp positive peak in
case of smooth flow. The negative damping follows the
positive damping at the lower reduced frequency, which
corresponds to the onset of gaﬂoging.

¢.  The turbulence shifts the positive damping peak to lower
reduced frequency and broadens the peak, which remark-
ably decreases the reduced frequency for the onset of
negative damping.

d. The broad-banded positive damping in the turbulent
flow is associated with the broad-banded lift force, which
changes the galloping into the less divergent but more
random vibration in the turbulent flow.

e. The positive aerodynamic damping of the continuous
box girder bridges was found to be closely correlated with
the external lift force primarily due to the vortex-exci-
tation.
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Table 1. Natural frequencies

j 1st mode 2nd mode  3rd mode 5th mode

mode 5.6 (Hz) 7.3 9.9 11.2
prototype | .40 0.57 0.81 0.99

The 4th mode was horizontal bending.

Table 2 Characteristics of the turbulent flow

Turbulent Turbulent Turbulent
flow 1 flow 2 fow 3
Power Exponent 0.12 0.16 0.30
Iu 7.7% 11.4% 20.3%
Iw 5.3% 7.4% 13.0%
Lxu 0.34m 0.35m 0.36m
Lxw 0.15m 0.22m 0.13m
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On Interpreting Model and Prototype
Responses of Suspended-Span Bridges to Wind

by

Robert H. Scanlan1

ABSTRACT

Aeroe]astic models of suspended-span bridges have taken a vari-
ety of forms over the last half-century. A prominent engineering
tendency over much of that time has been the direct identifica-
tion of (scaled) mode! response under wind with expected proto-
type response. The present paper points out the fact that such
direct identification may likely be in error. Since most model ac-
tion is inevitably at variance with prototype action, interpretation
of experimental model response is required. Such interpratation
is facilitated via a viewpoint that refers to theory. An analytical
formulation is employed in which, notably, self-excited aerody-
namic effects are recognized through mechanismg like flutter
derivatives. Thereafter, by tracing expected specific aerodynamic
and seructural-dynamic contributions to both prototyps and
model response, the relation of the latter to the former can be
assessed. This process sharpens the vaiue of aeroelastic model
tests of bridges.

KEYWCRDS

Aerodynamic; Aeroelastic; Bridges; Structural-dynamic;
Suspended-span bridges; Wind engineering.

1. INTRCDUCTION

In problems of experimental simulation it is invariably of great
assistance 10 establish scaling ratios between the prototype that
is to be understood and the physical model that is intended to
represent it. When the modeling may be considered as “com-
plete” in all respects, an application of the principles of dimen-
sional analysis alone can often identify those parameter groups
that govern the action of the prototype. However, when the
physical modeling is “incomplete” in some respects it may be-
come necessary to explore the system under study more thor-
oughly by first establishing a mathematical model for it and then
noting the roles of various nondimensional quantities in the ac-
tion of the prototype. Thus, even if experiments fall short of
complete simulation, the several physical mechanisms involved
in them can be studied via partial models for their contributions
to the action of the prototype system as a whole.

In the wind tunnel testing of suspended-span bridges, a useful
point of view is that no reduced-scale model perfectly duplicates
prototype action in all respects. Thus, invoking a mathematical
model of the system cap help sssess the accuracy of inferences
drawn from experiment about the prototype. This point of view
.even enhances the ¢ritical interpretation of models initially in- -
tended to be “complete.” It serves to identify participating
mechanisms within the total system.

When constructing a mathematical model of bridge dynamic ac-
tion under wind it is convenient conceptually to separate off the

purely structural part from the purely acrodynamic part. The
former is usually adequately described by a set of the eigen-
modes and corresponding eigenfrequencies of the prototype,

+ which merely reflect in alternative form its mass and structural
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stiffness distributions. For.the aerodynamic part, some ingenuity
has been called for, and this area still comprises a focus for con-
tinued effort.

To date, however, the measored steady-state force and moment
coefficients of bridge deck sections, their corresponding oscilla-
tory-state flutter derivatives, and the concomitant aerodynamic
indicial and admittance functions, have fairly successfully been
employed in studying the mechanisms of prototype response to
wied. In fact, use of these concepts, usually derived from inten-
tionally abridged, or partial, experiments, has now led to a state
of the art in which a critical review of wind tunnel testing prac-
tices regarding bridge models can be undertaken. Such a review
is given in what follows.

2. THEORY OF PROTOTYPE ACTION

We consider the case of a flexible, suspended-span bridge under
high-velocity turbulent wind. The turbulence randomly excites
the deck, which responds in a random fashion and also under-
goes some degree of aeroelastic interaction, the net spectrum of
the attendant response exhibiting peaks at frequeancies respec-
tively in the neighborhood of the natural eigenfrequencies of the
structure, (The aeroelastic forces may affect the exact values of
thess frequencies.)

We first consider the interactive forces related to the three de-
grees of freedom (cf. Fig. 1): h (vertical), a (twist), and p (lat-
eral) of a typical deck section. These actions take the
well-known linearized forms [1]:2

Lift: L, =% pU%B [KH{(K)% + 1«:1&5(1()%é + Kzﬂg(x)a] 6

Moment: M,,=2 p U282 kASK)E + RALK)ES
ae” 3 ™G 20

+-K2A§(K)a,] @

Drag: Dm=% pU%B [KP{(K)—% + KPE(K)%-%- KZPQ(K)a] 3

! Department of Civil Engineering, Johns Hopkins University,
Baltimore, MD 21218.

21t should further be noted that an alternate formulation of the
aeroelastic forces under random excitation is via the so-called
indicial function approach [5]. This will not be followed here.






where
" p=air density
U = mean cross-wind velocity
B=deck width
K=Bw/U=reduced frequency

H{, A{ and P{ (i=1, 2, 3) are well-known flutter derivatives,
experimentally determined functions of K for some specified
bridge deck; and it is presumed that h, a, and p are all undergo-
ing sinusoidal oscillation at radian frcquency w. [Figs. 2 and 3,

for examplc, represent rcpresentauvc experimentally obtained
plots of Hl (K) and Az (K) vs. 2n/K.]

It is worth emphasizing here that the complete flutter deriva-
tives have the form KHI, KH2, etc. and that a pair like KI-II

(X) is in fact an inseparable product that holds for any given
value of 2w/K. Thus, at some mean velocity U if the degree of
freedom h oscillates according to

h= hl sin m1t+h2 sin (:)zt (4)

then the correspornding self-excited lift force compornent is

152 N o
Lae=§ pU“B KIHI.(KI)‘—'E[_- €os (Dlt

o 12002
+ Ksz(Kﬁ—ﬁ— €08 wot (6]
where _
Kl = Bml/’ U,
Ks=Bay/ T,

@1, g being the respective radian frequencies of thc two oscil-
lation components.

If the deck response components are introduced in terms of the
superposition of dimensjonless modal contributions hy(x), ay(x),
pi(x), then

B (=3 &) bx) B ®
1

o (61)=3, &) ox) 9
1

P D=3 {0 pi(0) B | ®
i

where g(t) is the generalized coordinate of mode i. The aerce-
lastic part of the sectional lift is then

3 KHIK)E(on
Lae (0= 3 pUZB{ G :

3 KHIKDE(Da(x)B
3 RPHKE 00

Analogous forms hold for M, and D, from (2) and (3)-

Next consider the sectional buffeting terms. These will have the
form

Ly, )=3pT?B L( (10)
My, (9=3 pT2B2 M() )
Dy (1) =%— pU%B D(r) (12)

where L, M, D are respectively the dimensionless random lift,
moment, and drag acting on the deck section. Their exact forms
will not be specified in the present paper, but may be expected
to be experimentally measured results.

We then define the total actions on a deck section to be

Lift: L=Lg +Ly, (1%
Moment: M=M,.+M;, (14)
Drag: D=D,,+ Dy (15)

This resuits in the following expressions:

Lo=3o0%81 3 [(KiHi(‘;i)hi(x)B+ K;Hi(ls';_,;)aja)a) é,-
* KJ'ZH§(K5)‘15(X)55] + L(x,t)} ‘ a
Mo-4ot?{ 3[(T2
w)ﬁﬁ K; A3( Da (")ﬁj]
+M(x,F)} . -
+ szPﬁ(K})a.(x)gj] + D(x,t)} -

The i th generalized coordinate &; responds according to the
equation

e .2
L [§i+2§i°Ji€i+wi §i]= {0 a9
where I1 is the generalized inertia of the entire bridge structure

in the ith mode, &its dampmg ratio, and w, its circular fre-
quency; the generallzed force is

Q= fdm [L &h +M§;’1 + Dgé’;]dx 20)

The explicit form of Q; becomes

Q=102 |, dm{ﬁ(ﬂ%’)ﬂ

HIK Do (x)BY |
PN gt o)

+§[(KinG§>hj<X>B RjAS(K o, mn)

U ]

K:PI(K)p:(x)B
+ IS-ZA:;(Kj)aj(Xﬁj]“i(") + ? [(il—f’ri_

PHK (0B |
+5_%L_) §* K?P§(Kj)a3(x)§j]pi(x)

+ L{x,0hy(x) + M(x,t)y(x) + D(x,1)p;(x) } dx 1

By carrying out the spanwise modal integrations that take the
form

O sn™ f deck Im(X) $5(x) dx @)



where 1, s=h, a, or p; m, n=i or j, the following result can be
obtained for the generalized force:

Qi(t) B
%pﬁzaz"}:[ o (Eioyo bty R0 Oy

* - ! ]
+ AI(K])Ghj "‘i+ Az(KJ)G ooy + Pl(K))Gpjpi
. i. 2 o
+ Pz(Kj)G ujpi) &+ Kj (H3(KJ)G ujhi

* Aé(K}')G ﬂjﬂi+ Ps(Kj)G“jPi) gj]

+ f deck [L(x,tby(x) -+ M{x,Dy(x) + Dx,0p;(x)]dx -

Versions of this result appear in Ref. {2].

It has been assumed in arriving at (23) above that the aeroelastic
derivatives do not vary over the span, ie. that the deck section
geometry is uniform spanwise, and that the mean wind velocity
is also uniform over the span. When these conditions are not met
it is more appropriate to employ the more general eq. {21) for

Qi(t)n
3. REMARKS ON THE NATURE OF THE EXCITATION

Based oa q. {23) a number of observations can be made. First,
all bridge modes are excited by the turbulence; and, as a general
feature of the system, all modes are coupled together in the
equations of motion through the medium of the atroelastic
derivatives and the modal integrals (22), The strength of this
coupling will thus depend on the relative magnitudes of these
terms. The aeroefastic derivatives are functions uniquely of deck
cross-sectional geometry, while the modal integrals are conse-

- quences of the distributions of mass and stiffness in the bridge
structure.

In some of the modes of a structure the deck plays a dominant
role, carrying a large percentage of the generalized inertia of the
whole system. If the deck structure is uniform over the span in
these structures the modal integrals (22) may in such cases be ap-
proximately proportionat to the well-known conditions of or-
thonormality between modes. In this situatios some of the
integrals (22) may approach high (“unit”) values while others
approach zero values.

An investigation of the first 13 modes of a modern cable-stayed
bridge was made as an example, and two items of interest were
recorded for each of these modes:
1) the percentage of total bridge generalized inertia concen-
trated in the deck alone;

2) values of those integrals Grmsn (22) in which r=s and

n=m, Le. values dependent on same-mode contributions.

Based on the convention that all generalized inertias I; were as-
signed unit value, results for the ratio of deck contribution
(Ii)dcck to total I; value, and the integrals Ghihiy G“‘i"‘i’ GPiPi
are presented in relative units in Table 1. This table serves to
identify a) those modes in which prominent deck action is to be
expected; b) the character (vertical bending, torsion, or lateral
sway) of each mode. Further, it can be expected that for modes
with high deck inertia and strong, single-component modal char-
acter, the cross-modal integrals (22) will take on less sigrificant
values, Some may be negligible,

Arguments of this sort (backed by numerical evaluations) can
serve to delineaie those modes most likely to participate in wind-
induced acroelastic response. Note that modes 1, 3, 9, 10, 12, and
13 of the example bave over 93% of their inertia located in the
deck alone, whereas this is quite variable for other modes. Mode
1 clearly has the character of lateral sway; modes 3, 9, 10, 12 are
mainly vertical modes; and mode 13 is the first strongly torsional
mode. (This mode is particularly likely to pick up wind energy
through the agency of the Aa coefficients.) For modes like these
the deck action represents most of total bridge action. They may
be expected to dominate the response.

The possibility that in certain cases the cross-modal integrals
(22) may have weak values suggests that on occasion intermodal
aeroelastic coupling may not be strong and that in such cases eq.
(23) may reduce further to an uncoupled, single-mode form,
namely:

ﬁ ————(HI(K,)thh‘+ AYE)Cqq +PIK)Op 0, )gl

Nh—l

+ K AJK YO g 0 @4

implying the possibility of single-mode aeroelastic response.

If one wishes provisionally to consider single-mode flutter in
mode i, ¢ither as an actual possibility or as a necessary bounding
case, this must imply that, in eq. (19), the mechanical damping
term on the left-hand side is to be balanced by the acrodynamic
damping terms of the ;ight-hand side. Further, the natural fre-
quency w; of the mode is modified to a value &; by the
acrodynaxmc stiffness (A3) term. This situation lcads first to the

frequency modifying relation:

2
2__ W
=

B @
+5- AJK)G

21, 439G

and next to the criterion FC for single-mode flutter instability:

B e .
FC= ;1 4§11[H1(Ki)Ghihi+A2(Ki)Gaiui+Pi(Ki)(}p pi 41

(26)
in which it is understood that Ki=B‘GS i/I_J.

Finally, the action of wind turbulence may be discussed. First, it
has been verified [3] 4] that the presence of turbulence affccts ‘
the values of the sectional acroelastic derivatives H, A, P{.
Hence the values of these quantities as measured under appropri-
ate turbulent conditions should be employed in the analysis,
Next, the general action of turbulence is to force all bridge
mades into play, as is clear from eqs. (6)~8), (19), (23). When
modes that are more highly damped are excited by the turbu-
lence, their aeroclastic effects couple with others of the system
and extract energy from it, effectively delaying the onset of in-
stability. This appears to account for the often observed exten-
sion of eritical flutter velocities of full-bridge models to higher
values under mrbulence.

A commonly held view is that two modes—typically a pure
bending and a pure torsion—must coupie to produce flutter.
This phenomenon defines, in fact, the kind of stiffness-controlled
“classical” flutter observed in aircraft, where the acrodynamic
forces at high speed are large enough to aiter two structural fre-

~ quencies and modes appreciably toward coalescence into a flut-
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ter mode. While this type of occurrence is in principle possible



for bridge decks, and is covered by the theory given, by far the |

greater number of actual occurrences depend upon a single tor-
sional mode becoming intrinsically unstable and “driving” the
rest of the system. The mechanism involved in this can immedi-
ately be detected by evaluation of the terms in eq. (23), most
particularly those involving the A} coefficient, which can lead
to negative system damping,

In many cases the question of stability may be regarded as cen-
tered therefore on the values taken on by the Ai flutter deriva-
tive, which typically evolves from negative to positive with
increasing values of U/NB=2w/K. Modes of higher frequency,
corresponding to lower values of U/NB, correspond generally
to negative values of Ai, whereas lower-frequency modes ap-
propriate positive values of A3, tending toward instability. It is
thus quite clear how turbulence, coupling-in many modes that
are conducive to greater damping, extands the stability domain.

3,1 The Roles of Different Model Types

Common model types include narrow- and wide-span section,

.the single-span flexible, and the full-bridge aeroelastic. The roles,
results, and interpretations of each can be assessed in light of the
theory developed above.

The narrow-span section model is the model of choice for most
investigations, Tested under laminar flow it yields the primary
flutter derivatives and static force coefficients that are usually
the most conservative ones. It is usually difficuit, however, to
test the section model under conditions of propesly simulated

turbulence. This problem has, however, been approached and

largely overcome in recent work [3] [4].

One of the largest open issues is the extent to' which prototype
action should be inferred from model results. The rigid, spring-
supported model can represent ouly restricted freedoms; and
gereral prototype madal effects therefore cannot be fully dupli-
cated by it. Under these conditions, model response to turbu-
lence will not duplicate that of the prototype.

When the short-span section model is used to acquire section
aeroelastic derivatives experimentally it can conveniently be di-
vorced from all but geometric similarity requirements relative to
the prototype. Since the aeroelastic derivatives are functions of
reduced velocity U/NB only (as with linear-theory derivatives),
or of U/NB and response amplitude only (as with problems in-
volving noglinear theory), the geometric section model need
only respect thése parameters, and is thus rapid, economical, and
relatively simple to test. It most often must be tested in any
event, whether or not models of other types are employed.

The section model, with its restricted, rigid modes, can be fitted
directly into the general theory outlined above [2]. It can re-
spond essentially in separate components of two distinct proto-
type modes at a time, When its parameters are employed with
the theory, the exact degree to which it meets {or fails to meet)
prototype action can be completely assessed, without ambiguity.
Its chief role remains, however, in assessing intrinsically asrody-
namic and aeroelastic data.

The wide-span section model acts in every respect like the nar-
row-span version but has the added feature of being wide
epough to include the integrated spanwise variations of the tur-
bulence effects, both on the net flutter derivatives and on the
buffeting response. However, this model must also not be mis-
taken to have the same response as the prototype. Model action
is again restricted e¢ssentially to two “pure” prototype modal
components. Entry of the modal and other data into the analyti-
cal framework given earlier again reveals clearly that model re-

sponse is not directly equal to scaled prototype response, evean in
a single mode. This is cbvious from the differences that occur in
the modal integrals Gy, s, that appear in eq (22) for the model
and prototype. At the same time, the full appreciation of these
differences permits correct interpretation of model performance
under turbulence relative to expected prototype performance.

For example, analysis of model and prototype performance un-
der random inputs [2] can yield the ratio of r.m.s. modei re-
sponse amplitude to expected prototype response in a single
mode of the latter. This ratio is not unity, even apart from
known scaling factors.

The single-span flexible model (often realized via the so-called
“taut strip” technique) has identical problems to those of the
narrow- and wide-span section models, in that it cannot be ex-
pected to duplicate prototype modes, full-bridge inertias, or
damping. For the simulation of cable-stayed bridges in particu-
lar, the fact that it develops a mode or modes of its own is actu-
ally a disadvantage, rather than an advantage, since these modes
cannot reproduce complex cable-stayed modes. In this respect
the wide-span, rigid section model is in fact superior, its “mode”
being simpler and more directly adapted to the extraction of
flutter derivatives.

The reasoning that leads to use of a single-span, flexible mode!
has often been faulty, to the extent that the effort has been to set
up model performance that could be interpreted directly, on a
one-to-one scale, as cquivalent to prototype performance. Such
intended interpretation is illusory. If, in particular, the motiva-
tion for a single-span flexible model is to gather in and integrate
the spanwise effects of turbulence, then interpretation beyond
the one-to-one scale. is even more called for, since the model acts

- differently from the prototype, as seen, again, via the theory out-
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lined earlier.

In particular, referring to the modal integrals (22), these will be
vastly different from model to prototype. The deck generalized
inertia. will not in general duplicate (to scale) fuil-bridge general-
ized inertia. Again, only a single (or perhaps two) center-span
modes are possibie in the single-span flexible model. Inertias and
loadings of side spans are not represented. In the case of modern
cable-stayed bridges the shapes of the modes realizable by single-
span flexible models usually do not conform to prototype modal
forms.

The full-bridge acroelastic model , assuming it to be acroelastically
faithful, is the only one with a reasonable chance of directly du-
plicating prototype performance (to scale) on a one-to-one basis.
For this it must be tested under correctly simulated earth’s
boundary layer winds. Exploiters of such models have encoun-
tered the expense, care, and general difficulties involved with
them. In particular, their realizable hierarchy of structural vibra-
tion modes seldom lines up perfectly, one-for-one, with proto-
type modes. This line-up may be partially achieved through as
many as 10 modes, though rarely. Whea it is recalled that a
wind-critical torsional mode of a modern cable-stayed bridge
may be the 13th or 17th mode of the structure, this leaves some
open problems.

Cther problems of these model types are that they integrate all
effects together, permitting less experimental appreciation of
specific iocal mechanisms that may contribute importantly to
overall performance.

3.2 Genperal Philosophy of Modeling

Throughout the history of bridge wind-tunne] modeling there
has been a tendency on the part of investigators 1o view the



madel as a direct, scaled analog of the prototype. As with any
other avenue of investigation, what is objectively discovered
may not always conform to preconceptions. In the case of
bridge modeling what has been discovered is that the essence of
what can be extracted from models is not their performance
perse but the intrinsic aerodynamic information that they engen-
der, i.e., such data as the static and aercelastic derivatives, indi-
cial and admittance functions, etc. .

The desire to “command” the model intc scaled dynamic equive
alence to the prototype has led to extensive and peedless con-
cern with model structural dynamics, equivalent inertias,
artificial rotation points, damping, etc. While no model can du-
plicate prototype behavior perfectly, as has been argued, numer-
ous attempts continue to be made to bring model performance
into such alignment. A much more fruitful approach is to con-
centrate on exactly what can be inferred correctly from model
tests, Certainly the static force coefficients and the aeroelastic
derivatives are prominent among such items of data, These, cou-
pled with theory, offer a wide range of options regarding the
forecasting of prototype performance. This approach allows the
aerodynamicist to concentrate attention more upon his principal
art and less upon structural dynamics.

When costly attempts are made to encompass the entire prob-
lem—both structural and acrodynamic —via a full-bridge aeroe-
lastic model, for example, a large set of parameters, including
many structural ones, is “invited” into the problem. Their total-
ity may lessen the validity of conclusions drawn from experi-
ment rather than augment them. A problematic situation that can
occur under these circumstances is that a “favorable” but unex-

plained outcome emerges from the testing. From an engineering
viewpoint the cause for this must ultimately be found, but a
“global” test, in which too few detailed mechanisms have been
explained, may offer a false sense of security.

The analytical and directed experimental approaches outlined in
this paper have emphasized the role of theory in discerning the
mechanisms responsible for the stability of suspended-span
bridges. It should be noted that the theory may be considerably
extended [2] beyond the limited scope presented.
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TABLE 1
Modal Geometric Integrals and Deck Inertias

Mode Freq. I
(Hz) (deck

only)

Gajoj

Ghihy Gpipi

0171
0.188
0.270
0.349
0.389
0.516
0.522
0.552
0.555
0.645
0.696
0.714
0.721

0.992
0.781
0.935
0.890
0.894
0.050
0.062
0.694
0.947
0.975
0.633
0.988
0.955

b
CREPvomucnut pom

0.1816 E07
0.3354 E-11
0.3193 E-13
0.3614 E-12
0.4876 E-07
0.7846 E-07
0.9214 EL07
0.5313 E07
0.1778 E-10
0.5434 E-14
0.1239 E06
0.2264 E-11
0.3640 E-05

0.1414 E-i1
0.0896 E-7
0.2105 E-06
0.2010 E-06
0.1685 E-11
0.3021 E-13
0.3644 E-13
0.0729 E-9
0.2133 E-06
0.2201 E-08
0.4637 E-12
0.2238 E-06
0.1375 E-12

0.2242 E06
0.4358 E-10
0.2064 E-12
0.1662 E-11
0.1975 E-06
0.0739 BL07
0.0795 E07
0.1317 E<06
0.4478 E-10
0.3812 E-13
0.1130 E-06
0.1817 E-12
0.2006 E-08
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The United States Geological Survey
Accelerograph Network in the U.S.-Operations,
Record Processing and Research

by

A. Gerald Bradyl

ABSTRACT

The United States Geological Survey maintains
a gtrong-motion instrumentation permanent
network of accelerographs for recording poten—
tially damaging strong accelerations. At the
project level, two projects are respousible
for the design, development and operatiom of
the network, and the processing of the
resulting ground motion data. Five projects
are closely linked to the performance of the
network and the processed data. The seven
projects, and the relationships between them,
are described in terms of their recent
accomplishments.

KEYWORDS: Accelerograph; Network; Operation;
Data processing.

1. INTRODUGTION

The Branch of Engineering Seismology and
Geology, within the Office of Earthquakes,
Volcanoes. and Engineering, of the U.S. Geolo-
gical Survey, may be considered to consist of
approximately 40 research projects, plus the
administrative and data handling projeets es—
sential for operation. All research projects
are headed in general by Ph.D. scientists.

The projects deal with the reduction of earth-
quake hazard from an understanding of the
causative faults, the passage of earthquake-
generated strong-motion waves to the surface,
and the effect on structures of strong ground
morion at the surface. The researchers
involved are therefore readily subdivided into
geologists, geophysicists and engineers,
although there is considerable overlap.

Many measurements of earthquake related
phenomena are taken -- coutinuous in analog or
discrete modes for monitoring purposes, and
intermittent in analog or disecrete modes for
specific earthquake occurrences. The strong-
motion instrumentation network, characterized
by permanently-installed inscruments for
recording potentially damaging strong accele-
rations, 1s one such source of research data.
Seven projects are directly related with the
development and operation of this permanent
network, and with the strong-motion records it
produces, while several more projects use some
of the more significant record sets for re-
search endeavors that do not form an essential
part of their basic project goals. This
report describes briefly the two projects that
run the network and process the data, together
with recent accomplishments. It follows with
a description of the five projects whose goals
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are closely linked to the performance of the
primary two.

2. NETWORK PERFORMANCE AND RECORD PROCESSING

2.1 Stroung-Motion lustrumentation Network
Design, Development and Operations

This network was initiated by the U.S. Coast
and Geodetic Survey in 1932 and recorded the
first accelerations close to a destructive
earthquake on March 10, 1933 (the Long Beach
earthquake). - At the present time, the network
operates in 41 states and in Puerto Rico, and
consists of approximately 1000 recording units
installed at 600 ground sites, 27 buildings,
five bridges, 56 dams, and two pumping

plants. Cooperative arrangements for the
degign, development and operation of many of
these installations are in effect with several
federal, state, and local agencies, and
advisory engineering committees. Cooperative
agreements with federal agencies ensure a

. spread of the network into some regions where

the return, in the form of significant
records, is not high. The densest parts of
the network include the metropolitan and
active fault areas in California, followed by
the seismically active areas of the remaining
western states, Alaska and Hawaii. Arrays of
closely spaced sensors, with typical spacing
of 100 m, and of less closely spaced sensors
(spacing of 1 to 5 km), have been installed in
California locations.

Program goals include (1) the recording of
potentially damaging ground motions to be used
as input by the structural engineering, and
geophysical, professions in efforts to reduce
the earthquake hazard through a greater
understanding, and subsequently, mdre precise
building codes and regulations, and (2)
monitoring the earthquake response of civil
engineering structures with sensors placed at
eritical locations. Hopefully, significant,
or even damaging, earthquake response would be
recorded.

The following recent project activities have
been taken in their entirety from the 6-month-
ly technical summary reports of the National
Earthquake Hazards Reduction Program (Ref. 1).

2.1.1 New ILnstrumentation

81x ground motion stations were established in

l U.s. Geological Survey, Menlo Park, CA
94025



the Western United States: - three at rock
sites in San Francisco including the Golden
Gate Bridge aburment, one on the Calaveras
fault east of San Jose, and two in western
Nevada, at Yeringtron and Montgomery Pass.

Two four—instrument structural arrays were
installed at the Corps of Engineers' John Day
and Dalles concrete dams located on the Colum—
bia River between Oregon and Washington. At
each structure the instrumentation configura=~
tion consists of two accelerographs in the
lower gallery, one in the upper gallery, and
one on abutment rock.

A 21-channel instrumentation system was
completed at a 33-story steel frame building
in Los Angeles. The structure is rectangular
for the first 12 stories above ground, and is
then topped by a 2l-story triangular tower.
Transducers are located at the basement level,
and on the ground, 12th, 13th, and 33rd floors
in directions to measure base rocking, two
translational modes in each direction, and two
torsional modes.

A 15-channel structural monitoring system was
installed for the Metropolitan Water District
of Southern California on a truss bridge that
was recently retrofitted with seismic isola-
tion elastomeric bearings. The bridge has
three 180-foot long spans (35 m) that carry a
10~foot diameter (3 m) California Aqueduct
water pipe across the Santa Ana River near
Riverside, Transducers have been located in
the middle of one truss section, at a pier
above and below the elastomerie bearing, in
the bridge abutment, and in a nearby recorder
housing resting on rock.

2.1.2 Recent Earthquake Records

‘Several hundred earthquaake records were
recovered during the past six months £from
instrumentation leocated in California and
Alaska. The following summarizes some of the
more important resgults.

Barthquake Date

Magnitude Location

2.2 The National Strong-Maotion Network: Data

Processin

Data processing of significant records from
the strong-motion instrumentation network pro-
vides computer-ready corrected accelerograms
to the engineering and geophysical research
community. Tapes containing this data, and
their spectra, are distributed by the National
Geophysical Data Center. Reports containing
computer plots are distributed by the U.S.
Geological Survey. Accompanying data oun all
records, stations, and recorded events are
available on a recently updated database oper-
ated on the USGS VAX computer st their Menlo
Park Western Region Headquarters (Ref. 2).

In its capacity as data processor for the USGS
strong-motion instrumentation network, the
project remains current with all recent pro-
cessing procedures, particularly those in use
by other closely associated projects within
the USGS. GCooperative processing arrangements
have been made in the past with ILtaly and oth-
er countries in Europe, with Chile and other
countries in South America, and with Mexico
and other countries in Central America.

Local site geology investigations at the
strong-motion stations are shared by several
projects, but the relevant information from
bere holes, and velocity profiles, are
intended to be centrally gathered in the
section of the database describing the
stations (Ref. 2).

2.2.1 Recent project activities

In cooperation with strong-motioun network
personnel in the Civil Engineering Department
of the University of Chile, some of the more
distant records of the Chile earthguake
{Ms7.8, 3 March 1985) have been digitized and
processed. The important records with high
amplitudes were processed in Chile, Omne
significant record from Adak, Alaska during
the Alaska earthquake {Ms7.7, 7 May 1986) has

Records Peak Acceleration

30 December 1985 5.2 Anchorage, AK 11 Ground 08 g
Structure .05 g
(Humana Hospital

7tn floor)
8 July 1986 5.9 N. Palm Springs, CA 68*% Ground .78 g
Structure .12 g

{Skinner Dam

crest)
13 July 1986 5.3 Offshore off 3 Ground 1l g
: Oceanside, CA

21l July 1986 6,0 Chalfant Valley, CA 16% Ground 36 g

#More than 100 aftershock records were obtained from permanent and temporary
accelerograph statioms following the North Palm Springs and Chalfant Valley

earthquakes.



been processed for the U.S. Navy. Two of the
California earthquakes in July 1986 produced
significant records --North Palm Springs
(M5.9, 8 July 1986) and Chalfant Valley, near
Bishop, (M6.4,.21 July 1986). A set of 17
records from the North Palm Springs event are
being processed, while the most significant
records from the Chalfant Valley event are
from a downhole array (100 m deep) at Mammoth
Lakes.

A user manual and a maintenance manual for the
strong-motion database have been prepared, for
use by USGS database personnel, even though
the database i{tself is operating at present at
its basic level,

3. PROJECTS RELYING ON NETWORK OPERATIONS AND

DATA PROCESSING

Three projects rely on the Network Operations
project for installation and maintenance of
accelerographs performing specific functions.
These stations have been incorporated into the
permanent network. The projects also rely on
the Data Processing project for processing any
records forthecoming from the installations.

3.1 Natiomal Strong-Motion Network:
Engineering Data Analysis

The E1 Centro Differential Array recorded the
1981 Westmorland earthquake (M5.6, 26 April
1981) and the Hollister Differential Array
recorded the 1986 Hollister Earthquake (M5.5,
26 January 1986). These arrays, with station
spacing of the order of 100 m, were designed
for investigations of differential displace-
ments and their effect on structures with
large foundations or widely spaced supports.
Differential displacements and spectra, from
records of the two events, have been calcu-
lated (Ref. 3). )

3.2 Experimental Investigations of
Liquefaction Potential

This project involves the design and instal-
lacion of instrumental packages at a chosen
site near Parkfield, California, to monitor
pore water prassures in buried sand layers,
and strong ground motion in a downhole array,
during the predicted Parkfield earthquake,
should it occur. Four downhole accelerometers
will be at depths ramnging from 3 to 30 m, in
addition to ground level accelerometers.
Their installation and maintenance have been
coordinated through the Network Operations
project and digitizing of any records,
including the pore pressure records, will be
coordinated through the Data Processing
project (Ref., 4).

3.3 Instrumentation of Structures

In the last several years the USGS has estab-
lished a program where advisory committees,

formed in the more seismically active areas of
the country, develop lists of structures. for
possible instrumentation. The recommendations
of committees in the San Franciseco Bay Region,
San Bernardino County, and Los Angeles County,
in Califormia, and in Charleston, South Caro-
lina, have resulted in thorough instrumenta—
tion of at least one structure in each region
(Ref. 5). Further committee recommendations
are expected from Orange County, Calif.;
Seattle, Wash.; Reno, Nev.; the New Madrid
area, Missouri; Boston, Mass.; Anchorage,
Alaska; Hawall; and Puerto Rico.

The well-instrumented structures become part
of the permanent network, and any records from
future events will be processed accordingly.
Records are expected to provide useful
information for:

« checking the dynamic model, for the first
two modes in each directiom, and for
torsion and rocking;

* 1investigating non-linear effects;

¢ eorrelating non-linearities and inelastic
behavior with damage;

* correlating ground level motion with
structural properties and damage;

+ the improvement of seismic codes.,

4. OTHER SOURCES OF ACCELEROGRAMS

4.1 Strong-Motion Accelerograms of the 3
March 1985 Central Chile Earthquake,.

Strong-motion records from the more distant
stations during the 1985 Chile earthquake, and
records from the significant afrershocks, were
digitized and processed by the Data Processing
project. The near field records were digi-
tized in Chile. A staff member from the Uni-
versity of Chile visited Menlo Park to assist
in the processing. At the completion of all
processing, a data tape and report will be
prepared (Ref. 6), and the data will be
available for use both in Chile, the USGS, and
on request.

5. RECENT AND CURRENT RESEARCH PROJECTS USING.
PROCESSED DATA FROM THE STRONG-MOTION INSTRU-

MENTATLION NETWORK.

5.1 Fundamental Modal Behavior of an
Earthquake—excited Bridge

The 1984 Morgan Hill earthquake (M6.1, 24
April 1984) produced a set of acceleration
records at the freeway overpass in San Jose,
carrying I-280/1-680 across U.5.101, 12 km
from the epicenter. Peak accelerations
reached 0.1 g at ground level and 0,16 g in
the box girder. The integrated displacements
at frequencies higher than 3 Hz permit the
identification of the fundamental modes and
frequencies. The horizontal modes, which
include dominant ground level motions up to
90% of deck motions, have frequencies of 3.8



and 3.9 Hz (Ref. 7).

" 5.2 Differential Ground Displacements

Included in the projects relying on Network
Operations and Data Processing, above, is the
Engineering Data Analysis project. As de-
scribed there, data has already been recorded
on both the differential arrays. This differ-
ential ground motion, were it to occur under
the base of an extended structure, would
impose direct strains on the structure in
addition to those strains from the earthquake
loading. The analysis of these records shows
that when applied to a simple structure under
specific circumstances, these direct strains
can be more important than those strains
calculated assuming the entire foundation is
excited in unison (Ref. 8).

5.3 System Identification in Structural

Dynamics

This project develops methods for system iden-—
tification for use in analyzing the earthquake
recordings of instrumented structures. It
forms the bridge between the instrumented
structures in the strong-motion instrumenta-
tion network and the processed records
obtained during earthquakes. Preliminary
testing of these research methods incorporates
the use of the processed records to identify
mode shapes and frequencies, and the compari-
son of these identified characteristics with
values from other independent sources.

6. CONCLUSIONS

The research projects within the USGS that are

directly involved with the permanent strong-
motion instrumentation network of accelero-
graphs and the processing of records form a
distinct group in the earthquake hazard
reduction program. The basic projects
(network operation and data processing) are
closely linked to the others in this group
(geophysics and engineering problem solving).
Although the responsibilities for all projects
are clearly delineated, it is clear that the
performance of the basic projects is important
to the others, while, on the other hand, and
in the long term, the basic projects rely
strongly on good scientific use of their data.
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ABSTRACT
Dynamic response analysis is applied to
earthquake resistant design of structures, It

is possible to analyze the dynamic phenomena
of structures for the earthquake to the most
accurate degree, because the theories and
computer programs concerning these analyses
have made great progress recently. But the
typical observed strong ground motlons have
keen used mostly as “earthquake input”. As
the number or the nature of those waves are
limited as yet, we must take care to use their
wvaveforms for design and a useful method for
synthesizing the ground motions has not yet
been developed,

In order to use the synthetic ground motlons
calculated from the fault model as "earthquake
input", it 18 necessary to estimate the
characterlstics of the source time function
correctly. In this paper, we propose the
estimation method of the source time function
with the observed ground motiong by applying
the autoregressive(AR) model to the observed
ground motions. Turther, we apply this
procedure to the synthetic waves calculated
from the fault model in order to verify this
method, As a results, the waveform obtained
by using this method corresponds to the source
time fupction of the selsmic moment, These
results agree with the condition given for the
fault model analysis and it 1is pointed out
that this analytical method using the AR model
ia available to estimate 'earthquake Input”

for the dynamic response  analysis  of
structures.
KEY WORDS: Source Time Event,

Function,
Seismic Moment, Fault Model -
1. INTRODUCTION
In order to estimate the seismic safety of
structures, the dynamic response analysis is
applied to earthquake resistant design of
structures, and the typilcal observed strong
ground motions have been used mostly as
"earthquake input’, But as the number or the
dynamiec properties of those waves are limited
as yet, we must take care to use their
waveforms for design and a useful method of
synthegizing the ground motions has not yet
been developed. But recently many trials to
have a realistic "earthquake input” have been
performed from both a
observational aspect.

theoretical and
They are pseudo-ground
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motion, superpositien of many seismic waves
from aftershocks, etc.. Especially in
connection with rather long peried ground

motions, the method of synthesizing the ground
motion due to earthquake faulting is applied
for engineering. In order tc use the
syntheric ground motions calculated from the
fault model as '"earthquake dinput”, it is
significant to grasp the characteristics of
the source time function correctly. However,
the ground moticn 1s strongly affected by the
earthquake process itself, the propagating
path of the seismic wave, the topography of

the pground surface, and the properties of
ground surface layers.
In this paper, we propose the estimation

method of the source time function with the
observed ground motions by using the
autoregressive (AR} model for the purpose of
estimating the dynamic properties of the
ground surface and the seismic wave path.
Further, we apply this procedure to the
synthetic waves calculated from the fault
model in order to verify this method(l),

2. AMALYTICAL METHCD

The inversion methcd proposed by Kikuchi(2) is
one method by which the distribution of events
(called strong motion sources) on the fault
plane can be estimated. In this method, the
parameters for the fault are determined by

matching the synthetic waveforms with the
observed ones. But, by  using a wmethod
proposed 1in - this paper the source time
function 1s obtained directly from the
observed ground wmotion. Besides, Nair(3)

tries to estimate the gource function and the
medium response function from the observed
ground motion by the AR model, Tomizawa et
al,(4) synthesize three-dimensional earthquake
pround motion, and Yokota et al,(5) determine
the arrival times of P- and S-waves on the
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prediction system of earchquakes. The outline
of this analytical method follows.

In order to estimate the dynamic properties of
the ground surface and the seismic wave path,
we apply the AR model to the tail part of cthe
observed ground motion which is appeared by
the finite discrete time series
xi(i=l,2,....,N). As the tail part,
xi(i=L,L+l,,nn.,N;l$LsN), i1s random dara with
Eew non-stationary properties, it is written
as

xi—m + Ei
i=L,L+1,....,N

"
txig..?. *m
i

(B

where a (m=1,2,....,M) 48 rthe AR coefficient
and minimusing the average square error, M is
the AR order and £, is error series. Then in
order tc determine %he suitability of a given
AR wodel, Akaike's final predicrzion erreor
(FPE) (6) is introduced.

By using the AR coefficient, a s obtained in
Eq.(l), the estimated value, x,, fLrom
observed ground motion is represen%eﬁ by the
following equation as the lipear combilnation
with former values.

exizf .am *4-m
;oi=M ML, ... N A{2)

This wvalue shown In Eq.{(2) includes the
dynamie properties of the observation site.
Further, the residual time series, e,, defined
by Eq. (3} excludes the dynamic effefts of the
ground surface and the seismic wave path and
includes the much data related toc the source

characteristics.
"

ei=xi—exi—xiz§‘am X o
3 L=M,M+1,,...,N (3}
I1f the discrete time serles, x_, shown in
Eq.{(3) is a deterministic waveform, the error
series becomes a white noilse process. But as
the observed ground motion is the
non-stationary random data, the residuals time
series shown in Eq.(3) doesn't accept the
non-stationary property sufficiently. The

non-stationary spike appears in the residuals
time series as the non-stationary property 1s
larger in the observed ground motion. The
time series, e, whi¢h 1s excluded the
non-stationary Tproperty from the residuals
time series ,e,, shown in Eq.(3), resembles
the stationary” gausgian process closely.
There 1is however the non-stationary property
of the amplitude which is appeared in Eq.(4)

" ¢i s
i

€y
1=M,M*1,....,N (4)

where e, is the fin{te discrete time series
with the stationary gaussian process, Qi is
the welght function which glves the
non=statlonary property to the amplitude.
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By integrating the waveform e, obtained from
Eq.(4) shown in Eq.(5), it belohes possible to
estimate the source time function as the
distribution of events in the fault plane.

1:1 =
a f e dt
H i—'M,M"’l,..u.,N (S)

where a is the coefficient including the soil
constants at the fault.

Further, when the observed ground motions
include the multiple shock sequence, the onset

time and the distribution of events in the
fault plane are decided from the interval time

between events{7).
3. NUMERICAL ANALYSIS

3.1 Analytical model and its charagteristics

In order to verify this analytical method,
this procedure is applied to the synthetic
waves calculated from the fault model. The
synthetic waveforms are calculated by using
the estimation method developed by Sudo,
Kitagawa and Yosimura(8). The used
underground structure and fault parameters are
shown in Fig.l and Table 1. The relation
between the fault and the observation
point(CP-1) 1is shown din Fig.1l0 and the
epicentral distance is 113 km, The transfer
functions of the underground structure
obtained by Haskell's method are shown in
Fig.2. One is z transfer function between the
point scurce and the ground surface, the other
is between the baserock and the grouad
surface. Both of the transfer functions show
a similar property and their predominant
frequency is from Z to 5 Hz. The waveforms of
velocity calculated from the fault model with
one event, which have the seismic moment shown
in Fig.7, are shown in Fig.3 and their fourier
spectrum is shown in Fig.4. Besides, this
numerical analysis is concerned with the body
wave mainly.

In order to estimate the dynamic property of
the observation site, it 1s necessary to
select the appropriate AR order and time
length of the taill part of the observed ground
motion respectively. The reference range of
the most appropriate AR order proposed by
Akaike(6) is 2-3/K( k is number of data). We
investigate twe cases of the AR order both
with the first local minimum of FPE and the
lewest value of FPE in that range. Coherence
between the observed waveform at point ©) and
the waveform applied by the AR model with two
cases of the AR order are shown in Fig.5.
Regardless of the AR order, the observed wave
below 2Hz is regressed by the AR model but the
agreement above 2Hz is not so good. Further,
coherence between the waveforms obtained from
residuals in Eq.(3) and the incident waves at
point @, @ are shown in Fig.6(a)(b). The



waveform obtained from the rasiduals with the
firgt local minimum of FPE of the AR order
corresponds with the incident wave at point (B)
On the other hand, the waveform obtained from
the residuals with the lowest value of FPE of
the AR order agrees with the incident wave at
point 4) and the apparent arrival time P and §
waves can be measured at the observation
point, Judging from Fig.6, as the order of
the AR model is higher,; the waveform including
more source characteristics 1s obtained from
the observed ground motioms,

3.2 property of distribution of events

The waveform obtained from Eq.(5) is shown imn
Fig.7 as a solid 1ine. When we think that the
waveform with the arrival time of S-wave
corresponds to the source time function, this
waveform shows the earthquake as a single
event. As the area of the waveform resembles
the seismic moment, the source time function
in this figure has 0.66 x 102° dynecm as the
geismic moment., This result agrees with the
given condition for analysis shown in Fig.7 as
a dotted line. Further, the results of this
procedure as applied to the synthetic body and
surface waves calculated from the fault model
with one event is shown in Fig.8. Its waveform
is similar to the waveform shown in Fig.7 and
the agreement between the selsmic
obtained in this case and given for analysis
is petter than in the body wave only,

The results in the case of multiple events are
shown in Fig.9. There are two peaks in this
source time function. The second peak is
smaller than the first peak and the sgeismic
moment of the second event i{s underestimated
more than the given condition for analysisé
but the total seismic moment is 0.68 x 102

dynecm. The interval time between two events
is longer than the given condition for
analysis because of the Doppler effect. The
location and the interval time between two

events obtained by using the results at three
observation points are shown in Fig.10. These
results agree with the condition given for the
fault model analysis shown in Table 1.

4. CONCLUSION

In order to obtain the stromg ground motion
estimation  due to realistic earthquake
faulting, it is necessary to clarify the
source characteristics. In this paper, we
propose the estimation method of the source
time function with the observed ground
motions. For the purpose of excluding the
dynamic properties of the ground surface and

moment
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the seismic wave path, we apply the AR model
to the tail part of the observed ground
motions. Further we apply this procedure to
the synthetic waves calculated from the fault
model in order to verify this method. As a
result, the waveform ocbtained by using this
method corresponds to the source time function
of the seismic mement and these results agree
with the condition given for the fault model
analysis. It is pointed out that this
analytical method using the AR model 1is
available to estimate 'earthquake input" for
the dynamic response analysis of structures.
From now, we plan to investigate in detatil by
applying this method to the observed ground
motion with more complex source condition.

ACKNOWLEDGEMENT

We acknowledge Mr. Toshihide KASHIMA and Miss
Yukie TAKASHIMA of Second Earthquake
Engineering Division, International Imstitute
of Seismology and Earthquake Engineering,
Building Research Institute, Ministry of

Construction, Japan kindly much help.
REFERENCES

(1) Y.Kitagawa, T.Inoue ; Study on Source Time
Function of Strong Ground Motion, Proc.7th
J.E.E.S, pp.l57-162, 1986, (in Japanese).
{2) M.Kikuchi : 1Inversion of Complex
Waves, B.S8.S.4, 72, 491, 1982,

(3) G.J.Nair : Estimation of Source Function
and Medium Response Function by Autoregressive

Body

Method, Phys. Earth Planet. Inter., 32,
pp.36-44, 1983.

(4) M.Tomizawa, T.Matsumura, T.Demizu '
Synthesis of Three-Dimensional Earthquake
Ground Motion by means of Time-Varying
Autoregressive Model, Jourmal of Structural
and’ Construction Engineering, No. 349,

pp-10-21, 1985, (in Japanese}.

(5) T.Yokota, S5.Zhou, M.Mizoue An Automatic
Measurement of Arraival Times of Seismic Waves
and Its Application to an On-Line Processing
System, Bull. Earthq. Res. Inst,, Vol K56,
pp-449-484, 1981, (in Japanese}.

(6) H.Akaike : Fitting Autoregressive Models
for Prediction, Amn. Inst. Statist. Math.,
Vol.21l, pp.243-247, 1969.

(7) H.Sato, T.Sato, N.Yamada : Rupture Process

of the May 26 1983 Japan Sea Earthquake as
Inferred from Strong Motion Accelerograms,
Programme Abstr. Seismol. Soc. Japan, No.2,

pp.18, 1983 (in Japanese).
{8) . X.Sudo, Y.Kitagawa, N.Yoshimura Strong
Motion Estimation due to Realistic Earthquake
Faulting, 16th UJNR, 1984,



thick of P-waQa

§-wave quallty
chservation layer volocity vwelecily densliy faclor
point 11 Ve Vs P Q

© (hm) (km/5) (km/5) (/m*)

f 0.012 0.5 0.17 1.5 10
autface RERE: 0.38 20 I5
toyers 0.8 LM 0.5 20 50

basenent 0.75 L7l 0.70 2.0 10
il
/@ 1.2 3.0 1.3 2.4 X0
/ 2.8 4.4 2.0 24 A0
/7
oo 6.6 3.4 2.7 500

@
sourca body wave

oy

*

Fig.l

Model of underground structure

30

20

10+

MAGNIFICATION FACTOR

Fig.2

O'mgr‘rr T v

transfer funclion between
point (C)and(f

transfer function belween
point ©and(B)

lFIllli L T T T

(iz)

Transfer function of underground
structare

W1
FREQUENCY

101
R observed wave at © HAX. =5. 8768 (KINE)
=z
MWWWWMWM
_:j -
w L.
> -
"
-1t
2.5 . .
incident wave al () HAX. = 1.583 (KINE)
o | J
Z -
T WWMM%W
-3 i .
() L.
= o
— 2_ 5 [
257 . .
. incident wave at (@ HAX. = 10. 88 (KINE)
Y ot l
 ofb—— oA
L
91] -
> -
- 25 L
L I ) i [ { L { 1 A | | [} i ]
0 50 100 150
TIME {SEL)
rig.3 Observed waves calculated from

fault model with one event



v

ER SPECTRIM

FOTRI

40

-———— observed wave
at point
——— incident wave
at point@
30 A
107 wave form applyied by AR model wax.-s.67 wanes
o bl |
= [ AN I \ ,
o e
d |
ol
-1 L ] r L ] i 1 L 1 L 1 1 1
5 100 150
TIHE (SEC)
0 77+ tLTL41LudL§ .
U:Ulsl 'le:l T T '015‘ llli
FREQUENCY  (l1z) .
Fig.4 Fourier spectrum -1
R 8 and
Table 1 Fault parameters % AR Order with
LOX10% ( ) el 7 lowest value of FPE
seismic moment 0 dyn cm 5 ) )
y 8og.54 ~——-- 4R order with first
focal depth 8 (kom) ) local minimum of FPE
dip angie  (J) 100 (deg) 4
slip angle (4) 170 (deg) T
dislocation (Dy) 100 {cm) 0
. . T TTTT T T TTTTT] | I —
strike N80 "W 0.05 0.1 0.5 1t 5
rise time 1.0 (sec) FREQUENCY (Hz)
fault length (L) U (k) Fig.5 Coherence between observed waves
faull width (W) 10 (km) and wave form applied by AR model
rupture velocity 3.0 (km/sec)




(44

COHERENCE

RESIOUALS

i
o

Sp wave form obtained from residuals
L | —
ol
| R i 1 1 | | i b I S | 1 ] N i ]
0 50 0D 150
TIHE [SEC)
TV VTR
§ incident wave at (@) :'
o incident wave at(®) i
* :[ J:'J:
Y TTTT T T T T T T
0.05 0.1 . 1 5

FREQUENCY  (iiz)

(a) Case of AR order with first local
minimum of FPE

Fig.6

COHERENCE

0-5- wave form obtained from residuals
|
w -
; i ll-nn O DI VI
o 00— 10
o -
;:J .
i
-g. 5L
| I 1 i 1 1 1 L (] § R AU U SRR I S 1
0 50 100 150
TIHE (SEC]
1 v i h g
IR AL TR
] ; f Blotal ¥ b
piE! '
“ q !
- ! B
i L 1
J ¢ E .{
[l
incident wave at(®) ‘ 3
- . f ;
~——- incident wave at(®) ! i
0.5 !
. (W]
1 1 hﬁ. A
e T —-‘—r P‘-—
0 | B I | B N O Y O 17T
0.05 0.1 0.5 1 ‘5
FREQUENCY (Hz)

(b) Case of AR order with lowest value
Qf FPE

Coherence between wave form

obtained from residuals and

incident waves



Ca=0.96 % 10%*dyncm/s
) - ~\~~v;robtain?g)
g ' by eq.
i~ 4 given for
' , analysis
R
o Al S Ry oy SR B ﬂ‘!\“&?fﬁ—&#\ﬂmﬁ
0 50 5
TIME ISEC)
Fig.?7 Source time function
5 -
observed wave NAX.=2. 039 IK]NE)
o [
T .
= o J QW}WWWWWWW
o L
> -
I
_5 L
0.5 wave form obtained from residuals
vy
|
3
e n ~'ﬂ~77|-‘.1r.j JVV\A ]-u- b -
o
o
-0.5
L L 1 1 i 1 1 L S )l Il | I . 1 J
0 50 100 150
TIME (SEC
source time funciion . o 0e=0.48 x10%¢
: :E dyncm/s
] ! )
2 obtained ; '
o3 by eq. (5) ¥ '
~~~~~ given for N '
analysis A
T T T F +\ l’\‘J\I ‘){\aﬂm\
o 25 75

TIHE (SEC)

rig.9 Results in case of two events

=6.028 CINE)

| observed wave HEX.
. r
ul -
E | j
R
‘:I A ‘
Lid o
> -
L
-10t
i ] § I 1 1 i i 1] i L L 1 1 i i
50 106 150
TIME (SED)
I . .
- source time function
o |
B
[
a ’7_—““{_-'__rvl“7’—f B | - ] i
0 25 50 15
TIME ISEC)

Fig.8 Results after considering body
and surface waves with one event

N
DISTANCE AND INTERVAL TIME
BETWEEN EVENTS
EVENT DISTANCE INTEVAL
NO. (km) (sec) a0r-i
1 .
17 20
2 0P} 2
A
5 0p-] O event
A observation
) point
v 0—(?' i
14
10km
S

Pig.l0 Location of events and
observation points






-

Strong-Motion Instrumentation Program
Corps of Engineers

by

F. K. Chang, R. F. Ballard, Jr., and A. G. Franklin'

ABSTRACT

The Corps of Engineers Strong-Motion Instrumen-
tation Program was established in 1970 For the
purpcses of surveillance of seismic safety of
Corps structures, provision of performance data,
and provision of a data base for earthquake
research. The program currently comprises 400
accelerographs, 14 seismic alarm devices, 56
seismoscopes, and 34 peak recording accelero-
graphs at 114 Corps projects in 34 statas and
Puerto Rico. Responsibility for the program is
asslgned to the Waterways Experiment Station
(WES); installation and maintenance operations
are shared by the WES and the UJ.S. Geclogical
Survey. S8ignificant earthquake records have
been obtained in the New Hampshire earthquake of
18 January 1982 and the Borah Peak, Idaho, earth-
quake of 28 October 1983,

KEYWORDS: Earthquakes; Dams; Instrumentation

1. HISTORICAL BACKGROUND

The Corps of Engineers (CE) Strong-Motion Instru-

mentation Program (SMIP) was established in 1970
with the primary purpose of surveillance of seis-
mic safety of existing and future Corps struc-
tures, such as earth and rock~fill dams, concrete
dams, and appurtenant structures. It was also
intended to provide a measure of project perform-
ance, to provide desizn and performance compari-
sons, and to develop a data base for performance
predictions and earthquake research. Responsi-
bility for operation of the program was assigned
to the U.$8. Army Engineer Waterways Experiment
Station (WES). Funding was, and continues to be,
provided by the individual Corps of Engineer dis-
tricts on whose projects the instruments are
located.

In 1973, an agreement was made with the U. S.
Geclogical 3urvey (USGS), under which the

Seismic Engineering Branch of the USGS under=-
took the installation and maintenance of all
Corps of Engineers (CE) strong-motion instru-
ments. By 1978, the operations were overtaxing
the resources of the USGS, and the arrangement
was modified. The WES assumed responsibility for
installation and maintenance of instruments in
the eastern United States, wihich represents about
nalf of the Corps' instruments. The USGS con-
tinues to maintain those instruments in the
western United States.

2. GENERAL CRITERIA FOR DESIGN OF INSTRUMENT

INSTALLATIONS

Selection of Dams to be Instrumented

General guidance on strong~motion instrument in-
stallations is given in the Corps of Engineers'
Engineer Manual (EM) 1110-2-1908 {Department of
the Army, 1976). In general, all dams in seismic
risk zones 3 and 4 of the Seismic Risk Maps

(Fig. 1) are required to be instrumented. In
other zones, selection of dams to be instrumented
takes into account the height, material type, and
zoning of the embankment, the type of foundation,
‘whether the embankment is founded on overburden,
and the depth to rock. Also, the need for col-
lection of basic data is a consideration. Where
there is a likelihood of occurrence of earthquake
shocks of sufficient intensity to give useful
information, instrumentation is warranted. In
questionable cases, the following additional
rules are applied:

o Nature of Poundation - If the foundation
materials underlying the dam are composed of
sands or silty sands that might be siibject Lo
liquefaction, the dam should be instrumented,

el Type of Construction - Regardless of seismic
risk zone, all hydraulic-~fiil dams should be
instrumented. Rolled earth-fill or earth-
and rock-{ill dams, being less susceptible to
ligquefaction, are considered for Ilnstrument-
ation on the basis of other influencing
factors,

o Height = Most dams that are more than 100 £t
(30 @) high should be instrumented.

o Presence of Known Capable Faults ~ If the
dam is located nearer than 25 amiles (40 km)
to a known capable fault, it should be
instrumented.

o} History of Seismic Activity at the Site - If
acceleration levels greater than 0.2 g have
been recorded in the vicinity of the dam, it
should be instrumented.

o] Distance from Higher Risk Zone Boundaries -
If the dam is located less than 100 miles
(160km) from a higher risk zone boundary, it
should be instrumented.

U.S. Army Engineer Waterways Experiment
Station, Vicksburg, Mississippi

- 4



Desizgn of Tnstrument Arrays

A typiecal instrument array includes three-
component accelerographs at three locations: a
free-field location, on the surface of the allu-
vium a short distance downstream of the dam; on
the dam crest, near the center or at the highest
section; and on an abutment. On a high dam, ad-
ditional installations may be made at intermedi-
ate locations on the downstream face. Special
site conditions may warrant additional free-field
or abutment locations. On the other hand, some
dams in areas of low seismic risk may have in-
struments at only one or two locations,

3. INSTRUMENTS USED

Instruments for measuring strong gzround motions
must be self-contained units. They must be
equipped with self-starting devices that will be
activated at a prescribed level of seismic acti-~
vity, and then they must measure and recoprd

three components of motion for several minutes,
Strong-motion instruments originally approved for
use in the Corps' SMIP network included the
RFT-250 and RFT-350 Strong-Motion Accelerographs,
the SMA-1 Stronz-Motion Accelerograph, the
PRA-100 Peak Recording Accelercograph, and the
Wilmot SR-100 Seismoscope. Manufacture of the
RFT Accelerographs has since been discontinued,
and those in the network will be replaced by
SMA-1 Accelerographs.

Limited demand and controversy over their use-
fulness have prompted the manufacturers to cease
production of the Wilmot Seismoscope. There are
56 seismoscopes still in operation in the net-
work; they continue to be maintained but will
eventually be phased out.

in 3Y% states and the Commonwealth of Puerto Rico.
A map of instrumented projects is shown in Fig-
ure 2, and a tabulation of strong-motion instru-
mentation is given in Table 1.

5. SIGNIFICANT EARTHQUAKES RECORDED

New Hampshire Earthquake of 18 January 1982

The first instrumental earthquake records repre-
sentative of seismic activity in the New England
area were obtained as a result of the 18 January
1982 Franklin Falls, NH, 4.7 magnitude event,
which occurred at latitude 43.5 degrees N, longi-
tude 71.6 degrees W. Thirty-six accelerograms
(components) were recorded, digitized, and ana-
lyzed (Chang, 1983). The transverse component of
the accelerograph record located on the right
abutment of Franklin Falls Dam (8 km from the
epicenter) recorded a maximum acceleration of
0.55 g, which is the highest value of accelera-
tion ever recorded in the eastern United States.
The integrated maximum velocity is 5.%9 cm/sec,
whieh is very low in comparison with other earth-
quake records in the western United States or
other earthquake regions.

Mount Borah, Idaho, Earthquake of 28 Qetober 1983

During the M, 7.3 Mt. Borah earthquake of

28 October 1383, which ocecurred at latitude

44 .0 degrees N, longitude 113.9 degrees W, in
central Idaho, nine meaningful strong-motion
records (27 components) were recovered on three
dams. These were Dworshak Dam {(concrete, 330 km
from epicenter, 1 record), Lucky Peak Dam (earth,
180 Xm, 3 records) and Ririe Dam (rock-fill,

179 km, 5 records). Minor damage to the intake
structure at Ririe Dam was reported. An analysis

- of the records was reported by Coang (1985).

The RFT and SMA-1 aceelerographs are analog type
recordars. Since 1985, the Corps has installed
eignt DCA=333 digital accelerographs at R. D.
Bailey (4 instruments), J, W, Flanagan (3) and
Bluestons (1) dams of the Huntington Distriet,
Ohio River Division, for the purpose of evalu-
ating their. long-term reliability.

As a measure to minimize the need for on-site
inspections after earthquakes, seismie¢ alarm
devices have been Installed on several Corps
structures. The seismic alarm device provides a
warning when a preset thresheld acceleration has
been exceeded. The alarm package contains three
vertical accelerometers with individual threshold
levels commonly seb at 0,05 g, 0.10 g, and 0.20 g.
After an event, site perscnnel can readily
determine if any of the three threshold levels
were reached and how many times the level was
exceeded. The alarm devices were designed and
fabricated by WES.

4, PRESENT STATUS OF PROGRAM.

As of 31 March 1987, the Corps of Engineers had
in operation H00 accelerographs, 14 seismic alarm
devices, 56 seismoscopes, and 3% peak recording
accelerographs (PRA'S), at 119 projects located

AR
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TABLE 1

CORPS OF ENGINEERS STRONG-MOTION INSTRUMENTATION PROGRAM STATUS - 31 MARCH 1987

Seismic
Alarm Serviced Coordinates
Statton H Accelerographs Seismascaopes Peak Accel. Deyvices By Lat. Long.
Na. Division District Project Type _(_nr_\)_ State Operational Planned Oper. Plan. Oper. Plan. Oper. Plan. USGS MES N W
LMVD 5t. Louis Rend Lake earth 17 1L 3 SMA-1 - [3 - -- -- -- -~ -- X -- -
Wappapello earth 33 MO 3 SHA-1 -~ ) -= .- - ~- -~ ~- X - -
LMYD Vicksburg Arkabutla earth 29 M§ 3 SHA-1 -~ H) - - -= - -~ -- X == .-
Sardis earth 35 MS 3 SHA-1 -~ 5 - - - - - - X - -
MRD Kansas City  Harlan County earth & gravity 32 NE 2 SMA-1 == .- - - -- - -~ = == - -
Kanopolis rock-fil11 39 K 2 SMa-1 -~ -- -- -- - - - - - - -
Milford earth & rock-fill 43 KS 5 SMA-1 -- -- -- -- -- - -- = == - --
Truman earth 40 MO 2 SMa-1 - - -- -- -- -- - -— - -- -
TJuttle Creek earth 47 KS 5 SMA-1 -- - .= - - -- -- = m- “e -
2253 BCD  MRD Umaha Bear Creek earth 17 co 3 SHA-1 - -- -- - -- -- -- -- - 33,65 105.14
Big Bend earth 29 5D 3 SMa-1 -- - - -- - - -- - - .- -~
2239 CCD Cherry Creek earth 58 €O 3 SMA-1 - -— - - - - - =~ == 39,65 104.86
2238 CDD Chatfield earth 45 (o 5 SMA-1 -- - -- - - - == “= == 39,56 105.06
Fort Peck earth 76 HT 3 SMA-1 -- - -- - ~- - -- - .- - e
Fort Randall - 50 3D 3 SMA-1 - = - - - - - - == - -
Gavins Point earth 23 KE 3 SMA-1 - - -- - - - i R - -
Garrison earth & gravel 62 KD 3 SMA-1 -- - -- - - -- -- - == - -
Oahe earth 75 50 3 SMA-1 - - - - - -- -- - e - -
01d MI11 Area rock - KE 1 SHA-1 - - - - - -- -- N -- -~
Papiiiion earth 20 HE 2 SMA-1 -- -- -- -- - -- -- - - -- --
Creek 11
Papiltlion earth 18 NE Z SMA-1 - - -—- - - == - - - e =
Creek 20 . )
Salt Creek Dam 2 earth 14 KE 2 SMA-1 - - -- -~ - - - o= - - o=
Salt Creek Dam 17 earth 21 NE 2 SMA-1 ho] - -~ - - -- e .- -~ wa
Salt Creek Dam 18 earth 17 NE 2 SMA-1 -- -- -- ~- - - ~- - b - -
Federal Bldg., {basement) -~ KE 1 Sha-1 -~ - - -- - -- -- LR L -- -
Lincoln
NAD Baltimore Arkport earth 36 NY 3 SHA-) ~- - - 4 - - - - X -= i
Tioga-Hammond earth & rock-f111 -~ PA -- 2 SMA-1 -~ - - 5 -~ .- - X - hid
HAD Norfolk Gathright rock-fi11 78 VA 2 SHMA-1 ~= 2 - -- -- -- - - X == -
(Cont inued)
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TABLE 1 (Continued)

Seismic
Alarm Seryiced Coordinates
Statton # Accelerographs Seismoscopes  Peak Accel. Devices Lat. Long.
No. Diviston District Project Type _(ﬂ_)_ State Operational Planned Oper., Plan, Oper, Plan. Oper. Plan. USGS WES N W
NCD Buffalo Mt. Morris gravity 15 N 3 SMA-) - H .- - -- == - - X - ==
NED Ball Mt, Lake earth & rock 81 VT 3 SMA-1 .- - - 1 - w- -- - X -- .-
Colebrook R. Lake earth & rock 66 €T 2 RFT-350 - - - = - - - - X - -=
Everett earth 43 MM 3 SMA-1 - -- -- e - - .- el X - -
Frankl in Falls earth 84 HH 3 SMA=-1 - el -- - - .o - .- X i -
Hedges ¥illage earth 18 MA 3- SMA-1 - = - - .- - - - 3 -- -
Knightsvilie earth 18 HMA 3 SMA-1 e il - -= == == -- - X -- b
Littlerille Lake earth & rock 51 MA 2 RFT-350 - = -- b - - e -- X o bl
Littleville Lake I SMA-1 X
N, Hartland earth kt ] VT 2 SMA-1 -- s -- =~ - == -- - X i ol
N. Springfieid earth 88 T 3 SMA-1 -- - - - - e - -= X - o
Surry Mt, earth 28 NH 3 SHA-1 -- -- .- -- .- .- -- -- X - -
Townsend Lake earth a2 v 3 SMA-1 == - - - - -- - - X - --
Union Yillage earth 54 VT 3 SMA-1 - - -- - - - -- - X - --
NPD Portland Applegate gravity 4 OR § SMA-1 -~ - - - - -~ - X == - -
Blue River earth & rock 83 OR 5 SMA-1 - - -- - -- - b X .- -= b
RBonneviile gravity 60 OR 3 SMA-1 3 SMA-1 .- - .- - - . | S .- --
Cougar rock=fil1 158  OR 6 SHA-1 - - - -- -- - - X - - =
Dalles L&D - 40 OoR 4 SMA-1 - - -- -~ - - -- X - - -
Detroit concrete 137 OR 3 SMA-1 ~= -~ = - == == - X -- - ==
Green Peter concrete 10 0R 2 RFT-350 -~ 5 -- .- - -~ o X == - -
Green Peter 1 SMA-1 X
Hills Creek earth & grayel 93 OR 3 SMA-1 - - .- - - -- - X =-- -- -
John Day L&D 43 OR 4 SHA-1 - - -- -- -- - -- [ - b
Lopkout Point gravel fill 83 OR 6 SMA-1 - - -- - -- -- -- X == - -
Lost Creek earth 104 OR 6 RFT-350 - - - - - - - X - hed -
Willow Creek concrete 52 OR 3 SMa-1 e “= e -= - == - Xo-- -- ==
NPD Seattle Chief Joseph concrete W WA 3 sSMA-1 - -- - - = -- - X - haid -~
Howard Hanson rock-fill 72 WA 3 SMA-1 -- - -= .- - -- - X - - .-
Libby gravity 136 NT 4 RFT-250 - - -- -- - -- - X =~ - --
Mud Mountafn earth 130 wA 3 SMA-1 -- - -- -- -~ - - X =-- - -
Wynocochee concrete 55 WA 3 SHA-1 - -- == -- -- e -- X -~ - --
{Cont inued)
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TABLE 1 (Continued)

Seismic

Alarm. Serviced Coordinates
Statfon H Accelerographs Sefsmoscopes  Peak Accel, Bevices By Lat, Long,

No. Bivision District Project Type _(_g_\i State ODperational Planned Oper. Plan, Oper. Plan, Oper, Plan. USGS WES N W
2222 DMD NPD Walla Walla  Dworshak cancrete 219 If 4 SMA~1 - == == -- & - -- -~ 46,52 116.29

Lower Granite earth & gravity 18 WA 5 SMA-1 == g - .- b -- - X b - b

Lucky Peak earth 104 D 4 SHA~1 -~ “- - -~ - -- .- | S - --
2767 MCD HPO Aaska Moose Creek, rock=fill 40 A 1 5MA-1 -- .- .- -- - - -- X «- 64,79 147.18

L. Gallery

ORD Huntington Bluestene concrete 50 Wy 1 pCA-31 1 BCA-33 -~ - - - -- - - X - ==

J. W, Flanagan earth & rock-fi11 76 VA 3 DCA-31 - - - - ~= .- .- -- X - -

R. D. Bailey rack=fill 94 Wy 4 DCA-33 - - -- - - -- - -- L - -

ORD Louisville Brockville earth & rock-fill 55 1IN 3 SMA-L - - -- 1 e -~ -- - X == -

Cagles MiY earth 45 IN 1 RFT-350 -~ ~- -- 1 = -- -- - X - -

Cagles Mill 2 sSMA-1 X

Cannelton L&D concrete 47 IN 2 SMA-1 -- .- - i - -- -- -- X -- --

Monroe earth & vock=-fi11 28 IN 3 SMA-1 - - - 1 = - - - X - .=

Newburgh L&0 concrete 33 IN 2 SMA-1 - - -- 1 .- -- - - X -- --

Nolin River earth & raockfill 50 XY 3 SMA-1 - .- -= 1 - -- - - X o= -

Patoka earth & rockfitl 26 1IN 2 RFT-350 - - -- 1 - - -- b X -~ -

Rough River earth & rackfill 45 kY 3 SMA-} -- - -- 1. .- - -~ - X - -

Smithland L&D concrete 24 1L 2 RFT-350 - - .- 2 =o -- - - X - -

Smithland L&D ) 3 SMA-1 X

Taylorsvyille earth & rock-fill 44  KY 3 SMA-1 - - .- 1 -— -- -- -- X .- -

Uniontown L&D concrete 16 1IN 2 SHA-1 -- - -- 1 -- - -- - X - a=

ORD Kashyille Barkley earth & gravity 48  KY 6 SMA-1 -- 2 - i -- - -- - X o -

Center HI1} earth & concrete 76 TN 5 SMA-1 - 2 - 1 - -— - - X .- -

Dale Hollow gravity 6t TN 4 SMA-1 - 2 - 1 -— - -- .- % - e

J. Percy Priest earth & concrete 40 N % SMA-1 -- 2 -~ 1 -~ b -- hil X -- -

Laurel River rack-fit} 86  KY 3 SMA-1 -~ -~ - 1 -- - - ~- H .- --

Martin's Fork concrete 30 KY 4 SMA-1 -- - -- 2 e - -- -- X .o --

Wolf Creek earth & concrete 79 KY § SMA-1 - 2 -= 1 - - -- ~- X == =

0RO Pittsburgh East Branch earth 56 PA 1 SMA-1 -- - -- -- - -~ -- - X -~ --

Kinzua earth & gravity 56 PR 3 SMA-1 -- -- -~ -- - -= -- == X - -

Michael J. Kirwan earth 25 OH 1 SMA-1 - - -- - - -~ - -- X -- -

Tionesta earth 47 PA 1 SMA-1 -- -- - .- - - - b X - -

(Cont fnued)
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TABLE 1 (Continued)

Selsmic
. Alarm Serviced Coordinates
Station L} Actelerographs Seismoscopes  Peak Accel. Devices © By Lat. Long.
L Division District Project Type (m) State Operational Planned Oper. Plan. Oper. Plan, Oper. Plan. USGS WES N W
SaD Charleston Cooper River - -- 5C - 4 SMA~L -~ - - 1 .- - g X - -
Rediversion
2519 ‘BKL SAD Jacksonvilie Buckman Lock concrete 18 FL 1 SMA=1 - - - - -~ - - - X 2851 8l.71
Cerrilos b - PR 1 SMA-1 § SMA-1 - - - - - - X - hted
2533 ALD SAD Mobite Allatoona arch-gravity 66 GA 3 sMA-1 L - - - -- -- - - X 34,163 84.728
‘ concrete
2534 BUD Buford earth 70 GA 2 SHA-1 - .- - bl - - b b X 34.160 84,074
2537 CRO Carters earth & rock-fi11 136 GA 3 SMA-1 -- - - -- - -- -- - X .- -
Coffeeville garth & gravity 27 AL 1 SMA-1 - - -~ -- -~ - - = X -- -
2637 6LD Walter F. George earth & gravity 45 .GA 1 SMA-1 -- - -- - -- -- - -- X e -
Lock & Dam
SAD Savannah Clark Hill concrete & garth 61 SC 6 SHA-1 - 2 -- 2 == == == - X = -
2526 HWR Hartwell concrete & earth 13 GA 5 SMA-1 - 1 - 2 - - - b X 34,35 82.81
2536 RRD R. B. Russell concrete & earth 73 6A 1 RFT-350 § SMA-1 - -= - 1 = - ~- X 34,054 82.622
SAD Wiimnington John H, Kerr - -~ ¥A -- 95 SMA-1 -~ - -- - -- - .- X -~ i
Philpott - - YA -~ 2 SMA-1 - - - - - - - X -- -
W, Kerr Scott earth 45 NC 3 RFT-350 -- 2 -- 1 -- -- -- -- X .= =
2301 AOD SPD Los Angeles  Alamo earth 86 Al 2 SMA-1 1 SMA-1 2 -- -- - - . X == 33,23 113.8D
951 BAD Brea earth 27 CA 3 SMA-1 - -- - - -- -- -- X -- 3389 117.93
108 CHD Carbon Canyon earth 30 CA 3 SMA-L =-—- - - - - - - X - 33.92 117.84
Mathews Canyon - -—- RY - 3 SMA-1 -- - - - - - 2t -- --
Painted Rock - -~ Al -- 3 SMA-1 -- -- = - .- - - - -- -
‘ Pine Canyon -- - Ny - 3 SHA-L e - - - -~ -- ne == -- -
969 PRO Prado earth 37 (A 3 SMA-1 -- Lo -~ -~ .- - - X --  33.89 117.64
1064 SSD Salinas concrete, shale 41  CA 1 5HA-1 -- - -- == - -~ -- X == 35,34 120,50
& sandstone fdn.
287 s00 San Antonia earth, rock fdn. 49 (€A 3 SMA-1 -- -- —- -- -- .- -- X -- 3417 117.68
949 SPO Sepulveda earth 17 LA 2 SHMA-1 .- - - - .- .- ~- X - 34,17 118,47
Tat Momolikot - -- AI -- J SMA-1 - - - - -- -- B -- -
Mhitlow Ranch -- -~ Al - 3 SHA-1 - -- -- - -- -- .- - -- -
289 WMD Whittier Narrows earth 17 CA 2 SMA-1 == .- -- -- -~ -- -- X -- 3403 118.05

{Continued)
(Sheet 4 of 5)
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TABLE 1 (Concluded)

Seismic
Alarm Serviced: Coordinates
Station A Accelerographs Seismoscopes Peak Accel. Devices By Lat. Long.
Na, Division Bistrict Project Type _(_n_l_l_ State Operational Planned Oper. Plan. UOper. Plan. Oper. Plan. USGES MES N W
1010 BKD SPD Sacramento Black Butte earth 43 CA 2 RFYT-250 - -- -- b .- 2 - X =-=- 39.82 122.34 .
Black Butte 2 RFT-350 X
Brack Butte 3 SMA-1 X
1450 BND Buchanan rock=fi11 82 CA 7 SHA-1 b b bt - o - - X -- a7.22 119.98
1017 CYD Coyote earth 50 CA 3 RFT-250 - et - - - -- 2 X - 39.20 i23.18
Hidden earth 50 (A 7 SMA-1 -- - - - - 2 - X - -~ -
1035 ISD Isabella earth 56 CA 5 RFT~250 - - et - - 2 - X - 35.685 1148.47
Isabella 1 RFT-350 X
Isabella 6 SMA~1 X
1484 LSD Lake Success earth 43 €A 6 SMA~1 - .= - - -- H X --  36.061 118,92
1133 MKD Martis Creek earth 111 35 Ca 7 SMA-1 - =a - -- am V4 .- X == 139.326 120.115
1047 NGD New Hogan earth & rock 64 CA 2 RFY~250 - -- - - - 2 -- X -~ 38.156 120.81
" New Hogan 1 RFT~350 H
New Hogan 3 SHA-1 X
1054 PFD Pine flat cancrete 131 LA 3 RFT-250 -- - - -- - - .- X -- 36.83 119.33
Pine Fiat 1 RFT~350 X
1098 THD Terminus earth 76 (A 3 RFT~250 -- - -- - -- H -- X -- 36.41 119.00
Terminus 1 RFT-350 -- == - -- - -- - ) S -- ea
Terminus 3 SMA-1 - el -~ - - - - X - - -
1216 WsD Warm Springs earth 97 (A 5 SMA-1 - .- -- ) - - 4 X -- 38,720 123.004
SHD Alburquerque Cochitd earth 7 WM 7 sMa-1 - 8 e .- .- - -- X == - =
SWb Little Rock Clearwater earth 46 MO 3 SMA-1 -- - -- -- - .- -- ~= x - -
Norfolk concrete 1 AR 2 SMA-1 - - - - - - -- -~ X - ==
TOTAL 400 43 56 0 34 i8 14 4

(Sheet § of 5}






Comparisons of Dynamic Shear Strength
Between Fine Sands and Gravels

By

Norihisa MATSUMOTO!, Nario YASUDA?
Masahiko OHKUBO?, Shoji ARAKAWA®

ABSTRACT

In this paper dynamic shear strength or liquefaction
strength of rockfill materials has been investigated by
using the large-scale cyclic triaxial testing equipment.
The size of saturated columnar specimen is 30-cm in
diameter and 60-cm long. The grain size tanges from
0.42mm to 63.5mm.

Tests for twelve specimens of rockfill materials were
performed by using the above mentioned equipment in
order to study the effects of gradation and density of
the materials on the dynamic shear strength.

The followings results are obtained on the dynamic
strength of the coarse grained granular materials.

1} The specimen of higher relative density indicates
the higher strength against liquefaction in the
case of the same prain size distribution.

The well graded materials can resist to the cyclic
shear stress better than the materials which have
smaller uniformity coefficient and the same
relative density.

The coarse grained materials are stronger against
liqueifaction than fine sands.

3)

KEYWARDS: Dynamic Strength, Coarse Grained
Granuiar Materials, Undrained Shear Test

1. INTRCDUCTION

A lot of research works have been accumulated on
the liquefaction or strength loss of sands during earth-
quakes. However, available test data of dynamic shear
strength for coarse grained granular materials are very
limited because the particle size contained in the materi-
als is large and hence the large-scale testing equipment is
required.

The authors have developed the large-scale cyclic
triaxial testing equipment at Public Works Research
Institute of Ministry of Construction to obtain dynamic
deformation properties and dynamic shear strength for
rockfill materials.

This paper, therefore. describes the test results of
effects of grain size distribution and relative density on
the dynamic shear strength of saturated rock-fill materi-
als under undrained test condition.

2. GENERAL DESCRIPTION OF TEST

2.1 Large-scale Triaxial Test Equipment

The equipment used for this siudy is capable of test-
ing 30-cm diameter, 60-cm long specimens. The main
features of performances are shown in Tabie I. Fig. I
illustrates the equipment. Friction between loading rod
and bearing is minimized by using a ball bearing. The
cyclic axial loads are applied by using an electro-hydraulic
servo valve. Hydraulic pressure ranges from 120kg f/em?
to 180kg ffem?®. The maximum cyclic frequency is 10Hz
for an axial load and SHz for an confining pressure.

The two separated sensors shown in Fig. 1, each of
which is disk-shaped coil, are used as a displacement
transducer for measuring the small range of displacement
for the dynamic deformation test, However, the differ-
ential-type displacement transducer attached to the
outside of a triaxial cell is used in these liquefaction tests.

2.2 Preparation of Specimens and Test Condition

The cyclic triaxial tests (liquefaction test} in this
study were performed on rock-fill materials for Sagae
Dam which is now under construction in northern part
of Japan by the Ministry of Construction. The quality of
rock materials consists of mainly dolerite containing
pegmatite partially.

Some physical properties of rock materials are shown
in Table 2. The grain size distributions of the specimens
are illustrated in Fig. 2. Two different gradation curves
are adopted and the uniformity coefficient is 12 for
A-sample and 7 for B-sample. The maximum particle size
of the specimen is 63.5mm. which is less than 1/5 of
the diameter of the specimen. This ratio is borrowed
from a maximum allowable ratio for the static triaxial
tests.

1) Dr. of Eng., Head, Filldams Section. Dam Department
Public Works Research Institute, Ministry of Construction,
Japan

2) Research Engineer, Filldams Section, Dam Department
Public Works Research Institute, Japan

3)  Engineer, Filldams Section, Dam Department Public Works

Research Institute, Japan

Research Engineer, Filldams Section, Dam Department

Public Works Research Institute. Japan

4)



The materials were placed in six layers, and each layer
was compacted with the 33kg f weight electric vibratory
rammer which has 950 compaction blows per minutes.
The test density was determined from the compaction
tests so that relative densities of the materials should be
60, 80, 97% in each gradation.

The procedures of cyclic triaxial tests are as follows

1) The confining pressure of 0.2kg f/cm? is applied
to the specimen (30-cm in diamater and 60-cm
high) and then the vacuum pressure inside the
specimen is released.

Carbon dioxide (CO,) of 0.05 kg f/cm? pressure
is supplied to the specimen for 24 hours in order
to fill the air void completely with CO, because
€O, is much easier to dissolve in water than air.
After the completion of replacement of air by
CO., de-aired water of 70 liters is supplied to the
sample for 24 hours.

Saturation degree of the specimen is investigated
by Skempton’s B-value and test is carried out
about the specimen which B-value is more than
0.96.

The burette of 1,000 cc is used for measuring

2)

3)

4)

5)

volume change of the sample during the con-

solidation of about 45 minutes.

The cyclic undrained test is carried out under load-
controlled condition of 0.2Hz. The specimen is subjected
to the back pressure of 2.0kg f/em? and the confining
pressure of 4.0kg f/cm?, resulting in the effective
confining pressure of 2.0 kg ffem?.

Shear stress ratio Rl is expressed as the followings

Ri=—= 24 1)
[ 9 20¢
where 7 ; cyclic shear stress
04 . cyclic deviatoric stress
(single amplitude)
‘g effective confining pressure

The specimen of Toyoura standard sand also prepared
after the same manner of coarse grained granural
materials.

The digitized test results are recorded by a personal
computer through the low-pass filter of 1.0Hz by which
the noise is deleted from the measured data. The data
aquisition system of the experiment is indicated in Fig.3.

3. TEST RESULTS

Shear stress ratio of cyclic tests ranges from 0.3 to
0.7. This range of values is determined from the dynamic
non-linear analysis of 100m high rockfill dam F.E.M.
model. Two types of earthquake motions are chosen as
an input motion in which maximum acceleration is 250
gals and 350 gals each. The shear stress ratio of whole
elements ranges from 0.01 to 1.0 for the former motion
and from (.1 to 0.7 for latter one. The shear stress ratio
has 3 tendency to increase near the slope surface.

Tested results are listed in Table 3. Falling head per-
meability tests are performed after the saturation of
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specimens and the permeability coefficients of
2~6x10 "*¢m/sec are observed. Distinct relations were
not observed between the permeability and the gradation
or the relative density of a specimen.

Typical time histories of Joad, axjal strain dnd pore
water pressure are shown in Fig. 4. Initial relative
density of a sample is 97% and shear stress ratio is 0.35.
Cyclic frequency of 0.2Hz is determined from the
capacity of cyclic triaxial equipment. Fig. 5 is a stress
path by axial stress and pore water pressure.

Fig. 6 shows initial liquefaction potential defined as
the number when the effective confining pressure
becomes Okg ffem® for the first time The higher the
relative density becomes, the larger the number of
liquefaction is for A-samples. From this diagram coarse
grained granular materials also indicate the liquefaction
curves similar to the sands but are much stronger than
sands against the same shear stress ratio.

The results of B.samples are also plotted in this
figure. B-samples can be liquefied in early stage com-
pared to A-samples for the same relative density at two
different levels of about 70% and 90% {see Fig. 7).

Disregarding the rubber membrane penetration to the
void of a specimen can lead to the under-estimation of
Hquefaction potentials. Therefore in the case of the
sample of low uniformity coefficient like B-sampie, the

real one, Crush of the particle is another reason for low
strength of B-sample. Rockfill materials used in this
study is easily crushed so B-sample, which uniformity
coefficient is smaller than that of A-sample, caused
larger volume change by cyclic Joads.

The test results of Toycura standard sand are plotted
together in Fig. 7. The relative density ranges from 50%
to 80%. It is noticed that cosrse grained materials is
stronger against liqueifaction than fine sands .

The process of pore water pressure build-up in the
specimen is illustrated in Fig. 8. The increase of pore
water pressure occurs rather in early stage of lique-
faction and gradually approach to zero effective confin-
ing pressure for both A-sample and B-sample. Compared
to sands, which line is also shown in Fig. 8, the pre
pressure build-up of coarse grained granular materials
occurs at the early stage of cycles.

The authors plan to investigate the effect of the
quality and grain size distributions of rockfill materials
on liquefaction potential. And further studies are also
required for the dissipation of excess pore pressures to
evaluate the safety of rockfill dams subjected to earth-
quake shaking.

4. CONCLUSIONS

From the previous considerations thae followings can
be concluded on the dynamic strength of the coarse
grained granular materials,

1) The specimen of higher relative density indicates

the higher strength against liquefaction in the
case of the same grain size distribution,



2) The well graded materials can resist to the cyclic
shear stress better than the materials which have
smaller uniformity coefficient and the same
relative density.

3) The coarse grained materials are stronger against
liqueifaction than fine sands.

Note: This report is based on “N, MATSUMOTO, et. al.
—DYNAMIC SHEAR STRENGTH QF COARSE
GRAINED GRANULAR MATERIALS, INTER-
NATIONAL SYMPOSIUM ON EARTHQUAKE
& DAMS. 20, MAY, 1987 BEIJING, CHINA".

REFERENCE

1) N. Matsumoto, N. Yasuda, M. Ohkubo — Dynamic
Shear Modulus, Damping Ratio, and Poisson’s Ratio
of Coarse Grained Granular Materials, Vol. 28, No.
11, 1986, Civil Engineering Journal, Japan
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TABLE 1
Main features of performances

Specimen size

¢30cm x hé60cm

Control system

Electro-Hydraulic-Servo

Wave form Sinusoidal, triangular, and earthquake waves
Maximum loading capacity compression - 20 tf
Axial loading Maximum loading capacity extension ~ 10 ¢f

Frequency range 0.2 — 10 Hz

Confining pressure

Max. LS kgffem?

Frequency range 0.2 — 5 Hz

L Y

1__1

#5508

JE30

Fig. 1

. Loading rod
. Gap sensor
. Lord cell (Extension & Compression)

Rubber membrane

. Porus metal disk

Cyelic triaxial testing equipment
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Support
Triaxial Cell
Loading cap
Specimen
Pedestal




Table 2 Physical Properties of Materials

Gravel Sand
Spefific gravity Gs 2.509 2.644
Water content w 2.44 (%) Airdry -
Maximum void ratio €max 0563 0.905
Minimum void ratio emin 0.182 0.595
Maximum grain size max 635 mm 0.42
Coefficient of uniformity Ve 12(7) 1.36
Dry density of specimen Id 2.024 gi‘/cm} 1.538
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Fig.2 Grain size distribufion curve

Percent passing (%)

. Grain size (mm)

A-sample (No. | — No. 9y,
B-sample (No. 10 — No. 12)
Standard sand
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Table3 Tested Cases

:::n' poli T/ c‘c’ Dro (%) ee emax emin (x(llg -3
1 0.32 60 0.338 0552 0.248 6.04
-2 0.48 60 0.340 " o 3.10
3 0.65 60 0.345 " re 425
4 0.35 80 0.289 I " 4.32
s 051 80 0.292 " " 2.46
6 0.67 80 0.288 o " 5.86
7 0.35 97 0.243 " 1 3.52
8 0.52 97 0.247 " " 554
9 0.68 97 0.245 " " 2.20
10 0.34 60 0.41s 0.669 0.326 5.57
i1 - Q.35 80 0.361 " [ 335
12 0.35 97 0.318 t r 2.00
12 0.26 50 0.739 0.905 0.595 -
14 0.23 60 0.7086 " " -
15 0.23 80 0.667 " " -
16 0.30 80 0.676 " " _

[

O B —

©

Fig.3 Data acquisition system

CRT

. X-Y plotter
. Floppy disk

&

. Displacement transducer (Cap Sensor)
. Load cell
. Pore water pressure meter
. Amplifier
. Low-pass filter (1.0 Hz)
. A/D converter
(16K words of memory storage for each channel)
. Personal computer (16 bit)
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Fig. 4 Time histories of axial load, axial strain and pore water pressure

1. Axial load (kgf) 3. Pore water pressure (kgt‘/cms)
2. Axial strain (%) 4. Time in second

Fig. 5 Stress path of A-sample

Shear stress (kpfjem®) -
Effective mean principal stress (kgf/fem?) -
Initial stress condition
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Preliminary Study of Shear Design for RC Piers

by

Hiroshi Shinohara! , Michio Okahara?,
Shouichi Nakatani®, Keiji Taguchi®, and Atsushi Funakoshi’

ABSTRACT

Earthquakes occur freguently in Japan, and thus
the safety for reinforced concrete (RC) columns as
well as bridge piers shall be reviewed against bending
moments and also against shear force due to seismic
load. It is particularly important for RC piers to be
designed in such a manner that shear resistance of
RC piers will exceed the flexural resistance for pre-
venting brittle collapse, On the other hand, in the
design of RC members for the substructure of high-
way bridges in Japan, no ultimate strength of
members is being considered at present.

Therefore, in the present study, the up-to-date
state of design methods against shear force to RC
members was surveyed on the basis of domestic and
foreign design guides and criteria and this design was
examined based on data of previous loading tests on
RC columns. This report shows the results of survey
using the data of previous loading tests, for the
design methods being used in various countries as
well as the results of the review of both the equation
for the shear strength and the required quantity of
lateral ties for preventing brittie collapse.

Keywords: Reinforced concrete pier, shear, shear
strength, lateral ties and loading tests.

1. INTRODUCTION

In Japan where earthquakes occur very frequently,
aseismatic design is considered to be an important
problem for not only structures for public facilities
but also for various other structures. In the column

members for highway bridge piers, axial forces or a -

‘bending moment prevails at ordinary times but large
horizontal force occurs during earthquakes. The
safety of bridge piers must be examined not only
against the bending moment but also against shear
forces due to the horizontal force that occurs during
earthquake, That is, it is known that the RC member
shows an excellent deformation performance in case
of flexural failure without diagonal cracks but the
RC member shows brittle collapse in case of shear
failure. For the purpose of preventing this shear
failure, it is vitally important for earthquake resistant
design that the shear resistance of RC piers will
exceed its flexural resistance. Nevertheless, the
conventional allowable stress method is still being
applied for the design of RC members of the sub-
structure for highway bridges. According to the
design -rule of this conventional method for shear,
it is attempted to limit the average shear stress borne
by concrete member to less’ than the allowable shear
stress. Therefore, in the strict sense of the word,
the behavior of miembers subjected to external forces
greater than the design loads is not taken into
account in present design practice.

4,
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On the other hand, there is currently a tendency
to adopt the so-called ultimate state design method
in the actual design in this country, in which the
safety of members is secured by evaluating the
variance of lcad and resistance in ultimate state
basing upon probability theory. This tendency is
partly seen in the recent revision of the Standard
Concrete  Specifications (Japan Sciety of Civil
Engineers). Namely, the check of safety for failure
when subjected to ultimate load is desired even in
the design of RC members for substructure of
highway bridges.

Therefore, in the present study, the typical design
guides and criteria applied in various countries were
surveved and present design methods for shear force
were revealed in order to examine the design
methods against shear force to column members
of RC bridge piers. In addition, the data of previous
loading tests for column members were collected and
compiled in order to classify failure modes and to
teview the shear strength. Based on the results, the
design method against shear forces acting upon RC
bridge piers will be proposed in this report,

2. DESIGN METHODS IN VARIOUS
COUNTRIES FOR SHEAR FORCES
ACTING ON RC MEMBERS

2.1 General

Design methods for RC members subjected to
shear force were studied and compiled by surveying
several domestic and foreign design guides, criteria
and standards, mainly with respect to the evaluation
methods and the structural items related to shear
strength,

Design guides, criteria and standards surveyed are:

Standard Concrete Specifications,
Society of Civil Engineers)
Highway Bridge Specifications,
Road Association)

ACI Building Code 318-83 (U.5.A.)
AASHTO 1983 (US.A)

BS5400 part 4 (British)

CP110 (British)

CEB/FIP 1978 (Europe)

DIN 1045 (West Germany)

1986 (Japan

1980 (Japan

L. Director, Structure & Bridge Department, Public Works
Research [nstitute, Ministry of Construction. Japan.

2. Head, Foundation Engineering Division. Structure & Bridge
Department, Public Works Research Institute, Ministry of
Construction, Japan

3. Research Engineer, Foundation Engineering Division. Struc.
ture & Bridge Department, Public Works Research Institute,
Ministry of Construction. Japan

5. Foundation Engineering Division, Structure & Bridge Depart-
ment, Public Works Research Institute. Ministry of Construc-
tion, Japan.



2.2 Comparison of Design Methods in
Various Countries

2.2.1 Provisions for Shear Force

Provisions for evaluating methods and structural
items relating to the shear strenpgth are compiled in
Table 2.1. According to this table, the shear force is
resisted by concrete and shear reinforcement, and the
required quantity of lateral ties is calculated based on
so-called classical truss analogy in every country.
Moreover, most provisions have adopted certain forms
of the ultimate state design method in order to
assure the safety for ultimate strength of members.

2.2.2 Comparison of Shear Strength Evaluation
Methods

The principal factors affecting shear strength of
concrete are the main reinforcement ratio and axial
compressive stress and so on. But these factors are in-
corporated in design equation slightly differently
depending on country.

Characteristic points of these factors are explained
below,

(1) Effect of main reinforcement ratio

In most of standards it is considered that the
shear strength normally increases as the main rein-
forcement ratio becomes larger because of the dowell-
ing effect of main reinforcement. BS equation has
adopted the correlation hetween concrete strength
and the dowslling effect of main reinforcement, and
is different from other standards in that the shear
strength borne by the concrete is not increased even
if the concrete strength becomes larger where the
quantity of main reinforcement is smatl.
(2) Effect of axial compressive stress

Most of the standards have incorporated only a
relatively small effect of axial compressive stress,
Especially ACI equation hardly permits an increase in
shear strength within the range (5 to 15 kg/em?) of
stress used for ordinary bridge piers. Also, DIN

equation has not incorporated it by the reason that -

it is of negligible degree. However, CEB equation
expects an increase in the shear strength by axial
compressive stress.
(3) Influence of effective depth

Some standards consider a decrease of shear
strength as scale effect. CEB equation shows no
decrease where “‘d” is over 60 cm.
(4) Effect of lateral ties

The effect of lateral ties is mostly based on the
same concept taken from the classical truss analogy
in every standard. With respect to the upper limit of
the shear strength, the equations of every standard
have incerporated provisions based on the crushing
of web, but the crushing of the web hardly becomes
problematic since the cross section of the actual
bridge piers is large.

2.3 Review

Since various factors will affect the shear strength
of concrete, the design methods for shear in every
standard are slightly different but the concepts of
the shear strength of RC members are almost the
same. However, these provisions in each country are
basically for checking the shear in beam members

and not for considering the column members subject-
ed to shear force. Also, though it is known that the
shear strength of concrete increases as the shear span
ratio decreases, the effect of shear span ratio is
currently not considered in the equation for checking
shear, It is desirabie to make corrections based on
the shear span ratio because shear failure of column
members occurs frequently in the region where the
shear span ratio is small.

3. STUDY OF DESIGN METHODS FOR
SHEAR FORCE TO RC PIERS

3.1 Principle of Study

The principle of this study is:
(1) To collect data of previcus loading tests en RC
column members carried out by various organization
in Japan and to compile and classify P-6 relations
and failure modes,
(2) To identify the failure modes of RC column
members. To classify the failure modes into four
kinds of shear failure type, shear flexural failure
type, flexural shear failure type and flexural failure type.
(3) For specimens indicated the failure of shear
failure type and shear flexural failure type among the
failure modes, to survey their region and strength
and to review the empirical equation for shear
strength.
{4) For specimens indicating the falurs of the
flexural failure type and the flexural shear failure
type among the failure modes, and to survey and
review the amount of lateral ties arranged,

3.2 Study Based on Experimental Data

3.2.1 Collection of Experimental Data .
Data of loading tests on RC column members
were collected under the following conditions:
(1)} Cross sectional shape: Only rectangular sections
were considered and circular and hollow sections
were excluded.
{2) Concrete: Only the normal concrete was con-
sidered excluding the specimens of special concrete
such as lightweight concrete.
(3) Axial steel material: Only the steel reinforcing
bars were considered excluding reinforcement by steel
rigid frame, steel plates and PC.
(4) Shear reinforcement: Only lateral ties were con-
sidered and spirals and diagonal reinforcing bars were
excluded.
(5) Axial compressive stress: Axial compressive stress
were considered for the bridge piers excluding speci-
mens with the value over 100 kg/cm?.
(6) Specimen model: A model as shown in Fig. 3.1
was employed.
The experimental data were coilected from 301
specimens tested by the organizations shown in Tahle
3.1.

3.2.2 Summary of Experimental Data
{1) Relation between maximum mean shear stress
and the shear span ratio.

For the experimental data obtained from 301
specimens, the relationship between the maximum



mean shear stress 7max (the value obtained by
dividing the maximum load Pmax by column width b
times the effective depth d) and the shear span ratio
afd (the value obtained by dividing the c¢olumn
height a by effective depth d) were classified by the
tensile reinforcement ratic Pt of column (the value
obtained by dividing the cross sectional area As of
main tensile reinforcement by column width b times
the effective depth d), and the results are shown in
Fig. 3.2. From this, it is known that the maximum
mean shear stress increases as the shear span ratio
a/d becomes smaller and tensile reinforcement ratio
Pr becomes larger,

(2) Failure modes

Failure of RC column members due to horizontal
forces can be roughly divided into the following
forms:

1) . Torm of shear fajlure before the flexural
yielding of the main tensile reinforcement.

2) Form of flexural failure without the occur-
rence of diagonal cracks after the flexural
yielding of main tensile reinforcement.

3) Intermediate form of failure between (1) and
(2) in which the failure occurs as a result of a
decrease in strength caused from the diagonal
cracks after the flexural vielding of main tensile
reinforcement,

In the case of bridge piers, it is said that sufficient
flexibility can be maintained if the ratic of ultimate
displacement to yield displacement is greater than 4.
By taking account of the above, attention was paid to
flexural yielding load Py and horizontal displacement
45 v on P curve based on the schematic diagrams of
failure modes as shown in Fig, 3.3, and the failure modes
were classified into four kinds. Classification and
features of these failure modes are shown in Table 3.2.

The experimental data were then classified by the
failure mode, and the various indexes were plotted on
graphs as shown in Fig. 3.4 to Fig. 3.6. According to
these graphs, it is well-recognized that brittle collapse
of S type and SB failure type occur considerably in the
following regions:

(1) Region with a shear span ratio of a/d <3 (refer to
Fig. 3.4).

(2) Region with a relatively larpge tensile reinforcement
ratio Pt (refer to Fig. 3.5).

(3) Region with no or little lateral ties (refer to Fig.
3.6).

3.2.3 Review of the Equation for Shear Strength

Except for the flexural failure type (B type and BS
type) among the experimental data, 41 specimens indi-
cated brittle shear failure (S type and SB type). Then,
the experimental data from 41 specimens were reviewed
by making use of the design equation for shear strength
used mostly area in Japan. These equation are shown in
Table 3.3. No safety factor for design was taken into
account.

Ratio between the maximum mean shear unit stress
real (=Ve/bd or Vu/bd) calculated by the design equa-
tion and the maximum mean shear umnit stress Tmax
(=Pmax /bd) obtained from test data was reviewed and
compiled.

Among 41 specimens indicated the shear failure type,
calculations were made using Eq. (ii) for 28 specimens

having no lateral ties, and the results are shown in
Fig. 3.7. In addition, caiculations were made using Eq.
(i) for 41 specimens including those reinforced with
lateral ties, and the results are shown in Fig. 3.8. From
this, it is apparent that the equation employed for
calculating shear strength has underestimated the shear
strength in the region where a/d is small. This seems to
have occurred because the effect of a/d was eliminated
for simplicity and the members to be considered when
introducing the desipn equation though the validity was
verified using even the shear span ratio (a/d) as para-
meter in the empirical equation used for deriving Eq.
(i)

In the same manner, calculations were made using
Eq. (v) for 28 specimens not reinforced with lateral ties
and Eq. (iv) for 41 specimens including those reinforced
with lateral ties, and the results shown in Figs. 3.9 and
3.10. Eq. (v) considers the effect of a/d, but the effect
was underestimated in the region of experimental data
of 1.0<a/d<3.0 while the effect was much evaluated
in the region of a/d<{1.0.

As a result of the review stated above, the effect of
shear span ratio (a/d) was taken into account by a simple
method based on the design equation set forth in the
Standard Concrete Specifications, and then the proposed
equation for shear strength has been shown in Eq. (3.1)

Vu=(4,0—ajd) Ve+Vs . ............ (3.1)

where, V¢ is obtained from Eq, (ii) and Vs from Eq. (ii1).
Now, comparing the calculated values and experimental
values of the maximum mean shear stress, the results as
shown in Figs. 3.11 and 3,12 are obtained. As shown in
Fig. 3.11, the ratio between experimental value and
calculated value was 1.011 in mean value and 24.8% in
coefficient of variation.

3.2.4 Review of Reinforcing Effect by Lateral
Ties

By identifying the failure modes as shown in Fig. 3.5,
a considerably important tendency can be recognized
because the failure modes can be classified by the tensile
reinforcement ratio and shear span ratio into the region
where brittle collapse occurs mostly and the region
where fajlure with a high flexibility occurs. As a sresult,
the reinforcing effect of lateral ties on the plane with
tensile reinforcement ratio Pr and shear span ratio a/d
was qualitatively reviewed by checking the quantity of
lateral ties which causes flexural failure with flexibility.
In Fig. 3.13, the B type and BS type of failure mode
are abstracted and plotted by lateral tie ratio Pw of
specimens (=Aw/b-s, where Aw: cross sectional ratio of
lateral ties, b: width of column, and S: spacing of lateral
ties). From this, it is recognized that flexural failures
with flexibility can be bright about even if the lateral
ties are not placed at all. This means that it is more
rational to arrange the lateral ties on the basis the rela-
tion between the tensile reinforcement ratio and the
shear span ratio. ’

3.3 Proposed Design Method for Shear Force
to RC Piers

3.3.1 Principle of Design

(1) The shear strength of the column member is to be
expressed by the sum of shear strength to be borne by




concrete and shear strength ta be borne by lateral ties.
(2) Equaton for shear strength to be borne by lateral
ties is to be based on truss analogy.

{3) Equation for the shear strength to be bome by the
concrete is to be corrected by the shear span ratio of
smaller than 3.

{4} The minimum quantity of lateral ties is to be given
by the classification region of shear span ratic and
tensile reinforcement ratio.

3.3.2 Checking Position and Others
(1) Checking the shear for RC bridge piers should be
made for the maximum shear force at the base of bridge
pier.
(2) The shear span ratio should be given by the follow-
ing formulas (Fig. 3.14):
Shear span: a=Mmax [Smax
Shearspanrafio: a/d .................
(3) Tensile reinforcement ratio Pr should be given by
the following formula;
Tensile reinforcement ratio: Pt=As/bd (3.4)
where, As: Cross sectional area of tensile reinforce-
ment

3.3.3 Equation for Design Shear Strength
The following equation should be used for calculating
the design shear strength:

Vu=Ve + Vs (3.5}
where, Ve is given by Eq. (3.6).
In the case of a/d= 3.
Ve=0.98dpppn Y 0cd bd /b
In the case of a/d<3:
Ve=0.9 (4—a/d) Bdfip fn/acabd) s
Ba= & 100/d€1.5
Bp=100pi<) 5 (3.6)
fn=1+2Mo M £2.0
ged=0ck [ye
ock: Design compressive strength of
concrete
7e * Material coefficient of concretcJ

vy © Coefficient of member
Vs is given by Eq. (3.7}
Vi=Awosy d/1.15s (3.7
w : Cross sectional area of lateral ties
osy :© Yield strength of lateral ties
s : Spacing of lateral ties

3.3.4 Minimum Quantity of Lateral Ties
Quantity of lateral ties should be greater than the
values shown in Fig, 3.15.

4. CONCLUSIONS

(1) As a result of surveying various domestic and
foreign guides and standards, it has been clarified that
many have adopted the ultimate state design method or
lcad coefficient design method. Also, the main trends of
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reinforced concrete design method in each country have
also been clarified.

(2) It has been wverified that various guides and
standards in every country was applied for the same
design method between beam members and column
members such as RC piers.

{3) As a result of collecting and compiling the results
of loading tests conducted on column members in the
past, it has been found that the failure modes can be
roughly classified based on the relation between tensile
reinforcement ratio and shear span ratio. It has been
clarified that the so-called shear failures indicating brittle
collapse occur only when the shear span ratio is less than
3 in the case of the lpad size and sectional shape for
normally designed bridge piers.

(4) 1t has been clarified that the shear strength borne
by the concrete varies with the shear span ratio even if
the sectional shape is the same, anu tends to increase
as the shear span ratio becomes smaller. As a con-
sequence, the previous equation for calculating shear
strength have been corrected based on the experimental
data.

(5) The equation for calculating shear strength and the
minimum quantity of lateral ties have been proposed,
and should be used when checking the shear in RC
bridge piers by ultimate state design method.



Table 2.1 Provisions for the design against shear forces in various countries

Item

Standard

| Design system

Basics of checking
shear

Check of shear force to be
borne by concrete

Check of shear force to be
borne by shear
reinforcement

Minimum quantity of
shear reinforcement

Standard Concrete
Specifications,
1986 (Japanese
Institute of Civil
Engineers)

Ultimate state
design method

Checking whether
the shear strength is
being maintained
against diagonal
compressive failure
of web and flexural
shear cracking
failure respectively
during ultimate
loading.

Calculated using calculating
equation with compressive
strength of concrete, tensile
reinforcement ratio, effective
depth and axial compressive
force as parameters.

Calculated using calculating
equation based on classical
truss analogy.

More than 0.15%

Mare than 0.2% for
columns importance for
earthquake resistance.

Specifications for
Highway Bridge

Allowable
stress method

Checking whether
the diagonal tensile

Calculated using tables
showing allowable shear

Same as above

None

IV, May 1980 stress is less than stress corresponding to

(Japan Road the allowable stress | the strength of concrete.

Association) during design load.

ACI 318-83 Load Checking whether Calculated using calculating | Same as above More than 50 bw s/fy.
coefficient the shear strength equation with compressive Unit: Pound, in.

design method

is being maintained
against diagonal
compressive failure
of web and flexural
shear cracking
failure respectively
during ultimate
loading,

strength of concrete, shear
span ratio, axial com-
pressive force and tensile
reinforcement ratio as
parameters.

AASHTO 1983

Allowable
stress method
combined with
load coefficient
design method

Same as above

Same as above

Same as above

Same as above




Item

Standard

Design system

Basics of checking
shear

BS 5400

Ultimate state
design method

Checking whether
the shear strength
is being maintained
against flexural
shear cracking
failure during
ultimate Toading.

Check of shear force to be
borne by concrele

Check of shear force tg be

borne by shear
reinforcement

Minimum quantity of
shear reinforcement

Calculate using tables show-
ing the maximum shear
stresses corresponding {o
compressive strength of con-
crete and tensile reinforce-
ment ratio.

Same as above

More than
0.4 bw-s/0.87fy
Unit: Pound, in.

CEB/FIP 1978

Same as abave

Checking whether
ihe shear strength
is being maintained
against diagonal
compressive failure

- of web and flexural

shear cracking
failure respectively
during uitimate
ioading.

Calculated using calenlating
equation with tensile rein-
forcement ratio, effective
depth and axial compressive
force as parameters based
on tables indicating the
maximum shear stress
corresponding to the com-
pressive strength of
concrete.

Same gs above

More than Pw bw's
Unit: Pound, in.

Value of Pw (%}

Rein- Equi- | Equi- | Equi-
forcing |valent | valent | valent
od to to to

Conerete § SR22 | SD41 | SDS1

C25-C35 [ 0.24 | 0.13 | 0.t
€40-Cso | 0.30 | 0.16 | 0.13

DIN1045

Same as above

Checking whether
the diagonal tensile
stress is less than
the allowable unit
stress in 3 kinds of
region classes
during design load.

Calculated using tables
showing the upper limnits
of shear stresses classified
into 3 regicons in response
to the compressive
strength of concrete.

Same as above

Depending on region
class:
1) More than 40% of

acting shear force.

11) Against shear force
reduced.

) More than 100% of
acting shear force.




Table 3.1 Experimental data collected

Implementing bodies & representative researchers Year of experiment Number of specimens

Public Works Research Institute, Ministry of Canstruction (Foundation Engineering Division) FY 1983 26 (33)

” ( ” ) FY 1984 30(32)

” ( P ) FY 1985 29

" (Earthquake Engineering Division) FY 1981 to1985 27
Central Research Institute of Electric Power Industry FY 1985 6
Metropolitan Expressway Public Corporation (Miyauchi, Ohkubo) FY 1978 to 1983 17
Structure Design Office Japan National Railways FY 1984 43
Taisei Corporation Technical Research Institute (Akio Tkeda) | ' FY 1970 30(38)
Building Research Institute, Ministry of Construction (Masaya Hirosawa) FY 1967 6(14)
Taisei Corporation Technical Research Institute (Akio Tkeda}) FY 1967 8(14)
Ohbayashi Corporation Technical Research Institute (Takeda, Yoshioka) FY 1970 30
Taisei Corporation Technical Research Institute (Akio Ikeda) FY 1970 12(24)
Chiba Institute of Technology (Sonobe, Ishibashi) FY 1967 7(16)
Tokyo Institute of Technology (Kiyoharu Kuromasa) FY 1964 11 _(16)
Tokyo University (Naka) FY 1963 19(59)
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Table 3.2 Characteristics of failure modes

Table 3.3 Shear sirength calculating equaiion used in the study

Failure modes

Characteristics of failure modes

S type

Failure occurs suddenly by aload
smaller than flexural vield load Py
with the development of diagonal
cracks (called shear failure type).

SB type

Failure occurs suddenly with loads
larger than the flexural yield load

Py. Deformation performance is not
sufficient, and shear strength suddenly
decreases with the displacement of
smaller than 48. (Called shear flexural
failure type.)

BS type

No sudden decrease in shear strength
occurs even after the occurrence of
diagonal cracks, and this type has the
deformation performance of greater
than 48y . After the occeurrence of
flexural yield, diagonal cracks accur
frequently with the displacement of 2
te 35y. (Called flexural shear failure
type.}

B type

Deformation occurs with aimost no
diagonal cracks up to 48y, and ihe
failure occurs at the flexural ultimate
load Pu . (Called flexural failure type.)

1) Shear strength calculating based on Standard Concrete Specifications.

Vum Ve Vs e e e e e e e e e e (1)

1¢=0.984Bpn Y ack
fa=YT00/d£1.5
Bp=Y100p 1.5
gn=1+Mo/Mug2.0
b : Width of column
d : Effective depth
gek : Compressive strength of concrete
Wy © Shear strength with lateral ties determined by Eq. (iid).
v:=Awasyd/L158 ................................................ (ll!)
Aw : Cross sectional area of lateral ties
asy © Yielding strength
s:  Spacing of lateral ties

2) Shear strength calculating equation proposed by Japan National Railways.

VsV + Vs e (iv)
where, Ve @ Shear strength of column without lateral ties determined by Eq. {v). .

Where a/ds 2.5
Ve=3.38 (afd) 1% 5. 12 (JT100p: + ¥TO0/A + fu- )bd

Where afd>2.5 .
V=094 (0.75 + L. 4d/a)oek 2 (/100p: + ¥100/d + pu-1)bd {v)
where, u=2Mo [Mu

V100p:::1.73

¥100/d=: 1.0

Vs ; Shear strength with lateral ties determined by Eq. Giii).
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Some Recent Studies on Lifeline Earthquakie Engineering
in the United States: Experimental and Field Study

ABSTRACT

This paper focuses on research pertaining to
pipeline systems. It concentrates on
experimental and field studies, and begins with
a general description of earthquake effects on
pipelines. Pipeline response to permanent
ground movements is discussed, with a summary
of observations during previous earthquakes, a
discussion of soil-pipeline interaction models,
and a review of previous laboratory
experiments, as well as a planned field
experiment at a pipeline fault crossing. Pipeline
responss to traveling ground waves is discussed
similarly in terms of previous earthquake )
observations, soil-pipeline interaction models,
and a review of laboratory and field
experiments. A summary of experimental trends
is given and recommendations are made
regarding future research opportunities,

KEYWORDS: Earthquakes; Geotechnical
Engineering; Lifelines; Pipelines; Soil-Structure
Interaction

1. INTRODUCTION

Lifelines are systems which provide
transportation for people, resgources, and
services, as well as the transmission of electric
power, messages, and data. The American
Society of Civil Engineers (1} has identified four
principal lifeline systems: electric power and
telecommunications, gas and liquid fuel,
transportation, and water and sewage. Ths
great range of operational criteria as well as
the many different mechanical and structural
features of lifelines add to their complexity, and
make it difficult to characterize research efforts
in a truly comprehensive way for all types of
lifelines. This paper focuses on research
pertaining to pipeline systems. A substantial
amount of the lifeline earthquake engineering
research in the United States has been devoted
to pipelines, principally as a result of the
severe damage sustained by pipelines during
the 1971 San Fernando (2,3,4) and 1906 San
Francisco earthquakes (5,6,7), Research resuits
for pipelines are applicable to gas, liquid fuel,
water supply, and sewage systems, as well as
various types of cabling and ducts in electric
and telecommunication systems.

The paper concentrates on experimental and
field studies, and begins with a general
description of earthquake effects on pipeline
systems. Pipeline response to permanent
ground movements is discussed, with a summary
of observations during previous earthquakes,
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a discussion of soil-pipeline interaction models,
and a review of previous laboratory experiments
as well as a planned field experiment at a
pipeline fault crossing. Pipeline respaonse to
traveling ground waves is organized in a similar
manner with attention to previous earthquake
observations, models for soil-pipeline interaction,
and laboratory and field experiments.

2, CONCEPTUAL FRAMEWORK FOR PIPELINE

Laboratory and field experimentation for pipeline
systems should be integrated within a framework
of previous earthquake observations, analytical
madel development, and applications in practice
through appropriate design and siting
procedures. A rational plan for research and
development includes: 1) characterization of the
loading environment, 2} assessment of the loading
effects on continuous and jointed pipelines, as
well as special valves, pumps, and pressure
control devices, 3) experiments designed and
organized in conjunction with specific analytical

models of soil-pipeline interaction, and 4) the use

of experimentally wverified. models for
improvements in siting, design, and risk
assessment. FEach of these steps is discussed
under a subheading which follows.

2.1 Earthquake Loading Environment

Whereas aboveground piping responds to seismic
shaking in the same manner as other
aboveground structures and equipment, buried
piping responds to earthquake motions in such a
way as to have nearly the same curvatures and
strains as the ground iiself. The earthquake
response of a buried pipeline depends closely on
the static and dynamic deformation, stiffniess, and
strength of the surrounding soil. An important
part of characterizing the earthquake loading
environment is a careful assessment of soil
properties and deformation patterns, especially
when the potential exists for ground failures.

In response to an earthquake, pipelines may be
damaged by permanent ground deformation and
traveling ground waves. Both effects may have
important repercussions on pipeline performance,
although damage from traveling ground waves is
frequently concentrated in pipelines which have
been weakened by corrosion or are constructed

of brittle materials such as cast iron

or asbestos cement. Permanent ground movements

TCornell University, Ithaca, NY 14853
Z2weidlinger Associates, Palo Alto, CA 94304
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result from irreversible deformations caused by
shear failure or volume change, and develop
concurrently with or subsequent to seismic
shaking. Because permanent movements
frequently exceed the peak ground
displacements from seismic waves, they should
be regarded as conditions of maximum distortion
for buried pipelines and cables. '

2.2 Asgsessment of Loading Effects

Three modes of unacceptable performance can be
identified for buried pipelines: 1) rupture or
excessive deformation of the pipe, 2} excessive
rotation at pipeline joints, and 3) pullout or
excessive compressive distortion at pipeline
joints.

The performance of metallic pipelines, which
convey high pressure gas and liquid fuel,
depends almost exclusively on the first mode.
Mcdern high pressure facilities are constructed
with full penetration butt and longitudinal seam
welds, inspected by means of X-ray radiographs
or other nondestructive tests of the welds, and
composed of mild or high strength steels.

There is no weli-documented case of a buried or
aboveground petroleum or natural gas
transmission pipeline constructed according to
modern standards having been ruptured by the
effects of ground shaking. Large permanent
ground deformations associated with landslides,
surface faulting, and soil liquefaction are the
principal earthquake hazards. Continuous,
“butt-welded pipelines possess good ductility,
and can be deformed well into the plastic range
without rupture. Compressive forces, however,
may lead to wrinkling and kinking of the pipe
wall so that additional deformation of the line
tends to concentrate at one location with
resulting instability., Permanent ground
movements which contribute te high compressive
strains in the pipe are therefore undesirable.

Toe areas of lateral spreads and landslides as
well as reverse faults are potential locations of
large compressive deformation. Pipeline
orientation with respect to transverse soil
movement also plays an important role in the
development of pipeline strain., At fault
crossings, a pipeline should be oriented to
respond in tension to differential movement.
jlandslide and -lateral spread areas, a pipeline
should be oriented parallel to natural
topographic contours. te promote longitudinal
flexure and tensile elongation, thereby
minimizing compressive distortion of the line.

In

Jointed pipelines are subject to all three modes
of potentially unacceptable deformation. In some
cases, the effects of permanent as well as
transient ground deformations may be
concentrated at pipeline joints so that their
performance under both static and dynamic
excitation needs to be understood. Unacceptable
performance may result from leakage at a joint
without a structural failure such as pullout or
material fracture. Joint response to earthquake

‘studies.
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loads should therefore be evaluated under the
conditions of internal fiuid pressure that are
likely to prevail in the field.

Jointed pipelines are used typically in water
trunk and distribution systems, sewage collection
systems, and natural gas distribution networks.
The great variety of joint types presents a
challenge to the experimentalist in deciding which
joints to investigate. Many U. 8, distribution
systems rely on relatively old cast iron pipelines,
which were constructed with lead-caulked or
cement Jjoints. Because of creep characteristics,
lead-caulked joints are likely to show significant
differences in behavior for static relative to
dynamic loading.

There are a host of valving, pumping, and
pressure control devices which also deserve
careful evaluation in assessing the earthquake
response of pipeline systems. ©Of special
importance are penetrations and connections
associated with subsurface and aboveground
structures, where locally high concentrations of
strain are possible.

2.3 Experiments Guided by Analytical Models

Experiments should be designed and conducted in
accordance with analytical models. This is
especially true for soil-pipeline interaction, and
applies to both laboratory and field experiments.

The .use of analytical models as an integral part
of the experimental process carries a two-fold
advantage. It provides a rational means for
interpreting the results; data can be assessed
immediately, and potential sources of error can
be recognized as well as additional tests or test
modifications chosen for further refinement.
Coordination with specific modeis ensures that
the testing can be used to verify or change
existing analytical procedures. This allows for
consgistent and systematic improvements in
design. With the availability of sophisticated,
portable computers and data acquisition systems,
it is possible to conduci analytical simulations
and testing simultaneously, with real-time
comparisons and control of the testing process,

2.4 Improvements in Practice

Experimentation provides a rational basis for
selecting analytical models appropriate for
design, and of equal importance, for
understanding the limitations of these mecdels.
some cases, the uncertainty associated with the
performance of a pipeline component can be
quantified by probabilistic means for reliability
Experiments also point directly to
modifications in the materials or configuration of
a given component to improve its seismic
response, The same experimental methods can be
used to substantiate the improved performance.

in
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3.1 Previcus_Observations

Large permanent ground movements associated
with soil liquefaction, landslides, and surface
faulting are the most troublesome sources of
potential damage to gas, liquid fuel, and water
transmission pipelines. Evidence from the 1906
San. Francisco, 1952 Kern County, 1964 Niigata,
1964 Alaska, 1971 San Fernando, 1978 Miyagi-Ken-
Oki, 1983 Nihonkai-Chubu, and 1987 Ecuador
earthquakes shows an unmistakable correlation
between permanent ground movement and buried
pipeline damage. Some of the most graphic
illustrations of this kind are associated with the
1971 San Fernando earthguake, during which
surface faulting and liquefaction-induced lateral
spreads and slope movements caused failures in
gas transmission and distribution piping (8,9).

Table 1 summarizes the principal causes of
permanent ground movement associated with
earthquakes. FEach category of displacement is
described briefly, and specific types of
movement within a given category are listed.

Slope instability is a cause of potentially
damaging ground movement, with the greatest
seismic risks related to slopes showing signs of
instability under static conditions. It is
unlikely that any pipeline can survive the
severe deformation imposed by deep
translational and rotational slope failures. If
instability involves slumps and relatively shallow
slides, slope stabilization may be an effective
means of correcting difficulties. Field
observations and analytical studies suggest that
modern, welded steel pipelines can survive the
deformations imposed by relatively shallow and
limited slope displacements, provided that the
line is oriented perpendicular to the anticipated
direction of movement.

In addition to landslides, the principal
geotechnical hazards associated with
earthquakes are surface faulting and seil
liquefaction. Surface faulting is often regarded
as the most dangerous source of differential
movement, mostly because wvisible fault
displacements have been the subjects of some
striking and well-publicized observations.
Surface faulting, however, is a relatively rare
occurrence. In contrast, soil displacements
caused by liquefaction are comparable in
magnitude and more widespread. Liquefaction
can result in many different types of
deformation, including flow failures, lateral
spreads, subsidence, loss of bearing, and
buoyvancy effects.

The most troublesome types of liquefaction-
induced movements for a buried pipeline are
lateral spreads. Lateral spreads involve the
predominantly horizontal movement of competent
shallow soils on an underlying liquefied
deposit. Maximum displacements are ofien
several feet, and may occur on slopes as gentle
as 0.5 to 1.0°.

Assessing liquefaction and- landslide hazards
for pipelines requires careful attention to-
geologic features, and may require an assessment

of structure, morphology, and topographic

characteristica. Two case histories help illustrate
the importance of permanent ground movements
on pipeline damage.

The first case involves lateral spreading near the
Juvenile Hall and Upper Van Norman Reserwvoir
during the 1971 San Fernando earthquake. The
information in this example is derived from work
by O'Rourke (10). Figure la shows a plan view
of the bedrock and alluvial sediments
surrounding the Upper Van Norman Reservoir,
Superimposed on this view are the lateral spread,
which occurred at the site, and contours of equal
groundwater depth at the time of the
earthquake. The soils in the area are chiefly
sands, gilty sands, and silts, which were laid
down in alluvial fans from Weldon and Grapevine
Canyons to fill a northeast-trending depression
in .the bedrock. The location of the lateral .
spread can be seen clearly as trending northeast
of the reservoir between bedrock exposures.

The presence of a loose sandy silt and fine sand
at a depth of 6 tc 9 m with the water table at 3
to 6 m were characteristics that made the site
susceptible to liquefaction. The lateral spreading
and pattern of ground displacement, however,
were controlled by the structure of the bedrock
depression and the geomorphic features of the
alluvial fans which filled the depression.

Figure ib shows the mapped ground deformation,
with vectors of displacement reported by Youd
{(11). The maximum soil movement was
approximately 1.75 m. Two high-pressure natural
gas pipelines were ruptured in the zone of
lateral spreading. Both were continuous,
girth-welded steel pipelines, with welds dating
from approximately 1326 to 1930.

Figure 1lc shows the boundary scarps of the
lateral spread and vector displacements
superimposed on a contour map of the site.
There is a clear relationship between the pattern
of spreading and the local topography. The
lateral spread was confined generally to lower
elevations between steeply rising ground to both
the northwest and southeast, Moreover, the
displacement vectors are nearly perpendicular to
the contour lines.

Two earthquakes, which measured €.1 and 6.9 on
the Richter Scale, occurred on March 35, 1987 in
the Napo Province of northeast Ecuador. The
earthquakes occurred after a month of heavy
rains, during which a total of 610 mm of
precipitation was measured in the area of the
sarthquakes. The earthquake epicenters were
located near an active volcano, El Reventador,
Strong ground shaking triggered rock avalanches
and debris slides near the vecleano, inveolving
over 100 million m3 of soil ard rock. Landslide
material was washed into the surrounding rivers,
causing them to swell with mud and debris. The
swollen rivers flooded mountain roads and
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dwellings, leaving deposits of mud and saturated -

sediments as deep as 10 m. The flooding and
debris slides were responsible for most of the
loss of life, which is estimated between
1000-2000 people.

Of major importance is the damage from
landslides to the Trans-Ecuadorian Pipeline.

The failure of this facility represents the
"largest single pipeline loss in history. The
Trans-Ecuadorian Pipeline is a 660-mm-diameter
pipeline, which carries oil 420 km from the
Ecuadorian oil fields east of the Andes
Mountains to the port of Esmeraldas on the
Pacific Ocean. The pipeline was of telescoping
design and constructed of X-60 grade steel,
ranging in wall thickness from 8.5 to 23 mm, In
all locations of damage, the pipeline was
consirucied as an aboveground facility,
supported on 12-m centers by concrete pedestal
foundations or double pipe piles with cross
beams.

As shown in Figure 2, approximately 10.5 km of
the pipeline have been completely destroyed
along the north bank of the Coca River east of
its confluence with the Salado River. An
additional 18 km of the pipeline, east of the
Malo River, have been damaged by local debris
slides, which have gevered the pipeline in at
least eight places. FEight km of pipeline west of
the Salado River have deformed, with significant
distortion and displacement of aboveground
pipeline supports. .

Loss of the Trans-Ecuadorian Pipeline has
deprived the country of 60% of its expori
revenue. [t contributed to a 9% increase in the
world price of oil. The lost revenues and cost
of reconstruction of this facility are estimated
as 31 to $1.5 billion.

3.2 Models for Scil-Pipeline Interaction

The ground movement patterns associated with
surface faulting, landslides, and latersl
spreading have many characteristics in common.
The maximum relative displacements in landslides
and lateral spreads are concentrated at the
slide margins where movements tend to replicate
strike and normal faulting and, thus, may be
treated by many of the same modeling
techniques that appily for surface faulits.
O'Rourke, Grigoriu, and Khater {12) point out
that, although it is not possible to model with
accuracy the soil displacement patterns at all
potentially vulnerable sites, it is possible to
characterize the worst case conditions which
may develop and use these as upper bound
estimates of deformation. In general, the most
destructive differential soil movements are those
which develop abruptly, such that a single-
plane or knife-edge model of displacement can
be used as an effective and conservative basis
for analysis.

Figures 3a and b show a plan view of a pipeline
which is intersected by a rig’h_t lateral strike-

. deformation.

" diameter.

slip fault at an angle, ff. The pipeline is
oriented so that fault displacement, dp, will
causge tension in the buried pipeline. It is
assumed that sufficient geologic evidence is
available to orient the pipeline far tensile
Newmark and Hall {13) analyzed the
pipeline deformation as an antisymmetric pattern
of circular arcs, with each circular segment
spanning the fault centerline and the location of
an anchor point. The distance between the fault
and the anchor point is known as the anchor
length, Lg. Anchors may be caused by bends,
tie-ing, and other features which develop
substantial resistance to axial movement.
Alternatively, the anchor point may represent an
effective anchor length, beyond which there ig
no axial stress imposed in the pipeline from fault
movement.

An sanalytical model was developed by Kennedy,
Chow, and Williamson {14) which accounts for
increased frictional resistance near the faulit
crossing and for pipeline bending strains.
Figure 4 shows a plan view of pipeline
deformation which forms the basis for the
Kennedy, Chow, and Williamson model. Only
one-half of the antisymmeétric pattern of
deformation is shown. As in Figure 3, the
anchor point represents either a local constraint
or the end of the effective anchor length, It is
assumed that greater frictional resistance is
developed along the curved portion of the
pipeline than along adjoining sections because of
high horizontal soil pi'esst_xres resulting from
large relative movemenis between the pipeline
and surrounding ground. Kennedy, Chow, and
Williamson recommend that the frictional
resistance per unit 