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ABSTRACT

Accelerograms obtained during the 1979 Coyote Lake, California
earthquake are wused to examine the response of a multiple—span, steel
girder bridge to strong earthquake loading. The structure studied, the
San Juan Bautista 156/101 Separation Bridge, is typical of many highway
bridges in seismic regions of the United States. Although the bridge
was not damaged, the strong-motion records are of significant engineer— ’

ing interest as they are the first to be recorded on such a structure.

An engineering seismology study suggests that 1long—period ground
displacements at the bridge site were caused by Rayleigh waves. A
three—second period, pseudostatic response of the superstructure is
attributed to small amounts of differential support motion induced by

the surface waves.

A time—-domain technique of system identification 1is wused to
determine 1linear models which can closely replicate the observed bridge
respoﬁse. Using time—invariant models, two structural modes at 3.50 and
6.33 Hz, are identified in the horizontal direction. Each mode, having
approximately ten—percent damping, involves coupled 1longitudinal and
transverse motions of the superstructure. Time—variations of frequency
and damping in the horizontal response are also identified wusing a

moving-window analysis.
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A three—dimensional finite element model which includes soil-
structure interaction predicts several important features of the dynamic
response of the bridge. The first two computed horizontal frequencies
are found to be in excellent agreement with the observed responses pro—
vided the model's expansion joints are 1locked, preventing relative
translational motions from occurring across the joints, Locking is
confirmed by the observed deformations of the structure in the fundamen-
tal mode. Fundamental vertical frequencies of the individual spans,
predicted by the finite element model, are in very good agreement with
ambient vibration test data. Results of the strong-motion data analysis
and the finite element modeling are used to recommend a plan for expan-—

sion of the strong-motion instrumentation array on the bridge.
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CHAPTER I

INTRODUCTION

1.1 GENERAL INTRODUCTION AND OVERVIEW

Bridges are an essential and integral part of 1local and national
highway systems. Throughout the world, many thousands of highway
bridges are located in areas of moderate to high seismicity. The safety
of these bridges, and the functional capability of the associated
transportation routes in the aftermath of a major earthquake, are highly
dependent upon the seismic resistance of the bridge structures.

In the United States, the seismic vulnerability of highway bridges
was made dramatically evident by the failure of many of these structures
during the 1971 San Fernando earthquake. This earthquake provided a
stimulus to investigate the seismic response of highway bridges, in much
the same way as the 1933‘Long Beach earthquake stimulated research on
the earthquake response of buildings.

The purpose of the research described in this dissertation is to
investigate the earthquake response of a multiple—span bridge, typical
of many highway bridge structures in North America. The bridge studied
is the San Juan Bautista 156/101 Separation Bridge in California. The
study is based heavily upon a set of multiple-channel recordings of the
strong-motion response of the bridge during the 1979 Coyote Lake earth-

quake.



The remainder of this first chapter is devoted to a discussion of
the damage sustained by bridge structures in past earthquakes, to
previous research on bridge earthquake engineering, and to a brief out-

line of the main contents of this dissertation.

1,2 DAMAGE TO HIGHWAY BRIDGES IN PAST EARTHQUAKES

A study of the damage sustained by engineering structures in past
earthquakes provides one of the best means of evaluating the seismic
resistance of various types of structures, and serves as the ultimate
test for assessing the adequacy of seismic design procedures.

The greatest number of bridges damaged by past earthquakes has been
in Japan, The 1923 Kanto earthquake (local magnitude, ML ~ 7.9) was the
first earthquake to cause large scale damage and destruction to modern
facilities in Japan, Prior to the Kanto earthquake, Japan did not have
regulations which required the consideration of seismic forces in the
design of structures. After the earthquake, however, seismic design
regulations were quickly imposed for future construction.

Tﬁe Kanto earthquake damaged more than two thousand bridges,
although for some the damage from subsequent fires was more severe than
the direct effects of the earthquake. Since 1923, numerous other earth-
quakes have also inflicted considerable damage to highway bridges in
Japan., Iwasaki, et al., (1972)* provide a detailed discussion of damage
sustained by many different types of bridges during nine major Japanese
earthquakes from 1923 to 1968. For the most part, seismic damage was a

* References appear at the end of each chapter.



result of failures of either bridge substructures or the surrounding
soils. In very few instances did vibrational effects of the bridge
account for appreciable levels of damage. When superstructure damage
was found to occur, it was generally possible to trace the cause of the
damage back to a failure of the substructure or soil.

Japanese experience indicates that most damage has occurred to
abutments, piers, bridge girders and supports. In many instances, large
differential movement between the superstructure and substructure has
been ascribed as the cause of collapse of single—span bridges; in
essence, girders were displaced from their supports. Loss of foundation
support in the form of bearing failures (including liquefaction), soil
settlements, or excessive horizontal movements of the soil were often
found to be significant contributors to the failure of abutments and
piers.

In addition to those Japanese bridges which sustained overall
failure, many others have been observed which showed signs of distress
or complete failure of individual structural components. These include:
(1) ex;essive displacement of the end supports of girders, (2) displace-
ment and/or failure of bearings, (3) anchor bolt damage, (4) settlement
of approach fills at the abutments, rendering the bridge inaccessible,
and (5) damage to abutments and wingwalls by excessive cracking and
crushing of concrete.

In the United States, numerous highway bridges were damaged during
the 1964 Alaska earthquake (Sturman, 1973). The causes and types of

damage to most Alaskan bridges were gemnerally similar to the
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observations from the Japanese earthquakes, namely failure of soils or
substructures; little damage was associated with vibrational effects on
the bridge structures themselves.

The perception of the way in which highway bridges respond to
earthquake shaking was dramatically changed by the 1971 San Fernando
earthquake., For the first time, vibrational effects on the structures
were seen to be a principal cause of the failure of bridges. Although
failure and heavy damage to freeway structures was confined to the
epicentral region, the total collapse of five high overcrossing
structures at three major freeway interchanges clearly indicated that
the dynamic behavior of such structures must be considered in the
seismic design process.

Some of the major deficiencies which led to collapse of the high
overcrossing structures in  the San  Fernando earthquake were:
(1) inadequate width of seats at expansion joints, (2) adjacent spans
not tied together to prevent excessive relative movement across the
joints, (3) inadequate column reinforcing, and (4) unstable configura-
tion éf spans in which only one column was placed between expansion
joints.

Damage to many of the shorter span, 1lower height ©bridges was
observed to occur in a similar but less spectacular fashion, but the
effects of vibration were still evident in many of the damaged
structures, Shear failure of short columns, rotation of skewed
superstructures, evidence of longitudinal and lateral movements, and

signs of soil-bridge interaction, especially at abutment failures, were
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noticeable in many bridges. Jennings and Wood (1971) provide a discus-
sion of the damage to several freeway structures during the San Fernando
earthquake. A comprehensive investigation of damage to freeway bridges
was conducted for the California Department of Transportation by Elliott
and Nagai (1973). Their report documents the most extensively damaged
bridges, and also those which had a unique mode of failure. Included in
their study is a summary of every bridge (66 in total) that was damaged
during the San Fernando event. The one pertinent generalization drawn
from their study was that it was the structural details which failed,

precipitating most of the severe damage.

1.3 RESEARCH ON THE EARTHQUAKE RESPONSE OF HIGHWAY BRIDGES

1.3.1 Previous Analytical and Experimental Work

Immediately after the 1971 San Fernando earthquake, a comprehen—
sive research program to study the seismic resistance of highway bridges
was undertaken by the University of California, Berkeley. This program
included both analytical and laboratory investigations on the seismic
response of specific types of highway bridge structures, In the ana-
lytic phases, long—span, high, curved overcrossings as well as short,
single—span bridges were investigated. In the laboratory phase, a scale
model of a long—span overcrossing structure was subjected to simulated
seismic excitations on a shaking table, and correlations between model

and analytic results were made.
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The conclusions and recommendations of the above program have been
reported and no attempt will be made to discuss them here, other than to
mention that current seismic design criteria for bridges reflect many of
the recommendations of the research program (Gates, 1976; Mayes and
Sharpe, 1981; AASHTO, 1977; Applied Technology Council, 1983). Complete
discussions and bibliographies may be found in Iwasaki et al., (1972),
Tseng and Penzien (1973), Chen and Penzien (1975), Kawashima and Penzien
(1976) , Williams and Godden (1976).

Other analytical research projects on bridges have been conducted
as well., ©For example, Ghobarah and Tso (1974) analyzed the seismic
response of a two—span skew highway bridge to the San Fernando earth-
quake, and Lisiecki (1982) has examined the response of the Meloland
Overcrossing to the 1979 Imperial Valley earthquake. Gillies and
Shepherd (1981) present an analysis technique for determining the
response time—history of a bridge structure with allowance for inélastic
member behavior.

Most early research on the response of bridges to earthquake motion
has a;sumed uniform base excitation of the structure. Spatial varia-
tions in the seismic motions at a site may, however, cause the bridge
foundations to be subjected to different amplitudes and phasing of exci-
tation. For very short-span bridges and long seismic wavelengths these
variations are expected to be negligible, but for long—span bridges the

variations may be of appreciable magnitude.
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One of the earliest studies of the effects of travelling seismic
waves on bridge stuctures was conducted by Bogdanoff, et al., (1965) who
examined the case of a seismic motion propagating along the length of a
bridge foundation. The bridge responses were found to be noticeably
different from those due to a uniform, rigid base excitation, Werner,
et al., (1977) and Werner and Lee (1980), investigating the effects of
travelling seismic waves on the response of a single—span bridge, report
that both the type of seismic wave as well as the angle of approach may
substantially influence a ©bridge’s dynamic response. Abdel-Ghaffar
(1977) has also studied the problem and reports similar results. For
bridge structures more complex than a single span, differential support
excitation significantly complicates the problem of dynamic response
analysis.,

To augment analytical and laboratory work in earthquake engi-
neering, researchers have also performed tests on full-scale bridge
structures. These experiments wusually involve measurement of the
dynamic response to ambient levels of excitation (e.g., wind or
traffi;), to controlled sinusoidal excitation, or to pull-back testing.
In New Zealand, a series of sinusoidal excitation tests were conducted
by Shepherd and Charleson (1971) at various stages of construction of a
six-span bridge, and estimates were made of natural frequencies and
damping values. Gates and Smith (1982) have published results of an
ambient vibration survey on fifty-seven highway bridges in California
and Nevada. Douglas and Reid (1982), and Douglas and Norris (1983) have

analyzed vibration response data from pull-back tests on a Nevada
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highway bridge where testing loads ranged from ambient forces to lateral
loads 1.5 times the design loads.

While the observations of Douglas, et al., cover a number of
points, the overall indication from their studies is that linear
structural models with simple linear soil—structure interaction springs
were found to work acceptably well for predicting seismic responses. At
the Nevada test bridge, the overall rotation of pile foundations was
found to ©be the major contributor to soil—structure interaction during
large amplitude tests, rather than lateral pile stiffness (Douglas and
Richardson, 1984),

A compilation of research and review papers, published by the
Applied Technology Council (1979), covers many additional aspects of
both analytical and experimental research on the earthquake response of

highway bridges.

1.3.2 Strong—Motion Instrumentation of Bridges

For engineering purposes, the basic source of data on the earth—
quake .response of structures is strong-motion accelerograms. Although
many buildings are instrumented with strong-motion accelerographs, and
many excellent records have been obtained from these installatioms, it
was not until the mid-1970's that a program of strong-motion instrumen—
tation of ©bridges and other transportation structures was initiated in
California, The first sets of records were obtained in 1979 when two

instrumented bridges in California were shaken by different earthquakes.



Currently, there are more than 567,000 highway bridges in the
United States; approximately 23,150 of these being in the State of
California. At present, only five California bridges are instrumented
to record earthquake shaking. It is fortuitous that, since the begin—
ning of the strong-motion instrumentation program for bridges, three of
these five have yielded significant data, so that now there exists a
limited supply of the accelerograms needed to examine the actual seismic
response of highway bridges. A summary of the bridges which have been
instrumented and the records obtained to date (May 1984) is given in
Table 1.1.

In connection with the California Strong—Motion Instrumentation
Program, Raggett and Rojahn (1978) have described some standard, general
methods to aid in the interpretation of strong-motion records from high-
way bridges. Also, Rojahn and Raggett (1981) suggest guidelines for the
strong—motion instrumentation of such bridges.

The work to be described in this thesis is the first investigation
of the strong-motion records from the San Juan Bautista 156/101 Separa-
tion bfidge. The overall objective in this study is to understand the
seismic response of the bridge using the strong-motion data recorded
during the 1979 Coyote Lake earthquake. It is desirable to extract from
this dat# set as much information as possible, because of the limited

data available from such structures.
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TABLE 1.1

California Bridges with
Strong—Motion Instrumentation

Bridge Name Number of

-and Location Transducers Becordad Evants
10-15E Interchange 1 None to date

(San Bernardino)

San Juan Bautista 12 8/6/79-Coyote Lake
156/101 Separation ‘
(San Benito Co.)

Meloland Overcrossing 26 10/15/79-Imperial Valley

(E1 Centro) 1980—-81-several small events

101/Painter St. 20 11/8/80-Trinidad Offshore

Overcrossing 12/16/82-Rio Dell

(Rio Dell; Humboldt Co.) 8/24/83—Cape Mendocino
Offshore

Vincent Thomas 26 None to date

Suspension Bridge
(Los Angeles)

1.4 OUTLINE OF PRESENT WORK

The research is presented in three chapters. Each chapter is more-
or—less self-contained in a topical sense, but the results of each
preceding chapter are used as a starting point for the analysis of the
subsequent chapter. Relevant works of reference are listed at the end
of each chapter.

In Chapter II, a detailed study is made of the earthquake ground
motions recorded at two separate stations at the site of the San Juan

Bautista bridge. The main objective in this chapter is to examine the
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spatial variations in the ground motions occurring along the alignment
of the bridge. The possibility of differential support motion induced
by travelling body waves and surface waves is also investigated.

The third chapter contains an adaptation of an output—error method
of system identification developed by Beck (1978), to the structural
response records of the San Juan Bautista bridge. Estimates of modal
frequencies and damping values are obtained for the dominant modes of
bridge response, assuming time—invariant linear response. In addition,
time variations in modal frequencies and damping values during the
earthquake are investigated using a moving—window analysis.

Chapter IV is concerned with structural modeling of the bridge and
the comparison of the computed dynamic characteristics of the structure
with those observed during the earthquake. A linear finite element
model, including 1linear soil springs at the foundatiomns, is used to
predict natural frequencies and mode shapes of the bridge. Common
modeling assumptions for the dynamic behavior of the expansion joints
are assessed in light of the measured responses during the earthquake.

Cﬁapter V, the final chapter, summarizes the major findings of this
study and presents conclusions on the seismic response of the San Juan
Bautista bridge, as well as more gemeral conclusions.

At this point the dimensional units employed in this dissertation
should be mentioned. In keeping with common practice in that field, all
dimensions in the seismological sections of this thesis are reported in
metric units. This mainly involves Chapter II, In Chapter IV, which is

mainly a structural engineering chapter, dimensions are preseanted in
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feet and inches. These are the units in which the bridge was designed,

and are the units of current engineering practice in the United States.
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CHAPTER II

ANALYSIS OF GROUND MOTION RECORDS

In this chapter, records of the ground motion for the San Juan
Bautista bridge site are used to examine the nature of the seismic exci-
tation to which the bridge was subjected during the 1979 Coyote Lake
earthquake. By seismological and geophysical investigations of the
strong-motion records, evidence is accumulated to show that surface wave
effects are believed responsible for the presence of long—-period
components of ground motion observed at the site. There are indications
that travelling wave effects may be responsible for a small amount of

differential support motion along the 326—foot length of the bridge.

2.1 SEISMOLOGICAL CONSIDERATIONS

Seismic waves propagating in the earth can be conveniently
classified into two major groups; body waves and surface waves,
depending upon the type of path the waves take as they travel outwards
from the source. The ground motion observed at a given site during an
earthquake is normally a superposition of several types of ©body and
surface waves, each of which has been influenced to some degree by fac—
tors such as geologic variations along the travel path, refraction and
reflection at layer boundaries, dispersion, focussing, anelastic
attenuation, and radiation patterns. The following paragraphs provide a
highly condensed summary of some important aspects of seismic wave

propagation in a homogeneous, elastic medium, The material is standard
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in many texts on seismology (Richter, 1958) and mechanics (Fung, 1965).
Some additional seismological aspects are also introduced in later sec-—
tions of this chapter, where appropriate.

Body waves are represented by two main types of waves, depending
upon the orientation of the particle motion with respect to the direc—
tion of wave propagation, Dilatational waves, or P waves (P for
primary), with particle motions parallel to the direction of propagation
are the first to arrive at a site from the earthquake hypocenter, and
often arrive at mnearly vertical angles of incidence. Most strong-motion
accelerographs are designed to be activated at a threshold acceleration
of approximately 0.0lg in the vertical direction, in order that the
first arrivals of vertical P waves will trigger the system. In a

homogeneous elastic body, the P wave velocity o is given by

a = % 3 21 (2.1)

where A = 2uV/(1-2)) is Lame’s constant (V) = Poisson’s ratio), p is the
shear modulus and p is the density. For many seismological applications

) may be taken as 1 hence A = p and

4’
a = g (2-2)
Q p

Shear waves, or S waves (S for secondary) normally arrive a few
seconds to many seconds after the first P arrival, depending on the dis—
tance to the source and the wave speeds., The particle motion of an S
wave 1is on a plane perpendicular to the direction of propagation (a

shearing action in the medium) and the velocity of propagation is given
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by

- [m
B 5 (2.3)

For geophysical applications a =\f§-ﬁ is often a suitable approxi-
mation. When the particle motion is oriented parallel to a material
boundary (say the surface), the motion is termed SH, and when it is on
the plane perpendicular to the boundary the waves are called SV.

In an elastic medium bounded by a plane surface, an SV wave
incident at the surface will cause both P and SV waves to be reflected
back into the medium when the SV angle of incidence i, measured with
respect to the vertical, is 1less than the «critical angle ic =
sin—l(ﬁ/a). When i > ic’ however, no P wave will be reflected and part
of the incident wave energy will be trapped along the surface. The
result is a coupling of P waves and SV waves at the surface which
produces a Rayleigh surface wave. It can be shown (Fung, 1965) that
when V) =% the propagation velocity Cr’ of a Rayleigh wave in a

homogeneous elastic medium is

cg = 0.92p (2.4)

The particle motion at the surface for a Rayleigh wave 1is retrograde
elliptical in the plane of propagation. In a heterogeneous medium
(e.g., the earth) the wave propagation is dispersive since cp is a func-
tion of the wavelength, with larger values of °r being associated with

the longer wavelengths,
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With a seismological understanding of the ways in which various
types of seismic waves combine to create the total earthquake ground
motion, and with the increase in information on the spatial variability
of ground motion as a result of deployment of closely—spaced arrays of
accelerographs, it becomes increasingly significant that this informa-
tion be used in a productive way. One such application is in earthquake
engineering studies of structures which may be particularly influenced
by spatial variations in ground motions and travelling wave effects.
The remainder of this chapter is devoted to such a study for the ground
motions recorded at the San Juan Bautista Separation Bridge during the

1979 Coyote Lake earthquake.

2.2 THE SAN JUAN BAUTISTA 156/101 SEPARATION BRIDGE

The purpose of this section is to provide a general description of
the San Juan Bautista 156/101 Separation Bridge and a discussion of the
strong motion instrumentation system deployed on the bridge. The
availability of strong ground motion records at two separate stations at
the bri&ge site provides the basis for subsequent analyses in this

chapter.

2.2.1 Description of the Bridge

The San Juan Bautista 156/101 Separation Bridge is 1located
approximately 3.2 kilometers (2 miles) north-west of the town of San
Juan Bautista in San Benito County, California (see Fig. 2.1). This

two—lane bridge, constructed in 1959 and owned by the California
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Department of Transportation (Caltrans), carries a moderate amount of
automobile and truck traffic on California State Highway 156 over U.S.
Highway 101, and is typical of the late 1950's — early 1960's style of
highway bridge design in the United States. Only a minimal amount of
seismic resistance was designed into bridge structures in the late
1950's, and for practical purposes, all loadings arose from service
conditions,

The San Juan Bautista bridge consists of six simple spans of steel
girders composite with a reinforced concrete deck. Between each span is
a small gap (1 inch), filled with an expansion joint material, to allow
for thermal expansion and contraction of the road deck. The spans are
simply-supported on two—column, reinforced concrete bents with a fixed
bearing at one end of each span (the left—-hand end of each span in Fig.
2.2) and an expansion bearing at the other end. The design and orienta-
tion of the bearings is such as to allow for longitudinal movement (in a
direction parallel to the centerline of the roadway) across the expan—
sion bearings. Detailed views of the bridge are shown in Figs. 2.2 and
2.3; these include some of the major overall dimensions, Cross—
sectional dimensions of deck members are the same throughout the 326-
foot length of the bridge, with the exception of a slight change in sec—
tion size of the steel girders on the two longest spans. A detailed
summary of the material and geometric properties is given in section

4.1.1 of this dissertation,



n 53"6 ¥IA
I—

2
l‘ 43I_GII J ) 68'-6 ¥I_‘
l | I [
4 | jm

! X
//\V’/, | i i i
v Rl ARE AR
e=d T gl CONCRETE
BENTS

STEEL GIRDERS

ELEVATION
@ €]
©\f Q,
d O 4 4
’ / 7 / , / 1
N
N
# A N # .
FOUNDATION PLAN
® 4, 5 mounted on top of bent 5
Y ©) ®
CONCRETE BENT
* < CONCRETE SLAB 4 @\ BELOW
[ 7 - I, X 7 ” 7 ', 2 7 l/ /, =
é’ X /4 \ / /4 rd © y/ /
// Y Y/, s 1/7 4 /
/ /7 1/, /s /7 /7 /
= L LiL Lfe LLL LLL LLL y .
Al B2 B3 B4 B5 B6 A7
DECK PLAN 6,7,8,9 mounted on underside
of deck of span 4

Bridge and Strong-Motion Instrumentation

Figure 2.2 The San Juan Bautista 156/101 Separation



=23

&‘ STEEL
2 S
~ -

] BEARINGS
20'
(typical)
VNI 1 [ | ol o
I A BN R % N 1
1 j ] 1 1es

o |27 o 7" o]

TYPICAL SECTION

O instruments 6,7,8

A  instruments 4,5

Figure 2.3 The San Juan Bautista 156/101 Separation Bridge



Foundation support for the bridge consists of a 7 X 12 X 2.5-foot
spread footing at the base of each column (2 per bent). These footings
bear directly on horizontal beds of Pliocene alluvial deposits estimated
to be approximately fifty feet in thickness, which in turn overlie
granitic basement rock (Porter, et al., 1983). Soil tests at the bridge
site prior to comnstruction gave Standard Penetration Test (SPT) values
of N of approximately 50. Values of N this high indicate a very dense
soil (Scott, 1981).

The left abutment, denoted as Al on Fig. 2.2, was constructed on a
naturally occurring rise of the ground surface while the right abutment
(A7 on Fig. 2.2) was constructed on fill material. The deck—to—abutment
connections also include an allowance for expansion, The abutments and
bents are skewed at 34.8° with respect to the bridge deck. For 1later
discussions, a global X-Y-Z coordinate system is defined such that the X
axis points in the longitudinal direction (parallel to the centerline of
the road), the Y axis points in a transverse direction, and the Z axis

is vertical., These coordinate directions are shown on Fig, 2.2.

2.2.2 Strong—Motion Instrumentation of the Bridge

In May 1977 the San Juan Bautista bridge was instrumented by the
Office of Strong Motion Studies of the California Division of Mines and
Geology with twelve <channels of strong-motion instrumentation, all
linked to a central recording system having a common trigger and time
signal. The strong-motion transducers were force balance accelerometers

(Kinemetrics FBA-1 and FBA-3 models) which were connected to a CRA-1
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central recording system. Some relevant specifications of the
accelerometers and recording system, all of which were supplied by
Kinemetrics Incorporated, are given in Appendix 2A at the end of this
chapter. Six transducers were placed at ground level to measure the
input motions to the structure, three at bent 3 (B3) and three at bent 5
(B5). The remaining six transducers were placed at various locations on
the superstructure as shown in the instrumentation plan in Fig. 2.2.

The main shock of the August 6, 1979 Coyote Lake earthquake
(ML =5.9) triggered the system and resulted in the recording of
approximately 27 seconds of acceleration on each of the twelve channels.
The peak recorded ground acceleration (channel 1) was 0.12g and the peak
recorded structural response (on channel 8) was 0.27g (corrected
absolute values) with the duration of strong motion lasting about 10
seconds.

The instrumentation system was designed to measure the motion of a
single bay and supporting bents. As a result, the lack of instruments
at the abutments and at free—field locations was a limitation in deter-
mining the global response of the bridge—soil system. However, the deck
level instruments provide an opportunity to study certain aspects of the
superstructure response, and the two sets of triaxial instruments at the
base of bents 3 and 5 allow base input motions to be studied. Plots of
corrected absolute accelerations for each data channel are shown in Fig,
2.4, In some of the later analyses it will prove useful to rotate the
horizontal components into the global X-Y coordinate directions of the

bridge, as previously defined.
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In addition to the bridge site, several other strong motion
accelerographs were deployed throughout the region. A linear array of
five triaxial instruments spanned the Calaveras fault zone in the
vicinity of Gilroy, about 20 km north of the bridge. Also, there was an
instrument installed in the town of San Juan Bautista, about 3 km east
of the bridge. The locations of these instruments are also indicated on
the map in Fig, 2.1, With the availability of a significant number of
near—source strong ground motion records and also world-wide teleseismic
data, the Coyote Lake earthquake has been well researched (Joyner,
et al., 1981; Liu and Helmberger, 1983; Uhrhammer, 1980). Compilations
of strong-motion records recovered from the earthquake are given by
Porcella, et al., (1979), and processed data from the San Juan Bautista
bridge and the station in the town of San Juan Bautista are given by
Porter, et al., (1983). Liu and Helmberger (1983) report that the
earthquake was nearly a pure strike—slip mechanism with strike (N2 4%W)
parallel to the Calaveras fault., They indicate that faulting initiated
at a depth of 8 km and ruptured towards the south-east. The epicenter
of the éarthquake located by the University of California, Berkeley (BK)
and the location given by U.S. Geological Survey (GS) are also

indicated on Fig. 2.1. They are about 3 km apart,
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2.3 SPATIAL VARIATIONS IN GROUND MOTION

2.3.1 Introduction

Most commonly, the seismic response of a structure is calculated
with the assumption that the base of the structure is excited everywhere
by the same ground motion, That is, the amplitude and phase
characteristics of the ground motion are identical at all points where
the structure is attached to the ground. This assumes that the ground
motion is a result of spatially uniform, vertically propagating shear
waves (for horizontal excitation), or, that the wavelength of the ground
motions are long with respect to the dimeﬁsions of the structure. For
structures of large spatial extent, such as bridges, dams and pipelines,
the variations in ground motion over the 1length of support of the
structure may be great enough to make the assumption of wuwniform ground
motion inappropriate. In this case, the different ground motions
occurring at each ;upport must be accounted for in what is often called
the problem of "multiple—support excitation.”

The formulation of the equations of motion for a lumped-mass multi-
degree—of—freedom (MDOF) system subjected to multiple—support excitation
is somewhat different than the formulation for a single input rigid base
excitation, One approach is ©based on the concept that the total
response of the structure can be found by superposition of the responses
due to each independent support motion. This approach has been
presented by Clough and Penzien (1975) and only a brief explanation is

given here, mainly to introduce the terminology.
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When a single support is subjected to a movement while all other
supports are held fixed, the total structural displacement xt may be
expressed as the sum of a pseudostatic displacement xs and a relative

displacement y
X = X +%X (2.5)

The pseudostatic displacement is that which occurs when the individual
support is displaced by an amount'vg with respect to the remaining fixed
supports., The relative displacement y is the dynamic displacement of
the structure induced by the motion of the one support, and is measured
relative to the pseudostatic displacement position of the structure.
The pseudostatic displacements can be expressed by an influence coeffi-

cient vector r such that
Y = IV (2.6)

where, once again, vg is the displacement of one of the supports in a
given coordinate direction while all other supports are held fixed. For
a lumped—mass system then, the equation of motion when a single support

is given a motion vg and all other supports are held fixed is given by

[Mly + [Cly + [Kly = -[Mlg ¥y (2.7)
where [M],[C],[K] are the mass, damping and stiffness matrices,
respectively. When r = {1}, Eq. 2.7 becomes the well-known equation for
the response of a MDOF system to a uni—-directional rigid base excitation

° e

Vg. The complete response of the MDOF system to multiple-support
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inputs is expressed by changing the r vector to a matrix of pseudostatic

influence coefficients [r], and the scalar vg to a vector of support

motions xg. Hence, the complete matrix formulation of the equations of
motion becomes

Mly + [Cly + [K]ly = —[M][r]y,g (2.8)

It is clear from the above discussion that vector g (or matrix [r])

will be unique for a given structure and must be evaluated prior to the

dynamic analysis.

2.3.2 Analysis of Long—Period Errors in Stfong—Motion Data

A large amount of the strong-motion accelerograph data currently
available to researchers and engineers is a result of an extensive
program of data processing initiated by the Earthquake Engineering
Research Laboratory at the California Institute of Technology in the
early 1970's., This program resulted in the issue of several volumes of
uncorrected accelerograms as well as corrected acceleration, and
integrated velocity and displacement curves (Hudson, et al., 1972). The
majority of records processed under this program were obtained during
the 1971 San Fernando earthquake.

As a significant aspect of this data processing program, detailed
studies were undertaken to determine optimum procedures for processing
the accelerograms so that the corrected digitized acceierograms would
provide an accurate representation of the actual ground motions over the

widest possible frequency band. As part of this effort, Trifunac,



- 33 -

et al., (1973) have presented an analysis of the errors which might rea—
sonably be expected to be present in data from the Strong—Motion
Accelerograph processing program, The processing techniques currently
being used (1984) are an outgrowth of the earlier methods, with modifi-
cations having been made through experience and through advances in
technologies associated with the processing procedures.

In view of some of the analyses which follow, it is important that
an examination be made of the possible errors present in the digitized
accelerograms, and in the displacement curves obtained by double
integration of the accelerations, Since the accuracy of the data in
this investigation only becomes a problem for low—frequency signals, the
following discussions will be restricted to the long-period components.,

(a) Typical Processing Conditions

The routine data processing of earthquake accelerograms as
performed on the San Fernando data is described by Hudson (1979).
Accelerograms typically written on 70 mm film (by instruments with
sensitivity of 1.9 cm/g, for the SMA-1 accelerograph), were photo—
graphicélly enlarged four times prior to digitization to give an
effective sensitivity of 7.6 cm/g. The photographic enlargements were
then digitized on a semi—automatic digitizing table which required that
a human operator use a set of cross—hairs placed on the center of the
trace to follow the accelerogram, Trifunac (1973) reports that of
possible errors resulting from (1) acceleration 1line thickness,
(2) human reading error, (3) digitizer truncation error, and

(4) digitizer discretization, the human reading error is the main
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contributing factor to the variance of error in digitizing an
accelerogram, Random digitization errors of acceleration from all
sources were found to be normally distributed with zero mean and
standard deviation of 1/312 cm (the resolution capability of the
digitizer). For integrated displacement curves, the results of Trifunac
(1973) suggest that errors at periods of about 8 seconds may be near
1 cm when an effective sensitivity of 7.6 cm/g is considered.

Hanks (1975) performed an empirical evaluation of the accuracy of
ground displacement records using 234 components from the San Fernando
earthquake. The basic premise behind his investigation is that ground
displacements at closely spaced stations should show little distortion
in the long-period, long-wavelength signals crossing the array. Any
difference in the long—period amplitudes observed on doubly—-integrated
accelerograms, he claims, must be attributed to either instrument or
processing errors., Hanks reports that, for an effective digitization
sensitivity of 7.6 cm/g, displacement uncertainties are approximately
0.5 to 1 cm in the period range 5 to 8 seconds, and 1 to 2 cm in the
range 8 to 10 seconds. Subsequent processing using a high—pass filter
(fLC = 0.125 Hz) results in ground displacements which are considered to
have a noise level of no more than 1 cm amplitude at periods of 8
seconds. Both Trifunac (1973) and Hanks (1975) indicate that this
uncertainty decreases dramatically for shorter period compomnents in the

record. Basili and Brady (1979) have used the work of Hanks (1975) to
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establish an empirical criteria for the low frequency cut—off (fLC) of a
high—-pass Ormsby filter and suggest that uncertainties in displacements
may be + 0.25 cm when fLC = 0.25 Hz.

(b) Processing of the Coyote Lake Earthquake Data

The Coyote Lake data, processed by the California Division of Mines
and Geology (CDMG), was handled in a somewhat different way than the San
Fernando data. Details are provided by Porter, et al., (1983) and
similar processing used by Fletcher, et al., (1980) for Oroville
aftershocks provide additional insights into the techniques. The basic
difference between the CDMG procedure and the earlier San Fernando
procedures is in the method of digitization. For the Coyote Lake event,
the accelerograms have been digitized from contact prints of the origi-
nal film traces using a trace—following laser scan device. The original
film traces for the San Juan Bautista bridge data were recorded at a
sensitivity of approximately 1.9 cm/g. The laser scanner’s least count
(ultimate resolution) is reported to be 1 micron (10_6 m) and its random
error in digitizing a straight line of similar photographic quality to
the acéelerogram traces is claimed to be 10 microns (Porter, et al.,
1983).

The potential resolution of the laser scan device can be used to
estimate the random mnoise level in the doubly integrated displacement
signal. A random digitization error of 10um on a trace with sensitivity
of 1.9 cm/g corresponds to 5.26 X 10—4g. Hence, uncertainties in dis-
placements for various periods are estimated to be 0.1 mm at 1 second,

1 mm at 3 seconds, and 8 mm at 8 seconds. Since the Coyote Lake data
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was band-pass filtered with filter frequencies =0.05, f£ = 0.25

fLT LC

and fHC = 23, fHT = 25 Hz, the computed displacements may be expected to
have an uncertainty of about 1 mm at periods of 3 seconds.

In the next section the uncertainties in computed displacements are
used in an examination of differences in motions at the ground level
stations at the San Juan Bautista bridge. The results will show that,
while the differences in computed displacements at the two stations are
of the same magnitude as the expected 1level of random digitization
noise, several features of the data suggest that the differences are

mainly due to differential motion of the supports.

2.3.3 Differential Support Motion

The instrumentation layout for the San Juan Bautista bridge
includes two sets of triaxial transducers mounted at the base of bents 3
and 5. Records taken at these locations during the 1979 Coyote Lake
earthquake provide a possibility to study the differences in ground
motion occurring at two separate supports of the bridge. This marks one
of the first instances where recorded strong ground motion and the
associated structural responses might be used to examine the problem of
mul tiple—support excitation of a bridge.

The X, Y and Z displacement components of ground motion at B3 and
BS, obtained from double integration of the recorded ground accelera-
tions, are shown in Fig., 2.5, and appear to be well correlated for their
respective directions. This correlation is to be expected because of

the close proximity of the two stations. However, subtraction of the X,



=37=

o
~
T T T T T
5JB 101/156 SEPARATICN BRIDGE
¥- DISPLACEMENT -- GRD B3
o
=
=5
o
- A Apai, a pe A
: AU AR
=
V8]
(@]
T o
I g
a:,
[9p]
=
o
o | L L 1 |
C S 10 15 20 25 30
o
~
T T T T T
SJB 101/156 SEPARATICN BRIDGE
Y DISPLACEMENT -- GRD B3
o
=
=
| A
o
— N f\A'A A MNM AN A A A
= LV BV A A
SN]
=
48]
)
T o
=1l B
Q.
wn
[ |
o
o | 1 I 1 L
Q S 10 15 20 25 30
o
o~
T T T T T
SJB 1567101 SEPARATICN BRIDGE
TRACE 11: JP / GRCUND / BENT 3
o
=
=

a
-
2
7

yad

=10

ODISPLACEMENT

o
& 1 i ! L

10 is 20 25 30
TIME -~ SECONDS
Figure 2.5 Absolute Ground Displacements at Bents 3 and 5

ok

L
]



=38«

S
T T T T T
SJB 156/101 SEPARATICN BRIDGE
X- DISPLACEMENT -- GRD BS
o
< T §
=2
| /\" /\A
I—D {\V/\ /\U - V AN /\vw
=
- oy
=
i
(o))
T o
e i
a-
(V]
=
o
o 1 | L 1 1
o] 5 10 15 20 25 30
Q
: T T T T
SJB 156/101 SEPARATICN BRIDGE
Y- DISPLACEMENT -- GRD BS
=)
b> 08
=
I
k—of\ij/\q A ﬂﬁ A[\\ Nar\ pﬂvx N \//\N/ 7
o AR VA
==
Wi
O
(0 ol =)
et T )
0
)
a
g] 1 1 | 1 1
o] 5 10 15 20 25 30
~
T T T T T
SJB 156/1C1 SEPARATICN BRIDGE
TRACE 2: UP / GRCOUND / BENT S
o
=
=
I
o
= /\\AV f\vaU/\ AL e A
=
= Y
>
Wi
O
(o
= |
&
%)
)
o
f}] 1 1 L 1 L l
0 5 10_ 15 20 25 30
TIME - SECONDS
Figure 2.5 (cont'd)



_39_

Y and Z-pairs, as shown in Fig., 2.6, reveals what appears to be a
differential displacement occurring between B3 and B5S with a period of
about 3 seconds. Superimposed on the early part of this signal are some
small amplitude, higher frequency components but most of the differen—
tial amplitude is a result of the long-period component, If the doubly-
integrated accelerograms at the two 1locations had been identical 1in
amplitude and phase, subtraction of the pairs of records (as in Fig.
2.6) would have yielded zero.

In examining the differential motions, it was initially thought
that the long-period component may have been simply an error introduced
during the accelerogram processing, as discussed in the previous sec-
tion. The amplitudes of the differential displacements border on the
amplitudes predicted for random noise in processing, but the following
analyses support fairly strongly that they may, instead, be caused by
passage of seismic waves.,

In a seismological context, the presence of the 3-second component
in the differential displacements may be partially explained as being a
consequence of a phase delay in a long-period wave propagating across
the bridge site. If one considers a sinusoidal wave propagating in a
radial direction (with respect to the epicenter) across the site with
wave speed ¢, then for radial motions at B3 and B5 the displacements are

given by

*3
Y3(t) = A cos o(t - :r) (2.9a)
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X5
YS(t) = A cos w(t - 2?) (2.9b)

Choosing station B3 as a reference (x3 = 0) then
Ay(t) = v5(t) - y3(t)

Ay(t) = A cos wt cos 9%5 - A sin ot sin 9%5 - A cos ot

But 9%5 {{ 1 for closely spaced stations

hence Ay(t) =~ - AA sin ot (2.10)
where AM = =— (2.11)

From the displacement records, the 3-second motion appears to have
a maximum amplitude of approximately 5 mm, Ax from the site geometry is
about 13 m and a reasonable value for a surface wave velocity in the
low—velocity surficial soil 1layer might ©be 300 to 400 m/sec. These
values, substituted into Eq. 2.11 give AA ~ 0.3 to 0.5 mm, The
estimated value for AA from this simplified analysis is a factor of two
to four less than seen in Fig, 2.6, but it does suggest further examina-
tion, The observation of surface waves at about 3-second period in a
low-velocity (cR ~ 300 m/sec) surface layer has been noted by Okamoto
(p. 509; 1973) in data obtained from a linear array of instruments in
Japan. In the case of the San Juan Bautista bridge however, such dif-
ferences in amplitudes are, unfortunately, of the order of the
amplitudes expected from the random digitization mnoise. If the

recording stations had been placed at the abutments, the estimated
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difference in amplitudes would have been on the order of 1 to 1.5 mm.
Furthermore, a more favorable orientation of the bridge with respect to
the epicenter would have increased the time delay of signals propagating
from one station to the next, thereby creating a more discernible phase
shift.

Some stronger evidence that the three—second component is, in part,
due to differential support motion is seen by examining the response of
the bridge superstructure. The relative displacements of the top of
bent 5 with respect to the base of bent 5 are shown in Fig. 2.7. 1In
each case (X and Y directions) it is apparent that there exists a three-
second component with an amplitude of 2 to 3 mm. The nature of the
differential motion on the superstructure is very similar to that of the
bases of the two bents. This similarity is consistent with differential
motion of the supports as well as systematic errors in data processing,
but it is mnot expected from random errors in data processing. The
three—second component, if present in the structural response as a
result of the differential motion occurring along the line of supports,
is viewed by the bridge as a pseudostatic component of the excitation
since the natural periods of bridge response are much shorter than three
seconds.

To complete this discussion, Fourier amplitude spectra of X and Y
ground accelerations at bent 3 and bent 5 are shown in Fig. 2.8. It is
evident that even over the distance of 32.6 m (107 feet) between B3 and
B5 some differences appear in the frequency content of the ground

accelerations., This occurs mostly in the frequency band of 3 to 8 Hz.
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As discussed in later sections, this is the same frequency range within
which most of the bridge’'s dynamic response occurs, and in some
instances the frequency components measured at the base of the bents
probably owe some of their amplitude to feedback from the bridge
response.

To study the soil-structure interaction problem in detail, and to
know precisely what the free—field ground motion is at a given bridge
site, it is important to have available a triaxial free—field record
taken close to the bridge, but far enough away so as not to be
significantly influenced by the 1localized effects of soil-structure
interaction.

The San Juan Bautista bridge was instrumented to record ground
accelerations only at the base of B3 and BS, with no provisions made for
a free—field station near the bridge. The closest available station is
in the town of San Juan Bautista, about 3 km to the south—east of the
bridge, and is referred to as the San Juan Bautista "free—field” site in
data reports (Porter, et al., 1983). This record is too far away to be

representative of the free—field motions at the bridge site.

2.3.4 Rayleigh Waves

The observations and qualitative descriptions of long-period dis-—
placements presented in the previous section point to an interesting
phenomenon which is not present in strong-motion records from typical
buildings. Assuming long-period processing errors are mnot large,

components of ground motion at periods significantly 1longer than the
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fundamental period of the structure would appear identically in all
accelerograph records for a given direction in a building owing to the
fact that all floor levels respond identically to a pseudostatic base
motion., In a mathematical context, the pseudostatic influence coeffi-
cient vector ¢ in Eq. 2.7 is a column vector of ones. For a bridge, the
problem is different since £ is no 1longer a wunit vector and thus
components of differential ground motion may have a noticeable effect on
the structural response. It is therefore of considerable interest for
bridge response to explore the nature of the long-period components of
ground motion in greater detail.

The long-period component having a‘ period of about 3 seconds
appears in displacement time—histories of both ground motions and
superstructure responses., Since the body wave phases (P waves and S
waves) are clearly evident on the ground motion accelerograms at
relatively high frequencies it was conjectured that the 1long-period
components observed in the displacements might be due to lower frequency
surface waves propagating across the bridge site. The presence of
surface waves in recorded strong ground motions has been investigated by
several researchers (Anderson, 1974; Hanks, 1975; Liu and Heaton, 1983)
who report that a substantial contribution to amplitudes of ground
motion can be made by surface waves.

To investigate the presence of surface waves at the San Juan
Bautista bridge site, the horizontal components of ground motion

recorded at B5 were rotated into radial and transverse components
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defined relative to the epicenter BK, on Fig. 2.1. These components, as
well as the vertical component, are shown in Fig. 2.9. A long-period
3-second component is visible in the radial direction, particularly in
the time interval between 4 and 10 seconds. In the transverse direction
it is more difficult to assess the contributions from long—period
components. The fact that the 3-second motion is primarily confined to
the radial-vertical plane is a strong indication that it is mainly a
Rayleigh wave.

A Rayleigh wave, propagating in the +x direction along the surface
of a homogeneous, elastic half-space with (nondispersive) wave velocity
°R will have horizontal and vertical displacement components, u(x,t) and

w(x,t) respectively, given by

u(x,t) = AH cos m(t - c_x_) (2.12a)
R

wix,t) = Av sin w(t - %) (2.12b)
R

When Poisson’'s ratio equals 0.25, the wave velocity ¢, will be 92% of

R
the shear wave velocity for the medium, as previously stated by Eq. 2.4.
Also, in a homogeneous, elastic half-space Av = 1'48AH' Thus, Eqgs.
2.12a and 2.12b show that the particle motion is retrograde elliptic for
a Rayleigh wave propagating in the positive x direction.

In Fig. 2.10 the vertical displacements are plotted as a function
of the radial displacements for the station at BS, with time as a param—

eter. For clarity the plots are shown in four second segments, except

for the 1last plot which is a six second segment. To produce these



MM

RADIAL DBISPL.

VERTICAL DBISPL. MM

MM

TRANSVERSE DISPL.

o
N T T T T T
SJB 101,156 SEPARATICN BRIDGE
RApIqL DOTSPL. MMj -- GRD BS
o
4 A
A A\
p\NWV Wﬂf&ﬁd\/ V\HP\AJJ\ \[\J <7
o
a 1 I I 1 L )
0 5 10 15 2C 25 36
S
T T T = T
SJB 156,1Ci SEPARATICN BRIOCGE
TRAQCE 2: JP / GRCUND / BENT 5
o
o
[\M/ﬂ [\Mw AW e
VLY VAV R A
o
o
N 1 1 1 L I
) 5 10 1S 20 25 20
S
T T T T T
SJB 101/156 SEPQRATION BRIDGE
TRANSVERSE DT5PL iMM) - GRD BS
o
o
A\ V/J\/HM A/\!\fv\/\ /\VA LA
o
o
N ] 1 1 L I
e S 10 15 20 25 30
TIME = SECONDS

Figure 2.9 Ground Displacements at Bent 5



V (mm)

V (mm)

o
&n
A
/
ol

Y

a 0-4 sec 4-8 sec 8-12 sec
5 L 5L 5L L
¥
5 |- b 5+
» t . : Z + — —+ Qi\ : ;
E 5 NS 5 -5 \ 5

=5 -

Figure 2.10

12-16 sec 16-20 sec

J

Particle Motions of Absolute Ground Displacements at Bent 5

20-26 sec

-5+

(V=vertical; R=radial)



- 50 -

plots, the radial and vertical displacements shown in Fig. 2.9 were low-
pass filtered to remove all frequency components above 1.25 Hz, This
was necessary so that higher frequency displacements, resulting from
other sources, would not confuse the trace of the long—period motion,
The direction of increasing time, and hence the particle motion trajec—
tory, is indicated on each plot. To a large extent, the particle
motions are retrograde within the time interval of 6 to 26 seconds (26
seconds is mnearly the end of record), the exception being an interval
between 14 and 18 seconds when the motion is prograde.

The motion is not always in a well-defined elliptical path, but
this is 1likely attributable to the fact that at an epicentral distance
of approximately 30 km, the Rayleigh waves are not yet fully developed.
In a study of San Fernando data, Liu and Heaton (1983), found that
surface waves started to develop rapidly at epicentral distances of
approximately 30 km and dominated records beyond 40 km, so it seems rea—
sonable to view the San Juan Bautista bridge site as being in a transi-
tion zone where rapidly developing surface waves are challenging the
body waves for a dominant place in the records. The retrograde ellipti-
cal motion at the B5 station is very clear in the time intervals of 6 to
10 seconds and 18 to 24 seconds, indicating a few «cycles of well-
developed Rayleigh wave motion are occurring, interspersed with some
less well-developed elliptical motions, The elongation of trajectories

in the radial direction is caused by surface layers which have a low

\
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wave velocity relative to the wave velocity of 1layers bemneath. This
elongation phenomenon was also found by Hanks (1975) for Rayleigh waves
from the San Fernando earthquake.

The arrival time of a Rayleigh wave at the bridge site may be
estimated wusing an adaptation of the S wave minus trigger time approach
used for calculating the distance d to the earthquake. The distance d

may be expressed as
(2.13)

where a is the P wave velocity and tP is the arrival time of the P wave.
Similarly, s and R denote S wave and Rayleigh wave parameters.
Rearranging Eq. 2.13 in terms of the S—P time (Hudson, 1979) which can
be read from the accelerogram gives

(ts—ﬁp)ﬁa (tR—tp)cRa

d = a—-B = a-—cR ( 2.1 4)

At the San Juan Bautista bridge site, ts—tp %~ 4 seconds, and using typi-
cal regional geophysical values of a = 5.5 km/sec, B = 3.0 km/sec gives
an arfival time for the Rayleigh wave of tR— 7 <~ 5 seconds. This
simplified calculation does not consider the dispersive nature of
surface waves, nor does it account for the possibility of velocity
gradients along the travel path. However, it does agree closely with
the time when retrograde particle motion commences.

The radial polarization of the 3-second wave, the delayed onset of

retrograde particle motion, and the radial elongation of elliptical
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particle trajectories all provide evidence to indicate that the 3-second
wave component is a Rayleigh wave, likely still in a developmental stage
owing to the moderate epicentral distance. At greater epicentral dis—
tances the significance of the Rayleigh waves as compared to the body
waves would be expected to be greater. With the preponderance of the
evidence indicating that the 3-second component in the displacement is
actual ground motion rather than noise, its appearance in the differen-
tial support motions and in the structural deflections seems very likely

real as well, and not simply an accident of the data processing.

2.4 CORRELATION ANALYSIS OF VERTICAL GROUNb ACCELERATIONS

The seismic waves first arriving at a site are the P waves, often
arriving at a nearly vertical angle of incidence to the ground surface
if the source is not too close. The first few seconds of motion at a
site are gemnerally composed of simpler wave forms than later arriving
signals since refraction, reflection and modal conversions, although
they occur, are not yet complicated by the contributions of S waves and
other phases from the source. It is conjectured therefore, that the
vertical motion between the first P wave arrival and the S wave provides
one of the better segments of record to use in a correlation analysis to
determine whether any observable differences in accelerations at the two
points could be attributed to coherently propagating seismic waves.

The first 4 seconds of vertical accelerations (P waves) at B3 and
B5 (see Fig. 2.11), digitized at 100 points per second, were used to

compute cross—correlation coefficients (normalized cross—covariances)
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for various time shifts v, between the two records. The record at BS5
was taken as a reference and the record at B3 was shifted by 4+t with
respect to BS. A similar type of analysis has been used by Smith,
et al., (1982) in examining data from an array of strong-motion
accelerographs near El Centro, California.

The cross—correlation between two time signals x(t), y(t) is given

by
ny(r)
p_(z) = (2.15)
xy Rxx(O)Ryy(O)
1 N-r
where R () = N—_—ri; x(t )y(t,, ) (2.16)
1 8 2
and R_(0 = § Z x“(t) (2.17)
i=1
N
- 2 :
R (0 = § L yo(t,) , (2.18)

and T = rAt; r = 0,1,...,m; At = 0,01 seconds.

Thg resulting cross—correlation coefficients pxy(t), plotted in
Fig. 2.12, show that the time shift which maximizes pxy(t) is near 0.007
seconds., This means the maximum correlation between the first four
seconds of vertical excitation occurs when the record of B3 (channel 11)
leads the record at B5 (channel 2) by approximately 0.007 seconds. This
indicates that the seismic P wave propagating from the source reaches B3

slightly before it reaches B5, an observation that is consistent with
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the orientation of the bridge with respect to the epicenter (see Figs.
2.1 and 2.2).

An approximation to the apparent P wave velocity at the bridge site
(the transit velocity across the site) can be made using the time delay
found above and calculating the additional distance the P wave must
travel to reach bent 5 along an azimuthal angle of approach from the
epicenter of about 12°. This yields an apparent P wave velocity at the
bridge site of 1800 meters per second. This value, however, does not
provide a complete picture of the P wave arrivals at the bridge site
because the first arrivals of P waves are those which travel through the
deeper, higher velocity layers and then propagate upwards to the
surface. If the angle of incidence of P waves at the surface were zero,
i.e., the direction of propagation were vertical, all support points of
the bridge would be subjected to in—phase (correlated) motions.
However, this is not the case for the San Juan Bautista bridge. The
time lag between P wave arrivals at B3 and B5 indicates that the P waves
are arriving at an oblique angle of incidence to the ground surface,
thereby subjecting the bridge to multiple—support excitation.

An estimate of the angle of incidence can be made by using the time
lag of approximately 0.007 seconds computed from the correlation
analysis, and a reasonable value for the P wave velocity of the soil in
the vicinity of the footings. In a more detailed discussion of the site
soil conditions presented in section 4.1.,2, a shear wave velocity of 460
m/sec is considered to be appropriate for the bridge's foundation soil.

Using relations for the propagation of a planar wave in a homogeneous
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elastic medium (Eqgs. 2.2 and 2.3) the P wave velocity is taken to be
800 m/sec. The angle of wave emergence @, with respect to the ground

surface as shown in Fig. 2.13, can then be found using

e
@ = o5 6 (2.19)

which expresses the relationship between the P wave velocity in the
foundation soil a, and the apparent P wave velocity on the surface, e »
as a function of the angle of 6. Using a = 800 m/sec gnd

e, = 1800 m/sec, the angle of wave emergence is found to be 63.6°. (The
angle of incidence is, therefore, 90°-63.6° = 26.4°).

The foregoing analysis has used as a starting po3nt the time delay
between B3 and BS predicted by correlation of the P wave motion. Since
the accelerograms were digitized at 100 points per second, it is
difficult to determine accurate time delays of less than omne interval of
digitization (0.01 second). A different approach is possible however,
wherein the geophysical velocity structure of the region is used to
examine P wave arrivals at the bridge site. The method, explained in
greater detail in Appendix 2B, wuses the velocity structure for the
region given in Table 2.1 and assumes that wave propagation paths can be
described by rays. At layer boundaries Snell’s law is used to find the
change in direction of the ray.

Using the velocity structure in Table 2.1 and the ray path computed
in Appendix 2B, the angle of emergence 6, of P waves at the ground
surface is found to be 59°, in good agreement with the value from the

correlation analysis. However, the corresponding apparent P wave



RECEIVER | — - I RECEIVER 2

Figure 2.13 True (@) and Apparent (az) Wave Velocities



- 59 -

velocity at the bridge site is found to be 5825 m/sec (using o for the

0.5 km 1layer) which is obviously much too large. This error arises
because the ray approach considers only the gross geologic structure of

the region and demonstrates that

TABLE 2.1

Velocity Structure for the Coyote Lake —
San Juan Bautista Region

Thickness P Veifcity S Vet;city
(km) (km/sec) - (km/sec)
0.5 3.0 1.5
2.5 5.0 2.8
9.0 5.7 3.3

(after Liu and Helmberger, 1983)

wave signals, as recorded at the bridge, must be influenced by the local

site soil conditions, The 1low-velocity surface layer of soil at the

bridge site, not included in the ray model, slows down the P waves

arriving from below and turns the wave front (ray) more towards the

vertical as the wave crosses into the surface layer soil.
A further look at the problem using ray theory involves taking into
consideration the surface soil

layer with a = a = 800 m/sec and the

angle of emergence of 590, as computed in Appendix 2B. The angle at the

ground surface 6, is found by applying Snell’'s law



where i = sin jL sin 31°

I
which gives 6 = 82°., This value is greater than the 63.6° computed from
the correlation analysis.

The previous analyses (correlation and ray theory) indicate that
the ray approach, while providing an informative picture of the overall
paths of wave travel is not sufficiently detailed to account for the
local soil effects in the vicinity of the foundation, Its usefulness
seems to be more suited to describing the régional features of seismic
wave propagation.

The first approach, using the correlation of strong motion data
recorded at two stations may be somewhat inaccurate, but it is believed
to provide the better estimate of wave arrivals at the bridge site. In
further discussion, the value of 0.007 seconds will be used as the time
delay in P wave arrivals between B3 and BS5.

An estimate of the phase difference between motions occurring at
the two abutments due to the travelling P wave may be made using the
predominant frequency fp, of the P wave and relating this to the P
wavelength Xp, via Xp = a/fp. . Examining the first four seconds of the
vertical acceleration records at B3 and B5, it is seen that the
predominant P wave frequency is about 9 Hz. Using a surface layer P
phase velocity of 800 m/sec gives a P wavelength of approximately 89 m

(290 feet). If it is assumed that the delay of 0.007 seconds between B3
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and B5 occurs uniformly over the length of the bridge, then a P wave
will arrive at A7 0.021 seconds after its arrival at Al. Thus, the
maximum anticipated phase difference between abutments due to the
observed non—vertically incident P wave is approximately 0.38n, or about
68°.

Werner and Lee (1980) have performed a parametric study on the
response of a single span bridge structure subjected to excitation by
various types of seismic waves., Their findings, although mnot directly
applicable to the structural configuration of the San Juan Bautista
bridge, do provide interesting observations on the response of a simpler
bridge system to spatially varying excitations. A significant finding
of their work is that mnon—-vertically incident waves propagating
obliquely to the bridge span (as is the case for P waves at the San Juan
Bautista bridge) can induce torsional deformations in various elements
of the bridge. For the San Juan Bautista bridge these torsional defor-
mations may possibly be induced in the deck as a result of differences
in the rocking displacements of adjacent bents. The rocking of the
bents .may, in turn, be induced by both the oblique angle of approach of
the P waves and by the non-vertical angle of incidence. Thus, the two
footings at each bent may be subjected to phased inputs having both
horizontal and vertical components.

The Fourier spectra of vertical motions (Fig. 2.8) indicate that
9 Hz is about equal to the maximum frequency component which has a
significant Fourier amplitude. Lower frequency P waves will have longer

wavelengths, which will result in smaller phase differences between
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abutments than the previously estimated 680. This gives an indication
that vertical differential support motion of the San Juan Bautista
bridge due to travelling P waves is likely to be minimal for the 1979
Coyote Lake event, Furthermore, as will be pointed out later, the
vertical response of the bridge is uncoupled from the horizontal
response due to the simply—supported spans, and consequently any effects
of multiple—support excitation in the vertical direction would be

confined to the vertical or torsional response of the individual spans.

2.5 SUMMARY

The presence of long-period componenfs in the ground displacement
records at the San Juan Bautista bridge site may be the result of one or
more of the following sources: long—period seismic waves, systematic
data processing errors; and random data processing errors. While
systematic data processing errors cannot be completely ruled out by the
writér, the evidence suggests that the three—second component observed
in the ground displacement records are caused by a Rayleigh wave travel-
ling .across the bridge site. Radial polarization of the three—second
component and retrograde elliptical particle motions are strong indica-
tions to support the Rayleigh wave hypothesis.

Although random digitization noise might be of the same general
amplitude as the observed displacements, the fact that the three—second
displacement components are correlated at the two ground sites and in
the superstructure records, seems to rule out the presence of any

significant amount of random processing error at a three second-period.
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In the vertical direction, a very small time delay was detected
between the arrival of P waves at bent 3 and bent 5. At least in this
case, the influence of differential support motion induced by body waves
in the vertical direction appears to be much less noticeable than the
differential motion induced by long-period surface waves.

Although the consequences of differential support motion were not
serious for the -San Juan Bautista bridge in this earthquake, they did
complicate the analysis of the response and they could be of much more

importance for more extended structures with longer natural periods.
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APPENDIX 2A

SPECIFICATIONS ON RECORDING INSTRUMENTATION AT
THE SAN JUAN BAUTISTA BRIDGE

Tes Central Recording Acceleration System*: CRA-1

— a multi-channel, photographic recording system.
— 12 channels of acceleration data on 7" wide film,
- film speed: 1 cm/sec.

— start up: full operation within 0.1 second.

- timing: 0.5 second marks.

— references: 6 fixed traces.

— transducers: force balance accelerometers,

II. Force Balance Accelerometers*: FBA-1 and FBA-3

— range: *1g (approximately 1.9 cm/g on film)
— damping: 70% critical.

- natural frequency: 50 Hz.

* manufactured by Kinemetrics, Inc., Pasadena, California
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APPENDIX

2B

SEISMIC WAVE PROPAGATION ALONG RAY PATHS

The propagation of a seismic body
a surface receiver can be described by
which the wave passes are each assumed
Figure 2B.,1 illustrates the case where
layer. Snell’s law is assumed to hold
is assumed that the wave velocities v
V3 > v, > vy

Let the initial take—off angle of

wave from the earthquake focus to
ray paths when the layers through

to have constant wave speed.

the focus is located in the third

at layer boundaries and also it

in the three layers are such that

a wave front from the focus be

is, as shown in Fig. 2B.1. Hence, the angle of incidence of the ray
(describing the direction of motion of the wave front) at the 3-2
boundary is also i3. By Snell'’s law
sin i, - sin i sin i
3 _ - 2 _ . 1 (2B.1)
3 2 1
and from Fig. 2B,1 the epicentral distance is
3
e = ) d, tan i (2B.2)
=1 k k
Also, from the geometry of the problem
dk
lk = oE i k=1,2,3 (2B.3)
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The solution of the problem to find travel times and angles of

incidence involves an iterative procedure as follows:

Solution Iteratibn:

1)
2)

3)

4)

5)

6)

site using e = 26.87 km, d, = 0.5 km, 4, = 2.5 km, d

Assume an initial take—off angle iS‘

Calculate 12 and il

Calculate © (an estimate of e) using Eq. 2B.2.

using Eq. 2B.1.

If le—el £ &, where & is a prescribed tolerance (say 1%) then stop.
e

and repeat steps 2 and 3.

3
Calculate travel distance ‘TOT = ) lk using Eq. 2B.3.

Otherwise, assume a new i3

!
A

3
Calculate total travel time T = z:

4 h;s

The above procedure, when applied to the San Juan Bautista bridge

1 2 3 = 5.0 km gives the

following results:

{; = .58 kn i = 30.907°
f, = 4.837 kn i, = 58.878°
f3 = 22.921 km ig = 77 .400°
fpor = 28.341 kn

T = 5.183 seconds (for a P wave).
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CHAPTER III

SYSTEMATIC IDENTIFICATION OF BRIDGE DYNAMIC PROPERTIES

A time—domain technique of system identification developed by Beck
(1978, 1982) and Beck and Jennings (1980) for analysis of strong-motion
records from buildings is reviewed in the first part of this chapter.
Next, the technique is applied to the earthquake records obtained from
the San Juan Bautista Separation bridge during the 1979 Coyote Lake
earthquake to find optimal estimates of the modal parameters for the
response of the bridge. Initial difficulties encountered in obtaining
reliable and stable parameter estimates.were resolved by a series of
preliminary data processing steps applied before performing the system
identifications. These operations resulted in reliable optimal param—
eter estimates for the first two modes of bridge response and also
permitted an examination of the .time variation of modal properties

during the earthquake.

3.1 A SYSTEM IDENTIFICATION TECHNIQUE FOR EARTHQUAKE ENGINEERING

Recent advances in application of the theory of system identifica-
tion to problems in structural dynamics have led to the development of
techniques which are particularly well-suited to earthquake engineering.
A time—domain approach developed by Beck (1978) is reviewed in prepara-
tion for later applications to bridge response records. An analogous

procedure in the frequency domain has been developed by McVerry (1979).
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3.1.1 Output—Error, Identifiability and Measurement Noise

Beck’s technique is based upon a general system identification
formulation called an output—-error approach. The output—error y is

defined as
w(t,g) = y(t) - nlt,a,2) (3.1)

where y is a function of both time t and model parameters g. In Eq. 3.1
y is the measured output (displacement, velocity or acceleration) of the
real system and m is the model output which also has a dependence wupon
the input z. In the output—error approach, optimal estimates 2 of the
parameters g of a linear structural model are obtained by systematically
varying the parameters until a selected measure—of-fit between the
recorded response of the structure Z‘and the calculated response of the
model m has been minimized. Both the model and the real system are
assumed to be subjected to the same input excitation z. In the approach
proposed by Beck, the measure—of—-fit, denoted by J, is chosen to be an
integral mean—square evaluation of the output—error v in Eq. 3.1,

In'the course of developing a system identification procedure for
application to strong-motion studies, two important questions must be
addressed: (1) Is the model, as described by optimal parameter estimates
A

2 unique? and, (2) What are the effects of model error and measurement

noise on the accuracy of the estimates of the model properties? Both of
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these questions have been studied in detail by Beck (1978) for the
output—error method of system identification. For a general <class* of
linear structural models with N degrees of freedom which possess classi-
cal normal modes and for which the mass matrix is known, Beck has shown
that it is necessary to measure the response at no less than ¥N of the
degrees of freedom in order to uniquely define the stiffness matrix [K]
and the damping matrix [C]. This assumes that the optimal [K] and [C]
can be selected from a finite number of possible choices. If this is
not the case, then a unique solution can be found only if the response
is measured at all N degrees—of—-freedom. This restriction is a severe
problem for the identification of structural models from earthquake
records because the seismic response of most structures is measured for
only a very few degrees—of—-freedom. In many buildings, instrumentation
is installed only at the ground level and the roof, and possibly also at
the mid-height. In some cases, such as the Imperial County Services
Building (Pardoen, et al., 1981) there may be as many as 12 or 13 trans—
ducers in a building, but this is still a small number compared to the
degrees;of—freedom of the system.

To overcome the very restrictive nature of the problem of identi-
fying [K] and [C] another approach was adopted. Beck showed that if the
base input and the response at a particular degree—of—-freedom are known,
then, regardless of the total number of degrees—of-freedom in the model,
_—;_K—Eiggg of models is defined by the theoretical model chosen to

represent the system, together with an output equation. A

particular model within the class is specified by assigning values
to the parameters of the theoretical model.
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the modal frequency fr’ modal damping zr, and effective modal participa-
tion factor P at each point of measurement (for mode r) can be
uniquely determined for the general class of linear models. Because of
practical limitations on the number of measurements usually taken, it is
nearly always preferable to attempt identification of modal parameters
fr’ Cr.pr rather than elements of [K] and [C] when using earthquake
response data.

The presence of measurement noise also affects the ability -to
determine complete structural models from earthquake data. This becomes
especially significant at higher frequencies where the recorded signal-
to-noise ratio decreases and for this reason, estimation of the param—
eters of higher modes becomes unreliable. In a modal approach, identi-
fication should be restricted to estimating parameters only for the
first few dominant modes of response. The limited capability to resolve
all the modal parameters in the presence of noise once again indicates
that the stiffness and damping matrices normally cannot be found with
sufficient accuracy to provide a good structural model.

Thé output—error technique and the associated developments by Beck
to identify linear models of structures from earthquake response data
are based upon using a single input (ground acceleration) and a single
output (structural response at a specified 1location), although the
method can be extended to handle multiple inputs and multiple outputs
(Beck, 1978; McVerry, 1979). By allowing only a single input-single
output situation the identifiable models are restricted to the subset of

planar 1linear models within the broader class of linear models. While



the restriction of planar modeling has obvious drawbacks in application
to bridge response records where coupled two— and three—dimensional
responses often occur, the use of systematic computer-based identifica-
tion techniques, even on a single input—-single output basis, offers many
advantages and improvements over other less systematic approaches such
as trial—-and-error modeling, or transfer function estimations.

System identification in structural dynamics and earthquake engi-
neering is still in early developmental and experimental stages. Its
implementation, refinement and use as an effective research and
investigative tool can be expected to increase as more experience and
greater confidence is obtained in applying it in a variety of situa-

tions.

3.1.2 Optimal Models: Modal Minimization Method

An output—error approach to.finding optimal estimates of modal
parameters from earthquake records 1is outlined in this section. The
ultimate objective is to obtain reliable estimates of the parameters
which ;ppear in the wuncoupled modal equations of motion for planmar,
linear, structural models. For mode r, these equations may be w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>