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ARSTRACT

A multi-Gegree-cf-freedom nonlinear analytical model for response
analysis of highway bridges subjected to lateral static loads, free
vibration, and earthquake motions is presented. The nonlinear effects
are accounted for by incorporating translaticnal and rotational springs
at abutments, pier foundations, and at the base cof piers. The deck and
piers are treated as line elements.

Two hysteresis mcdels are used to represent the cyclic behavior of
the nonlinear components: the Ramberg-Osgocd model (for abutment
springs) and the TQO-Hyst model (for pier and foundation springs). The
latter is a modified version of a previcusly developed medel called ¢
Hyst.

The analytical mecdel is used to determine the static and free
vibration response of a bridge in Northern Nevada (Rose Creek
Interchange). The calculated results are compared with the measured
values to evaluate the idealizations and the assumptions made in the
model. A reasonably good correlation between the calculated and
measured results is noted. It is pointed out that, due to lack of data
for bridges with extensive nonlinearity, the correlation studies could
be done only for small loads producing a limited degree of nonlinearity.

Finally, tkhe model is used to evaluate the seismic performance of
the Rose Creek Bridge based on the recently developed Applied Technology
Council Guidelines for the seismic design of highway bridges and by
analvzing the bridge for a variety of input earthquake records with
different peak accelerations. It is shown that the Rose Creek Bridge
performed well in resisting the loads specified by the seismic code used
in the design of the bridge.






iii
ACRNCWLEDGMENTS

The study presented in this report was part of a continuing study
at the University of Nevada, Reno on the seismic response of highway
bridges and was supported by the Naticnal Science Foundation Grant CEE-
8iC8124. The statements in this report are those of the authors and do
not necessarily present the views of the National Science Foundation.

The authors are grateful to Mr. Al Stone, the Director of the
Nevada Department of Transportation (NDOT), and Mr. Jim Dodson, chief
Bridge Engineer at NDOT, for their cooperation in the course of this
studyﬁ‘

Dr. Gary Norris, an asscciate professor of Civil Engineering at the
University of Nevada Reno (UNR), is thanked for providing the stiffness
properties of the pile foundations and for his valuable discussions
about the foundation behavior. Mr. Jim Richardson, a graduate student
of Civil Engineering at UNR, is thanked for providing the digitized
measured data for the Rose Creek Bridge.

Miss Thelma "Jeanie" Pratt is especially thanked for her careful
typing of this report.

The block diagram shown in Fig. 2.13 was designed at the Xekec
Computer-aided Design Center at UNR. The CDC-CYBER 73§ computer system,
operated by the computer center of the University of Nevada system, was
used in the study.

Parts of this report are based on a master of science thesis by

J.D. Hart directed by M. Saiidi.






Chapter

-+

iv

TABLE OF CONTENTS

IBER@L‘CTION..IJO....QQDQ‘l‘DG.GQuG"lOo'.@O‘n"\O.'O.C ooooo * . l

101 IntrrﬁuctionIUG9l'QQ‘QOUUO'OOEOOOQDGOOUIIO"Q'.II..D'.'I l l
132 Object and Scome - @ 80 9 KT O B Q08 008 990 eS ® 3 F 0 9 9 9 S 328 BE DS l
1.3 Review of Previous ResearChe..... conoveo cesoeea cecees - 2

ANALYTICAL MCDELING.ccscsscsacocccanassnncacccaceas crecnesess 9
201 IntrductiOn.‘....‘c....................e.,. ------- P N X

2.2 Structural Modeling Methtd..ieeocococscsosstosessnscasans
2.3 Static and Dynamic Analysis ProcedurBSe.esecsseseescaves 2

L) O WO

TIiE TESI‘ sl‘RmT[]RE..-.Oooo10!I!l'.oeo.!.e.uc.-olnoccc-.oonaioo 27

3.1 Introduction..... seaans “escmcesscoasasetescsisceresaaanas 27
3.2 The Rose Creek Interchangeoeneo oooooo secaconccoosascaan e 27
3.3 Seismic Design ProcedUr.icecascsscccccocascscsscenccaces 28
3.4 Experimental Studies.....e... ceacnossessesscccsacsassocce 29

STATIC BEHAVIOR COF THE ROSE CREEK BRIDGEcsceoscessossvasssass 31

1 IntrodUCtiON..ceecccssvaccasceccsnnoceasasnsans semonscee 31
2 Response Under Test Loads..a.....,uq...... .............. 31
3 Design Procedures for Earthquake LoadS...ccececonncscncs 34
4 Response Under Code LOoaiSeceeecctocssccscssvssnvascsnsss 36

FREE_VIBRATION REA%P]SEOOQCQG.Ole‘..'....e.iﬁII..IQ.OII!I.C‘IQ 41

5.1 Introduction..... teceacabacncacaoccacsenssnasosansansons 41
5.2 Analytical and Experlnenta; ReSUlESccecsccoscossssscaass &1

RESPONSE HISI‘ORY MSIS.-.---:..--DIoecwon!uoatvoo...lcloeoc 45

Introduction. . e ccconaceuccnceaonsscasasasnansnnnsnns s 45 -
Input EarthquakesS.iceecerecnnceticerncncncacacaanaannnsns 45
Evaluation of the Response and the Behavior of the

BrilgBeeeereearoscoassccosnncesetoncatsasannsanananncanea 47

[-\WerNe))
*
[V N

S[MM Am COmLUSI ODTS LR IR BE BE A BE N B U NE BE B0 BE BN 2N BN BN R NN BE BE NP RE BN NE BN BN BN NE BN BN BE BE N BE BE BN 5 2
< l Smm ry ................. L B B LN BRI A B O B B B R B BE B BE BL BE BE IR BE B BN Y 5 2
7.2 Important Observatlons...........o...................... 53
7.3 ConclusionS......c.... teictesomasscosessecseanessasenonas S5






REEERENCE S vcseansssusensesstosnssancasssosassnacasocasssssconscacsves 58
APPENDIX Page
Y FOTATTONS. ceeennnnneen ceanoccecen cececsesncae cosonus tosecccona 97
B UMLT CORVERSION FACTORS..ccsocacossocccocosadosacneasscocessas 98

C LIST CF CENTER FOR CIVIL ENGIMEERING EARTHQUARE RESEARCH
(CEER) PUBLICATIONS’Q‘Q.QI‘QQ.Q.Q"0.0‘0@0'...."'-........' 99






vi

LIST CF TAELES

13

.1 Primary Curve Properties for Elements of the Rose Cresk
Bridg@eccoccvoncranns cwecesascsvacasan Geenavsosenscsss cavcsoans 62

4.2 Pier Forces for AASHO-65 LO8JS«ctceacoorssceccocrssoscosansnseaae 63
4,3 ATC~6 Design ParaMRterS.ceeccescosscsssececocccnanns ccsececssse 63
4.4 Pier Forces for ATC—6 LOBAS.cccccesceeaseaavoocenanscsccsscnaee 6
4.5 Pier.Forces Based on the 01d and New CO38S.ccececoscansssnases 64

6.1 Maximum Absolute Displacements for Static Loads and
Earthquakes with PGA = B.1Gesvesscsoccvascscnceasccssnanacces . B85

6.2 Maximum Absolute Internal Forces for Static Loads and
Earthquakes with PGA = B.1G..vcuvccccocaannanns wocccssctccesa 65

6.3 Maximum Absolute Displacements for Measured Earthquake

RECOIO S ot ccasssossaatsenaatsssssnsestsssesossscacasaccsassasseecs OO

6.4 Maximum Absolute Internal Forces for Measured Earthquake
RecordsotU.QG..0'll.'....'..-."-O.-"U"'UGGDQO“UOUOOOIl.v.o‘. 66

6.5 Maximm Pier Ductilities for Measured Earthquake Records...... 67






vii

LIST OF FIGURES

Ficure Page
2.1 Schematic Vieﬁ of One-Half‘of a Bridge System...ocecenacovonn 68
2.2 Permissible OOF'S tvieeneeenns 4essscanoscascoaa cocecasnsssaana 68
2.3 Degrees of Freedom for a Deck Element.cececccscoccsccessncssse 69
2.4 Pier ElemeNtocessccareososcrocooseccsoosoncoccccsacesnennas e 70
2.5 Deformed Shape of a Pier Element (No Lateral Disp.).e..--..-.. 71,

2.6 Transformation of Moments for the Rigid Segment.....c.eiecacee 71

2.7 Permissible DOF's for Pier ElementS....eccveeccecasacs sedescess 71
2.8 Deformed Shape of a Pier Element (With Lateral Disp.)ieceececs. 72
2.9 Idealization of FoundatioN..icesesasoscococvccscssasennsasans 73
2.1.0 Icealization of ADULMENES.eeecrceesoarncsons sacanan sereenoen . 74
2,11 The TQHyst Model..eecevconecacoanss sceccecsecenecassaa seeces 73
2.12 The Ramberg-Osgood Hysteresis Model......... coccoenn cosbaseas 1D

2.13  Flow Chart for the Analytical Model (ISADAB)...eveeeeneeceess 7677

2.14 Node Mumbering Scheme....cveveeass aeesccans cassonns eenccasen. 78
3.1 Planview and Elevation of Rose Creek Bridg@.ccceoeceesecsaacs 79
3.2 Pier ElevatioN.ccescsoscsacsssssesonscssossscsscoasosssssssna S0
3.3 Pier ReinfOrCementecscesssncescocossssssssssoossasesseascssss Ol
3.4 Ram Load and the Equivalent Horizontal Force........ cemeeewes B2
4.1 Force-Displacement Relationships for Static loads........ see. 83
4.2 Deck Deflection at Maximum TeSt Loadeeeiescscscossascoversaees B84
4.3 Acceleration Coefficient Isocurves for Nevadae.vessseseecesss 85
4.4 Force-Displacement Response for ATC-6 LoadS...... ceoeseccean . 85
5.1 FPree~Vibration Response of the AbULmEntS . iccsaisstoasssnaenn 86
5.2 Free-Vibration Response of the Deck at Pier TCPS.iceevsssces. B7

5.3 Free-Vibration Response ¢f Pler FoundaticnS..eeeececessscecns 38






6.7
6.8

viii

Acceleration Records for Input FarthquakeS.sseecesseserscoses

Response Spectra for Input FarthquakesS.....eceeeceo.. sevoscasa .

Response Histories
Response Histories
Response Histories
Response Histories
Response Histories

Response Histories

for E1 Centrc NS with PGA = 0.1g..ccvecooes
for Taft S69E with PAA = @.lTccoceesvsnsoe
for Castaic N21E with PG = #.1g.cceeccces
for El Centro NS with PGA = B.35g.cceecease
for Taft S69E with PGA = B.18Guececerranne

for Castaic N21E with PG = £.35g.sececass

89
90
91
92
93
94
95
96






CHAPTER 1

INTRCOUCTION

1.1l Introduction

| The current trend toward incorporating the nonlinear effects in
design of structures under extreme loads in seismic codes has raised
interest in developing a better understanding of the nonlinear response
of structural systems. In the case of earthquake loading, the under-
lying design philosophy is allowance for damage {cracking of corcrete,
yielding of steel, etc.) which may lead teo significant nonlinearity in
response. To determine whether the structure is capable of deveioping
large deformations without collapsing, a nonlinear analysis is
necessary.

Several analytical modéls for building structures have been
developed and used to evaluate the seismic response under severe earth-
quakes. Because of major differences between bridge structures and
buildings, these models generally cannot be used for bridges, Only a
small number of investigators have studied the nonlinear behavior of
pridge structures for earthquake loadings. This report presents a

relatively simple nonlinear analvtical model for lateral load analysis

of highway bridges.

1.2 Object and sScore

Many factors are involved in earthquake modeling of bridges. In
terms of the earthquake loading, the ground motion may include six
cocmponents (three translations and three rotaticns), and these com—

vonents can e different from cne support to anotier, In terms of



moceling of bridge components, the idealization of superstructures and
substructures as well as the boundary elements is an important factor
that can influence the response considerably. The cbject of the study
presented in this report was to develop an analytical mcdel for non-
linear static and dvnamic response of short highway bridges subjected to
horizontal loads or ground motions perpendicular to the longitudinal
aﬁis of the bridge. The study was limited to short highway bridges with
single column reinforced concrete piers and no intermediate expansion
joints. The nonlinear effects at the foundations, pier bases, and the
abutments were taken into account. The medel was developed in conjunc-
tion with experimental testing of a highway bridge (Rose Creek
nterchange) which was subjected to static loads and free vibration and
exhibited a limited degree of nonlinearity in its response [1l]. The
measured response of the bridge was used to evaluate some of the
features of the analytical model. Thé model was used to study the
effect of the new bridge seismic design guidelines prepared by the
Applied Technology Council [4] on the performance of the Rose Creek
Interchange. In addition, the model was used to study the response of
this bridge for several earthquake records with different peak ground

accelerations.

1.3 Review of Previous Research

The amount of available research results on nonlinear seismic
modeling of highway bridges is limited. 2n overall review of the
published reports and articles on this subject shows that it was the
1871 San Fernando earthguake and the damage it caused on highway bridges
which ralsed the interest of researchers active in seismic studies of

bridges.



Several faétors influence the nonlinear modeling éf the earthquake
respense in bridges. Most of these factors have been studied in connec-
“ion with building structures, but the resultis of the studies may also
pe applicable to bridges., MNonetheless, there are scme parameters which
are unigue to highway bridges and need special treatment.

In short highway bridges, the lateral behavior is affected by the
abutments, the foundation {12}, and the substructures andlsuper-
structures. The following sections include a review of the previous
research results on these components in addition to a review of the

overall nonlinear bridge modeling for lateral loads.

{a) Reinforced Concrete Piers - Bridge piers may consist of che or more
columns. Wwhere more than one column is used, the columns in combination
with pier caps form a frame which is likely to behave similar to build-
ing frames under horizontal locads. In multicolumn piers, pier cap to
column connections and column bases are the critical Eegions and are
likely to yield. In single column piers, the critical section is
generally near or at the base. The bridges considered in the present
study were limited to those with single column piers; and hence, the
following review is focused on the post-yielding behavior of isolated
reinforced concrete columns.

Takeda et al. tested a series of small scale columns subjected to
static and dynamic loads and develcped a hystéresis model which closely
agreed with experimeﬁtal results [42]. The columns were reinforced with
a large number of ties to avoid shear failure. Common details were used
tc anchor the longitudinal bars in the footings. It was observed that
the sliprage of the cteel in addition to deformations due to flexure and

cracking of the column contributed to the top deflection of the columns.



The cyclic response of the columns was accompanied by stiffness
degradation, the extent of which was a function of the previous
deformation history.

Priestly and Park [35] reviewed the test results from several
static and dynamic loadings of one-sixth to one-fifth scale bridge pier
models. They noted that columns with adequate confinement were able to
develop displacement ductilities of about six without failure, The
corcrete strain in those columns was as high as 5 percent. Experimental
data also showed that, in tied columns where ties are designed based on
the minimum ACI Code limit [3], failure is accompanied by the buckling
of longitudinal bars. The hysteresis loops for spiral columns were
found to be more stable and exhibited a larger amount of energy dissipa—
tion per cycle. ;

Many hysteresis models have been developed to simulate the cyclic
behavior of reinforced concrete elements. The Takeda model [42] was
designed to closely predict the response of several test specimens.
subjected to static and dynamic loads. The specimens described in Ref.
42 were of pier type with constant axial force; and, hence, the Takeda
model may be considered appropriate for single column piers. However,
the model has the disadvantage of being relatively complicated. Simpler
models have been developed and compared with the Takeda model {39-4l].
The studies on these models have shown that a gimple model, called Q-
Hyst, is able to produce results which are very close to those of the
Takeda model. This model accounts for stiffness degradation of concrete
under cyclic loads. Another hysteresis model which has been used in
norlinear seismic analysis of bridges is the bilinear model [5,2Z21].  The

bilinsar mocel does not include the stiffress degracation effects, but



it is simple and has been used extensively for building structures.

1b} Foundation Elements - Recent studies by Douglas and MNorris, Douglas
and keid, ané Saiidi and Hart have confirmed that the foundaticn flexi-
bility can significantly alter the static and dynamic response of
bridges [12, 29, 38]. While the cyclic behavior of isclated footings
‘and stiff single piles may be dominated by soil properties, the behavior
of foundations supported on pile groups is affected by the interaction
between the piles and scil making the modeling of grouped pile founda-
tions complicated. Experimental results [1, 7, 34] on small scale
single piles and pile groups have indicated that (a) the stiffness of
pile foundations is amplitude dependent and decreases significantly as
the displacement amplitude increases and {(b) the average stiffness
decreases as the number of cycles of loading increases.

Several methods have been developed to predict the lateral response
of piles and pile groups ranging from beam (representing the piles) on
elastic foundation (7] to subgrade reaction theory [33]. Anocther
approach has been to treat the pile as a multielement structure with
dampers, gap elements, and friction elements attached to each component
[26]. With these models, it is possible to construct the force-
displacement relationship for piles and pile groups. The process is
relatively complex. Norrig adopted the Ramberg-Osgood hysteresis model

[36] to cdetermine the rotational cyclic behavior of pile groups [29].

{c) Abutments - The 1571 San Fernando earthquake showed that bridge
abutments are susceptible to ground motions [14, 32]. The backfill soil
in many bridge abutments settled as a result of this earthquake.

Although abutments are important parts of bridges, their overall



response to earthquakes has not been studied in any detail. Chen and
Penzien used finite element to idealize the abutment structure and the
backfill [5]. Because of the complex nature of abutment structures and
their interaction with soil, it appears that the entire abutment system
should be represented by a combination of spring and line elements. In
bridges where the superstructures and substructures are considerably
"softer"” than the abutments, the abutments have been assumed to be fixed

[171].

{d) Elastomeric Bearing Pads - Bearing pads are used for thermal isola-
tion of bridge decks from abutments by allowing for expansion of the
deck. Neoprene pads have been commonly used in the United States for
this purpose. To model the nonlinear effects produced by the pads, the
initial stiffness and variations in the force-deformation
characteristics of bearing pads need to be known.

Cnly a limited number of studies have concentrated on the cyeclic
testing of elastomeric bearing pads, Nachtrab and Davidson [27] studied
the behavior of bearing pads under simultaneous compression and shear
loads. Imbsen and Schamber [23] investigated the stiffness and energy
absorption characteristics of bearing pads subjecfed to dynamic loading
at various load rates and amplitudes. The results of these studies
indicate the fellowing trends: a) cyclic shear stress vs. strain‘curves
exhibited a softening effect even at low amplitudes: b) once a pad was
deformed in shear, a residual shear force at zero deformaticn was
present; c¢) residual shear straing increased as the maximum strain
increased; and d) higher strain rates resulted in larger stiffnesses.
No extensive studies on the hysteresics modeling of bearing pads can be

found in the available- literatire.



{e) Nonlinear Modeling of Highway Bridges - Many analytical models have
been developed for inelastic seismic analysis of building structures
subjected to earthcuake loads. These mcodels, however, are not generally
appropriate for bridge structures because of the considerable differ-
ences between bridge and building systems. Only a small number of
nonlinear analytical models have been developed specifically for seismic
analysis of bridges. Chen and Penzien [5] developed a finite element
medel for highway bridges utilizing an elasto-plastic model to represent
the nonlinear effects. The model was used to analyze a three-span
reinforced concrete box girder bridge subjected to earthcquake motions.
" Extensive parametric studies were performed to determine the sensitivity
of the model to varicus modeling parameters. In a study by Gillies and
Shepherd [17}, a two-span highway bridge was analyzed assuming that the
elastomeric bearing pads remained elastic and the foundations were
fixed. These assumptions restricted the nonlinear response to the sub-
structure and superstructure. In this study, the differences in
responses predicted using a three—dimensional model rather than a planar
frame model and the effect of torsional vibrations were also studied.

Duxin develcped an analytical model for railroad bridges with
simply supported girders {13]. A finite element model was used to
represent the linear and nonlinear behavior of scil. It was found that
the nonlinear effects produced by the behavior of soil significantly
altered the response at the foundation and the structure.

More recently, a computer code, called "NEABS," was developed by
Penzien and Tseng and was later modified by Rawashima, Imbsen, Nutt,
Liu, and Chen. The users' manual for the latest version of this prcgram

is presented in Ref, 22. The analytical model implemented in NEABS



aliows for nonlinear three—dimensional boundary elements in addition to
linear and nonlinear intermediate expansion joint elements capable of
accounting for the effect of energy absorbing compenents. Both straight
and curved girders are allowed. A yield surface is defined for biaxial

response of pier columns.



CHAPTER 2

ANALYTICAL MODELING

2.1 Introduction

This chapter describes the development of an analytical model for
static and dynamic analysis of highway bridges subjected to lateral
loading. The underlying general assumptions and idealization are
explained, and the limitations on the application of the model are
presented. A new hysteresis model to simulate the cyclic behavior of
scme of the bridge components and the experimental data supporting the
model are discussed. Finally, the analytical capabilities of the medel

and the related assumptions are presented.

2,2 Structural Modeling Method

The analytical model was developed to compute bridge response for
horizontal loads applied in the transverse direction. The loads may be
external static forces, inertial forces due to free vibration caused by
an initial displacement, or dynamic forces due to ground motions. The
medeling technique, for most parts, followed the available procedures
which have proven to be appropriate for dynamic modeling of structural
systems. For parts where no established procedure could ke found, new
methods were developed and judgment along with experimental data was

used. Every attempt was made to avoid unnecessary complexities in the

model .

{a) Assumptions and Idealizations — Figure 2.1 shows a schematic view
of cne-half of a five-span bridge mcdel. The structure was assumed to
consist of a series of massless line elements, translational springs,

and rotational springs. The bridge structure was assumed to be either
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fully or approximately symmetric, with "approximate symmetry" defined as
having no drastic difference between the stiffness and geometric
properties of components located at positions which are symmetric with
respect to the center of the bridge. This assumption made it pessible
to restrain many of the possible degrees of freedom (DOF's) as explained
below.

(1) Degrees of Freedom: Out of the possible six DOF's in a space
frame, only three were allowed for the nodes on the deck and two at pier
bases (Fig. 2.2). The deck nodes were aliowed to displace in the
transverse direction (X axis), rotate about the vertical axis (2), and
rotate about the longitudinal direction of the bridge (¥ axis). The
vertical displacement was restrained because no significant axial
shortening of the piers‘and no settlement of the footings and abutments
were expected. The deck vertical displacement at the abutment bearings
was also restrained because the vertical displacement of the bearing
system was expected to have taken place as a result of dead load before
lateral loading of the bridge. In bridge structures with monolithic
abutments, the assumption of no vertical displacement is even more
appropriate if no abutment settlement is expected. The displacements
along the length of the bridge (¥ direction) deck were alsc assumed to
be negligible due to the expected insignificant axial deformation of the
deck and.symmetry of the bridge. Rotation about the X axis was
restrained at all points because lateral loading of the bridge would not
produce such rotation. In addition to the restrained DOF's explained
above, rotation about the Z axis was assumed negligible at pier bases.
This was bélieved to be a réasonable assumption because of the

relatively large torsional stiffness of footings and, particularly, pile
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founéations.
{1i) Nodal Points: Structural nocdes were assumed to be located at the
intersection of pier and deck elémentsq In addition, one node was
assumed at each pier base and each abutment. No intermediate nodes were
assigned on the deck elements. This assumption has been used in girders
and columns of building frames and has been found to be sufficient for
an accurate representation of the structure. In bridge structures, of
course, span lengths are relatively large and intermediate deck ncdel
points may seem necessary. However, as it is demonstrated in chapter
five of this report and chapter five of Ref. 18, absence of intermediate
nodes did not lead to any pronounced inaccuracies in calculation of the
free-vibration and earthcquake response of bridges.
(iii) Loads: Only horizontal loads _in the X direction were applied at
nodal points -(Fig. 2.1}). The loads may be static, or dynamic produced
by inertial forces of bridge masses due to either free vibrations or
ground motions. Bridge masses were assumed to be lumped at the nodal
points. Tributary masses were used. For piler base nodes, it was
assumed that the portion of the scil with a depth ten times the pile
diameter will move with the node.
{iv) Geometric Nonlinearity and Gravity Effects: Deformations of the
structure were assumed to be sufficiently small to allow for the
undeformed configuration of the structure fo prevail.

The gravity effects were included in the model by making
appropriate reduction in the structural stiffness matrix. A procedure

to take into account the gravity effects is presented in Ref. 34.

(b) Structural Components —

(i) Deck Elements: The deck system was assumed to be continuous with
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no intermediate expansion joints. Deck elements were idealized as
prismatic line members (Fig. 2.1) which remained elastic in the
analysis. The laﬁter assumption is valid because, to satisfy the
strength and serviceability regquirements for dead and live loads, bridge
decks usually have large rigidity and strength against lateral bending.

Figure 2.3 shows the unrestrained DOF's on a deck element.

Allowing for shear deformations, the stiffness matrix for this element

is
1ZR 6R 12R 6R
— - -— — g g
L2 L 1,2 L
&R
4R + YR - 2R - YR %) 4]
L
12R 6R
[Klg = - - - g g (2.1)
d > L
4R + YR %} g
Symm.
&J GJ
L L
GT
L
In which
Y= 48
2= 3EI/GAL?;
A = effective shear area;

a3}
it

modulus of elasticity of concrete;
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G = shear modulus;

I = moment of inertia about the centroidal axis in the 7 direction;
J = torsiocnal inertia;

L = element length;

R=EI/L (L + 4R8).

(ii) Pier Elements: Only single-column piers were consicdered in the
analytical model. A pier element was assumed to consist of an
infinitely rigid top part, an elastic line element, and a nonlinear
rotational spring at the base (Fig. 2.4.b). The infinitely rigid end
segment represents the segment from the centroid of the deck (where a
node is defined) to the bottom of the deck. The rigidity for this
segment is assumed to be infinity to account for the fact that pier cap
sections are considerably wider than pier columns. This may not be the
case for very wide columns, in which case the length of the rigid end
block may be assumed to be zero.

The moment diagram for the pier is shown in Fig, 2.4 (c). The
maximum moment ordinarily occurs at the base limiting the possibility of
yvielding only to the bottom. For prismatic columns, experimental
studies have shown that the length of the yielded region of the column
is approximately one~half of the column depth [16]. Many pier columns
are weakenea at the base to reduce or eliminate transfer of moments in
one or two orthogonal directicns. For these columns, the length of the
yvielded region may be assumed to be equal to the length of the "weak"
part. In idealizing pier elements, the inelastic deformations
(deformations beyond cracking of concrete) are accounted for by a
nonlinear rotational spring concentrated at the base (Fig. 2.4.5).

The deformed shape of a pier element, excluding relative displace-
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ment of end nodes, is shown in Fig. 2.5. The moment-rctation relation-—

ship for the elastic part and the rotational spring can be written as:

(M’ “ 8 )
A i OA
= [K*]1 ¢ IS (2.2)
\MB \GB j
in which
, 1
[K'] = X
1 L 2 L L
— () + f + 8 (- + fp
12 I B 3E1 EI
L L
— + fg5 + S - -8
3EI 6EI
Symin. L
— + 8
. 3T
- -
In which :

fp = flexibility of the rotational spring;

S = 1/GAL

The stiffness matrix, including the effect of the rigid end, is deter-
mined by transforming MA to Mp as shown in Fig. 2.6. The moment equili~

brium of the rigid end segment leads to:
R ¥
Mp = 2+ 2a)Ma+ +p Mp

For the total element, the eguilibrium eguation can be written as:

—

e 1+ A SR .

= (4--')
13".‘5j 4] 1. Mp
B}
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The stiffness matrix for the element shown in Fig. 2.5 is determined

from:
K} = [EIT [K'] [E] ‘ (2.4)

This matrix does not include the effect of torsion and relative
lateral displacements aéso'ciated with the possible DOF's for pier
élements (Fig. 2.7). Because torsion terms in the stifiness matrix are
uncoupled from other terms, they can be added after the effect of other
deformations are included. The relationship between end rotations of
the pier and lateral displacements is:

In ‘ii
8 = [T] 5g (2.5)“
¢B

in which

{T]

Other parameters are shown in Fig. 2.8. The complete stiffness matrix
for the pier element is cbtained froms:
[TITR][T]] @

Rl = | ——— - (2.6)

P aJ
7] |—~
| &

The moment-rotation relationship for the piers was developed

primarily for single—column piers weakened near the base. The cracking

of corerete and yielding of steel were assumed to be limited to the weak
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deformations of the foundation play a major rele in the response of
bridge structures subjected to lateral loads [11, 13]. The complicated
nature of pile-soil interaction in pile foundations makes it
particularly difficult tc accurately model the response of the pile
group without implementing complicated analytical procedures. Based on
the state-of-the-knowledge in this area, perhaps the most justifiable
means of dealing with pile foundation behavior is through the use of a
simplified, approximate approach. This approach should focus on the
trends detected in pile group behavior and should reflect the soil
properties and the geometry of the foundation.

The idealization of the foundation in the model is shown in Fig.
2.9. The effective mass of the foundation is restrained by a transla-
tional and a rotational spring. It is known that the force—deformation
properties of pile foundations generally result in a curved
relationship. This curve can be calculated based on the soil profile,
the pile diameter, and the pile spacing. The calculation process, which
is réi&tively complicated, is discussed in Ref, 29,

(iv) Elastomeric Bearing Pads: The bearing pad idealization used in
the analvtical model is shown in Fig. 2.18. The abutment point mass,
which consists of one-half of the mass of the exterior span, is
restrained by one translational and two rotational springs.

Experiments have shown that the vertical stiffness of bridge bearing
pads is relatively large due to the reinforcing laminations which reduce
the lateral bulging of individual layers. The force-deformation curves
for vertical response also exhibit some stiffening effects due to the
cempaction of neoprene layers as loading increases. Considering the

unrestrained DOF's explained above, the vertical stiffness of the
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section. The model may be used for approximate modeling of fully pris-
matic columns by assuming an appropriate length for the plastic hinge.
A plastic hinge length equal to one-half of the secticn effective' depth
has. been used by some researchers [16, 31]. ' |
Rotation is defined as the ratio of top deflection at a cantilever
column over the length of the column excluding the rigid segment. It
was assumed that the column outside the weak region will remain elastic.
It was further assumed that the shear stiffness of different segments is
independent of load/qeforma;tion amplitude and is equal to the elastic
shear stiffness. The rotation for cracking, yielding, and a moment
bevond vielding can be determined from Egs. 2.7-2.9. In developing
these equations, it was assumed that Ly is considerably smaller than L.

The third term in each of the equations is due to shear.

8¢ = (Mo/E)(Ly/Ty + L/3Ip) + Mc/GAL (2.7}
sy = ¢YLP + MYL/?aEIz + MY/GAL {2.8)
8y = oulp + ML/3EI5 + M,/GAL (2.9)
in which
Bcr Byr By = rotation at cracking, yield, and ultimate (defined as any
point béyond yielding), respectively:
byr &y = vield and ultimate curvatures, respectively;
I; = gross moment of inertia for the weak section;
I, = gross mement of inertia elsewhere;
M., My, M, = cracking, yield, and ultimate moments at the weak

section, respectively.

{1ii) Foundaticns: It is known that the translational and rotational



18

bearing pads enters the analysis only in modeling the rotation of the
abutments about the longitudinal axis of the bridge. Due to the
relatively high vertical deck forces acting on the pads, variations in
the vertical force due to deck rotation are not expected to produce any
significant nonlinear effects. Therefore, the abutment springs
restraining rotation about the longitudinal axis of the bridge were

assumed to be linear.

{c) Hysteresis Models - The force-deformation relationships for non-
linear springs subjected to cyclic lcads are controlled by hysteresis
models. Two hysteresis models were used in the analytical model: the
trilinear Q-Hyst model (TQ-Hyst) and the Ramberg-Osgood model [36].
These models were chosen because they exhibit the general nonlinear
characteristics of the elements they are representing.

(i) The TQ-Hyst Mcdel: TQ-Hyst is a modif_ied version of a previously
developed hysteresis model, Q-Hyst [39, 40]. The Q-Hyst model operates
on a bilinear primary curve (defined as the force—deformation relation-
ship for the first quadrant of the first loading cycle). The break
point on the primary curve correspends to the force or deformatioh at
which there is a significant reduction in the stiffness. For reinforced
concrete elements, this point usually corresponds to the yielding of
steel. The primary curve for uncrackefﬁ reinforced concrete members
ordinarily includes another break point which corresponds to the
cracking of concrete. This point, however, is ignored in the Q-Hyst
model. While the exclusion of the cracking point may not lead to any
significant inaccuracies in results for systems with moderate to large
nonlinear deformations [48], it can result in underestimating the

stiffness and enerqgy abscrption of members subjected to relatively
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small-amplitude displacements or loads whiph correspord to the points
between cracking and yield points. It appears, therefore, that a
trilinear primary curve is more suitable for such cases., Another
advantage of a trilinear primary curve over a bilinear one is that, if
the measured relationship for an element is indeed curved and a piece-
wise (consisting of straight segments} is to idealize the primary curve,
a trilinear relationship can represent the primary curve cleser than a
bilinear one. A disadvantage associated with a model operating on a
trilinear curve, of course, is that it is more complicated.

One measure of complexity of hysteresis models is the number of
"rules" they include. A rule defines the stiffness for points c¢n a
specific part of the hysteresis curves and specifies what the following
rules are going to be in the event a force/deformation increment results
in passing a break point, crossing the deformation axis, or changing the
load direction. The Q-Hyst model included four rules, while the TQ-Hyst
mcdel incerpeorates six (Fig. 2.11) as described below. Both medels
assume that the primary curve is anti-symmetric.

Definiticns:

Loading: Increasing the absolute value of the force

Unloading: Decreasing the absolute value of the force in one

direction

Load Reversal: Changing the force and its sign simultanecusly

P = Any new point
K = Stiffness

F = Force

D = Deformation

Note: The rules of the TQ-Hyst model apply to both the negative and
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In the negative force region, use absolute

positive force regions.
values of forces and change the labeling of break peoints to their

"orimed" counterparts.
UI;I is a point on the primary curve with the same absolute value of

force/deformation as that of Uppe

Rule 1:
1.1 Leading:
iE F(P) < F(C) K = slope of oc; go to RULE 1
if F(P) > F(C) K =slope of CY; go to RULE 2
1.2 Unloading and Load Reversal:
K = slope of OC; go to RULE 1
RULE 2
2.1 Loading:
if F{P) i Y K = slope of C¥; go to RULE 2
if F(P) > F(Y) K = slope of YU; go to RULE 4
2.2 Unloading {(unloading point R):
go to RULE 3

K = slope of RCY;

RULE 3
3.1 Loading:
if F(P} < P(R) K = slope of RC'; go to RULE 3
if F(P) > P(R) K = slope of CY; go to RULE 2
3.2 Unloading:
K = slope of RC'; go to RULE 3
3.3 Load Reversal:
go to RULE 3

if F(P) ¢ F(C") K = slope of RC';

> | F(CY

X = slope cE C'Y'; go to RULE 2

if IF(®)}
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RULE 4

4.1 Loading:

K = glope of YU; go to RULE 4

4.2 Unloading:

S = (slope of C'Y)*(Dy/Dmax)B.S
K =5; go to RULE 5

RULE 5
5.1 Leading:

5.1.1 if last unloading point on ¥YU;
K=3S; gotoRULE S

go to 5.1.2

if F{P) < F(R")
if F(P) > F(RY) K = slope of X4u'n; go to RULE 6
5.1.2
if F(BY < F(Uy K=8S; go toRULES
K = slope of YU; go to RULE 4

ifF(P) > F(Um)
5.2 Unloading:
K =35 go tc RULE 5

5.3 Load Reversal:
slope of Xyy'n. go to RULE 6

K =
RULE 6
6.1 Loading:
if F(P) < F(U', K = slope of XoU'm; o to RULE 6
K = slope of Y'U'; go to RULE 4

if F(P) > FU'n)

6.2 Unleoading (unloading
R =5; go to RULE 5

point Rf)

A study of the available test data for cyclic response of reinforced
concrete piers [16, 35] and pile foundations [7, 26, 33, 34], showed

that the TQ-Hyst model can reasonably represent the overall cyclic
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behavior of these elements, and hence, the model was used to idealize
the nonlinear springs to simulate these components. Due to the scarcity
of experimental data for cyclic, lateral and rotational response of
footing foundations and pile foundations, a cualitative representation
of the behavior of these components by TQ-Hyst was considered adequate.
Refinements in the model may be warranted as more experimental data
become available.
{ii) The Ramberg-Osgood Model: The Ramberg-Osgood hysteresis model was
originally developed to model the nonlinear behavior of steel connec-
tions [36]. A qualitative study of the experimental data from tests
performed on elastomeric bearing pads indicated that the Ramberg-Osgood
model can reasonably represent the hysteretic behavior of these pads
(23, 27].

The pr’imary curve for the Ramberg-Osgoed medel is shown in Fig.
2.12, The two rules of the model are ocutlined as follows:

1. Loading on Primary Curve:

D = FDy/Fy) (1 + 18/Fy1(E1) (2.10)
2. Unloading and Load Reversal:
D = (F-Fg) (Dy/Fy) (1 + | (F-Fg)/2#Fy|(G71) +D, (2.11)
where:
F = force at an arbitrary point;

D

deformation at an arbitrary point;

Fy = force at point A;

Dy = deformation at point A;
F, = force at largest excursion point;
D, = deformation at largest excursion point;

G = nonlinearity parameter,
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Given information about the initial stiffness and the nonlinear
~character of an element idealized by the Ramberg-Osgood model, the
primary curve of the element can be defined by specifying only three
parameters: Fys Dyr and G. The model is very versétile. Figure 2.12
shows the range ¢f nonlinearity that can be obtained by varying the
nonlinearity parameter, "G". A "G" value of one will produce a linear
primary curve, while a "G" value of infinity will produce an elasto-

plastic primary curve.

2.3 Static and mmmig Analysis Procedures
The analytical model was developed to carry out the following
analyses:
1) static analysis for lateral loads
2) Free-vibration analysis
3) Edrthquake response history analysis.

In addition, the model may be used to determine frequencies and
natural mode shapes of the bridge based on initial or instantaneocus
stiffness., Figure 2.13 shows a flow diagram for the model.

Several steps were taken to reduce the amount of computation and
computer memory space: 1) Full advantage was taken of the symmetry of
the element stiffness matrices in storing the stiffnesses; 2) Nodes and
DCF's were numbered in a manner that would minimize the bandwidth of the
structural stiffness matrix (Fig. 2.14); 3) Stiffness submatrices -
corresponding to lateral and rotational DOF‘s were partitioned and
static condensation was used to reduce the size of the matrix to be
inverted; 4) The concdensed structural stiffness was stored as a lower
triangular matrix for inversion. Five subroutines from the

Intermnaticnal Mathematical and Statistical Library [25] were used in the
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model. Subroutine LINP1B was used to invert the submatrices in the
static condensation portion of the program. Subreoutine LEQIS was used
to invert the structural stiffness matrix and subroutines ECQZCF, EQZIF,

and BEQZVF were used to perform the eigenvalue analysis.

{a} Static Apnalysis - The model can analyze the bridge for static
lateral loads applied at nodes (Fig. 2.1). The load increments can have
an arbitrary distributien, and can have different signs; thus allowing
for cyclic loading of the bridge. In the end of analysis for each load,
the status of the nonlinear elements is checked and their stiffnesses
are updated as necessary. To insure that the primary curves of the
elements are followed closely, the loads should be applied in small
increments. The mecdel calculates displacements, rotations, ductilities
(defined as the ratics of maximum rotation and yield rotatien), and

mtemal forces for each locad increment.

)

(b} Free~Vibration Analysis - The mocdel can be used to determine the
free-vibration response of a bridge system subjected to initial
displacements caused by specified static loads. This feature in the
model was specifically developed to analyze the Rose Creek Bridge which
was subjected to static loads, then the loads were suddenly released
prcducing a free-vibration response. For the free-vibration analysis
part of the model, it is not possible to specify an initial displvacé-
ment. Rather, the static loads causing the initial displacement need to
be provided. The initial stiffness matrix and the status o¢f the
hysteresis curves for different elements are those determined at the end
of the last static load increment. The damping of the system is assumed

to be proporticnal to both the mass and the instantaneous stiffness.
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This type of damping is referred to as Rayleigh damping [6] and has been
commenly used in models for building analysis [38, 39].

The differential ecquation of motion is formulated in an incremental
form and integrated at small time intervals using Newmark's g method
[28]. The time interval used for numerical integration is typically
taken as approximately one-tenth to one-twentieth of the shortest period
of the system to insure convergence. -‘A- g value of 8.25, which
corresponds to constant acceleration over each time interval, is used in
the model. This procedure results in an uncorditionally stable response
for elastic systems. The accelerations and lateral displacements for
specified DOF's are calculated for each time interval and stored for
plotting the response histories.

Because the mass and stiffness coefficients used to create the
Rayleigh damping matrix are functions of the frequencies for the first
two vibration modes of the system and because convergerce limits depend
on the shortest period of the system, an fstimate of the frequencies of

the model would be needed for dynamic analyses.

{c) Earthoauake Response History Analysis - The analytical model can be
used to determine displacement and acceleration histories for an input
ground motion record. The motion is assumed to be the same at all
feundations and abutments. This assumption ignores the possibility of
having different ground motions at different supperts due to (a) the
time delay for the earthquake wave to travel from one support to the
other, or (b} different geotechnical/foundation characteristics, or both
of these. For relatively short bridges, however, the difference in
ground motions may be assumed negligible because the travel time for the

earthguake wave may be short and because, over a relatively short
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distance, variation in geotechnical properties may be smali. The fact
that the large differences between the geometry of abutment systems and
pier foundations may introduce significant differences in the input
moticnh even for short bridges still remains true. However, this
possibility is ignored to keep the model simple.

Many of the techniques used in free-vibration analysis are also
applied for earthquake response analysis. The differential equation of
motion is written in incremental form and integrated using Newmark's
method [28). Because the equation of motion is integrated using very
small time increments to insure convergence and stability, updating the
stiffness and Rayleigh damping matrices after each cycle would be 2
costly and inefficient process. FPFurthermore, changes in these matrices
over a very small increment of time are assumed to be negligible,
Therefore, the stiffness and damping matrices are updated only at a
specified number of time increments. Judgment and experience indicate
that the stiffness and damping matrices need to be updated approximately

one hundred times each second.
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CHAPIER 3

THE TEST STRUCTURE

3.1 Introduction

This chapter describes the Rose Creek Interchange, the procedure
used in its seismic design, and the static and dynamic experimental
tests that were performed on the bridge in May 1982. Steel
reinforcement details, in addition to the material properties, are also-
presented. The section on the experimental testing ¢of the bridge
discusses only those tests which were simulated in the analytical

studies presented in this report.

3.2 The Rose Creek Interchange

The Rose Creek bridge is a five—span reinforced corcrete multicell
box girder bridge with a total length of 499 ft., loccated on highway I-
80 near Winnemucca, Nevada (Fig. 3.1). The substructure consists of
four single piers (Fig. 3.2} and the abutments, all of which are
supported on pile foundations. The deck is continuous with no
intermediate expansion joints and has monolithic connections to the
piers. Bach end of the deck is supported by 5 neoprene elastomeric
bearing pads with a thickness of 3 in. and planview dimensions of 18 X
14 in. such that the 14 in. edge is in the transverse direction. The
drawings call for #.25 in, embedment of the pad thickness in the deck and
the abutment. The specified durometer rating for the pads was 58, and
the actual value at the time of shipment was 52. Grade 68 steel and
concrete with a 28-day compressive strength of 3B80 psi had been
specified. The measured yield stress for #11 bars (the only bars likely

to yield for lateral loading) was 63.3 ksi based on 3 samples. The
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measured concrete compressive strength in 28 days was 4445 psi based on
€ samples for piers 1 and 3 and 3559 psi based on 51 samples for the
deck.

The reinforcement distribution in the piers is shown in Fig. 3.3.
The connection to the footing is a hinged connection in the longitudinal
direction of the bridge, but is moment resistant in the transverse
direction. The dowels are made from #11 bars in all the piers. Because
no yielding of the reinforcement in the deck was expected, the deck

steel did not enter the analysis and is not shown.

3.3 Seismic Design Procedure

The bridge was designed based on the 1965 AASHO document [2],
Standard Specifications for Highway Bridges, the Interim Specifications
through 1967, and the 1966 BPR Ultimate Strength Design Criteria.
According to the 1965 AASHO Code, because the bridge was supported on
pile foundations, the horizontal earthquake force was 6 percent of the
dead load and was treated as a service load. No provisions to account
for the effect of foundation flexibility were included. In the design
process, the foundation was assumed to be rigid and the elastomeric
bearing pads were treated as hinged supports. The ‘design forces were
determined using the so called "Lollipop Method" which was a common
method at the time [24]. Based on this method, 6 percent of the dead
load reaction for each pier was applied horizontally; and the shear and
moment at the base of the pier were determined. Because the pier
connection to the pile cap was moment resistant only in the transverse
direction of the bridge, the computation was carried out only for this

irecticn.



29

3.4 Experimental Studies

The Rose Creek Bridge was subjected to static and dynamic test
lcads [11]. The static loads were applied in the transverse direction
of the bridge at the intersection of the piers and the deck by four
hydraulic rams acting at an angle of 450 (Fig. 3.4}. This method of
loading was first introduced and used by Douglas [11]. The rams were
loaded manually at a small rate. Temporary reaction foundations were
built to support the rams. The bridge was loaded to several amplitudes,
and the ram loads were simultaneously released to allow for free-
vibration testing of the bridge. Of rélevance to the sﬁudy presented in
this report were the static and free-vibration behavior of the bridge
for the design loads and loads totalling approximately one and one-half
times the design load.

The static data collected included the lateral deflection of the
deck at the ends, the pier caps,lami the center of the middle span. The
deflections of the ends of the deck and at the centerline of the bridge
deck were measured with dial gages. A temporary structure was erected
at the center to serve as a fixed referencé for the deflection
measurement at the centerline of the bridge. The deck static deflection
measurements at the pier caps were obtained by using a theodolité to
observe a micrometer screw target which moved as the bridge deflected.

The footings were excavated to allow for close inspection of the
‘pier to pile cap connections and to measure the dynamic response of the
pile caps. Because the shear keys (Fig. 3.3) were the weakest part of
the piers while they carried the maximum moment, they were examined very
carefully to detect any crack formation or propagation.

The dynamic response of the structure, including its foundation
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elements, was measured using a four channel system with four force
balance accelerometers. The data were recorded on an FM tape recorder
for later digitization and analysis. The dynamic data were measured by
a "fixed" reference accelerometer and a triplet of "moving”
accelerometers. Data were recorded at stations fifteen feet apart on
the bridge deck. In addition, the motions of the bridge abutments were
recorded along with the rotational and translational motions of the pier
foundations.

Four load amplitudes were used in the study. Of importance to the
static behavior of the bridges were two load levels, cne at a total ram
load of 320 kips (approximately the design load) and the other at 458
kips {approximately 1.5 times the design load}. These loads were
distributed equally among the four piers. The resulting static data aﬁd
the response histories were recorded for analysis and digitization. The
measured data along with the calculated results are presented in

chapters 4 and 5.



31

CHAPTER 4

STATIC BEHAVICR CF THE ROSE CREER BRIDGE

4.1 Introduction

The Rose Creek Bridge was subjected to static loads as part of the
experiments (Sec. 3.4). The analytical model described in chapter 2 was
used to determine the response of the bridge under static test loads as
well as a variety of other loads specified in seismic guidelines by
AASHO [2] and ATC-6 [4]. This chapter presents the results of the
analyses and a discussion about the effect of the assumptions made in
the analytical model and seismic codes on the displacements and internal

force distribution.

4.2 Response Under Test Loads

The static analysis feature of the model described in chapter 2 was
used to calculate the response of the Rose Creek Interchange for test
loads. The moment-curvature properties of the piers were determined
using rcoutine methods ([31). The concrete compressive strength used in
calculations was 3558 psi, which was the average strength of fifty—cne
concrete samples taken during the construction of the bridge deck. Only
eight samples had been taken from the concrete in piers, and they were
for piers 1 and 3 with an average strength of 4445 psi. This could mean
that the piers had a higher strength; but, because of the limited number
of samples from piers and because concrete strength does not have a
strong effect on component properties, the value for the deck was
assumed to be representative of the concrete in the entire structure.
The strain at the corcrete compressive strength was assumed to be 8.682,

and the ultimate strain was taken egual to 9.983. The Hognestad's
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method [28] was used to define the shape of the stress-strain diagram
for concrete with adjustments made in strain at the compressive strength
and strain at crushing of concrete.

Only #11 bars (the dowels) were likely to yield. Three samples of
#11 bars had been tested Qith an average yield stress of 63.3 ksi.
However, because this stress was close to the specified value, the
specified yield stress of 68 ksi was used with an assumed strain-
hardening slope of 18 percent of the elastic slope, starting at the
vield point. In computing the cracking moments of the piers, the
modulus of rupture was found using the ACI [3] formula; and the effect
of axial forces was taken into account. The moment-curvature values for
pier bases are listed in Table 4.1. In this table, breakpoint 1
represents cracking. Bredkpoint 2 is the effective yield point of the
section and is determined by first plotting the moment-curvature diagram
corresponding to the yielding of different layers of dowels and then
idealizing the diagram by an equivalent trilinear cur§e. The third
breakpoint is any point on the post-vielding branch of the idealized
curve and is used in the model to determine the slope of the third
branch, This point is not treated as the ultimate strength point. The
‘section is assumed to havé unlimited ductility.

For moments corresponding to each of the breakpoints, the bond slip
rotations were computed assuming a uniform bond stress over the
anchorage length [39]. The bond strength in these computations was
taken from the 1963 ACI Code. The resulting bond slip rotations are
listed in Table 4.1. The force—deformation characteristics of the pile
foundations were determined based on the procedures cutlined by Norris
[29] and are listed in Table 4,1, Similar to piers, the third

breakpcint is used only to determine the slope of the third branch and
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is not usad as an ultimate point. To determine the basic backbone curve
.for the abutment springs, the available guidelines prepared by the
manufacturer were initially used, but the results led to unreasonably
"soft" abutments. Estimates of the initial stiffness of the pads for
ambient levels of vibration were available in a report by Gates and
Smith [15]. These values were used as the initial slope of the Ramberg-
Osgood primary curves (Table 4.1). A brief parametric study indicated
that a "G" value of 1.5 in the Ramberg—Osgeood function produced a good
correlation between the calculated and measured free-vibration
histories. The P-A effect was considered in all of the analyses.
Because the hydraulic rams used to load the bridge acted at a 45
‘degree angle, there were, in effect, a horizontal and a vertical
component of load applied to the structure (Fig. 3.4). The vertical
component of the load was eccentric with respect to the centroidal axis
of the pier, thus producing an additional base moment. Because the
model is capable of accepting only horizontal forces applied at the
nodes, the additional base moment caused by the vertical component was
transformed into an equivalent horizontal force acting at the deck
centroid. An additicnal translation of forces was necessary to
determine an equivalent horizontal force acting at the deck centroid {(as
opposed to the bottom of the deck where the actual loadé were applied)
while producing the same base moment as that caused by the horizental
ram loads. The structural loading configuration used in this analysis
was the 56 ton per ram case, which was approximately 1.5 times the
design lateral load for the bridge. This loading produced an equivalent
horizontal load of 84.6 kips per pier which was applied in 20 equal

increments in the analysis.
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The calculated and measured static force-displacement curves for
all of the deck nodes and the bridge centerline are shown in Fig. 4.1.
The calculated internal forces indicated that none of the fourdation and
pier base springs passed the first breakpoint of their trilinear primary
curves. The hysteretic behavier of these springs was controlled by the
TO-Hyst model. This confined the nonlinearity to the abutment springs,
which are controlled by the Ramberg-Osgood model. The calculated
ceformations of the abutment springs were relatively small indicating
that the entire system exhibited only a small degree of nonlinearity.
This observation is reflected in the calculated loading curves for the
deck in which only the abutment nodes and, to a lesser extent, the
exterior piers exhibited a slight nonlinear effect. A plan view of the
calculated and measured deflections at the maximum load is show in Fig.
4,2, All of the deflections are in very good agreement (with
differences of 18 percent or less}) except for pier 4 in which the
calculated response is 38 percent greater than the measured value.
Because the correlation is close for pier 1 {(which is similar to pier

4), the poor correlation at pier 4 can perhaps be attributed to a

measurement error. Excluding the response of pier 4, the results from

the static analysis are in very good agreement with the measured
response. However, it should be noted that, since only the abutments
exhibited any nonlinear behavior, the nonlinear capabilities of the

model could not be rigorously tested underl these loading corditions.

4.3 Design Procedures for Earthaquake Loads
To compare the seismic design forces recommended by the code which
was in effect at the time of the design of the Rose Creek Interchange

and to evaluate the overall performance of the bridge for code loads,
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the bridge was subjected to seweral elastic and inelastic analyses. Two
earthquake design codes were considered in the study. One was the code
used in designing the bridge [2], aﬁd the other was the guidelines
recommended by the Applied Technology Council {4]. The latter was
recently adopted by the Federal Highway Administration as a design
guideline and by AASHTO as a "guide™ specification. The AASHO-65 method
was described in Sec. 3.3. The ATC-6 guidelines are presented in the
following paragraphs.

The ATC-6 method is probably one of the most comprehensive
earthquake design codes for bridges. The basic philosophy used in this
cede is that (1) in the event of a small to moderate earthquake,
_structural components should remain elastic, and (2) large earthquakes
should not lead to the collapse of the bridge.

Several factors are taken into account in determining the design
loads. An acceleration coefficient is assigned depending on the
gecgraphical location of the bridge. A site coefficient is also
included to account for the effect of geotechnical characteristics on
the response. For bridges in regions with moderate to severe seismic
activities (with an acceleration coefficient of 8.29 and higher), an
importance factor is assigned which depends on the impact that the
potential loss of the bridge may have. The value of the acceleration
coefficient is also used to find the "seismic performance category”
which in turn is used to specify the analysis procedure and determine
the design forces.

Two analysis procedures are outlined, beth using an elastic
spectral analysis. Procedure 1 is recommended for "regular" bridges

(those with no abrupt change of mass, stiffness, or geometry alcong their
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spans/supports) and utilizes a unimodal analysis. Procedure 2 is for
"irregular" bridges (those viclating the conditicns of a ‘"regular“
pbridge) and uses a multimodal analysis. Using any one of the
procedures, the bridge is analyzed for each direction and the resulting
internal forces are combined according to two specified load cases. The
design loads used in the analysis are ultimate loads, but an elastic, as
opposed to ultimate, analysis is used to determine the internal forces.
To account for the nonlinear action of structural compecnents, which
prevents an unlimited build up of internal forces, a response
modification factor is specified which is used to reduce the forces
fourd from the analysis.

The effect of foundation flexibility is mentioned. For regular
bridges, it is stated that boundary conditions at the abutments and
piers can be accounted for in the modeling, while, for irregular
bridges, an iterative method to determine an equivalent elastic

stiffness for the abutments is outlined.

4.4 Response Under Code Loads

The Rose Creek Bridge was designed using the leollipop method [24]
based on the 1965 AASHO Code [2]. BRecause the drawings had called for a
1/2 in. gap between the deck and the shear keys at the abutments, this
gap was considered adequately small to treat the deck-to~abutment joint
as a hinged connection. The actual gap, however, was approximately 3"
wide, making the hinged assumption unjustified. The effect of the
change in the gap width on internal forces is discussed in Ref. 37. In
the following sections, the effect of analvzing the total structure as
cpposed to individual columns {used in the lollipop method) and the

effect of using an inelastic analysis instead of an elastic analysis
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recommended by ATC-6 are discussed. To study the latter effect, it was
necessary to Getermine design forces based on the ATC-6 method. To be
consistent with the original design assumptions, in all the cases
presented in this section, the connections at the abutments were assumed

to be hinged, and the pier foundations were assumed to be fixed.

{a) Lollipop Method vs. Analysis of Total Structure -~ As it was
mentioned in the section on design procedﬁies s the "lollipop method" was
used in the design process assuming a horizontal force which was 6
percent of gravity; To determine how the internal fofces would have
been affected if an analysis of the total structuré'(as opposed to the
individual pier analysis used in the lollipop method) had been carried
out for the 6 percent of gravity load, an elastic analysis was
performed. The resulting pier base moments and shears are shown in
column "b" of Table 4.2. Note that, because of symmetry, only pier 1
and 2 forces are listed. It can be seen that the forces from the
analysis of the total structure were slightly higher for pier 2 but
lower for pier 1. The increase in the forces for pier 2 was seven
percent while the decrease for pier 1 was 29 percent and smaller. The
relatively large decrease in forces for pier 1 is due to the fact that,
by applying the loads to the total structures, the abutments carry part
of the loads applied at piers 1 and 4. The forces in piers 2'and 3 are
only slightly affected by the‘ abutments because these piers are
reiatively far from the ends. The minor increase in the forces for
these piers is due to the slight bending of the deck caused by restraint

against displacement at the abutments.

(b)) Desian Forces Based on ATC-6 ~ The ATC~6 guidelines were used to
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determine the earthquake lcads for the Rose Creek Bridge. The ground
acceleration coefficient for the site of the bridge is #.2]1 based on the
- ATC-6 isocurves shown in Fig. 4.3. The seismic performance category
(SPC) was determined to be "C". Because the soil profile consists
mostly of medium~-stiff clay, a site coefficient of 1.5 was used. The
response medification factor for moment is 3, which is used for single-
column piers. A response modification factor of one is recommended for
shear. As specified by ATC-6 for bridges with an SPC of "C", the
moments should be increased by 30 percent for the design of the
connections. The moments discussed in this report, however, are the
pier moments and do not include the 30 percent increase. Because the
bridge is "regular", the unimodal analysis (procedure 1) was used. The
resulting parameters and their definitions are shown in Table 4.3, As
it was mentioned in previous sections, in the ATC-6 guidelines, an
elastic analysis of the bridge is used based on the ultimate loads;
then a response modification factor is used to account £cr nonlinear
effects. An inelastic static analysis appears to be more consistent
withvthe loads, and would have been more desirable. However, perhaps
cdue to the complexity of inelastic analysis and because of the fact that
designers generally do not have access to inelastic analysis software,
an elastic analvsis 1is recommended. To determine the extent of
approximation that the elastic analysis introduces in the results, a
iinear and a nonlinear analysis of the bridge for the loads recommended
by ATC-6 were carried out using the analvtical model explained in
chapter 2. The fcrce-displacement relationships are shown in Fig. 4.4.
As expected, the line representing the elastic response was tangent to

the initial part of the inelagtic response curves. The initial part of
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the inelastic responsé (for loads less than approximately 309 Rips)
represents the uncracked stiffness of the bridge. A subst'antial
reduction of stiffness was observed as soon as the piers cracked. The
exterior and interior piers cracked at approximately the séme load. As
a result, a relatively sharp breakpoint can be observed in the curves.

As was pointed out in previocus sections, in the analytical mcdel it
is assumed that the shear strength of different members is sufficiently
large to preclude any shear failure. Compari,soh of the maximum shear
forces calculated from the nonlinear analyses with the ultimate shear
strengths at the base of the piers determined using the ACI Code
formulas [3] showed that the shear strength of pier 2 would have been
exceeded by 38 percent and there would be a brittle failure.

No yielding ©f the piers occurred. The maximum ductility demand,
with ductility defined as the ratio of maximum rotation to the yvield
rotation, was #.6; and it occurred in the middle piers. The ductility
ratio in piers 1 and 4 was 6.4. It was noted that the middle piers
cracked before the others, forcing the deck ends to move in the oz;vposite
direction of the loads. This trend continued until piers 1 and 3
cracked. Another important observaticn was that, upon the cracking of
.the piers at the base, the moments at the pier tops increased signifi-
cantly causing the reversal of shear at the bases of piers 1 and 4.

The maximum pier forces are listed in Table 4.4. It can be seen
that the elastic analysis oversstimated the moment for pier 2 by 43
percent and shear for this pier by 46 percent. The moment and shear

for pier 1 were underestimated by 3 and 18 percent, respectively.

{e) Comparison of AASHO-65 and ATC-6 Forces - Table 4.5 shows the pier

forces deternined based on the loads specified by AASHG-65 using the
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lcllipop method and forces determined based on the ATC-6 procedure (with
an elastic analysis). DBecause the forces from AASHO-65 were service
loads while the cnes from ATC-6 are ultimate, the AASHO-65 results were
amplified by a locad factor of 1.4 {the lcad factor used for seismic
forces in the ACI Code [3]). It can be seen that shear forces based on
the new code are as high as 7.5 times the forces from the 0ld code. The
differences in the moments are not as proncunced. The ratio of the
moment based on the ATC-6 Code and that based on AASHO-65 is 1.5 for
pier 1 and 2.7 for pier 2. The differences show that, if an identical
bridge were to be designed using the ATC-6 guidelines, the "weak" parts
at the base of the pier would have to be eliminated and additional steel

reinforcement would be needed.
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CHAPTER 5

FREE-VIBRATION RESEONSE

5.1 Introduction

The Rose Creek Bridge was subjected to free-vibratjon by the quick
release of the ram loads. The main reasons for this part of the
experimént were to determine the dynamic characteristics of the bridge
{11] and to carry out system identification studies [18]. Although the
measured response did not include any notable nonlinearity, the test
data were used tc evaluate, at least, some of the features and modeling
methods used in the analytical model. This chapter presents the
analytical and experimental results from free vibration of the bridge
caused by the release of the largest test loads. A discussion about the
correlation between the calculated and measured results is also

.presented.

5.2 Analytical and Experimental Results

The free-vibration response of the bridge was calculated using the
analytical model described in chapter 2. The basic properties of bridge
components were the same as those used for static nonlinear analysis
(Sec. 4.2). The bridge was subjected to test loads which corresponded
to an equivalent horizontal force of 84.6 kip per pier applied in 20
equal increments. Then the loads were released and the free-vibration
response was found with initial coﬁditions being those in the end of the
last load increment. A damping ratic of 2 percent was used. 1In
addition, it was assumed that the mass proportionality constant of the
Rayliegh damping matrix was zero, thus filtering cut the sffects of the

higher modes of vibration {6]. This is justified because the load
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distribution was expected to excite only the lower symmetric modes and
because higher modes are generally more vulnerable to small errors in
measurement and computation. The time step used for numerical
integration in the free-vibration analysis was 8.885 seconds, which is
about one-fifteenth of the shortest initial period of vibration of the
gsystem. The cheoice for a value of G used in the idealization of the
bearing pads {Sec, 2,2.c) seemed to be arbitrary due to the lack of
experimental data. A brief sensitivity study showed that the effecf:ive
period of the free-vibration response was sensitive to this value. It
appeared that G = 1,5 resulted in a good correlation. It is suspected
that a different value of G would have led to a good correlation if the
tangent slopes of the primary curves were different from what was used.
The calculated and measured acceleration response histories are
shown in Pigs. 4.5 through 4.7. It can be seen that_the analytical
model predicted relatively large acceleration peaks at the abutments
{Fig. 4.5) while, for pier tcp and pier bases, the calculated peaks were
generally close to the measured values (Figs. 4.6 and 4.7). This can be
an indication that the mocdeling of the abutment was not representative
of the actual behavior. The fact that the calculated static displace-
ments at the abutments were close to the measured values suggests that
the primary curves for the abutment springs were reascnably accurate,
and it is the assumed hysteretic behavior which may need some
refinement. Such a task is not possible, however, due to inadéquate
experimental data on the cyclic kbehavior of elastcmeric bearing pads.
The peak responses at the pier foundations were relatively small
(Fig, 4.7). This was especially true for piers 2 and 3 where the soil

profile consisted mainly of a relatively stiff clay. The correiation
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5etween the calculated and the measured acceleration histories was
relatively close during the first 2 seconds indicating a reasonable
estimate of the foundation stiffnesses. It shouid be noted that none of
the pier and foundation springs developed nonlinear deformations during
the free-vibration response; and, hence, their hysteresis modeling
could not be evaluated.

With respect to the free-vibration displacement histories (Figs.
4,5-4,7}, it can be seen that a residual displacement was present in the
abutment responses and, to a lesser extent, in the deck response at
piers 1 and 4. A sensitivity study was carried cut to determine whether
the shift was due to the instability of the respcnse caused by the time
step used in numerical integration of the equaticon of motion. This
possibility was thought to exist despite the fact that the time step had
been adequately short to satisfy the stability requirements for elastic
systems [28]. For inelastic systems, it is known that anlunstable
response may result even if the time step satisfies the stability
requirements for elastic systems having the same pericds of vibration.
The sensitivity study showed that the residual displacements were not
due tc the choice of time step. The shift can be explained by observing
the first few cycles of the displacement response. At the end of the
first cycle, the maximum displacement cccurs. From that point on, the
displacement response dies out rapidly. Because of the nature of the
Ramberg—-Osgood model and because all of the subsequent cycles of
displacement were smaller than the first cycle, a residual deformation
of the same sign as that of the maximum deformation can be expected.
Because the response of the exterior piers is strongly influenced by the

abutment resronse, some shift can also be expected in the displacement
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response of the deck and fcundation nodes of ﬁ)iers 1 and 4.

Despite the lack of complete agreement of the calculated and
measured acceleration amplitudes and despite the slight lack of
agreement in effective period in the latter part of the records, the
calculated response was generally close to the measured response.
However, because the degree of nonlinearity in both the measured and
calculated responses was very limited, it can only be stated that the
overall elastic modeling segment of the analytical model is reasonably
representative of the physical system. The assumed hysteresis modeling
methods remain to be tested until measured large-amplitude responses

become available.
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CHAPTER 6

' RESEONSE HISTORY AMALYSIS

6.1 Introduction

The Eehavior of the Rose Creek Bridge subjected to different
earthquake records with different peak accelerations is discussed in
this chapter. Three earthguake records, each normalized to two
different maximum accelerations, were used in the study resulting in a.
total of six earthquake analyses. The response of the bridge for these
earthquakes 1s presented and the results for different earthquakes are
compared. This chapter also reviews the safety of the bridge if an

earthquake similar to those considered were to occur at the site.

6.2 Input Earthquakes

Three earthquake records were used to evaluate the seismic
performance of the Rose Creek Bridge in the lateral direction. These
were the corrected acceleration records cbtained at El Centro NS 1940,
Taft S69E 1952, and Castaic N21E 1971. These records were selected
based on their overall freguency content and based on their response
spectra characteristics in the period range covering the initial
fundamental perioed of the Rose Creek Bridge.

The first 18 seconds of the acceleration records for the above
earthquakes were used in the analysis (Fig. 6.1). It can be seen in
Fig. 6.1 that the El Centro record has mainly low-frequency waves, while
the Castaic record includes predominantliy high-frequency waves. The
frequency content of the acceleration record for Taft can be considered
to be in between the El Centro and Castaic records.

The calculated initial fundamental pericd of the Rose Cresk Bridge
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was @,4 sec. [18]. Because of the anticipated softening of the bridge
compenents, the effective period is expected to increasse. Shown in Fig.
6.2 are the response spectra for the above earthquakes. The different
curves for each record correspond to the damping ratios of 4, 2, 5, 18,
and 28 percent, The curves for each record have the same general trend.
The following discussion, however, is more applicable to systems with a
damping ratio of 5 percent and higher. To evaluate the expected effect
cof an earthquake, the pseudovelocity response may be used because it is
a measure of earthquake energy. It can be seen that, for the El Centro
record, as the system period increases from $.4 sec., there is a
substantial increase in velocity and the response remains relatively
large for pericds of up to 1 second. The El Centro response spectrum
may, thus, be considered broad band and ascending (BBA) for the Rose
Creek Bridge. for the Taft record, the response is somewhat insensitive
to the period elongations of beyond 0.4 sec. and up to 2 seconds. This
earthauake ﬁay be considered as having a broad band (BB) spectrum.
Finally, the Castaic response spectrum may be considered to be narrow
band (NB) as pericd elongation of beyond 1 sec. results in considerable
reduction in the response. The above method of categorizing earthquake
response spectra has been used by Derecho et al. [8] and Hodson [19].
Each earthquake record was normalized to two values of peak ground
accelerations (PGA): (1) Z.1g to compare the resuiting internal forces
and deflections with the calculated and measured results from the static
analysis for the ram loads (which were approximately equal to @.1g), and
{2) the maximum ground acceleraticn which was measured during the actual
ezarthquaks to evaluate the performance ¢f the bridge for the actual base

motion records.
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6.3 Evaluation of the Response and the Behavior of the Bridge

The Rose Creek Bridge was analyzed for the reccords discussed in
section 6.2 assuming a 5 percent damping for the first two elastic
modes. A time step of 8.685 sec., which was approximately one=-fifteenth
of the shortest initial period of the bridge, was used to integrate the
differential egquation of motion. The stiffness matrix was updated once
every @.01 seconds. All the analyses included the P-A effect. The
stiffness properties 6f the foundations for piers 3 and 4 were taken to
be the same as those of piers 2 and 1, respectively, even though the
soil profiles had some minor differences. This resulted in a symmetric

response for the bridge.

f{a) Response for Earthquakes with PGA of -A.1g -~ The response histories
for different earthquakes normalized to a PGA of 8.1g are shown in Figs.
6.3-6.5, and the maximum absclute responses are listed in Tables 6.1 and
6.2. The maximum responses for static loads are also included in the
tables to compare the static analysis results with those from the
earthauake . loads.

The response histories for different earthquakes have some common
characteristics (Figs. 6.3-6.5). The acceleration responses at pier
foundations for each motion are identical to the input acceleration
indicating a relatively stiff foundation. Some amplification of the
peak acceleration teook place for El Centro in which the maximum absolute
acceleration for pier base 1 was 8.16g and for pier base 2 was B.14q.
The Castaic record amplified the maximum acceleration to 8.15g and 9.12g
for piers 1 and 2, respectively, while no significant amplificaticn was
evident for the Taft record responses.

Ancther common feature of the responses can be seen by comparing
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the displacement histories of the deck at the abutment, pier 1, and pier
2. 1t can be seen that, for each earthquake, the response waveforms at
these nodes were generally identical indicating that the fundamental
effective mode dominated the response. The only exception to this
chservation was the response during the last 4 sec. of the Taft record.
The displacement response of the pier foundations included visible
contribution from higher modes in all cases especially for the Castaic
record.

Comparisen of the displacements for the static loads with those of
the earthquake motions (Table 6.1) shows that, even though the nominal
load was approximately the same for all cases (2.1g), no general trend
existed between the displacements from static locads and displacements
due to ground motions. The El Centro record led to maximum
displacements which were from l.6\to 8.2 times the static displacements
while the displacements for the Taft record were from 1.4 to 6 times the
static values, In contrast, the maximum displacements for Castaic were
smaller than the static responses by factors ranging f£rom £.34 to 0.52.

Similar relationships exist between the static and dynamic intemal
forces (Table 6.2). The static loads caused pier base moments which
were close but smaller than the corresponding cracking moments. The
piers, however, cracked in beth the EI Centro and Taft input earthquakes
leading in relatively significant nonlinear effects. The Castaic record
resulted in forces which were considerably smaller than the static

intermnal forces.

{b) Responge for Meagured Earthouake Records - The first 10 seconds of
the measured corrected racords for the earthaquakes discussed in saction

6.2 were uzed as input acceleration for the Rose Creek Bridge. The
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PGA's were 8.35g for El Centro, #.18g for Taft, and 8.35g for Castaic.
The calculated response histcories for one-half of the bridge are shown
in Figs. 6.6-6.8, and the maximum responses are listed in Tables 6.3~
6.5.

All three earthquakes resulted in the cracking of pier bases. The
extent of cracking varied from one earthquake to the other. No yielding
of reinforcement occurred during any of the earthgquakes. Both the
rotational and translational foundation springs for piers 1 and 4
experienced maximum deformations which exceeded the deformations
corresponding to the first breakpoints in the primary curves. As a
result, the overall stiffness of the bridge decreased significantly
elongating the effective period. This is evident in the displacement
histories of the deck (Figs. 6.6-6.8) when they are compared with the
displacement histories due to earthquakes with PGA = 8.1g (Figs. 6.3—-
6.5).

In all cases, the effective fundamental mode dominated the
response. Some residual displacement resulted in the deck at the
intersection with pier 1 and, to a larger extent, pier 2 for the Castaic
record {Fig. 6.8). The residual displacement can be explained as
follows: both piers cracked at the base at approximately T = 3 sec.
resulting in a relatively large displacement. DBecause the earthquake
amplitudes became relatively small after this time, the large
displacement could not be fully recovered; and, hence, the bridge
oscillated about a new and shifted reference. The magnitude of the
residual displacement in the abutments is considerably smaller because
the abutment response is less sensitive to the cracking of piers. No

major resicdual displacements occurred in the respenses for the El Centro
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and Taft records because these earthquakes included major acceleration
pulses even after the maximum response took place which displaced the
bridge back to its original position.

Comparison of the maximum displacements for different earthquakes
(Table 6.3} shows that the El Centro record resulted in far greater
displacements than the two other reccrds. Part of the reason for the
relatively large displacements for El Centro is the shift in the time
axis (Fig. 6.6). Again, the Castaic record did not lead to any large
displacements. The maximum forces and pier ductilities for this record
were also smaller than those of the other two ground motions (Tables 6.4
and 6.5).

The maximum ductilities (defined as the maximum rotation divided by
yield rotation) for the piers are all less than one indicating that none
of the piers vielded in flexure.

Based on the maximunlbase'moments, the maximum tensile force in the
dowels was calculated. The stresses in the outermost steel layer in
pier 2 were found to exceed the yield stress for both the El1 Centro and
Taft earthquakes; although, because this layer was the only bar to
reach its yield stress, the effective yield moment of the piers had not
been reached. Based on both the 1963 and the 1983 ACI Codes {3], the
dowels would not be able to develop their yield stress because of
inadequate anchorage. Therefore, using the'specified concrete and steel
properties, one would conclude that the El Centro and Taft records would
lead to the failure of the pier to pile-cap connections.

The magnitude of shear in pier 2 exceeded the nominal shear
strength calculated based on the short formula from the 1983 ACI Code.

Therefore, based on the analytical results, the middle two piers of the
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bridge are likely to fail in shear if an earthquake similar to the 1940
El Centro earthquake occurs at the site of the Rose Creek Bridge. It
shculd be noted, however, that, based on the Uniform Ruilding Code and
ATC-6 earthquake zone maps, such an earthquake is neot considered likely
to occur at the bridge site. Both the experimental and analytical
results show that, for load levels specified by the code enforced at the
time of design of this bridge, the strength is sufficient and a

satisfactory performance of the bridge is expected.
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CHEAPTER 7

STMMARY AND CONCLUSIONS

7.1 Summary
The purpose of the study presented in this report was to develop a

nonlinear model for static and dynamic lateral response analysis of
reinforced concrete highway bridges. The model allows for nonlinear
behavior at deck to abutment connections, foundations, and pier bases.
The bridge structures analyzed by the model were limited to those with
singie—column piers and those with no intermediate expansion joint. The
connections between the piers and the deck were assumed to be
monelithic. The response was considered only in the transverse
direction of the bridge.

Two hysteresis models were incorporated in the model: the Ramberg-
"Osgood model and the trilinear Q-Hyst (TQ-Hyst) model. The latter is an
expanded version of the Q-Hyst model and was developed to operate on a
trilinear primary curve as opposed to a bilinear curve used in the Q-
Hyst model. The model has the following analytical capabiiities: (1)
static analysis of the bridge for nodal horizontal loads, (2) free-
vibration caused by initial displacements ?roduced by quick release of
hori.zontal static loads, and (3) earthquake response history analysis
assuming that all the supports are subjected to the same input
earthquake acceleration. The computer code implementing the model is
called "ISADAR", standing for Inelastic Static and Dynamic Analysis of
Bridges.

The analytical model was evaluated using the experimental data
cbtained from the testing of the Rose Creek Interchange Bridge, a five-

span reinforced cencrete bridge located near Winnemucca, Nevada. This
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bridge was subjected ﬁo static and dyﬁamic loads (using the guick-
release methed) in May 1982 to study its seismic behavior. The measured
data used in the study presented in this report were those for static
loads and the corresponding quick release of the loads with a magnitude
of approximately one and one-half times the design loads, The extent of
nonlinearity produced by these Jloads was‘limited. It was not,
therefore, possible to evaluate the performance of the analytical model
for medium and large amplitude loads which produce moderate and severe
nonlinear effects. For the small amplitude responses which were used in
the testing, the model appeared to lead to a reascnable estimate of the
static response and free-vibration response histories provided realistic
initial properties for the components are used.

The analytical model was used to determine and compare the
deformations and internal forces of the bridge for the loads specified
by the code in force at the time of the design of the bridge (AASHO 65)
and by the new seismic code for bridges prepared by ATC-6. In addition,
the model was used to evaluate the seismic performance of the Rose Creek
Bridge subjected to three well known earthquake acceleration records
each with two aﬁplitudes; one normalized to 18 percent of gravity
acceleration which was approximately equal to the loads applied in
experimental studies, and the other with the actual measured peak
acceleration for these records. The resulting displacements and
internal forces were compared with each cther and with the strength of

the critical sections of the bridge.

1.2 Importapt Obgervations
In the process of dewveloping the analytical meodel and utilizing it

for the studies described in section 7.1, the fcllowing important
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observations were nade.

{a) Unlike the lateral response of multistory building structures
subjected to lateral loads, which is ordinarily dominated by the
structure and not the foundation, the bridge response can be sensitive

to the stiffness characteristics of the abutments and foundations.

{b) In determining the initial properties of the elastomeric pads, it
was found that the procedure specified by the manufacturer led to
unreascnably small stiffnesses (based on the calculated displacemenﬁs of
the deck versus the measured values). The calculated stiffnesses from a
system identification study of the bridge using the ambient vibration of

the bridge [15] led to a reasonable estimate of displacements.

(c) The relatively close agreement between the analytical and
the experimental results suggests that the overall modeling technique
led to a reasonable representation of the actual system at least for low

load levels (those producing only a small degree of nonlinearity).

(d) BRecause of the limited degree of nonlinearity in both the measured
and the calculated results, it was not possible to comment on the
performance of the analytical model for cases with severe nonlinearity.
However, because the hysteresis models were based on the ‘general
characteristics of the measured response of bridge components obtained
from the available literature, it can be stated that the analytical
medel is likely to be successful in reprcducing the response of bridges

with significant nonlinearity.

(e) The piers needed to be treated as uncracked elements tc cbtain a

realistic estimate of the response.
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(£) The dis'tribution of internal forces for the Rose Creek Bridge based
on the lollipop method was different from that based on the analysis of
the total structure. The largest difference in forces was close te 20

percent.

(g) The comparison of internal forces based on AASHO 65 (pre-San
Fernando earthquake code) and ATC-6 (post-San Fernando earthquake code)
showed a significant increase in strength requirements in the new
seismic guidelines. For the Rose Creek Bridge, the increase in shear

forces was considerably more proncunced than that in moments,

(h) The calculated earthquake response of the Rose Creek Bridge with
the maximum acceleration normalized to 10 percent of gravity (approxi-
mately the ultimate design load level) showed that the bridge was

'appropriately designed for the loads specified in the governing code.

1.3 Conclusidns
The analytical studies presented in this report confirmed the
results of previcus findings that foundation and abutment bearing system
lexibility play an important role in the seismic behavior of bridges.
The degree of contribution of these elements to bridge flexibility, of
course, depends on their properties as well as bridge properties
{especially length and section properties of the piers). For ordinary
highway bridges built as part of many highway interchanges, the
influence of the foundations and the bearing system appear to be
substantial. |
The study showed that, before a realistic hysteresis model can be
developed for elastomeric bearing pads, many more experimental results

on the cyclic behavicr of bearing pads are needed. Although not
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directly substantiated, based on what has been learned for building
structures, it is possible that the hysteresis modeling scheme has a
significant influence on the noniinear modeling of bridge systems. The
Ramberg-Osgood hysteresis model appeared to be a reascnable model for
bearing systems.

The newly adopted ATC—6 guidelines for the seismic design of high-
way bridges led to design internal forces for the Rose Creek Bridge
which were considerably larger than those c¢btained using the AASHD 65
guidelines. The ATC-6 procedure was developed after the San Fernando
earthquake during which many highway bridges were damaged or collapsed
and after many studies on highway bridges and bridge components were
conducted. The fact that the design forces based on ATC-6 are much
greater than the pre-San Fernando earthquake loads can lead to the
belief that bridges designed based on ATC-6 are likely to perform better
in future earthquakes. Whether the load levels correspond to an optimum
design in terms of economy and safety remains to be tested in future
strong ground motions.

In earthquake response history studies of the Rose Creek Bridge, it
was noted that different earthquakes had different effects on the
bridge. The more common methods to determine the severity of the effect
of an earthquake on structures are (1) to use the fundamental period of
the system in conjuction with the earthquake response spectra, (2) to
use the peak ground acceleration, and (3} to use the spectral intensity.
None of these methods strictly applies to nonlinear systems. it appears
that, to evaluate the seismic performance of bridge structures, it is
necessary to analyze the bridge for a variety ¢f earthquake records.

The analysis cost and complexity of nonlinear models, of ccurse, are
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factors restricting the number of earthquake analyses that can be
performed. To overcome this limitation, there appears to be a need for
relatively simple nonlinear analytical models which can allow the

designer to perform several analyses of the bridge Eapidly and at a low

cost.
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TABLE 4.2 - PIER PCRCES FOR AASHO-65 LOADS

(a) (b)
(Lollipop Methed) (Total Structure)
Base Mom. Shear Base Mom. Shear
(k-£t) (k) (k-£ft) (k)
Pier 1 1,802 47.7 757 33.9
Pier 2 1,257 ' 59.6 1,296 63.7

TABLE 4.3 - ATC-6 DESIGN PARAMETERS

a =/ Vg & = 2.19 ££2

8 =/ W Vg dx = 23.2 kip-ft

y =/ WV2dx = §.150 kip-ft2
Fundamental Pericd = 8.29 Sec.

Cg = 1.2a5/T%/3 = g.525%
P/Vg = 859 kip/ft
P /M = 0.44

*Upper limit on Cg controlled

Parameters:

equivalent static seismic load;

site response coefficient;

bridge period;

static displacement due to uniform load;
bridge dead load.

2m<: = mmfo
nomonon
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TABLE 4.4 - PIER FORCES FCR ATC-6 LOADS

Elastic Inelastic
Base Mom. Shear Base Mom. Shear
(k-ft) (k) (k~ft) (k)
Pier 1 2,086 234 2,146 287
Pier 2 4,677 624 3,286 482

TABLE 4.5 ~ PIER FORCES BASED ON
THE OLD AND NEW CCDES

AASHO (1965) ATC-6 (1981)
Base Mom. Shear Base Mom. Shear
- (k-ft) (k) {(k=£t) (k)
Pier 1 1,403 66.8 2,086 234

Pier 2 1,760 83.4 4,677 624
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TABLE 6.1 — MAXIMUM ABSCLUTE DISPLACEMENTS FOR
STATIC LOADS AND EARTHQUAKES WITH PGA = 4,1G

North Pier Pier Pier Pier
Load Abut. 1 Base 1 2 Base 2
Static 9.117 #.152 B.929 g.162 B9.218
El Centro NS #3.563 #.799 a4.896 1.33 ¢.029
Taft S69E g.381 g.604 9.062 g.981 @.926
Castaic N21E 0.047 g.051 g3.915 g.051 g. 809
unit = inches
TABLE 6.2 — MAXIMUM ABRSOLUTE INTERMNAL FCRCES FCR
STATIC LOADS AND EARTHCUAKES WITH PGA = §.1G
Lateral Pier 1 Pier 2
Load Abut. Base Shear Base Shear
Force Mom. Mom.
Static 21.8 14,028 58.4 26,700 86.8
El Centro NS 73.8 23,912 84.7 31,070 126.5
Taft S69E 54.4 22,399 81.3 29,420 116.8
Castaic N21E 14.5 5,153 18.8 8,726 31.1

anit = kips and inches
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TARLE 6.3 - MAXIMIM ABSOLUTE DISPLACEMENTS FOR

MEASURED EARTHQUAKE RECORDS

North Pier Pier Pier Pier
Earthquake Abut. 1 Base 1 2 Base 2
El Centro NS 2,35 3.09 @3.154 4.16 9.049
Taft S69E 3.87 1.0 ¢.183 1.37 g.832
Castaic NZ1E 3.16 g.29 0.875 g.51 7.0829
unit = inches
TARLE 6.4 — MAXIMM ARSOLUTE INTERNAL FORCES FOR
MEASURED EARTHQUAKE RECORDS
Lateral Pier 1 Pier 2
Earthquake Abut., Base Shear Base Shear
Force Mom. Mom,
El Centro NS 212.9 26,500 116.7 32,410 214.4
Taft S69E 182.7 24,170 93.7 32,258 152.2
Castaic N21E 28.5 22,020 71.98 28,738 18.1

unit = kips and inches
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TABLE 6.5 — MAXIMUM PIER DUCTILITIES FOR
MEASURED EARTHQUAKE RECORDS

Earthquake : Pier 1 PIER 2
El Centro NS g.37 #.39
Taft S69E .31 9.39

Castaic N21E 8.26 .31
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Pig. 2.1 Schematic View of One-Half of a Bridge System

Deck Nodes

<

Pier Base Nodes

"

15. 2.2 Permissibiec DCOF's
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Fig. 2.3 Degrees of Freedom for a Deck Element
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Pig. 2.8 Deformed Shape of a Pier Element
(With Lateral Disp.)
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APPENDIX A
MOTATICNS
The following symbols have been used in this report:

A

effective shear area;

il

D = deformation;

D, = deformation at largest excurison point;

E = modulus of elasticity of concrete;

Lt
i

force;

force at largest excursion point;

flexibility of rotation spring;

h
w
L]

G = corcrete shear medulus; also, nonlinearity parameter in Ramberg-
Osgeod model ;

I = moment of inertia;
J = torsicnal inertia;
K = stiffness;

L = element length;

Mo, My, My = cracking, yield, and ultimate moments at the column weak
section, respectively;

8cr Gyr@y = rotation at cracking, yield, and ultimate, respectively:

dyrdu = yield and ultimate curvatures, respectively.
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APPENDIX B

UNIT CONVERSICN FACTORS

inch

foot

kip-force
inch-kip-force
kip/sq.inch

pound-mass

to

‘e miltiply by
millimeter
meter
newton
Kilonewton-meter

megapuscal (MPa)

kilogram

s e

25.4
2.3048
4448
g.1136
6.895
§.4536
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