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Abstract

Bridges are key components in the transportation network providing access for
emergency response vehicles following major earthquakes. The strong and long period
velocity pulse in the fauihormal component afearfault ground motions exposes
structures in nedault regions to high input energy that could result in high residual
displacements in bridge columns. The residual displacement in bridges plays a key role
in assessing whether a bridge should be &pph to traffic or closed for repair or
replacement. Currently there are no reliable provisions to account for residual
displacements caused by néault earthquakes in design of reinforced concrete bridge
columns. Themainobjective of the study was ttevelopa new guidelindor the design
of reinforced concrete bridge columns subjected to-faedr earthquakesThe goal of
the study was achieved through the following tagksdetermine the adequacy of
existing computer models to estimate residlisplacements by comparing the results of
the experimental data for six largeale reinforced concrete bridge colunmshose of
nonlinear dynamic analyses, (2) determine the residual moment capacity of reinforced
concrete columns as a function of maximdisplacement ductility, (3) determine critical
residual displacement limit with respect to structural performance, (4) develop a simple
method to estimate residual displacement, (5) develop residual displacement spectra for
different displacement ductikes, soil conditions, and earthquake characteristics, (6)
develop a stepy-step design guideline to control the residual drift ratio utilizing the
simple method or residual drift spectra with an illustrative example, and (7) evaluate the
impact of the ppposed design guidelines in terms of cost by redesigning several
representative bridges from different parts of the United States.analysis of residual
drift ratio limits indicated thatircularbridge columns meeting current seismic codes are
able tocarry large traffic loads even when the permanent lateral drift is 1.2% or higher,
depending on the column strength and geomdtnyas found that residual drift ratio is
negligible (less than 1%) when eeecond spectral acceleration is less than 0Msp,
utilizing the proposed design method to control residual drift ratio has negligible effect
on the overall cost of the bridge.
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Chapter 1. Introduction

1.1. General Remarks

Nearfault ground motions have caused much damage during recent major
earthquakesFailures of modern engineered structures observed within thdéaudiar
region inthe 1994 Northridge earthquake reveathd vulnerability of existingtructures
againstearfault ground motions.Following the 1995 Kobe earthquake, Kawashima et
al. (1998) reported that over 100 reinforced concrete bridge columns with a residual drift
ratio of over 1.75% were demolished pwehen the bridge had not collapséiche 1999
Kocaeli, Duzce, and CiChi earthquakes renewed attention on the consequences-of near
fault ground motions on structureBuring thoseearthquakes in Turkey and Taiwan,
bridges spanning adjacent to or acrb&sruptured fault line experienced extensive
damaggChang et al. 2000; Yen et al. 200Bjield investigations report that one
overpass collapsed in Turkey and five bridges collapsed in Taiwan due to fault rupture at
the site(Yen et al. 2001)

In sites located in front of fault rupture direction, strong velocity pulses associated
with large ground displacements qawtentially cause substantial dama@eidge
columns are expected to undergo large inelastic deformations during severe earthquakes
that @n result in residual lateral displacements particularly undeffaetmground
motions. Residual drift ratio is an important measure ofadhquake functionality in
bridges and can determine whether a bridge should be kept open to traffic ofmlosed
repair or replacementA bridge closure, even if it is temporary, can have tremendous
consequences because bridges often provide vital links in transportationssy&ftan
an earthquake, closure of a bridge can impair emergency response operations.
Subsequentlythe economic impact of a bridge closure increases with the length of time
the bridge iut of commissionthe importance of the traffic using the route, the traffic
delay caused bgetours and the replacement cost for the bridge.

Mostcurrentseismic design codes drased on research addressingfild
earthquakeffects, which do not include permanent drixcept for unusual bridges in
which site specific ground motions used in nonlinear response history analyses could
reveal perranent deformationhere are no reliablgrovisions to account for residual
displacements caused by néamlt earthquakes in design of reinforced concrete bridge
columns. The present research was aimed at developing a new guideline for the design of
reinforced concrete bridge columns subjected to-feat earthquake motions.

1.2. Characteristics of NearFault Ground Motions

The detrimental effects of netault ground motions have been recognized during
recent major earthquakes (Northridge 1994, Kobe 1986a&li 1999, Duzce 1999, Chi
Chi 1999). Compared to far field ground motions, phenomena such as forward
directivity and fling step are common to néault ground motions and can produce a
short duration, high amplitude velocity pulse. These piyise notions can place severe
demands on structures in the néald region. The AASHTO Guide Specification for
LRFD Seismic Bridge Design (2011) requires site specific analysis when the bridge is
located within 6 miles (10 km) of an active fault. Accordioghte California
Department of Transportation (Caltrans) Seismic Design Criteria (SDC) (2010), for sites



located within 15.6 miles (25 km) of an active fault, the design spectrum should be
modified to take into account the ndault earthquake effects.

The most unique characteristic of néault ground motions compared to-fiaeld
motions is forward directivity. In the proximity of an active fault, ground motions are
significantly affected by rupture mechanism, direction of rupture propagation with
respect to the site, as well as the possible static deformation of the ground surface
associated with fling stegffects. When the rupture propagates forward toward the site
and the direction of slip on the fault is aligned with the site, ground moticersexdiin
this forward directivity path may follow certain raticm patterns and generate long
period, short duration, and largenplitude pulsedue to the accumulation of shear waves
within a short time framéSomerville 1998).Such a distinct strong pee arissin
general at the beginning of the recadd theground motions tend to increase the long
period portion of the acceleration response spectrum (S0l@el996; Somerville et al.
1997;Galesorkhi and Gouchon 280 Forward directivity occursvhere the fault rupture
propagates wit a velocity close to the sheaave velocity (Abrahamson 1998Recause
shear waves are transverse waves, the large assggated with such a shearave
velocity is oriented in the direction perpendicular to #ndtf causing the fault normal
peak velocity to be larger than the fault parallel peak velotitig therefore necessary to
specify separate records for the fault normal and fault parallel components of ground
motions (Somerville 2003)Not all structues within the neafield area will experience
an impulsive type loading during the earthquaRecords rhibit backward directivity
are typically less sevesnd do not have distinctive velocity pulses (Somerville et al.
1997) This is because the araitimes for the waves from different parts of the ruptured
fault are different, a distributed velocity history with smaller amplitudes and longer
duration is expected (Somerville 2000).

Fling step, which is a result of the evolution of residual grousyacement due
to tectonic deformation associated with rupture mechanism, is generally ctizaealchy
a unidirectional largamplitude velocity pulse and a monotonic step in the displacement
history (Kalkan et al. 2006). It occurs imike-slip faultsin the strikeparallel direction
as in the Kocaeli and Duzce earthquakes (Ka#aal. 2004), or in the strikeormal
direction for dipslips faults as in the C{€hi earthquake (Mavroeidis and Papageorgiou
2003).

Additionally, simply due to the cloggoximity to therupturing fault line, near
fault ground motions generally have higher peak graougtlerations, velocities, and
displacements.

1.3. Previous Research

The neaifault ground motions and their effects on structures have been the
subject of studi® by a number afesearchers. Chopra et al. (2001) comparneddy far
field spectra to nedield spectra. They concluded that nearfield ground motions, the
velocity sensitive region of the response spectra is much narrowéreandcceleréon
sensitive and displacemesgnsitive regions are much widban for farfield motions
The narrower velocity sensitive region of néault records is shifted to longer periods.
They stated that if design equations explicitly recognize the differem¢le spectral
regions, the same egions can be used for both-fégld and neafield design.



Following the 1995 Kobe earthquake, Kawashima et al. (1@@f®yted that the
columnstiffness ratio, which is the pegteld stiffness divided by initiallastic stiffness,
has asignificant effect on the magnitude of residual displacement. They concluded that
the generalrends in the relationship betwerssidual displacememnatio response
spectrum and columstiffness ratio areot significantly influeged by parameters such
as earthquake magnitudspicental distance, soil condition, natural period, and ductility.
Based on this finding, a residudiplacement response spectrwas proposed for
design of new bridge piers in Japarhey stated thampulsive loads could potentially
cause higher residual displacements than thosdicted using their method.

Christopoulosand Pampani2004) found that posyielding stiffness, as well as
hysteretic rule mostly influence residual deformations and thadusdénaximum
deformation ratio. Also, the ductility level affects the response of gtdastic (EP)
systems in terms of residual displacements more than the Takeda systems and more so for
systems with low postield stiffness. A framework for evaluagyj performance levels
based on a combination of maximum and residual response indices were proposed.
Nonlinear residual displacement spectra were computed for a number of SDOF hysteretic
systems and consequently, design spectra based on residual/maxaplacedent
ratios were suggested as a function of effective secant period. Tentative values of
residual/maximum displacement ratios based on the mean plus one standard deviation
results from 20 records with spectriaompatible mean were suggested forinsgesign.

In an experimental study by Zatar and Mutsuyoshi (2002gw technique to
reduce the biased or osaled responses of reinforced concrete bridge piers under near
fault ground motions was investigated. Nine rectangular bridge columns wablear
ratio of prestressing tendons to Aomestressing reinforcement and flexural to shear
capacities in the form of cyclic loading and psedgaamic testing were included in the
experimental programSince conventionally reinforcambncrete columns caxhibit
high residual displacements and prestressed corumietans show little ductility
capacity, partially prestressed concrete (PPC)reesmmended for bridge piers
subjected to nedault ground motions. The study found that PPC specimens revealed
very low residual displacements.

Phan et al. (2005) studied the effect of Aiaatt ground motion on bridge
columns designed based on current codes fefidar earthquakes. Two columns were
constructed and tested on a shake table at the Univerdiigvaida, Reno. One column
represented the current Caltransffald design and thether was based on the AASHTO
provisions. The test results were compared to a similar column that was teste@runder
field motions (Laplace et al. 2005). The resultsesded that the bridge column models
experienced at least a residual drift ratio of 1% even when the PGA of the record was
0.5g, which is considered to be a moderate earthquake. Alsdotived/that existing
hysteresis models were unable to duplicateluedédisplacements accurately. Based on
this finding, a new hysteresis model and a frameworkdinide residual displacement in
reinforced concrete bridge column desigrder neafault ground motions were
proposed.

Choi et al. (2007) tested fouaircular largescale reinforcedoncreteoridge
columns under nedault ground motions in order to assess the impacts of the loading
and the adequacy of nefault seismic design codes. The conclusions drawn from the
study were that the highmplitude velocitypulse associated with nefault loading



caused large residudisplacements. The fact that the models were designed based on
nearfault seismiadesign spectra generally reduced the residual displacement. However,
the residuatlisplacements were stiklatively large even under moderate levels of
motion. Thestudy also found that strain rates and the plastic hinge lengths fefianéar
loading werecomparable to those for far field motions. In addititve, computer

program DARCO (Dynamic Analysis bReinforced Concret€olumns with GHyst)

was usedo perform nonlinear dynamic analysis thefour bridgecolumns. Based on

the overall satisfactory correlation with the measuesdlts and the simplicity of-®lyst
hysteresis model, this model wasded adequate faapturing the magnitude of

residual displacements of conventidpakinforced concrete bridgmlumns under near
fault ground motions.

Lee and Billington (2009nvestigated thadequacyf nonlinear dynamic
analysis with fiber elementadels in predicting the residual displacement. They
observed that a certain type of pinching in the hysteretic behavior led to poor simulation
of residual displacement both in the lumped plasticity models and in fiber element
models. Theymplemented a wdified concrete constitutive model that incorporates
changes in the reloadiriehavior when moving from high tensile forces to compression
to improve theestimationof residual displacementsAlso, the cyclic and dynamic
response of both reinforced coet® and unbonded pe®nsioned (UBPT) (as self
centering to concrete highway bridge columns) systems for bridges were investigated and
compared using a performance based earthquake engineering (PBEE) assessment
methodology developed by the Pacific EartikgiEngineering Research Center (PEER).
In addition, the use of engineered cementitious composites (ECC) and steel jacketing in
the columns was investigated using PEEROGS
of the enhancegerformance UBPT systems shtawwer residual displacements at higher
earthquake intensity level compared to the ordinary UBPT system.

Yazgan et al. (2011) investigated the dynamic nonlinear response of 12 shake
table reinforced concrete (RC) models. They found that maximum dispgate can be
estimated with sufficient accuracy if the adopted hysteresis model takes into account
stiffness degradation. However, accurate estimation of the residual displacements was
found difficult to achieve. They stated that filssction models prade relatively more
accurate estimation of residual displacements than modified Takeda hysteretic and
bilinear models. The sensitivity analyses indicated that the simulated residual
displacements are significantly more sensitive to the model idealizhtiarthe
maximum displacements are.

14. Objectives and Scope

Themainobjective of the study was to develamew practical guidelin®r the
design of reinforced concrete bridge columns subjected tefagiduiground motions by
incorporating an estimate aeglaluation of residual lateral drift ratio. To develop the
design methods several other issues had to be studied and methods to address them had to
be developed. Residual drift could pose problems with respect to both aesthetics and
safety. While a lint state for the former would be subjective, safety aspects can be
quantified. As part of the study a comprehensive evaluation of residual drift ratios that
would make the column unsafe was undertakeme goal of the study was achieved
through the follaving tasks(1) determine the adequacy of existing computer models to
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estimate residual displacements under the-faninal component of nedéault ground
motions, (2) determine the residual moment capacity of reinforced concrete columns as a
function ofmaximum displacement ductility, (3) determine critical residual displacement
limit with respect to structural performance, (4) develop a simple method to estimate
residual displacement, (5) develop residual displacement spectra for different
displacement akctilities, different soil conditions, and earthquake characteristics, (6)
develop a stepy-step design guideline with an illustrative example, and (7) evaluate the
impact of the proposed design guidelines on the cost of bridges in different seismic
zones To accomplish the first task, the results of the experimental data for six large
scale reinforced concrete bridge columns were compared to those of nonlinear dynamic
analyses. To determine the residual moment capacity of RC columns, it was assumed
thatthe residual moment capacity is a fraction of the plastic moment capacity of the
column, and two models using measured data from previously tested columns were
developed. The acceptable residual drift ratio was determined by studying a large
number of renforced concrete bridge columns with different geometric and

reinforcement parameters subjected to truck loading. To accomplish the fourth task of
the study, an empirical simple method using data from shake table testing of six bridge
columns was develaa and the results were compared with those from a method
developed by the Applied Technology Council and the Japanese code. To generate
residual drift spectra, nonlinear response history analyses were conducted utilizing suites
of recorded and synthetacceleration histories representative of ffaatt ground

motions in various locations throughout the United States. To accomplish the sixth task,
based on the proposed simple method and residual drift spectra, a néw-step

guideline for the desigaf reinforced concrete columns exposed to 1iealt earthquakes

was developed to control the residual drift ratio. The cost impact of the proposed near
fault earthquake design method was evaluated by redesigning several representative,
actual bridges trm different parts of the United Statesing the proposed design method
and estimating the cost of the redesigned bridge relative to the original bridge design
cost.



Chapter 2. Analytical Studies of Test Models

2.1. Introduction

In previous studies by Phan et@005) and Choi et al. (2007), six largeale
reinforced concrete bridge columns were tested undeffagiiishake table motions in
the Large Scale Structures Laboratory at the University of Nevada, Reno (UNR). The
focus of this chapter is on descrigithese columns and the analytical modeling and the
results for these models with the objective of examining the validity of the modeling
assumptions based on the correlation between the analytical and experimental results.
This chapter also presents riéstio demonstrate the effect of applying multiple motions
on residual displacements through an analytical investigation.

2.2.  Column Models

Six largescale specimens were previously tested at UNR Large Scales Structures
Laboratory (Phan et al. 2007; Choia¢t2010) fixed at the base. The columns were all
flexureedominated circular spiral columns tested as cantilever members. The specimens
were labeled NA, NF-2 , MN, ETN, SETN, and SVTN, where
fault o, @A MWedius heigint dasf afuolrt fAic ol 8 ma & dextfalla® N o A
nearf aul t ¢ ol usnnan dSAngflvdleNpettra extratallnearaul t col umno,
and ASVTNO stands for fASacamdrtvicloll eu nenpe ct rSau nare
information about the column model®arovided in this chapter. Detailed information
about NF1 and NF2 are provided in Phan et al. (2005) and for the rest of the columns are
provided in Choi et al. (2007).

Table 2.1 summarizes information for all six columns.

2.2.1. NF-1

The design of NA was basd on the 2004 Caltrans Seismic Design Criteria
(SDC) version 1.3 (Caltrans 2004), but did not incorporate modifications fofadar
ground motions.The design was based on a peak ground accele(&h) of 0.6g, soil
type D, and earthquake magnitudl® to 7.5. The column axial load was 80 kips (356
kN) and thescak factor was 0.333

The specimen height was 72 in. (1830 mm) and was taken as the distance from
the top of the footing to the centerline of the column head where the inertial load was
apdied. Clear column height was 62 in. (1580 mnthe diameter of the specimen was
16 in. (406 mm).The aspect ratio was 4.5, which allofes flexure-dominated behavior.
The olumn longitudinal reinforcement consisted of20bars spackevenly in a
circular pattern. The transvensnforcement consisted of galvanized steel wire with a
diameter of 0.25 in. (6.35 mm) and a pitch of 1.5 in. (38.1 n®@hgar cover was 0.75 in.
(19.1 mm). Details of NF1 are shown in Fig. 2.1.

2.2.2. NF-2

The design of N2 was based on AASHTO 2002 Standard Specifications for
Highway Bridge§AASHTO 2002). Soil type, seismicitf the site scale factorand
dimensions used in the design of-liiwere also utilized in the design of #2F Soll
profile type Il (stiff clay), acceration coefficient of 0.6g, and axial load&fi kips (H6
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kN) after utilizing the scale factor of 0.333he lbngitudinal reinforcement was made up
of 22-#4 bars in a circular patter.he ransverse reinforcement consisted of a 0.25 in.
(6.35 mm) dianeter galvanized steel wire spiralagpitch of 1.25 in. (31.8 mm)Clear
cover was also 0.75 in. (19.1 mnDetails of NF2 can be seen in Fig. 2.2.

2.2.3. MN

The design of MN was based on the 2004 SDC version 1.3. MN was comparable
to NF1; however, the cuent Caltrans acceleration response spectrum was modified to
account for neafault ground motions. The goal was to determine the effect of using the
Caltrans neafault motion amplification factor on the response. The difference between
the two specimenwas that MN had 45% more longitudinal and 49% more transverse
steel than NFL. The design was based on a peak ground acceleration of 0.6g, soil type
D, and earthquake magnitude 7.0 to 7.5. Specimen MN was designed using the same
initial parameters suchs axial load index and design material properties, as those of NF
1. Axial load index is defined as the axial load divided by the product of column area
and the specified concrete compressive strength. The column axial load was taken as 724
kips (3220kN), which is 62 kips (276 kN) after usingseak factor of 0.3.

The specimen height was 63 in. (1600 mm) and was taken as the distance from
the top of the footing to the centerline of the column head where the inertial load was
applied. Clear column Ight was 53 in. (1346 mm). The diameter of the specimen was
14 in. (356 mm). The aspect ratio was 4.5, which allows for fledareinated behavior.
Column longitudinal reinforcement consisted off2Rbars spaced evenly in a circular
pattern. Transveesreinforcement consisted of galvanized steel wire with a diameter of
0.25in. (6.35 mm) and a pitch of 1.125 in. (28.6 mm). The clear cover was 0.5 in. (12.7
mm). Details of MN can be seen in Fig. 2.3.

224.ETN

The design of ETN was based on the 2004 SD€imerl.3. ETN was
comparable to MN; however, the initial period of the prototypes represented by these
columns was different. The prototype initial periods calculated based on cracked
stiffness for MN and ETN were 0.66 and 1.5 sec., respectively. Thesponding
periods for the scaled models were 0.36 and 0.8 sec., respectively.

This column was designed using the same initial parameters as those of MN. The
specimen height was 108.5 in. (2756 mm) and the clear column height was 98.5 in. (2502
mm). Thediameter of the specimen was 14 in. (356 mm). The aspect ratio was 7.75.
The longitudinal reinforcement consisted of#22 bars and the transverse reinforcement
consisted of galvanized steel wire with a diameter of 0.25 in. (6.35 mm) and a pitch of
1.0in. (25.4 mm). The clear cover was 0.5 in. (12.7 mm). Figure 2.4 shows details of
ETN.

2.2.5. SETN

SETN was designed to match the initial prototype period of ETN. The Caltrans
SDC provisions were used to design both columns; however the spectral acceleration f
ETN was based on the current Caltrans 4fi@ait spectrum whereas spectral acceleration
for SETN was determined from the proposed Hiaalt design spectrum by Somerville
(Choi et al. 2009). The goal was to determine the effect of using differenh dgsigtra
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on similar columns. Figure 2.5 shows the modified spectrum for magnitude 7.5, 0.6g
peak ground acceleration, and a site located 3.1 miles (5 km) fromdipKault.
Compared to the Caltrans ndault spectrum, the modified spectrum showssiderably
higher spectral accelerations (SA) at the period of 1.25 seconds or higher. At periods of
less than 1.25 seconds, however, the Caltrans spectra have higher spectral accelerations.
This column was designed using the same initial parametéresesof ETN.
Moment magnitude of 7.5, acceleration coefficient of 0.6g, and axial load of 62 kips (276
kN) after using the scale factor of 0.3. The model dimensions were the same as those of
ETN. The longitudinal reinforcement was made o##58bars ima circular pattern. The
transverse reinforcement consisted of galvanized steel wire with a diameter of 0.25 in.
(6.35 mm) and a pitch of 0.75 in. (19.1 mm). The clear cover was 0.5 in. (12.7 mm).
Details of SETN can be seen in Fig. 2.6.

2.2.6. SVTN

SVTN was @signed based on the new n&arlt earthquake design spectrum by
Somerville. SVTN was comparable to SETN; however, the initial period of the
prototypes represented by these columns was different. The prototype initial periods for
SETN and SVTN were appxonately 1.5 and 2 sec., respectively. The purpose of
testing SVTN was to determine the response of apmrgpd column designed according
to the new design spectrum. SVTN was designed using the same initial parameters as
those of SETN. The column aklaad was taken as 724 kips (3220 kN), which is 45
kips (200 kN) for a column with scak factor of 0.25.

The specimen height was 98.5 in. (2502 mm) and the clear column height was
88.5in. (2248 mm). The diameter of the specimen was 12 in. (305 nima)aspect
ratio was 8.2. The longitudinal reinforcement consisted gf4Bars and the transverse
reinforcement consisted of galvanized steel wire with a diameter of 0.25 in. (6.35 mm)
and a pitch of 1.0 in. (25.4 mm). The clear cover was 0.5 in. (A&} Figure 2.7
shows details of SVTN.

2.3. Shake Table Setup

The shake table test setup schematic is shown in Fig. 2.8. The test setup for all
the columns was identicallhe mass rig system was connected to the head of the
specimen viarigid link. To crate the inertial massginforced concretblocks
weighing approximately 20 kips (89.0 kN) each were placed as part of the mass rig
system Total inertial mass of the system included the effective mass of the mass rig
frame. To provide the specimen witletargetaxial load, a steel spreader beam was
bolted to the top of the column head. The axial load was applied using a hydraulic jack
and prestressing bars anchored to the shake table.

2.4.  Input Motions

The fault normal component of the Rinaldi groundiorofrom the 1994
Northridge earthquake was selected as input motion. The distance from the station to
fault was 4.4 miles (7.1 km). The fault normal component of this motion has a peak
ground acceleration of 0.838 g, a peak ground velocity of 65.41i6&0 mm/s), and a
peak ground di splacement of 11.3 in

(289 mm)
Receiving Stationo) motion was applied for h



demand on the columns. The RRS record was synthetic motioratgghby matching
the Rinaldi motion to the new acceleration response spectrum developed by Somerville
(Choi et al. 2009). Figures 2.9 and 2.10 showduadlle acceleration and velocity
histories for Rinaldi and RRS motions, respectively. Similar to thalR motion, the
RRS velocity record showed a clear pulse with a peak ground velocity of 63.4 in/s (1610
mm/s), a peak ground acceleration of 0.6269g, and a peak ground displacement of 22.1 in
(562 mm).

The loading protocol for all the columns consistédroall amplitude motions
followed by motions with gradually increasing amplitudes from one motion to the next
until the columns failed or the shake table reached its limits. Failure was defined as
rupture in the reinforcements. Table 2.2 presents #dirig protocol for all the
columns.

The most unique response seen in shake table testing of the specimens was the
relatively large residual displacements even under moderate motions. Figures 2.11 shows
the specimens after the last test.

2.5. Analytical Investigation

A nonlinear dynamic analysis program, OpenSees (Open System for Earthquake
Engineering Simulation) was utilized to create the analytical models and perform
nonlinear dynamic analysis of the columns. OpenSees is arsopere software
framework ceated at the Pacific Earthquake Engineering Research Center (OpenSees
2006)for simulating the seismic response of structural and geotechnical systaias
software has advanced capabilities for modeling and analyzing the linear and nonlinear
behavior ¢ structural systems using a variety of constitutive material models, elements
and solution, algorithms.

2.5.1. Components of the Model

The schematic analytical model of the test specimens is shown in Fig. 2.12. The
model included mass rig system and footingenék, a thredimensional model was
created.

The cantilever column was modeled using force based nonlinear beam column
elements discretized into fiber sections. Compared to displacement based elements, by
using force based elements response converges &ast generally improves without
mesh refinement (OpenSeesWiki). The column element was divided into four equal
segments with five integration points, where the fatisplacement state of the segment
was determined by integrating the stregin chareteristics of the fiber at the specific
point. The element response can be obtained by integration of the segment deformations
along the length of the member. In fiber element method, the fiber forces and
deformations are linked through equilibrium besénwesxternal forces and fiber forces and
compatibility among fiber deformation. The fiber deformations are such that plane
sections remain plane after deformation. In fiber sections, the cross section was divided
into fibers representing the uniaxial caeteristic of core (confined) concrete, steel fibers
as longitudinal bars, and cover fibers (unconfined). In addition to fiber elements, a spring
was included in the model to capture bond slip effect. The spring was defined at the end
of the column witha zero length element.



In order to represerthe additional forces transferred to tw@umn due to the-p
delta effects, the mass rig was modeled using an elastic beam column element with a pin
support. In addition, a truss element was used to reprdsengid link connecting the
mass rig and the head of the column. In all models, measured material properties were
assigned to the fibers.

2.5.2. Material Models

2.5.2.1. Concrete Models

The fAuniaxial Material ConcreteO010 was
fibers The stresstrain relationship described by Concrete01 follows the seott
Park model (Scott et al. 1982) with degraded linear unloading/reloading stiffness
according to the work of Karsan and Jirsa in compression and no tensile strength. Figure
2.13 shows the typical stressrain relationship for this model. In all the column models

f., was assumed to b@85f_. Also, e, and e,, were assumed to be 0.002 and 0.005,

respectiely to define the behavior of the unconfined fibers. Table 2.3 lists the measured
concrete compressive strengths on the day of testing for all columns. These measured
data was used to calculate the behavior of the confined fibers based on the Malnder et a
(1988) model . The confined concrete was

use

mo d

Concrete020 model |, which includes the tensi/l

the stresstrain relationship. The compressive sti&tsain envelope is modeled using

the Kent and Park (1971) model. The hysteresis behavior follows the model by Karsan
and Jirsa (1969), where the loading/unloading follow linear patterns with degrading
stiffness. Figure 2.14 shows a typical hysteretic ss&ai relationship for Comete02.

2.5.2.2. Steel Model

The Auniaxial Materi al ReinforcingSteel 0 w

stressstrain relationship in the longitudinal reinforcing steel. In this model, the uniaxial
stressstrain backbone curve and the hysteresis behavior aed baghe Chang and

Mander (1994) model. To account for the reduction in area as the bar is stressed, the
backbone curve is transformed from engineering stress space to natural stress space. Six
parameters are required to define the monotonic s$tess envelope. These parameters

are yield stress, ultimate stress, modulus of elastitigyinitial slope of strain hardening
branch, the strain at the beginning of strain hardening, and the ultimate strain. Figure
2.15 shows the material constants feirRRorcingSteel. Theneasured longitudinal
reinforcement properties are listed in Table 2.4. Table 2.5 presents the measured
reinforcement properties for transverse steel.

2.5.3. Strain Rate Effect

Under seismic excitations, a high rate of loading is genezapgrienced in
reinforced concrete columns. As a consequence, the-strassproperties of materials
(concrete and reinforcing steel) can be altered due to the rate of straining. Several studies
have shown that at high strain rates, the compressegsh of concrete and the yielding
and ultimate stresses of reinforcing steel exhibit a significant increase compared to the
values obtained from slow monotonic tests (Kulkarni and Shah 1998; Zadeh and Saiidi
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2007). However, the elastic modulus is nghdicantly influenced by the rate of
loading.

The percent increase in concrete compressive strength (compression) and steel
yield and ultimate stress (tension) due to strain rate is presented in Table 2.6.

2.5.4. Bond Slip Model

Bond Slip rotation is a result gfeld penetration of the longitudinal bars into the
footing. The bond slip effect was modeled with a lumped nonlinear menotation
spring at the bottom of the column.

Wehbe et al. (1999) developed a method to calculate the bond slip rotations
assocated to cracking, yielding, and ultimate capacity of reinforced concrete columns.
The applicability of this method is limited to columns with tensile bars having sufficient
development length so as to prevent bar pull out. The-bljmdotation is assued to
occur about the neutral axis of the column cross section at the connection interface. The
neutral axis location and the strain and stress in the extreme tensile steel corresponding to
the desired lateral load are determined from moroentature anlgsis of the section.

To calculate strains required for beslip calculations, momerdurvature
analyses were conducted using Xtract software (Chadwell 2007). The actual material
properties described in previous sections were used. The calculateditncomature
curves were idealized using a bilinear curve. The elastic portion of the idealized curve
passes through the point marking the first longitudinal reinforcing bar yielding. The
second portion was constructed by connecting the effective yoaititp the ultimate
point. The effective yield point was obtaineglbalancing the areas between tngginal
and the idealized curves beyond the fiosigitudinalbar yield point The moment
curvatures for NA, NF2, MN, ETN, SETN, and SVTN are plett in Fig. 2.16 to 2.21,
respectively. The moment rotation then was calculated by applying Wehbe et al. method
to the moment curvature curves. The rotations and corresponding moments at cracking,
yielding, and ultimate capacity for all the columns aespnted in Table 2.7.

The bond slip moment rotation relationships were used as the input parameters of
the curve. Theysteresis behavior was defined for the spbggisingh HYy € r et i ¢c 0
material in OpenSees. The springs in OpenSees were defineceratleagth element,
which allow assigning a force deformation relationship to a beam column element by
defining a fictitious element connecting two coincident nodes.

2.5.5. Nonlinear Dynamic analyses

The columns were analyzed subjected to the achieved sldgataeleration
histories recorded during the test. A damping ratio of 5% was used in the analyses.

The measured and calculated displacement histories fdr, N2, MN, ETN,
SETN, and SVTN are plotted in Fig. 2.22 to 2.27, respectivBhe measuredotumn
displacement histories show that all columns experienced significant residual
displacements, which are attributed to the unique characteristics of thauweground
motion due to its high velocity pulse. In general, the calculated and meaataed d
correlated well and the residual displacements were estimated with a reasonably close
agreement in five of the six column models. However, the correlation for SETN was
poor.
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Figure 2.26shows that thanalyticalmodelwas unable to capture residual
displacement in SETHuring larger runsThe correlation between the measured and
calculated results was close for the first six runs until approximately 200 seconds in the
analysis. During the remaining runs, the calculated residual displacementswere v
small whereas the actual column experienced successively increasing residual
displacements. A sensitivity study was performeddtermingf changing the number
of integration points along the column height affects the resWltsle the number of
integration points is five in all columpis wasfoundthatreducingthis number to twan
SETNcan improve theorrelation between the measured and calculated displacement
histories Theresultsfor the nodified element are shown in Fig. 2.ZBhe analtical
model indicated significant residual displacements in the same direction of the measured
residual displacement. During the last few runs (approximately after 200 seconds in the
analysis) the calculated residual displacements were increased ane laecaptable.

The effect of the number of integration points on residual displacements was
investigated further by reanalyzing NF1 and SETN. Figures 2.29 and 2.30 show the
results for the two columns for a sample run. The trends for other runs weg silnil
can be seen that in neither columns the results were affected significantly by the number
of integration of four or higher. This suggests that five integration points is reasonable.
SETN appears to present an exception in the column models.

Table 2.8 lists the ratio of the calculated and measured residual drifts for all the
column models. Figure 2.3hows theatio of thecalculatecandmeasuredesidual
displacementfor different runs in the columnaith five integration points usefdr
SETN. Therelativelysmall measured data for Run 6 in SVTN resulted in the high ratio
of the calculatedindmeasured data for this specific columowever, the average ratio
for all the columnsvas1.665 indicating that the analytical model generally letda
conservative estimate of residual displacememt®e degree of conservatism appears to
be relatively large and certainly larger than expected for refined nonlinear analyses.
However, it should be noted that residual displacement is a secondaageispht and
its calculation has proven to be challenging as indicated by other researchers (Kawashima
et al. 1998, Lee and Billington 2010, Yazgan et al. 20The average value of the ratio
for each column is shown in Fig. 2.3Even though the fibedement model did not
capture the residual displacement adequately in SETN, the average of calculated and
measured for this column is satisfactory. SVTN has the largest average ratio, which is
attributed to thénigh ratio of the calculate@hdmeasured datin run 6 as seen in Fig.

2.31.

2.6. Cumulative versus Single Motions

In shake table tests the ground motions were applied in multiple runs with
gradually increasing amplitudes to obtain the performance data under different levels of
earthquake. This mighaise a question that applying multiple motions could exaggerate
residual displacements because residual displacements may be cumilative.
investigate whethahe calculated residual displacements are sensitive to applying a
series of earthquake motiowarsus aingle motionthe six test columns described in
Sec. 2.2 were reanalyzed. This issue was not studied in shake table tests but was
investigated using analytical models. The analyses were conducted using the analytical
model described in Sec. 2.5
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Figures 2.33 to 2.38 present displacement responses for three of the earthquake
runs applied to the test models, causing maximum drift ratio of approximadéhy &
5%, and 8%, respectively, during the shake table tests. These drift ratios cowldspo
low, moderate, and high levels of nonlinearity, respectively. In SETN, responses for high
level of nonlinearity were not presented because the analytical model became unstable
and was not able to capture this level of nonlinearity. The displacérsémies were
calculated for a series of achieved earthquake motions with increasing amplitude and the
results for the |l ast run of the series were
analysis was conducted for each case with input motion lbaiyghe last achieved
record of the series and the resulting displ

In Fig. 2.33(a) for NF1, with a maximum drift ratio of approximately 3%, a
small residual displacement at the end of runs for both indivahdamultiple run
responses occurred; however, multiple motions caused a larger permanent drift. This
trend was also observed in 8F The trend was reversed in SVTN. In MN, ETN, and
SETN, multiple and single earthquakes led to nearly the same ressjlatdments. In
Fig. 2.33(b) and (c), where nonlinearity is moderate and high, single motions caused
substantially larger residual displacements. Other columns except SVTN and ETN
showed a similar trend. In SVTN, the individual and multiple run resgwere nearly
the same for moderate and high amplitudes. In ETN, the individual motion could not
capture the change of the direction of residual displacement. Also, the cumulative
motion led to a larger residual displacement for the high amplitude diffierence in
trend from small to medium and high level of nonlinearity is attributed to the dynamic
characteristics of the column and input motion. Softening of the column in multiple runs
could place the column in the lower part of response spectdriead to lower
maximum and residual displacements. The variable trends that were observed for
different column models and motion amplitudes indicate that applying multiple
earthquakes to a column does not necessarily lead to higher residual displacement
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Chapter 3. Residual Moment Capacity of RC Columns

3.1. Introduction

Bridge columns could undergo large residual displacements aftefaudtar
earthquakes. This was seen in the shake table tests conducted on the columns described
in Chapter 2 Following major groand excitations emergency response vehicles are
expected to use damaged bridges. These vehicles include fire trucks, ambulances, public
utility assessment, repair units, etc. After a strong earthquake, standing columns that
display significant residual siplacement present a risk for rescue teams that need to cross
the damaged bridge.-[Pelta effects due to the dead load of the bridge and the additional
live load of emergency vehicle can make the columns susceptible to collapse. Hence, it
is important tadevelop a relatively quick and simple method to determine the residual
moment capacity of columns with permanent lateral displacement. In this chapter, a
simple method is proposed for calculating residual moment capacity based on the
maximum displacememtuctility that the column has experienced.

3.2.  Current Design Practice

A typical momenicurvature relationship of a cantilever reinforced concrete
bridge column is shown in Fig. 3.My, (moment corresponding to the first reinforcing
bar yielding),M, (plastc moment)M, (ultimate moment) are key parameters in the
relationship. The momefturvature curve can be idealized with an elgdéstic curve
to estimate the plastic moment capacity of the column. The elastic portion of the
idealized curve is passdarough the point associated with the first longitudinal
reinforcing bar yieldingNly). The idealized plastic moment capacity is obtained by
balancing the areas between the actual and idealized curves beyond the first reinforcing
bar yield point. Accordig to the Caltrans seismic design criteria (SDC 1.6, 2010), if
Equation 31 is satisfied, PDelta effects can be ignored.

P,3 D, ¢020° M, (3-1)

WhereP,, is the dead load applied at thentax of gravity of the superstructure

and D, is lateral offset between the point of corfllexure and the base of the plastic
hinge.

AASHTO 2007 Standard Specifications for Highway Bridges (2009 Interim
Revisions) suggest thatPeltaeffect can be ignored if Equation23s satisfied.

P, D¢0.25% /M, (3-2)

Where P, is the axial load on column or pi€D, is the lateral displacement of the
point of contraflexure in the column relative to the point of fixity for the foundation,
is flexural resistance factor for column aht], is nominal flexural strength of column or
pier calculated under the axial dead load on thensol
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According to Seismic Analysis and Design of Concrete Bridge Systems (ACI
341.2R, 2003), it is reasonable to ignore tHedha effect if the product of the column
axial load and its maximum deflection is less than 15 percent of the column flexural
cgoacity.

Based on ATC 49 and Seismic Retrofitting Manual for Highway Structures
(2006), if the product of the column axial load and its maximum deflection is less than 25
percent of the column capacity, thélta effect can be ignored.

3.3.  Formulation of Resdual Moment Capacity Factor

In well-designed columns the moment capacity does not deteriorate until very
large ductility levels have been reached. Figure 3.2 shows the measurasht
curvaturehysteresis curves for NE whichwasdescribedn Chapter 2Sec.2.2.1. ltis
shown that the momerdapacityremains the same before the column undergoes a large
curvature ductility of 13.5 (Phan et al. (2005)). The stiffness of a column undergoing
nonlinear curvatures is reduced. This is illustrated in F&). 3o reach the moment
capacity in an undamaged column the curvature has to increage When a softened

column is reloaded, it will have to undergo a relatively large curvatufg biefore it

reaches the momecapacity of the column. The higher the maximum curvature ductility
that the column has undergone, the larger is the difference befwesrd, .

Following a strong nedault earthquake, bridge columns are ectpd to undergo large
residual displacements and curvatures. It is reasonable to assume that the residual
moment capacity of the column is the moment that would develop when the damaged
column undergoes an additional curvature (beyond the residual aejviddat is the

same ag ,. The magnitude of live load that the column can resist after the earthquake is

controlled by the column residual moment capacity.
The residual moment capacitil( ) is assumed to be a &ton of the plastic
moment:
M, =aM (3-3)
Wherea is the residual moment capacity factor and indicates the fraction of the
plastic moment capacity ard | is idealized plastic moment capacity of the column.

Phan et al. (2005) suggested two preliminary models to determine the residual
moment capacity factor:

-2
a=1- ke (3-4)
”@xp
a=127- 01337, (3-5)
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Where m,, is the estimated maximum column displacement ductility under the
earthquake. In both equations, a lower and an upper bound of 0.2 and 1.0 are applied on
a , respectively. Equation-8assumes a parabolic relationship betweeand 1, , of
up to 10 (Fig. 3.4) while Equation8Bassumes a linear relationship betweeand 7, ,

of upto 8 (Fig. 3.5). Note that these models are based on judgment not analysis.

In this section, two simple models based on measured data from previously tested
columns and simplifying assumptions are propdsedalculating the residual moment
capacity fator.

3.3.1. Simple model with no residual displacement

Figure 3.6 shows a simplified mometisplacement relationship of a column
with no residual displacement. In this case residual displacement is assumed to be zero to
simplify the formulation. To be able talculate the residual moment capacity factor (
) based on displacement ductility, it is assumed that residual moment capadity is

when the displacement is equal to the yield displacenign) (According to similar
triangles theorem fgnOAB andnOCD, a is:

a=-— (3-6)

Where m is displacement ductility of the column.

3.3.2. Simple model with residual displacement

Figure 3.7 shows a simplified momaetisplacement relationship of a column
with residual displacement) ). Similar to the previous simple model, it is assumed that

residual moment capacity &M , and is reached when the column undergoes a
displacement oD, beyond the residual displacement. In this casés calculated as
follows based on similarity relationships between triangleBC andnADE:

D

a=-—"> (3'7)
m, - D,

All the parameters were defined previously.
b is defined as a ratio of residual displacement and yield displacement

b=—r (3-8)

Combining Equation-3 and 38 results in:
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a=——— (3-9

Since theobjective was to deriva simple formua that relatetheresidual
moment capacity factdra ) and displacement ductilityrf), a study was done to find the
relationship betweemn and 6. Phan et al (2005) and Chet al (2007) reported

measured data including maximum displacement and residual displacement for each run
and also yield displacement calculated based on the-gasitic idealization of the
force-displacement for each of the test columns describedapter 2. Using these data,
mand b were calculated for each run. Tables ® 3.6 summarize these values for

each of the columns. Figuré8%hows b versusm for different columns.The curves
are smoothedTo find a relationship betweet and m, two approachesvere

considered. In the firgtpproacha polynomial curve was fitteendin the second
approacta linear curve wagsed Figures 3.9 and 3.10 show the first and second
approaches, respectively.

3.3.2.1. Approach 1
In this approach, the relationship betwetrand /m was calculated as follows:

b =0.039177 +0.1437. (3-10)
Using Equation & gives:
4= 1 (3-11)

- 0.03977 +0.857m

3.3.2.2. Approach 2

In the second approach the relationship betweesnd 7 was calcuhted as
follows:

b =0.471r. (3-12)

Using Equation ® gives:

g=_1 52 (3-13)
0.53m m

3.4. Discussion

Figure 3.11 showthe residual moment capacity fadtar) versusdisplacement
ductility ( m) for different models. For ductility of approximately 2 and less, the

parabolic model, linear model, and simple model with residual dsplantapproach 1

lead to aresidual moment capacity factaa ) equal to 1 while this value at ductility of 2

is approximately 0.7 and 0.5 for the simple model with residual displaceppraach 2

and the simple model with no residaigplacement, respectively. For ductility of 4, the
parabolic model, linear model, simple model with no residual displacement, and simple
model with residual displacemeapproaches 1 and 2 lead4ovalues of approximately
0.5, 0.750.25, 0.35, and 0.5, respectively. For ductility of 8 and higher, the parabolic
model, linear model, and simple model with residual displaceagmbaches 1 and 2
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lead to ana of approximately 0.2; however, the simple model withresidual
displacement leads to an of nearly 0.1.

It seems the simple model with no residual displacement is generally too
conservative in calculating residual moment capacity factor. The simple model with
residual displacement (afmach 1) is also too conservatuben ductility is less than 5.
For ductilities between 2 and 8, the linear modétss conservative than other models.
Since the simplenodel with residual displacement (approach 2) incorporates residual
displacementn calculating the residual moment capacity factor and also provides the
user with a simple formula, it was used in this study.
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Chapter 4. Critical Residual Displacement Limits

41. Introduction

One of the important measures of peatthquake functionality in lalges is
residual displacement. This chapter aims at determining the residual drift ratio limit
beyond which bridge columns would be unsafe. To determine residual displacement
limits, a large number of reinforced concrete bridge columns with different geometries
and steel ratios were analyzed subjected to truck loading. The residual moment capacity
of the column and the moment due to the trucks and-Delta effects were used to
investigate the critical residual displacement limits.

4.2.  Current Design Code Provisims for Residual Displacement

In Japan, reinforced concrete bridge columns with residual drift ratios (residual
displacement divided by column length) of more than 1.75% were demolished and rebuilt
after the Hyogeken Nanbu earthquake in 1995 (Kawashimal e1998). Following this
earthquake, Japandés seismic design specifica
specify an allowable residual displacement for bridge piers. Under these provisions, no
more than a 1% residual drift ratio is allowed.

The curent California Department of Transportation (Caltrans) Seismic Design
Criteria (SDC) include provisions pertaining néawlt ground motion by amplification
of the design acceleration spectra; however, no limits on residual displacements are
specified.

The American Association of State Highway and Transportation Officials
(AASHTO) requires sitespecific analysis when the site is close to a active fault, but there
are no guidelines for the design of reinforced concrete bridge columns with respect to the
control of residual displacement.

Based on PEER tall buildings initiative, for MCE (maximum credible
earthquake), the mean of the absolute values of residual drift ratios from the suite of
analyses shall not exceed 1% in each story. In addition, in eaghtee maximum
residual story drift ratio in any analysis shall not exceed 1.5%. Based on this guideline,
the residual story drift ratio of 1% is intended to protect against excessive post
earthquake deformations that likely will cause condemnatiora@ssive downtime for a
building. The limits on residual drifts also are based on concern that tall buildings with
large residual drifts may pose substantial hazards to surrounding construction in the event
of strong aftershocks. Repair or demolitiortalf buildings with large residual drifts also
may pose risk to the community.

4.3.  Analytical Models

One of the main unique effectstbe fault normal component akarfault
earthquakes is the higiotentialresidual ésplacements under earthquakes. Residua
displacements may be unacceptable due to aesthetic consideration or safety. While the
former is subjectiveto evaluate the safety of the bridges after earthquakes the critical
residual displacemetain be foundbased on strength lingit Columns with ermanent
lateral drifts could be unsafe because of potential for failure under traffic loads. To
determine residual drift limits that could pose a safety proptamtilever single column
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reinforced concrete bridge piers with different characteristice wensiderethecause
singlecolumn piers are more vulnerable than mottiumn piers under the-Belta
effect. Table 4.1 lists the properties of the columns considered in the andlysis.
longitudinal steel ratig , for each sectiomwaschanged from 1% to 4%dn addition the
heighs of the columnsverechanged fronl6 ft. 4880 mm) to 32 ft. @760mm) in
incremens of 4 ft. (1220 mm). The design of the columns was basethe2004
CaltransSeismicDesign Critela (SDC 2004) It is known that reinforced concrete
members meeting current seismic codes maintain their lateral load capacity to relatively
large drifts. However, columns that have undergone inelastic cyclic deformations have
considerable stiffness degration and require relatively large deformations before
reaching their residual moment capacity as discussed in detail in Sec. 3.3. Figure 4.1
shows the momerdurvature in a welllesigned column. The initial stiffness of the
column isK;. After the céumn yields, the new stiffness dropskewhich is lower than
K1 Hence, larger deformation is required to reach the moment capacity, which is the
same as the initial moment capacity.

Lateral deformations under service loads are small because thextessomoment
in the column is relatively small. For this reason and also to be conservative according
to the recommendations in Chapter 3, the resiohwathent capacitin some of the
columnswas assumetb beonefifth of theidealized plastic moment capty, M,.
Residual displacemetimit was calculated based on the residual moment capacity and
the P-Deltamoment induced by the column axial lcaatl the weight of two trucks
placed on one side of the column (Fig. 4.2). The section analyses were @atrtistg
program Xtract (Chadwell 2007) to determine piestic moment capacityf the
columns. The study consisted of two analyses: in Analysis 1, residual drift ratio of
columns with different characteristics and axial loads was calculated badeslvoeight
of two trucks andesidual moment capacity factdt,of 0.2 while in Analysis 2, different
number of trucks angesidual moment capacity factat,were used to calculate the
residual drift ratio for only one of the representative columns.

4.3.1. Analysis 1

In the firstanalysis for each longitudinal steel ratio, the column axial load was
assumedtobe . Q& 6r0 . Af ©he weight of one truck was assumed to be 71 kips
(316 kN)(Fire Engine Catalog 2010), which is tmaximum weight of existingre
trucksandis approximately the same as the AASHTO LRFD-88_truck weight Two
trucks were assumed be present on od®lf of the superstructure suppor@uthe
cantilever single column reinforced concrete bridge pier (F&). Zhe residual
displacement capacity, was computed by dividing the residual moment capacity over
thesummation otolumn axial loacnd the weight of two trucksTables4.2to 4.9 show
the results for colunswith different longitudinal steel ratios and axial loaéf#gures 43
to 4.34 show the moment curvature relatstripsfor different columns. The moment
curvature relatioshipwas obtainedising Xtract software (Chadwell 2007)he
momentcurvature curve was idealizég an elast-plasticrelationshipto estimatehe
plastic moment capacitylThe elastic portion of the idealized cumwas assumed toass
through thepoint marking the first longitudinal reinforcing bar yigld. The idealized
plastic momentapacity was obtained by balancing the areas betweealth#ated and
the idealizecturves beyond the first reinforcing bar yield point
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Figure 435 shows the residual drift ratio versus column diameter for different
column heighd, axial load, and longitudinal steel raso It can be seen that for a given
coumn height, longitudinal steel ratio, and axial load, residual drift ratio limit increases
with the increase of column diamet@s the column diameter increases, axial load
increases; however, the increase in plastic moment capacity dominates andhresults
higher drift ratios.Also, for a specific column diameter, residual drift ratio limit
decreases when column height incredBes 4.36) Residual drift ratio is defined as
residual displacement divided by column height. As column height increase, i
expected to reach lower residual drift ratMoreover, for similar columns, increasing
the longitudinal steel ratio increases the residual drift ratio,lintitch is attributed to the
increase in plastic moment capacity (Fig. 4.3&¥ expected, hien axial load increases,
the residual drift ratio limit decreasesmaintain the same-Pelta moment

In analysis 1the critical residual drift was 1.2%, for the column with diameter of
36 in. @14 mm), height of32 ft. @760 nmm), longitudinal steelatio of 1%, and axial
force of0.1fcAg.

4.3.2. Analysis 2

To determine the effect of the residual moment capacity factor and the number of
trucks, in this analysis a specific column with a specific height and diameter was
analyzed. In analysis 1, the criticakidual drift ratio obtained for the column with the
steel ratio of 1%, which is the lower limit for a bridge column, and high slenderness ratio.
In this analysisto be more practical, a column with higher steel ratio and lower
slenderness ratio wasasen. Hence, theolumn with diameter of ft. (1219 mm),
height of24 ft. (7315 mm), longitudinal steel ratio of%3, and axial force 00.1f;Aq was
assumed. Forthiscolumn,he r esi dual moment capacity fact
1.0 and the number of trucks was assumed tofvany 1 to 4. The residual
displacement limit{i, was computed by dividing the residual moment capacity over the
summation otolumn axial loadind the weight of trucks

Residual drift ratio limits versus the number of trucks and residual moment
capacity factor is shown in Figurds38and4.39 Figure4.38shows that the residual
drift ratio limit decreasewhenthe number of trucks increasescreasing the number of
trucks means higher weight of trucks, which leads to lower residual displacement because
the denominator in calculating residual displacement has been incré&ageack4.39
shows thatas the residual moment capacity factgrincreases, the resialdrift ratio
limit increases because the residual moment capacity incrdasasalysis 2the critical
residual drift equabf 3.3% for a = 0.2 and number of truckf four was obtained (Fig.

4.39)

The analysesevealed that even for the most conservative condition of residual
moment capacity, the critical drift ratio is 1.2%. To be more conservative and consistent
with current design codes, it is recommended to use 1% as a residual drift ratio limit if
the column is well confined and meets current seismic code detailing requirements.
Under this recommendation, the pesirthquake deformations of columns will not
increase substantially, which is safe for emergency services.
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Chapter 5. Simple Methods to Estimate ResiduabDisplacement

5.1. Introduction

The most direct method to estimate residual displacement is nonlinear response
history analysis which is time consuming and complicaedimple and rational method
is required to estimate the residual displacembrttirect meéhods can be categorized
into residual displacement spectra or simple methods. These methods either depend on
earthquake and structural characteristics or are empirical. Residual displacement spectra
will be discussed in Ch.6 in details. The emphaste@®turrent chapter is on different
simple methods to estimate the residual displacement. A simple method that was
developed in the current study is presented and compared with other simple methods at
the end of the chapter.

5.2.  Current Design Code Provisons for Residual Displacement

Currently there are no guidelines for the design of reinforced concrete bridge
columns with respect toalculation ofresidual displacement in either the AASHTO
Guide Specifications for LRFD Seismic Bridge Desigithe Caltras SDC. However,
bothhave provisions regarding the near fault effect.

ATC 58 (ATC 581 75% draft 2011) recommends a simple formulation to
calculate the residual story drift for buildings. According to ATC 58, median residual
story drift, D, , should be calculated as:

€0 D<D,
D, =j03D-D,) D, <D<4D, (5-1)
1D- 3D, D>4D,

WhereD is the median maximum story drift af} is the median yield story

drift calculated lp analysis. The yield drift can be calculated as the story drift associated
with story shear forces that cause (a) the beams and/or columns reach their expected
plastic moment capacity taking into account the effect of axial forces in the members, or
(b) the bearrcolumn joint panel reaches its expected yield strength.

After the 1995Hyogo-ken Nanbu earthquakpart V: Seismic Design of the
Design Specifications of Highway Bridges (Japan Road Association) was totally revised
in 1996 (Unjoh 2003). Based timese specificationsn iType B bridgegimportant
bridges) residual displacement developed at a pier after an earthquake must be checked
as

dR < dRa (5'2)
Where
ag = Cg(my - DA- r)d, (5-3)
P
m = Yia e 8 +1§ (5-4)
Kie = C,Kneo (5-5)
W =W, +c W, (5-6)
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P, >k W (5-7)

Ky = (59
2m -1
d -d
m=1+%"% (5-9)
adg

In which dl, is residual displacemenf the pier after an earthquake&,, is
allowable residual displacement,is bilinear factor defined as a ratio of the post
yielding stiffness and the initial stiffness up to yielding of a pgrfactor depending on
the bilinear factofr). which is 0.6 for a RC piernpy is response displacement ductility

factor of the piergd, is yield displacement of the pieg, is ultimate displacement of the

pier, k. is lateral force coefficientk,, is standard modification factor (Table 5.t),is
modification coefficient, which is 0.7, 0.85, and 1.0 depending on the seismic zone (Fig.
5.1),W is equivalent weilgt, W, is the weight of a part of superstructure supported by

the pier,W, is the weight of pierc, is coefficient depending on the type of failure

mode (0.5 for a pier in which either flexufallure or shear failure after flexural cracks
are developed, and 1.0 is for a pier in which shear failure is develdped) equivalent

lateral force coefficient/r is allowable displacement ductility facta®, is safety factor
(Table 5.2), ancP, is lateral load capacity of a pier when the force is applied at the

gravity center of the superstructuréy, is 1/1000f the distance between the bottom of
the pier and the gravity center of the superstructure (1% drift).
Table 5.1 presents the standard modification coeffidiggtfor Type | and Type

Il ground motions. The Type | ground motions have been used since 1990 (1990
Specificatios), while the Type Il ground motions were incorporated in the 1996
Specifications. The Type Il ground motions typically represent the ground motions
recorded in Kobe during théyogo-ken Nanbu earthquakét should be noted that the
Type 1l ground motios comprise pulsé/pe accelerations with high peak values and
short duration while the Type | ground motions are more repetitive accelerations with
long duration.

5.3.  Methods for Estimating Residual Displacement

It has been observed that néault groundmotions are frequently characterized
by intense velocity pulses. These pulses expose structures locatedfauttaagions to
high input energy that results in severe demands especially high residual displacements in
bridge columns (Saiidi et al. 2012hoi et al. 2009; Mavroeidis et al. 2004; Zatar et al.
2002). This pulsgype velocity motion is particular to the forward direction, where the
fault rupture propagates toward the site at a velocity close to the shear wave velocity;
causing most of thenergy arrives at the site within a short time. Naalt ground
motions come in large variations and this variety complicates evaluation or prediction of
structural response unless the ground motions can be represented by a small number of
simplified mdions that can reasonably replicate importantfigalt ground motion
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characteristics. In this section, five methods are investigated to determine their ability to
estimate residual displacements. The focus of first method is on the effects of ground
mation characteristics on the response. In the second and third method, pulse shapes
including halfcycle and fullcycle sinusoidal shapes are used to simulate the ground
velocity pulses in nedault records, respectively. The velocity pulse of a iealt

ground motion is extracted in method four and the effect of this simulated motion on
response is compared to the actual ones. Finally, two versions of an empirical simple
method that was developed based on measured data of previously tested columns
de<ribed in Chapter 2 are presented. In the first four methodd, W&s the only

column analyzed because no significant trend in terms of residual drift and column
properties was obtained from the investigations on this column. Itis expected using these
methods for other test columns would lead to the same conclusion.

5.3.1. Residual Displacement Based on Ground Motion Parameters

The thought behind this method was that ground motion characteristics could
potentially be used to estimate residual displacem@&n{inaximum pseudo velocityT,
(period atmaximum pseudo acceleratipandT,y (period atmaximum pseudo velocity
for ground motions were used as indicators of the ground motion characteristics. The
dependency of the maximum drift ratio on charactessti the motion was evaluated
and whether residual drift ratio could potentially be related to the maximum drift was
investigated. To determine if this approach is viable, it was developed and applied to
NF-1 (previously described in Chapter 2). For-llRhemaximum pseudo acceleration
(S), maximum pseudo velocitys(), column periodTc), period amaximum pseudo
accelerationTg), andperiod atmaximum pseudo velocityl{y) for each rurwere
calculated based on measured data using SeismoSignalreoffessmoSoft 2010)

(Table 5.3). The FFT of the column top acceleration was calculated and the frequency
corresponding to the maximum Fourier amplitude was used to calculate the effective
period of the columnFigure 5.2 presents a plot of residualtdwtio versus the ratio of
period at maximum pseudo velocity and column periQgTc) for different runs. The

data show that residual drift ratio is independerf,gf.. Figure 5.3 illustrates the

residual drift ratio versus the ratio of period aximum pseudo acceleration and column
period [Ty/Tc). Itis seen that residual drift ratio is also independefi/dt. Residual

drift ratio versus the maximum pseudo accelerat®i¢ shown in Fig. 5.4As

maximum pseudo acceleration increasesrdébilual drift also increases in an almost
exponential manner. Figure 5.5 shows the residual drift ratio versus maximum pseudo
velocity (S,). The residual drift ratio increases in an exponential manner as the maximum
pseudo velocity increases. The esponding plots for the maximum drift ratio are

shown in Fig. 5.6 to 5.9. Similar to residual drift results, while the maximum drift ratio is
independent of /T andTy/T, it increases as the maximum pseudo acceleration or
maximum pseudo velocity inases in an almost exponential manner. Because the
relationship between residual drift and these parameters did not include the column
structural characteristics, this method was not directly used to estimate the residual
displacement; however, this findjrwas a basis to account for spectral acceleration at one
second &) in developing residual drift spectra, which is described in Chapter 6.
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5.3.2. Half-cycle Sinusoidal Method

The random shape of ground velocity pulse is modeled by a very simple half
cycle sinsoidal shape to estimate the residual displacement. Figure 5.10 shows velocity
history of a single pulse (hatfycle sinusoidal) with amplitude ®,,xand duration offy
representative of the main velocity pulse in a ffealt velocity history. Nonlinar
response history analysis was carried out using OpenSees by applying this velocity pulse
to NF1. Table 5.4 summarizes the characteristics of velocity histandTy),
which represents an earthquake run and the corresponding responsg.ot\\ite the

duration of pulseT(y) is constant, say one second, residual drift increases from 0.23% to

14.01% as amplitude of velocity pulsé.f,) increases from 0.25 in/sec. (6.35 mm/sec.)
to 15 in/sec. (381 mm/sec.) because of higher energy of pulse.f&lsoconstant

maximum velocity Vmay, residual drift increases as the duration of pulgedr ratio of
pulse duration and effective column peridd ((T,/2)) increases. Residual drift versus

ratio of pulse duration and effective column period fffecent Vi axis presented in Fig.

5.11. It can be seen that residual drift increase linearly as the ratio of pulse duration and
effective column period increases. This is attributed to the higher energy of the longer
period pulses which leads to highesidual drift. The Rinaldi velocity history has PGV
(peak ground velocity) of approximately 65 in/sec. (1651 mm/sec.) and duration of the
main single pulse of approximately 0.8 sec. According to the measured data, residual
drift in NF-1 was 5.9% when was subjected to 1.05xRinaldi. Based on Table 5.4, an
earthquake run with a velocity amplitude of 20 in/sec. (508 mm/sec.) and duration of 0.5
sec., which is significantly smaller than the main pulse of Rinaldi, led to extremely high
residual drift of 1044% in NF1, which implies that this method overestimates the
residual drift and should not be used.

5.3.3. Full-cycle Sinusoidal Method

Another idealization of the nedault impulsive velocity pulse can be fudycle
sinusoidal. While the main pulse could sawsignificant residual displacement, another
pulse in the opposite direction could potentially reverse and reduce the residual
displacement. To investigate the effect of the reversed branch of a velocity history on the
response, a velocity history witbwersed pulse (fultycle sinusoidal) was applied to NF

1 (Fig. 5.12). Theratio of duration of the second pulse and first plq-lr T ) and that
di

of maximum velocity of the second pulse and first plQY%% ) is Uandby,

1max
respectively. The characteristics of the velocity history and response bakd-
presented in Table 5.5. Figure 5.13 shows residual drift versus ratio of pulse duration and

effective column period for differeMmyay As the ratio of pulse dation and effective
column period increases, residual drift increases. Residual drift versus ratio of pulse
duration and effective column period for differ&randb; is shown in Fig. 5.14. It can
be seen that there is no trend between residual ddftatio of pulse duration and
effective column period in terms bfandb;. Figures5.15 to 5.23 present the relation
between residual drift arfa for different duration of the first pulse atd In Fig. 5.15,
where the duration of the first and theaed pulse is 3.0 and 1.5 seconds, respectively,
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the amplitude of second pulse is changed from 0.5 to 1.5 times that in the first pulse. As
the amplitude of the second pulse increases, residual drift decreases. Also, for the same
ratio of maximum velocit of the second pulse and the first pyfsg, residual drift
considerably increases as amplitude of the first pulse increases, which is attributed to the
higher energy of this dominant pulse. Figure 5.16 shows that when the first and second
pulses have the same duration, residual drift is z&éenwhe amplitude of second pulse
is equal to the first pulse (as expected for symmetriecfdle sinusoidal pulse). Also,
residual drift increases as the amplitude of either the first or second pulse increases. In
Fig 5.17, where the duration of thest and second pulse is 3.0 and 4.5 seconds,
respectively, the amplitude of the secqudise is changed from 0.5 to 1.5 times that in
the first pulse. The residual drift considerably increases as the ratio of maximum velocity
of the second pulse and tfiest pulse b,) increases. A similar trend is seen when
duration of the first pulse is 1.0 second (Fig. 5.18 to 5.20) or 0.5 second (Fig. 5.21 to
5.23). It was revealed that residual drift is governed by the dominate pulse and increased
as velocity inceased.

Based on Fig. 5.23, where the duration of the first and second pulse is 0.5 and
0.75 second, respectively, residual drift is large (approximately 9%) fiher.5 and
theamplitude of the first and second pulse is small (15 in/sec. (381 mnasd@p.5
in/sec. (571.5 mm/sec.), respectively). The measured data farddEwed that residual
drift of approximately 8% occurred in Run 10 (1.20xRinaldi) while the amplitude of the
pulses is much higher. This indicates that this method generallystiweate the residual
drift; however, because the results show that the dominant pulse controls the residual
drift, this method was used as the basis the method described in Section 5.3.4.

5.3.4. Main and Simplified Velocity Pulses of Neaifault Motions

To evaluag if the main velocity pulse of a nefault ground motion can be used
as an indicator of the magnitude of residual displacement, different velocity histories of
recorded neafault ground motions and the corresponding main pulses were applied to
the protaype of NF1. The recorded nedault ground motions were: Rinaldi from
Northridge earthquake (1994), TCUO067 from i earthquake (1999), Tabas from
Tabas earthquake (1978), W Valley Coll from Loma Prieta Earthquake (1989), and
Erzincan from Erzincand&thquake (1992). These records were obtained from the
Pacific Earthquake Engineering Research (PEER) Center website. Two versions of the
main velocity pulse were used: in the first version, the main velocity pulse of the motion
was extracted and used &rbas in the second version this main pulse was simplified by
connecting the maximum and zero velocities in each single pulse to investigate how this
triangular pulse affects the residual displacement. Fig. 5.24 to 5.38 show the response to
complete earttjuake velocity history, main velocity pulse, and simplified velocity pulse
for each ground motion. Figures 5.24 to 5.26 show that while the residual displacement
in NF-1 prototype subjected to the complete velocity history of Rinaldi is approximately
4 in. (102 mm), itis 24.5in. (621.28 mm) and 24.9 in. (631.44 mm) for the
corresponding main pulse and simplified pulse, respectively. Table 5.6 lists the residual
displacement from different analyses and the ratio of residual displacement from the main
andsimplified pulses and that from the complete earthquake analysis for all earthquakes.
It is seen that the main and simplified pulses overestimate the residual displacement by a
factor of two or more. Note that for Rinaldi and Erzincan earthquakes, wigengain
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pulse is approximately triangle, residual displacements obtained from the main and
simplified pulses were close. The large difference in the estimated residual
displacements indicates that the main pulse by itself cannot be used to estirdase resi
displacements, and that the rest of the velocity history can significantly affect the
response.

5.3.5. Proposed Empirical Method
An empirical method utilizing the data from six test columns described in chapter
2 was developed to estimate residual drifbratn Chapter 3 section 3.3.2, paraméter
which is the ratio of residual displacement and yield displacement, was introduced using
two relationships in terms of displacement ductikitypased on the measured ditathe
test columns The coefficient of determinatioR* for the polynomial and linear
relationship was 0.82 and 0.75, respectively. Hence, the polynomial relationship that was
selected in that method is used in this section.

5.3.5.1. Version 1

In the first version, for simplicity EquatiorI with rounded coefficiens used:
_€0.04n7 +0.14m  m>1.0
1o me 1.0

Figure 5.39 shows the relationship betwbamde using different equationdt is
shown that the difference between the relationship using equatiOrabd 310 is
negligible. Also, for ductilities between 4 and 8, some data are above the curve obtained
using Equation 8.0, which indicates thd is not overly conservative.

b (510

5.3.5.2. Version 2

In the second version, to be more conservative, a polynomial curve was fitted
only to the upper cluster of data in Fig. 5.39:
_80.176917 - 0.4408m+ 0.3041 m>1.0
1o me 1.0

Figure 5.40 presents the relationshgivbeenb ande usingEquation 511. The
coefficient of determinatiorR? is 0.98, which shows a strong correlatamong the
parametersTo simplify this equation, the coefficients are rounded as follows:

b =0.18n7 - 0.44m+0.3 (5-12)

The relationship betwedmande usingEquation 512 is shown in Fig. 5.411t
can be seen that this Equation can closely captuf@db&ined using measured data.

b (5-11)

5.4. Comparison of Different Methods

The proposedrapirical methods were generated using measured data for
previously tested columns. The ATC 58 (ATGB&5% draft 2011) and Japanese code
(Japan Road Association 1996) are currently the only codes that incorporate a formula to
calculate residual displacemt, hence it is important to compare these methods with
measured data and the proposed methods to determine the relative merit of different
methods. In addition to the data for columns tested at UNR, measured data from shake
table testing of a fulscalecolumn recently tested at the University of California, San
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Diego (UCSD) was included in the study. Also, anotherdadlle column, G5 tested at

the EDefense facility in Japan, was considered-5G4as subjected to the ndeald

ground motion recaled athe JR Takatori station during the 1995 Kobe earthquake;
however, this record did not cause appreciable residual displacements. Only after the
column failed a significant residual drift ratio of 1.8% was measured (Kawashima et al.
2012). Becausalge residual displacements after failure are not unique tefangdar
earthquakes (Phan et al. 2007);&Was excluded from the stud¥he test data from the
analytical study by Yazgan et al. (2011) were excluded in the present study because those
datawere mostly based on RC walls with residual drift ratio of less than 1%. In addition,
the data were only for one single run with low ductility demand.

5.4.1. UCSD Column

A full-scale concrete bridge column was tested at UCSD (Concrete Column Blind
Prediction @ntest 2010). The column was a flexd@minated circular column tested as
a cantilever member. The column height was 288 in. (7315 mm). The diameter of
specimen was 48 in. (1219 mm). Thoduenn longitudinal reinforcement consisted1&f
#11bars spaagevenly in a circular pattern. The transvereaforcement consisted of
double #5 hoops spaced@in. (152mm)on center Grade 60, A706 was used for the
column longitudinal and transverse reinforcement. The specified strength of concrete
was 4 ks(27.6 MPa). The specimen was subjected to ground motions recorded at the
Agnews State Hospital (Run 1), Corralitos (Runs 2 & 4), LGPC (Runs 3 & 6) stations
during the 1989 Loma Prieta earthquake, and Takatori station (Run 5) during the 1995
Kobe earthquak Figure 5.42 presents the velocity history of the FN component of the
ground motions from the Loma Prieta earthquake. It is seen that ground motions at
Agnews State Hospital and Corralitos may not be considered atanéaground
motions because thelocity histories do not include a clear strong pulse.

5.4.2. Results

Tables 5.7 to 5.13 list the measured and calculated residual displacements based
on all the methods and error percentage for different columns in the runs causing ductility
of two or more an@ measured residual drift ratio of 0.5% or more. Error percentage was
calculated as:

Error Percentage= Calculated Data- MeasuredData 3100 (513

MeasuredData

A negative sign indicates that the method underestimates residual displacement
and vice versa.

According to Table 5.7or NF-1, Japanese code overestimates the residual
displacement in Runs 5 and 6 by 89% and 44%, respectively; however, the residual
displacement is underestimated during the remaining runs by as much as 45%. Based on
ATC, method 1, and method 2, the resibldisplacement is overestimated in almost all
runs. For ATC, error percentage increases from 45% (Run 5) to 103% (Run 6) then
decreases to 13% (Run 10). The error percentage decreases from 89% (RUA%) to
(Run 10) for method 1. Based on methodér2gr increases from 81% (Run 5) to 167%
(Run 6) then slightly decreases to 130% (Run 10).

The results show that all the methods overestimate the residual displacement.
Method 2 considerably overestimated the residual displacements as expectetheAlso,
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Japanese method is less conservative. This method underestimated residual
displacements in many cases. Tables 5.8 to 5.12 list the results-fyrNiF, ETN,
SETN, and SVTN, respectively. Almost a similar trend of changing the error percentage
was dtained for NF2 and MN. For MN, Japanese method underestimates the residual
displacement for larger runs. For ETN, Japanese method, ATC, and method 1
underestimate the residual displacement for larger runs. In SETN and SVTN, Japanese
method, ATC, and ethod 1 generally underestimate the residual displacement. The fact
that the error percentage for method 2 was relatively small for ETN, SETN, and SVTN
shows the effect of the upper cluster of data that was the basis of this method. According
to Table 513 for UCSD Column, all the methods significantly overestimate the residual
displacement. Note that for UCSD column Run 4 was excluded from the study because it
was not a run with nedault ground motion (Sec. 5.4.1).

Table 5.14 lists the average andnglard deviation of error percentage and
coefficient of determinatiorR® between the measured and calculated residual
displacements based on all the methods for different columns. Coefficient of

determinationR? was calculated as follows:
& (Measured- Calculated)? (5-14)

& (Measured- Avgof Measured)?®

R? =1-

R? near 1.0 indicates that the method estimates the residual displacement well.
Also, a negative or smaR® shows that the method poodgptures residual
displacements.

Based on Table 5.14, for NFand NF2, Japanese code presents the least average
of error percentage; however, the standard deviation is the highest, which indicates a
relatively large scatter of data for this method espigcin NF1. R?of 0.93 for method 1
in NF-1 demonstrates a good correlation between the measured and calculated residual
displacements. For NEand MN, a high average with relatively small standard
deviation of difference for ATC ethod led to a poor correlation between the calculated
and measured data (negatiRé). For NF1, NF2, and MN,R? based on method 2 is
less than zero because this method significantly overestimates the resiplaakedmnt
in all runs. In ETN, the ATC method provides the least average, which resulted in a good
capture of residual displacemerR*(of 0.81). R? of 0.98 for method 2 shows a very
good estimation of residual gigcement. Average of difference is relatively small for
Japanese and method 1; however, high standard deviation of difference led tBsmall
All the methods except method 2 underestimate the residual displacement for SETN and
SVTN. In SETN, average of difference is small for ATC and method 1, which with
relatively small standard deviation of difference resulted in the Rigsf 0.77 and 0.88
for ATC and method 1, respectively. High average and standard deeétiifference
for method 2 led to negativie’ in SETN. Average of difference is approximately the
same based on Japanese, ATC, and method 1 for SVTN; however, ATC method presents

higher R? (0.72) because of lowstandard deviation of difference. For this column,

method 2 with low average and standard deviation of error presents Rh{@t07).
For UCSD column, all the methods significantly overestimate the residual displacement.
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Considenng all the columns, the average and standard deviation difference and
R? for each method and for displacement ductility of two to four and higher ductilities
are presented in Table 5.15 and 5.16, respectively. Ductility of four wasrchecause
in ATC method this ductility indicates a transition as shown in Equation 5.1. For
ductilities less than four, all the methods overestimate the residual displacement. Among
different methods, ATC (average and standard deviation of differéri&&oand 47%,
respectively) and method 2 (average and standard deviation of error of 42% and 38%,
respectively) with the samR? of 0.62 have the best ability to capture the residual
displacement; however, method 1 (average and sth@aration of error of 58% and
60%, respectively) and Japanese method (average and standard deviation of difference of
56% and 60%, respectively) with approximately the s&hef 0.4 lead to poor
correlation with the test data. Fogher ductilities, all the methods still overestimate the
residual displacement. Japanese code presents the least average of error (2%). Method 1
shows the highesR? (0.43); however, ATC and method 2 present the significantly high
standard deviation (105% and 163%, respectively), which led to the IdR¥eg€t11 and
negative, respectively).

Generally all the methods overestimate the residual displacement. For ductility of
four or more, method 2 is too consative and unrealistic, whereas the Japanese method
and method 1 closely estimate the residual displacement. Of the methods discussed in
this chapter, the Japanese method is more involved and requires several parameters,
whereas other methods are very denpA more comprehensive approach is to estimate
residual displacement using residual drift spectra, which is presented in Chapter 6.
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Chapter 6. Residual Displacement Spectra

6.1. Introduction

After an earthquake occurs, the column permanent displacement can be directly
measured during the inspection; however, at the design stage, the engineer needs to
estimate the expected residual drift demand. In Ch.5 a simple empirical method was
introduced for estimating residual displacement based on the maximum displacement
ductility. A more comprehensive and sophisticated method is generating residual
displacement spectra that depend on ductility, column period, soil condition, and
earthquake characteristics. Given the fundamental period and the expected displacement
ductility demand for the column, the residual drift response spectra curves can be utilized
to estimate the residual drift demand. The residual drift spectra were developed to be
integrated in a nedault earthquake design method that is applicable to bridges in
different parts of US. Residual drift spectra were created based on nonlinear response
history analyses using a comprehensive collection of recorded and synthefauttear
ground motions. The synthetic ndault ground motions were generated based on
sdsmological studies conducted by Dr. Paul Somerville who served as a consultant to
this project.

6.2. Near-fault Ground motions

Near fault earthquakes have two main attributes. The first is the rupture
directivity effect, which is manifested in an intermediatéong period pulse of motion
(0.5 to 10 seconds) that is strongest at closest distances from the fault less than about 15
km. The faultnormal componentf near fault ground motions systematically larger
than the faulparallel component at intermiete and long periods (Somerville et al.

1997. The second attribute is the hanging wall effect (Abrahamson and Somerville
1996), which is manifested in amplified short period ground motions (less than 1 second)
on the hanging wall of a dipping fault.

These near fault effects pertain mainly to shallow crustal earthquakes, which
occur throughout the United States. The ground motion characteristics of shallow crustal
earthquakes in the tectonically stable regions of the United States (east of the Rocky
Mountains) are very poorly known due to the lack of strong motion recordings, but they
are believed to be different from those of the tectonically active region west of the Rocky
Mountains.

Although similar rupture directivity and hanging wall effects aneegated by
subduction earthquakes (occurring on the plate interface) and by earthquakes occurring
within subducted slabs, these two kinds of earthquakes occur at greater depths and so
their directivity effects are diminished and will not be treated indudy as near fault
effects. Subduction earthquakes occur in the depth range of 10 to 50 km, with the
shallow part of the plate interface usually located far offshore, and have magnitudes as
large as 9.5. Slab earthquakes typically occur at depthsksh40 more, beneath the
coastal margin, and have magnitudes as large as 7.5. Further, the effects of large
magnitude in subduction earthquakes are expected to occur at periods longer than the
period range of 0.3 to 3.0 seconds that is of most interéssistudy. In the United
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States, subduction zone earthquakes affect the Pacific Northwest and Puerto Rico
(Somerville et al2017).

6.3. Approximate Zonation of United States

Nine sites across the United States were chosen with different earthquake source
characteristics. The selection of the nine sites was based on an approximate zonation of
the seismic hazard in the United States. Figure 6.1 illustrates these nine sites on the
United States map.

Near fault earthquakes refer to ground motions occurringmwapproximately 9
miles (15 km) of the earthquake source. Besides distance, earthquake magnitude also has
a strong influence on near fault effects. The approximate zonation of the United States
was developed based on predominant earthquake magnitadesaorder method of
evaluating representative near fault response spectra and ground motion histories
throughout the country.

A brief description of the approximate zonation of the United States for
generating synthetic nefault ground motions ipresented in this section. This formed
the basis for selecting the nine sites for which acceleration histories were provided. For
each of the nine site locations, the predominant magnitude, style of faulting-¢$ifsike
reverse, or normal), and the nauof the predominant fault are described. This
approximate zonation can be used to select other sites at which the histories may be
applicable. However, to confirm that they are applicable, the deaggregation of the
seismic hazard at the desired site $thdme@ compared with that at the site whose
acceleration histories have been selected to confirm that the earthquake magnitudes of the
acceleration histories are compatible with those at the desird@asiteerville et al.

2011).

The ground motions werggsented on rock site conditions (class B/C boundary;
Vs30 = 2500 ft/sec (760 m/sec)), and soil conditions (class C/D boundary; Vs30 = 1200
ft/sec (360 m/sec)) for inelastic level (having a return period of 975 years). For each
record, there are four sgeally matched horizontal component acceleration histories.

One pair of orthogonal components is rotated 45 degrees from the fault normal (FN) and
fault parallel (FP) directions, which are H1 and H2. These histories contain hanging wall
effects for revege faulting earthquakes, and average rupture directivity effects. The other
pair of orthogonal componentsin the fault normal (FN) and fault parallel (FP)

directions. These histories contain hanging wall effects for reverse faulting earthquakes
and tle fault normal (FN) component contains the rupture directivity g&@emerville et

al. 2011.

6.3.1. Pacific Northwest

The Pacific Northwest includes the Pacific Coast of Alaska and the coastal
regions of Washington, Oregon and Northern California (north pe@®4endocino). In
this region, crustal earthquake activity is influenced by subduction zones. In most of this
region, neaffault ground motions are dominated by earthquakes with magnitudes of up to
7.0, for example in Seattle and Portland. In some oéwgons, such as Humboldt Bay
and the southern coast of Alaska, these earthquakes can have magnitudes as large as 8 on
imbricate faults that are related to the underlying subduction zone.
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6.3.1.1. Site 1. Seattle (M 6.8, reverse (Seattle fault))

This site is repesentative of sites mapped near reverse and reverse oblique faults
in Seattle and Portland, which generate earthquakes of up to magnitude 7. The selected
histories were derived from recordings of the Mw 6.9 1989 Loma Prieta, California
(corresponding tearthquake code of Ip) and Mw 6.7 1994 Northridge, California
(corresponding to earthquake code of nr) earthquakes. Table 6.1 and 6.3 summarize the
characteristics of components of the acceleration histories for Vs30 = 1200 ft/sec
(360m/sec) and Vs30 = @8 ft/sec (760 m/sec), respectively. In these tables, the
acceleration history name consists of two parts: the first part is earthquake code and the
second part is station code. Note that earthquake and station names are abbreviated by
earthquake and gtan codes, respectively. For example, Ip_cls is representative of Loma
Prieta earthquake at Corralitos station. In addition, for each acceleration history; the FN
FP and H1H2 columns present the average value of PGA (peak ground acceleration) or
S (spectral acceleration at one second) for FN and FP components or H1 and H2
components, respectively. Because PGA&rdr different components of an
acceleration history were approximately the same, an average of these parameters was
used as a represertat of each pair of orthogonal components. The range of average
PGA for Vs30 = 1200 ft/sec (360 m/sec) is 0.49¢g to 0.64g while it is 0.369g to 0.5g for
Vs30 = 2500 ft/sec (760 m/sec). Also, the range of avesaige Vs30 = 1200 ft/sec
(360 m/sec) is 0% to 0.50g which reduces to 0.299g to 0.32g for Vs30 = 2500 ft/sec
(760 m/sec). This is attributed to the higher amplification effects for Vs30 = 1200 ft/sec
(360 m/sec) due to the soil condition compared to rock site condition for Vs30 = 2500
ft/sec (760m/sec). Tables 6.2 and 6.4 list the station names corresponding to the station
codes of acceleration histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec
(760 m/sec), respectively.

6.3.1.2. Site 2. Eureka, California (M 7 to 8, reverse (Little Sahon and other faults))

This site is representative of sites mapped near large thrust faults in northwestern
California, which generate earthquakes of up to magnitudén8.selectedcceleration
histories were derived from recordings of Me 7.6 1999 Chi-Chi, Taiwan
(corresponding to earthquake code ofa@Mw 7.0 199 Cape Mendocino, California
(corresponding to earthquake code of cparthquakesTable 6.5 and 6.6 summarize
the characteristics of components of the acceleration histories for VE3I0=ft/sec (360
m/sec) and Vs30 = 2500 ft/sec (760 m/sec), respectively. The range of average PGA for
Vs30 = 1200 ft/sec (360 m/sec) is 0.84g to 1.14g while it is 0.78g to 1.15g for Vs30 =
2500 ft/sec (760 m/sec). Also, the range of aveader Vs30= 1200 ft/sec (360
m/sec) is 1.07g to 1.18g which reduces to 0.67g to 0.71g for Vs30 = 2500 ft/sec (760
m/sec). Table 6.7 lists the station names corresponding to the station codes of
acceleration histories.

6.3.2. Central and Southern California

The coastategions of central and southern California (south of Cape Mendocino)
are dominated by the strighip San Andreas Fault system. Reverse faulting is also
prevalent in the transverse ranges, including Santa Barbara and Los Angeles.
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6.3.2.1. Site 3. San Bruno, Califenia (M 8, strike-slip (San Andreas Fault))

This site is representative of sites near the San Andreas Fault, which generates
strike-slip earthquakes of up to magnitude 8 along practically its entire lefbth.
selectedhcceleratiorhistories were derivefilom recordings of the MW.9 2002Denali,
Alaska (corresponding to earthquake code of dn) earthquake and broadband strong
motion simulations (Graves and Pitarka 2010) of recurrences of the Mw 7.8 1906 San
Francisco earthquake (corresponding to earthqoad#te of r4h) having three different
hypocentral locations: north (n), central (c) and south (s) (Aagaard et al. 2G08¢. 6.8
and 6.9 summarize the characteristics of components of the acceleration histories for
Vs30 = 1200 ft/sec (360 m/sec) and Vs3R500 ft/sec (760 m/sec), respectively. The
range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 0.84g to 0.94g while it is
0.73g to 0.89¢ for Vs30 = 2500 ft/sec (760 m/sec). Also, the range of a&rfage
Vs30 = 1200 ft/sec (360 m/sec) is 1ghto 1.16g which reduces to 0.63g to 0.78g for
Vs30 = 2500 ft/sec (760 m/sec). Table 6.10 lists the station names corresponding to the
station codes of acceleration histories.

6.3.2.2. Site 4. Berkeley, California (M 7, strikeslip (Hayward fault))

This site isrepresentative of sites near the other major mapped strike slip faults in
California, including the San Francisco Bay Area, the Los Angeles Region, and San
Diego, which generate earthquakes of up to magnitudéé.selectedcceleration
histories were érived from recordings of the Mw 6.9 1989 Loma Prieta, California
(corresponding to earthquake code of Ip), Mw 6.9 1992 Erzincan, Turkey (corresponding
to earthquake code of erz) and Mw 6.8 Tottori, Japan (corresponding to earthquake code
of to) earthquake. Table 6.11 and 6.12 summarize the characteristics of components of
the acceleration histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760
m/sec), respectively. The range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is
0.89g to1.20g while it is 0.80g to 1.13g for Vs30 = 2500 ft/sec (760 m/sec). Also, the
range of averags, for Vs30 = 1200 ft/sec (360 m/sec) is 1.20g to 1.30g which reduces to
0.73g to 0.79¢ for Vs30 = 2500 ft/sec (760 m/sec). Table 6.13 lists the station names
corresponding to the station codes of acceleration histories.

6.3.2.3. Site 5. Sylmar, California (M 7, reverse (San Fernando and other faults))

This site is representative of sites near mapped reverse and thrust faults in
California, including the Los Angelesid Santa Barbara regions, which generate
earthquakes of up to magnitude 7He selectedcceleratiorhistories were derived
from recordings of th&w 7.35, Tabas, Iran (corresponding to earthquake code of tab),
Mw 6.9 1989 Loma Prieta, Californ{aorresponding to earthquake code of Il 6.7
1994 Northridge, Californiécorresponding to earthquake code of nr) and Mw 7.6 Chi
Chi, Taiwan (corresponding to earthquake code oéathquakesTable 6.14 and 6.15
summarize the characteristics of composeiithe acceleration histories for Vs30 =
1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 m/sec), respectively. The range of
average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 0.84g to 1.00g while itis 0.81g to
1.05¢ for Vs30 = 2500 ft/sec (760 m/sedlso, the range of averaefor Vs30 = 1200
ft/sec (360 m/sec) is 1.05g to 1.12g which reduces to 0.62g to 0.70g for Vs30 = 2500
ft/sec (760 m/sec). Table 6.16 lists the station names corresponding to the station codes
of acceleration histories.
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6.3.3. Basin and Range (Intermountain West)

The Basin and Range Province occupies a broad region extending from the
coastal margin of California, Oregon and Washington to the Rocky Mountains. This
region is characterized by normal and stske faulting.

6.3.3.1. Site 6. Salt Lake City, Utah (M 7, normal (Wasatch fault))

Site 6 is representative of sites near mapped normal faults in the Basin and Range
region of the Intermountain West, including the Wasatch fault near Salt Lake City, which
generates earthquakes of opriagnitude 7.The selectedcceleratiorhistories were
derived from recordings of the 1980 Mw 6.06 Mammoth Lakidifornia
(corresponding to earthquake code of m1), 1980 Mw 6.2 Irpinia, Italy (corresponding to
earthquake code of i2), 1980 Mw 6.9itria, Italy(corresponding to earthquake code of
i1), and P95 Mw 6.4 Dinar, Turkeycorresponding to earthquake code of di)
earthquakesTable 6.17 and 6.18 summarize the characteristics of components of the
acceleration histories for Vs30 = 1200 ft/secd)(B@/sec) and Vs30 = 2500 ft/sec (760
m/sec), respectively. The range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is
0.31g to 0.38g while it is 0.28g to 0.32¢ for Vs30 = 2500 ft/sec (760 m/sec). Also, the
range of averags, for Vs30 = 1200 ft/sec360 m/sec) is 0.35g to 0.38g which reduces to
0.21g to 0.23g for Vs30 = 2500 ft/sec (760 m/sec). Table 6.19 lists the station names
corresponding to the station codes of acceleration histories.

6.3.4. Central and Eastern United States

The Central and Eastermited States includes the region east of the Rocky
Mountains. It contains only few identified faults, which are characterized by-stijike
or reverse faulting. These identified faults include the New Madrid Seismic Zone, the
Meers fault, and the Cherdault.

6.3.4.1. Site 7. Cheraw, Colorado (M 7, reverse (Cheraw fault))

Site 7 is representative of sites near mapped reverse faults in Colorado (Cheraw
fault) and oblique reverse faults in Oklahoma (Meers fault), which generate earthquakes
of up to magnitude 7Due to a lack of historical earthquake records, as was explained in
Sec.6.2,lhieacceleratiorhistories were derived from broadizhstrong motion
simulations of Mw 7.0 reverse faulting earthquakes (corresponding to earthquake code of
whsb) at hanging watflites for earthquakes in stable continental regions (Somerville et
al., 2009). Table 6.20 and 6.21 summarize the characteristics of components of the
acceleration histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760
m/sec), respectifye. The range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is
0.04g to 0.05g while it is 0.03g to 0.04g for Vs30 = 2500 ft/sec (760 m/sec). Also, the
averages, for Vs30 = 1200 ft/sec (360 m/sec) is 0.04g which reduces to 0.02g to 0.03¢g
for Vs30 = 500 ft/sec (760 m/sec). The station codes are simulation stations for each
acceleration history.

6.3.4.2. Site 8. Tiptonville, Tennessee (M 7.5, strikslip / reverse (New Madrid
fault))

Site 8 is representative of sites near mapped reverse andstipikaultsin the
New Madrid Fault Zone, which generate earthquakes of up to magnitudeéhé5s.
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selectedacceleratiorhistories were derived from broadband strong motion simulations of
Mw 7.5 reverse faulting earthquakésorresponding to earthquake code of wragb)

hanging wall sites for earthquakes in stable continental regions (Somerville et al. 2009).
Table 6.22 and 6.23 summarize the characteristics of components of the acceleration
histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760,m/sec)
respectively. The range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 1.02g to
1.17g while it is 1.04g to 1.12g for Vs30 = 2500 ft/sec (760 m/sec). Also, the range of
averages, for Vs30 = 1200 ft/sec (360 m/sec) is 0.67g to 0.74g which redade54g to
0.619 for Vs30 = 2500 ft/sec (760 m/sec). The station codes are simulation stations for
each acceleration history.

6.3.4.3. Site 9. New York City, New York (M 6.5, reverse (Undefined fault))

This site is representative of sites near unmapped reveitteifathe Central and
Eastern United States which generate earthquakes of up to magnitddhe Belected
acceleratiornistories were derived from broadbaridbag motion simulations of Mw 6.5
reverse faulting earthquakérresponding to earthquakede of whifb)at hanging wall
sites for earthquakes in stable continental regions (Somerville et al. Z0fl8¢ 6.24
and 6.25 summarize the characteristics of components of the acceleration histories for
Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 256 ¢t (760 m/sec), respectively. The
range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 0.09g to 0.11g while it is
0.07g to 0.08g for Vs30 = 2500 ft/sec (760 m/sec). Also, the avErdgeVs30 = 1200
ft/sec (360 m/sec) is 0.05g which reduce8.tBg for Vs30 = 2500 ft/sec (760 m/sec).
The station codes are simulation stations for each acceleration history.

6.4. Methodology to Develop Residual Drift Spectra

To determine residual drift ratios for a range of periods and lateral displacement
ductilities, program OpenSees was utilizéghr this component of the studyF1,
previously described in Ch.2, withé same massasused in the response history
analysis. The analysis was carried out based on the same assumptions irACarje
of periods vas achieved by setting mass constant for all models but allowing variation in
column length. For each model representing a particular column penitaz|
maximum displacement and residual displacement were calculated based on the response
history anaysis by applying FNFP and HIH2 components of different earthquakes to
the model.
The following steps were followed in the construction of residual drift spectra:
Stepl: Assume a column height
Step2: Conduct pushover analysis to determine the efiegl®d displacement
(op) and the first keld displacementorrespondingo the displacemeratt which first
yield occurs in longitudinal reinforcementhe ultimate displacemendy) corresponds
to the displacemeratt which core edge concrete reachesmiéite compressive straifio
determine the effective yield displacemen)(a bilinear curve was generated using the
first yield displacement and ultimate displacement by balancing the areas below and
above the bilinear curve (Fig. 6.2). The Elastid pathe idealized curve was
determined by connecting the origin to the point of the first yield displacement.
Step3: Conduct response history analysis to determine the residual displacement
and maximum displacement
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Step4: Displacement ductility demans determined bgividing the maximum
displacement fromesponse historgnalysis bythe effective yield disfacement from
pushover analysis

Step5: Draw the residual displacement versus period for the corresponding
ductility demand

Step6: Change the columheight and repeat the process from-&ep

For each model, eange of displacement ductilidlemandsvere generatedy
changing the confinement properties

6.5. Residual Drift Spectra

AASHTO standard specifications for highway bridges (AASHTO 2007) include
maps for PGAand response spectral accelerati@®) at 0.2 and 1.0 secon@he
difference between near fault ground motions and ordinary ground motions is not
significant forS, at0.2 sec, but is significant f&, at periods of 1.0 second and more
(Somerville et al. 2009; Chioccarelli et al. 201®ssuming thahear faultearthquake
effects are present in the AASHTO maps, it would be best to tie the residual displacement
spectrum to the spectral acceleration value@sdcondS,), because w#vould be
sensitive to near fault effect3his allows an engineer to determsygectral accelerations
for the nominallft000-year return perio@which is close to 97year return periodir
the bridge location based on tAR&SHTO mapsand therchecktheresdual
displacement.

Initial analyses show that residual drift is less than 1% vgpeuwtral acceleration
at L0secondS) is less than 0.4g. Thus, records with spectral accelekitibd second
of less than 0.4g were ignored. These records werediters Salt Lake City, Utah, site
7- Cheraw, Colorado, and site Rew York City, New York.

Three ranges dafpectral acceleration atQlsecond’S;) were assumed: 1) 0.4
0.6g, 2) 0.60.8g, and 3) > 0.8g for Vs30 = 1200 ft/sec (360 m/sec) and Vs306= 250
ft/sec (760 m/sec). TableXs shows the number of records for each rangg.ofWhile
there is a large number of records for each ran@fof Vs30 = 1200 ft/sec (360 m/sec),
there is no record for the rangeS&f> 0.8g for Vs30 = 2500 ft/sec (7&@sec). This is
expected because for Vs30 = 2500 ft/sec (760 m/sec) of which the histories are on the
rock and very stiff site conditions. As a result, compared to Vs30 = 1200 ft/sec (360
m/sec), there is a considerably less amplification in the speeispacially at higher
periods leading to few sites haviBgexceeding 0.8g.

To fill the gap in the earthquake records for the randgg of0.8g for Vs30 =
2500 ft/sec (760 m/sec) recorded Riailt ground motions were obtained from the
Pacific Earthquiee Engineering Research (PEER) Center website. Three criteria were
applied to selecting the ground motions: (1) the earthquake magnitude is 6.5 or higher,
(2) the closest distances from the fault is less than 9 miles (15 km), and (3) 1800 ft/sec
(540m/se) O Vs30 O 2500 ft/sec (760 m/sec). Se
principal component should be used to represent motion in thenfaafial direction and
the minor principal component should be used to represent motion in thpdeallél
direction. The recorded nefault ground motions and their characteristics are presented
in Table 627.

Figures 6.3 to 6.6 show examples of At histories foiS;: 0.4-0.6g for Vs30
= 1200 ft/sec (360 m/sec) and for different components. Velaniydisplacement
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histories were generated by integrating the acceleration and velocity histories,
respectively. All components show a long period velocity pulse in velocity history.
Examples of histories for other rangesSpand different Vs30 are pented in Appendix
A.

Because NHA was a scaled column, the time scale of the input records was
compressed to take into account the scaling effect using Equation 6

W G
T, =T, 5 (6-1)
Where

T, is the period of the scaled membg, is prototype periodyV, is the weight of

the inertial system (mass rigg,is the scale factor, and is applied axial force on the
column. Detailed information about derivation of scaling is provided in Phan et al.
(2005) and Choi et al. (2007).

Residual dfts were determined for ductilitiesf 2, 4, and 6.Note that the
ductility demand values were interpolated to arrive at the results for each of the desired
ductilities. Because the scatter in residual drift is relatively high, it is decidedthat f
each periognd ductility demandgesidual driftresponse spectra be constrddier the
average, average plus standard deviation and average minus standard deviation

The period ranged from 0.1 to 2.0 seconds with incremeiit9b6fseconds
(prototype scale)For each periodndductility value, a residual drifiesponse spectrum
for each of the ranges &f and soil conditions was generatdelgure 6.7 shows the
residual drift spectrum for Vs30 = 1200 ft/sec (360 m/sec), ductility of twoSarid4-
0.6g. As seen the spectra is generated with a distinct valleys in the resiuatio
curve as column period increases. This is due to the effective period of the column as it
relates to the frequency content of the ground motion in addition to interpolating of
displacement ductility for each period. It was felt that the lepecof the residual drift
spectra would be a more reasonable set of curves to beTise@nvelopes of residual
drift response spectfar average and average plus standard deviatieshown in Fig.
6.8. To be more conservative, the envelopagsiflual drift response specti@r average
minus standard deviation were not generafdte envelopes eliminate the valleys in the
curves of Fig6.7and present the more conservative estimate of the residual drift ratios
for the period ranges where the egk occur.Figures 6.9 to 6.30 show the residual drift
spectrum for different Vs30, ductility, and range$pf Figure 6.9 shows the residual
drift spectra for Vs30 = 1200 ft/sec (360 m/sec), ductility of two,&n@.6-0.8g.
Compared to Fig. 6.7, ¢iher values for residual drift are obtained because of the higher
range ofS;. The envelope of the residual drift spectra presented in Fig. 6.9 is shown in
Fig. 6.10. For an effective period of 1 second, , the estimated residual drift based on
average ath average plus standard deviation are approximately 0.55% and 0.75%,
respectively. Residual drift spectra for Vs30 = 1200 ft/sec (360 m/sec), ductility of four,
andS;: 0.6-:0.8g is shown in Fig. 6.11. As demand ductility increased, the residual drift
significantly increased. Based on Fig. 6.12, which shows the envelope of Fig. 6.11,
when the column period increases of approximately 0.5 seconds and 0.45 seconds the
corresponding residual drift is more than 1.0% for average and average plus standard
devidion plots, respectively. AS; increases the residual drift increases (Fig. 6.13).
While the residual drift even for the average plus standard deviation plot is less than 1.0%
for § of 0.6-:0.8g and ductility of two (Fig. 6.10), it is higher than 1.08%the same
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ductility andS, > 0.8g (Fig. 6.14) for the period of approximately 0.90 seconds and 0.55
seconds and higher for average and average plus standard deviation plots, respectively.
This is attributed to the stronger input earthquakes for thgeraf,, As demand

ductility increases, the residual drift increases (Fig. 6.15 and 6.17), as expected.
According to Fig. 6.16 for ductility of four, the residual drift is more than 1.0% for

periods higher than 0.4 seconds for the average plot. Tresponding period based on

Fig. 6.18 for ductility of six is 0.3 seconds which shows that columns with high ductility
demand and periods are required to be designed fofandaground motion effects. For
Vs30 = 2500 ft/sec (760 m/sec), the correspangiots are presented in Fig. 6.19 to

6.30. A similar trend can be seen for this site condition; however, residual drift is
generally lower, which is expected. Note that these diagrams were generated with the
assumption that 50% of the section is crack€de period axis can be adjusted to

account for different cracked section properties. The diagrams corresponding to a ratio of
cracked to gross moment of inertia for 0.3, 0.4, 0.6, and 0.7 are presented in Appendix B.
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Chapter 7. Bridge Column Design Procedure forNear-Fault
Earthquakes

7.1. Introduction

Previous chapters demonstrated that one of the critical response parameters of the
bridge columns subjected to ndault ground motions is generally high residual
displacements that can affect the peastthquake funadnality of the bridges. A new
guideline for the design of reinforced concrete bridge columns exposed taukar
earthquakes was developed as part of the current study and is presented in this chapter.
The focus of the guideline is on the control cfideial drift, which is determined using
either the proposed simple method described in Chapter 5 or residual drift spectra
presented in Chapter 6 and Appendix B. The method ties the residual drift to the
AASHTO maps for spectral acceleration at 1.0 se¢8&jcand 1006year return period
based on the bridge location and then checks the residual drift. Appendix C provides a
design example.

7.2.  Current Design Practice

The AASHTO Guide Specifications for LRFD Seismic Bridge Design (AASHTO
2011) does not includeny specific provisions dealing with the design for a ffi@alt
ground motion. Instead, a s#pecific analysis is required if the site is located within 6
miles (10 km) of a known active fault. Such analysis is costly and complex.

The Caltrans Seismidesign Criteria, SDC version 1.6 (Caltrans 2010)
recommends the design spectrum to be amplified to account fefauttaearthquake
effects. No amplification is required if the site is located more than 15.6 miles (25 km) to
the rupture plane. The anfpdation factor is fully applied at locations within 9.4 miles
(15 km) of the rupture. For distance between 9.4 miles (15 km) and 15.6 miles (25 km),
linear interpolation is used. For sites located within 9.4 miles (15 km), the amplification
factor conssts of 20% increase in spectral acceleration if the period is 1.0 second or
higher. If the natural period of the structure is 0.5 second or less, no amplification is
required. For periods between 0.5 second and 1.0 second, linear interpolation is used.

The Uniform Building Code (UBC 1997) incorporates Rzt earthquake
effects by increasing design spectral acceleration using near source factors. These factors
are applied when the closest distance to seismic source is 6 miles (10 km) or less and
magritude is greater than 6.5.

7.3.  Proposed Design Procedure

The procedure presented here is to be used for iterative design of reinforced
concrete bridge columns to satisfy the residual drift limit (1.0 %) requirement (in Sec.
4.3.2) when subjected to nefault earthquakes. A flowchart of the design process is
shown in Fig. 7.1. In the proposed method, for a given site, first the column is designed
based on Caltrans or AASHTO provisions and the capacity is checked against the
demand. Subsequently, the residirdt ratio is checked. If the residual drift check is
satisfactory, no adjustment in the size of the column or longitudinal reinforcement is
required. But if the column fails the residual drift check, the size of the column, the
longitudinal steel rati, or both need to be increased and the procedure is repeated. Two
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approaches can be utilized to estimate the residual drift. In the first approach, given the
effective period, the effective moment of inertia for the column, and expected
displacement dudity demand, a residual drift spectra curve can be utilized to determine

a residual drift value. Note that residual drift spectra that were presented in Ch. 6 are for
different spectral accelerations at 1.0 sec&@pand soil types. In the second amgch,
residual drift ratio is calculated using the simple method described by Equdtin 5

which is based on the displacement ductility demand.

Displacement ductility demand is calculated by dividing the maximum
displacement by the effective yield piacement. To determine the maximum
displacement, it was assumed that displacements resulting from the inelastic response of
a bridge are approximately equal to the displacements obtained from an analysis using
the linear elastic response spectrum (Mieaadd Bertero 1994). The elastic response
spectra were generated using SeismoSignal software (SeismoSoft 2010) for damping
ratio of 5% and each range $fdescribed in Sec. 6.5. To consider the scatter in data, the
spectra were constructed for the ageraaverage plus standard deviation, and average
minus standard deviation. Figure 7.2 shows the spectral displacement for Vs30 = 1200
ft/sec (360 m/sec) arffl: 0.40.6g. The spectra are jagged. Figure 7.3 presents the
envelope of the spectra. To benservative, the envelope for average minus standard
deviation was not generated. The spectral displaceme§t f@:/6-0.8g is shown in Fig.

7.4. Compared to Fig. 7.3, higher spectral displacements are obtained, which is expected
due to the higher rangg S;. The envelopes of these spectral displacements are
displayed in Fig. 7.5. AS;increase, the spectral displacement increases (Fig. 7.6 and
7.7). For a column with natural period of 1.0 seconds, the spectral displacement is 5 in.
(127 mm) based otine envelope of average plot; however, the corresponding value is
approximately 7.5 in. (191 mm) and 12 in. (305 mm) fpr0S5-0.8g andS;> 0.8g,
respectively. This is attributed to the stronger input earthquakes for these ragges of

For Vs30 = 250 ft/sec (760 m/sec), the corresponding plots are presented in Fig. 7.8 to
7.13. A similar trend can be seen for this site condition; however, spectral displacement
is generally lower, which is expected. This is attributed to the lower amplificatibe in t
spectrum for Vs30 = 2500 ft/sec (760 m/sec) of which the histories are on the rock and
very stiff site conditions. Because the difference between the average and average plus
standard deviation spectra is small, it is recommended to use the avergigpenv

spectra to determine the spectral displacement.

According to AASHTO Guide Specifications for LRFD Seismic Bridge Design,
for higher damping ratios, a reduction fac®s may be applied to the 5% damped

spectra to calculate the mmum displacement:

° 0.4
a0.059
R,=%& —§ (7-1)
¢ X =
Wheres-is damping ratio not to be taken greater than 0.1.
Also, note that the assumption that displacements of an elastic system will be the
same as those of nonlinear system is not valid for gfesibd structures. The maximum

spectral displacement shall rltiplied by the displacement magnification factBy, to
obtain the design displacement for shaetiod structures:
R, % 1 °T 1290 forT? >1.0 (7-2)
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In which

T =1.25T, (7-3)
S

T, =Pt 7-4

. (7-4)

S, = F, (7-5)

S.s =F.S, (7-6)

Where

mis maximum displacement ductility demarid,is natural period of the
structure,F, is site coefficient for spectral acceleration at 0.2 secoRg#s site
coefficient for spectral acceleration at 1.0 secorg]ds spectral acceleration at 0.2
seconds, an@, is spectral acceleration at 1.0 seconds. Based on AASHTO
recommendation, for SDC @B ¢ S,, <0.5) mis 3.0. For SDCD§,, 2 0.5), m
shall satisfy the requirements listed in Table 7.1.

The following steps are recommended for Aeaitt design of bridge columns:

Stepl: Design the column based AASHTO or Caltrans provisions.

Step2: For the given site, determine soil type and the spectral acceleration at 1.0
second &) using the AASHTO maps for 108@ar return period.

Step3: Calculate the natural period {:

T= 2,0\/% (7-7)

Wherem and k are the mass and stiffness of the structure, respectively.

Step4: Given the natural perio&, and soil typedeterminethe maximum
displacement utilizing the spectral displacement diagrams (Fig. 7.2 to 7.13). The
maximum displacement may also be determined from a linear elastic multimodal
response spectrum analysis. Note that the calculated mmaxdisplacement may need
to be modified by Equation-¥ and 72. Because the magnification factor in Equatien 7
2, R,, is a function of displacement ductility demand (sigpan iterative procedure is

required to obtain the maximumsgiacement if displacement magnification is necessary.
Step5: Calculate the effective moment of inertia,(). Two approaches can be

utilized to determine the effective moment of inertia: in the first approach, the effective
moment @ inertia is estimated using Fig. 7.14 knowing the axial dead load and
longitudinal reinforcing ratio. In the second approach, the effective moment of inertia is
taken as the slope of the momentvature M - j ) curve between the origend the

point designating the first reinforcing bar yielding:
M
E Ieff = —y (7'8)

Where

M, is moment of the section at first yielding of tieénforcing steel; | is the
curvature of section at first yielding of the reinforcing steel, Bpas the modulus of
elasticity of concrete.
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Step6: Conduct pushover analysis to determine the effective yield despta
of the column D, ).

Step7: Determine the displacement ductility demandliwding the maximum
displacement frorstep4 by the effective yield disfpcement from pushover analysis.

Step8: Determine the effective period using Btjan %7 using the effective
moment of inertia that was used in calculating stiffnéss (

Step9: Determine the residual drift ratio.

Residual drift value can be obtained using one of two approaches: in the first
approach, given theffectiveperiod expected displacement ductility demand, and the
effective moment of inertia for the column, the residual drift is determined from the
corresponding residual drift envelope spectra for specific ran§eanid soil type, which
were preseted in Ch.6 and Appendix B. The interpolated value of residual drift should
be used if the displacement ductility demand is between two and four or four and six.
Note that it is assumed that the residual drift ratio is negligible when the displacement
ductility demand is less than two.

In the second approach, utilizing the simple method described in Ch.5, the
residual displacemen{D, ) is calculated as

D, = 4D, (7-9)
In which
_€0.04n7 +014m  m>1.0

b=j
iO m¢ 1.0

(7-10)
Where
mis displacement ductility demand aly is yield displacement dhe column.

Residual drift ratio is obtained by dividing the residual displacer(@nt by the
height of the column.

Stepl10: Check if residual drift ratio is less than 1.0%. Otherwise, to decrease the
effective period and ductility degind, increase the size of the column, longitudinal steel
ratio, or both and repeat the process from-8tep

A design example is provided in Appendix C.
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Chapter 8. Cost Estimation

8.1. Introduction

A new methodology for design of RC bridge columns subjected tefaelr
ground motions was proposed in Chapter 7. According to the design method, the size of
the column, longitudinal steel ratio, or both may have to be incréasktrease the
residual drift ratio. To evaluate the impact of the proposedfaairearthquie design
on the cost of a bridge, several representative actual bridges that had been designed based
on current or recent design specifications were redesigned using the proposed method.
The bridges are located in different parts of the United Statbsowésecond spectral
acceleration of at least 0.4g. It was observed that where theeonrd spectral
acceleration is less than 0.4g, residual displacements are unlikely to be significant. This
chapter describes the bridges, evaluation of residudbhdempents and any necessary
design revision, cost analysis, and the overall cost impact for different bridges.

8.2.  Description of Bridges

Five representative bridges from the States Washington, Utah (2), California, and
South Carolina that meet current stards were modeled. The models were analyzed
based on the current location of each bridge and redesigned fdaunkanotions when
necessary according to the recommendations in Ch.7. The effect of redesign in terms of
total cost of the bridge was evated.

Table 8.1 and Table 8.2 summarize general information and column longitudinal
and transverse steel ratios in each bridge. The bridges cover two to eight spans, have no
or small skew (less than 15 degrees), and are supported on bents with two to fo
columns. The oneecond spectral acceleration ranges from 0.4g to over 0.8g. The
bridges were labeled according to the bridge location.

8.2.1. Washington Bridge

The bridge is located in Washington State near the city of Olympia at latitude
47.0 and longitue-122.9 with site class of E. The design of this bridge is based on
MCEER/ATC 49 (ATC 49 2003). The design earthquake loading is the maximum
considered earthquake (MCE) with 3 percent chance of exceedence in 75 years (2475
years return period). Based the design criteria and location of the bridge, spectral
acceleration at 1.0 secorfgh) is 0.986g. Figures 8.1 to 8.3 show the structural details
of the bridge. The bridge is 500 ft. (152 m) long with five equivalent spans andtis 43
(13.1-m) widesupported on sedype abutments. The bridge is straight and the piers are
oriented normal to the roadway alignment (no skew). The superstructure isra cast
place, threecell concrete box 72 in. (1829 mm) deep withid2(305mm) interior webs
spacedat 132 in. (3353 mm). The bottom and top slabs are 03mm) and 9in.
(229mm) thick. The intermediate piers are integral with the box girder and consist of
two castin-place round concrete columns with a diameter of 48 in. (1219 mm). The
longitudinal reinforcement consists of 28#11 bars in Bent 1 (longitudinal steel ratio of
2.4%) and 20#10 bars (longitudinal steel ratio of 1.4%) in other bents. The columns are
supported by a 22 ft. (6.7 m) by 46 ft. (14 m) pile cap with-teptace concreteiles.
The diameter of the piles is 24 in. (610 mm). The concrete has a specified compressive
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strength of 4 ksi (27.6 MPa). Steel reinforcement has a specified yield stress of 60 ksi
(414 MPa).

8.2.2. Utah Bridge-1

This bridge is in Salt Lake City, Utahon@Gler 6s Lane over Legacy
The site latitude is 40.9652 degrees north, and the longitui#is8929 degrees west.
Soil category is site class D. The design of this bridge is in accordance with
MCEER/ATC 49 (ATC 49 2003) for MCE with 3 percent nbe of exceedence in 75
years (2475 years return period). Spectral acceleration at 1.0 s€gasd(58g. The
structure details of the bridge are presented in Fig. 8.4 to 8.6. The bridge has two spans
with a total length of 214.5 ft. (65 m). Thestispan is 114.5 ft. (35 m) and the second
span is 100 ft. (30 m). The piers are oriented at an angle of 11 degrees from a line
perpendicular to the bridge centerline. The superstructure is made up eight prestressed
precast{girders (AASHTO Type VI beajrspaced at 116 in. (2946 mm) on center. The
roadway is an 8 in. (203 mm) thick castplace slab with a total width of 76.2 ft. (23.2
m). The abutment is integral. The intermediate pier (Bent 2) is made up of 72 in. (1829
mm) deep by 66 in. (1676 mmjide dropped cash-place concrete cap beams supported
by four, 4 ft. (1219 mm) diameter castplace concrete columns. The column height for
all columns is 162 in. (4115 mm) measured from the top of the pile cap to the soffit of the
dropped cap beaniThe column dngitudinal reinforcemens made up of R#9
(longitudinal steel ratio of 1.2%jars. The columns are supported on a 14 ft. (4.3 m) by
89 ft. (27 m) pile cap with cast-place concrete piles. The diameter of the piles is 16 in.
(406 mm). The concrete has a specified compressive strength of 4 ksi (27.6 MPa) for
castin-place elements and 8.5 ksi (58.6 MPa) for precast elements. The specified yield
stress of steel reinforcement is 60 ksi (414 MPa).

8.2.3. Utah Bridge-2

The bridge is located in Sdlake City, Utah on Center Street over Legacy
Parkway. The latitude and longitude of the bridge are 40.84151a6d426 degrees,
respectively. The site is classified as D. The design of this bridge is based on
MCEER/ATC 49 (ATC 49 2003) for MCE witB percent chance of exceedence in 75
years (2475 years return perio@. is 0.59g. Figures 8.7 to 8.9 present the structure
details of the bridge. The bridge is 186 ft. (56.7 m) long with two equal spans. The piers
are oriented at an angle of 10.5 dexs from a line perpendicular to the bridge centerline.
The superstructure consist of six prestressed pregastdrs (AASHTO Type V beam)
spaced at 112 in. (2845 mm) on center. The thickness of thmgaate slab is 8 in.

(203 mm) with a total vdth of 54.2 ft. (16.5 m). The abutment is integral. The
intermediate pier (Bent 2) is 74 in. (1880 mm) deep by 66 in. (1676 mm) wide dropped
castin-place concrete cap beams supported by three, 48 in. (1219 mm) diameier cast
place concrete columns.h& column height for all columns is 193 in. (4902 mm)
measured from the top of the pile cap to the soffit of the dropped cap beam. The
longitudinal reinforcement consists of-#&0 (longitudinal steel ratio of 1.26%) bars.
Each column is supported by @ f2. (6.1 m) by 20 ft. (6.1 m) pile cap with castplace
concrete piles. The diameter of the piles is 16 in. (406 mm). The concrete specified
compressive strength is 4 ksi (27.6 MPa) for-tagilace elements, and 7.5 ksi (51.7
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MPa) for precast elemés. Specified yield stress of reinforcement steel is 60 ksi (414
MPa).

8.2.4. California Bridge

The bridge is located in California supported on a site class C soil. The bridge
was adopted from the Seismic Retrofitting Manual for Highway Bridges (2006). The
design of this bridge is based on pre 1971 codgsgfofsthe site is 0.56g. Figures 8.10
and 8.11 show the structure details of the bridge. The bridge has four spans and was 470
ft. (72 m) long. The spans are asymmetrical at 160 ft. (49 m) (Spad6LiX. {32 m)

(Span 2), 114 ft. (35 m) (Span 3), and 90 ft. (27 m) (Span 4). The piers are oriented
normal to the roadway alignment (no skew). The superstructure isia-gdate

concrete box girder. The intermediate piers are integral with the ket gind

supported by two casb-place concrete columns. The diameter of the columns is 48 in.
(1219 mm). The column height for Bent 2 is 40 ft. (12192 mm). For Bents 3 and 4,
column height is 50 ft. (15240 mm). The longitudinal reinforcement cormgits

No.M55 bars for Bent2 (longitudinal steel ratio of 4.5%) andNB M35 bars

(longitudinal steel ratio of 2.8%) for other bents. Each column at Bent 2 is supported by
a 14 ft. (4.3 m) by 14 ft. (4.3 m) footing. A 12 ft. (3.7 m) by 12 ft. (3.700j}ifg is
provided for each column at other bents. The concrete has a specified compressive
strength of 3.25 ksi (22.4 MPa). The specified yield stress of steel reinforcement is 60
ksi (414 MPa).

8.2.5. South Carolina Bridge

The location of the bridge is in 8thh Carolina on US 378 over Little Pee Dee
River. The site latitude is 33.834 degrees north, and the longiteid® 263 degrees
west. The site is classified as site class D. The design of the bridge is based on
AASHTO 2004 LRFD Bridge Design Specifttans with 2005 and 2006 interim
revisions. Seismic design is in accordance with the SCDOT Seismic Design
Specifications for Highway Bridges (2001). The considered earthquake loading is Safety
Evaluation Earthquake (SEE), which is defined as the grcekirgy with 3%
probability of exceedence in 75 ye§24 75 years return periodp; for the site is
0.419g. The structure details of the bridge are shown in Fig. 8.12 to 8.14. The bridge is
1034 ft. (315 m) long with eight equivalent spans. The pirerparpendicular to the
roadway alignment (no skew). The bridge is slightly curved (R=5700 ft. (1737 m)). The
superstructure is made up five prestressed precastdrs (Bulb tee beam (74 in. (1880
mm) modified) spaced at 117 in. (2972 mm) on cenfée roadway is a 9 in. (229 mm)
thick castin-place slab with a total width of 47.25 ft. (14.4 m). The abutment is integral.
The intermediate piers are made up of 66 in. (1676 mm) deep by 66 in. (1676 mm) wide
dropped casin-place concrete cap beams gaged by two 60 in. (1524 mm) diameter
castin-place concrete columns. The longitudinal reinforcement consists#E B30
(longitudinal steel ratio of 1.66%) bars. Each column is supported by a 96 in. (2438 mm)
diameter drilled shaft. The concrete sfiedicompressive strength is 4 ksi (27.6 MPa)
for castin-place elements, and 8 ksi (55.2 MPa) for precast elements. The specified yield
stress of reinforcement steel is 60 ksi (414 MPa).
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8.3.  Analytical Models

The structural analysis program SAP2000 versi®9.1 (Computer and
Structures, Inc. 2011) was utilized for the analyses. An example of global view of the
model for Washington bridge is presented in Fig. 8.15axis was taken to be along the
longitudinal axis of the bridge, and theaXis was takerotbe vertical. The bridge
superstructure was modeled as a spine. All spine members were frame elements with six
degrees of freedom. The superstructure had four elements per span and the work lines of
the elements were located along the centroid ofuperstructure. Moments of inertia
and torsional stiffness of the superstructure was based on uncrackeseotossal
properties. The bents were modeled with frame elements that represent the cap beam and
individual columns. In bridges with box girdguperstructure, the cap beam was defined
at the elevation of the superstructure center of gravity. A node was defined in plan at top
of each of the column centerlines at the soffit of the box girder and also at the center of
gravity of the cap over the kkonns. Rigid links were used to connect the cap beam joints
over the columns to the joints at the top of column. In bridges with prestressed girders
superstructure, the cap beam was defined at the cap beam centerline. The superstructure
spine was attadd to the cap beam via a rigid link at each pier. The rigid link was
assumed to be between the center of gravity of the superstructure and the top of the cap
beam. For Utah bridges, the superstructure was pin connected to the top of the dropped
cap beamst the intermediate pier. For South Carolina bridge, this connection was
continuous because bearing were anchored to the top of the cap beam. Another rigid link
was made from the bearing location to the center of gravity of the cap beam. Additional
rigid links were used to connect the cap beam joints centered over the columns to the
joints at the top of column. Since a spine was used, the moment of inertia of the cap
beam was increased by a factor of 10000 to ensure reasonable force distribution to the
substructure components during the analysis. The columns were also modeled using
frame elements. The effective moment of inertia was used for the column members.

This parameter was calculated as the slope of meowenature diagram of the column
usingmomentcurvature analysis in SAP2000. For Washington and California bridges,
the foundation spring properties were available from soil and foundation properties. In
the longitudinal direction, the intermediate bent columns and the abutment baclsfll resi
the longitudinal seismic force. In the transverse direction, the superstructure, individual
piers, and the abutment soil resist the load. The end diaphragm of the box girder is in
contact with the soil behind. Therefore, a longitudinal foundatiangpras used to

model the pile stiffness and passive resistance of the backfill. Also, transverse springs
were used to account for the pile stiffness. For Washington bridge, foundation springs
representing the piles were applied to the node at the bdse mile cap. For California
bridge, foundation springs were applied to the node at the base of the column. For other
bridges, due to the lack of geotechnical data, fixed connections were used instead of
foundation springs; however, no abutment resgrarere assumed in the longitudinal
direction to be more conservative.

Since the skew angle for Utah bridges was very small (less than 15 degrees), the
skew angle was ignored. Also, because the curvature of South Carolina bridge was
relatively small resiting in a very small central angle of approximately 1 degree, the
bridge was treated as a straight bridge.
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8.3.1. Response Spectrum Analysis

To determine the maximum seismic displacement demands, linear elastic
multimodal spectral analysis using the responsetspm with 5 percent damping was
conducted. Using the coordinates of the bridges and site classification, response
spectrum coefficients: acceleration coefficiei) (spectral acceleration at 1.0 seconds
(S51), and short period spectral accelerati§ss) were calculated in accordance with
AASHTO specifications (AASHTO 2009) for 108@ar return period. Table 8.3 lists
these parameters in additional to the desigf@& each bridge. The desigh; is based
on the design criteria that had been usecéxh bridge. Note that because the exact
location of California bridge was not available, the calcul&gadvas assumed to be the
same as the desi@gp;. Figure 8.16 shows the design response spectrum following the
three point method based on AASHT® @lifferent bridges. For periods less thign(

S o . .
O.ZS—Dl), the spectrum acceleratid®, increases linear froms to Sos. The spectrum is
DS

capped (spectrum acceleration equly for periods betweeil, and T, (%). For
DS

periods greater thaf,, spectrum acceleration decreases proportionately to the inverse of

the period(%). Note that design response spectrum for Califoand Utafl bridges

is approximately the same because the calculated spectrum parametys éndSy;)

were close. A sufficient number of modes were included in the analysis model to ensure
at least 90 percent participation of the total massethucture, with the modal response
contributions combined using the complete quadratic combination (CQC) method. The
response spectra were entered into the SAP2000 model to determine horizontal
accelerations. The accelerations were aligned in the ttvogonal horizontal directions:

(1) longitudinal (along a line from the intersection of the alignment line and the centerline
of the first pier to the intersection of the alignment line and the centerline of the end pier)
and (2) transverse (along a liperpendicular to the bridge longitudinal). The response
spectrum displacements were monitored at the top of the columns. One column from
each pier was selected to determine the displacements for that pier. For short periods, the
displacements may neealhe magnified for the longitudinal and transverse directions.

To account for directional uncertainty of the earthquake, the seismic displacements
resulting from analysis in two perpendicular directions were combined to form two
independent load cases:

Load Case 1: demand displacements are 100 percent of the absolute value
resulting from the analysis in longitudinal direction plus 30 percent of the absolute value
resulting from the analysis in transverse direction.

Load Case 2: demand displacements afegercent of the absolute value
resulting from the analysis in transverse direction plus 30 percent of the absolute value
resulting from the analysis in longitudinal direction.

8.3.2. Pushover Analysis

The effective yield displacement of each pier was detechfioen pushover
analysis using SAP2000. The pushover models were generated from the global response
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spectrum bridge model modified to include plastic hinges at the top and bottom of each
pier column (where appropriate). The plastic hinge lendthswere calculated using

Equation 81 (Priestly et al, 1996).
L, =0.08% L+0.15f d, 2 0.3f d, (ksi)

L, =0.08% L +0.022f d, 2 0.044f d, (MPa
Where L is the length of column &m point of maximum moment to the point of

(8-1)

moment contraflexuref, is yield stress of longitudinal reinforcing steel, amgdis

diameter of longitudinal column reinforcing steel bars.

The pushover analysis was perfeed for each pier in two orthogonal directions
to determine the pier transverse and longitudinal load displacement behavior. The pier
was pushed to a target displacement over a specified number of steps. The ultimate
displacement was assumed to corresj{io the displacemeratt which column core edge
concrete reaches ultimate compressive stteihe Mander 6 s confined con
was used to determine the concrete stsigsn relationship. The unconfined concrete
compressive strain at the maximuompressive stress was taken to be 0.002, and the
ultimate unconfined concrete compressive strain at spalling was taken to be 0.005. The
pushover curve is defined as a function of base shear versus displacement. Figures 8.17
to 8.44 present the pushoverrees for each pier in different bridges in the longitudinal
and transverse direction. The firsgld displacementorrespondingo the displacement
at which first yieldoccurs in longitudinal reinforcemewithin the pier To determine
the effective yeld displacement, a bilinear curve was generated using the first yield
displacement and ultimate displacement by balancing the areas below and above the
bilinear curve. The effective yield displacement in longitudinal and transverse direction
is approximéely the same in Washington, California, and South Carolina bridges.
However, for Utah bridges the effective yield displacements in the two directions were
noticeably different. This is because in Utah bridges, the columns bends in single
curvature in tk longitudinal direction but bends in double curvature in the transverse
direction.

8.4. Redesign for NearFault Ground Motions

Displacement ductility demand for each pier and direction was determined by
dividing the corresponding combined displacement dena&mop of the column from
response spectrum analysis by the corresponding effective yield displacement resulting
from pushover analysis. Two approaches were utilized to estimate the residual drift in
each direction. In the first approach, knowing thepldcement ductility demand,
effective period T.: longitudinal periodiTt: transverse period), and the effective moment
of inertia for the column, the residual drift for each direction was determined from the
corresponding residual drift envelope spetiraspecific range 0%, and soil type. These
spectra were developed in this study and presented in Chapter 6 and Appendix B. Note
that residual drift spectra based on average envelope spectra rather than the average plus
a standard deviation were udegtause even the average spectra are conservative. The
effect of using average plus one standard deviation spectra on the bridge cost was
determined as part of the parametric studies presented in the next chapter. In the second
approach, residual drifatio was calculated based on the proposed simple method
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(Equations () and (710)) presented in Chapter 7. Residual drift ratio is defined as a
ratio of residual displacement and column height. The acceptance criterion is a residual
drift ratio of 1% @ less.

Tables 8.4 and 8.5 present the results for Washington bridge. It is shown that the
displacement ductility demand in Bent 1 in longitudinal direction is 2.40, which resulted
in residual drift ratio of 1.34% according to the first approach. Whaleimum
displacement at top of the column is approximately the same for all piers, Bent 1 presents
the higher displacement ductility resulting in high residual drift, which is attributed to the
shorter column height for this bent. Based on the secondagbpnesidual drift is less
than 1%. In transverse direction, the residual drift ratio is less than 1% in all the bents
using the two approaches. To decrease the residual drift ratio of 1.34% (Table 8.4), the
longitudinal steel ratio in Bent 1 was incsed from 2.4% to 3.5%. The transverse steel
ratio was not changed. As a result, longitudinal and transverse periods were reduced to
1.10 sec. and 0.92 sec., respectively. Figures 8.45 and 8.46 present the pushover curves
for this bent in longitudinal ahtransverse direction, respectively. The results for the
redesigned bridge are presented in Tables 8.6 and 8.7. The increase in longitudinal steel
ratio led to higher yield displacement, lower ductility demand of 1.97, and acceptable
residual drift ratb of 1.04% in longitudinal direction based on the first approach. In
transverse direction, the bridge meets the residual drift ratio limit of 1% according to both
approaches.

Tables 8.8 and 8.9 show the results for Utah Britige longitudinal and
trarsverse direction, respectively. Since displacement ductility demand is small, residual
drift ratio is less than 1% in both directions regardless of the method used to estimate the
residual drift ratio. Based on Tables 8.10 and 8.11, the residual dafir&Jtah Bridge
2 meets the limit of 1% as well. It is seen that even though the dgsigh59q) is less
than the calculate®,; (0.669g), the ductility demand is less than two for the bridge in
both directions.

Results for California bridge aristed in Tables 8.12 and 8.13. The displacement
ductility demands are relatively low because of the high longitudinal steel ratios and the
resulting high yield displacements. The results show that residual drift ratio in each
direction is less than 1.0%nd no redesign is necessary.

Tables 8.14 and 8.15 present the results for South Carolina bridge. The low
period of the bridge in both directions led to small displacements at top of the columns.
Residual drift ratio is negligible based on both apghea. This is expected because the
designSy: (0.4199) is significantly higher than the calculaBed(0.2429), resulting in
low demands for the bridge.

8.5. Cost Impact

Washington bridge was the only bridge that had to be redesigned feankar
earthquakenotions because its calculated residual drift ratio exceeded the limit of 1%
when the residual drift spectra were used. The increase in the cost of the bridge due to
the change in design was calculated.

Table 8.16 lists the average unit price foreliént items according to Washington
State Department of Transportation (WSDOT 2011). Using this table, total cost of the
bridge was estimated to be 7.434 million dollars (including superstructure, substructure,
abutments, and footings). Note that theoexast of bridge is higher because of the cost
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of asphalt or concrete pavement, consultant services, etc.. Hotieser costs were

excluded in the current study to simplify the process. Furthermore, potential secondary
cost increases due to possibf@ege in design of connections and foundation were
excluded for the same reason. The total cost of the redesigned bridge was 7.442 million
dollars reflecting the change in the longitudinal reinforcement ratio of the columns in

bent 1 from 2.4% to 3.5% f@ent 1. The change led to an increase of approximately

0.1% in total cost of the bridge. It is concluded that using the proposed design method to
control residual drift ratio has negligible effect on the overall cost of the bridge.
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Chapter 9. Parametric Studies

9.1. Introduction

The cost impact of designing bridge columns for +faalt earthquakes based on
the method proposed in previous chapters was reported in Chapter 8. The cost impact
study was expanded to determine the effects of variations of the prajessgd method
described in chapter 7. This study consisted of two parts: in part 1, the cost impact of the
proposed nediault earthquake design method using average plus standard deviation
envelope spectra on the bridges described in Chapter 8 wamidetdr In part 2, it was
assumed that the bridges are located in areas with higher rangessetcond spectral
acceleration. The bridges were redesigned based on the proposed method described in
Chapter 7 as necessary and cost impact was determined.

9.2. Part 171 Design Based on Average Plus Standard Deviation Spectra

As discussed in Chapter 6, two sets of envelope of residual drift spectra were
generated to determine the residual drift ratios: (1) average and (2) average plus one
standard deviation. I@hapter 8, redesign of bridges for néaullt ground motions was
based oraverage envelope spectra, which was a part of the recommendddutiear
earthquake design method developed in this stlmyhe first part of this study, the
bridges were redesigd based on average plus one standard deviation envelope spectra
and cost impact was evaluated.

According to Sec. 8.4, Washington bridge was the only bridge that had to be
redesigned for nedault earthquake motions because displacement ductility demwasd
greater than two in longitudinal direction. Tables 9.1 and 9.2 show the results for this
bridge using average plus standard deviation spectra in longitudinal and transverse
direction, respectively. While the residual drift ratio in Bent 1 in lowiyial direction
was 1.34% based on average residual drift spectra (Table 8.4), the corresponding value
using average plus standard deviation spectra is 1.91%. Residual drift ratio is less than
1% in transverse direction in all the bents. To decreasesidual drift ratio, the
diameter of columns in Bent 1 was increased from 4 ft (1219 mm) to 6 ft (1829 mm).
The longitudinal and transverse steel ratios were not changed (2.4% and 1.3%,
respectively).Figures 9.1 and 9.2 present the pushover curvdbifobent in
longitudinal and transverse direction, respectively. As expected, increase of column
diameter led to a stiffer column and, as a result, lower yield displacef&ies 9.3 and
9.4 present the results for redesigned bridge in longitudimairansverse direction,
respectively. Due to the increase in column diamgtegitudinal and transverse periods
were reduced from 1.14 sec. and 0.93 sec. to 0.76 sec. and 0.77 sec., respectively.
Ductility demand in longitudinal direction decreasedrir®.40 to 1.86, which resulted in
an acceptable residual drift ratio of 1.05%.transverse direction, the bridge met the
residual drift ratio limit of 1%.

9.2.1. Cost Impact

In Sec. 8.5, the total cost of the bridge was estimated 7.434 million dollars. The
total cost of redesigned bridge using average plus standard deviation spectra is 7.484
million dollars. Note that the cost only reflects the change of column diameter in Bent 1.
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Also, to simplify the process, possible cost increase due to the changagim afe

connections and foundation was excluded. While the increase in cost using average
spectra was 0.1%, the corresponding value using average plus standard deviation is 0.7%
reflecting the fact that even utilizing average plus standard deviatiomaédiift spectra

will not significantly increase the cost of the bridge.

9.3. Part 27 Effect of Higher Spectral Acceleration

Earthquake intensity maps are constantly evolving. As new earthquakes occur
and as new fault lines are identified the seismic Bitgmmaps may improve. This
improvement may shift the bridge into higher seismic demand zones.

As described in Chapter 6, residual drift spectra were developed for three ranges
of onesecond spectral acceleratidi)( 0.40.69, 0.60.8g, and greatehan 0.8g. In
Chapter 8, the bridges were analyzed and redesigned from the corresponding residual
drift envelope spectra for specific rangeSpbbtained from the current location of each
bridge. In this part, a parametric study was conducted to detetharcost impact of
changingS, to a higher value. It was assumed that bridges are located in the areas with
higher ranges df; and redesigned for nefault ground motions when necessary
according to the design recommendations in Chapter 7. Consggtlentost impact
was determined.

As described in Sec. 8.3.1, a specific location is required to define the
corresponding PGA, sheperiod spectral acceleration and eseond spectral
acceleration and, consequently, construct the design resp@tsrisp Thedesign
response spectruis requiredo conduct the response spectrum analysis to determine the
maximum displacement demands at top of the columns. The current locations of bridges
described in Ch.8 covered different range$,0fHence, foeach bridgéocation instead
of assuminga constant PGA and sheperiod acceleratiothenarbitrarily selecting a
onesecond spectral acceleratidnyas assumed that the bridge location has moved to
that of another bridge that has @&rthat is in a lgher range.

Washington bridge is located in the area V@tlof 0.859g, which is the highest
range ofS; considered in this study. Therefore, Washington bridge was excluded from
this part of the parametric studies.

The onesecond spectral acceleratifam the location of Utah Bridgé is 0.567¢,
which is in the range of 0.4 to 0.6g. To evaluate the bridge using the residual drift
spectra foiS, between 0.6 and 0.8g, it was assumed that the bridge is at the location of
Utah Bridge2. By this assumptigrihe new design response spectrum was constructed
with S of 0.669g (between 0.6 and 0.8g). This design spectrum was utilized to conduct
response spectrum analysis to determine the maximum displacement at top of the
columns as described in Sec. 8.3.1bl€s 9.5 and 9.6 present the residual drift ratios in
the longitudinal and transverse direction, respectively. The two approaches described in
Chapter 8 (average residual drift spectra and simple method) were utilized to estimate the
residual drift in eah direction. Since displacement ductility demand was small, residual
drift ratio is less than 1% in both directions regardless of the method used to estimate the
residual drift ratio. Tables 9.7 and 9.8 show the results for Utah Blidgé the
assumgpon that S is higher than 0.8g. This high8rwas achieved by assuming that the
current location of the bridge is the same as that of Washington bridge. As described
previously, the design response spectrum was constructed based on the new location of
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the bridge to conduct response spectrum analysis. Theemoad spectral acceleration
was 0.859g, which is in the rangeSfof greater than 0.8g. It is shown that the
displacement ductility demand in Bent 2 in longitudinal direction is 2.15, whsclitee
in residual drift ratio of 1.14% according to the first approach. Based on the second
approach, residual drift is less than 1%. In transverse direction, the residual drift ratio is
less than 1% using the two approaches. To decrease the resitiuatid of 1.14%
(Table 9.7), the longitudinal steel ratio in Bent 2 was increased from 1.2% to 2%. The
transverse steel ratio was not changed. As a result, the longitudinal period was reduced
from 1.12 sec. to 1.02 sec. Figures 9.3 and 9.4 prds=pushover curves for this bent
in longitudinal and transverse direction, respectively. The results for the redesigned
bridge are presented in Tables 9.9 and 9.10. The increase in longitudinal steel ratio led to
higher yield displacement, lower ductlilemand of 1.99, and acceptable residual drift
ratio of 1% and 0.73% in longitudinal direction based on the first and the second
approaches, respectively. In transverse direction, the bridge met the residual drift ratio
limit of 1% according to both appaches.

The onesecond spectral acceleration for Utah Bri@gs 0.669g. Assuming that
the bridge is in an area wifh of greater than 0.8g, the residual drift ratios were
calculated based on the spectral and the simple approaches. Tables 9.12 anek@nt
the results in longitudinal and transverse direction, respectively. The residual drift ratio
in the bridge meets the limit of 1% for both approaches, and no redesign is necessary.

California bridge is located in an area wa&hof 0.56g. Talds 9.13 and 9.14
present the results in longitudinal and transverse direction, respectively assum#ig that
is in the range of 0.6 to 0.8g. It can be seen that the residual drift ratio was less than 1%
in both directions. According to Tables 9.15 antb9residual drift ratio meets the limit
of 1% when the bridge was assumed to be in an aregBwathgreater than 0.8g.

The onesecond spectral acceleration for South Carolina bridge is 0.242g. Tables
9.17 and 9.18 show the results for the bridge indhgitudinal and transverse directions,
respectively when the bridge was assumed to be in a zone Midtveen 0.4 and 0.6g.
It is shown that residual drift ratio is less than 1% in both directions according to both
approaches. Next, the bridge waswased to be in a zone 8f of between 0.6 and 0.8g.
Tables 9.19 and 9.20 list the results in longitudinal and transverse direction, respectively.
Ductility demand was increased but was still less than two meaning that residual drift
ratio is less than% in both directions based on both approaches. The results for South
Carolina bridge are presented in Tables 9.21 and 9.22 in the longitudinal and transverse
directions, respectively assuming that the bridge is in an are&wofrigher than 0.8g.
Theresidual drift ratio in the bridge met the limit of 1% based on both approaltites
be seen that the maximum displacement and displacement ductility demand was
decreased even though the bridge was located in the higher seismicity area. Figure 9.5
shows the design response spectra for zonesSyitietween 0.6 and 0.8g and higher than
0.8g. The relatively small period of South Carolina bridge (longitudinal: 0.3 sec. and
transverse: 0.25 sec.) led to lower spectral accelerations for the bridgeraalica s
maximum displacement demand at top of the coluwimen it was located in a zone with
S that exceeded 0.8g.
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9.3.1. Cost Impact

Utah-Bridge-1 was the only bridge that had to be redesigned when the bridges
were located in higher seismicity areas. Becauseaverage unit prices based on Utah
State Department of Transportation (UDOT) were not available, unit prices for
Washington State Department of Transportation (WSDOT) were utilized (Table 8.16).
Note that each state has its own unit prices; howeveaubedhe goal of the study was to
calculate the increase in the cost of the bridge due to the change in design, this would not
significantly affect the results. Using unit prices from Washington State, the total cost of
the bridge was estimated to be B53fillion dollars. The total cost of the redesigned
bridge was 2.608 million dollars reflecting the change in the longitudinal reinforcement
ratio of the columns from 1.2% to 2%. The change led to an increase of approximately
0.4% in the total cost of éhbridge. It is concluded that the overall effect on cost of the
bridge is negligible.
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Chapter 10. Summary and Conclusions

101. Summary

Bridges are key components in the transportation network providing access for
emergency response vehicles following strong earthgualRedge columns can undergo
large residual displacements during risault earthquakes due to the high velocity
impulse of fauknormal component of the motions. The residual displacement is an
important measure of pesarthquakdunctionality in bridges and can determine whether
a bridge should be kept open to trafficctvsed for repair or replacemer®:Delta
effects due to the dead load of the bridge and the additional live load of emergency
vehicle can make the columns susceptible to colla@serently there are no reliable
provisions to account for neéault earthquake effects on the design of reinforced
concrete bridge columns. The primary objective of this study was to develop a new
practical guidelindor the design of reinforced concrdtedge columns subjected to
nearfault earthquakesThe goal of the study was achieved through the following tasks:
(1) determine the adequacy of existing computer models to estimate residual
displacements, (2) determine the residual moment capacigyndébrmced concrete
columns as a function of maximum displacement ductility, (3) determine critical residual
displacement limit with respect to structural performance, (4) develop a simple method to
estimate residual displacement, (5) develop residualatispient spectra for different
displacement ductilities, different soil conditions, and earthquake characteristics, (6)
develop a stepy-step design guideline with an illustrative example, and (7) evaluate the
impact of the proposed design guidelines andbst of bridges in different seismic
zones.

In the first part of the study, nonlinear dynamic analyses were conducted using
program OpenSees feix largescale reinforced concrete bridge colursnbjected to
nearfault ground motionghat had been tesd in previous studies by Phan (2005) and
Choi (2007) to regenerate the shake table test results. The effects @ibostiain
rate, and FDelta were included in the analyselhe results of the experimental data for
column models were compared kmse of nonlinear dynamic analyses to determine the
ability of analyticalmodels to estimate residual displaceme#tiso, the effect of
applying multiple earthquake motions versus a single motion on residual displacements
was examined through an analg@icnvestigation.

The magnitude of live load that a typical column can resist after the earthquake is
controlled by the column residual moment capacity. In the second part of the study, it
was assumed that residual moment capacity is a fraction of st pleoment capacity
of the column. In calculating residual moment capacity factor, two simple models
utilizing measured data from previously tested columns were developed. The first model
was based on the assumption that residual displacement is geecsimplified moment
displacement relationship of a column. In the second model, it was assumed that there is
residual displacement in the simplified momédrgplacement relationship of a column.

The proposed models wereterms of the maximum displament ductility that the
column has experienced.

The control of residual displacement is important for the design and inspection of
reinforced concrete bridge columns, especially when dealing with impulsive loading
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conditions. To investigate residual splacement limits in the third part of this study, a
large number ofircularreinforced concrete bridge columns with different geometries
and steel ratiowere analyzedubjected to truck loadingl'he residual moment capacity
of the columns and the momntedue to the trucks and theelta effects were used in this
part and critical residual drift ratios were determined for different cases.

In the fourth part of study, five simple methods were investigated to determine
their ability to estimate residudisplacements. Attempts were made in the first four to
utilize or extract simple characteristics of the input motion and structure and investigate
correlation between these indicators and residual displacements. Subsequently, an
empirical simple methodsing data from shake table testing of six bridge columns was
developed and the results were compared with those from a method developed by the
Applied Technology Council and the Japanese code

In the fifth part of this studysuites of recorded and djetic acceleration
histories representative of ndault ground motions in various locations throughout the
United States were utilized to generate a series of residual drift spectra. The synthetic
nearfault ground motions were generated by the prajensultant, Dr. Paul Somerville,
and his team. Residual drift spectra were created based on nonlinear response history
analyses and were grouped according to thesenend spectral acceleration. This
approach enables engineers to deterrtiireonesecad spectral acceleratidar the
1000year return period for the bridge location based oiAW8HTO maps Three
ranges of onsecond spectral acceleration were assumed: (4).6g4 (2) 0.60.8g, and
(3) greater than 0.8g for Vs30 = 1200 ft/sec (36C=m)/and Vs30 = 2500 ft/sec (760
m/sec). Residual displacements $pfess than 0.4g were found to be negligible. The
residual dift ratioswere developed for displacement ductility demawnfd®, 4, and 6
The data points that were generated throughpcen analyses were combined to
construct spectra for average residual drift ratios and average plus one standard deviation
residual drift ratios.

The sixth part of the study was the development of a newbstspep guideline
for the design of reinfaed concrete columns exposed to Fleait earthquakes. The
focus of the guideline was on control of residual drift, which is determined using either
the proposed simple method or residual drift spectra. The method ties the residual drift to
the AASHTO naps for onesecond spectral acceleration and nominally €4 return
period based on the bridge location and then checks the residual drift. If the residual drift
check is satisfactory, no adjustment in the size of the column or longitudinal
reinforcenent is required. But if the column fails the residual drift check, the size of the
column, the longitudinal steel ratio, or both need to be increased.

In the seventh part of study, to evaluate the impact of the proposethukar
earthquake design on thest of a bridge, several representative actual bridges from
different parts of the United States that had been designed based on current or recent
design specifications were redesigned using the proposed design method. Also, the cost
impact of variatios of the proposed method was investigated through a parametric study.

10.2. Conclusions

The following conclusions were drawn based on the studies presented in this
document:
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10.

11

Generally good correlation was obtained between the measured and calculated
residual diplacements using an existing nonlinear dynamic analysis model despite
the fact that residual displacements are generally sensitive to small variation in
constitutive modeling.The fiber element model can provide a reasonaibte
conservative estimat# residual displacemesin bridge columns subjected to fault
normal component of nedault earthquakes

The analytical results showed that applying a series of earthquake motions with
increasing amplitudes versus a single motion does not necessarily kegletio

residual displacements in columns.

It is recommended to use the simpiedel with residual displacement approach 1
(polynomial relationshipto calculate the residual moment capacittda

Compared to approach 2 (linear relationship), this madsimoreconservative and
alsoprovided higher coefficient of determination

The analysis of residual drift ratio limits indicated tbatularbridge columns

meeting current seismic codes are able to carry large traffic loads even when the
permanent leral drift is 1.2% or higher, depending on the column strength and
geometry. The limit of 1.2% was obtained based on a conservative estimate of the
residual moment capacigind for the worst combination of bridge column geometry
and reinforcementHowe\er, to be more conservative, it is recommended to use 1%
as a residual drift ratio limit if the column is well confined and meets current seismic
code detailing requirements. This limit is the same as that specified in the bridge
seismic design code of@an.

Accurate estimation of the residual displacement is found to be difficult to achieve.
Attempts to estimate residual displacements based on simple characteristics of the
earthquake record and the columns were not successful.

The proposed simple enmgial method 1 developed based on shake table test data
for six bridge columns led to generally reasonable estimate of residual
displacements.

The proposed methe@nd the methods by ATC and the Japanese aqetesally
overestimate the residual displacemeFor ductility of two to fourmnethod 2 and

the ATC method provides a better estimation of residual displacement. However, for
ductility of four or more, method 2 is too conservative and unrealistic, whereas the
Japanese method and method 1 closdlgnage the residual displacemenithe
Japanese method is the most involved method because it requires several parameters
and assumptions, whereas the ATC and the proposed methods are very simple.
The residual drift spectra were developed to be intedjiata neaffault earthquake
design method that is applicable to bridges in different parts ofAdSuming

thatnear faultearthquakeffects arancludedin the AASHTO mapsthe spectra

were linked to onesecond spectral acceleration.

Residual drift rab is negligible (less than 1%) when esecond spectral

acceleration is less than 0.4g.

The proposed design method is effective in reducing the displacement ductility
demand, and, as a result, residual drift ratio of RC columns.

Using the proposed desigmethod to control residual drift ratio has negligible effect
on the overall cost of the bridge. Even utilizing average plus standard deviation
residual drift spectra would not significantly increase the cost of the bridge.
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Table 2.1SpecimerDetails

NF-1 NF-2 MN ETN SETN SVTN
Height 72 72 63 108.5 108.5 98.5
in (mm) (1829) (1829) (1600) (2756) (2756) (2502)
Diameter 16 16 14 14 14 12
in (mm) (406) (406) (356) (356) (356) (305)
Long. Steel
ot o | 20 2.2 2.9 2.9 3.6 3.0
Trans. Steel
Ratio (%) 0.92 1.10 1.37 1.54 2.05 1.82
Aspect Ratio| 4.50 4.50 4.50 7.75 7.75 8.20
Design Caltrans Caltrans| Caltrans Spectra by| Spectra by
Method far-field AASHTO ?eap near Somenrile | Somerville
ault fault
PZ;%gt{Spei.) 072 | 072 066 | 1.50 1.36 1.79
Scale (%) 33 33 30 30 30 20
:ggﬂ??n 28 28 28.5 25 25 26
(711) (711) (724) (635) (635) (660)
(mm)
Table 2.2 Loading Protocol for each Specimen
RuUN NF-1 NF-2 MN ETN SETN SVTN
Rinaldi x | Rinaldi x | Rinaldi x | Rinaldi x Rinaldi x Rinaldi x
1 0.05 0.05 0.05 0.05 0.05 0.05
2 0.1 0.1 0.1 0.1 0.1 0.1
3 0.2 0.2 0.2 0.2 0.2 0.2
4 0.3 0.3 0.3 0.3 0.3 0.3
5 0.45 0.45 0.45 0.45 0.45 0.45
6 0.6 0.6 0.6 0.6 0.6 0.6
7 0.75 0.75 0.75 0.75 RRS x 0.85] RRS x 0.85
8 0.9 0.9 0.9 0.9 RRS x 0.95| RRS x 0.95
9 1.05 1.05 1.05 1.05 RRS x 1.05| RRS x 1.05
10 1.2 1.2 1.2 1.2 RRS x 1.15| RRS x 1.15
11 1.35 1.35 1.35 1.35 N/A RRS x 1.25
12 N/A N/A N/A 15 N/A RRS x 1.35
13 N/A N/A N/A 1.65 N/A RRS x 1.45
14 N/A N/A N/A N/A N/A RRS x 1.60
15 N/A N/A N/A N/A N/A RRS x 1.75
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Table 2.3 Measured Concrete Compressive Strength, ksi (MPa)

NF1 | NF2 | MN ETN | SEWN | SVIN
Eootin 561 | 58 | 613 | 616 | 6.47 6.49

9 | (387)| (40.2) | (423) | (42.4) | (446) | (44.7)
Columm/head 599 | 615 | 635 | 637 | 679 6.8
(413) | (42.4) | (438) | (44) | (46.8) | (47.1)

Table 2.4 Measured Longitudinal Reinforcement Properties, ksi (MPa)

NF-1 | NF-2 MN ETN SETN | SVTN
Yield Stress,| 68.0 | 68.0 70.5 70.5 64.0 68.8
f, (468.8)| (468.8) | (486.1) | (486.1) | (441.3) | (474.4)
2g, 0.008 | 0.008 | 0.009 | 0.009 0.01 0.009
Ultimate | 93.37 | 93.37 | 103.7 | 103.7 | 100.8 96.5
Stress,d, | (643.8)| (643.8) | (715.0) | (715.0) | (695.0) | (665.3)
0.15 | 0.15 0.16 0.16 0.14 0.15

ZSU

Table 2.5Measured Transverse Reinforcemen

t Properties, ksi (MPa)

NF-1 | NF-2 MN ETN | SETN | SVTN
Yield Stress, 57.5 | 57.5 62.0 62.0 58.1 58.1

f, (396.4)| (396.4) | (427.5) | (427.5) | (400.6) | (400.6)
Ultimate | 74.05 | 74.05 | 83.2 83.2 72.1 72.1
Stress,d, | (510.6)| (510.6) | (573.6) | (573.6) | (497.1) | (497.1)

Table 2.6 Percent Increase in Steel Yield and Ultimate Stress (Tension) and Concrete
Compressive Strength (Compression) duettais Rate

Stra”zo}or;crease NF1 | NF2 | MN | ETN | SETN | SVIN
Tension 8 8 8 7 8 7
Compression 11 10 11 11 11 14
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Table 2.7 Rotations and Corresponding Momahtsracking, yielding, and ultimate

capacity
NF-1 NF-2 MN ETN SETN SVTN
Crack Moment, ip- | 393.4 396.5 269.5 269.8 275.0 172.7
in (MN-mm) (44.5) (44.8) (30.5) (30.5) (31.1) (19.5)
. 4.14E | 4.14E 4.80E 4.80E
Crack Rotation, Ra 06 06 06 06 5.94E06 | 5.45E06
Yield Moment, kip | 1934 2072 1773 1779 2011 1128
in  (MN-mm) (218.5) | (234.1) | (200.3) | (201.0) | (227.2) (127.5)
. . 1.21E | 1.22E 1.50E 1.49E
Yield Rotation, Rad 03 03 03 03 1.55E03 | 1.69E03
Ultimate Moment, | 2073 2241 2024 2061 2471 1283
Kip-in (MN-mm) (234.2) | (253.2) | (228.7) | (232.9) | (279.2) (145.0)
Ultimate Rotation, | 3.15E | 3.36E 6.59E 7.74E
Rad 03 03 03 03 1.24E02 | 7.89E03

Table 2.8 Ratio of Calculadeand Measured Residual Drifts

Run # NF1 NF2 MN ETN SETN | SVTN

1 2.946 6.452 N/A 0.800 0.483 N/A
2 0.164 0.364 1.100 0.233 0.286 0.500
3 0.205 5.085 N/A 0.100 0.037 0.010
4 1.122 1.376 0.200 1.240 0.126 0.014
5 1.498 2.069 3.286 3.420 1.298 4.333
6 1.038 1.273 3.442 2.315 1.040 | 17.200
7 0.778 1.050 1.489 2.155 1.144 1.700
8 0.732 0.983 1.076 2.737 0.746 1.288
9 0.739 1.036 1.006 9.445 0.585 1.003
10 0.707 N/A 0.967 0.389 0.578 0.995
11 N/A N/A N/A 0.959 N/A 0.970
12 N/A N/A N/A 1.001 N/A 1.120
13 N/A N/A N/A 0.852 N/A 1.557
14 N/A N/A N/A N/A N/A 3.491

Average 0.993 2.187 1.571 1.973 0.632 2.629

Standard

Deviation 0.79 2.11 1.16 2.46 0.43 4.55
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Table 3.1 NFL, Yield Displacement= 0.93 in (23.62 mm)

RUN ' Maximum_ Residugl Displacemen Ductility b
Displacement, in (mm) in (mm)
(4.06) (0.00)
2 0.32 0.03 N/A 0.03
(8.13) (0.76)
3 0.81 0.03 N/A 0.03
(20.57) (0.76)
4 1.59 0.13 17 0.14
(40.39) (3.30)
5 3.2 0.47 3.4 0.51
(81.28) (11.94)
(126.49) (27.43)
7 6.39 2.16 6.9 532
(162.31) (54.86)
8 7.36 3 7.9 3.23
(186.94) (76.2)
9 8.51 4.24 92 456
(216.15) (107.70)
10 9.6 6.05 10.3 6.51
(243.84) (153.67)
11 10.29 N/A 11.1 N/A
(261.37)
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Table 3.2 NF2, Yield Displacement= 0.97 in (24.64 mm)

RUN ' Maximum_ Residu_al Displacemen Ductility b
Displacement, in (mm) in (mm)
(4.06) (0.00)
2 0.28 0.00 N/A 0.03
(7.11) (0.00)
3 0.73 0.00 N/A 0.03
(18.54) (0.00)
(37.08) (1.78)
(71.37) (7.37)
(110.74) (20.32)
7 5.59 14 5.8 1.44
(141.99) (35.56)
8 6.69 2.11 6.9 518
(169.93) (53.59)
9 7.68 2.87 7.9 2.96
(195.07) (72.90)
10 8.65 4.16 8.9 4.29
(219.71) (105.66)
11 9.20 N/A 9.5 N/A
(233.68)
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Table 3.3 MN, Yield Displacement= 0.7 in (17.78 mm)

RUN ' Maximum_ Residu_al Displacemen Ductility b

Displacement, in (mm) in (mm)

1 0.08 0.00 N/A 0.00
(2.03) (0.00)

2 0.20 0.01 N/A 0.01
(5.08) (0.25)

3 0.45 0.00 N/A 0.04
(11.43) (0.00)
(21.34) (0.25)

5 1.62 0.07 23 0.10
(41.15) (1.78)
(69.60) (4.83)

7 4.11 0.84 59 1.20
(104.39) (21.34)

8 5.33 1.76 76 251
(135.38) (44.70)

9 6.35 2.68 91 3.83
(161.29) (68.07)

10 7.51 3.80 10.7 5.43
(190.75) (96.52)
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Table 3.4 ETN, Yield Displacement= 2.21 in (56.13 mm)

RuUN ' Maximum_ Residu_al Displacemen Ductility b
Displacement, in (mm) in (mm)
1 0.25 0.01 N/A 0.00
(6.35) (0.25)
(13.72) (0.76)
3 1.15 0.05 N/A 0.02
(29.21) (1.27)
(43.94) (1.27)
(71.12) (3.81)
(98.04) (13.72)
7 4.36 0.66 2.0 0.30
(110.74) (16.76)
8 4.44 0.51 2.0 0.23
(112.78) (12.95)
9 4.97 0.11 292 0.05
(126.24) (2.79)
10 6.57 0.63 3.0 0.29
(166.88) (16.00)
11 8.53 2.05 3.9 0.93
(216.66) (52.07)
12 11.15 5.69 5.0 257
(283.21) (144.53)
13 15.94 13.36 79 6.05
(404.88) (339.34)
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Table 3.5 SETN, Yield Displacement=2.13 in (54.10 mm)

Maximum

RUN ' _ Residual Displacemen| pyctility b
Displacement, in (mm) in (mm)
1 0.26 0.01 N/A 0.00
(6.60) (0.25)
(14.48) (0.51)
3 1.23 0.06 N/A 0.03
(31.24) (1.52)
4 1.89 0.06 N/A 0.03
(48.01) (1.52)
(76.45) (8.13)
(104.65) (22.35)
7 6.13 1.03 2.9 0.48
(155.70) (26.19
8 8.71 3.31 4.1 1.55
(221.23) (84.07)
9 11.47 7.46 5.4 3.50
(291.34) (189.48)
(636.02) (368.30)
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Table 3.6 SVTN, Yield Displacement= 1.98 in (50.29 mm)

Maximum

RuUN . _ Residugl Displacemen Ductility b
Displacement, in (mm) in (mm)
1 0.18 0.00 N/A 0.00
(4.57) (0.00)
2 0.37 0.01 N/A 0.01
(9.40) (0.25)
(17.78) (0.76)
4 1.01 0.07 N/A 0.04
(25.65) (1.78)
5 1.54 0.03 N/A 0.02
(39.12) (0.76)
6 1.97 0.02 10 0.01
(50.04) (0.51)
(97.79) (0.51)
(134.11) (8.64)
(157.73) (24.89)
10 7.04 1.70 3.6 0.86
(178.82) (43.18)
11 7.83 2.64 4.0 1.33
(198.88) (67.06)
12 8.52 3.60 4.3 1.82
(216.41) (91.44)
13 9.12 4.62 4.6 2.33
(231.65) (117.35)
14 10.12 6.36 5.1 3.21
(257.05) (161.54)
15 13.19 10.07 6.7 5.09
(335.03) (255.78)
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Table 4.1 Column Characteristics

ColumnGroupNo. 1 2 3 4
Diameter 36 48 60 72
in (mm) (914) | (1219) | (1524) | (1829)
Concrete Cover 2 2 2 2
in (mm) (50) (50) (50) (50)
Transverse Steel Ratio 1.3 1.2 11 1.2
(%)
Concrete Compressive 4 4 4 4
Strength, ksi (MPa) (27.6) | (27.6) | (27.6) | (27.6)
. . 60 60 60 60
Steel Yield Stress, ksi (MPa) (413.7) | (413.7) | (413.7) | (413.7)
Confined Concrete
; . 6.17 6.11 5.95 6.11
Compressive Strength, ksi
(MPa) (42.5) | (42.1) | (41.0) | (42.1)
Concrete Strain at Peak Strey 0.0074 | 0.0073 | 0.0069 | 0.0073
Ultimate Concrete Compressiy 9-26 5.19 5.03 5.20
Strength, ksi (MPa) (36.3) | (35.8) | (34.7) | (35.9)
Ultimate Concrete Strain 0.0247 | 0.0242 | 0.023 | 0.0242
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Table 4.2 Residual Drift Ratios for GCAg umns
. o Resdual Di Height, ft (mm)
vimeer| e | 8| MXtee) | O | RO g T g0 T T g9 T 3
in (mm) kN) | Kips (kN) | (kNm) (kN-m) in (mm) (4880) | (6096) | (7315) | (8534) | (9760)
Residual Drift (%)
36 142 204 11110 2222 6.4
©14) | (631) | (907) (1257) (251) (163) 33 2.1 2.2 1.9 L7
48 142 362 27170 5434 10.8
(1219) | (631) | (1609) | (3073) (615) (274) 56 45 3.7 32 2.8
60 142 565 53340 10668 15.1
(1524) | (631) (2512) (6033) (1207) (384) 7.9 6.3 52 45 3.9
72 142 814 94800 18960 19.8
(1829) | (631) | (3619) | (10724) | (2145) (503) 103 | 83 6.9 59 52
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Table 4.3 Residual Drift Ratios for @gl umns
il - Residual Di Height, ft (mm)
Dot s | | Woxeen | D Resdaose 1 a0 | [ T
in (mm) kN) | Kips (kN) | (kN-m) (KN-m) in (mm) (4880) | (6096) | (7315) | (8534) | (9760)
Residual Drift (%)
36 142 407 13030 2606 4.7
©@14) | (631) | (1810) | (1472) (294) (121) 2:5 2.0 1.6 14 1.2
48 142 724 31910 6382 7.4
(1219) | (631) | (3219) | (3604) (721) (188) 38 3.1 2.6 22 1.9
60 142 1131 62940 12588 9.9
(1524) | (631) (5029) (7108) (1422) (251) 52 4.1 3.4 2.9 2.6
72 142 1629 111200 22240 12.6
(1829) | (631) | (7243) | (12558) | (2512) (320) 6.5 52 44 3.7 33

77

t h

1%



Wi

Table 4.4 Residual Drift Ratios for GC#Agd umns
" . Residual Di Height, ft (mm)
Dimeter| W | e |y Xiach | ON | Resualoss 5o T g0 T o T8 | 2
in (mm) kN) | Kips (kN) | (kN-m) (KN-m) in (mm) (4880) | (6096) | (7315) | (8534) | (9760)
Residual Drift (%)
36 142 204 17550 3510 10.2
©14) | (631) | (907) (1983) (397) (259) 53 4.2 3.5 3.0 2:6
48 142 362 43230 8646 17.2
(1219) | (631) | (1609) | (4885) 977) (437) 8.9 71 6.0 5.1 45
60 142 565 86580 17316 24.5
(1524) | (631) (2512) (9784) (1957) (622) 12.7 10.2 8.5 73 6.4
72 142 814 152700 30540 31.9
(1829) | (631) | (3619) | (17255) | (3451) (810) 166 | 133 | 111 1 95 8.3
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Table 4.5 Residual Drift Ratios for egl umns
_ . Residual Di Height, ft (mm)
oo Mo | || O resamom 5 PR
MM | Ny | kips (kN) | (kN-m) (KN-m) in (mm) (4880) (6092 _d(73|1§)_ﬁ (0(/8)534) (9769
esiaual Dri (0]
36 142 407 19270 3854 7.0
©14) | (631) | (1810) | (2178) (436) (178) 3.7 2.9 2.4 2.1 18
48 142 724 47400 9480 10.9
(1219) | (631) | (3219) | (5356) (1071) 277) 5.7 4.6 38 33 29
60 142 1131 95060 19012 14.9
(1524) | (631) | (5029) | (10742) | (2149 (378) 8 6.2 52 44 3.9
72 142 1629 167500 | 33500 18.9
(1829) | (631) | (7243) | (18928) | (3786) (480) 9.9 7.9 6.6 5.6 4.9

79

W i

t h

2%



Wi

Table 4.6 Residual Drift Ratios for GC#Ag umns
il - Residual Di Height, ft (mm)
Diametr| W | o o) | W Resaosn 55 T g0 Ta [z T
in (mm) kN) | Kips (kN) | (kN-m) (KN-m) in (mm) (4880) | (6096) | (7315) | (8534) | (9760)
Residual Drift (%)
36 142 204 24520 4904 14.2
©14) | (631) | (907) (2771) (554) (361) 7.4 59 4.9 4.2 3.7
48 142 362 59090 11818 23.5
(1219) | (631) | (1609) | (6677) (1335) (597) 122 | 98 8.1 .0 6.1
60 142 565 119100 23820 33.7
(1524) | (631) (2512) (13458) (2692) (856) 175 14 1L 100 8.8
72 142 814 205200 41040 42.9
(1829) | (631) | (3619) | (23188) | (4638) (1090) 224 1 179 | 149 | 128 | 112
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Table 4.7 Residual Drift Ratios for egl umns
. o Residual Di Height, ft (mm)
o e | [ o ressmom 5 g TP 5 1
nmm) | o | e dn | o) m Py | (4880) | (6096) | (7315) | (8534) | (9760)
Residual Drift (%)
36 142 407 25960 5192 9.5
©14) | (631) | (1810) | (2933) (587) (241) 4.9 3.9 33 2.8 2.5
48 142 724 62690 12538 145
(1219) | (631) | (3219) | (7084) (1417) (368) 75 6.0 5.0 43 38
60 142 1131 126300 25260 19.8
(1524) | (631) | (5029) | (14272) | (2854) (503) 103 | 83 6.9 59 52
72 142 1629 | 218200 | 43640 24.6
(1829) | (631) | (7243) | (24657) | (4931) (625) 128 | 103 | 86 73 6.4
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Table48Rsi dual Drift Ratios for Columns Ayith 4%
il - Residual Di Height, ft (mm)
Dimeter| W | e | MiXiach | ON | Resualoss 5o T30 T o |28 T 2
in (mm) kN) | Kips (kN) | (kN-m) (KN-m) in (mm) (4880) | (6096) | (7315) | (8534) | (9760)
Residual Drift (%)
36 142 204 30040 6008 17.4
©@14 | (631) | (907) (3395) (679) (442) 9.1 .2 6.0 52 45
48 142 362 74170 14834 29.4
(1219) | (631) | (1609) | (8381) (1676) (747) 153 | 123 | 102 | 88 [
60 142 565 146500 29300 41.4
(1524) | (631) (2512) (16555) (3311) (1052) 21.6 17.3 14.4 12.3 10.8
72 142 814 257700 51540 53.9
(1829) | (631) | (3619) | (29120) | (5824) (1369) 281 1 225 | 187 | 160 | 140
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Table 49 Residudr i ft Ratios for Columns withA;4% St eel
: o Residual Di Height, ft (mm)
Diameter Vll/itgék ﬁgﬁclj v pk(|>[§t|rr?1 % k?p '\|A n ?:?p;?ity {Isp 16 20 24 28 32
nmm) | o | e dy | g ) e | (4880) | (6006) | (7315) | (8534) | (9760)
Residual Drift (%)
36 142 407 31360 6272 11.4
©14 | (631) | (1810) | (3544) (709) (290) 5.9 48 4.0 34 3.0
48 142 724 77470 15494 17.9
(1219) | (631) | (3219) | (8754) (1751) (455) 93 75 6.2 53 4.7
60 142 1131 153100 30620 24.1
(1524) | (631) | (5029) | (17300) | (3460) (612) 125 100 | 84 72 6.2
72 142 1629 | 269300 | 53860 304
(1829) | (631) | (7243) | (30431) | (6086) (772) 158 | 127 | 106 | 91 79
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Table 5.1 Standard Modification Efficient K,

Soil Condition |
Type | Ground Motion
Group | (Stiff) 0.7 for T 0.876TF for T > 1.4
Group |l 1.51T3(kneo0.7) for | 0.85 for 0.18KT | 1.16T°for T
(Moderate) T<0.18 1.6 >1.6
151 knee® 0. 11.00 f or | 1.59TforT
Group Il (Soft) T<0.29 2.0 >2.0
Type Il GroundMotion
2.00 for]1.2417%forT
Group | (Stiff) 4.46 T3 for TXP.3 0.7 >0.7
Group Il 1.75 for]223T%forT
(Moderate) 3.2272for T<0.4 1.2 >1.2
1.50 for|257T%forT
Group Il (Soft) 2.387for T<0.5 1.5 >1.5
Table 5.2 Safety Factpr
Type of Bridge Type | Ground Motion Type Il Ground Motion
Type B 3.0 1.5
Type A 2.4 1.2
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Table 5.3 Ground Motion Characteristics of NF1

Run ReDS}Ii?tual Maé(:irptum S, (0) S,infsec| Tc | Tg | Ty Tud/Te | TgTe
Ratio Ratio (mmVsec) | (sec.)| (sec.)| (sec.)

1 0 00023 | 0.13 (8364512) 044 | 0.40| 050 | 115 | 0.92

2 0.0004 | 0.0045 | 0.25 (1$fg3) 044 | 014 | 060 | 138 | 0.32

3 0.0004 | 00113 | 0.56 (31(;1i2858) 051 | 020| 062 | 121 | 039

4 0.0019 | 00221 | 0.78 (41&580) 058 | 020| 064 | 111 | 035

5 0.0066 | 0.0445 | 1.05 (62242'455) 073 | 020| 054 | 074 | 027

6 0015 | 0.0692 | 1.33 (:7462375) 073 | 020| 054 | 074 | 027
44.57

7 0.08 | 00888 | 162 | 4350y 075 | 038| 054 | 072 | 051
54.94

8 0.0417 | 01022 | 194 | (S % 1 075 | 0.38| 054 | 072 | 051
65.17

9 0.0589 | 0.1182 | 223 | (2207 | 082 | 0.38| 054 | 066 | 0.46
7516

10 | 00841 | 01333 | 252 | (500 | 082 | 0.38| 056 | 068 | 0.6
84.76

11 N/A 0.1429 | 276 | ,0¢-/3, | 084 | 0.38| 056 | 0.67 | 0.5
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Table 5.4 Characteristics of Velocity History and Response of NF1

V max s . . Res.

(ST(:c) (sTeCc) (Tsce/:i) (nianz%gc) Td(T2) Riis('n?rf)p" Mi?wx('n?rﬁ)p" ‘25/':;
3 027 | 0135 (gzgg) 22.22 (102.%3700) (102.%3700) 0.7
3 027 | 0135 (102'5700) 22.22 (215‘_)20) (215'%) 1.39
3 027 | 0135 (215'(_320) 22.22 (521'(_)015) (521'(_)015) 2.79
3 0.27 | 0135 (ébo.g) 22.22 (1‘8%1) (1‘8%1) 5.58
3 0.28 | 0.14 (12'70_80) 21.43 (215059;2) (21505952) 1395
3 034 | 017 (21504(_)80) 17.65 (52101'_1546) (52102'_1372) 27.97
2 0.28 | 0.14 (gég) 14.29 (ggg) (3:22) 0.46
2 0.28 | 0.14 (102'?’700) 14.29 (107'%72) (107'%72) 0.93
2 0.28 | 0.14 (215'2?0) 14.29 (314?’;4) (314?’;4) 1.86
2 0.28 | 0.14 éb?g) 14.29 (6%?(?7) (6%?(?7) 3.72
2 0.28 | 0.14 (1‘2'70_80) 14.29 (12'5_23) (1‘3'07_ 13) 0.3
2 029 | 0.145 (21504(_)80) 13.79 (3143&‘611) (31431'?8) 18.63
2 039 | 0.195 (3185i(.)(;)0) 10.26 (51(32"1587) (5105"23?7) 28.02
1 026 | 0.3 (gég) 7.69 (gég) (gég) 0.23
1 026 | 013 (102.?;,700) 7.69 (gzgg) (gzgj) 0.46
1 026 | 013 (215920) 7.69 (107'%72) (lc’7'§287) 0.93
1 026 | 013 (éb?g) 7.69 (314%% (315’259) 1.86
1 026 | 013 (12'70_30) 7.69 (5’4?’;4) (;5;?670) 4.65
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Table 5.4 Continued

1 0.33 | 0.165 (21504950) 6.06 (1675'07. %9) (167;'38.4; n | 93

1 034 | 0.17 (31851'(.)50) 5.88 (2156(.)(?3) (2156.2355) 14.01
05 | 027 | 0135 (gég) 3.7 (gzgg) (g:gg) 0.12
05 | 027 | 0135 (fffo) 3.7 (?1:%;) (gzég) 0.23
05 | 027 | 0135 (215920) 3.7 (g:gg) (ngg) 0.46
05 | 027 | 0135 (é'oo.g) 3.7 (107'%72) (nglS) 0.93
05 | 028 | 014 (1‘2'7‘7’_%0) 357 | 412'§472) ( 54_7240) 2.33
05 | 051 | 0255 (215%980) 1.96 (55%70) (5’3;‘_5272) 4.69
05 | 054 | 027 (3151'(_)(?0) 1.85 (12511,,3) (13526) 7.24
05 | 06 | 03 (52(%%)0) 1.67 (1;'1?%1) (281':3?1) 10.44
03 | 027 | 0135 (gjgg) 2.22 ((1):(2)‘;’) ((1)222) 0.07
03 | 027 | 0135 (102'_5700) 2.22 ((2): ég) (g: ég) 0.14
03 | 027 | 0135 (215920) 2.22 (gzgg) (gzéi) 0.28
03 | 028 | 014 éb?g) 2.14 (fdf‘f@ (fz'éfg) 0.56
03 | 035 | 0175 (1‘2'70_30) 1.71 (215%21) (314?’:4) 1.42
03 | 045 | 022 (21&%30) 1.35 (525.1e3%) (724?5’2) 3.04
03 | 051 | 026 (31851"_)80) 1.17 (g’fgg) (1‘;;31) 479
03 | 057 | 028 (52(;);')(?0) 1.05 (1i§i3) (1i§26) 6.51
0.3 0.6 0.3 (;’é’f&) 1.00 (1?553?20) (1279%5) 9.21
03 | 068 | 034 (1‘(;260.80) 0.88 (22528) (23%3().(()30) 11.38
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Table 5.5 Characteristics of Velocity History and Response of NF1

Ta1 | Tc | Vimaxin/sec Ol p | Ta Vomaxin/sec | Ty TyTe V max,in/sec Diss.s,.in Dli\gg.)f.in (?r?f?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
3 | 027 (g:gg) 05|05/ 15 (g:ig) 45 | 16.67 (gég) (g:gg) (102'.5700) 0.52
3 | 0.26 (gég) 05| 1 | 15 (gég) 45 | 17.31 (gég) (2252) (102'.5700) 0.35
3 | 0.26 (gzgg) 05| 15| 15 (8222) 45 | 17.31 (8:22) (gég) (102'.5700) 0.17
3 1027 (gigg) 1105 3 (gjg) 6 | 2222 (gigg) (gég) (102'?700) 0.35
3 1026 (gigg) L1y 3 (gég) 6 | 2308 (8132) (8:88) (102'?700) 0.00
3 1027 (gég) 115 3 (8:22) 6 | 2222 (gigg) (giez,g) (102'?700) 0.35
3 | 027 (gég) 15| 05| 45 (gjg) 75 | 27.78 (gég) (gég) (102?700) 0.17
3 | 0.26 (gzgg) 15| 1 | 45 (gég) 75 | 28.85 (gzgg) (gzgg) (102'?’700) 0.35
3 | 0.26 (gég) 15| 15| 45 (8222) 75 | 28.85 (8:22) (106?0) (1%%30) 0.87
3 | 027 (102'_5700) 05|05| 15 (gég) 45 | 16.67 (102'%3700) (109.7:5) (;'50_2) 1.05
3 1026 (102'.5700) 051 115 (102'?700) 45 | 113t (102'?700) (12'?0) (;'50.2) 0.70
3 | 0.26 (102'?’700) 05| 15| 15 (1%_7055) 45 | 17.31 (1%_75’5) (gég) (;592) 0.35
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Table 5.5 Continued

Ta1 | Tc | Vimaxin/sec Ol p | Ta2 Vomaxin/sec | Ty TyTe V max,in/sec Diss.s,.in Dli\gg.)f.in (?r?f?
(sec)| (sec)| (mm/=c) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
3 1027 (102'?700) 1105 3 (gigg) 6 | 2222 (102'?700) (12'.30) éiso.g) 0.70
3 026 (102'?700) L1y s (102'?700) 6 | 2308 (102'?700) (8:88) éiso.g) 0.00
3 1027 (102'?700) 115 3 (109.7655) 6 | 2222 (109.755) (12'?0) éiso.g) 0.70
3 | 027 (102'?700) 15| 05| 45 (gég) 75 | 27.78 (ff?%) (gég) (%'50_2) 0.35
3 1026 (102'?700) L5 1145 (102'?)700) 7.5 | 2885 (fé.SYC)O) (12'.30) (;592) 0.70
3 | 0.26 (102'?700) 15| 15| 45 (1%_7(;55) 75 | 28.85 (109_755) (311'_2755) (312'_230) 1.74
3 | 027 ééo_g) 05|05| 15 (fz'jr’fo) 45 | 16.67 (;'50.2) (315315) (521'9015) 2.09
3 | 0.26 ééo_g) 05| 1 | 15 (;'59?1) 45 | 17.31 (;'50_2) é.so_g) (521'9015) 1.39
3 | 0.26 ééo_g) 05| 15| 15 (315100) 45 | 17.31 (31;100) (12'.5;0) (521'9015) 0.70
3 1027 (%é?g) 1105 3 (102'?700) 6 | 2222 (ééo.g) (;592) (521'9015) 1.39
3 1026 (5592) L1y s (;592) 6 | 2308 (%592) (8:88) (52i9015) 0.00
3 |07 (;'59?1) L]15] 3 (31é§100) 6 | 2222 (3lé.5100) éé?g) (521'9015) 1.39
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Table 5.5 Continued

Ta1 | Tc | Vimaxin/sec Ol p | Ta2 Vomaxin/sec | Tgq TyTe V max in/sec Diss.s,.in D:\gg.)f.in (?r?f?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
3 | 027 (;50_2) 15| 05| 45 (102'?700) 75 | 27.78 (;50.2) (12'.30) (521'9015) 0.70
3 0.26 (;502) 15| 1 | 45 (;502) 7.5 28.85 (;502) (;502) (521'.0015) 1.39
3 0.26 (%502) 15|15]| 45 (31él.5100) 7.5 28.85 (318.?100) (623;.5715) (623;.5715) 3.49
3 0.27 éoog) 05,105 15 (%502) 4.5 16.67 (éoog) (369415) (1?)'20.?_1) 4.18
3 0.26 éoog) 05| 1 1.5 éoog) 4.5 17.31 éoog) (52]'_9015) (1?)-20.?.1) 2.79
3 0.26 éoog) 05]115| 15 (3.692) 4.5 17.31 (?602) (%502) (1?)'20.?_1) 1.40
3 |0 (éb?g) 1105 3 (;'59?1) 6 | 2222 (ébo.g) (521'9015) (1:;'20.:2L1) 2.79
31026 (é'oo.g) Ly s (gb(?g) 6 | 2308 (ébo.g) (8:88) (13%1) 0.00
3 |07 (é'oo.g) L1513 (géqg) 6 | 2222 (?éo.g) (5>2i(.)015) (13'20&1) 2.79
s Jozr| 2% lis|os|as| S0 [ s |zas| 20 | A% | 402w
3 |0.26 é'(?g) 15| 1 | 45 éb?g) 75 | 28.85 (ébqg) (521'?015) (1?)%1) 2.79
3 0.26 (éoog) 15|15] 45 (3692) 7.5 28.85 (?602) (152)'7021) (152"7021) 6.97
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Table 5.5 Continued

Ta1 | Te | Vimaxin/sec Ol p | T Vomax in/sec | Ty TyTe Vmax, in/sec Di§|§f'in D:\éls.)f'in Eﬁfi
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
3 | 028 (13'70.80) 05|05| 15 (‘égg) 45 | 16.07 (12'7980) (1579i5.36) (21%2?2) 10.46
3 1029 (12'70.80) 051 1115 (12'70.80) 45 | 1552 (12'7080) (12'70.36) (21505'?52) 6.99
3 | 0.28 (12'70_23) 05| 15| 15 (179395) 45 | 16.07 (179'395) (624?236) (21559562) 3.51
3 |028 (12'70.%0) 1105 3 (é':f.g) 6 | 2143 (12'70.%0) (12'70.21) (21505(.)22) 6.98
3 1027 (12'70.%0) L1l s (12'70.80) 6 | 2222 (12'70.%0) (8:88) (21505;9562) 0.01
3 1027 (13'70.?)0) 115 3 (1792(.)5) 6 | 2222 (1795(;(.)5) (12'70.21) (215()5(.)562) 6.97
3 | 028 (1*2'7930) 15| 05| 45 é';g) 75 | 26.79 (12'7930) (623;?’715) (21505'9562) 3.49
3 |028 (13'70.?)0) 151 1) 45 (12'70.80) 7.5 | 26.79 (12'70.?30) (12'70.21) (21505'9562) 6.97
3 1028 (13'70.?)0) 1.5\ 151 45 (17958(.)5) 75| 26.79 (1798?5) (311295?;2) (311295?062) 17.44
3 034 (215?4(.)80) 051051 15 (12'70.80) 45 | 1324 (215?4%)0) (312353;.1719) (521()2.19,72) 20.99
31035 (215?4(.)()00) 051 1115 (215?4930) 45 | 1286 (215?4%)0) (2%%.%4) (521()2.19,72) 14.03
3 | 035 (21&9(?0) 05|15/| 15 (31851'.%%) 45 | 12.86 %353%) (152"80;8) (52102'.1372) 7.04
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Table 5.5 Continued

Tar | Te | Vimaxin/sec | g | p | Ta2 | Vomaxin/sec | Tq | 1 JTe Vmax in/sec DiFses.S,.in D:\gg.)f.in (Ij?rclef?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
3 1034 (2154%)0) 1105 3 (12'70.80) 6 | 1765 (215?4(.)5)0) (21506%3) (52102'.13?2) 14.00
31029 (2154%)0) L1y 3 (21504(.)(;)0) 6 | 2069 (21504%)0) (gigi) (52102'.13?2) 0.02
31029 (2154%%) 115 3 (3185i9000) 6 | 2069 (3151'%)0) (21505'?257) (52102'.1372) 13.96
3 |028 (2154%30) 1.5105) 45 (12'70.80) 7.5 | 26.79 (215495)0) (12'80.27) (52102'.1372) .02
3 |028 (2154950) 151 1) 45 (2154980) 7.5 | 26.79 (21534(.)80) (215?5'%12) (52102'.1372) 13.95
31035 (21504.0000) 1.5\ 151 45 (3185i(.)C§)0) 7.5 | 2143 (3185i(.)c(>)0) (eig'.gs) (eszfi.ze,ss) 35.00
05 | 0.28 (é'oo_g) 05|05/ 025 é:ﬂ) 075 | 2.68 (ébo.g) (1()2.57()0) (fgolg) 0.70
0.5 | 0.29 ébo.g) 05| 1 |025 éb?g) 075 | 2.59 (ébo.g) (g:gg) (fgolg) 0.46
05 | 032 é'o?g) 05| 15025 (3'692) 075 | 2.34 (%92) (gég) (103.7013) 0.23
05 | 0.27 é'o?g) 1 |05/ 05 (;;22) 1 | 37 (ébqg) (gzgg) (1Oé.7013 0.46
05| 028 (ébgg) 111105 (ébgg) Lo 357 (ébqg) (8:88) (1Oé.7013) 0.00
05 | 028 (é'oo_g) 1|15] 05 (%gg) 1 | 357 (?60.2) (gzgg) (fé_7013) 0.46
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Table 5.5 Continued

Ta1 | Tc | Vimaxin/sec | o | p | Td2 | Vomaxin/sec | Tq TyTe V max, in/sec Diss.s,.in Dli\gs.)f.in (?r?f?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
05 | 0.27 ébo_g) 15|05/ 0.75 (;50_2) 125 | 463 (ébo.g) (2:\,1,,;) (fé_7013) 0.23
05 | 0.27 (ébo_g) 15| 1 | 075 (gbo_g) 125 | 4.63 (é'oo_g) (g:gg) (fé_7013) 0.46
05 | 0.28 (ébo_g) 15| 15| 0.75 (%)_g) 125 | 4.46 (:;'60_2) (201'*_3;4) (52'*_3170) 1.16
05 | 0.32 (12'70_80) 05|05/ 025 (é';g) 075 | 2.34 (12'7980) (312'.2060) (414.7240) 1.75
05 | 035 (12'70_80) 05| 1 | 025 (12'7930) 075 | 2.14 (12'7080) (201'?344) ( ‘114?2“0) 1.17
05 | 038 (12'7080) 05|15/ 0.25 (1755895) 075 | 1.97 (179895) (fdill) (414_7240) 0.57
051029 (12'70.80) 1105105 (éé?g) 1| 345 (13'70.30) (gi?;@ (414.7240) 1.16
05103 (12'70.80) L] 105 (12'70.80) 1| 333 (12'70.80) (8:88) (414.7240) 0.00
051029 (12'70.80) 1115105 (1795?)95) 1| 345 (1798(.)5) (201'2.33?4) (414.7240) 1.16
05 | 0.28 (12'70_80) 15| 05| 0.75 (2'35_2) 125 | 4.46 (12'70_80) (1%%27) (414.7510) 0.58
05 | 0.28 (152"70_80) 15| 1 | 0.75 (152"7080) 125 | 4.46 (152"70_80) (201'?;4) ( 414_7240) 1.17
05 | 035 (152"7980) 15| 15| 0.75 (17(3'895) 125 | 357 (179'395) (52'}34) (55'_13?7) 2.92
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Table 5.5 Continued

Ta1 | Tc | Vimaxin/sec Ol p | Ta2 Vomaxin/sec | Tgq TyTe V max in/sec Diss.s,.in D:\gg.)f.in (?r?f?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
05 | 0.57 (21&950) 05|05/ 0.25 (12'7980) 0.75 | 1.32 (215?4%%) (624?.9_:))6) (5’;272) 3.52
051057 (2154980) 051 11025 (21504(.)80) 075 1.32 (21504(.)50) (jd§819) (53;?272) 2.23
0.5 | 0.64 (21&980) 05| 15| 025 (3151'980) 075 | 1.17 (31851'9(?0) (109.7576) (;:f:z?z) 1.07
05| 073 (2154%)0) 1105105 (12'70.80) 1o 137 (2150498) (412'?3) (53?272) 2:35
05079 (2154%30) 111105 (215049000) 1o Ler (215495)0) (8:88) (9335272) 0
051079 (21549003) 115105 (31851'980) Loy L (3151'980) (4§'.718) (53'(.5272) 2.36
0.5 | 0.51 (215?4%’0) 15|05/ 0.75 (12'7980) 125 | 2.44 (21&%’0) (201'?559) (5’3;?272) 1.18
051051 (215?4980) L5 1) 075 (215?4(.)80) 1251 245 (215?4%)0) (412'?3) (;:fz?z) 2:35
05 | 0.37 (215?4%)0) 15| 15| 0.75 (31851'980) 125 | 3.38 (31851'%30) (1‘(;%9) (1‘1558) 5.87
05| 06 (3’185i(.)c?0) 05105025 (1758(.)5) 0751 1.25 (31:1'%)0) (13'19.25) (159?86) 5.54
05 | 064 (3151'.080) 05} 11025 (3151(.)(;)0) 075 117 (31535i(.)(3c)0) (721'?102) (159?86) 3.89
051073 (31;1.%)0) 051151025 (E>272i§5?0) 075 1.03 (52721'?5?0) (411'%1) (1f§.986) 2.3
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Table 5.5 Continued

Tar | Te | Vimaxin/sec | g | p | Ta2 | Vomaxin/sec | Tq | 1 JTe Vmax in/sec DiFses.S,.in D:\gg.)f.in (Ij?rclef?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
05 | 068 (S}S?;Si?(?O) 110505 (1798(.)5) S (3185i9(§)O) (629.7855) (13'9?%6) 3.82
05079 (?}85i9(?0) 111105 (3185i(.)(;)0) 1o Ler (31235i(.)000) (géi) (1?1'5.26) 0.20
051085 (3185i9(§)O) 1115105 (52721'5500) 1] 118 (52721'?500) (7%.?36) (1?199.(6)36) 4.03
0.5 | 0.51 (3}51'9(?0) 15|05/ 0.75 (197965.20) 125 | 2.44 (3151'%’0) (3164027) (135%6) 1.97
05051 (3}51'%)0) L5 11075 (3151'9(())0) 1.25 1 245 (3151'?(?0) (622'%989) (13-99.26) 3.44
05 | 0.93 (31851'%?0) 15| 15| 0.75 (5>272i.55300) 125 | 1.34 (52721"_55?0) (12582) (16755?‘; | 875
1 | 027 (é'oo_g) 05| 05| 05 (2152?0) 15 | 556 (526950) (215(_)20) (33_3259) 1.39
Lo o27 (é'oo.g) 051 1105 (526?;0) 1.5 | 556 (526%)0) (107'§o72) (314.3259) 0.93
1 | 0.28 é'oc?g) 05|15/| 05 (7369200) 15 | 536 (736(.)2%) (g:gi) (314.3259) 0.47
1| 027 é'o?g) 1105 1 (215920) 2 | 4l (526%00) (107'%72) (314?’259) 0.93
Lo o27 (ébc%) S (526%)0) 2 | 4 (5?6950) (8:88) (314?259) 0.00
1| 027 (gbgg) 1151 (7369200) 2 | 14l (736(.)200) (107'§o72) (314?’259) 0.93
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Table 5.5 Continued

Ta1 | Tc | Vimaxin/sec | g | g | Td2 | Vomaxin/sec | Tq TyTe V max in/sec Diss.s,.in D:\gg.)f.in (?r?f?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
1 |0.26 égg) 15|05| 15 (215'(_320) 25 | 9.62 (ébo.g) (ggg) (314?’259) 0.46
1 026 (gbgg) L5 1115 (526%)0) 25 | 9.62 (ébo.g) (1()7'§c>72) (314:.3;9) 0.93
1 | 026 éb?g) 15| 15| 15 (736(.)200) 25 | 9.62 (7369200) ( 412'§472) ( 412'?3) 2.32
1 |028 (12'70.80) 05|05| 05 (é';g) 15 | 536 (12'7080) (623;?715) (5’5'.3670) 3.49
1028 (12'70.80) 051 1105 (12'70.80) 1.5 | 536 (12'70.30) (412'(.553) (55.36370) 2:34
1028 (13'70.?)0) 05115105 (17958(.)5) 1.5 1 536 (1798?5) (201'%39) (835-?670) 1.18
1| 027 (13'70.30) 1105 1 (ééS.g) 2 | 4l (12'70.80) (412'§472) (2;35.3(570) 2.32
1027 (13'70.%0) S (12'70.80) 2 | 14 (13'70.80) (8:88) (55.3(570) 0.00
103 (13'70.?)0) Lis) 1 (1792(.)5) 2 | 667 (1793(.)5) (412'§472) (55.3(570) 2.33
1 |0.26 (152"7930) 15|05/ 15 (é'??g) 25 | 9.62 (152"70_?)0) (201'5.35’8) (5’5'?670) 1.16
11026 (152)'70.?)0) L5 1) 15 (152>'70.80) 25 | 962 (152)'79?30) (412'%37) (55.?670) 2.33
1| 029 (13'70.%0) 15/ 15) 15 (17958(.)5) 25 | 862 (1798(.)5) (1361.?13) (13'72.3;14) 5.82
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Table 5.5 Continued

Ta1 | Tc | Vimaxin/sec Ol p | Ta2 Vomaxin/sec | Tgq TyTe V max in/sec Diss.s,.in D:\gg.)f.in (?r?f?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
1 034 (21&;)4950) 0510505 (12'70.80) 1.5 | 441 (215?4(.)(30) (12'8032) (1673':?.?4) 7.00
106 (2154980) 051 1105 (21504(.)80) 1.5 1 25 (21504(.)50) (:5.3885) (1358.4;4) 4.70
1047 (21521'%%) 0511505 (3151'%)0) 15| 323 (31235i(.)c?0) (414.7;O) (1?58.4;4) 2.42
1035 (215?4950) 1jos) 1 (12'70.80) 2 | 51 (2154?5)0) (:5%2) (1?58.?4) 4.68
L os37 (2154%30) S (215049000) 2 | 54l (215495)0) (8:88) (13'38.4;4) 0.00
1|03l (21542?0) Lts) 1 (31851'9000) 2 ] 645 (3151'9(?0) (55?9?4) (13:?.‘;4) 4.67
1033 (215?4980) 1.5105) 1.5 (12'70.80) 25 | 1.8 (21504%)0) (412'%)3) (12??4) 2:35
1038 (215?4980) L5 1) 15 (215?4(.)80) 25 | 1.8 (215?4%)0) (55.35?4) (1675'38.4;4) 4.67
1 033 (215?4980) 15151 15 (3185i(.)C§)0) 25| 7.8 (3185i(.)c(>)0) (2?3'4.136) (28165.30) 11.66
104l (3’185i(.)c?0) 0510505 (1758(.)5) 1.5 | 366 (31:1'%)0) (157925.23) (21696.2355) 1053
1047 (3151'.080) 0511105 (3151(.)(;)0) 1.5 | 8.23 (31535i(.)(3c)0) (1222.34) (2156.2??5) 7.26
1073 (3151'.080) 051151 05 (52721'?:0) 15 205 (52721'?500) (626219) (2156.2??5) 3.63
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Table 5.5 Continued

Ta1 | Tc | Vimaxin/sec | g | g | Td2 | Vomaxin/sec | Tq TyTe V max,in/sec Dizs.s,.in D:\gs.)f-in dRﬁf?
(sec)| (sec)| (mm/sec) (sec)| (mm/sec) (sec) (mm/sec) (mm) (mm) (%)
1034 (31851'980) 105 1 (1793(.)5) 2 | >88 (31235i(.)c?0) (1250.27) (2156.2355) 7.02
11037 (31851'980) i1 (3151(.)(?0) 2 | 54 (31235i(.)c?0) (8:(2)%) (2156.2355) 0.01
11047 (3}85i9(?0) 151 (52721'?0) 2 | 43 (52721'1.5500) (12'70.21) (2156.23?5) 6.98
11037 (31:1'980) 151051 15 (1798(.)5) 25 1 683 (3151'980) (624?;2) (2156.23?5) 3.53
1 1038 (31:1'980) 151 115 (31851'980) 25| 66 (3151'980) (12'80.27) (2156.23?5) 7.02
11038 (3151'980) 15115115 (52721'?0) 25 | 66 (52721'?500) (31226)?525) (31226%4) 17.53
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Table 5.6 Residual Displacement for each Earthquake

Residual Displacement, in
(mm)
Earthquake Velocity | Main | Equivalent Main Pl.JBe/ Simplified Pulse/
; Velocity . .
History | Pulse| Pulse Hi Velocity History
istory
: : 4 24 25
Rinaldi (102) | (621) (631) 6.12 6.22
o 1 19 11
Chi-Chi 25) | (478) (286) 18.83 11.24
4 23 8
Tabas (102) | (582) (202) 5.75 2.00
Loma 0 14 7
Prieta | (0) |@47)| (@177) N/A N/A
. 2 5 4
Erzincan (50) (139) (113) 2.9 2.00
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Table 5.7 Measured and Calculated Residual Displacements far NF

Measure Calculated, in (mm) % Error
Run in (mm) Proposed Proposed Proposed Proposed
Japanes¢ ATC Method 1 Method 2 Japanese | ATC Method 1 Method 2

> (101'1374) (202'?3) (107'2?0) (2%?;7) (Si%r)e) 89 45 89 81
6 (217'(_)4?3) (3195?4) (525;.1:3) (414.7860) (723;?3?5) 44 103 63 167
! (524_156) (524.1233) (51'?4?4) (627.?353) (1263.311) - 67 23 149
8 (7%9200) (624.5232) (11.65.58) (55.33?5) (1265.31) 16 52 12 151
o (1?)'72_‘;0) (736(.);7) (12'57.39) (1?)528) (2160;051) 29 35 2 149
10 | 123em @is0) | a7297)| (13482) (35287 45 13 12 190
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Table 5.8 Measured and Calculated Residual Displacements far NF

Measured Calculated, in (mm) % Error
Run in (mm) Proposed Proposed Propose Proposed
Japanese| ATC Method 1 Method 2 Japanese | ATC | Method 1 | Method 2
0.80 1.31 1.45 1.39 1.90
6 (20.32) | (33.24) | (36.83) (35.42) (48.26) 64 81 74 138
14 1.82 2.68 2.07 3.63
7| (35:56) | (46.34) | (68.07) (52.61) (92.20) 30 91 48 159
2.11 2.23 3.78 2.78 5.65
8 | (53.59) | (56.56) | (96.01) (70.67) (143.58) 6 [ 32 168
2.87 2.64 4.77 3.51 7.86
9 | (72.90) | (66.98) | (121.%) (89.09) (199.57) -8 66 22 174
4.16 3.01 5.74 4.30 10.37
10| (105.66)| (76.57) | (145.80)|  (109.13) (263.39) -28 38 3 149
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Table 5.9 Measured and Calculated Residual Displacements for MN

Measure Calculated, in (mm) % Error
Run in (mm) Proposed Proposed Proposed | Proposed
Japanes¢ ATC Method 1 Method 2 Japanese | ATC | Method 1 Method 2
0.84 1.35 2.01 1.54 2.75
7| (21.34) | (34.31) | (51.05) (39.13) (69.73) 61 139 83 221
1.76 1.75 3.23 2.37 5.17
8 (44.70) | (44.57) | (82.04) (60.19) (131.32) -1 84 35 194
2.68 2.20 4.25 3.19 7.78
9 | (68.07) | (55.94) | (107.95) (81.11) (197.73) -18 59 19 190
3.80 2.65 541 4.27 11.41
10} (9652) | (67.23) | (137.41)| (10857 (289.78) -30 42 12 200
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Table 5.10 Measured and Calculated Residisplacements for ETN

Measure Calculated, in (mm) 9% Error
Run | (mm) Proposed Proposed Proposed | Proposed
Japanes¢ ATC Method 1 Method 2 Japanese | ATC | Method 1 Method 2
0.63 1.68 1.31 1.70 1.29
101 1600 | @273 | (33.22) (43.21) (32.71) 167 108 170 104
2.05 2.47 1.90 2.51 2.84 )
1 e207) | (6265 | (48.16) (63.78) (72.04) 20 8 22 38
560 | 355 | 452 3.81 5.88 ] ] ]
12 (144.53) (90.12) | (114.81) (96.80) (149.42) 38 21 33 3
1336 | 531 9.31 6.83 14.34 ] ] ]
131 33034y | (134.75)| (236.47) (173.49) (364.34) 60 30 49 7
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Table 5.11 Measured and Calculated Residual Displacements for SETN

Measured Calculated, in (mm) % Error
RUn | (mm) Proposed Proposed Proposed | Proposed
Japanes¢ ATC Method 1 Method 2 Japanese ATC Method 1 | Method 2
1.03 1.51 1.20 1.56 1.12
7| (26.16) | (38.29) | (30.48) (39.72) (28.38) 47 17 52 8
3.31 2.59 2.32 2.64 3.22
8 | (84.07) | (65.89) | (58.93) (67.16) (81.73) 22 -30 -20 3
7.46 3.70 5.08 4.08 6.71
9 | (180.48) | (93.87) | (129.03) |  (103.54) (170.43) 50 32 45 10
14.50 8.62 18.65 15.28 42.61
10 | 368.30) | (218.95)| (473.71) |  (388.12) (1082.23) -41 29 5 194

104




Table 5.12 Measured and Calculated Residual Displacements for SVTN

Measured Calculated, in (mm) % Error
Run in (mm) Proposed Method| Proposed Method Proposed Proposed
Japanes¢ ATC |1 2 Japanes¢ ATC | Method 1 Method 2
9 (204?889) (411é§1(37) (312'.2273) (4111'?857) (314?773) 69 29 68 40
10 (413',_7{)8) (516?55) (31é.5526) (516.94?7) (526(.)5?5) 16 11 17 18
1 (627'%16) (526.2(32) (:4.7568) (zszé.3330) (6255.7125) 16 34 12 3
12 (5’1'?4) (62é.5S327) (625..5583) (627.(.5564) (837.%4:19) -30 28 -26 4
13 (11'76_%5) (722?551) (836.1787) (725;?161) (1351.;2) Rl B 36 10
14 (12'13_24) (52'.2551) (1?)'61.?7) (555?4) (12';27) 49 34 45 14
15 (215?5;?778) (1?)5.14) (1;'42.?5) (1263.6158) (2159'5410) 8 28 af >

105




Table 5.13 Measured and Calculated Residual Displacements for UCSD Column

Measure Calculated, in (mm) % Error

Run in (mm) Proposed Proposed Proposed Proposed

Japanes¢ ATC | Method 1 Method 2 Japanes¢ ATC | Method 1 Method 2
2.49 4.53 5.93 491 7.75

3 | (63.34) | (115.10)| (150.64)|  (124.81) (196.77) 82 | 138 I 211
4.11 7.82 14.13 10.42 23.74

5 | (104.39) | (198.54)| (358.98)|  (264.65) (603.11) 9 | 244 154 478
1.97 6.58 11.01 8.09 16.62

6 | (50.00) | (167.12)| (279.65)|  (205.55) (422.07) 234 | 459 il 744
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Table 5.14 Average and Standard Deviation of DifferenceRinfibr Different Columns

Column Proposed Methog Proposed Method

Japanesq¢ ATC 1 2
% Error, Avg. 7 53 30 138

NF-1 % Error, St. Dev. 50 31 39 30
R? 056 | 0.60 0.93 <0
% Error, Avg. 13 71 36 158

NE-2 | % Error, St. Dev. 36 20 27 14
R? 073 | <0 0.76 <0
% Error, Avg. 3 81 37 203

MN % Error,St. Dev. 40 42 32 17
R? 062 | <0 0.72 <0

% Error, Avg. 22 12 28 38

ETN % Error, St. Dev,| 102 64 100 47
R? 027 | 081 0.51 0.98

% Error, Avg. -17 -4 -2 47

SETN | % Error, St. Dev. 44 32 41 98
R? 053 | 0.77 0.88 <0

% Error, Avg. -15 -20 -12 5

SVTN | % Error, St. Dev. 44 23 41 19
R? 018 | 0.72 0.41 0.97

% Error, Avg. 135 280 187 478

UCSD | % Error, St. Dev) 86 164 111 267
R? <0 <0 <0 <0
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Table 5.15 Average and Standard Deviation of DifferemceR? for Ductility of two to

four
Proposed Method
Japanes¢ ATC Proposed Method 1 2
% Error, Avg. 56 21 58 42
% Error, St. Dev, 60 47 60 38
R* 037 | 0.62 0.36 0.62

Table 5.16 Average and Standard Deviation of EanorR* for Ductility of four or more

Proposed Method
Japanes¢ ATC Proposed Method 1 2
% Error, Avg. 2 61 26 152
% Error, St. Dev. 64 105 77 163
R* 030 | 0.1 0.43 <0
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Table 6.1 Characteristics of Site 1 (Seattle, Washington) J86¥ m/s

PGA (g9)
Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
Ip_cls 0.55| 0.63 | 0.52| 0.68 0.59 0.60
Ip_stg 0.52| 0.50| 0.47 | 0.50 0.51 0.49
nr_0637 0.55| 0.65| 0.48| 0.55 0.60 0.52
nr_0655 0.56| 0.49 | 0.64| 0.60 0.52 0.62
nr_kat 0.55| 0.52 | 0.55| 0.53 0.54 0.54
nr_ro3 0.52] 0.49| 0.52| 0.60 0.50 0.56
nr_sce 0.70 | 0.58 | 0.65| 0.58 0.64 0.61
S (9)
Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
Ip_cls 0.49| 0.40 | 0.52| 0.48 0.45 0.50
Ip_stg 0.55| 0.43| 0.45| 0.47 0.49 0.46
nr 0637 0.48] 0.44] 0.46| 0.45 0.46 0.46
nr_0655 0.49] 0.42| 0.48| 0.49 0.45 0.48
nr_kat 0.49] 0.43| 0.46| 0.45 0.46 0.46
nr_ro3 0.48 | 0.43| 0.46| 0.47 0.46 0.46
nr_sce 0.49]| 0.43| 0.46 | 0.50 0.46 0.48

Table 6.2 Station Names for Site 1 foy360 m/s

Station Code Station name
cls Corralitos
stg Saratoga, Aloha Avenue
637 Sepuveda VA Bldg (9554)
655 Jensen Filtration Plant
kat Simi Valley, Katherine Road
ro3 Sun Valley, Roscoe
sce Sylmar Converter Station East
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Table 6.3 Characteristics of Site 1 (Seattle, Washington) @6V m/s

PGA (9)
Acceleration History FN | FP | H1 | H2 | FEN-FP H1-H2
Ip_brn 0.39]| 0.35| 0.37| 0.34 0.37 0.36
Ip_cls 0.39] 0.40| 0.35| 0.56 0.39 0.45
Ip_stg 0.46| 0.45] 0.43] 0.31 0.45 0.37
nr_0655 0.37 | 0.43| 0.38| 0.39 0.40 0.38
nr_kat 0.42] 0.39| 0.39| 0.40 0.40 0.40
nr_sce 0.48] 0.38| 0.46| 0.41 0.43 0.43
nr_syl 0.52| 0.48 | 0.52| 0.45 0.50 0.48
S, (9)
Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
Ip_brn 0.31] 0.28 | 0.30 | 0.30 0.30 0.30
Ip_cls 0.30| 0.33| 0.31| 0.28 0.31 0.29
Ip_stg 0.31] 0.31| 0.30| 0.32 0.31 0.31
nr_0655 0.30| 0.33| 0.31| 0.30 0.31 0.30
nr_kat 0.32|1 032 0.32| 0.31 0.32 0.32
nr_sce 0.30| 0.29| 0.31| 0.32 0.30 0.31
nr_syl 0.28| 0.32| 0.30| 0.30 0.30 0.30

Table 6.4 Station Names for Site 1fof %60 m/s

Station Code

Station name

brn

Branciforte Drive

cls

Corralitos

stg

Saratoga, Aloha Avenue

655

Jensertiltration Plant

kat

Simi Valley, Katherine Road

Sce

Sylmar Converter Station East

syl

Sylmar- Olive View Hospital
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Table 6.5 Characteristics of Site 2 (Eureka, California) fg860 m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
cc_tcu065 0.85| 1.26| 0.94| 1.23 1.06 1.08
cc_tcu067 104|116 1.11| 1.17 1.10 1.14
cc_tcu071 0.93]0.84| 1.10| 0.81 0.88 0.96
cc_tcu074 0.76 | 1.20| 0.82 | 0.85 0.98 0.84
cc_tcul02 0.90| 1.03| 0.92| 0.85 0.97 0.88
cpm_cpn 0.93| 0.99| 0.96| 0.95| 0.96 0.95
cpm_pet 0.95| 0.94| 0.89| 0.92 0.94 0.91

S (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
cc_tcu065 1.14]11.01| 1.09| 1.27 1.08 1.18
cc_tcu067 1.24]1 1.07| 1.25| 1.05 1.15 1.15
cc_tcu071 1.17 | 1.00 | 0.97 | 1.12 1.08 1.04
cc_tcu074 1.24| 1.00 | 1.06 | 1.07 1.12 1.06
cc_tul02 1.17 | 1.05] 1.21 | 1.02 1.11 1.12
cpm_cpn 1.18 | 0.97 | 1.10 | 1.12 1.07 1.11
cpm_pet 1.17 | 1.04 | 1.07 | 1.12 1.10 1.09
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Table 6.6 Characteristics of Site 2 (Eureka, California) for60 m/s

PGA (g)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
cc_tcu065 1.04| 1.27| 0.92| 1.10 1.15 1.01
cc_tcu067 1.07| 087 1.11| 1.21 0.97 1.16
cc_tcu071 0.84| 0.95| 0.77| 0.88 0.90 0.83
cc_tcu074 1.02| 0.94| 0.89| 0.82 0.98 0.86
cc_tcul02 0.83] 0.96| 1.02| 0.79 0.90 0.90
cpm_cpn 0.97] 0.92| 0.74| 1.03 0.94 0.89
cpm_pet 091 ] 0.96 | 0.98| 0.59 0.94 0.78

S (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
cc_tcu065 0.74 | 0.67 | 0.69 | 0.68 0.71 0.69
cc_tcu067 0.74 | 0.65| 0.67 | 0.67 0.70 0.67
cc_tcu071 0.74] 0.65| 0.58 | 0.67 0.70 0.63
cc_tcu074 0.73] 0.65| 0.68| 0.73 0.69 0.70
cc_tcul@ 0.75] 0.64| 0.64| 0.71 0.70 0.67
cpm_cpn 0.72] 0.62| 0.56 | 0.64 0.67 0.60
cpm_pet 0.75| 0.59| 0.67 | 0.48| 0.67 0.58

Table 6.7 Station Names for Site 2

Station Code Station name
tcu065 Chi-Chi - tcu065
tcu067 Chi-Chi - tcu067
tcu071 Chi-Chi - tcu071
tcu07 Chi-Chi - tcu074
tcul02 Chi-Chi - tcu102

cpm Cape Mendocino
pet Petrolia
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Table 6.8 Characteristics of Site 3 (San Bruno, California) {860 m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | FEN-FP H1-H2
dn_ps10 0.79] 0.91| 0.79| 0.83 0.85 0.81
r4hc_s118 0.88] 0.94| 0.85| 0.84 0.91 0.85
rdhc_s469 0.95]| 0.93| 0.91| 0.83 0.94 0.87
r4hn_s118 0.92] 0.91] 0.86| 0.90 0.91 0.88
rdhn_s469 0.90| 0.86| 0.88 | 0.88 0.88 0.88
rdhs s118 0.82] 0.85| 0.93| 0.84 0.84 0.88
rdhs s469 0.88] 0.84| 0.86 | 0.89 0.86 0.88

S, (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
dn_psl10 1.22] 1.03| 1.13| 1.08 1.13 1.11
rdhc_s118 1.18] 1.03| 1.10| 1.14 1.11 1.12
rdhc_s469 1.19]1.04| 1.17| 1.19 1.11 1.18
rdhn_s118 1.15] 1.00| 1.17| 1.11 1.07 1.14
rdhn_s469 1.28| 1.05| 1.01| 1.23 1.17 112
rdhs s118 1.23]1 098] 1.14| 1.13 1.11 1.13
r4dhs s469 1.30| 1.04| 1.16| 1.17 1.17 1.16
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Table 6.9 Characteristics of Site 3 (San Bruno, California) {af6@ m/s

PGA (g9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
dn_ps10 0.95| 0.82] 0.75| 0.72 0.89 0.73
r4hc_s118 0.89| 0.83] 0.81| 0.86 0.86 0.84
r4hc_s469 0.69] 0.90| 0.81| 0.85 0.80 0.83
r4hn_s118 0.75]| 0.78 | 0.74 | 0.87 0.77 0.80
r4dhn_s469 0.84] 0.87| 0.79| 0.76 0.86 0.77
rdhs s118 0.77] 0.81] 0.85| 0.73 0.79 0.79
r4hs_s469 0.80| 0.87 | 0.72| 0.85 0.84 0.79

S (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
dn_ps10 0.81] 0.75| 0.69 | 0.65 0.78 0.67
r4hc_s118 0.70] 0.66 | 0.73 | 0.63 0.68 0.68
rdhc_s469 0.69| 0.68| 0.66 | 0.66 0.69 0.66
r4dhn_s118 0.75] 0.65| 0.72| 0.69 0.70 0.70
rdhn_s469 0.64| 0.63| 0.72| 0.66 0.63 0.69
r4hs_s118 0.69| 0.60| 0.74 | 0.65 0.64 0.69
rdhs s469 0.71] 0.58| 0.62| 0.70 0.65 0.66

Table 6.10 Station Names for Site 3

Station Code Station name
s118 Simulation Station 118
s469 Simulation Station 469
ps10 Pump Station 10
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Table 6.11 Characteristics of Site 4 (Berkeley, California) fp860 m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
erz_erz 1.16 099 0.95| 1.04 1.07 0.99
Ip_cls 1.25] 1.15| 1.14 | 0.99 1.20 1.07
Ip_qil 0.92]| 0.94| 1.08| 0.92 0.93 1.00
Ip_gd 0.98| 1.10| 1.12| 1.10| 1.04 1.11
Ip_lex 1.22]1.01| 1.04| 1.02 1.11 1.03
Ip_lgp 0.94| 0.83| 0.89| 0.88| 0.89 0.89
Ip_stg 1.07] 1.03| 1.04| 1.12 1.05 1.08
to_hino 0.97 ] 0.99| 0.98 | 0.94 0.98 0.96

S, (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
erz_erz 131 1.11 | 1.24| 1.22 1.21 1.23
Ip_cls 147 1.13| 1.27| 1.27 1.30 1.27
Ip_gil 1.32]1.14|1.17| 1.24| 1.23 1.21
Ip_gof 1.33|1.15| 1.22| 1.23| 1.24 1.22
Ip_lex 1.32] 1.14| 1.22| 1.20 1.23 1.21
Ip_lgp 1.31|1.17|1.24|1.20| 1.24 1.22
Ip_stg 1.36| 1.14| 1.24| 1.21| 1.25 1.22
to_hino 1.33| 1.07| 1.25| 1.27 1.20 1.26
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Table 6.12 Characteristics of Site 4 (Berkeley, California) foré0 m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | FEN-FP H1-H2
erz_erz 0.99| 1.23| 1.21| 1.06 1.11 1.13
Ip_cls 1.18] 0.96| 1.09| 0.97 1.07 1.03
Ip_gil 0.86 | 0.88 | 0.99 | 0.95 0.87 0.97
Ip_gof 1.00| 1.08| 0.97 | 0.96 1.04 0.96
Ip_lgp 0.85| 0.91| 0.88| 0.95 0.88 0.92
Ip_stg 0.90| 0.96 | 0.90 | 0.70 0.93 0.80
to_hino 1.14| 0.93| 1.00| 0.92 1.04 0.96

S, (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
erz_erz 0.76 | 0.70| 0.75| 0.73 0.73 0.74
Ip_cls 0.83] 0.75]| 0.74| 0.76 0.79 0.75
Ip_gil 0.80| 0.69| 0.71| 0.74 0.75 0.73
Ip_gof 0.79| 0.69| 0.78| 0.72| 0.74 0.75
Ip_Igp 0.79]| 0.68| 0.75| 0.73| 0.74 0.74
Ip_stg 0.84| 0.69| 0.78| 0.78| 0.77 0.78
to_hino 0.84| 0.69| 0.73| 0.78 0.76 0.75

Table 6.13 Station Names for Site 4

Station Code

Station name

lgp

Los Gatos Presentation Cente

stg

Saratoga, Aloha Avenue

cls

Corralitos

gil

Gavilon College

gof

Gilroy Historic Building

lex

Lexington Dam abutment

hino

Tottori-Hino (ttrh02)

erz

Erzincan
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Table 6.14 Characteristics of Site 5 (Sylmar, California) fo880 m/s

PGA (9)
Acceleration History FN | FP | H1 | H2 | FEN-FP H1-H2
cc_tcu067 0.98| 1.03| 0.86| 0.86 1.00 0.86
Ip_wvc 0.88 | 0.80| 0.82| 1.03 0.84 0.93
nr_0655 0.86] 0.92| 1.03| 0.95 0.89 0.99
nr_jen 0.86| 0.89| 0.94 | 0.98 0.88 0.96
nr_ldm 0.90| 0.93| 0.98 | 0.93 0.92 0.95
nr_rrs 1.09]| 0.92| 0.96 | 0.89 1.00 0.92
nr_sce 0.90| 0.84| 0.92| 0.90 0.87 0.91
tab_tab 0.92] 0.92]| 0.93| 0.94 0.92 0.94
S (9)
Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
cc_tcu067 1.22] 1.02| 1.05| 1.07 1.12 1.06
Ip_wvc 1.14| 1.02| 1.07| 1.07 1.08 1.07
nr_0655 1.13] 1.02| 1.08| 1.08 1.08 1.08
nr_jen 1.16| 0.99| 1.05| 1.09 1.07 1.07
nr_ldm 112} 1.01| 1.08| 1.06 1.07 1.07
nr rrs 1.16| 0.96| 1.05| 1.09 1.06 1.07
nr_sce 1.16| 0.95| 1.09 | 1.06 1.06 1.07
tab_tab 1.101 099 1.09| 1.10 1.05 1.10
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Table 6.15 Characteristics of Site 5 (Sylmar, California) for 80 m/s

PGA (g9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
cc_tcu067 1.08 | 0.86| 0.93 | 0.98 0.97 0.96
Ip_wvc 0.93]| 0.84| 0.83] 1.18 0.88 1.01

nr_jen 0.91] 0.85| 0.85| 0.77 0.88 0.81
nr_ldm 1.14] 0.97| 0.92 | 0.90 1.05 0.91

nr_rrs 0.99| 0.91| 0.92| 0.89 0.95 0.90
nr_sce 0.98| 0.90| 1.09| 0.88 0.94 0.98
tab_tab 0.84| 0.88| 1.01| 0.89 0.86 0.95

S (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
cc_tcu067 0.74 | 0.62 | 0.61| 0.67 0.68 0.64
Ip_wvc 0.75] 0.64 | 0.60 | 0.64 0.70 0.62
nr_jen 0.66 | 0.63| 0.67 | 0.69 0.64 0.68
nr_ldm 0.71] 0.58 | 0.66 | 0.66 0.65 0.66
nr_rrs 0.73] 0.59| 0.65| 0.69 0.66 0.67
nr_sce 0.69 | 0.62 | 0.68| 0.67 0.65 0.67
tab_tab 0.72] 0.60| 0.66 | 0.67 0.66 0.66

Table 6.16 Station Names for Site 5

Station Code Station name

tcu067 Chi-Chi - tcu067

WVC West Valley College
0655 Jensen Filter Plant Generator
jen Jensen Filter Plant
Idm LA Dam
rrs Rinaldi Receiving
sce Sylmar Cowerter Station East
tab Tabas
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Table 6.17 Characteristics of Site 6 (Salt Lake City, Utah) {860 m/s

PGA (g9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
di_din 0.33] 0.32]| 0.40| 0.36 0.32 0.38
il aul 0.33] 0.32]| 0.34| 0.35 0.32 0.35
il bag 0.34] 0.35| 0.37| 0.35 0.34 0.36
il stu 0.30| 0.31]| 0.35| 0.28 0.30 0.32
i2_ctr 0.32] 0.37| 0.30| 0.34 0.34 0.32
ml cvk 0.36| 0.33| 0.30| 0.33 0.34 0.31
m1l_mls 0.35] 0.31| 0.35| 0.37 0.33 0.36

S (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
di_din 0.39 | 0.35| 0.37| 0.36 0.37 0.36
il aul 0.39] 0.35| 0.36| 0.36 0.37 0.36
il bag 0.37] 0.33]| 0.36 | 0.35 0.35 0.36
il stu 0.38] 0.34| 0.37| 0.37 0.36 0.37
i2_ctr 0.36| 0.34| 0.36 | 0.36 0.35 0.36
ml_cvk 0.41] 0.33| 0.35| 0.35 0.37 0.35
ml mis 0.39]| 0.34| 0.38 | 0.37 0.37 0.38
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Table 6.18 Characteristics of Site 6 (Salt Lake City, Utah) {o#6@ m/s

PGA (9)
Acceleration History FN | FP | H1 | H2 | FEN-FP H1-H2
di_din 0.31] 0.32] 0.30| 0.29 0.31 0.29
il aul 0.27] 0.27| 0.28 | 0.30 0.27 0.29
il bag 0.36 | 0.26 | 0.28 | 0.29 0.31 0.28
il stu 0.31] 0.28 | 0.31| 0.30 0.29 0.31
i2_ctr 0.31] 0.34| 0.32| 0.33 0.32 0.32
ml_cvk 0.33] 0.28 | 0.30 | 0.30 0.30 0.30
ml mis 0.26 | 0.33| 0.27| 0.29 0.29 0.28
S, (9)
Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
di_din 0.23] 0.22]| 0.22| 0.23 0.22 0.22
il aul 0.23] 0.22] 0.21| 0.23 0.22 0.22
il bag 0.22] 0.21] 0.21| 0.23 0.21 0.22
il stu 0.23] 0.21| 0.22| 0.24 0.21 0.22
i2_ctr 0.21] 0.22| 0.22| 0.23 0.21 0.22
ml cvk 0.24] 0.21] 0.21| 0.22 0.22 0.21
ml mls 0.23]| 0.21| 0.22| 0.24 0.22 0.23

Table 6.19 Station Names for &ib

Station Code Station name
din Dinar
aul Auletta
bag Bagnoli Irpinio
Stu Sturno
ctr Calitri
cvk Convict Creek
mls Mammoth Lakes High School
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Table 6.20 Characteristics of Site 7 (Cheraw, Colorado) {&60 m/s

PGA (9)

Accelaation History FN | FP | H1 | H2 | FEN-FP H1-H2
whsb_r10a050h0 0.04 | 0.04 | 0.04 | 0.05 0.04 0.05
whsb_r10a050h+ 0.04 | 0.05| 0.04 | 0.04 0.04 0.04
whsb r10al110h+ 0.05]| 0.05| 0.04 | 0.04 0.05 0.04
whsb_r20a030h 0.05| 0.04 | 0.04 | 0.05 0.04 0.04
whsb_r20a150h0 0.05] 0.05]| 0.04| 0.4 0.05 0.04
whsb_r20a150h 0.04 | 0.05| 0.04 | 0.04 0.04 0.04
whsb_r20a150h+ 0.04| 0.05| 0.04| 0.04 0.04 0.04

S, (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
whsb_r10a050h0 0.04] 0.04| 0.04| 0.04 0.04 0.04
whsb_r10a050h+ 0.04] 0.04| 0.04| 0.04 0.04 0.04
whsb A0al10h+ 0.04| 0.04| 0.04| 0.04 0.04 0.04
whsb_r20a030h 0.04] 0.04| 0.04| 0.04 0.04 0.04
whsb_r20a150h0 0.04| 0.04| 0.04| 0.04 0.04 0.04
whsb_r20a150h 0.04| 0.04| 0.04| 0.04 0.04 0.04
whsb r20a150h+ 0.04| 0.04| 0.04| 0.04 0.04 0.04
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Table 6.21Characteristics of Site 7 (Cheraw, Colorado) fgi7@0 m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
whsb_r10a050h+ 0.03 ] 0.04 | 0.04 | 0.03 0.03 0.04
whsb r10al110h 0.04] 0.03| 0.03 | 0.03 0.03 0.03
whsb_r10a110h+ 0.03] 0.03| 0.04 | 0.03 0.03 0.03
whsb r20a030h0 0.03| 0.03| 0.03| 0.04 0.03 0.03
whsb_r20a030h+ 0.03] 0.03| 0.03| 0.03 0.03 0.03
whsb_r20a150h0 0.04] 0.04| 0.03| 0.03 0.04 0.03
whsb_r20a150h 0.03| 0.03 | 0.03| 0.03 0.03 0.03

S (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
whsb_r10a050h+ 0.03 | 0.03 | 0.02 | 0.03 0.03 0.02
whsb_r10a110h 0.03] 0.03| 0.02 | 0.03 0.03 0.02
whsb r10al110h+ 0.03| 0.03| 0.02 | 0.03 0.03 0.02
whsb_r20a030h0 0.03] 0.03| 0.02| 0.03 0.03 0.02
whsb r20a030h+ 0.03]| 0.03| 0.02 | 0.03 0.03 0.02
whsb_r20a150h0 0.03 | 0.03 | 0.02 | 0.03 0.03 0.02
whsb r20a150h 0.03| 0.03| 0.02 | 0.03 0.03 0.02
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Table 6.22 Characteristics of Site 8 (Tiptonville, Tennessee)d86¥ m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
whsb_r10a050h0 1.06| 1.09| 1.05| 1.11 1.08 1.08
whsb_rDa050h 1.18] 1.04| 1.13| 1.11 1.11 1.12
whsb r10al110h 1.05| 1.04| 1.13| 1.08 1.05 1.10
whsb r10al110h+ 1.09| 1.13| 1.11| 1.08 1.11 1.10
whsb_r20a030h+ 1.02] 111|099 | 1.04 1.06 1.02
whsb_r20a150h0 1.09] 1.14| 1.15| 1.19 1.11 1.17
whsb r20al150h+ 1.12] 1.12| 1.09| 1.13 1.12 1.11

S, (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
whsb_r10a050h0 0.77) 0.68| 0.71| 0.73 0.73 0.72
whsb_r10a050h 0.70] 0.69| 0.71] 0.71 0.70 0.71
whsb r10al110h 0.76 | 0.69| 0.69 | 0.66 0.72 0.68
whsb r10al10h+ 0.77] 0.68| 0.71| 0.73 0.72 0.72
whsb r20830h+ 0.77] 0.70] 0.73| 0.71 0.74 0.72
whsb_r20a150h0 0.74 ] 0.69 | 0.65| 0.69 0.72 0.67
whsb_r20a150h+ 0.75] 0.69| 0.76 | 0.68 0.72 0.72
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Table 6.23 Characteristics of Site 8 (Tiptonville, Tennessee)J@6¥ m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | FEN-FP H1-H2
whsb_r10a050h0 1.08| 1.09| 1.10| 1.06 1.09 1.08
whsb_r10a050h+ 1.07] 1.11] 1.08| 1.15 1.09 1.12
whsb _r10al110h 1.16| 1.07| 1.01| 1.10 1.11 1.05
whsb r20a030h0 111} 1.00| 1.05| 1.16 1.05 1.10
whsb_r20a150h 1.03| 1.09| 1.07| 1.11 1.06 1.09
whsb_r20450h+ 1.09| 1.13| 1.10| 0.97 1.11 1.04

S (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
whsb_r10a050h0 0.62 | 0.58 | 0.55| 0.62 0.60 0.58
whsb_r10a050h+ 0.63| 0.54| 0.60 | 0.58 0.59 0.59
whsb r10al110h 0.61]| 0.53| 0.57 | 0.56 0.57 0.56
whsb_r20a030h0 0.58 | 0.58| 0.51 | 0.57 0.58 0.54
whsb_r20a150h 0.65]| 0.55| 0.61| 0.61 0.60 0.61
whsb_r20a150h+ 0.61| 0.58| 0.57 | 0.54 0.59 0.56

Table 6.24 Characteristics of Site 9 (New York City,

New York) foB&0 m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
whifb_r010_a@0h 0.09| 0.10| 0.09| 0.09 0.09 0.09
whlfb_r010_a210h 0.10| 0.09 | 0.10 | 0.09 0.09 0.10
whlfb_r010_a250h 0.09] 0.10| 0.10| 0.10 0.10 0.10
whifb_r010 a290h 0.10] 0.09| 0.10| 0.11 0.10 0.11
whlfb_r020_a150h0 0.09] 0.09| 0.10| 0.10 0.09 0.10
whifb_r020 al190h0 0.09| 0.10| 0.10| 0.10 0.10 0.10
whlfb_r020_a350h0 0.10| 0.09| 0.10| 0.10 0.10 0.10

S, (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
whlfb_r010_a090h 0.05| 0.06 | 0.05| 0.05 0.05 0.05
whlfb_r010_a210h 0.05] 0.06 | 0.05| 0.05 0.05 0.05
whlfb_r010_a250h 0.05] 0.05| 0.05| 0.05 0.05 0.05
whlfb_r010_a290h 0.05] 0.05| 0.05| 0.05 0.05 0.05
whlfb_r020_a150h0 0.05] 0.05| 0.05| 0.05 0.05 0.05
whlfb_r020_a190h0 0.05| 0.05| 0.05| 0.05 0.05 0.05
whlfb_r020_a350h0 0.05] 0.05| 0.05| 0.05 0.05 0.05
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Table 6.25 Characteristics of Site 9 (N¥ark City, New York) for \; 760 m/s

PGA (9)

Acceleration History FN | FP | H1 | H2 | FN-FP H1-H2
whlfb_r010 _a090h 0.08 | 0.08 | 0.08 | 0.08 0.08 0.08
whlfb_r010 _a210h 0.07 | 0.08 | 0.08 | 0.07 0.07 0.07
whlfb_r010_a250h 0.07 | 0.08 | 0.08 | 0.07 0.08 0.08

whlfb_r010 _a290h+ 0.07 | 0.07 | 0.07 | 0.07 0.07 0.07

whlfb_r020_a150h0 0.07 | 0.08 | 0.07 | 0.08 0.07 0.07

whlfb_r020 al190h0 0.07| 0.08| 0.08 | 0.07 0.07 0.08

whlfb_r020_a350h0 0.07 | 0.07 | 0.08 | 0.08 0.07 0.08
S (9)

Acceleration History FN | FP | H1 | H2 | EN-FP H1-H2
whlfb_r010_a090h 0.03 | 0.03 | 0.03| 0.03 0.03 0.03
whlfb_r010_a210h 0.03] 0.03| 0.03| 0.03 0.03 0.03
whlfb_r010 a250h 0.03| 0.03| 0.03 | 0.03 0.03 0.03

whlifb_r010_a290h+ 0.03] 0.03| 0.03| 0.03 0.03 0.03
whlfb_r020 al150h0 0.03| 0.03| 0.03| 0.03 0.03 0.03
whlfb_r020_a190h0 0.03 | 0.03 | 0.03| 0.03 0.03 0.03
whlfb_r020 a350h0 0.03| 0.03| 0.03| 0.03 0.03 0.03

Table 626 Number of Records

S (9) V= 1200 ft/sec | V3= 2500 ft/sec
(360 m/s) (760 m/s)
0.40.6 14 13
0.60.8 14 57
>0.8 60 0
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Table 627 Recorded neafiault ground motions

Distance, Vs30,
Earthquake Station Magnitude mi ft/sec S (9)
(km) (m/sec) | (Avg.)
Chi-Chi CHYO028 7.6 (;12?) (15%113(; 1.04
Chi-Chi CHYO080 7.6 (gég) (2628%7) 2.09
Chi-Chi TCU052 7.6 (8:22) (15973;; 0.99
Chi-Chi TCUO74 7.6 (1?3;5?7) 2'5%13;3(; 1.10
Chi-Chi TCU084 7.6 (166'2329) (2628607) 1.70
Northridge PaCOimie?;‘m (Upper 6.7 (g:gg) (%ig) 0.84
San Fernandd Pacoima Dam 6.6 égg) (%ig) 0.98
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Table 7.1 Member Ductility Requirement for SDC D

Member >0
Single-column bents 5
Multi ple-column bents 6
Pier walls in the weak
direction 5
pier walls in the strong
direction 1
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Table 8.1 Features of the Bridges

Bridge

Bridge

Superstructure

So1

Site

NO. Description Plan Geometry Type Pier Type ) Class Location Design Criteria
Five-Span CIP Concrete | Two-Column .
1 Continuous Tangent Square Box Girder Bent 0.986 E Washington MCEER/ATC 49
. Prestressed
o | Two-Span | Slightly Skewed| = 0o, 0 orn™ | FOURCOlUmN | 5oy | Utah MCEER/ATC 49
Continuous| (11 degree) Gi Bent
irder
. Prestressed
Two-Span | Slightly Skewed Three
3 Continuous| (10.5 degree) Cgir;gree;te Column Bent 0.59 D Utah MCEER/ATC 49
4 Four_—Span Tangent Square cip Co_ncrete Two-Column 0.5 C California Pre 1971 codes
Continuous Box Girder Bent
. Prestressed
5 | EOhESpan| quopiy cuved | Concrete | Wo:COUMN g 4190 b South 1 AASHTO LRFD 2004
Continuous Girder Bent Carolina
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Table 8.2 Longitudinal and Transverse Steel Ratio

Bridge Longitudinal Steel|  Transverse St
9 Ratio (%) Ratio (%)
. 2.4 (Bent1)1.4 1.3 (Bent 1)0.9
Washington (other bents) (other bents)
Utah-1 1.2 1.0
1.4 (end columns)
L 1.3 1.0 (middle column)
. 4.5 (Bent 2)2.8
California (other bents) 0.2
South 1.7 0.8
Carolina

Table 8.3 Calculated Response Spectrum Parameters

So1 (9)
As(9) %s(0) Calculated Design
Washington 0.365 0.915 0.859 0.986
Utah1 0.420 0.987 0.567 0.580
Utah-2 0.509 1.174 0.669 0.590
California 0.400 1.000 0.560 0.560
South Carolina] 0.282 0.571 0.242 0.419

129



Table 8.4 Residual Drift Ratio for Washington Bridge in Longitudinal Direction{TL4

sec)
Height M_ax. Yi_eld Residual Drift Ratio (%)
X Disp. Disp. o .
Bent in . : Ductility Simple
(mm) n mn Spectra Method
(mm) (mm)
360 9.85 4.1
1 (9144) (250) (104) 2.40 1.34 0.65
540 9.86 7.1
2 (13716)| (250 (180) 1.39 N/A 0.36
600 9.78 9.1
3 (15240)| (248) (231) 1.07 N/A 0.30
540 9.96 7.1
4 (13716) (253) (180) 1.40 N/A 0.36

Table 8.5 Residual Drift Ratio for Washington Bridge in Transverse Directip® (33

sec)
Height M_ax. Yi_eId Residual Drift R&o (%)
; Disp. Disp. o .
Bent in ) : Ductility Simple
(mm) n mn Spectra Method
(mm) (mm)
360 5.61 4
1 (9144) (142) (102) 1.40 N/A 0.31
540 9.73 7.1
2 (13716) (247) (180) 1.37 N/A 0.35
600 10.16 8.1
3 (15240) (258) (206) 1.25 N/A 0.32
540 6.24 7.1
4 (13716) (158) (180) 0.88 N/A 0.00
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Table 8.6 Residual Drift Ratio for Washington Bridge in Longitudinal Directign {TLO

sec
Height M_ax. Yi_eld Residual Drift Ratio (%)
; Disp. Disp. o .
Bent in . . Ductility Simple
(mm) n n Spectra Method
(mm) (mm)
360 9.66 4.9
1 (9144) (245) (124) 1.97 1.04 0.59
540 9.65 7.1
2 (13716)| (245) (180) 1.36 N/A 0.35
600 9.49 9.1
3 (15240) (241) (231) 1.04 N/A 0.29
540 9.75 7.1
4 (13716) (248) (180) 1.37 N/A 0.35

Table 8.7 Residual Drift Ratio for Washington Bridge in Transverse Directiprd (92

sec
Height l[\)/liix. \[()iiild Residual Drift Ratio (%)
Bent in ISP ISP Ductility Simple
(mm) " m Spectra Method
(mm) (mm)
360 5.09 4.6
1 (9144) (129) (117) 1.11 N/A 0.26
540 9.35 7.1
2 (13716)|  (237) (180) 1.32 N/A 0.33
600 9.88 8.1
3 (15240)|  (251) (206) 1.22 N/A 0.31
540 6.12 7.1
4 (13716)| (155) (180) 0.86 N/A 0.00

131



Table 8.8 Residual Drift Ratio for Utah Briddein Longitudinal Direction (I: 1.12 sec)

Height Max. Yield Residual Drift Ratio (%)
19 Disp. Disp. - .
Bent in : . Ductility Simple
(mm) n n Spectra | \iathod
(mm) (mm)
162 3.64 2.65
2 (4115) (92) (67) 1.37 N/A 0.44

Table 8.9 Residual Drift Ratio for Utah Briddein Transverse Direction {T0.10 sec)

Height Max. Yield Residual Drift Ratio (%)
19 Disp. Disp. - .
Bent in : . Ductility Simple
(mm) in n Spectra Method
(mm) (mm) etho
162 0.14 1.16
2 (4115) 4) (29) 0.12 N/A 0.00

Table 8.10 Residual Drift Ratio faftah Bridge2 in Longitudinal Direction (T: 1.21

Sec)
: Max. Yield Residual Drift Ratio (%)

Hglght Disp. Disp. - .

Bent in . . Ductility Simple
(mm) n n Spectra Method

(mm) (mm) etho

193 4.94 3.37

2 (4902) (125) (86) 1.47 N/A 0.51
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Table 8.11 Residual Drift Ratio for Utah Bridgen Transverse Direction {T0.11 sec)

Height Max. Yield Residual Drift Ratio (%)
: Disp. Disp. - .
Bent in . . Ductility Simple
(mm) m m Spectra Method
(mm) (mm)
193 0.22 1.41
2 (4902) ©6) (36) 0.16 N/A 0.00

Table 8.12 Residual Drift Ratio for California Bridge in Longitudinal Direction {T77

sec)
Height M_ax. Yi_eld Residual Drift Ratio (%)
; Disp. Disp. . .
Bent in : . Ductility Simple
(mm) " " Spectra Method
(mm) (mm)
480 9.49 9.3
2 (12190) (241) (236) 1.02 N/A 0.36
600 9.63 10.3
3 (15240)|  (245) (262) 0.94 N/A 0.00
600 9.61 10.3
4 (15240)|  (244) (262) 0.93 N/A 0.00

Table 8.13 Residual Drift Ratio for California Bridge in Transverse DirectignQ(57

sec)
Height E/Ii(;lx. \[()iizld Residual Drift Ratio (%)
Bent in 1SP- 1SP- Ductility Simple
(mm) | " Spectra | \ethod
(mm) (mm)
480 3.47 9.5
2 (12190) (88) (241) 0.36 N/A 0.00
600 3.90 9.9
3 (15240) (99) (251) 0.39 N/A 0.00
600 2.59 9.9
4 (15240) (66) (251) 0.26 N/A 0.00
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Table 8.14 Residual Drift Ratifor South Carolina in Longitudinal Direction (10.30

sec)
Height lI\)/Iif;lx. \Igiiild Residual Drift Ratio (%)
Bent in inp. inp. Ductility Spectra Simple
(mm) (mm) (mm) Method
134 0.23 0.88
2 (3404) (6) 22) 0.26 N/A 0.00
160 0.32 1.21
3 (4066) (8) (31) 0.26 N/A 0.00
184.5 0.33 1.38
4 (4686) ) (35) 0.24 N/A 0.00
196.75 0.35 1.5
5 (4997) ) (38) 0.23 N/A 0.00
198 0.36 151
6 (5021) ) (38) 0.24 N/A 0.00
184.75 0.38 1.45
7 (4693) (10) 37) 0.26 N/A 0.00
159 0.30 1.17
8 (4037) 8) (30) 0.25 N/A 0.00
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Table 8.15 Residual Drift Ratio for Stw€Carolina in Transverse Direction{10.25 sec)

Height II\D/Iiagx. Yield Residual Drift Ratio (%)
Bent in inp. Disp. in | Ductility Spectra Simple
mm) | | ) Method
134 0.08 0.96
2 (3404) 2 (24) 0.08 N/A 0.00
160 0.17 1.17
3 (4066) 4) (30) 0.02 N/A 0.00
184.5 0.26 141
4 (4686) 7) (36) 0.18 N/A 0.00
196.75 0.43 1.58
5 (4997) (11) (40) 0.27 N/A 0.00
198 0.42 1.52
6 (5021) (11) (39) 0.28 N/A 0.00
184.75 0.26 1.41
7 (4693) 7) (36) 0.18 N/A 0.00
159 0.12 1.17
8 (4037) 3) (30) 0.10 N/A 0.00

Table 8.16 WSDOT Unit Prices
Quantity Unit Price ($)
Structural Concrete| 800/ abic yard
Steel Reinforcing

Bar 2/ pound
Structural Steel 1.65/ pound
11.66/ cubic
Road Excavation yard
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Table 9.1 Residual Drift Ratio for Washington Bridge in Longitudinal Direction {TL4

sec

Height Max. Yield

Bent | . o9 Disp. Disp. in | Ductility | Residual Drift Ratio (%)
in (mm) | .

in (mm) (mm)

360 9.85 4.1

1| (144 | (250) | (r04) | 240 1.91
540 9.86 7.1

2 | aane)| (250) | (i80) | 39 N/A
600 9.78 9.1

3 | (15240)| (248) | (231 | 1O N/A
540 9.96 7.1

4 | (13716)| (253) | (so) | 140 N/A

Table 9.2 Residual Drift Ratio for Washington Bridge in Transverse Directipr® (33

sec

Height Max. Yield

Bent | . 09 Disp. Disp. in | Ductility | Residual Drift Ratio (%)
in (mm) | .

in (mm) (mm)

360 | 561 4

Lo| o144y | (142) | @o2) | 140 N/A
540 | 9.73 7.1

2 | 3716)| (4a7) | (@so) | 1% N/A
600 | 1016 | 8.1

3 | (15240)| (258) | (208) | 1% N/A
540 | 6.24 71

4 | (13719 | (58) | (180) | ©-88 N/A
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Table 9.3 Residual Drift Ratio for Washington Bridge in Longitudinal Direction@176

sec
Height Max. Yield
Bent | . o9 Disp. | Disp. in | Ductility | Residual Drift Ratio%o)
in (mm) | .
in (mm) | (mm)
360 | 614 | 33
| (o144) | @s6) | (83) | 1% 1.05
540 | 533 | 7.1
2 | (13716)| @35) | @so) | O N/A
600 | 525 | 9.1
3 | (15240)| (@33) | (231 | ©°® N/A
540 | 541 | 7.1
4 | asrie)| @37y | (1s0) | ©76 N/A

Table 9.4 Residual Drift Ratio for Washington Bridge in Transverse Directior® (17

Sec)

Heiaht Max. Yield

Bent | . 09 Disp. | Disp. in | Ductility | Residual Drift Ratio (%)
in (mm) | .

in (mm) | (mm)

360 | 236 | 35

1| o142y | 60) | (89) | 287 N/A
540 | 556 | 7.1

2| a3716)| (141) | (1so) | ©78 N/A
600 | 694 | 81

3 | (15240)| 76) | (208) | ©8 N/A
540 | 487 | 71

4 | aa7e)| (124) | @so) | 969 N/A
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Table 9.5 Residual fift Ratio for Utah Bridgel in Longitudinal Direction (I: 1.12 sec.,

S;: 0.6-:0.89)
Yield Residual Drift Ratio (%)
Height Max. Disp. o .
Bent in (mm) Disp. in Ductility Spectra I\S/IITF?IZ
in (mm) | (mm) €tho
162 4.32 2.65
2 (4115) (110) 67) 1.63 N/A 0.55

Table 9.6Residual Drift Ratio for Utah Bridg# in Transverse Direction {70.10 sec.,

S;: 0.6-:0.89)
Height Max. Yield Residual Drift Ratio (%)
Bent | . Disp. Disp. in | Ductility Simple
in (mm) in (mm) (mm) Spectra Method
162 0.16 1.16
2 (4115) @) (29) 0.14 N/A 0.00

Table 9.7 Residual Drift Ratio for Utah Briddein Longitudinal Direction (T: 1.12 sec.,

S:: > 0.8Q)
Height Max. Yield Residual Drift Ratio (%)
Bent | . Disp. Disp. in | Ductility Simple
in (mm) in (mm) (mm) Spectra Method
162 5.69 2.65
2 (4115) (145) 67) 2.15 1.14 0.79
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Table 9.8Residual Drift Ratio for Utah Bridg# in Transverse Direction {T0.10sec.,

S;: > 0.8Q)
Height Max. Yield Residual Drift Ratio (%)
Bent | . Disp. Disp. in | Ductility Simple
in (mm) in (mm) (mm) Spectra Method
162 0.10 1.16
2 (4115) 3) (29) 0.12 N/A 0.00

Table 9.9 Residual DrifRatio for Utah Bridgel in Longitudinal Direction (T: 1.02 sec.,

Si: > 0.8Q)
Height Max. Yield Residual Drift Ratio (%)
Bent | . Disp. Disp. in | Ductility Simple
in (mm) in (mm) (mm) Spectra Method
162 5.42 2.72
2 (4115) (138) (69) 1.99 1.00 0.73

Table 9.1(Residual Drift Ratio for Utah Bridgé in Transverse Direction {70.10 sec.,

S:: > 0.8Q)
Height Max. Yield Residual Drift Ratio (%)
Bent | . Disp. Disp. in | Ductility Simple
in (mm) in (mm) (mm) Spectra Method
162 0.06 1.25
2 (4115) 2 (32) 0.05 N/A 0.00
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Table 9.11Residual Drift Ratio for Utah Bridg2 in Longitudinal Direction (T: 1.21

sec., & > 0.89)
Height II\D/Iiaslx. vield Residual Drift Ratio (%)
Bent in inp' Disp. in | Ductility Spectra Simple
Mm) 1 mm) (mm) Method
193 6.32 3.37
2 (4902) (161) (86) 1.88 0.97 0.70

Table 9.12Residual Drift Ratio for Utah Bridg2 in Transverse Direction {T0.11 seg.

S;: > 0.8Q)
Height l[\)/liaslx. vield Residual Drift Ratio (%)
Bent in inp' Disp. in | Ductility Spectra Simple
(mm) (mm) (mm) Method
193 0.13 1.41
2 (4902) 3) (36) 0.09 N/A 0.00

Table 9.1Residual Drift Ratio for California bridge in Longitudinal Direction (T1.77

sec., $ 0.60.89)

Max. , Residual Drift Ratio (%)
. . Yield
Height | Disp. L o
Bent | . . Disp. in | Ductility .
in (mm) in Spectra Simple Method
(mm)
(mm)
480 11.36 9.3
2 (12190)| (289) (236) 1.22 N/A 0.45
600 11.53 10.3
3 (15240)| (293) (262) 1.12 N/A 0.36
600 11.51 10.3
4 (15240)| (292) (262) 1.12 N/A 0.35
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Table 9.14Residual Drift Ratio for California bridge in dnsverse Direction (T 0.57
sec., 3 0.60.89)

Max. - Residual Drift Ratio (%)
. . Yield
Height | Disp. o o
Bent | . . Disp. in | Ductility :
in (mm) in Spectra Simple Method
(mm) (mm)
480 4.12 9.5
2 (12190)| (105) (241) 0.43 N/A 0.00
600 4.63 9.9
3 (15240)| (118) (251) 0.47 N/A 0.00
600 3.08 9.9
4 (15240)| (78) (251) 0.31 N/A 0.00

Table 9.1%Residual Drift Ratio for California bridge in Longitudinal Direction (I.77

sec., $ > 0.8Q)
Max. - Residual Drift Ratio (%)
. . Yield
Height | Disp. L o
Bent | . . Disp. in | Ductility :
in (mm) in (mm) Spectra|  Simple Method
(mm)
480 14.49 9.3
2 (12190)| (368) (236) 1.56 N/A 0.61
600 14.73 10.3
3 (15240)| (374) (262) 143 N/A 0.48
600 14.68 10.3
4 (15240)| (373) (262) 1.42 N/A 0.48
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Table 9.16Residual Drift Ratio for California bridge in Transverse Direction OI57

sec., o > 0.89)
Max. - Residual Drift Ratio (%)
. . Yield
Height | Disp. o o
Bent | . . Disp. in | Ductility :
in (mm) in Spectra Simple Method
(mm) (mm)
480 3.23 9.5
2 (12190)| (82) (241) 0.34 N/A 0.00
600 3.63 9.9
3 (15240)|  (92) (251) 0.37 N/A 0.00
600 2.41 9.9
4 (15240)| (61) (251) 0.24 N/A 0.00

Table 9.17Residual Drift Ratio for South Carolina bridge in Longitudinal Direction (T
0.3 sec., § 0.40.69)

Hgight Il;/llasug \_(ield_ . Residual Drift R.atio (%)
Bent (nl::’n) in D(l;;?n)m Ductility Spectra Iagq:ﬁ(l)%
(mm)
2 | Q] om L os ] ou | | oo
3 (4106606) ?133' %?jj 0.45 N/A 0.00
4 (1?3?365) ?155;3 %33;? 0.42 N/A 0.00
5 %296977? ?1%) ég) 0.40 N/A 0.00
o | e 9% [ = om | wa [ ow
7 | 1sarsose [ o1es [ oos | owa [ oo
o |l 02 | L o | wa | oo
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Table 9.18Residual Drift Ratio for California bridge in Transverse Directiop (I[25
sec.,S;: 0.4-0.69)

Height II\D/Iiaslx. vield Residual Drift Ratio (%)
Bent in inp' Disp. in | Ductility Spectra Simple
(mm) (mm) (mm) Method
134 0.13 0.96
2 (3404) 3) (24) 0.14 N/A 0.00
160 0.30 1.17
3 (4066) (8) (30) 0.26 N/A 0.00
184.5 0.44 1.41
4 (4686) (11) (36) 0.31 N/A 0.00
196.75 0.73 1.58
5 (4997) (19) (40) 0.46 N/A 0.00
198 0.73 1.52
6 (5021) (19) (39) 0.48 N/A 0.00
184.75 0.45 1.41
7 (4693) (11) (36) 0.32 N/A 0.00
159 0.21 1.17
8 (4037) (5) (30) 0.18 N/A 0.00
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Table 9.1%Residual Drift Ratio for South Carolina bridge in Longitudinal Direction (T
0.3 sec., § 0.60.89)

Height II\D/Iiz:x. Yield Residual Drift Ratio (%)
Bent in inp. Disp. in | Ductility Spectra Simple
(mm) (mm) (mm) Method
134 0.48 0.88
2 (3404) (12) 22) 0.54 N/A 0.00
160 0.64 1.21
3 (4066) (16) (31) 0.53 N/A 0.00
184.5 0.68 1.38
4 (4686) (17) (35) 049 N/A 0.00
196.75 0.71 15
5 (4997) (18) (38) 0.47 N/A 0.00
198 0.73 1.51
6 (5021) (19) (38) 0.48 N/A 0.00
184.75 0.78 1.45
7 (4693) (20) 37) 0.53 N/A 0.00
159 0.61 1.17
8 (4037) (16) (30) 0.52 N/A 0.00
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Table 9.2(Residual Drift Ratio for California bridge in Transverse Direction (I[25
sec.,S;: 0.6-0.89)

Height I'\D/Ilesv;; Yield . Residual Drift R.atio (%)
Bent (nl]r;n) in D(l;p;n)ln Ductility Spectra ASAQ':[?(I)%
(mm)
2 (315’5‘4) 0('41)6 ?2'3;’ 0.17 N/A 0.00
3| j(fé’@ 0(5)5 %é(l); 0.30 N/A 0.00
4 (%186‘;'5) ?igc)e %éféi 0.38 N/A 0.00
5 %25977? (()2'3; % 4%‘)3 0.55 N/A 0.00
6 (513;1) (()2'2? %égf 0.57 N/A 0.00
7 %fgég’ (()ii;l %é‘g 0.38 N/A 0.00
8 | 415’3%) 0(62)5 %ég 0.21 N/A 0.00
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Table 9.21Residual Drift Ratio for South Carolina bridge in Longitudinal Direction (T
0.3 sec., § > 0.89)

Height I'\D/Ilesv;; Yield . Residual Drift R.atio (%)
Bent (nl]r;n) in D(l;p;n)m Ductility Spectra ASAQ':[?(I)%
(mm)
2 (315’5‘4) (()i%? ?2'3*)3 0.43 N/A 0.00
3| j(fé’@ ?igc)) %325 0.41 N/A 0.00
4 (186‘;2’) (()i%l %é%? 0.39 N/A 0.00
5 %f&;? ?13? (§'85) 0.37 N/A 0.00
6 (513;1) (()ig‘)g %é,58§ 0.38 N/A 0.00
7 %fgég‘;’ (()ig()) %é;? 0.42 N/A 0.00
8 | 415’??7) ?ii? %ég 0.41 N/A 0.00
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Table 9.2Residual Drift Ratio for California bridge in Transverse Directiofi 0[25

sec.,S;: > 0.8Q)
Height II\D/Iiz:x. Yield Residual Drift Ratio (%)
Bent in inp. Disp. in | Ductility Spectra Simple
(mm) (mm) (mm) Method
134 0.11 0.96
2 (3404) 3) (24) 0.11 N/A 0.00
160 0.27 1.17
3 (4066) 7) (30) 0.23 N/A 0.00
184.5 0.41 141
4 (4686) (10) (36) 0.29 N/A 0.00
196.75 0.68 1.58
5 (4997) (17) (40) 0.43 N/A 0.00
198 0.68 1.52
6 (5021) (17) (39) 0.45 N/A 0.00
184.75 0.42 141
7 (4693) (11) (36) 0.30 N/A 0.00
159 0.20 1.17
8 (4037) ) (30) 0.17 N/A 0.00
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Figure 2.2 Specimen NE (Phan et al., 2005)
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Figure 2.3 Specimen MN (Choi et al., 2007)

150



SA (9)

1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

20.0”

‘j [508.0mm] "

T

20.0”
[508.0mm]

98.5”
[2501.9mm]

Ql

©

¢

©

14 diometer
[355.6 mm]

i 1,.00”pitch
T[25‘4mm]

| — 20.25" spiral

L ——22 #4 Groade 60
longitudinal kars

25.0”
[635.0mm]

%

o

L 720"

! [1828.8mm]

Figure 2.4 Specimen ETN (Choi et al., 2007)
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Figure 2.5 Design Spectra comparison (Choi et al., 2007)
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Figure 2.8 Schematic of the Test Setup (Choi et al., 2007)
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Figure 2.10 Rialdi and RRS Velocity Histories (Choi et al., 2007)
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(d) ETN (Choi et al., 2007) (e) SETN (Choi et al., 2007) (f) SVTN (Choi et al., 2007)
Figure 2.11 Columns at Completion of Testing
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