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Abstract

Themainobjectives of the study were to develop peatthquake repair methods
using carbon fiber reinforced polymers (CFRP) and probabitisiicage control
approach (PDCAJor reinforced concrete (RC) bridge$o develop repair methods, first
repair objectives were defined.o define repair objectivesjternal earthquake damage
was quantified and crelated to a series of visible damage states)DBridge columns
are designed to be the primary source of energy dissipation through noattiear
under seismic loading and experience a wide range of apparent dahhagefore, in the
present study, DSs for bridge columns were used as a guide to define damage states for
other bridge components.

The degree of damage in columns depends e@ednthquake level (seismic
demand).Due to uncertainties in seismic demand and response, damage to bridge columns
is probabilistic in nature. In the present studdadition to brilge repair, grobabilistic
damage control approaétbCA was developetbr new and repaired bridge columns by
incorporating the extent of | ateral displa
(DI) and reliability analysis. The performance objective was defined based on predefined
apparent DSs and the DSs were corrdlédedamage indices based on a previous study at
the University of Nevada, Reno. The correlation between DI and DS was determined
from a statistical analysis (resistance model) of over 140 response data measured from
testing of 22 bridge column models getied to seismic loads.

To accomplistthe objectives of this studthe present study was divided into
seven partsThe first part was to conduct a detailed review of damage and repair

methods in past earthquakes to identify gaps in repair methods. The second part was to



develop practical methods to access the condition of an earthquake damaged bridge
structuralcompoant s in terms of apparent DSOs. I
recommendations and design examples were developed to aid bridge engineers in quickly
designing the number of CFRP layers based on the apparertti2Sourth part was to
establish a resighce model for the reliability analysis to develop a probabilistic based
seismic design of bridge columnin the fifth part, a load model was developed by

conducting a large number of nbnear dynamic analyses on bridge bents. The

uncertainties in grand motions, site class, bent configuration, earthquake return pesred
included in the analysesn the sixth part of the studiheresults of the reliability analyses

were investigated, araldirect probabilistic design procedure was developeditorate

design DI based on target reliability against failure. FinallyPlDE€A methodology that

was developed for conventional columns was used to extend the PDCA and reliability
analysis approach to earthquake@amaged columns that have been reghimhrough this

study, a new simple neiterative method was developed for design of CFRP fabrics used

in repair of concrete members. The dsgpstep repair methods for bridge components

that were developed as part of this study address a gap in ratidrist@matic repair

tools that are needed subsequent to moderate and strong earthquakes. The PDCA that
was developed and investigated provides design tools enabling designers and researchers
to detail bridge columns for a target expected damage withsagiated probability of

occurrence and a reliability index.
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Chapter 1.  Introduction

1.1  Introduction

Highway bridges are an important component of the transportation system.
Bridge damage due to an earthquake not only affects the transportation service but also
affects the civil life and economic activities around the damaged area. It has been known
that most of the bridges constructed before 1971 were not designed to meet the current
seismic design standards. Vulnerability of pre 1971 bridges was particularly evident
during the San Fernando Earthquake (1971), Loma Prieta Earthquake (1989), and
Northridge Earthquake (1994) in California. Bridges designed as per current seismic
standards are also expected to sustain damage to their structural components under
extreme earthquake events depending on their type and design operational functionality.
For exanple, ordinary bridges in California subjected to the design seismic hazards
(DSH) are expected to remain standing but may suffer significant damage requiring
closure to repair or even replace the bridge (Caltrans SDC 2010). Replacing the entire
damaged hdge is cumbersome, time consuming, and expensive. In contrast, appropriate
bridge repair methods could restore the bridge and reduce the impact to the transportation
system.
Previous earthquake damage reconnaissance reports on reinforced concrétashow
damage to bridge components varies from minor cracks in cover concrete to bar fracture
and substantial failure of concrete core. Different types and degrees of damage to bridge
components require different repair methods. The fastest methoe$s #%s post

earthquake condition of bridge components is the visual evidence because it does not



require specialized tools and it is fast. For the majority of bridges visual damage is the

only feasible mean to assess the condition of the bridge rajudiyeties of destructive

and nonrdestructive techniques are available for detailed evaluation of bridge components
but their use is warranted only for specific, perhaps critical bridges. A practical approach

to develop repair methods would be to firstdene a seri es of damage
indicating the extent of apparent damage and then devepeyr methods for each. The

DSs allow for categorization of the apparent damage.

To define damage states for different components test and field data have to be
utilized. Categorization of damage states has been done in past studies only for bridge
columns. In the present study, DSs for bridge columns were used as a framework for
other bridge components. The degree of damage in columns depends on the earthquake
level (seismic demand)Due to uncertainties in seismic demand and response, damage to
bridge columns is probabilistic in nature. In the present studgldition to bridg repair,

a probabilisticdamage control approach foridge columns was developed. Because
bridge components other than column are designed to remain essentially elastic during
earthquake, the scopePDCA in the present study was limited to colum®DCA was
developed for both conventional standard columns and the columns that have been
repaired.

Performancéased seismic design (PBSD) became of interest to researchers and
structural engineers mainly after the Loma Prieta earthquake in 1989. PB&eds b
largely on displacement consideration rather than strength used in conventional seismic
design methods (Priestley et al. 2007; Suarez and Kowalsky 208J.of the existing

PBSD for bridge columns are based on deterministic approaCluesto unceainties in



seismic demand and response, deterministic seismic design and evaluation of a structure
may be unsafe and unrealistic, especially for important structitissnore realistic to
analyze the structure using probabilistic approach by incatipgrthe uncertainties in
seismic demand and structural response to better control the seismic performéhnee.
present study, a probabilistic damage control approach (PDCA) was incorporated in PBSD
for bridge columns. PDCA is a new concept for s@isiasign of bridges that takes into
account the uncertainties in seismic response and seismic demand. The PDCA design
procedure explicitly evaluates how a given structure is likely to perform under a given
seismic hazard. To evaluate the performantkeobridge column, PDCA incorporates the
extent of column lateral plastiefbrmationat different earthquake levels. The extent of
lateral plasticdeformatiorwas quantified byvalek et al. (200) based on limited
experimental results and engineeringgonents for different bridge categories subjected to
earthquakes with various return periods (T). The extent of lateral pla&iienationvas
guantified using damage index (DI), which is the ratio of plagiormationrdemand to
plasticdeformationcapaity

To determine reliability of the columns designed as per PDCA, a reliability analysis
is necessaryFurthermorefo develop a resistance model for reliability analysis, the fragility
curves that correlate DSs to an associated DI are needed. To develop a load model for
reliability analysis, extensive analytical modeling of seismic response of bridges is
necessary toapture the statistical variation of response under a wide range of structural, soil
condition and earthquake parameter variables. These steps were undertaken in the present

study with focus on new construction.



Included in the current study was arpxatory study to extend the PDCA and reliability
analysis approach to earthquakeamaged columns that have been repaifde goal of
this study was to demonstrate the process of using PDCA for repaired columns, realizing

that the study is of limited epe due to the scarcity of data for repaired columns.

1.2  Summary of Previous Research on Podfarthquake Repair

Many studies have been conducted to strengthen or repair reinforced concrete
columns, girders, walls, and other elements utilizing different maé&temnd procedures.
However, by far the majority of repair studies have focused on damage due to non
seismic loading. Studies have been conducted on prestressed carbon fiber reinforced
polymers (CFRP) to strengthen prestressed angrestressed bean(isim et al. (2010);
Czaderski and Motavalli (2007); Czaderski and Motavalli (201There are few studies
available on strengthening of masonry and RC walls (Konstantinos et al. (3@93ji
and Donchev (2012))Konstantinos, et al. (2003) conductestiady on five low
slenderness RC walls that were designed according to modern design code provisions.
Original specimens were initially subjected to cyclic loading to failure and were
subsequently repaired and then strengthened using carbon and glassiiforced
polymers (CFRP and GFRPIRepair involved replacement of damaged concrete by a
high-strength mortar and layelding of fractured reinforcement in the plastic hinge
region, while strengthening involved wrapping of the walls with GFRP jackeisell as

the addition of CFRP strips at the wall edges, to enhance both flexural and shear capacity.

A few studies have been conducted on repair of RC columns subjected to seismic

loading. In general, repair of RC columns includes one or a combiradtibe following



repairs depending on the severity of earthquake damage: epoxy injection into cracks,
patching of spalled zones, CFRP jacket, GFRP jacket, RC jacket, and steel jacket. Few

recent studies have been conducted on repair of columns witlr&edtars as well.

Priestley et al. (1993) tested a-8chle high shear, stdtandard RC bridge
column model under reversed cyclic loading to failure. The original column failed at a
displacement ductility of three. Thereafter, the column was repaitked full height
GFRP wraps and retested to evaluate the repair procedure. Open diagonal cracks and
spalled concrete were reported as apparent damage at failure. The repair measures
consisted of removal of all loose concrete, patching of concrete watlkd cement and
sand mortar, full height GFRP jacketing, and epoxy injection of cracks through the ports
through the jacket. The GFRP wraps were designed for column to be able to reach over
strength plastic shear. The test results indicated thatghe reas successful in restoring
the column initial stiffness. The repaired column reached a displacement ductility of 10

without any capacity degradation.

Saadatmanesh et al. (1997) investigated the flexural behavior of four cantilever
1/5-scale sukstandard earthquakdamaged RC column models repaired with
prefabricated FRP hoops. Columnd @nd G2 were circular while columns-Rand R
2 were rectangular. ColumnsXand R1 each had starter bars with a lap length equal to
20 times the bar diametetile Columns G and R2 had continuous reinforcement. All
specimens were tested under reversed inelastic cyclic loading to failure. Thereatfter,
these specimens were repaired with the FRP hoops. At the end of the tests of the original

columns, all spcimens exhibited significant damage, such as debonding of starter bars,



spalling and crushing of concrete in the compression zone, local bucking of longitudinal
steel, and the separation of the main bars from the column core concrete. The column
specimes to be repaired were pushed back to the original position (i.e., zero lateral
displacement) before the repair operation began. The repair procedures consisted of
removing loose concrete in the failure zones, filling the gap with fresh concrete, and
applying an active retrofit scheme. An active retrofit scheme consists of wrapping the
column with slightly oversized prefabricated FRP straps and filling the gap between the
column and the composite wrap with pressurized epoxy. It was concluded that the
strength of the repaired columns was increased significantly while the initial stiffness was
nearly restored. Furthermore, the repaired columns exhibited significant improvement in
the hysteresis loops of lateral load versus displacement. Both repaireschsolitmlap

splice developed stable loops up to a displacement ductility of four, and the repaired
circular and rectangular columns without-slice reached a displacement ductility of

six and five, respectively, without any significant strength degi@dat

Li and Sung (2003) conducted an experimental study on repair and retrofit of an
earthquakelamaged suistandard bridge column. The bench mark column was a 40%
scale RC circular bridge column damaged as a result of shear failure at low displacement
ductility under reversed cyclic loading. The bench mark column had a longitudinal steel
ratio of 1.88% and shear reinforcement consisted of twespéped Cshaped No. 3
stirrups. The damaged column was then repaired by epoxy injectieahrinkage
mortar, and CFRP wraps. The CFRP jacket was designed so that the column could resist
the overstrength plastic shear. After repair, the column was tested under cyclic loading.

The test results showed improved hysteretic response with stable loops up to



displacement ductility of nine. The failure mode of the repaired column changed from

shear to flexural failure.

Saiidi and Cheng (2004) conducted an experimental study on repair of earthquake
damaged flared columns utilizing FRP fabrics. Twodstdle Rbridge column models
with structural flares that had been retrofitted using steel jacket and tested to failure in
previous research (Saiidi et al. 2001) were used. The repaired columns were designated
PLS and PHS with 1% and 1.8% longitudinal reinforcetnespectively. The objective
of the repair was to restore the column capacity. To repair the columns, the steel jackets
were removed. Then, the damaged concrete in and around the plastic hinge was removed
and the steel bars were straightened. Lowkhage, highstrength concrete grout was
placed in the column afterward. The broken longitudinal bars were not replaced. The
CFRP and GFRP fabrics with fibers running in the axial direction of the column were
added to provide flexural strength for thewahs. In addition, GFRP fabrics with fibers
in the transverse direction were installed to provide confinement and shear strength. The
composites were installed over the full length rather that a partial length to avoid
concentration of stress and to pid®/enough bond length for FRP fabrics. The
longitudinal FRP jackets were designed to provide the same tensile strength as the yield
force of the ruptured bars divided equally between GFRP and CFRP laminates. Cyclic
tests of the repaired columns indightbat the repair method was effective in restoring

the stiffness, strength and displacement ductility capacity to a moderate level.

Lehman et al. (2001) conducted an experimental study to identify the performance

of earthquakelamaged standard RC bridggdumns repaired by different techniques.



The original columns that were reinforced with spirals conforming to modern bridge
requirements for regions of high seismic risk were damaged, repaired, and retested. The
procedures for testing the columns in thiginal and repaired states were nominally
identical. The columns were tested under constant axial and cyclic lateral loading. The
damage levels were classified as either moderate or severe. The test program consisted
of four columns tested to causayiag degrees of damage. Three of the test columns

were severely damaged while the fourth column was moderately damaged. The severely
damaged columns were designated as 407S, 415S, and 430S; the last two numbers
indicate longitudinal reinforcement ratio0.75, 1.5, and 3, respectively, and the letter S
indicates severe damage. A fourth column nominally identical to column 415, was tested
to a moderate damage level and was designated 415M. Damage suffered by the
moderately damaged column included gete cracking, cover concrete spalling, and
longitudinal reinforcement yielding. Damage sustained by the severely damaged
columns included those damage states in addition to core concrete crushing, longitudinal
bar buckling, and longitudinal and spirainf@ercement fracture. Four different repair
techniques were applied, with the details of each depending on the damage level and the
details of the original columns. Column 407S was repaired by removing and replacing
the damaged concrete, longitudinahfercement, and spiral reinforcement so that the
repaired region could sustain the flexural plastic hinging demands. To remove the
damaged section the column was severed just above and below the damaged section, and
the existing reinforcement and concretere removed. New longitudinal reinforcing

bars were mechanically spliced to the existing bars in the column and the joint. New

spiral reinforcement was placed around the new longitudinal reinforcement, and new



concrete was cast within the severed legian. The use of mechanical splices was
considered by the authors to be economical for this column because of the relatively
small number of bars and low longitudinal reinforcement ratio resulting in low

congestion. The repair for Column 415S involvi&tpment of a strong reinforced

concrete jacket along the damaged region so that new flexural hinging would be forced to
occur above the jacket. Because this column had relatively larger number of longitudinal
bars, this approach was considered preferablsing mechanical couplers. Column

430S was repaired by placing a new concrete jacket at the base of the column, with the
intent that flexural yielding would occur at the base of the jacket under seismic loading.
As with Column 4158S, the larger numlzgrongitudinal bars made use of mechanical
couplers seem less economical. Column 415M was repaired by injecting epoxy into
cracks and patching the spalled cover concrete. The repaired columns were tested under
cyclic lateral loading. It was concludetat the stiffness, strength, and the deformation
capacities of the severely damaged standard RC columns could be restored by fully
replacing the damaged zones with new materials. The strength and the deformation
capacities of the moderately damaged steth&C columns could be restored by

repairing the spalled zones and injecting epoxy to the cracks; however, the initial stiffness

of the column was not restored due to material degradation.

Belarbi et al. (2008) conducted a study on the use of FRP to repair an earthquake
damaged RC column subjected to combined axial, shear, flexural, and torsional loads.
As part of their study, one standard column was subjected to significant damage and

subgquently repaired with CFRP composites and retested. The aspect ratio of the
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columns was six, which indicates that the response of the columns was dominated by
flexure. The column was severely damaged under combined loading. Seven out of the
12 longitudnal reinforcing bars buckled. The objective of the repair scheme was to
restore the original strength. The repair measures consisted of removal of damaged
concrete, restoration of the cressction of the column using a low viscosity grout,
applicationof CFRP sheet in the longitudinal direction to restore some of the column
original flexural strength, application of CFRP sheet in the circumferential direction to
restore the axial compressive strength, and application of mechanical anchorage to
develop he longitudinal CFRP fibers. The repaired column was tested under combined
loading It was concluded that the flexural, torsional, and axial capacity of the column
can be restored and enhanced using the given repair procedure; however, the
longitudinaly placed CFRP sheets pulled out from the footing base at low load levels.
Even though anchorage for the longituali CFRP sheets pulled out from the footing

base, regain in the flexural capaaitgs found to be du® the confining action of the
horizontl CFRP sheets in increasing the concrete compressangth and buckling

restrainng effects forthe internal longitudinal reforcement.

Vosooghi and Saiidi (2010) conducted a study on-paghquake evaluation and
emergency repair of earthquake dayad RC bridge columns using CFRP. In their
study, they proposed a number of possi bl e
repair procedures utilizing CFRP were proposed to restore the strength and displacement
ductility capacity of earthquakeathaged standard RC columns. Two standard single
columns, one standard tvamlumn bent, and two stdiandard columns were tested on a

shake table, repaired using CFRP fabrics, and retested on the shake table to evaluate the
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repair effectiveness. It wasmduded that the strength and ductility of the standard
columns were successfully restored and those of substandard columns were upgraded to
the current seismic standard after the repair. However, the stiffness was not restored
completely due to materidiegradation during the original column tests. A new repair

design methods was developed.

Saiidi et al. (2013) have been conducting a studsepair of earthquake damaged
bridge columns with fractured bars using a combination of longitudinal bar replatseme
and resortation of shear capacity and confinement using CFRP fabrics. Three half scale
columns with interlocking spirals were tested under cyclic loading to failure. The same
transverse and longitudinal reinforcement ratios of 1.23% and 2.13%, treslyeavere
used for each column. The columns were subjected to cyclic loading causing different
moment to torque ratios. The repaired columns were designa@edt-R, R-Calt-2, and
R-Calt-3. All the buckled longitudinal bars were repaired with steeiplers. Damaged
spirals were removed and CFRP wrap was used to compensate the associated loss of
shear capacity. CFRP wrap was also used to provide confinement for the concrete.
Repaired columns were tested under the same loading procedure apttigedriginal
column. So far test data for®alt-1 and RCalt-2 have been made availablEhe tests
have identified two reliable coupler types that may be used in column plastic hinge region
in high seismic zones. Their tests indicated that new bdexnegp damaged bars may be
connected with undamaged bars using ultimate couplers as defined by Cdaltrans.
lateral force displacement response of colum@dRk-1 showed that the strength and
displacement capacity of the column were successfully rest@adhe other hand test

results of RCalt-2 showed that the strength was completely restored but there was a
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significant loss in displacement ductility capacity because of the unusually high torsion

that led to the failure of the CFPR jacket. There m@adamage in the couplers.

He et al. (2013) conducted an experimental study on rapid repair of three half
scaled severely damaged RC rectangular columns. Rapid repair of severely damaged
columns were developed utilizing externally bonded unidirection®FCwithout any
treatment of the damaged reinforcing bars. Both longitudinal and transverse CFRP sheets
were used to repair the columns. The longitudinal and transverse reinforcement
volumetric ratios were 2.13% and 1.32%, respectively. Column 1 waecgedbfo cyclic
lateral loading and constant axial load. Columns 2 and 3 were subjected to the constant
axial load and lateral cyclic loading and torsion, with tortpaenoment ratios (T/M) of
0.2 and 0.4, respectively. Damage to all three columns iedlodncrete cracking,
spalling, core crushing, and longitudinal reinforcement yielding and buckling. Two
longitudinal reinforcing bars fractured in column 1 near the base of the column. The
damage to all three columns was concentrated near the basecofumn. The repair of
each column was designed to restore the column strength associated with the peak load in
the original test. The original column 1, 2, and 3 after repair were designrRte2iR,
and 3R, respectively. Because, the objectivehiit study was to develop a rapid repair
method, only the plastic hinge zones were repaired. These regions were divided into two
parts primary and secondary regions. A primary region was defined as the region where
the damage was concentrated, and arsdsny region was the region adjacent to the
primary region with the same length. Portions of the columns outside these regions

exhibited only minor cracks on the concrete surface and were not repaired.
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The repair design of columnR consisted of threayers of longitudinal CFRP on
the north and south faces of the column. The repair design was modified for ceRimn 2
based on the performance of columR &nd to include the design for torsion (T/M =
0.2). Three layers of longitudinal CFRP on the naritl south faces and one layer of
longitudinal CFRP in east and west faces of the coluiRnwere provided. Similarly,
the repair design for columnB was modified based on the performance of repaired
columns IR and 2R and to include the design for tans (T/M = 0.4). Two layers of
longitudinal CFRP on the north and south faces and one layer of longitudinal CFRP on
east and west faces of the columR 3vere provided. A different number of transverse
CFRP wraps was placed in the plastic hinge zortkfigirent columns. Test results of
repaired columns confirmed that strength can be restored or even enhanced for the
columns without fractured bars. However, the stiffness was not restored completely due
to material degradation during the original colutests. The displacement capacity of
the repaired columns without fractured bars was restored nearly to that of the original

column.

Rutledge et al. (2013) conducted an experimental study on a repair of three large
scale circular bridge columns with lded and ruptured bars. The design philosophy of
the repair for the three columns was to relocate the plastic hinge to a higher location in
the column, yet achieve the same displacement capacity and strength as the original
undamaged column. The new pilafinge was relocated to a distance of one plastic
hinge length away from the footing interface. Two different repair alternatives were
executed utilizing unidirectional carbon fiber sheets in the hoop and longitudinal

directions, with the latter anched into the RC footing with carbon fiber anchors. The
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first column, which contained buckled, but not fractured reinforcement, was repaired to
increase the flexural strength of the original hinge, while providing additional

confinement to the new hinge Et@n. The second column, which also contained only
buckled reinforcement and no ruptured bars, was repaired to increase the flexural strength
of the original hinge without attempting to increase the ductility of the new hinge. The
third column, which cotained buckled and ruptured bars, was repaired in the manner
similar to the second column. From fomdisplacement envelopes it was concluded that

the repair restored the initial stiffness up to the level of the original column, as well as

increased thdisplacement and force capacities.

Previous research on repair of RC bridge structural components subjected to
seismic loading has been limited to columns. Moreover, few repairs that have been done
in the field on other bridge components along with caisiare barely documented
except for those in the Caltrans bridge books. Bridge damage and repair information
from these bridge books are presented and summarized in Chapter 2. In addition to the
above literature search, an attempt was made to obtaing@&mon other countries
(Japan, Taiwan, and Chile) on earthquake damage to bridge components and their repair

methodology. The information that was receivedl$® presented in Chapter 2.

1.3  Previous Relevant Research on Probabilistic PerformaneBasedSeismic
Design of Bridges

Probabilistic performanebased design (PPBD) methodology has become of
interest in risk mitigation decision making for structures and infrastructure systems

(Cornell and Krawinkler, 2000; Mackie and Stojadinovic, 2001). Suchadetogies
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aim to better understand the seismic risk to structural systems, design structures to
achieve goals of life safety, reduce economic loss, and minimize recovery downtime in
the aftermath of a seismic event. In the evolving world of performbased earthquake
engineering, engineers are transitioning away from development of deterministic design
criteria for sitespecific seismic hazard (Mackie and Stojadinovic, 2001). Describing the
resulting structural performance as safe or unsafe can beanhist) when considering the
uncertainty in structural demand and response parameters. Therefore, current seismic
performance assessment methodologies tend toward fragility curves (probabilistic
techniques). Fragility curves describe probabilities of editey design or performance
criteria at different levels of seismic input intensity. There are several reports and codes
available to provide guidelines on probabilistic/reliability based design of bridges
(National Cooperative Highway Research Progra@HRP Report 489, 2003)merican
Association of State Highway and Transportation OffifAIRSHTO, 2012), HAZUS

MH (2011). In the following sections, a brief overview of the past research on

probabilistic design and structural reliability based assedsohénidges is presented.

1.3.1. Probabilistic Based Design

Mackie and Stojadinovic (2005) conducted a study on developing fragility curves
for Californiaoverpassoridgefor postearthquake safety and repair of a highway network
In that studya rational method to evaluate damage potential and to assess probable
highway bridge losses for critical decision making regarding theqaogtquake safety
and repair of highway network was presented. Loss fragilities were defined for each

bridgeusin® EER 6 s p e-based earthguale engineering framework. Decision
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variables were related to earthquake intensity through a series of disaggregated models
(demand, damage, and loss). The fragility curves provided in that study were intended
for applicaton in two ways. First, bridge designers may use them to investigate how
variation of bridge design parameters is reflected in the amount of expected losses after
an earthquake. Second, highway network planners may use bridge fragilities to more
reliably evaluate the losses in a highway transportation network. In the process of
developing bridge fragilities, intensity measures were first coupled with engineering
demand parameters to formulate probabilistic demand models. Two damage models
were then formlated. Component damage models utilized experimental data to predict
response levels at which observable damage states were reached. System damage models
utilized finite element reliability analysis to predict the loss of lateral and vertical load
carrying capacity. Improved methods for computing system damage were introduced.
Two loss models were formulated. Component damage states were described in terms of
repair costs of returning bridges to full functionality. System-load states were

descrbed in terms of bridge traffic capacity and collapse prevention. System loss
fragilities were enhanced using the same improved methods developed for damage
models.

Maleket al. (20Q) presented a performanbased design procedure for bridge
columns. h their study, PDCA was used to assess the performance of column subjected
to various probabilistic seismic events. The reserved deformation capacity of the column
was quantified using DI and compared to various levels of deformation demand imposed
by prdoabilistic seismic events. The damage level of the bridge was established for a

specific seismic event known as fADesign Ea
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seismic excitations were imposed to study various damage levels. To design columns,
acceeration response spectrum (ARS) curves instead of a certain averaged deterministic
curve were usedHowever, in the study bylalek et al. (200), uncertainties in earthquake
demands and bridge responses were not included.

Vosooghi and Saiidi (2012) develed a method for PPBD and probabilistic
performance based assessment (PRBAginforced concrete bridge columns using the
fragility curves. These fragility curves include the uncertainties in seismic response
parameters. Data from 32 bridge column nhoelts, mostly tested on shake tables, were
used to develop fragility curves for six seismic response parameters at six distinct apparent
DSs. The DSs were: flexural cracks (DS1), minor concrete cover spalling (DS2), extensive
spalling of cover concre{®S3), visible bars (DS4), start of concrete core damage (DS5),
and bar fracture (DS6). The six response parameters defined by Vosooghi and Saiidi (2012)
were: the maximum drift ratio (MDR), residual drift ratio (RDR), frequency ratio (FR),
damage indefDI), maximum longitudinal steel strain (MLS), and maximum transverse
steel strain (MTS)In the present studynelasticity index is referred as damage index
(DI) to be consistarwith the rest of the studyA PPBD method was used to design
columns forone or more probabilistic performance objectives. The probabilistic
performance objective was defined as a DS under specified earthquake intensity with a
given probability of occurrence. However, uncertainties in earthquake demands were not
included.

Liang and Lee (2013) conducted a study on establishing practicalhazgiid
design limit states for bridges. This study was mainly focused on formulating a criterion

to combine the time variant load effects (extreme load effects such as earthquake, and
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vessel collisions) in the load and resistance factor design (LRFD) (AASHTO). The
LRFD is a reliabilitybased design that considers failure probabilities of bridge
components due to the action of typical dead load and frequent vehicular loads (time
invariantloads). he study conducted by Liang and Lee (2013) desdiii@esstablishment
of a criterion to include only the necessary load combinations to establish the design limit
states. This criterion was established by examining the total failure proésfalitall
possible timanvariant and timevarying load combinations and breaking them down into
partial terms. Then, important load combinations were readily determined quantitatively.
However theuncertainties in bridge response were not discussed.

Alipour et al. (2013) developed a mtlithzard reliabilitybased framework to
evaluate the bridge response subjected to combined effect of pier scour and earthquake
events. This framework was used to calibrate the scounmoalification factors for the
design of bridges located in high seismic areas. A series of case studies were investigated.
For each bridge case, the joint probability of failure associated with scour and earthquake
hazards was determined for a range of expected combinations of thesdrtsme
events. The occurrence probability of each seaithquake scenario was identified by
taking into account all of the major sources of load uncertainty through scour risk and
seismic hazard curves. Furthermore, the uncertainties inherentsimubiiral response
of bridges were included in the framework to improve the accuracy of estimated failure
probabilities. The calculated probabilities were then compared with an equivalent target

reliability index given by current design codes to obtawus loadmodification factors.
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1.3.2. Reliability Based Assessment of Bridges

Researchers have adopted different techniques to probabilistically model the
structural response and demand by utilizing fragility curves. The derivation of
component based fragyiturves is straightforward and is a clogedn solution,
considering that the demand and capacity arentwgally distributed (Mackie and
Stojadinovic (2001), Cornell et al. (2002), Bazzurro and Cornell (2002), Ellingwood and
Wen (2005), Nielson and DRsches (2007), Padgett et al. (2008), Celik and Ellingwood
(2010)).

Mackie and Stojadinovic (2005) used a mean value, first order, secoment
analysis for each of the limit state functions describing the components that contribute to
the system vulnerability. Having determined the mean and standard deviation fof each o
the response quantities (drift ratio, residual displacement, etc.), parametric first order
reliability method (FORM) analysis was used to determine the probability of failure for
each of the response measures. The series system assumption was tttedaisadine
the system level fragility curves. Choi et al. (2004) developed first order bounds for
system reliability assuming series systems, as one of the earliest attempts to account for
some level of correlation among bridge components.

Zhang and Ha (2009) adopted a weighting scheme to establish correlation
between component failure and bridge system level failure based on the components that
contribute the most to the load carrying capacity or post event functionality criterion.
Although the apprazh realizes that not all components contribute equally to system level
damage states, the establishment of weights is particularly subjective and difficult as the

number of components characterizing the system vulnerability increases. Kim et al.
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(2006), Lupoi et al. (2006), Zhang and Huo (2009) used other approaches to define
system reliability such as parallel system, combination of series and parallel components,
or adaptive systems that add components as damage accumulates.

Although there are numerousidies on probabilistic based seismic design and/or
assessment of bridges, studies on displacetyessed probabilistic seismic design of
bridge column®y considering uncertainties in both the response and demand parameters
are very limited.Additionally, there is no research available, which explicitly correlates
the probability of exceedance of a certain damage state in bridge columns with an

associated reliability against failure and other damage states.

1.4  Objectives and Scope

The primary objectives dhis study were to: (1) develop repair methods for
various RC bridge structural components that have undergone different type and degree
of damage under seismic loading, (2) develop a method for seismic design of bridge
columns for different probability afxceedance of apparent damage states that are
correlated to a quantifiable damage index (DI) and to determine the associated reliability
index against failure and other damage states, (3) develop a method for seismic design of
bridge columns for a targegliability against failure f4) and to determine probability of
exceedance of other damage states, and (4) conduct an exploratory study to extend the

PDCA and reliability analysis approach to earthqua&maged columns that have been

repaired

To accomplish these objectives, the present study was divided into seven parts.

The first part was to conduct a detailed review of damage and repair methods in past
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earthquakes and compile the data in tables to identify gaps in repair methedsecénd

part was to develop practical methods to access the condition of an earthquake damaged
bridge structur al component s irgpatnmnethods o f
were developed using unidirectional carbon fiber reinforced poly@fRP) Among

different repair materials, CFRbdéirswere selected due to their lightweight, high

strength and stiffneg®-weight ratios, duraltly, and ease of installation. Also included

in this part are theepair design recommendations and desyan®les to aid bridge

engineers in quickly designing the number of CFRP layers based on the apparent DS.
The fourth part was to establish a resistance model for the reliability analysis to develop a
probabilistic based seismic design of bridge columirsdevelop the resistance model,

over 140 seismic performance data points from testir2g dridge column models were

used to develop fragility curves. In the fifth part, a load model was developed by

conducting a large number of nbnear dynamic angbes on bridge bents. The

uncertainties in ground motions, site class, bent configuration, earthquake return period were
included in the analyses. Each bent was analyzed under 25 eleetheg@ds consisting of

10 farfield and 15 near field ground metis. Reliability analysis was conducted upon

having distribution of resistance and load modelthe sixth part of the studiheresults

of the reliability analyses were investigated, ardtirect probabilistic design procedure

was developed to calibrate design DI based on a target reliability against failure. Finally,
the PDCA methodology that was developed for conventional columns was used to extend
the PDCA and reliability analysis afgach to earthquakéamaged columns that have

been repaired. Because seismic performance data for different damage states in repaired

column models was very limited, the results of the last part of the study should be viewed



22

only as a process for potentegpplication of PDCA to repaired columns and the results

should be used with caution.
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Chapter 2. Past Earthquake Damaged Bridge Repair Practice

2.1 Introduction

California has experienced several moderate to high intensity earthquakes in the
last 50years. Division of Research and Innovation at Caltrans (2008) documented a
report on visual inspection and capacity assessment of earthquake damaged RC bridge
el ements by developing a fAvisual bridge ca
laboratoryexperiments and historic earthquakes and classifies the performance in relation
to damage level of bridge components andasdemblages. However, the Office of
Structures Maintenance and Investigations at Caltrans does not have a standard repair
procedue/manual to repair earthquake damaged RC bridge components at different
damage levels. Therefore, in order to categorize damage, identify repair gaps, and
develop a standard repair manual, the bridge damage and their corresponding repair
information fromhistoric earthquakes were reviewed and compiled in tables as discussed

in the following sections.

2.2  Review of damage and repair in past earthquakes

To develop a standard repair manual for RC bridge components at different
damage levels, it is vital to idefytthe damage and failure modes of each component
subjected to earthquake loadingn attempt was made to obtain records of post
earthquake bridge damage repair for recent earthquakes around the world with essentially
no success except for California thguakes for which Caltrans has documented and
compiled a summary of the repair work in a methodical fashion. In other countries post

earthquake damage repair methods and repair objectives are not generally documented.
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The lack of documentation is duegeveral reasons: (1) the rush to restore the bridge to
service leaves little time to keep records, (2) in the absence of standard repair procedures,
engineers, maintenance staff, and contractors tend to devise repair procedures that are
highly variable dpending on the bridge, and (3) repair objectives are not well defined

even within the same agencliven though repair methods and records could not be
obtained from other countries, the bridge earthquake damage recoedsewewed in

this section.

The Galtrans maintenance records were the only data that could beTused.
collect information about earthquake damage, failure modes, and repair of bridge
components, several meetings with Structures and Maintenance Department at Caltrans
were held. Past gaquake damage reports developed by the Caltrans Post Earthquake
Investigating Team (PEQIT) for various significant earthqua&es Fernando Valley
1971, Whittier 1987, Loma Prieta 1989, the Landers and Big Bear, Petrolia, and
Northridge 1994jvere revieved. Utilizing PEQIT reports the bridges that suffered
moderate to significant damage were identified, and the bridge books of these bridges in
the paper and electronic forms were obtained from Caltrans. Bridge books are also
known as bridge inspectiona@rds information system (BIRIS)hese books compile
the record of individual bridge damage (seismic ands@smic) and the corresponding
repairs that have been done through the life of the bridge. To identify the gaps in past
earthquake damage bridggpair practices a detailed review of bridge books was
conducted. To organize the data from past bridge damage and repair, the bridge damage
and repair information was extracted from these bridge books and compiled in various

tables. Tables 21 to 2-6 present bridge number, component name, damage description,
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and repair.Because the focus of the present study was on developing repair methods
only for bridge structural components, rstnuctural components damage and repairs

were not listed in these tadl.

Tostudypose art hquake evalwuation practice 1in
Earthqguake Measures of Transportation Faci
Federation of Engineering Organization (WFEO) was reviewed. In this report, damage to
bridge componets was categorized in five different damage levels. These five damage
|l evel s defined in alphabetical Table2d.er ( A0 s,
Damage degree AOGs and D represents near coO
Damage evaluation of RC piers was performed based on the location of damage and the
type of failure. Distinct types of failure and damage level in piers vagsgjorized based
on bending damage at bottom of pi€alle2-8), damage at mitheight sectionable 2
9), and shear damag€&able2-10). In Table2-8, P represents longitudinal rebar ratio.

Proposed repair methods for these different types of failure, damage degree, and location
are presented ihable2-11. InTable2-11, numbers 1 to 7 are associated with different
damage | evel s ( Adbe2-8ta-1C Jhe aasne damagevavaluation

and repair methods proposed for piers were applied to abutment walls. Report obtained
from Japan does not include repair methods for other bridge components subjected to
different damage levels. But the typicapair practice in Japan for RC girders and

footings are presented Trable2-12.

Similarly, a detailed review of bridge damage and repair of @aitthquake was

conducted. The repair and the reconstruction of the damaged bridges during Chile
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earthquake were made according to the new seismic design standard for the design of
bridges in Chile (Unjoh 2012). Pesarthquake bridge repairs of Chiletbguake were
summarized and presented in Table 2.13. Basic concept of the repair and retrofit
measures are to increase the integrity of girders by adding the end lateral beams and to
restrain the lateral displacement by providing end diaphragms and iegteng@port

width to prevent unseating. Because, damage to bridges due to soil liquefaction is
beyond the scope of the present research, such kind of damage is not discussed in this

report.

2.3 Analysis of Database

The level of repair detail provided in Caltrans bridge books vary from general to
specific. Therefore, to categorize a level of repair detail, four levels from 1 to 4 were
defined. Level 1, 2, 3, and 4 corresponds to general/minimal, moderately detailed,
detailed, and detailed step by step, respectivEable2-14 represents the summary of
total numbers of cases studied for each bridge componegthursitye books and their
level of repair detail. Froriable2-14, it was concluded that majority of repair
information falls under category 1 and 2 and therefore, there is a lack of comprehensive
repair detail for bridge components. To identify Caltrarst paismic damage bridge
repair practice, the repair methods presented in bridge books were summarized and
presented iTable2-15. The documenteapairs in bridge books are described in very
general terms. While books provide abundance of information about conducting bridge

repairs, the specific efficacy of these repairs was not mentioned.
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Besides Caltrans bridge books, bridge repair practicéhef aountries (Chile and
Japan) was also reviewed. The bridge damage and repair report obtained from Japan
mainly discusses the repair of bridge column/pier subjected to different damage level
(Table2-11). Repair methods for other bridge components are described in very general
terms. There is a lack of information about when the recommended repairs are the most

appropriate.

The objectiveofpostar t hquake repair measures of
increase the integrity of girders by adding the end lateral beams and to restrain the lateral
displacement by providing diaphragms and extending the Sesdike(213). During this
earthquake, most @lamage was due to superstructure collapse and therefore, there was a

lack of detailed repair information at a component level.

Although some useful general information may be extracted from the repair
methods described in the documents from Japan and, @el information is of limited
use in the stepy-step repair methods discussed in subsequent chapters due to a lack of

details.

2.4  Gaps in Knowledge on Past Earthquake Damage Repair of Bridge

Components

The records of seismic damage repair conducted lya@alhelp provide an
insight on repair practice. Nevertheless, these records address only the cases that were
encountered in the field. Therefore, they do not necessarily address all damage states for
various bridge components. As a result, there aps g the repair methods that need to

be identified and addressed. To identify the gaps in past seismic damage bridge repair
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practice a detailed review of bridge books and the data from Chile and Japan was
conducted. Based on the analysis of databaseissed in section 2.3 the following

repair gaps are identified:

1. While bridge books provide an abundance of information on conducting
bridge repairs, the documented repairs are described in very general terms, and the
specific efficacy of these repairs aret mentioned.

2. There is a lack of information on stép-step repair detail of bridge
components. Moreover, the information about damage and repairs are scattered in
various bridge books and extracting information from them is very difficult and time
corsuming.

3. While a repair documented in the Japanese report is very informative for
considering column repairgpair methods for other bridge components are described in
very general termsAdditionally, there is a lack of repair information about shegr ke
abutment wall, piles, diaphragm, and joints, etc.

4. No considerations or assumptions are made about the residual capacity of
bridge components at a given damage level to guide repair design.

From the above discussion, it was concluded that there is nuletemepair
guide is ready for use to repair bridge components subjected to different damage levels.
While there is an abundance of information available on column/pier repair, the repair
information about other bridge components is very limited. Mergdd information is
available on the behavior of structural components, particularly on the effectiveness of
repairs and the relationship between repair technique and damage intensity. As a result,

there are gaps in the repair methods that need teeh#fidd and addressed. The goal of
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this project is to fill the substantial gaps in knowledge noted abbes, present study

discussesghe repair methods for earthquake damaged RC bridge components for different

type and degree of damagé.h e t emwmarg effdda when wused in this
the bridge damage suffered by an earthquake in its existing condition immediately after

the earthquake. Prior affects of environmental deterioration, service conditions, and

previous earthquakes are presumeblegreexisting conditions and not part of the

damage to be evaluated@he repair of different bridge components such as shear keys,

girders, abutment walls, and joints are discussed in the following chapters.
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Chapter 3. Repair of Earthquake DamagedAbutment Exterior Shear Keys

3.1 Introduction

Shear keys are designed to provide transverse support to the superstructure during
service load and moderate earthquakes, but are designed as sacrificial elements under
strong earthquakes to prevent damage to sudistes. Another consideration in treating
shear keys as sacrificial elements is that they are accessible, inspectable, and repairable.
Based current Caltrans SDC 2010 for shear
transverse shear capacity of theahkeys is limited to prevent transferring large lateral
forces from the superstructure to the substructure. Determining the earthquake force
demand on the shear keys is difficult. Therefore, to limit the shear key capacity, Caltrans
SDC 2010 has defineirange based on shear capacity of the abutment piles and dead
load vertical reaction of the superstructure at the abutment to prevent significant damage
to the substructure components. According to the Caltrans SDC 2010, the capacity of the
shear key sbuld be the smallest of 50 to 100 % of the dead load vertical reaction at the
abutment and 50 to 100% of the 75% of the shear capacity of the piles plus shear capacity

of one wing wall.

This Chaptediscusses the repair of earthquake damaged RC bridge
supestructure shear keys. The study of shear keys is part of a more extensive research
project aimed at developing repair methods for different bridge components damaged by
earthquakes. The main objectives of this report are to define apparent earthaquade da

states for shear keys and to describe a repair method for each damage state.
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The shear key dimensions and detailing used in this report are the same as shear
key unit 4A tested at University of California, San Diego (Bozorgzadeh et al. 2006),
which weas the typical Caltrans detailing requirement for the shear keys up to 2006.
Therefore, the detailing of test unit 4A is assumed to be the typical detailing of the shear
keys in existing bridges in California designed on or before year 2006 and the failure

mode of which is the diagonal shear failure. The test unit 4A is shokigune 31.

3.2 Damage States

To define apparent damage states specific to shear keyegotsjuake damage
reports (Caltrans) and experimental research test data were reviewsedarBauake
damage reports of various earthquakes (San Fernando Valley 1971, Loma Prieta 1989,
and Northridge 1994) were obtained from Caltrans complied in bridge books and

compact disks (CDob6s) .

In this study, it was decided to use uniform definitios@btmic apparent damage
states for all bridge components. The apparent damage states represent the level of
earthquake damage seen in a bridge component without any evaluation tools (destructive
or nonrdestructive). Six distinct apparent damage stati@setkpreviouslyfor standard
columns (those meeting current seismic code requirements) (Vosooghi and Saiidi 2010)
were considered and their relevance to shear keys was assessed. The column damage

states are as follows:

DS-1: Flexural cracks

DS-2: Firstspalling and minor shear cracks
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DS-3: Extensive shear cracks and/or extensive spalling

DS-4: Visible lateral and/or longitudinal bars

DS-5: Start of core concrete failure (imminent failure) but no fractured bars.

DS-6: Failure/fractured bars

Postearthquake damage reports as well as past experimental research conducted
on performance of exterior shear keys at UCSD (Bozorgzadeh et al. 2006) reveal that
damage in shear keys is associated with diagonal cracks that become wider and more
pronounceds the shear key approaches failligyre 32 and3-3). Three apparent
damage states are applicable to shear keys: DS2, DS5 and DS6. DS2, DS5 and DS6
correspond to the minor diagonal shear cracking, major diagonal shear cracking
(imminent failure), ad failure, respectively. Other column damage states are not

applicable because, unlike columns, shear keys are shear critical and brittle.

3.2.1. Damage State 2

In this damage state, minor horizontal cracks at the intersection of inclined side of
the shear keyral abutment stem wall are seen along with some minor diagonal shear
cracks propagating towards abutment stem weathure 32 shows a few examples of

DS2.

3.2.2. Damage State 5

When amajor, relatively wide diagonal shear crack propagates from the shear

key-stam wall interface to the abutment stem wall the shear key is in damage state 5.
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Tests have shown that with major shear cracks, the shear key is on the verge of failure.
Hencet hi s damage state I s consi diestodelotedo b e
that, the general definition of DS5 is imminent failure, and not necessarily represent the
core damage as in case of columkgure 33 shows an example of DS5 observed after

the SarAFernando Earthquake in 1971.

3.2.3. Damage State 6

This damage state issidered to be failure and includes combination of
extensive spalling, fractured bars, and wide shear cracks in the abutment stem wall.
Under this damage stage, the residual capacity of the shear key is nheghgglle 34

shows a few examples of dage state 6.

3.3  Shear Key Capacity

The strut and tie model to calculate shear key capacity developed by Megally et al
(2001) was used in this study. The capacity of exterior abutment shear keys can be

calculatel using Eq. 3aL.

W w w kips (3-1)
w mropec¢d® A A Akips (3-2)
O ! A iEE OV iEA T i E— 1 iHE— — kips 3

Where w is thenominalshear capacity of shear key (kips), w = concrete and
reinforcing steel contribution to shear key capacity (kips), respectively;the expected

compressive strength of concrefg; A, , A, , A = specified yield strength of steel (ksi);
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V, b, d, a, h =shear force demandjdth of shear key (in), depth of shear key (in),

height of the shear force from top of the abutment stem wall (in), and height of stem wall
(in), respectively, as shown igure3-5; As1 As2Ass Ay = total area of hanger bars

(in®) total area of shear key reinforcement of row 1 crossing sheatkeynent stem

wall interface (ifl), area of single horizontal or vertical reinforcement)(iand total

vertical reinforcement that connects the shear key to the stem iglt¢spectively
(Figure3-6);1 ,1 =number of side faces with horizontalchvertical reinforcement of
abutment stem wall, respectively. In test unit(#gure 31), the shear strength of

concrete and steel is 86.7 kips [385.66 kN] and 248.2 kips [1104.05 kN], respectively.

3.4 Case Study

To develop repair procedure for shear kagst unit 4A studied by Bozorgzadeh
et al. (2006) was used as benchm&ikre 31). Bozorgzadeh et al. conducted a study
on capacity evaluation of exterior shear keys. In test unit 4A, the shear key was built
monolithically with abutment stem wallertical reinforcement was continued from the
abutment stem wall and was anchored in the shear key. Experiments conducted on
seismic performance of exterior shear key designed according to Caltrans SDC 2006
indicated that under lateral loads on shear kilggonal shear failure occurs in the
abutment stem wall and therefore, the shear key does not act as a fuse (Bozorgzadeh et al.
2006). The experiment also indicated that, the actual strength of the shear keys is

significantly higher than the design value

The expected compressive and yield strength of steel was assumed to be 5 ksi

[34.47 MPa] and 68 ksi [468.84 Mpa], respectively. The height of the abutment stem
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wall was 30.5 irf775 mm] The width and depth of the shear key was 1t 7425 mm]
and 24in [610 mm] respectively.The area of reinforcemefts, As 1, As2 and A s were
2.64, 1.6, 0.44, and 0.11%mespectively.Figure 36 shows these reinforcements. The
shear capacity of the originalesdr key was calculated by Egl3 The steetontribution
to the capacity of the shear kay)was obtained from the equilibrium of forces along

the critical diagonal crack BA as shownHRigure 37 resulting in Eq. 3.

In Figure 37, V= shear demand (kips):F! A is the force developed liie
tie atlevel 1; $=! ;A is the force developed in the first row of reinforcing bars
crossing the shear key interfacg, dnd T, =! A are the tensile forces in a single
horizontal and vertical bar placed on the side faces of the abutreentvall crossing the

inclined crack, respectively; s = spacing between horizontal/vertical hasdafined in

Figure 35; andC; ; is the compression strut.

3.5  Shear Key Repair

Most of past research has been on the repair of columns, girders, eteselsich
has been reported on the repair of shear keys. To develop repair method, the repair
objective was first defined. Shear keys are shear dominated and are generally brittle.
Therefore, the repair objective of shear keys is only to restore thessterayth without
any explicit concern for ductility. It is hence necessary, to determine the capacity of an
undamaged shear key and establish the residual capacity depending on damage state. The
residual capacity of a shear key is the summation afesidual concrete and steel shear

strength at a given damage state.
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Vosooghi and Saiidi 2010 conducted research on repair of high shear columns at
the University of Nevada, Reno. They defined five distinct apparent damage states for
high shear columns, S0 DS5. DS1 to DS5 represents the progression in earthquake
damage to the high shear columns up to failure. The residual concrete shear capacity
under DS2 and DS5 in high shear columns was recommended to be 80% and 20% of the
undamaged capacity, resgigely (Vosooghi and Saiidi 2010). Therefore, in designing
repair of shear keys, it was assumed that the residual concrete contribution to shear in
shear keys at DS2 and DS5 is 80% and 20%, respectively, while assuming full

contribution of steel.

3.6  Repair Design

Using the proposed contribution ratios for concrete and steel to the shear strength
of shear keys, a repair design methodology was developed based on apparent DSs. The
repair design for each damage state is discussed in the following sectioxsundyies

illustrating repair design for each damage state is presentggpendix Al.

3.6.1. Damage State 2

The shear strength of the concrete and steel in a shear key at DS2 is 80% and
100% of those in the undamaged shear key, respectively. Consequentlyisrepair
designed only to restore the 20% loss in concrete shear strength. The diagonal shear
crack angle is assumed to be 45 degree. Unidirectional CFRP fabrics are applied with
fibers in the horizontal direction to repair the cratkidirectional CFRP falics
produced by the FYFE Co. SCH41/Tyfo S, with fibers in the horizontal or vertical

direction are used. The material properties of CFRP fabrics used are shiainheir3 1.
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To prevent substructure failure, the repair is designed so that the sheandegvesr
strengthened. It is recommended to limit over strengthening of repaired shear keys to

10% of the total capacity.

In case of fully wrapped members, the effective strain in the CFRP can be used as
0.4% (Priestley at al. 1996). But in the cakside bonded CFRP wrapping, the effective
strain in CFRP is a function of concrete compressive strength, CFRP thickness, CFRP
tensile modulus and effective bond length (ACI 44008 Consequently, an iterative
process is required to design the thiclenelsside bonded CFRP (ACI 440.-28). This
procedure was found to be complicated for practical design. Therefore, a new equation to
calculate directly the effective strain in sidended CFRP was developed (Ee4)3 This
equation was developed usingarametric study conducted on a wide range of
compressive strength of concrete, CFRP thickness, and tensile modulus of CFRP based

on ACI 440.2R08. Chapter 4oresents the study thiad to the development of Eq:43

The simple equation gives the requi@BRP thickness directly for a given
required shear strengéth a given damage state, (E@)8 To determine the required
CFRP thickness at a given damage state, the followingostspep procedure is

proposed:

Step 1. Determine the effective strain in CFRP:

" 38
. 8 . g5 Q
- Tipu O O o (3-4)
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Where,- is the effective strain in CFRB; is the total thickness of CFRP layer
(in); Ois the CFRP tensile modulus (ksi) dfis the expected compressive strength of

concrete (ksi).

Step 2. Determine CFRP design shear force:

R - ® YO o kips (3-5)

Wherew is the shear strength provided by CFRP (Kips)s the additional
reduction factor of 08B recommended by ACI 440.268,and’Y is the contribution ratio

of concrete at a given damage state (0.80 and 0.20 for DS2 and DS5, respectively).

Step 3. Determine the CFRP required thickness. The contribution of the CFRP system

to the shear strength of a member is based on the fiber orierstatican assumed crack
pattern of 45 (Khalifa et al. 1998). The shear strength provided by the CFRP fabrics is
determined by calculating the force resulting from the tensile stresses in the CFRP across

the assumed crack as:

®w - DOXM OET AlO (3-6)
®w - DOX, for horizontal® CF (37
Where,Q |, U = total depth (in) and orientat

respectively. Other parametersne defined previously in Eg:-8 Substituting E¢3-4

in Eqg. 37, the following expression for the total CFRP required thickness is obtained:

8
0 S — inch (3.8)
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The bond capacity of FRP is developed over a critical leagth,To develop the
effective FRP stress at a section, the available anchorage length of FRPesiceeldi the

value given by Eq.-® (ACI 440.2R08). The inchpound units are to be usgdEq. 39.

a mdtuv Y — inch (3-9)

The following steps are recommended to repair shear keys in DS2:

Step 1. Remove any loose concrete.

Step 2. Fill the crack with epoxy injection.

Step 3. Install layers of CFRP with fibers in the horizontal direction to cover the entire
crack height and extend beyond thaaks by the larger af (Eq. 39) and 8 inches to

provide sufficient bond.

3.6.2. Damage State 5

The shear strength of concrete and steel in shear keys at DS5 is 20% and 100% of
the original strengths, respectively. Consequently, for DS5, repair is desigrestiore
the 80% loss in concrete shear strength. Unidirectional CFRP fibers are used in the
horizontal direction to repair the diagonal shear crack at DS2 and 5. A similar repair

procedure as that of DS2 is recommended for DS5.

3.6.3. Damage State 6

Underthis damage stage, the residual shear capacity of shear key is negligible and
consequently complete replacement is needed. The objective of repair of shear keys at

DS6 is to restore the shear capacity and to change the mode of failure from diagonal
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shearfailure to sliding shear friction failure. Based on the experimental testing of shear
keys, Bozorgzadeh et al. 2006 indicated that the previous detailing of Caltrans SDC 2006
of shear keys results in a diagonal shear failure. This is an undesirableffatiee

because it leads to an extensive damage to the abutment stem wall. To achieve the repair

objectives of shear keys at DS6, the following digystep procedure is recommended.

Step 1. Remove the concrete from the earthquake damaged shear key and expose the
steel bars.

Step 2. Remove the existing shear key transverse and inclined reinforcement but keep
the abutment stem wall vertical reinforcement. Cut all the vertical reinforcement
crossirg the shear kegbutment stem wall interface above 45 degree failure plane. The
reinforcement labels and layout are showfigure ALS5.

Step 3. Straighten the vertical reinforcement of abutment stem wall crossing the shear
key-stem wall interface and then dbhese bars at the shear kstgm wall interface level.
Remove all the reinforcement connecting the shear key to the abutmentdlgakany.

Step 4. Calculate the required shear key vertical reinforcement according to Caltrans

SDC 201Q0(Eqg. 310). Provide sfficient developmet length for these bars (E¢12).

0 in® (3-10)

Where,d is the required area of shear key vertical reinforcemeft (@ is
the Shear key force (kips); is the area of concrete considered to be engaged in

interface shear transfer frand’Q is the expected yield strength of steel (ksi). The area
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of shear key vertical reinfcement calculated using Eg18 shold be greater than or

equal to the minimum @& 3-11) recommended by Caltrans SDC 2010.

8 ¢TtQ in (3-12)

Where, andQ is the development length and diameter of shear key vertical

bars.

Step 5. Drill holes in the abutment stem wall and install the shear key vertical
reinforcement near the center line of the shear key in the direction parallel to shear force.
Fill the drilled holes with epoxy.

Step 6. In the absence of Caltrans detailing guidelireegpfe2006 shear keys, use the

ACI provisions (ACI 31811, section 11.7.4 and 11.74.2) for minimum stirrups to

provide confinement to the shear key. The spacing shall not exceed the smaller of d/5 or
12 in. The area of stirrups perpendicular to tlexdral tension reinforcement, Ashall

not be less than 0.0025bs. Where s is the spacing of stirrups in the vertical direction
parallel to the flexural reinforcement (in)j$the width of the section (in) as shown in
Figure 35.Figure3-5. 3D view of shearkey The area of stirrups parallel to the flexural
tension reinforcement, Ashall not be less than 0.0015b%Vhere, sis the spacing of

the stirrups in the direction perpendicular to the flexural reinforcement.

Step 7. Provide a smooth construction joint at shear&bytment stem wall interface to

develop a weak plane so a shear friction coefficient of 0.4 can be used.
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Chapter 4. New Method to Determine Effective Strain and CFRP thicknesso Restore
Shear Strengthfor Side Bonded CFRPConfiguration

4.1  Introduction

In case of fully wrapped members, the effective strain in the CFRP can be used as
0.4% (Priestley at al. 1996). But in these of side bonded CFRP wrapping, the effective
strain in CFRP is a function of concrete compressive strength, CFRP thickness, CFRP
tensile modulus and effective bond length (ACI 44008 Consequently, an iterative
process is required to design theckmess of side bonded CFRP (ACI 440-@8. This
procedure was found to be complicated for practical design. Therefore, a new method to

calculate directly the effective strain in side bonded CFRP was developed.

4.2  ACI 440.2R-08 Procedure to Determine Shea€ontribution of FRP

The ACI 440.2R08 procedure to determine shear contribution of side bonded
CFRP to a member is based on the fiber orientation and an assumed fiber angle of 45
degree (Khalifa et al. 1998). The shear contribution of the FRP is givieq. dyl.

- DO OET ATIOQ
i

) (4-1)

Where0 andi are the width and spacing of CFRP strips. The other parameters

in Eq.4-1 were definedn section 3.6 When CFRP wrapping is covers the entire height

rather than being in the form of strips, the termis equal to oneTherefore for

continuous side bonded FRP and orientation angle of zero degree (horizontal fibers), Eq.

4-1 will reduce down tdq.4-2.

O - DOX (4-2)



43

The following step by step procedure is recommended by ACI 440828

determine the shear contribution of CFRP to a member.

Step 1. Compute the design material properties.
- 6 O° (4-3)
Where- ,6 and-° are the design ultimate rupture strain of FRP,

environmental reduction factor of 0.85, and ultimate rupture strain of FRP, respectively.

Step 2. Calculate the effective strain in the FRP shear reinforcemenéi{&q. The
effective strain is caldated using the bond reduction coefficientapplicable to shear.
The bond reduction coefficient can be computed from4Es.

- 3 T8I TT T (4-4)

290

5 X vIn-lb units (4-5)

Where "Q andJQ are the modification factors arid is the active bond length
over which the majority of the bond stress is maintained4#). The modification

factors’Q andJQ can be computed using 447 and4-8, respectively.

0 ———= In-lb units (4-6)
. - (4-7)
Q —— In-Ib units
0 In-lb units (4-8)

Step 3 Contribution of the FRP to the shear strength can then be calculated us#g.Eq.
Step 4 Calculate the shear strength of a member using-2q.Parameters in E4-9

were defined in sectio®.3 and 3.®f this report.
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4.3  Simple Equation to Determine Effective Strain in CFRP

The ACI 440.2R08 method requires iteration and is complicated for practical
design. Therefore, it was decided to simplify the ACI 40608Rprocedure by
developing a direct equation for the effective strain of CFRP. The direct equation was
developed usigan extensive parametric study on a wide range of compressive strength
of concrete, CFRP thickness, and tensile modulus of CFRP to learn about the sensitivity
of the results to these parameters and to determine if a simplgeraiive method can
be deeloped. Curve fitting and trial and error method were used to obtain a simple

equation (Eqg4-10) to estimate an effective strain in CFRP.

n 8
Q
- T[81'pUb 8108 T

(4-10)

Substituting Eg4-10 in Eq.4-2, the following expression wmbtained for CFRP

thickness:

Equatiors 4-10and4-11 are the same as B34 and Eq. 38, respectively,
discussed in sectid®6 of this report.

To compare the results from the proposed equation arsiGhé40 method, a
parametric study was conducted covering a wide range for key parameters. The key

parameters were: the CFRP thickness, the concrete compressive strength, and CFRP

tensile modulus elasticity. Parameter ranges were:t0.040 inch[Lmmto 10mm]for
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CFRP thickness, ® 6 ksi[21 to 41 Mpalfor concrete compressive strength, an@Q®D
to 15000 ksi[68948 to 103421 Mpdpr CFRP tensile modulus. The objective of
choosing such a wide range was to investigate the potential influenceeptrameters
on the effective strain in CFRP.

Figures 41 to 4-6 present graphs for CFRP effective strain vs CFRP layer
thickness for various CFRP tensile modulus and compressive strengths of concrete.
These Figures show that Eg43jives effective stras that are very close to those
calculated by ACI 440.2R8 procedure. The calculated CFRP effective strain using Eq.
3-4 and ACI 440.2R08 procedure were presented and comparé&alote 41 to 4-6. The
results presented in these tablesvslgood agreenm¢ between Eg.-& and ACI 440.2R
08 procedure. For a given tensile modulus, the difference in the results is decreasing
from lower CFRP thickness to higher CFRP thickness. The range of percentage
difference in the results was from 0% to 12% and theaaeepercentage difference in
the results was from 1% to 7%.

Figure 47 and4-8 presenexamplegraphs of CFRP layer thickness vs tensile
modulus for various compressive strengths of concretehiar keys und€?S2 and
DS5, respectivelyFigure 47 showsthat Eq. 38 gives conservative estimate of required
CFRP thickness for concrete compressive strengths of 3, 4, and 5 ksi compared to those
calculated by ACI 440. 2R8. For concrete commssive strength of 6 kBt1 Mpa], Eq.

3-8 underestimates requir€@FRP thickness by 5% t013% compared to those calculated
by ACI 440.2R08. The calculated required CPRhickness for DS2 using E¢83and
ACI 440.2R08 procedure were presented and compardalhe 47. Table 47 shows

that, the CFR thickness calculatl by Eq. 38 is conservative by 6% to 26% for concrete
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compressive strength of 3, 4, and 5[R4i, 28, and 35 Mpa]Figure 48 shows that the
required CFRP thickness calculated by E&.i8 very close to those calculated by ACI
440.2R08 procedure.The calculated required CFRP thickness for DS5 using48q. 3
and ACI 440.2R08 procedure were presented and compardale 48. Table 48
shows that, Eqg. 3.8 overestimate CFRP thickness by 3 to 8% for compressive strength of
4,5, and 6 k921, 28, ad 41 Mpa]and tensile modulus less than 14000[86b627
Mpal.

Overall, the results show good agreement between the proposed simplified
method and ACI 440.2R8 procedure. Consequently, the proposed simplifiethod

(Eq. 38) can be used in repair desigr side bonded CFRP configuration
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Chapter 5. Repair of Earthquake Damaged Prestressed Girder

51 Introduction

Prestressed (P/S) girders are typically designed as flexural menthansthe
past few years numerous repair methods have been proposeddosl industrial and
academic institutions in order to restore flexural and shear capacity of corrosion and/or an
impact damaged P/S girders. However, these repair methods are proposed for non
seismic damage. There is a lack of research on repai dfrlllge girders damaged due
to seismic loads. Therefore, repair methods forsmismic damage were adapted. In
this document, repair methods and repair design examples are presented in order to
restore flexural capacity of seismically damaged P/Seggtd The focus is on flexure,
because girders with significant shear damage need to be replaced rather than repaired
due to the brittle nature of shear failure. Also, due to a lack of sufficient data on
correlating apparent damage to prestress losseghist does not address possible
prestress loss caused by the earthquake damage. To compensate the prestress loss in
steel, prestressed CFRP may be used. Studies have been done on prestressed CFRP to
strengthen the prestressed and-poestressed bean(isim et al. (PClI journal 2010);

Czaderski and Motavalli 2007; Czaderski and Motavalli 2011).

The main objectives of thiShaptear e t o define apparent ea
P/S bridge girders and to describe a repair method for each damage state. tm order
define DSO0s, several earthquake damage rep
California and Chile were reviewed. Review of bridge damage reports did not reveal

information alout seismic damage to girders.
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Five (DS1, DS2, DS3, DS4, and DS6) out of @xmge r a | apparent DSO0s d
previous study at the University of Nevada Reno for standard columns were found to be
applicable to P/S bridge girders. Externally bonded unidirectional CFRP fabrics were

used to repair P/S girders under DS2, DS3, and8l& reconstruction was

recommended under DS6. DS1 corresponds to a minor flexure cracks and has no direct
impact on the structural capacity of a girder, therefore, repair recommended in DS1 is a
non-structural repair and only recommended for aestloetpreventive measures using

epoxy injection. Detailed repair design methodology is presented and discussed along

with repair design examples in the following sections. The P/S girder dimensions and
prestressing steel properties used in this reportbareadme as used in the report by

Harries and Kasan at University of Pittsburgh, Pennsylvania (June 2009).

5.2 Damage States

To define apparent DSO6s speecearthquaket o P/ S
damage reports of various earthquakes (San Fernanbtky\I871, Loma Prieta 1989,
and Northridge 1994) were obtained from Caltrans compiled in bridge books and
compact di s ks -eartbduake damage rporss avergpstudiad from Chile
earthquake of February 2010. Uniform definition of seismic appareD S6 S was US ec
al |l bridge component s. iBsection3i2iwere donsideted ap p ar
and their relevance to P/S girders was assessed. Past earthquake damage reports reveal
that five apparent DSOsrs:ddBlDS2,B3, bSd,amdl e t o

DS6. Confined core damage is more common in columns instead of beams because
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columns are designed for higher ductility and have higher confinement compared to

girders; therefore, DS5 is excluded in P/S bridge girders

5.2.1. Damage Stée 1

In this damage state minor flexural/shear cracks are seen on the P/S girders soffit
and/or sides of a girder and no other damage observed after an earthgigake 5-1

shows an example of DS1.

5.2.2. Damage State 2

This damage state corresponds to minor spalling of the cover concrete and/or

relatively wide flexural cracksFigure5-2 shows an example of DS2.

5.2.3. Damage State 3

P/S girders under DS3 exhibit extensive spalling of cover concratpire 5-3

shows an example of P/S girder under DS3.

5.2.4. Damage State 4

This damage state consists of extensive spalling of cover concrete and visible

longitudinal barsFigure5-4 shows an example of P/S girders under DS4.

5.2.5. Damage State 6

This damage state corresponds to a failure of P/S girders. P/S girders under

damage state DS6 exhibit tendon fracture.
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5.3  Assumptionsand Simplifications

In order to conduct analysis and develop a repair method some assumptions and
simplifications were made to present a more generalized approach to design seismic
repair of P/S girders. All repair methods and design examples presetitexddacument
consider girders that are not integrally attached to barrier walls. Inclusion of barrier walls

complicates the analysis and diminishes the issue relevant to present work.

The damage to a P/S girder was modeled by removing strands freectio to
mimic earthquake damage. Of course in reality tendons are not fractured in DS1, DS2
DS3, and DS4, but it was considered for sake of simplification of modeling a loss in
moment capacity. Loss in moment capacity of a girder under given damsgeas tied

to a loss in strands effectiveness to provide moment capacity at that damage state

The CFRP repair design presented in this report accounts for the initial strain
level of the concrete substrate. The existing strain is calculated assunii@githés
uncracked and the only loads acting on the beam at the time of the FRP installation are

dead loads.

5.4  Moment-Curvature Analysis

To develop a repair method, a prototype Pg8der section was used in this
study. Girder cross section details areveh in Figures 55 and5-6. Section geometric
and material properties are presentediable5-1. Prestressing steel material properties
are compiledn Table5-2. For ease of developing a repaésign,it was assumed that,
the given girder is a simply supported interior girder. To determinediménal moment

capacity of igirder, program Xtract was used to obtain the morsantature
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relationship. Effective yield moment was used as a nominal moment capacity of the
section. Figure5-7 shows the momerdurvature plot of the girder section at various

DS6s.

5.5 P/S Girder Repair

Most of past research has been on the repair of P/S girders subjected to corrosion
and/or impactlamage. No research has been reported on repair of earthquake damaged
P/S girders. To develop a repair method, the repair objective was first defined. P/S
girders are designed as flexural members. Therefore, the repair objective of P/S girder is
to regore the ultimate fheural capacity of earthquaidamaged girdersilt is hence
necessary, to determine the capacity of an undamaged girder and establish the residual
capacity depending on damage state. The residual capacity of the girder was established
by correlating prestressed tendon contribution to moment capacity at each damage state.
Therefore, in designing repair of P/S girders, it was assumed that tendon contribution to
flexural capacity is 100% and 80% at DS1and DS4, respectively, while congi@égo
tendon contribution in DS2 and DS3. Initially it was decided to consider 5% and 10%
loss in flexural strength at DS2 and DS3, respectively. However, it was felt that 5% loss
is not significant. Therefore, it was decided to lump DS2 and DS3szud@ 10%

capacity loss for both.

5.6 Repair Design to Restore Flexural Strength

Using the proposed contribution ratios for steel to the flexural capacity, a repair

design methodology was developed based on apparent DSs. The following assumptions
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are made irtalculating the flexural resistance of a section strengthened with an

externally applied FRP system (ACI 440:PB):

1 The strains in the steel reinforcement and concrete are directly proportional to the
distance from the neutral axis. That is, a planeé@ebiefore loading remains plane after
loading;

1 There is no relative slip between external FRP reinforcement and the concrete;

1 The shear deformation within the adhesive layer is neglected because the adhesive
layer is very thin with slight variations irsithickness;

1 The maximum usable compressive strain in the concrete is 0.003;

1 The tensile strength of concrete is neglected; and

1 The FRP reinforcement has a linear elastic s&sgn relationship to failure.

5.6.1. Damage State 1

This damage state exhibits mirfeexural cracks on cover concrete. Damage at
this level does not affect member capacity. Therefore flexural strength provided by
prestressing steel at DS 1 is 100% of those in the undamaged P/S girder. Minor repair
(epoxy injections) is recommendedfilbthese cracks. The repair recommended in DS1

is a nonstructural repair and is only recommended for aesthetic or preventive measures.

5.6.2. Damage State 2 and 3

The moment capacity provided by strands under DS2 and DS3 is 90% of those in

the undamaged P/S girder. Consequently, repair is designed to restore 10% loss in the
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moment capacity. Unidirectional CFRP fabrics are applied at girder soffit with fibers in

the longitudinal direction of the girder for repair.

The following steps are recommended in designing CFRP repair to restore
flexural capacity of P/S girders. All equations shown in the repair design procedure are

from ACI 440.2R08 unless noted otherwise.

Step 1Calculate the FRP system design material properties.
"Q  67'Q ksi (5-1)
6 ° infin (5-2)
Where,6 is the environmental reduction fact®, is the ultimate tensile
strength, “ is the rupture strairiQ is the design ultimate tensile strength, andis the

design rupture strain.

Step 2 Preliminary Calculations:

A Modulus of elasticity of concret® v X T @ psi.

A Area of FRP layed  £00 in?

In which¢ is the number of CFRP layens,is thetotal GFRP thickness, ana

is the width ofCFRP.
A Radius of gyrationj — in.
Where,Ois the gross moment of inertia aad is the gross area of cross section.

A Effective prestressing strain, — in./in.
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In which™Q is the effective prestress afid is the tensile modulus of prestressing

steel.

A Effective prestressing forcd, © "Q ksi.
Where,0 = total area of prestressing steel.

A Eccentricity of prestressing ste€l, Q w in.

In which'Q is the depth of prestressing steel ands the depth of neutral axis

from top compression fiber.

Step 3Determine the existing state of strain on the soffit: The existing state of strain is
calculated assuming the beam is uncracked and the only loads@ctine beam at the
time of installation are dead loads. Initial strain in the beam soffit is given by:

0 W 0 W

06 P 3 00 (5-3)

In which0 is the moment due to dead load ands the distance of neutral
axis from extreme tension fiber. Other parameters were defined in step 2.

Step 4 Estimate the depth to the neutral axis: Assume initial 8 v "Q

Where,wis the depth of the neutral axis from top compression fibefGsdhe

totd depth of the section.

Step 5Determine the design strain of the FRP system and use as the limiting strain in the
FRP. The maximum strain that can be achieved in the FRP reinforcement is governed by
the strain limitations due to either concrete crushing, &d@nding, FRP rupture, or
prestressing steel rupture.

A The failure controlled by FRP debonding can be calculated by:
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In which™Q s the compressive strength of concrete,is the FRP debonding

strain, andO is the tensile modulus of FRP.
A The effective design strain for FRP reinforcement at the ultimate limit state for failure
controlled by concrete crushing can be calculated by:

Q ®
©

(5-5)

Where, is the concrete ultimate strain.

A The failure strain controlled by prestressing steel rupture can be calculated by:

Q o
9 o (5-6)
Where, _ — p — (5-7)
Step 6 Calculate thestrain in the existing prestressing steel.
0 2 T8t
o8 P T oV (58)

, can be calculated based on concrete crushingstBpor FRP rupture or
debonding (Eg5-10). The value of used in Eq5-8 is based on the failure mode of

the system.

T3 M-6——— (5-9)

Y

(5-10)

Do €
e &
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Where, is the net tensile strain in the prestressing steel beyond
decompression, at the nominal strength.
Step 7 Calculate thestress level in the prestressing steel and FRP.
CYumm "QE i TBLX @

Q Cu n+ Q€ i T8t T X OKS

(5-11)

Q O Ksi (5-12)

Where, Q is the effective stress in the FRP reinforcement ands the effective

strain in the FRP reinforcement.
Step 8Calculate the equivalent concrete stress block parameters: The strain in concrete
can be calculated from strain compatibility as follows:

& (5-13)

Q

The strain  corresponding t&Q is calculated as:

pP&Q (5-14)
O

Approximate stress block factors may be calculated from the parabolic stress
strain relationship and is expressed as follow

T
f R (5-15)

° 5-16
| 5 (5-16)

Where| andf are the equivalent concrete stress block factors.
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Step 9 Calculate the internal force resultant and check if equilibrium is satisfied. Force
equilibrium should be verified by checking with initial estimatexStep 4).

5 —  in (5-17)

Step 10 Repeat Steps 4 through 9 with differ@alues of ¢ until ¢ is converged,
indicating that equilibrium is achieved.
Step 11 Calculate flexural strength components:

The design flexural strength is calculated using3=2p0. An additional reduction
factor, @) vis applied to the contribution of tikRP system.

Prestressing steel contribution to bending:

0 Y6 'Q Q — kip-in. (5-18)

In which'Y is the contribution ratio of steel at DS2, DS3 and DS4 (0.90 for DS2

and DS3 and 0.80 for DS4).

FRP contribution to bending:
0 5°Q Q — Kkip-in. (5-19)
Design flexural strength of the section can be calculated as:
0 0 0  kip-in. (5-20)
5.6.3. Damage State 4

The moment capacity provided by strands under DS4 is 80% of those in the
undamaged P/S girder. Consequently, repair is designed to restore the 20% loss in
strands capacity. Unidirectional CFRP fibers are used in the longitudinal direction of the
girder b restore flexural capacity of P/S girder under DS4. The same repair procedure as

that of DS2 and DS3 is recommended for DS4 except that in Step 2, the number of CFRP
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layers, area of prestressing steel, and eccentricity value should be adjusted gnd in Ste
(Eq.5-18),Y =0.80 should be used numerical example illustrating the proposed

repair design for DS2, DS3, and DS4 is presentégppendix A2.
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Chapter 6. Repair of Earthquake Damaged RC Bridge Abutments

6.1 Introduction

Abutments arearthretainingstructures that provide resistance against
deformation and earthquake induced internal forces from bridge superstrucsiae.
component of a bridge, the abutment provides the vertical support to the bridge
superstructure at the bridge srmhdconnects the bridge with the approach roadway.
Becausabutment shears keys are designed to shear off under major earthquakes, the
abutment foundation and piles are intended todpacityprotectedmember although
some damage might be expectedna abutment itself. There are few studies available
on strengthening of masonry and reinforced conavets (Konstantinos et al 1999;
Sayari and Donchev 201, 2he results of which might be of use for bridge abutment
walls. Konstantinos, Thomas, and émeas (2003) conducted a study on low slenderness
reinforced concrete walls. In their study, the walls were designed according to modern
design code provisions, initially subjected to cyclic loading to failure and subsequently,
repaired using fiber reinfoed polymer (FRP) jacket. h€re is no research data reported
specifically on repair of earthquakiamaged bridge abutments with different damage
levels. ThisChapterdiscusses the repair of earthquake damaged reinforced concrete
bridge abutments utiling unidirectional carbon fiber reinforced polymer (CFRP). Based
on review of past earthquake damage on abutment walls, shear capacity appears to be the
most critical abutment resisting force that is affected by earthquake damage. Therefore,
the repair wa designed to restore the shear capacity of abutment stem wall. The study of

bridge abutments is part of a more extensive research project aimed at developing repair
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methods for different bridge components damaged by earthquakes. The main objectives
of this report are to define apparent earthquake damage states for bridge abutments and to
describe a repair method for each damage state. To define apparent damage states
specific to bridge abutments, detailed pastthquake damage reports of various

earthaqiakes were reviewed. Shear key damage repair was presented in a separate report.
Furthermore, abutment back wall are expected to be sacrificial and replaced after strong

earthquakes. Therefore, the focus of this report is on repair of abutment stem wal

6.2 Damage States

To define apparent damage states specific to bridge abutments, detailed past
earthquake damage reports for various earthquakes (San Fernando Valley 1971, Loma
Prieta 1989, and Northridge 1994) were obtained from Caltrans compiled ie bodgs
and compact Indddgidnsartiq@akedan)age reports were studied from
Chile earthquake of February 2010. Six distinct apparent damage states defined

previouslyin section3.2 were considered and their relevance to abutments wasedses

Past earthquake damage reports reveal that four apparent damage states are
applicable to bridge abutments: DS2, DS3, DS4, and DS6. Abutments are typically
massive components and effects of minor cracks may be neglected. Therefore, DS1 was
excludedn abutments. Also confined core damage is more common in columns instead
of abutments because columns are designed for high ductility and have higher

confinements compared to abutments; therefore, DS5 was also excluded in abutments.
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6.2.1. Damage State 2

This damage state corresponds to minor spalling of the cover coné&iigiere6-1

shows an example of DS2.

6.2.2. Damage State 3

Abutments under DS3 exhibit extensive spalling of cover concFatgire6-2

shows an example of abutments under DS3.

6.2.3. Damage State 4

This damage state consists of extensive spalling of cover concrete and visible

reinforcing bars.Figure6-3 shows an example of abutments under DS4.

6.2.4. Damage State 6

This damage state corresponds to fractured bars and failure of abutfigate

6-4 shows abutments under damage state DS6.

6.3  Assumptions and Simplifications

In the present study seat type abutment was (i3gdre 65). In order to design
repair for abutments some assumptions were made to sirti@ifgpair. Abutments are
commonly over designed to carry vertical loads induced by superstructure and soil
pressure. It was assumed that the repair for DS2 to DS4 would include replacing any
damaged concrete, and, hence, there is no loss in the viedidand flexural capacity of
abutments for these damage states. Furthermore, it was assumed that an abutment with
fractured bars (DS6) could be repaired by replacing the fractured or buckled bars and/or

utilizing CFRP.
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Replacing concrete and epoxy irjea of cracks in an abutment under DS2 were
also assumed to be sufficient to restore thglame shear capacity. However, under DS3
and DS4, it was assumed that shear capacity is reduced by 50% and CFRP fabrics are
used to restore the capacity. Alsc@ese abutments are lightly reinforced, the
contribution of steel to shear capacity under DS3, DS4, and DS6 was ignored. Another
assumption was to use the same repair method for DS3 and DS4. This assumption was
made due to a lack of data on internalsgréistribution in abutments with different

damage states. This repair design would be conservative for DS3.

For abutments under DS6, it was assumed that shear capacity of abutment is
reduced by 80% in and near the damaged area. To develop a repair foetimdments
under DS6 two assumptions were made: out of plane movement is negligible and there is

no significant reduction in the wall height due to failure.

Finally, in the absence of research data on repair of earthglaakaged bridge
abutments, repamethods for nofseismic damage were adopted. To develop repair
methods, 45legree diagonal crack pattern was assuniéereforejt was assumed that
unidirectional CFRP fabrics placed with fibers in the horizontal or vertical fibers are
equally effeawe in resisting shear in stem wall. Consequently, 50% of the lost shear
strength is restored by CFRP horizontal fibers and 50% is restored by CFRP vertical

fibers.
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6.4  Abutment Stem Wall Capacity

To demonstrate the repair design, the shear capadibttain of the stem wall
was calculated. In bridge abutments, only minimum shear reinforcement is placed to
prevent cracking. Therefore, concrete shear strengfhig\the main part of the total
nominal shear capacity. Eg1 (ACI 318-11)was utilizedto estimate the iplane
nominal shear capacity of stem wall. Where,| ,"Q, and'Q ,are thegross area of
concrete section bounded by web thickness and length of section in the direction of shear
force, the coefficient defining the rela contribution of concrete strength to nominal
wall shear strengtlihe expected compressive strength of concrete, arekgiezted yield

strength of reinforcementespectively.The coefficient varies linearly between 3.0

and 2.0 for— between 1.5 and 2(@CI 31811). WhereéQ anda are the height and

length of abutment stem walln this report; equal to 3 was used for typical abutments
Term” is theratio of area of distributed transverse reinforcement to gross coaceete
perpendicular to that reinforcemerBecause abutments are lightly reinforced, the
contribution of steel to shear capacity was assumed equal td'z&o € 0). In
calculatingd , the entired may be conservatively used. If damagmealized, the

designer may use a shorter length not to be less thai®1.5x

w O mMWoplpcQ " Q kips
(6-1)
or

w ® TWopdPco Q kips
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6.5 Repair Design

Assuming no loss in the shear capacity for DS2, 50% loss in shear capacity for
DS3 and DS4, and 80% loss in shear capacity for DS6, a repair design methodology was
developed based on apparent DSs. The repair design for each damage state is discussed
in the following sections. A numerical example illustrating the proposed repair design for

DS3, DS4, and DS6 is presenteddppendix A3.

6.5.1. Damage State 2

This damage state exhibits minor spalling of cover concrete. Damage at this level
does not affect membeapacity. Therefore, shear strength provided by concrete at DS2
is 100% of that in the undamaged abutment. Epoxy injections and concrete patching is
recommended to fill cracks and minor spall in concrete. The repair recommended in DS2
is a nonstructuralrepair and its purpose is to protect reinforcement against corrosion and

for aesthetic reasons.

6.5.2. Damage State 3 and 4

As discussed in Sectidh3, the same repair method is recommended for DS3 and
DS4. The shear strength of the concrete in a bridge abutment at DS3 and DS4 is assumed
to be 50% of that in the undamaged abutment. Consequently, repair is designed only to
restore 50% loss in the caete shear strength. The diagonal shear crack angle is
assumed to be 45 degree. Unidirectional CFRP fabrics bonded on the wall surface are
applied in the horizontal and vertical directidag. 38 was used to determine the

thickness for a given requiresthear strength at a given damage state. To determine the
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required CFRP thickness at a given damage state, the followirgysstpp procedure is

proposed:

Step 1Determine CFRP design shear force:
0 - o Yo kips (6-2)

Wherew is the shear strength provided by CFRP (Kipsijs the additional

reduction factor of 0.85 recommended by ACI 44008RandY is the contribution ratio

of concrete at a given damage state.

Step 2.Determine the CFRRequired thickness using E¢:83 TermQ was taken

equal to the length of the wall.

The bond capacity of FRP is developed over a critical lexagth,To develop the

effective FRP stress at a section, the available anchorage length of FRP should be at least

the value given by E@-9.

The following steps are recommended to repair abutments in DS3/DS4:

Step 1.Remove any loose concrete.

Step 2.Fill the crack with epoxy injection.

Step 3.Install layers of CFRP with fibers in the horizontal and vertical direction to cover
the entire crack height and extdoelyond the cracks by at least (Eq.3-9) to provide
sufficient bond. It is assumed that horizontal and vertical fibers have equal contribution

to the shear strength because the crack angle is 45 degrees.
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6.5.3. Damage State 6

Walls with fractured and/or lokled reinforcing bars may be repaired by replacing
the damaged bars. If there is a significant permanent rotation associated with out of plane
bending or reduction in the wall height due to the loss of vertical load resistance, the wall

would have to beeplaced.

Recent tests of reinforced columns under cyclic loading have identified several
reliable coupler types that may be used in plastic hiff@akrans and UNR 2010; Saiidi
et al 2013) New bars replacing damaged bars may be connected with undabzaged
using service couplers as defined by Caltrans. Inctssthe repair steps would consist
of removing loose concrete and damaged bars, epoxy injecting the cracks, placing new
bars, and casting new concrete. Alternatively, CFRP fabrics with ntelzand vertical
fibers may be used to provide tensile strength that matches that of damaged bars. In this
case, the damage bars will not be replaced, and may left in place. The recommended

repair method when CFRP is used is as follows:

Step 1.Remove all loos concrete from the earthquake damaged stem wall and expose
the steel bars.

Step 2.Fill cracks by injecting epoxy.

Step 3. Straighten the reinforcement in the damaged portion of abutment stem wall.
Step 4.Cast new concrete in the damaged portion of the stem wall.

Step 5.Assumirg 80% loss in shear strengthf (& 711 design CFRP repair utilizing

Eqg. 6-2 and3-8.
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Step 6.Place theaunidirectionalCFRP &bricsin horizontal and vertical direction to cover
the entire crack height and extend beyond the cracks by abileé&t. 3-9) to provide
sufficient bond. Itis assumed that horizontal and vertical fibers have equal contribution

to the shear strength because the crack angle is 45 degrees.
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Chapter 7. Repair of Earthquake Damaged RCBeam-Column Bridge Joints

7.1 Introduction

Beamcolumn joints are critical elements of reinforced concrete (RC) bridge
structures under earthquake loading. According to Caltrans bridge design specification
(BDA 2008),bearc 0l umn j oi nts designed before ear|
moderate, and istmediate joints whereas the joints designed subsequently are
categorized as strong, capagiotected joints. Categorization of these joints is based on
the amount of transverse reinforcement, ductility, and post cracking moment resisting
capability. Therefore, in existing bridges there is a blend of weak, moderate, and strong
joints depending on their design year. Consequently, joints in existing bridges could be

vulnerable to damage.

In the past few years an extensive and detailed research hasoheesndepair
of earthquake@lamaged beafoolumn joints in buildings utilizing various methods. For
example; epoxy injections, local replacement of damaged concrete and steel, RC jacket,
CFRP, GFRP, and steel plates, etc. (French et al. 1990; Adin 893|. Tlsonos and
Konstantinos 2003; Engindeniz 2008; Li and Pan 2014Salloum et al. 2011; and
Sezen 2012). These seismic repairs were developed fordmamn joints that are
typical in buildings. There is a lack of research on seismic repair of-belamn joints
in bridges. It is generally doubtful that repairs developed for joints in buildings will be
effective for bridge joints. In comparison with building construction, existing bridge
joints are likely to involve larger member cross sectiargdr reinforcing bar diameters,

different joints geometries, and yielding in columns instead of beams. A limited nhumber
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of studies have been conducted on retrofit of existing bedumn joints in bridges

(Pantelides and Gergely 1999; Lowes and Moeh@9:18nd Silva et al. 2007). While

retrofit methods may be used as a general guide for possible adaptation for repair, they
are not generally applicable to repair of
done for undamaged substandard joiatmake up for the lack of proper design and
detailing, and (2) Arepairo has to address
consideration is that a comprehensive document on seismic damage repair has to address
repair for different damage states. féare no available studies to develop and
experimentally verify the performance of repair methods for joints with different damage
states. An additional possible source to seek past work on regaitlofuakelamaged

joints is the records of repair eftearthquakes. Indeed Caltrans has repaired a few bridge
joints in the field but the extent of documentation fosstheepairs is not sufficient to

readily adopt those methods for a systematic repair process.

Bridge joints are designed as shear critetaments. In general, joints suffer
shear failure if the joint shear stresses (principal tensile and compression) exceed the joint
capacity (Priestley et al. 1996). Because, standard joints are less likely to undergo
vertical splitting and/or reinforng bar anchorage failure, the main objective of this study
was to restore loss in the shear strengththisiChapterrepair methods were developed
to restore the shear strength loss of seismically damaged knee and tee (T) joints of RC
bridges subjectetb different levels of earthquake damage. The visual seismic damage
data of joints from historic earthquakes as well as data from experimental tests revealed
thatall$ x gener al apparent damage states (DSO0s

beamcolumn joints. Based on the earthquake damage level, the repair was designed for
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each damage state, andcases where the extent of damage precludes an economically
feasible repair, reconstruction of joints is recommend@81 corresponds to a minor

flexure cracks and has no direct impact on the joint structural capacity. Therefore, repair
recommended for DS1 is a nstructural repair for aesthetic reasons using epoxy
injection. Externally bonded unidirectional CFRP fabrics were used to repair RC beam
column joints under DS2, DS3, and DS4, while joint replacement is recommended for

DS5 and DS6.Repair design examples are presented in Appehdlix

7.2 Damage States

To define apparent BSspecific to joints, detailed review of p&strthquake
damage reports of various earthquakes was conducted as previously discussed in Chapter
2. Uni form definition of seismic apparent
di stinct aginedprezsiousiyn E£&i6n8.2 were considered, and their
relevance to joints was assessed. Past earthquake damage reports and test data on bridge

joints reveal that all six apparent DSO6s a

7.2.1. Damage State 1

This DS correspond® minor flexural cracks at colurfjoint and/or beanjoint

interface. Figure7-1 shows an example of DS1.

7.2.2. Damage State 2

This DS corresponds to srecracking and/or minor spalling of the cover

concrete.Figure7-2 shows an example of DS2.
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7.2.3. Damage State 3

Joints under DS3 exhibit extensive spalling of cover conciare7-3 shows
an example of joints under DS3.
7.2.4. Damage State 4

This DS consists of extensive spalling of cover concrete and visible Figtge
7-4 shows an example of joints under DSA4.
7.2.5. Damage State 5

DS5 corresponds to start of crushing of joint core concrete.

7.2.6. Damage State 6

This DS corresponds to the core concrete crushing and/or bar fr&egune7-5

shows an example of joints under DS6.

7.3 Assumptions and Simplifications

In order to develop a repair method for joints, the following siryiplf

assumptions were made:

a) Epoxy injection of cracks under DS1 was assumed to be sufficient to restore the
lost shear strength.

b) Under DS2, it was assumed that the shear strength is reduced by 30% while
considering a 60% loss under DS3 and DS4. CFRicgaare used to restore the

capacity. Another assumption was to use the same repair method for DS3 and DS4. This
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assumption was made due to a lack of data on internal stress distribution in joints with

di fferent DSO6s. T h i svativedqp jaimtssundérddS3. gn woul d
C) Joints under DS5 and DS6 have substantially lost their strength and stiffness due

to damage in the core concrete and /or reinforcing bars. Consequently, replacement of
joints is recommended under DS5 and DS6.

d) Caltrans SDC 2010 provides recommendations fifit shear design including
principal tensile and compressive stress limits, minimum joint shear reinforcement, and
detailing of column main reinforcement extending into thelzzgm. However, there are

no provisions for design levels of joint shear stress applicable to knee joints. Caltrans
considers knee joints as nonstandard elements. The response of knee joint varies with the
direction of the moment (opening or closing) applied. In the absencetadr@adlesign

stress limits for knee joints, and to censistent, ACI provisions (AGASCE 352R02)

were used for both T and knee joints.

e) To develop repair methods, a-dBgree crack angle was assumed. Unidirectional
CFRP fabrics with horizontal or veréitfibers were utilized to resist joint shear. To

restore lost shear strength, CFRP was provided on both sides of thearap Therefore,

the total required CFRP thickness in each direction on each side was designed to restore
25% of total loss in thehgar strength.

f) Finally, the same percentage of loss in shear strength and the same repair method
were used for T joints and knee joints under a given DS.

Experimental evidence indicates that diagonal cracking is initiated in the joint
region when the pririgal diagonal tension stress is approximately 3@ psi (Priestley

et al. 1996). This stress level is nearly 29% of the total allowable shear stress"ef 12
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psi for T-joints. Therefore, an assumption of 30% strength loss-fomts under DS2
was considered to be reasonable.

Except for columns, there is a lack of research on bridge components to correlate
visual damage to the residual capacity. Therefore, under DS3 and DS4 the loss of joint
shear strength was tied to a shear strength lossumoslunder DS4. As defined in a
previous study conducted by Vosooghi and Saiidi (2010), loss in concrete contribution to
shear strength at DS4 is 60%. Consequently, 60% loss in shear strength was considered
for T and knee joints under DS3 and DS4. tbibe noted that the assumed reductions

are intended to be conservative.

7.4  Joint Capacity

To demonstrate a repair design, rectangular bealomn configuration was used
as a benchmark. The joints showrkigures 76 to 7-9 were used to determine the shear
strength of T and knee joint. The nominal joint steength(w ) was calculated using

Eq.7-1 (ACI 352 R02).
© T8topp QOQ kips (7-1)

Where™Q is the expected compressive strength of concrete. [Tésrequal to
12 and 8 for T and knee joints, respectively. Tetirend'Q are the effective joint width
and depth of the column, respectively, in the direction of joint shear being considered.
As per ACFASCE 352 R02 the effective joint width shoulabt exceed the smallest Bf

2 (a), (b), and (c).
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R 7-2 (a)
® B— 7-2 (b)
) 7-2 (c)

Terms® ando are the width of the longitudinal beam and the width of the
column, respectively. Term m is the slope to define the effective joint width transverse to

the direction of the sheaFor joints where the eccentricity between the beam centerline
and the colmn centroid exceeds, & is 0.3 and for all other casésis 0.5 (ACFASCE

352 R02).

7.5 Repair Design

Assuming no loss in the shear strength for DS1, 30% loss in shear strength for
DS2, and 60% loss in shear strength for DS3 and DS4, a repair design methodology was
developed based on apparent DSs. Unlike knee joints the presence of bearing pads over
cap keam was considered forjdints. Therefore, the repair was conservatively designed
for side bonded CFRP configuration for both T and knee joints. The simple equation
developedn Chapter JEqg. 38) was used to determine the required CFRP thickness for
joints under a given DS. For knee joints, it is recommended to use U wraps to provide

better confinement and integrity to the joint.

The width of CFRP fabrics with vertical fibers was taken equal to the depth of a
capbeam to cover entire crack width amahance joint integrity. To provide

development length for CFRP fabrics with vertical fibers, it is recommended to bend the
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fibers at the bottom of a cap beam and extend up to the outer face of the column. The
repair design for each DS is discussed enftllowing sections. A numerical example
illustrating the proposed repair design for DS2, DS3, and DS4 is presedtepdndix

A4.
7.5.1. Damage State 1

This DS exhibits minor flexural cracks in the cover concrete of the beam or
column adjacent to the joinDamage at this level does not affect joint capacity.
Therefore, shear strength at DS1 is 100% of that in the undamaged joint. Epoxy injection
is recommended to fill cracks in concrete. The repair recommended in DS1 is a non
structural repair and its ppose is to protect reinforcement against corrosion and for

aesthetic reasons.

7.5.2. Damage State 2

Shear strength of a joint at DS2 is 70% of that in the undamaged joint.
Consequently, repair is designed only to restore the 30% loss in the shear streegth. Th
diagonal shear crack angle is assumed to be 45 dedredirectional CFRP fabrics
bonded on the joint surface are applied in the horizontal and vertical direction on both
sides of the joint.To determine the required CFRP thickness at a given D$ltbwing

stepby-step procedure is proposed:

Step 1Determine CFRP design shear force:

) — ¢ Yo  kips 73
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Where'Y is the percentage of original shear strength left at a giverivixsSequal to 0.70

for DS2 and 0.4 for DS3 and DS4.

Step 2Determine the reqred CFRP thickness using Eg83 In Eq. 38,'Q was taken

equal to the depth of a cap beam.

The following steps are recommended to repair joints in DS2:

Step 1Remove any loose concrete.

Step 2Inject epoxy in the cracks.

Step 3Install layers of CFRP with fibers in the horizontal direction to cover the entire
crack height and extend beyond the cracks by atdea@Eq. 3-9) to provide sufficient

bond.

Step 4Install layers of CFRP with fibers in tlvertical direction to cover the entire crack
width and then, bend the fibers at the bottom of a cap beam to extend up to the outer face
of the column. Itis assumed that horizontal and vertical fibers have equal contribution to

the shear strength becauke crack angle is 45 degrees.

7.5.3. Damage State 3 and 4

The same repair method used for DS2 is recommended for DS3 and DS4. The
joint shear strength at DS3 and DS4 is assumed to be 40% of that in the undamaged joint.
Consequently, repair is designed only to restore 60% loss in the shear strength. The
diagondshear crack angle is assumed to be 45 degree. Unidirectional CFRP fabrics
bonded on the wall surface are applied in the horizontal and vertical direction on both

sides of the joint.
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Chapter 8. Column Repair

8.1 Introduction

The current seismic design practice in gaeengineering for standard bridges
allows damage to bridge columns during moderate and strong earthquakes. The target
response under the maxi-moaim apee, bl eea&lair 2 hg
structure would undergo considerable nonlinearigpesited with extensive concrete
damage, yielding of bars, or even rupture of some of the bars. The level of damage to
bridge columns varies depending on the intensity of the ground shaking, type of
earthquake, and the force/deformation demand on indil/idembers.Several studies
have been conducted on repair of reinforced concrete (RC) columns subjected to seismic
loading. Repair of RC columns includes one or a combination of the following repairs
depending on the severity of earthquake damage: apgecgtion into cracks, patching of
spalled zones, CFRP jacket, GFRP jacket, RC jacket, and steel jacket (Priestley et al.
(1993), Saadatmanesh et al. (1997), Li and Sung (2003), Saiidi and Cheng (2004),
Lehman et al. (2001), Belarbi et al. (2008), Vosoagtd Saiidi (2010)). Few recent
studies have been conducted on repair of columns with fractured bars as well (Saiidi et al.
(2013), He et al. (2013), Rutledge et al. (2013)). These studies were briefly discussed in
Chapter 1.

This Chapter was aimed atwdoping repair methods for earthquakamaged
RC columns subjected to varying degree of damage using CFRPs. The six damage states
defined in a previous study by Vosooghi and Saiidi (2010) were utilized. The damage
states were defined in Chapter 3. Besmarepair of columns under DS6 is discussed in

previous studies (Saiidi et al. (201BJg et al. (2013), Rutledge et al. (2013he present
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study focused on repair of columns under DS1 to DS5. The repair was designed to
restore the shear and flexurapacity and confinement of columns at these damage

states. To demonstrate repair design, a single cantilever column was studied.

8.2  Assumptions and Simplification
Several assumptions and simplifications were made to present a generalized
approach to desigrepair of columns. The assumptions made about the residual capacity

of column at a given damage state are discussed below:

8.2.1. Shear Capacity

To develop repair method, the repair objective was first defined. Itis hence
necessary to determine the capacftgroundamaged column and establish the residual
capacity depending on damage state. The residual shear capacity of a column is the
summation of the residual concrete and steel shear strength at a given damage state.
Vosooghi and Saiidi (2010) conductexsearch on repair of high shear columns at the
University of Nevada, Reno. They defined five distinct apparent damage states for high
shear columns, DS1 to DS5. In their study, the residual contribution of concrete and steel
to column shear strengthfate DSs was proposed (Tablel®. Table 81 was utilized in

designing repair of columns to restore shear strength loss at a given damage state.

8.2.2. Flexural Capacity

The effect of earthquake damage on the column flexural capacity was modeled by
removing longudinal bars from the section in the analysis. Of course, in reality, bars are
not fractured in DS1, DS2, DS3, DS4, and DS5, but bar removal was used in the analysis

to simplify modeling the loss in moment capacity. Initially, a models developed by
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Sey@l and Saii di (2013) to estimate residual
benchmark to estimate the residual moment capacity under any given damage state. In

their study, two simple models based on measured data from previously tested columns
ands mplifying assumptions were proposed for
(1) simple model with no residual displacement, and (2) simple model with residual
displacement. The residual displacement was expressed by using the maximum

displacement dutity demand under the earthquake. The models are described below:

8.2.2.1Simple Model with no Residual Displacement

In this model, residual displacement is assumed to be zero to simplify the
formulation. To be able to calculate the residual momeatp aci ty factor ( U)
di splacement ductility demand, it i s assum

plastic moment capacity (Mwhen the displacement is equal to the yield displacement

(o . U is calculated as:
81
ot &1
m

Where, U is the displacement ductility demand of the column.

8.2.2.2Simple Model with Residual Displacement
Il n this model , it was assumeganttiBat t he

reached when the col umnybeyondteeregiduals a di spl a

-

di spl acement . Il n this case, U is calcul at
_ 1 (8-2)
m- b
Wher e, b i s the ratio of residual di sp

~

relationship between O and b was developed
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al. (2007) reported measured data including the maximum displacement and residual
displacenent for each earthquake run and the yield displacement calculated based on the
elastoplastic idealization of the foregisplacement relationship for each of the test
col umns. To find a relationship between O
first approach, a polynomial curve was fitted and in the second approach, a linear curve
was used. Eqs8and8 presents the relationship betw
and 2, respectively.

b =0.03917 +0.1437, (8-3)

b =047 (8-4)
Substitut8&ang B i Ealcul ated as:

_ 1 (8-5)
- 0.039177 +0.857m

(Approach 1) a

(Approach 2) a= %T (8-6)

In the present study, these models were further expanded to determine the residual
momentcapacity at different damage states. Because generally columns designed as per
current seismic requirements have ductility capacig)y ¢ueater than 3 (Caltrans SDC
2010), conservativelygiof 5.0 was considered in the present study to determine ductilit

demand () at various damage levels. p was calculated as:

m=DI*m - DI +1 (8-7)
Where DI :m-_l (8-8)
m-1

Where,DlI is the damage index. The relationship betwieeand damage level

(DSs) was derived in a previous study by Vosooghi and Saiidi (2012) using fragility
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curves. Theaveragglwas used to calculate U -at diff el
shows a summary of calculatedising different models.

In Table 82,1 ,{ ,{ ,and{ are the displacement ductility demands under
DS2, DS3, DS4, DS5, ;5 afdQy Dneaetheleesiqua ct i vel y;
moment capacity factors under DS2, DS3, DS4, DS5, and DS6, respectively; It is to be
noted that, in the present study, Mas used instead of plastic moment capacity) (M
Because in repaired columns the longitudinal bars have alregldedj it is practical to
use the ultimate moment instead of plastic moment, which is determined from idealized
momenicurvature curve that requires the elastic part of the idealized curve to pass
through the initial yield point.

The simple model with neesidual displacement is generally too conservative in
calculating U. The simple model with resi
conservative in calculating U when ductilii
Since the simple model thi residual displacement using Approach 2 provides reasonable
U and the user with a simple formula, it w

The method was explored through a design example that consisted of a single
cantilever column with 4ft diameter [1219 mm] andf2®096 mm)] height. To design
this column, the expected compressive and tensile strength of 5 ksi [34.5 Mpa] and 68 ksi
[469 Mpa], respectively, were used. Tabi8 Bsts the column design properties
calculated using Caltrans procedure (SDC 3.1.3, 20A6 axial load index of 10% was

used in design.
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8.3  Moment Curvature Analysis

To illustrate the proposed repair method, a prototype circular column section was
used in this study. To determine the nominal moment capacity of column section,
program Xtract Chadwell 2007) was used to obtain the monrgemvature relationship.
The ultimate moment was used as the nominal moment capacity of the section. To mimic
the loss in flexural strength under each damage state, the longitudinal steel bars were
removed fronthe section.Figure 81 shows an example of undamaged and damaged
sectionghat were analyzed using XRACT. Figur® 8epresents the flexure capacity of
bridge column at different DSs. The CFRP fabric material properties used for repair

were the samesahose used for shear keys in Chapter 4.

8.4  Column Shear Strength

The nominal shear strengti,j of the undamaged column was calculated using
the Caltrans SDC (2010) design procedure. The concrete shear capacity of members
designed for ductility shall emider the effects of flexural and axial load (SDC 3.6.2,

2010). Egs.® to 817 were used to calculate the nominal shear strength.

1 Concrete shear capacity
V. =u 3 A (8-9)
A =08°% A (8-10)

Inside the plastic hinge
0 OORMPEDHDGE 1 e T e (psi) (8-11)

Outside the plastic hinge
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0 o 00OMqéite 1 Qe (psi) (812)
where:
OGS £ T " Q - ‘ - (fynin ksi units) (8-13)
p B ®X
00 &Y £ p _ o (fyn in ksi units)  (8-14)
¢mmnr (P is in Ibs)
i Shear reinforcement capacity
. 0 Q0= (8-15)
w -
i
where:
30 G 8-16
A =n: 208 (&16)
(;;2+
V, =V, V¢ (&17)

Where, V¢ is the concrete shear strengia,is the shear reinforcement capacity,
A\ is the total area of the shear reinforcem@pis the diameter of spirals,is the
number of individual interlocking spiral core sectio@eg¢s the core diameter measured
from center to center of spirdf) is the yield strength of spira,is the spacing between
spirals,’ is the ductility demandy is the gross area of column sectidajs the
effective area of column sectici@pes the compressive strength of concrete, Ba the

column axial load.
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8.5 Repair Design to Restore Shear Sémgth

To restore shear strength, unidirectional CFRP fabrics with fibers in the horizontal
direction were assumed. The CFRP properties given in Chapter 3 were utilized.
Priestley (1996) recommended that in calculating the shear resistance contributed by
FRP, the radial dilating strain of the FRP be limited to 0.004 to avoid degradation in
concrete aggregate interlock. Combining the above recommendation and the Caltrans
criteria for seismic shear design for ductile reinforced concrete members, thedequire

thickness for the jacket () was determined as:

v (8-18)

|

t =
J
P53 0.004 E;* D

V, =V, - (RV. +RVs) (8-19)

Where,V, is the shear strength provided by jack®is the diameter of columik;
is the tensile modulus of elasticity of FRP, &dandRs are the contribution of concrete

and spiral at different DSs. Other parameters were defined previously.

8.5.1. Damage State 1

This damage state exhibits minor cracking of cover concrete in the cplastit
hinge. Damage at this level does not affect member capacity. Therefore, it was assumed
that the shear strength provided by concrete and steel at DS1 is 100% of that in the
undamaged column. The repair recommended for DS1 is-atngstural repaiand its
purpose is to protect reinforcement against corrosion and for aesthetic reasons. No loss

in shear strength was considered at or outside the plastic hinge region.



85

8.5.2. Damage State 2

In the plastic hinge, the shear strength of concrete and steBPas@ssumed to
be 80% and 100% of the original strengths, respectively. Consequently, for DS2, repair
is designed to restore the 20% loss in concrete shear strength. Unidirectional CFRP
fabrics were used in the transverse direction to repair the cau®82. No loss in

shear strength was assumed outside the plastic hinge region.

8.5.3. Damage State 3

In the plastic hinge region, the shear strength of concrete and steel at DS3 is
assumed to be 60% and 75% of the original strengths, respectively. Consedmentl
DS3, repair is designed to restore the 40% and 25% loss in the concrete and steel shear
strength, respectively. Unidirectional CFRP fabrics were used in the horizontal direction
to repair extensive cover concrete spalling associated with N83oss in shear strength

was assumed outside the plastic hinge region.

8.5.4. Damage State 4

The shear strength of concrete and steel in DS4 is assumed to be 40% and 50% of
the original strengths, respectively. Consequently, for DS3, repair is designed to restore
the 60% and 50% loss in the concrete and steel shear strength, respectively.
Unidirectional CFRP fabrics with fibers in the transverse direction were used to repair the
column at DS4.0utside the plastic hingshear strength of concrete and steel at 3S4
assumed to be 80% and 100% of the original strengths, respectaigequently,
repair is designed to restore the 20% loss in the concrete shear strength outside the plastic

hinge.
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8.5.5. Damage State 5

The shear strength of concrete and steel at DSSusreesi to be 20% and 50% of
the original strengths, respectively (Tabl&)3 Consequently, for DS5, repair is
designed to restore the 80% and 50% loss in the concrete and steel shear strength,
respectively. Unidirectional CFRP fabrics were used in thizdwtal direction to repair
the column at DS50utside the plastic hingshear strength of concrete and steel at DS4
is assumed to be 60% and 100% of the original strengths, respectuébide the

plastic hinge, repair is designed to restore the #3%in the concrete shear strength.

8.6  Restoring Confinement
A confinement pressure of 575 psi [3962 kPa] and 750 psi [5168 kPa] was used at

the ultimate strain¢,, ) of the jacket for the plastic hinges under DS2 or DS3, and DS4

or DS5, respectively (Vosooghi and Saiidi 2010). No confinement restoration is deemed
necessary for neplastic hinge regions and plastic hinges underlDS he required

CFRP jacket thickres was calculated as follow:

= fD (8-20)
' 2E.e,
et 8-21
where, £ :2Eje]ut% (8-21)

Where,f is the confinement pressure due to CFRP. Other parameters are defined
previously.

Table 84 presents the summary of column repair to restore the shear strength loss
at different DSs. This Table shows that repair is governed by required CFRP

confinement pressure. The required number of CFRP layers varies from 2.0 to 4.0
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depending on #1DS. For example, at DS3, the required CFRP thickness is 0.13 in [3.3
mm], and based on the minimum thickness of 0.04 in [1 mm], 4.0 CFRP layers are

provided. Whereas for DS4 and DS5, 5 layers of CFRP are provided.

8.7 Repair Design to Restore Flexural Stragth

To restore flexural strength, CFRP jackets were assumed with fibers in the
column longitudinal direction. The goal was to mimic the flexural strength provided by
column longitudinal bars. The CFRP jacket was used at the column plastic hinge region.
There are few studies available to repair bridge columns to restore flexural strength using
CFRP Gaiidi et al. (2013)He et al. (2013), Rutledge et al. (2013)). However, these
studies only address the repair of columns subjected to DS5 and/or DS€@udids have
been conducted to address flexural repair of columns subjected to different degrees of
damage (DS1 to DS4). To develop a repair method, the repair objective was first
defined. The repair objective was to restore the ultimate flexural capdearthquake
damaged columns. It is hence necessary, to determine the capacity of an undamaged
column and establish the residual capacity depending on damage state. The residual
moment capacity of the col umn durasectiomst abl i s
8.2.2.2. In designing flexural repair of columns, it was assumed that the residual moment
capacity is 85%, 65%, and 50% at DS3, DS4, and DS5, respectively, of the original
column. Because DS1 and DS2 represent minor damage, no CFRP repair is
recommended for flexure at these damage states. In addition, the average DI for DS2 is
0.15 (Vosooghi and Saiidi 2012) and therefore, the ductility demand (u) at DS2 is less

than 2 for a column designed for a ductility capacity of 5 (Ef). 8Previoustudies
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(Phan et al. 2005 and Seyed and Saiidi 2013) show that, for a ductility demand of 2 or
less, the residual moment capacity factor is 1.

The required thickness of CFRP jacket was determined by sectional analysis to
provide the same flexural strength the original column. The CFRP for flexural repair
was assumed to be side bonded, and the effective strain in the CFRP was calculated using
Eq.3-4. Table 85 presents the summary of column repair design to restore flexural
strength at different damegstates. This Table shows that 3 and 4 layers of CFRP are
required to restore flexural strength loss at DS3/DS4 and DS5, respectively. Figures 8
to 85 show the moment curvature plot of undamaged, damaged and repaired column for
DS3, DS4, and DS5, rpsctively.

As an alternative to CFRP jacket, CFRP strips can be used to restore the loss in
flexural strength (Saiidi et al. 2014). Tabl® 8hows the material properties of
unidirectional CFRP laminate (GU50C) used for stripable 87 presents theummary
of column repair to restore the flexural strength loss at different damage states using
CFRP strips. A total of 14 strips with 4.0 in [102 mm] width were provided (F&j. 8
The number of layers per strip varies from 2 to 3 depending on th&db&(87). Itis
recommended that the minimum length of the CFRP strips should be equal to the length
of the plastic hinge region plus the length of CFRP anchorage into the footing. Figure 8
6 shows an example of flexural repair at DS3 using CFRP s#ipgendix A5 shows an

example of column repair.
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8.8  Design of Connection between CFRP and Footing

The FRP shell has to be embedded into the footing to ensure the full strength
development of FRP. Recent studies propose a minimum length required tbikave
failure mode. Zhu et al (2006, 2007) proposed a length of 1.1D, where D is the diameter
of a circular FRP shell. Zakaib and Fam (2012) suggested at least 0.7D for circular shell.
In their studies normal strength concrete was used in the conndictiera relatively
large length is needed. Sadeghian and Fam (2010) proposed a simplified equation to

calculate the required embedment length as shown below:

X 3oM

D D%y

(8-22)
whereXis the minimum required embedment lenddhs diameter of @ircular

shell;M is the bending moment needed to be transferred to the footing to restore the full

moment capacity of the section; adds the compressive strength of concrete.

For CFRP strips to develop the effective bond stress at a sectionchozage

length of FRP should not be less than that given by E238 @\CI 440.2R08).

nE;t;

Nz

l4 =0.0572 inin.-lb units  (8-23)
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Chapter 9. Probabilistic Damage Control Approach for Seismic Design of Bridge
Columns

9.1 Introduction

To develop PDCAsix apparenDSs defined in a previous study by Vosooghi and
Saiidi (2010) were utilizedHigure 91). To establish correlation between DS and DI, a
database of 22 bridge columns were studied (Vosooghi and Saiidi 2012). In that study, in
addition to DI, five other response parameters were defined. The response parameters
were divided into two categes, internal and external. The external response parameters
consist of the maximum drift ratio (MDR), residual drift ratio (RDR), frequency ratio
(FR), and damage index (DI); whereas, the internal response parameters consist of the
maximum longitudinal teel stain (MLS) and the maximum transverse steel strain (MTS).
Out of 32 columns, only 21 were used to develop fragility curves for damage indices.
This is because 11 of the columns had not failed in the tests. The models used to develop
fragility curves are shown with bold lettersTiable 91. The column database of 32
columns was further expanded to 38 columns by adding data from six columns ef a four
span bridge model tested at UNR (Saiidi et al. 2013). The six column models are listed at
the botom of Tabled-1. Out of these six, only one column was subjected to failure and was
added to the previous database of 21 columns. Utilizing the columns database, fragility
curves were developed to establish catieh between DS and Dlifure9-2). These
fragility curves serve as resistance model in the reliability analysis. Implicit in these curves
is variability in concrete and steel properties. The expansion of column database is further
discussed in detail in Chapted. 1In Figure 92, no curvesire shown for DS, because DS

6 corresponds to failure with 100% probability of DI of one.
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To develop a load model for reliability analysis, extensive analytical modeling of
seismic response of single column and multi columns bents was conducted. rAngile
of variables was included in the study to address the effect of aspect ratio, support
conditions, longitudinal steel ratio, site class, distance to active faults, and number of
columns per bent. Each bent was analyzed under 18ieldsand 10 faffield ground
motions. For each ground motion, the maximum displacement was determined and
consequently DI was calculatedfter having distribution of resistance and load model,
reliability analysis was conducted. The reliability analysis results araalyzed, and a
direct probabilistic design method was developed to calibrate the design DI and to obtain a

target reliability index §4) against failure. Thej is based on combined probability of

failure including the probability of earthquake exceedance during the life span of bridge

(Peq)

9.2  Fragility Curves to Correlate Damage States with Damage Indices

The fragility analysis approach was used to establishdirelation between DS
and DI, taking into account the effect of uncertainties in seismic response parameters. To
develop fragility curves a cumulative lognormal distribution function was used.

Development of fragility curves is discussed in the follonsegtions.

9.2.1. Fragility Function Definition

According to ATG58, fragility functions are probability distributions that are
used to indicate the probability that a component, element or system will be damaged to a
given or more severe DS as a function ofrgl& predictive demand parameter. In the

present study, fragility curves take the form of cumulative lognormal distribution
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functions, with median valugand logarithmic standard deviation»of The

mathematical form for such a fragility function is:

5 5 9-1)

_ (P ) (

F(RP)=F ae—xa— 3
(} -

Where F(RP)is the conditional probability that the component will be damaged

to a given DS as a function BP, RPis the response parameter at a given B8gnotes
the standard normal cumulative distribution functignjenotes the median value of the
probability distribution, andx denotes the logarithmic standard deviation. Bgp#mnd X
are established for each DS. In simple terms, median vahepresents the 50%
probability of exceeding a given DS and can be calculated as:

(9-2)

o

g = expit ;:1 In(RP),
(;N i=1

Where,N is the total number of specimens at a given DS. The logarithmic

standard deviation of the response parameter at the given DS is calculated as follows:

= s bl

All the parameters were defined previously.

(9-3)

9.2.2. Development of Fragility Curves
Fragility functions were calculated for the DI associated with each DS. The
procedure to develop fragility curves was as follows: the response parameters (DI) were

sorted in an ascending order. The cumulative frequenciescaieulated for the" DI as

%\I , Wherei is the sequential position of the DI, and N is the total number of columns.

Natural logarithm magnitudes of DI were calculated. @hedx were calculated using
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Eq.9-2 and9-3. Substitutig d andx in Eq.9-1, fragility curve was developedFigure
9-3 shows the typical form of a fragility function when plotted using the lognormal
cumulative distribution function.
The SmironovKolmogorov goodnesef-fit test (Massey et al. 1951) and
graphical methods were used as acceptance criteria for lognormal distribution. To use the
Kolmogorov goodness of fit test, it was assumed that the DI data is the representative of
the population. This assumption was satisfied by conduektensive analysesith a
reasonable scatter in data to develop an approximately continuous distribution function
for DI. In the SmironovKolmogorov test, the hypothesis that the data has lognormal
distribution is accepted if all test data points in resistance and load model lie between the
lower and upper confidence limitsGL andUCL). These confidence limits can be
calaulated as follow:
LCL=F(RP)- d,(N) (9-4)
ucL=F(RP)+d,(N) (9-5)
Whered, (N) is a parameter determined based on the level of significhead
the total number of the sampléd)( Massey et al. (1951) tabulated the magnitudes of

d, (N) as a function of significance level and the total number of samples @aple
The critical values ofd, (N) (Table9-2) represent the maximum absolute difference
between the sample and population cumulative distribution. Bablean be used to
determine the confidence intervals for cumulative distribution funEt(tRP). Thus

100(X a) represents the confidence limits EJ(rRP). The level of confidence is the

probability that the data points lie outside the limits. For example, significance level of
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0.05 represents the confidence level of 95%, which means ti&xepsobability that the
data points lie outside the limits. In the present study a significance level of 10% was

selected based on Naeim et al. (2005) recommendation.

9.2.3. Application of Fragility Curves in Performance Based Design

Seismic fragility curves fohighway bridges are conditional probability
statements about the vulnerability of a bridge subjected to seismic loading. This
vulnerability is typically expressed in terms of predefined DSs that have some physical
meaning in terms of bridge functionglievels. The fragility curves are useful for
performancebased design of bridge columns. In simple terminology, fragility curves are
graphs that describe the probability of structure being damaged beyond a specific DS for
various levels of ground shakinThese curves offer valuable insight to decision makers
and bridge owners seeking to reduce the risk of damage to bridlgevelop any
fragility curve, a response parameter needs to be selected.

In the present study,RDCAwas developed for bridgslumns that utilized
fragility curves to define performance levels for a certain bridge category under a
specified earthquake level. The performance levels were quantified in terms of DSs. To
design columns, DSs were correlated with column responaemptar (DI). The
columns were designed for one or more target performance levels with stated
probabilities. Given the performance level (DS) and its stated probability, a response
parameter was selected from the fragility curves. For example, in senpstudy, the
columns were designed for 50% probability of exceeding DS3, and the corresponding DI

was 0.35 (Figure-2). To satisfy the given performance level, the response parameter
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was selected to be higher than the earthquake demand on the cotuonder to provide
flexibility to designers, different performance levels were assigned to distinct bridge

categories and earthquake levels as discussed in the following section.

9.3 Design Performance Levels

Performance based design begins with the seteofidesign criteria stated in the
form of one or more performance objectives. Each performance objective is a statement
of the acceptable risk of being at specific level of damage at a specified level of seismic
hazard. Current design codes (Americasdesation of State Highway and
Transportation Officials (AASHTO) (2010) and Caltrans SDC (2010) have adopted
different approaches to achieve required performance objectives. AASHTO (2010) states
t h dridgeé shall be designed to have a low probabiligotdapse but may suffer
significant damage and disruption to service when subject to earthquake ground motions
that have a seven percent probability of exceedance in 75 years. Partial or complete
replacement may be required. Higher levels of performaragebe used with the
aut horizati on o AASHTOg20B) defihas damape levels depending
on the importance of the bridge, and earthquake return period. However, the
performance objectives in the design codes are defined qualitativeiynis) &¢ design
principles. Damage levels are not quantified in terms of response parameters of a bridge.
In general, current design codes have the following shortcomings: (1) damage levels are
defined qualitatively and not correlated to bridge responsensers; (2) they do not
provide enough flexibility to designer/owner to select different performance levels under

different earthquake return periods.
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To address these shortcomings, a comprehensive design matrix was developed in
the present study to correlate the performance objective with bridge category, earthquake
return period, and bridge response parameter (DI) (BaB)e Both qualitative and
guantitative performance levels are described in T@8e An average DI from fragility
curves was selected as a representative of the given DS. Based on discussion with the
Caltrans engineers, different service levels to distinct DSs were assigned (2cdunthi3
of Table9-3). Based on Tab-3, at DS1 (DI=0), the bridge will remain fully
operational after the earthquake with no repair needed, and the bridge will be open to
both public and emergency vehicles. At DS2, the bridge will remain fully opesat
after the earthquake, repair is needed only at plastic hinges and DI is equal to 0.15. At
DS3, the bridge is closed to public vehicles, limited service will be allowed to emergency
vehicles, repair is needed perhaps for all columns, and DI is eq@&5. At DS4, the
bridge is closed to public vehicle, limited service is allowed to emergency vehicles, repair
is needed for the entire column, and DI is equal to 0.55. At DS5, the bridge is not usable
after the earthquake, major repair is neede@idre column, and DI is equal to 0.8. At
DS6, the bridge is not usable after the earthquake, major repair or reconstruction is
needed, and DI is equal to one.

Four bridge categories defined by Caltrans (standard bridges, ordinary non
standard bridgesgcovery bridges, and important bridges) were used to correlate with
performance objectives. Even though only one of these were utilized in the present study
(standard bridges), other categories were included for the sake of completeness.
Different eartlguake return periods ranging from 100 to 2500 years are tied with various

performance objectives and bridge categories. It is to be noted that the design matrix
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presented in this study is somewhat subjective and can be modified based on the desired

performance objectives.

9.4  Limit State Function and Probability of Failure
The term Afailureo means different thin
necessarily mean catastrophic failure but is used to indicate that the structure does not
perform as intendedBefore conducting reliability analysis, failure needs to be clearly
defined. The concept of limit state is used to define failure in the context of structural
reliability analysis. Limit state is a boundary between desired and undesired performance
of a structure. The structural performance is usually expressed in terms of the
mathematical equations and limit state functions involving various load and resistance
parameters. Let L and R be the load and resistance parameters, respectively. Then, the
structural failure corresponds to R being less than L. The corresponding limit state
function, Z, is (Nowak and Collins 2000)
Z=R-L (9-6)
P, =P(z<0) (9-7)
A negative value of Z indicates failure. The probability of failé%e,can be
expressed by E®-7. In this study, parameters L and R were represented in terms of DI.

Probability distribution functions of load, resistance, and safety margin are shown in

Figure9-3 (Nowak & Collins 2000).

9.5 Resistance Model
The proposed design approach in this study is based on apparent DS and its

associated DI. DI is a measure of the lost plaiformationcapacity in the column at
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certain DS. Therefore, in this study, the DI is focused on for investigation. The

resistace or capacity of the bridge column is determined based on material properties
and dimensions. To model a resistance, fragility curves developed by Vosooghi and
Saiidi (2012) correlating DSs with DlIs were utilizédigure 92). Column model

database itheir study consisted of 25 columns studied at the UNR and seven columns
from the Pacific Earthquake Engineering Research Center (PEER) (PEER 2003). Out of
these 24 models were tested on shake tables and the rest were tested under lateral quasi
static loaling. The concrete strgth ranged between 4 and 6 ksi [28 and 41 Maadl

the reinforcement yield stresss between 60 and 70 ksi [414 and 483 M&ihgle

columns and columns of twepan and fouspan bridge model were included in the
database. Cofuns used in their study were designed based on recent or current seismic
design provisions. All columns were placed in a single category to obtain the database.
To account for the effect of data scatter, a probabilistic approach was used to correlate the
DSs and DlIs. To characterize the probabilistic nature of the problem, fragility curves
were developed for five daage states, DS1 to DS5 (Figur2)® DS6 corresponds to

failure with DI equal to one. Consequently, no scatter in the data was accaurd&bf

In reliability analysis, mean and standard deviation of DS6 for resistance model were

assumed to be one and zero, respectively.

9.6 Load Model
The load component used in this study was the demand DI for the column imposed
by different earthquakground motions The load component was determined by modeling

a large number of single column and multicolumn bents, and analyzing them under 25 near
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field and far field ground motions. One of the most challenging aspects of the modeling was
to incorpor&e uncertainties in the load model. To incorporate uncertainties in the load

model the following parameters were used:

9.6.1. Site Class

Bridge site class was divided into two categories; site class B/C and site class D.
In various codes (AASHTO (2010), Caltea8DC (2010), and American Society of Civil
Engineers (ASCE-10)) these site classes are defined based on soil type and shear wave
velocity (Vs3g. According to the definition given in these codes, site classes B, C, and D
corresponds to rock, soft rocnd stiff soil, respectively. Because site B and C both
represents rock, they were lumped together into one site class as B/C. USGS de
aggregation beta website (USGS 2008 Interactive Deaggregations Beta) was utilized to
determine design spectrum for $kesite classes. To determine the design spectrum, a
shear wave velocity (840 of 760 m/s [2500 ft/s] and 270 m/s [886 ft/s] was used for site
B/C and site D, respectively. The shear wave velocities used were based on the code
recommendationfCaltransARS Online V2.3.06 and Caltrans SDC 2010). Theyuf
760 m/s [2500 ft/s] represents the median &fp¥f site class B and C, whereas, 270 m/s

[886 ft/s] represents the averagesyof site class D (Tabl8-4).

9.6.2. Ground Motion Selection
Ground motion reords were initially selected from PEER strong ground motion

databasehftp://peer.berkeley.edu/peer_ground_motion_dataydmé/were subsequently

scaled to match the design spectederation of the bent at one second. The scale factor

was limited to 3 because it was felt that higher factors would lead to records that do not


http://peer.berkeley.edu/peer_ground_motion_database/
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represent strong earthquakes despite their high scaled acceleration. To account for the
uncertainties in grund motions, various site parameters were assumed. Parameters used in
the selection of fafield and neaffield ground motions were: 340 earthquake magnitude,
distance to the fault (i, and scaling factors (SF). The range egabetween 500 to 1500

m/s [1640 to 4821 ft/s] and 200 to 360 m/s [656 to 1181 ft/s] was used to select ground
motions for site class B/C and D, respectively. All the ground motions were selected for
earthquake magnitude greater than sixbBtween 0 to 15 km [0 to 1500 m] ab8l to 30 km
[1500 to 3000 m] was selected for néiatd and farfield ground motions, respectively.

Based on these parameters, 15 fiieddl and 10 faifield ground motions were selected for
each site class. The number of near field motions was higlcaube this type of motion is

generally more demanding.

9.6.3. Bents Properties

The expected material properties as specified in SDC Caltrans (2010) were used to
design bents. Grade 60 steel was used for longitudinal and spiral reinforcement. The
expected conete compressive strength and steel yield strength were used as 5 ksi [34.47
MPa] and 68 ksi [468.84 MPa], respectively. No uncertainty was considered in the concrete
compressive and steel yield strength. To capture the effect of column diameter, three
different diameters of four, five, and six feet [1219, 1524, and 1829 mm] were used in the
analyses. The longitudinal steel ratio in the columns was 1%, 2%, and 3%. To account for
the effect of column aspect ratio, two different column heights of 30%&44[mm] and 60
feet [18288 mm] were used in the study. To account for the variability in bent support
conditions, cantilever, fixeginned and fixedixed connections were usedo study the

effect of redundancy on reliability, single column bent (S@B, columns bents (TCB),
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and four columns bents (FCB) were used in the analysesx@ddoad index of 10% was
used in all columns. The axial load index is defined as the compressive axial force divided
by the product of the cross section area of thenwo and the specified concrete

compressive strength.

9.6.4. Earthquake Return Period

The return period is generally defined as the average number of trials (usually
years) to the first occurrence of an event of magnitude greater than a predefined critical
event (Benjamin and Cornell 1970). If the events are independent and the exceedance
probability (P) of the critical event at any trial remains constant, the return pémadh
be computed a& = 1/P. The return periods usually used for risk analysiRisk analysis
assumes that the probability of the event occurring does not vary over time and is
independent of past events. Since earthquakes are random events, an uncertainty concerning
earthquake occurrence always exists,astfucture located inseismically active region
will be exposed to some earthquake loads during its lifetime. Therefore, an appropriate
description of the seismic hazard needs to be incorporated for valid estimation of
structural reliability. In this context, reliability refeto the probability that the structure
will resist any seismic loads result from a given earthquake level. In the present study,
the reliability of bents was investigated under the earthquakes with return period of 1000,

1500, and 250@ear.

9.7 Reliability Analysis
Society expects bridges to be designed with a reasonable safety level. In practice,

this expectation is achieved by implementing current design code requirements
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specifying design values for strength, displacement, and so on. Over the pgsafew
design code requirements have advanced to include design criteria that take into account
some of the sources of uncertainty in seismic design of bridge component (AASHTO
2010). Such criteria are often referred to as reliabigged design criter. The
reliability of a component is defined as the probability that the component would perform
according to a specified performance criterion for at least a specified period under
specified conditions (Ayyub and McCuen 2003). Reliability is oftenesq®d as the
probability that a structure will not fail to perform its intended function.

In order to determine the probability of failufest order second moment method
(FOSM) Ayyub and McCuen 2003yas used in the reliability analysigirst order
implies that this method considers only linear limit state function, while second moment
refers to the fact that, the first two moments of a random variable, the mean value and the
standard deviation, are considered. This method measuresitiaral grformance in
terms of the reliability or probability of failurelhe mean and standard deviation of Z in
EqQ.9-6 are estimated using the information on means and standard deviation of the basic
random variables. In the present study, the random vanasdl.

The reliability of bents was quantified
used as a measure of structural saf@yaphically, eliability index (also known as safety
index) is the distance of the mean of limit state function fromrasurface measured in
terms of standard deviations. The graphic
in Figure9-4. In the present study, reliability analysis was conducted to calibrate design
DI for Dbridge c¢ol umn filute.oTheoobjectve of theaandlysis get b

was the assurance of some level of safety. Load and resistance were treated as random
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variables. As discussed before, there was significant scatter in the seismic response and

demand of bents, therefore, therelidbi t y of bents needs to
calculated as follows for lognormal distributions (Ayyub and McCuen 2003):
Inaeni‘ (‘?+1g
0
S A NACE: (98)
\/Ingd§+1)( @’-H.) ‘i
Where L=I1oad, R=resistance, ¢&=mean,
variation (0/¢). The statistical par am

response (Figurg-2) were used for resistance parameters and those obtained from non
linear dynamic analyses were used for loading parameters. The reliability index
calculated by EP-8 was modified to include the probability of occurrence of design
earthquake during the lifetime of a bridge.

The probability of column failure is relateal the return period and exceedance
probability of the design earthquake. Therefore, it is important to determine the
probability of column failure by incorporating the probability of earthquake exceedance
during the lifetime of a structure. Considerihgttannual earthquake events are
independent, the probability of earthquake exceedance during lifetime of a structure can

be calculated using E%9 (Yen 1970):

- OO0,

Peg =1- (9-9)
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Where,Peq, t and T are the probability of earthquake exceedance during the life

time of a structure, life time of a structure and return period, respectively. The
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probability of column failureRcg) and at the same time to have an earthquake

occurrence can be calated using conditional probability as:

0 ., 0 0 0 0 (9-10)
0 0 1-F(b)ord .0 1-F(bi) (9-11)
bi=-F Py EPy) or T E 0 0 (9-12)

O 0 is the probability of column failure given the design earthquake has
occurred, A is the nor mal bjstharelidbdityiddexdi st r i b
corresponds to combined probability of failure. Havimgalculated from Ed-8,

Pceb R was calculated using E§-11 (Ayyub and McCuen 2003). By substitutifgy
andPceb Roin Eq.9-10,0 . 0 was determined. Having , 0 , b6 was
calculated from E¢P-12. The level of reliability at DSE)S4, and DS5 was also

investigated.

9.8 Calibration of Design Damage Index
A reliability analysis was conducted to
against failure. In genetalalibration process in reliability analysis is iterative, until the
desired reliability level is achieved. To overcome this iterative process, a new direct
PDCAwas developed to calibrate design. Calibration of design DI dsiegt PDCA
consists of the following steps:
Step 1. Development of load and resistance model: Thedoadesistance models

were treated as continuous random variables. Their scatter was described by cumulative
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distribution functions (CDF) (Sectidh6 and9. 7 ) . The CDF6s for | oad
models were derived using the available statistical daabas

Step 2. Reliability analysis: Structural performance was measured in terms of the
probability of failure. After having cumulative distributions of load and resistance models,
b was cal cub@tvh*ld usi ng Eqs.

Step 3.  Selection of target reliability index: After achieving a methodology and
dat abase to calcul ate b, thferthedesignDIst ep was
calibration. Selection of a targétj was based on ¢hmargin of safety implied in current
design codes. Typically, reliability values in the range of 2.0 to 4.0 are used in formulating
AASHTO LRFD design criteriasAASHTO LRFD recommends a reliability of 3.5 for
bridges under gravity loading while not anoting for the effect of earthquake loading.
Earthquake loading is uncertain and not always present on the structure; therefore, in this

study a targetpj of 3 against failure was selected for columns under seismic loading. In
general selection of @ is somewhat subjective. Ideally, the selection of the tabget

is based on economic issue that reflects both the cost of increasing the safety margins and
the implied costs associated with compatrfailure.

Step 4. Direct PDCA and calibration of DI: In step 1, desifh was tentatively
speci fied as 0. 35wascaltimtedagains faileirp.sTo dchievente 2, b
target 6§ as described in step 3, one approach is to parii@rations by selecting
different design DI and repeating the entire process from step 1 and 2 until the desired
reliability level is achieved. This approach is time consuming and not practical. A

second approach is to fix the reliability index anaakdte the design DI associated with
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it. Using the second approadirect PDCAwas developed in this study for DI

calibration. Desigi| could be precisely determined based on a tafget The

development and evaluationdifectPDCA s discussed in detail in Chaptez. 1
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Chapter 10. Expansion of Column Database

10.1 Introduction

The database used to develop fragility curves in the study conducted by Vosooghi
and Saiidi (2012), was expanded with addition of six columns. The thresotwmn
bents of a largscale 4span bridge that had been tested on the three shake tables at the
University of Nevada Reno (UNR) (Saiidi et al. 2013) were used in this part of the study.
The objectives of their study was to investigate the response, performance, and
interaction of components of a quarseale fourspan bridge system to increasiegéls
of seismic excitation until failure. The columns were subjected to varying degree of
damage. Their project scope included the biaxial (no vertical excitation) testing of a
highway bridge that utilizes a continuous superstructure supported onagr@pecs.
After each run of shake table tests, the columns were investigated for damage. In this
Chapter, the six response parameters defined in a previous study at UNR (Vosooghi and
Saiidi 2012) were calculated for each column. Bridge properties gooafion, and

calculation of response parameters (RPs) are discussed in the following sections.

10.2 Four Span Bridge Model

Saiidi et al. (2013) tested a quarseale fourspan conventional bridge model on
three shake tables at the UNRFigure 101 shows tle plan and elevation view of the
bridge. The prototype was scaled into an equivalent guscéde model for shake table
testing. The superstructure was composed of a solid slab that wasnsished in both
the longitudinal and transverse directiofhe model also included abutment seats at both

ends of the bridge that were driven in the longitudinal direction by hydraulic actuators to
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incorporate the abutment interaction with the bridge system. The interior two spans were
348 inch [8839 mm] and thexterior two spans were 294.25 inch [7474 mm] for a total
length of approximately 1320 inch [33528 mm]. The clear height of the bents were 60,
72 and 84 inch [1524, 1829, and 2134 mm], with the tallest bent in the middle. The
bridge consisted of threayd-column bents. The columns were of same diameter and
height. But, the height of each bent varies making the bridge asymmetric relative to the
transverse axis passing through the center to include the effect of in plane torsion.

Figure 102 shows thébent configuration.

The columns met the current seismic design and detailing requirement. The
compressive concrete strength used was 5.7 ksi [39.3 MPa] and the reinforcement yield
stress was 59 ksi [406.8 MPa]. The longitudinal bar of size #3 and afpsiak W 2.9
wire was used in the columns. Bent 1 was the shortest and stiffest as compared to the

Bent 2 and 3.

10.3 Loading Protocol

The motion selected for bridge excitation was a modified version of the Century
City station recording of the 1994 Noridhge, California earthquake. The earthquake
motion used in the experimental testing consisted primarily of biaxial motions. This
motion was applied in multiple runs, with gradually increasing amplitudes that caused
increasing damage in columns. Tablelllists the complete test schedule for thepdn

bridge testing.
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10.4 Observed Performance

The columns were flexure dominatedt the end of each earthquake run, the
visual evidence of damages was investigated to determine th&H@Slefinition of
apparenDS was discussed previously in Chapter 3. The DSs in columns varied from

DS1 to DS6.

10.4.1.Bent 1 Observations

Bent 1, being the shortest of the bents, attracted a relatively large portion of lateral
forces. The plastic hinges in bent 1 exhibited flexuratks at the end of Test 1D. By
the end of Test 3, minor concrete spalling was observed on all faces of the bottom hinge
of the East column. Whereas in the West column concrete cover spalling was observed
after Test 4C. Extensive concrete spalling o@miin the bottom hinge of East column
by the end of Test 4D. By the end of Test 5, spirals were visible in the lower hinge of the
East column. By the end of Test 6, start of core damage occurred in the bottom hinge of
East column; whereas, in the Weshumn start of core damage began by the end of Test
7. Finally, by the end of Test 7 all longitudinal bars were visible, 5 of which fractured in
the East column while numerous others buckled in both colufigsres10-3 to 10-6
show the damage in thgast and West column of Bent 1. The description of damage

after each run is presented in Tablés21to 10-5.

10.4.2.Bent 2 Observations
Bent 2 was the tallest and most flexible of the bents, and therefore, the amount of
damage was relatively small due to thealirehare of shear it carried. Virtually no

cracking was observed until Test 1D. Small amount of flexural cracking occurred by the
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end of Test 3 in the bottom and top hinges of East and West columns; whereas, in the
West column, flextal cracking occurré by the end of Test 2. The extensive spalling of
cover concrete occurred by the end of Test 5 in the bottom hinge of East column while
minor spalling occurred in the West column. By the end of Test 6, few spirals were
visible in the East column whilegh/Nest column underwent extensive spalling in the
bottom hinge. Few spirals were visible in the West column by the end of TEgjufes

10-7 to 10-10 show the damage in the East and West column of Bent 2. The description

of damage after each run isepented in Table<€016 to 10-9.

10.4.3.Bent 3 Observations

Bent 3 was the intermediate height bent. Flexural cracks were visible after Test 3
in the bottom hinge of East and West columns. By the end of Test 4D, East column
exhibited minor spalling in the top @mottom hinge; whereas, West column bottom
hinge exhibited extensive spalling in the concrete with visible spirals. In the East
column, extensive spalling and visible spirals were observed by the end of Test 5 and 7,
respectively. The West column exhtéad imminent concrete core failure with visible
longitudinal reinforcement by the end of TestFigures10-11 to 1-14 show the
damage in the hinges of East and West column of Bent 3. The description of damage

after each run is presented in TabléslDto 10-13.

10.5 Measured ForceDisplacement Relationship
The bridge was subjected to uniaxial and biaxial motions. The target peak ground
acceleration (PGA) applied in the transverse direction was different from the PGA in the

longitudinal direction in each rurBecause biaxial motions were applied, ferce



111

displacement envelopes were determined using peak resultant lateral force and the
corresponding resultant displacemerfiggures10-15 to 1-20 show the measured force
displacement envelopes and idealizatifumsall the bents. The envelopes were idealized
by setting the elastic branch to pass through the first yield point and adjusting the plastic
portion so that the areas above and below the idealized curve is balanced with the
envelope in each bent. Thest yield point was assumed to be at-dvadf of the peak

force because the actual first yield point varied even within the plastic hinges of each
bent and for different loading directions. Utilizing the idealized talisplacement

curves, DS in each omn was correlated with the corresponding peak displacements.
Figures10-21 to 10-26 show the maximum displacement corresponding to a given DS of

Bent 1, 2 and 3 columns.

10.6 Response Parameters

The six response parameters defined in a previous study (Mosoud Saiidi
2012) were used as indicators of seismic performance. Even though only one of these
were utilized in the present study (Dl), the data are included for the sake of completeness.
The RPs were: the maximum drift ratio (MDR), residual drifioréRDR), frequency
ratio (FR),damage index (D, the maximum longitudinal steel strain (MLS), and the
maximumtransverse steel strain (MT.STables 0-14 to 10-19 show the calculated RPs

for all the columns.

10.7 Updated Fragility Curves
The RPs calculated in this study were combined with those calculated in a

previous study of Vosooghi and Saiidi (2012) to expand the database. The fragility
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curves calculated in their study were updated to reflect this expafsgyumeg10-27).
Cumulative lognormal distribution function was used to calculate these fragility curves.
Because the fragility function is a logarithmic function, it cannot be calculated for
negative RPs. As a result, instead of lognormal distribution function, a normal
distribution function was used to calculate the fragility curve for DIs at D¥lgare 10

27. The corresponding fragility functions were calculated using

2DI, - 7% 10-1
F(Dr1), =Fai= 78 (10-1)
¢c S -

Where DI, is for DS1; andi and( are the mean and standard deviation qf DI
respectively. Th@t and( of DIy were calculated as 0.016 and 0.072, respectively. For
each of the other DIs and RPs, Tale20D lists the median and logarithmic standard
deviation. Depending on data scatter, the median of each RP should be wowsiste
the value read from the respective fragility curve with a 50% probability of occurrence.
For example, the median of the DI at DS3 is 0.36 (Tabl2Q) and the corresponding

value read from the fragility curves is 0.36.
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Chapter 11. Seismic DemandAnalysis and Development of Load Model

11.1 Introduction

The structural analysis program SAP 2000 version 15.0.1 (Computer and
Structures, Inc. 2011) and Xtract (Chadwell 2007) were used in the analytical studies.
The bent mods that were used to develop load model for the reliability analysis are
described in this chapter. Single column,4vadumn, and foucolumn bents (SCB,
TCB, and FCB) were studied. To design SCBs, curvature capacity and strains required
for bond slip alculations were determined using Xtract for morrmmniature analysis.
Due to the variation in the axial load of columns in TCB and FCB under cyclic loading, it
was not practical to use the same design procedure as was used for SCB. Therefore, SAP
2000was used to obtain the pushover curves for rooltimn bents. The pushover
curve was idealized with an elagitastic relationship to estimate the plastic shear force
and the effective yield displacement (Caltrans SDC 2010).

Followed by bent design, ndinear dynamic analyses were conducted using SAP
2000. To account for uncertainties in the load motlet, effect of longitudinal steel
ratio, site class, return period, aspect ratio, and number of columns per bent was included
in the study. The bents were analyzed under a large number dfat@and farfield
ground motions of different intensitiegor each ground motion, the maximum
displacement was determined and subsequentjywB$ calculated. Where Dis the
damage index corresponds to load model. To analyze the scattes,rstatistical
analyses were conducted. Finally, the-tmgmal fagility curves were developed for DlIs

for each bent. These fragility curves served as a load model in the reliability analysis.
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11.2 Ground Motions Selection

Un-scaled ground motions (GMs) were selected from the PEER ggrongd
motion databasen(tp://peer.berkeley.edu/peer_ground_motion_datgba@ert of three
ground motion components in each record set, two horizontal and one vertical, the
horizontal motion with high spectral acceleration at period of one second leetede
Parameters that were used in the selection dfdlr and neafield GMs were: shear
wave velocity (\439, earthquake magnitude, distance to faulf)(Rnd scale factor (SF).
The range of ¥3pbetween 500 m/s [1640 ft/s] to 1500 m/s [4924] ihd 200 m/s [656
ft/s]to 360 m/s [1181 ft/s] was used to select GMs for site class B/C and D, respectively.
The GMs with magnitude greater than six were used. JjdifRance between 0 to 15
km and 15 to 30 km was used to distinguish +fedal and fir-field ground motions. The
GMs were selected so that the SF calculated based on spectral acceleration associated
with period of one second ({)$seg is not greater than 3. This is because it was felt that
records amplified by larger scale factors Wbot necessarily have the characteristics of
strong earthquakes. The limitation of SF of 3 was based on the design spectrum of 1000
year return period earthquake. Then, the same GMs were used to analyze the bents under
2500year earthquake.

Based orthe above parameters, 15 near field and 1@i¢dd GMs were selected
for each site class (Site B/C and Site D). Table and 1-2 list the GMs selected for
site class B/@nd D respectively. In thesafles, NGA is the new generation
attenuation nonber and PGA is the peak ground acceleration. The other parameters are

defined previously. Every GM presented in PEER database has its unique new
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generation attenuation number (NGA). The GMs response spectrums are presented in

Figuresll-1 to 11-4.

11.3 DesignSpectra
The United States Geological Survey (USGS 2008) Interactive Deaggregations

Beta tool https://geohazards.usgs.gov/deaqqgint/20@@5s utilized to calcalte the

design spectrum for site class B/C and D. This tool prowgestral acceleration JSor
the following spectral periods anywhere in the conterminous U.S: 0.0 s (PGA), 0.1 s, 0.2
5,0.3s5,055,1.0s,2.0s,3s,4s,and 5s. The calcafatiesign spectrum requires
10 separate deaggregation calculations, one for each period. For eXxagwyke -5
shows the design spectrum calculation for the spectral period of 1 sec for site B/C. This
Figure shows that, for period of one second, the spectral acceleration is 0.6733 g. The
USGSinteractive Deaggregations tool has an option to develop a desigrugpéat
various site classes and earthquake return periods.

To determine design spectrumsayof 760 m/s [2500 ft/s] and 270 m/s [886 ft/s]
were used for site B/C and site D, respectively. The design spectra were calculated for a
site in Los Angeles withatitude 34.0%nd longitude118.25 degree (Figurel3$6). All
the design spectra were calculated for 5% damping. Given the site parameters (latitude
and longitude), spectral period, angsy design spectra were calculated for 1000, 1500,
and 2500yearreturn period earthquake (Figurg-7 and 1-8). Table 1-3 lists the

structural period, $and return period for site class B/C and D.


https://geohazards.usgs.gov/deaggint/2008/
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11.4 Bent Design

The Caltrans SDC version 1.6 (Caltrans 2010) was used to design the Deat
Xtract software, SAP 2000, and design spectrum were used to design the columns.
Within each multicolumn bent, all the columns were designed identically. Circular cross
section was selected because of its widespreadiasd bent was designed fa
tentative design DI of 0.35 under an earthquake with a-$8@60return period. The DI
of 0.35 corresponds to a 50% probability of exceedance of DB&.DI was calculated
using elasteplastic pushover curve based on SDC 3.1 (Caltrans 2010). Seismic
di spl acement demands were determined based
the effective stiffness of the column bents. Each bent was designed for two site classes:
site class B/C and site class Do investigate the effect of different desigerformance
levels on the reliability, SCBsere also designed for DI of 0.35 under 15@ar
earthquake

The shear design was conducted based on SDC 3.6 (Caltrans 2010). The bents
with doublecurvature and high longitudinal steel ratio, reached a DI smihhn 0.35,
even with zero confinement, because they nearly remained elastic under the design
earthquake. Therefore, these columns were not included in the present study. A similar
trend was observed in some of the tall columns because of theirelgiddiw stiffness.
In cases where the bents reached DI of 0.35, but shear rather than confinement controlled
the design, the columns were redesigned for shear. Because of the extra transverse steel,

the actual DIs were less than 0.35 in the columnsabeg controlled by shear.
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11.4.1.Material and Section Properties

To account for uncertainties in the bent properties, a large number of bents were
designed with different longitudinal steel ratios, heights, column diameter, and support
conditions. A practical raye was used for each parameter to represent actual bridge
construction. A specified and expected concrete compressive strength of 3.6 and 5 ksi
[25 and 35 Mpajvere used. Grade 60 steel with expected yield strength of ¢&7Ksi
Mpa] was assumed for &tonn longitudinal reinforcement. For each bent, the transverse
steel was designed to provide sufficient confinement pressure to meet the target DI of
0.35. The axial load index of 10% was specified for all the columns. The minimum and
maximum area of #hlongitudinal reinforcement for compression members are specified

in Caltrans SDC 3.7 (2010) 8t01A, and0.04A, , respectively. Therefore, the ratio of

the column longitudinal bars was assumed at 0.01, 0.02, andTab& 11-4 lists the

longitudinal steel ratio and reinforcement provided for different column diameters.
The Mander et al. (1988) constitutive stremin model was used for confined

core concrete and unconfined cover concrete. The typical curvesclamfined and

confined concrete are shown in Figdde9. In thisFigure f_ is the compression
strength of unconfined concreté,_ is the compression strength of confined concrete,

f., iS the maimum stress at failure of core concreeg, is the maximum strain af__,

e,, ultimate compression strain df,, &, is the spalling strain, and,, is the strain af_

. The reduced ultimate strain capacity for reinforcing steel waspesesDC 3.2.3
(Caltrans 2010) (Figurgl-10). It is Caltrans practice to reduce the ultimate strain by up

to thirty-three percent tdecrease the probability of fiace of the reinforcement. In
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Figurel1-10, e . is the yield straing,, is the strain at strain hardening is the

reduced ultimate tensile steel strain, amgls the ultimate tensile stain in steel.

11.4.2.Moment Curvature Analysis

Momentcurvature analysis was conducted to design the SCBs and calculate the
strains required for bond slip calculations using Xtract (Chadwell 2007) based on SDC
3.3.1 (Gltrans 2010). The expected material properties for steel and concrete were used
in the analyses. . The momanirvature curve was idealized by an elgstustic
relationship to estimate the plastic moment capacity and the effective yield curvature.
The elastic portion of the idealized curve passes through the point marking the first
longitudinal reinforcing bar yield. The idealized plastic moment capacity was obtained
by balancing the areas between the calculated and the idealized curves beyosd the fi
reinforcing bar yield point. The effective yield and ultimate curvatures were used to
estimate the effective yield and ultimate displacement of the bents using SDC 3.1.3

(Caltrans 2010).

11.4.3.Bond Slip Effect

Because the plastic hinge lengih,§ calculated for columns was based on the
Paulay and Priestley (1992) (Ed.--1), the effect of bond slip is implicit in the plastic
deformations. Therefore, in the present study, the bond slip calculations were only
performed for the linear piaof the elasteplastic pushover curve.

L, =0.08L+0.15d, f,. 2 0.3d, f (11-1)

ye b 'ye

Bond slip rotation is a result of yield penetration of the longitudinal bars into the

footing. The bond slip effect was modeled using a lumped linear mewtatibn spring
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at thebottom of the column. Wehbe et al. (1999) developed a method to calculate the
bond slip rotations associated with cracking, yielding, and ultimate capacity of reinforced
concrete columns. The bostlp rotation is assumed to occur about the neutral dxigeo
column cross section at the connection interface. The neutral axis location, and the strain
and stress in the extreme tensile steel at a given lateral load are determined from moment
curvature analysis of the section. The basic bond strength afridyes's can be found

using the following equations:

; 11-2
u= 92‘”_“' ¢ 800 (psi) ( )
b

Where,u is the constant bond stress afyds the bar diameter. Assuming a
constant bond stress distribution along the embedded bar length, the development length
can be calculated from equilibrium of forces as follows:

_ fd, (11-3)
4u
Where, |4 is the development length,is the bar stress at the interface, dpib

the bar diameter. The bar extension can be calculated by integrating thprstiin
along the development length as follows:

la (11-4)
d = pg.dz
0

Where,l Is the bar extension at the interfaegs the bar strain at the depthzof
from the interface, ang is the development lengtilhe bondslip rotation can be

calculated as follows:

. d (112-5)
qy = d- o
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Where,d, is the boneklip rotation,d is the effective depth of the column section,
andc is the compression depth of the column section at the interface.

In the present study, it was found that, é¢ffflect of inclusion of bond slip on DI
was negligible in many cases. Because the calculation of DI is relative, the increase in
yield displacement due to bond slip was compensated by the increase in displacement
demand and ultimate displacement. Althotigh effect of bond slip was negligible on

the DI, it was still included in the bents design for practical reasons.

11.4.4.Transverse Steel Design

The spirals were designed for the target DI of 0.35 while ensuring that the column
shear strength is sufficient. &mequirements for the maximum spacing for spiral in SDC
8.2.5 (Caltrans 2010) were satisfied. The maximum pitch in the plastic hinge zone shall
not exceed the smallest of the following:

One fifth of the column diameter

Six times the nominal diameter oktlongitudinal bars

8 inches [200 mm]

11.4.5.Seismic Shear Design
The shear design was conducted based on SDC 3.6 (Caltrans 2010). The seismic

shear demand was calculated based on the overstrength\$heessociated with the
overstrength mment, M, defined in SDC 4.3 (Caltrans 2010). The overstrength

moment is 1.2 times the idealized plastic moment capaléity, to account for (1)
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material strength variations and strain rate effects, and (2) actual column moment
capacity being greater thavl ;.

According to SDC 3.2.1 (Caltrans 2010), the seismic shear capacity was
conservatively calculated using the specified maltproperties instead of expected
values. The columns were designed so that the shear demand to capacity ratio (D/C) was

less than one. This ratio is calculated as follow:

D/ C= Y (11-6)
FVe+V5)

whereV; is nominal shear strength provided by spir&]s,is nominal shear

strength provided by concrete, afidis the strength reduction factor for shear with a

value of 0.9. Other parameters were defined previously.

11.4.6.Pushover Analysis

SAP 2000 was used to design the4wodumn and foucolumn bents (TCBs and
FCBs). In case of single column bents (SCBs), elplststic pushover curve was derived
from the moment curvature analysis by utilizing Xtract. Unlike SCBs, uatknal
loading, the axial load varies among the columns of multicolumn bents. To account for
the variation in the axial load, multicolumn bents were modeled in SAP 2000, and
pushover analyses were conducted. To account for bond slip in the columns, frame
partial fixity springs were modeled at the supports. The spring rotational stiffness was
determined based on the initial yield moment and bond slip rotation. It is to be noted
that, the bond slip calculations were performed only for they/iglding potion of the

pushover curve. In the post yielding, bond slip effect was already included in the
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calculated plastic hinge length. In SAP 2000, Fib&2M3 hinge element was used to

model plastic hinges. To calculate the DI, the effective yield dispkaerty), thep

ul ti mate dkg)s,plaancde niehnet d(igs p) Wexecceloulatedtfor ehehma nd (
bent.

Given the structural period, the seismic demand force was calculated utilizing
design spectrum. Based on the linear dynamic analysis method, haigimicsorce and
bent sti fjwasamlsutated. t he

To find the effective yield displacement, pushover envelopes were idealized by
elastoplastic curves. Each envelope was idealized by setting the initial slope to pass
through the point marking tHest longitudinal tensile reinforcing bar yield in any of the
column. The idealized foredisplacement was obtained by balancing the area between
the actual and the idealized fordesplacement curves beyond the first reinforcing bar
yield point (Caltras 2010). Figur&l-11 shows the typical idealized force displacement

curve.

11.5 Bent Models Description

All the bents designed in the present study were assumed to be in the standard
bridge category as defined by SDC 1.1 (Caltrans 2010). To account fofettieoéf
redundancy on the reliability analysis, three bent configurations (SCBs, TCBs, and FCBS)
were used. The bents were designed for different support conditions (cantilever in SCBs,
fixed-fixed, fixed-pinned) The columns within each multicolumn bemtre designed
identically. In the multicolumn bents, a massless bent cap with rectangular cross section

was assumed. The minimum bent cap width provided was equal to the column diameter
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plus two feet (600 mm) (Caltrans 2010). The bent cap was modeted@d element

with a rigid zone factor of 0.5.

11.5.1.Single Column Bents
Two sizes of column diameter, 4 ft [1219 mm] and 6 ft [1905 mm] were assumed
in SCBs. For each diameter, two different column heights of 30 ft [9.14 m] and 60 ft
[18.28 m] were assued corresponding taspect ratios of five to 15. Figut&-12 shows
the SCBs configurations. By utilizing SDC 3.1.3 (Caltrans 2010), the columns were
designed based on their rotation capacity determined from curvature capacity obtained
from moment curvaire analyses. Some of the bents reached a DI smaller than 0.35 even
with no confinement because they nearly remained elastic under the design earthquake.
These bents were not included in the reliability analysis presented in this study. The
general procgure used to design the bents for the target DI consisted of two steps: (1)
cal cul at,i oawsd &dmd @2) crxm The procadure was as fofloa:r @
Stepl.Cal cul atamBBpaetdpon CaltrangandSDC 3. 1

t h e wege calculad for the columns using Eqsl-Ta to 1-7e.

D. =D, +D, (11-7a)
L2
D, :33 f, (11-7b)
a L,o
D, =g,° & - 8 (11-7¢)
¢ 2=
qg,=L,3f, (11-7d)

fo=f,- 1, (11-7€)
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where:

L = Distance from the point of maximum moment to the point of cdierare
(in)

Lp = Equivalent analytical plastic hinge length (in)

gp = Plasticdeformationcapacity due to rotation of the plastic hinge (in)

D, = Effective yield displacement of the column (in)

f, = Idealized yield curvature defined by an elagtiastic representation of the
momentcurvature curve (rad/in)

f, = |dealized plastic curvature capacity (assdroenstant ovelp) (rad/in)

f,= Curvature capacity at the faiw ure, d

or the |l ongitudinal reinforci ng(radine el reac

q,= Plasticrotation capacity (radian)

Step2.Cal cul atpi onBab acaspulatpd based on the linear dynamic

analysis utilizing the design spectrum using E4s84 to 11-8e.

K = Yo
i~ D_Y (11-8a)
_12M, (11-8b)
L
T=2p w (11-8c)
gk
F =ma="s 4 (11-8d)
g
D, = o (11-8e)



125

where:

k, = initial slope of the column (kip/in)

V, = shear force (kips)

M, = plastic moment capacity (kip)

T = fundamental period of the structure

W =weight corresponds to ALI of 10% (kips)

Fp = seismic force demand (kips)

m = W/g = mass acting on the column

a = spectral acceleration corresponds {q)

By hayv,igduay agptde Dipvas calculateds:

_Dp-Dy (11-9)

DI =
DC'DY

Whereqy, vy,@ndgx are the column displacement demand induced by
earthquake, the effective yield displacement, and the ultimate displacement capacity,
respectively.Table 11-5 lists the SCB models with different longitudinal steel ratios,
height to depth ratios (B), site classes, and boundary conditions designed for an
earthquake with a 100¢ear return periodin site class B/C, the columns with higher
aspect ratio (H/D = 10) remained elastic under the design earthquake due to their low
stiffness. Consequentlthe DI in these columns was smaller than 0.35, even with zero
confinement Therefore, these columns were not included in the present study. Table 1
6 lists the SCBs designed for 159@ar return periodThe transverse steel in the
columns shown in it in these Rbles was controlled shear, and therefore could not

reach the target DI=0.35.
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11.5.2.Two Column Bents

Two different column diameters of 5 ft [1524 mm] and 6 ft [1829 mm] were
assumed in TCBs. For each diameter, two different column heightsfiofgd3@4 mm]
and 60 ft [1828 mm] were used. Because in SCBs it was found that, only one bent was
able to reach DI of 0.35 with site class of B/C, the TCBs were only designed for site class
D. Figure 1113 shows a typical TCB configuration used in timalgses. All TCBs were
designed for a target DI of 0.35. To determine thepD$hover curves were idealized by
elastoplastic curves.n cases where shear controlled the transverse steel, the bents were
redesigned for sheat. i k e S WBssalcula® using Egs. 1-8a to 11-8e. Table
11-7 lists the TCB models used in the analyses. The bents shown with italic font style
were redesigned for shear and therefore, could not reach the target DI=0.35. In some
cases, the bents with higher aspect ratio (H/I2) remained elastic under the design
earthquake due to their low stiffness. ConsequentlhyDthe these columns was smaller
than 0.35, even with zero confinemeiitherefore, these columns were not included in the

present study (fixeginned 2 an@% and fixedfixed 3% for H/D = 12) (Table1t7)

11.5.3.Four Column Bents

All FCBs were designed with columns of diameter 4ft [1219 mm]. The bents
were designeddr a height of 30 ft [9144 m]Figure 1114 shows a typical FCBs
configuration used in the analyseall FCBs were designed for a target DI of 0.35. To
determine the Dlpushover envelopes were idealized by elgéhstic curves. i cases
where shear controlled, the transverse steel was redesigned forEheap was

calculated using Eqsli8a to11-8e. Table 11-8 lists the FCB models used in the
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analyses. The bents shown with italic font style were redesigned for shear and therefore,

could not reach the target DI=0.35.

11.6 Non-Linear Dynamic Analysis

SAP 2000 was uized to perform the notinear response history analyses to
determine the demand DI. To develop a load modellinear dynamic analyses
(NLDA) were conducted on SCBs, TCBs, and FCBs. The expected material properties
of reinforcing steel and concreteere used. The Takeda hysteresis model (Takeda et al.
1970) available in SAP 2000 was used. THd2M3 was used to model the plastic
hinge. Except in the plastic hinge, the cracked (effective) section properties were used
throughout the length of th@lemn. The effective section properties were calculated

from the yield moment, yield curvature, and concrete elastic modulus 1H4).1

L= My (11-10)
eff nyC

To account for bond slip in the columns, frame partial fixity spring was modeled
at the supports. The spring rotational stiffness was determined based on the initial yield
moment and bond slip rotation. Bents designed for target DI of 0.35 undeyd®00
earthquake were analyzed under both 1000 and-2&80earthquakes. The purpose of
the latter analysis was to determine the reliability under longer return period in columns
that are typically designed for earthquakes with19€ér return period. Eadient was
analyzed under 10 far field and 15 near field GMs. The number of near field motions

was higher because this type of motion is generally more demanding.
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11.6.1.NLDA for Single Column Bents

Non-linear dynamic analyses were conducted into two parteo{inns that
were designed for 100¢ear earthquakes were analyzed under GMs corresponding to
1000year earthquakes, and (2) columns designed for-$6@0earthquakes were
analyzed under GMs corresponding to 25y@@ar earthquakes. Each bent was analyzed
under 25 GMs selected for site B/C and D. The GMs were scaled to match the design
spectra corresponding to the 1000 and 288 earthquake. The GMs were scaled at
the fundamental period of the bents. For each GM, the maximum displacement demand
was deéermined, and subsequently,@Was calculatedFigures11-15 and 11-16 show a
few examples of the foredisplacement hysteretic curves for thefiatd and negfield
GMs, respectively. Trse Figuresshow the results for SCB with column diameter and
height of 6 ft [1829 mm] and 30 ft [9144 mm], respectively, that were analyzed under
1000 year earthquake for site D. Tables4to 11-28 list the displacement demands and
DI.s for SCBs designed for 109@ar earthquake, and analyzed under 1000 and 2500
yea earthquake. Some of the SCBs underwent very large displacements under some of
the ground moti ons apindhede benta was assumedttoshé dqual
t oc (presented in italic font in Tabld4-9, 11-10, 11-13, 11-14, 11-15, 11-16, 11-22,
and 11-26). The SCBs were also designed and analyzed undetyga@@arthquake to
generate additional information and determine the sensitivity of reliabilities to the return

period of the design earthquake. The design DI was kept at 0.35 undeyeEs00

earthquake. Tabled®29to11-32 | i st t he di sppanddDisoMCBYE de ma

analyzed under 156¢ear earthquake level.
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11.6.2.NLDA for Two Column Bents

Like SCBs, the TCBs that were designed for a target DI of 0.35 for €80
earthquake, but weranalyzed under 1000 and 25@¢ar earthquake. The Each bent was
analyzed under 25 GMs selected for site B/C and D. The GMs were scaled to match the
design spectra corresponding to the 1000 and-g680earthquake. The GMs were
scaled at the fundamehiperiod of the bents. For each GM, the maximum displacement
demand was determined, and subsequently thevBs calculated. Table4-B3 to 11-
42 list DIs of TCBs designed for 108@ar, and analyzed under 1000 and 2§68ar
earthquakes. Some of th€Bs underwent very large displacements under some of the
ground moti ons and pibhttesabads wasmassunzettb lee.equal h e
oz (presented in italic font in Tabled-B3 and 1-34). Some of the bents with higher
aspect ratio (H/D = 12) remained elastic under the design earthquake due to their low
stiffness. Consequently, tid in these columns was smaller than 0.35, even with zero
confinement Therefore, these columns werd mcluded in the analyses (fixguhned 2

and 3% and fixedixed 3% for H/D = 12) (Table k37 and 1-38).

11.6.3.NLDA of Four Column Bents

Four column bents designed for 16@¢ar earthquake were analyzed under 1000
and 2500year earthquake levels. Like SC&sd TCBs, FCBs were designed for a target
DI of 0.35. The Each bent was analyzed under 25 GMs selected for site D. The GMs
were scaled to match the design spectra corresponding to the 1000 arye@@500
earthquake. The GMs were scaled at the fundarneeri@d of the bents. For each GM,

the maximum displacement demand was determined, and subsequentiysDI

09)
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calculated. Tablesl#43to 1-4 6 | i sst&nd Dis ef FGBs. Two of the FCBs
underwent very large displacements under some of the grounohsiand became
unstablpe.n thleesepbent s wa sc(presestednmatalic fonbin be e q

Tables 1-43 and 1-44)

11.7 Fragility and Reliability Analysis

To model the scatter in B4, fragility curves weréeveloped for all the bents. To
develop fragility curves, cumulative lognormal distribution function was used. The
SmironovKolmogorov goodnessf-fit test (Massey et al. 1951) and graphical methods
(histograms) were used as acceptance criteria for togalalistribution. To use the
Kolmogorov goodness of fit test, it was assumed that thel&il is the representative of
the population. This assumption was satisfied by conduettensive analyses with a
reasonable scatter in data to develop an appedrly continuous distribution function
for DI_. In the SmironowKolmogorov test, the hypothesis that the data has lognormal
distribution is accepted if all test data points in resistance and load model lie between the
lower and upper confidence limitsGL and UCL). These fragility curves serve as load
model in the reliability analysis. By utilizing the resistance and load fragility curves, the
reliability index was calculated against failure (DS6). In the present study, the reliability
indexagainst ai | ure | ss0.denDhedr élyi d&lbi | ity anal ysi
document is based on large experimental test data and comprehensive analysis of column
resistances and load models. Because thel@h was lognormally distributed,
reliability corresponds to lognormal distribution, was calculated using equation8-Bgs.

t0 9-12. The level of ,r ®©Fi4a leibld) wdssadeterdised. ( b
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11.7.1.Fragility and Reliability Analyses of Single Column Bents

To develop fragility curves fd8CBs, the Dl data tabulated in Tabled-D to 11-
32 was utilized. The fragility curves were developed for each bent for 1%, 2%, and 3%
longitudinal steel ratios. For each steel ratio, the fragility curves and reliability indices

were calculated for 1@and 2500year return period earthquake.

11.7.1.1Analyses of Four Foot Diameter Single Column Bents for Site D

To develop fragility curves for SCBs with 4ft [1219 mm] diameter columns for
Site D, the Dl data tabulated in Tabled-B to 1216 was utilized.Figures11-17 and
11-18 show the fragility curves and reliability indices, respectively, for SCBs with 4 ft
[1219 mm] diameter column. The fragility curves and reliability indices were calculated
for 1000 and 250§ear return period earthquake. With high aspatios of 7.5 and 15,
the columns designed for Site B/C were not able to reach a DI of 0.35, even at nearly zero
confinement. Therefore, these bents were not included in the study, and the fragility
curves were only developed for Site D.

Figurel11-17 shows that for the same probability of exceedance, the earthquakes
with 2500year earthquake are more demanding as expected. For example, under 1000
year earthquake, in a cantilever bent with 30 ft [9144 mmerghtand 2% steel, the DI
corresponding td0% probability of exceedance was about 0.20 compared to 0.40 under
2500year earthquake. Even though, the earthquakes with higher return periods are more
demanding; the probability of occurrence of these earthquakgsdiing the life span
of a bridge(75-year (AASHTO 2010)) is relatively low. For examplegfor 100Gyear

return period is 0.072256514; whereas for 2y@@ar return period it is equal to
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0.029554466.This effect is rdected in reliability indices (Figur#l-18). Figurell-18
shows ke reliability indices for damage states of three or higher. Note that the reliability
indices are based on combined probability of failure including ¢he Phe method used
to calculate the combined probability of failure is described in Se@tibn

Because the bents were designed to be at 50% probability of exceeding DS3 (DI =
0.35), theoretically the reliability index corresponds to DS3 should be However,
Figure11-18 shows that, the reliability indices in all cases are greater tharmhi®is
because these reliability indices have incluBggl and the reliability indexd)
corresponds t@gqitself is 1.5. Théd of 1.5 is based on the probability of exceedance of
1000year earthquake in Agear (life span of bridge). Therefore, no reator which DI
the column is designed for, the reliability index would alwaygreater than or equal to
1.5.

The effect of various parameters on the reliability index is discussed below:
1 Longitudinal steel ratio: In general, the reliability was almwsthanged, when
the steel ratio was increased from 1% to 3%. For example, in cantilever bents with 30ft
[9144 mm] height analyzed under 16@€ar earthquake, the reliability for DS6 increased
from 3.1 to 3.2, when the steel ratio was increased from 3%toHowever, in tall
fixed-fixed bents with 60 ft [1L8288 mm] height and analyzed under-38a0
earthquake, the reliability was decreased from 3.1 to 2.7, when the steel ratio was
increased from 1% to 3%.
i H/D ratio: In general, the effect of diffettemspect ratios on the reliability of

bents was insignificant. For example, for 18@ar earthquake, in a cantilever bent with
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30ft [9144 mm] height and 1% steel, the reliability for DS6 was 3.1, compared to 2.8 in
tall cantilever bent (H = 60 ft [18288m]) for the same earthquake level and steel ratio.
1 Boundary conditions: The reliability was almost unaltered when the support
condition was changed from cantilever to fixeded. For example, for 100gear
earthquake, in a cantilever bent with 3G#idht and 3% steel ratio, the reliability for DS6
was 3.2, compared to 3.5 in fixéiked bent for the same steel ratio and earthquake
return level.

The small effect of various parameters on reliability as discussed for DS6 can be
noticed for other damagestates (DS3, DS4, and DS5) as well. Because the bents were
designed for 50% probability of exceeding DS3, the reliability is increased from DS3 to
DS6. For example, in cantilever bents with 3% steel, 30ft [9144 mm] height, and
analyzed under 100gearearthquake, the reliability for DS3 is 2.0 compared to 3.5 for
DS6. The reliability indices for DS3 to DS5 provide a vision of damage that might occur

when the bent is designed for a target reliability index against failure.

11.7.1.2Analyses of Six Foot DiameteSingle Column Bents for Site B/C

To develop fragility curves for SCBs with 6ft [1905 mm] diameter columns for
Site B/C, the DIl data presented in Table$-17 to 11-20 was utilized. The fragility
curves were developed for 1% and 2% longitudinal steekréigure11-19). When the
columns designed for Site B/C were not able to reach the DI of 0.35, even at nearly zero
confinement, they were not included in the results. This was especially the case for
fixed-fixed columns, and the columns with highendd@udinal steel ratios because these

columns remained nearly elastic.
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Figure11-19, shows that for the same probability of exceedance, the earthquakes
with 2500year earthquake are more demanding. For example, forydiGearthquake,
in cantilever bat with 2% steel, the RIcorresponding to 60% probability of exceedance
was about 0.20, compared to 0.45 under 254y earthquake.

The reliability indices were calculated fb@00 and 250§ear earthquake (Figure
11-20). Figurell-20shows the reliabty indices for damage states of three or higher.
The effect of various parameters on the reliability of bents is discussed below:
1 Longitudinal steel ratio: The reliability was almost unchanged when the steel
ratio was increased from 1% to 2%. eaample, in cantilever bents analyzed under
1000year earthquake, the reliability for DS6 decreased from 3.9 to 3.7 when the steel
ratio was changed from 1% to 2%.
1 Boundary conditions: The reliability remained nearly the same, when the support
condition was changed from cantilever to fixéded for 2500year earthquake.
However, under 1009ear earthquake, the reliability increased significantly when the
support condition was changed from cantilever to fifeeld. For example, in a
cantilever bent witl1% steel and analyzed under 18@@r earthquake, the reliability for

DS6 was 3.9, compared to 4.7 in fixexked bent.

11.7.1.3Analyses of Six Foot Diameter Single Column Bents for Site D

To develop fragility curves for SCBs with 6ft [1905 mm] diameter colufons
Site D, the DJ data tabulated in Tabled-P1 to 11-28 was utilized. Figutd-21 shows
the fragility curves for SCBs for-fi [1905-mm] diameter column. The fragility curves

and reliability indices were calculated for 1000 and 2&8ér return perid earthquake.
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Figure11-21 shows that for the same probability of exceedance gftbé
earthquakes with 250¢ear earthquake are more demanding. For example, foryE200
earthquake, in fixedixed bent with 30 ft [9144 mm] height and 1% steel, the D
corresponding to 60% probability of exceedance was about 0.40 compared to 0.65 under
2500year earthquake. However, the reliability did not change significantly (except in
fixed-fixed bent with 30ft [9144 mm] height), when the return period was clodngya
1000year to 2506year (Figur@1-22). For example, for 100Qear earthquake, in a
cantilever bent with 30 ft height and 1% steel, the reliability for DS6 is 3.6, compared to
3.2 for 2500year earthquake for the same bent height and steel ratis.isThecause
these reliability indices are based on combined probability of failure including¢he P
The earthquakes with longer return periods will also have lower probability of
exceedance as discussed in sectibid.1.1. Therefore, the overall efteon the
reliability index is not significantFigure11-22 shows the reliability indices for damga
states of three and highefhe various parameters that affect the reliability are described
below:

1 Longitudinal steel ratio: Figurel122 shows thatthe reliability decreased when
the steel ratio was increased from 1% to 3% in cantilever bents with 30 ft [9144 mm]
height. In tall cantilever and fixefiked bents with 60 ft [18288 mm] height, the
reliability remained nearly the same when the stea vaéis changed from 1% to 3%.
For example, in a cantilever bent with 60ft [18288 mm] height, the reliability was
decreased from 3.1 to 2.9 for DS6, when steel ratio was changed from 1% to 3%.
All fixed-fixed bents with 30 ft [9144 mm] height were congdlby shear, and the

actual DI was less than 0.35. The DI for these columns decreased when the longitudinal
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steel ratio was increased from 1% to 3%.
ratio was changed from 1% to 3%. For example, in a fike=tl bent with 30 ft [9144

mm] height, the reliability was increased from 3.0 to 5.3 for DS6, when steel ratio was
changed from 1% to 3%.

1 H/D ratio: In general, the effect of different aspect ratios on the reliability of
bents was insignificant. For expte, for 1000year earthquake, in a cantilever bent with
30 ft [9144 mm] height and 2% steel, the reliability for DS6 was 3.3, compared to 3.0 in
tall cantilever bent with 60 ft [18288 mm] for the same height and steel ratio.

1 Boundary conditions: The iability did not change significantly when the

support condition was changed from cantilever to fifeeld. For example, for 1000

year earthquake, in a cantilever bent with 60 ft [18288 mm] height and 2% steel, the
reliability for DS6 was 3.0, compared 8.2 in fixedfixed bent for the same height and

steel ratio.

11.7.2.Sensitivity of Reliability Index to Design Earthquake Return Period for
Single-Column Bents

To investigate the effect of design earthquake return period on the reliability of
the structure fte singlecolumn bents were redesigned by increasing the return period to
1500year while maintaining the target DI of 0.35. Because the majority of bents were
from Site D, the bents were only designed for this site class. The bents were designed
using 6ft [1829 mm)] diameter column for heights of 30 ft [9144 mm] and 60 ft [18288
mm] for 1%, 2%, and 3% longitudinal steel ratios. The dta tabulated in Tabled-1

29 to 11-32 was utilized to calculate fragility curves and reliability index. To compare
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the reliability of bents designed for 16§8ar and 150§ear earthquake, the columns
were designed for flexure to reach a target DI of 0.35 while ignoring the shear demand.
Figure11-23 shows the fragility curves for Dfor the bents analyzed under
1500year earthquake. This shows that the demang (Bdreased when the steel ratios
was changed from 1% to 3%, except in tall cantilever bent with 60 ft [18288 mm] height.
The fragility curves calculated for 15§@ar earthquake were compared with those
calculated for 100@ear earthquake. It was found that, the demand {(Phearly the
same, when the bents were redesigned by increasing the return period-y@as0thile
maintaining the target DI of 0.35. For example, for 2g6ar earthquake, inantilever
bent with 30 ft [9144 mm] height and 2% steel, the &rresponding to 40% probability
of exceedance was about 0.25, which is nearly the same as that for the cantilever bent
designed and analyzed undeb@dear earthquake (Figudd-21).
Figure 11-24 shows the average Dior 1000year and 150§ear earthgakes.
The comparison shown in Figure24 is based on the combined data for 1%, 2%, and
3% steel for cantilever and fixdtked bents. In general, the mean B almost the
same for 100§ear and 150§ear earthquake, except in fixéiged bents with 30 ft
[9144 mm] height and 3% steel. For example, for 1€ earthquake, the mean DI
for cantilever bent with 30 ft [9144 mm] height and 1% steel is 0.29pared to 0.31
in1500year earthquake. This is because designing and analyzing the bents for higher
earthquake levels affects both the capacity and seismic demand parameters. In the
present study, it was found that, the effect on the capacity and thedibalanced each
other. This was due to the following reasons: (1) bents designed for higher earthquake

levels results in higher transverse steel ratio to obtain a target DI of 0.35. The higher
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transverse steel ratio results in higher confinement anseqoently leads to higher
ultimate displacement capacity, while not effecting the yield displacement considerably,
and (2) on the demand side, the GMs are relatively strong for longer return periods and
consequently they lead to higher displacement dem@hdrefore, the increase in
displacement capacity was balanced by the increase in displacement demand, and
resulted in negligible effect on the fragility analysis.

Figure11-25 shows the reliability indices for damage states of three or higher for
the kents analyzed urd 1500year earthquake. Ths&hows that, the reliability decreased
when the steel ratios was increased from 1% to 3%, except in tall cantilever bents with 60
ft [18288 mm] height. The reliability indices calculated for 15@@r earthqake were
compared with those calculated for 10@€ar earthquake. It was found that, the
reliability indices were nearly the same when the return period was changed from 1000
year to 1500year. For example, for 1568@ar earthquake, the reliability indéor
cantilever column with 30 ft [9144 mm] height is 3.11 at DS6, compared to 3.10 in 1000
year earthquake. This is because the probability of exceedance of earthquake with higher
return period is relatively low. For example, the Br 1000year eattquake is
0.072256514, compared to 0.048770575 for 1p€¥r earthqake. The comparison
shown in Figurdl1-26 is based on the combined data for 1%, 2%, and 3% steel for

cantilever and fixedixed bents.

11.7.3.Fragility and Reliability Analyses of Two Column Berts
To develop fragility curves for TCBs, the Ddata tabulated in Table4-B3 to

11-42 was utilized. The fragility curves were developed for 1%, 2%, and 3%
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longitudinal steel ratios. The TCBs were designed for a target DI of 0.35 under 1000
year earthgake for Site D. These bents were then analyzed underyE20@&nd 2500

year earthquake.

11.7.3.1Analyses of Five Foot Diameter Two Column Bents for Site D

To develop fragility curves for TCBs with 5ft [1524 mm] diameter columns, the
DI data presented in Table$-33 to 11-38 was utilized. The fragility curves were
developed for 1%, 2%, ar8%o longitudinal steel ratios (Figuld-27). For each steel
ratio, the fragility curves and reliability indices were calculated for 1000 and 2510
earthquake.

Figurel11-27 shows that, for the same probability of exceedance, the earthquakes
with 2500year earthquake are more demanding. For example, foryEdiGearthquake,
in fixed-pinned bent with 30 ft [9144 mm] height and 1% steel, thecDiresponding to
40% probability of exceedance was about 0.20, compared to 0.35 undeyez00
earthquake.

The demand in fixeghinned bents with 30 ft [9144 mm] height was nearly the
same when the steel ratio was changed from 1% to 3% forydiCGeathquake. For
example, the Dlcorresponding to 40% probability of exceedance was about 0.20, 0.20,
and 0.18 for 1%, 2% and 3% steel, respectively. However, in-fixed bent with the
same height and earthquake level, the demand decreased when ttatictels
changed from 1% to 3%. This is because in fifieed bents with 2% and 3% steel
ratios, the transverse steel was controlled by shear leading to a relatively large amount of

transverse steel that increased the ultimate displacement. Consgdberdttual DI in
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these bents was less than 0.35. The effect of higher transverse steel in 2% and 3% steel
ratio also rdected in reliability indices (Figurgl-28). Figurell-28 shows the

reliability indices for damage states of three or higher. The various parameters that affect
the reliability are described below:

1 Longitudinal steel ratio: Figurel128 shows that the reliability was almost
unchanged in fixeghinned bents witl30 ft [9144 mm] height when the steel ratio was
increased from 1% to 3%. For example, under ¥ earthquake, the reliability
decreased from 3.0 to 2.9 for DS5, when steel ratio was changed from 1% to 3%. In
fixed-fixed bents with 30 ft height, thelrability increased when the steel ratio was

changed from 1% to 3%. For example, the reliability increased from 3.2 to 4.8 for DS6,
when steel ratio was changed from 1% to 3%. This is because all théiXee@dbents

with 30 ft [9144 mm] height were atrolled by shear and the actual DI was less than

0.35. The DI for these column decreased when the longitudinal steel ratio was changed
from 1% to 3%. Consequently, the reliability increased when the steel ratio was changed
from 1% to 3%.

1 H/D ratio: Infixed-pinned bents, the effect of different aspect ratios on the
reliability of bents was insignificant. For example, for 1.9@ar earthquake, in a fixed
pinned bent with 30 ft [9144 mm] height and 1% steel, the reliability for DS6 was 3.1,
compared to B in tall fixedpinned bent with 60 ft [18288 mm] height. However, in tall
fixed-fixed bent with 60 ft [18288 mm] height, the pattern of reliability indices was the
opposite of the one observed in fixieded bent with 30 ft [9144 mm] height. This is

because in tall bents the design was governed by the design DI of 0.35 instead of shear.
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Therefore, the transverse steel for the column with 2% steel ratio was relatively low for
the same design DI of 0.35.

1 Boundary conditions: The reliability in short beitH = 30 ft [9144 mm]) with
different support conditions cannot be compared. This is because the actual DI in the
fixed-fixed bents was less than the one in fipdained bents (DI of 0.35). However in

tall bents (H = 60 ft [18288 mm]), the reliabilitycreased when the support condition
was changed from fixedinned to fixedfixed. For example, in fixeginned bent with

1% steel, the reliability for DS6 was 2.9, compared to 4.4 in fikedl bent for the same
steel ratio.

Because in TCBs with 30 944 mm] height the difference in reliability indices
for 1000year and 250§ear earthquake was insignificant, the tall bents were not
analyzed under 2500 years earthquake.

The fixedpinned TCBs with 60 ft [18288 mm] height were not able to reach DI
of 0.35 for 2% and 3% steel ratio even with zero confinement. Therefore, these bents
were not included in the analyses. The same was true for thefifteedl CBs with 3%

steel ratio.

11.7.3.2Analyses of Six Foot Diameter Two Column Bents for Site D

To develop fagility curves for TCBs with 6t [1829-mm] diameter columns, the
DI, data presented in Table$-39 to 11-42 was utilized. Because the difference in
reliability for 1000 and 250§ear earthquake was found to be insignificant, the fragility

curves and rébility indices were calculated for 10§@ar earthquake only.
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Figure11-29 shows the fragility curves for TCBs with 6 ft diameter columns
analyzed under 100gear earthquakes. The demand in fipathed bent with 30 ft
height was nearly unaffected the steel ratio. For example, for 1% steel, the DI
corresponding to 40% probability of exceedance was about 0.20 compared to 0.18 for 3%
steel. However, in fixedfixed bents with 30 ft height the demand decreased when the
steel ratio was changed from 863%. This is because fixdtked bents with 2% and
3% steel ratio were controlled by shear leading to a relatively large amount of transverse
steel that increased the ultimate displacement. Consequently, the actual DI in these bents
was less than tharget design DI of 0.35.

In tall fixed-pinned bents with 60 ft height, the difference in demand was not
significant when the steel ratio was changed for 1% to 3%. For example,the DI
corresponding to 40% probability of exceedance was about 0.18, 6c20,1& for 1%,

2%, and 3% steel, respectively. In tall fixixkd bents with 60 ft height, the demand
decreased when the steel ratio was changed for 1% to 3%.

Figure11-30shows the reliability indices for TCBs with 6 ft diameter columns
analyzed undet000year earthquake. Various parameters that affect the reliability are
described below:

1 Longitudinal steel ratio: Figurel130 shows that the reliability in fixeginned

bents with 30 ft [9144 mm] height increased when the steel ratio was changei®4rton
3%. For example, the reliability increased from 2.9 to 3.2 for DS5, when steel ratio was
changed from 1% to 3%. In fixdiked bents with 30 ft height, the increase in reliability
was significant when the steel ratio was changed from 1% to 3%exkomple, the

reliability increased from 2.9 to 7.2 for DS6, when steel ratio was changed from 1% to
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3%. This is because fixdiked bents with 2% and 3% steel ratios were controlled by
shear causing the design DI to be less than 0.35. The DI for thlesens decreased
when the longitudinal steel ratio was changed from 1% to 3%. Consequently, the
reliability increased when the steel ratio was changed from 1% to 3%.

1 H/D ratio: In fixedpinned bents, the reliability decreased when the height was
changedrom 30 ft to 60 ft. For example, for 10§@ar earthquakes in a fixgdnned

bent with 30 ft [9144 mm] height and 1% steel, the reliability for DS6 was 3.5 compared
to 3.1 in tall fixedpinned bent with 60 ft height. The reliability in fixéided bentswith
different H/D ratio cannot be compared. This is because the actual DI in théixeed
bents (for 2% and 3% steel) with 30 ft height was less than the one in bents with 60 ft
height (DI of 0.35).

1 Boundary condition: The reliability in short ker{H = 30 ft) with different

support conditions cannot be compared. This is because the actual DI in tHexéded
bents with 2% and 3% steel was less than the one in-fikecd bents (DI of 0.35).
However in tall bents (H = 60 ft), the reliabilitycreased when the support condition was
changed from fixegbinned to fixedfixed. For example, in fixeginned bent with 1%
steel, the reliability for DS6 is 3.0, compared to 3.8 in fikgdd bent for the same steel

ratio

11.7.4 Fragility and Reliability Analyses of Four Column Bents
To develop fragility curves for FCBs with 4 ft [1219 mm] diameter columns, the
DI_ data presented in Table$-43 to 11-46 was utilized. These bents were only

designed for the height of 30 ft [9144 mm]. The fragility cumvese developed for 1%,
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2% and3% longitudinal steel ratios (Figuld-31). For each steel ratio, fragility curves
and reliability indices were calculated for 1000 and 2500 years return period.

Figure11-31 shows that for the same probability of excewseof D|, the
earthquakes with 250¢ear earthquake are more demanding. For example, foryE200
earthquakes in fixeginned with 1% steel, the Dtorresponding to 40% probability of
exceedance was about 0.25 compared to 0.50 undery2a@@arthquees. The same
pattern wasoticed in fixedfixed bents. Figurd1-31 shows that the demand decreased
in fixed-pinned and fixedixed bents when the steel ratio was changed from 1% to 3%.
The decrease in demand in fixéxled bents is relatively high. his is because fixed
fixed bents with 2% and 3% steel ratio were revised for shear. In these bents, the
transverse steel was controlled by shear leading to a relatively large amount of transverse
steel that increased the ultimate displacement. Conséguaetactual DI in these bents
was less than the target design DI of 0.35.

As discussed previously, even though the earthquakes with higher return period
are more demanding, the probability of occurrence of these earthquakes is relatively low
(Peq). Because the reliability is based on the combined probability of failure including
Peo, this effect is rdécted in reliability indices (Figurg#l-32). The effect of various
parameters on the reliability index is discussed below:

1 Longitudinal steel ratioThe reliability in fixedpinned bents did not vary
significantly when the steel ratio was changed from 1% to 3%. For example, in fixed
pinned bents analyzed under 10@ar earthquake, the reliability varied from 3.0 to 3.4
for DS6 when the steel ratwwas changed from 1% to 3%. However, in fixeekd

bents, the reliability increased significantly when the steel ratio was changed from 1% to
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3%. For example, in fixefixed bents analyzed under 1090ar earthquakes the
reliability changed from 3.6 to.4 for DS6, when the steel ratio was changed from 1% to
3%

1 Boundary condition: The reliability increased when the support condition was
changed from cantilever to fixdiked. For example, underl0g@ar earthquake, in a
fixed-fixed bent with 3% steel ti@, the reliability for DS6 was 3.0, compared to 3.6 in

fixed-fixed bent for the same steel ratio and earthquake return period.

11.8 Discussion ofResults

Reliabil ity analginSCBsvaries somR.7t9RB.ex¢eptim t hat
cases where column shear controlled the design of transverse reinforcement. The
reliability analyses were conducted based on combined probability of failure, including
the probability of earthquake exceedanagy(P The reliability of bentsvas greater than
1.5. Theb of 1.5 is based on the probability of exceedance of -4@@0 earthquake in
75-year (life span of bridge) itselBecause the bents were designed for 50% probability
of exceeding DS3, the reliability increased from DS3 to DB&cause the reliability
against failure was the controlling parameter in calibrating the design DI, most of the
discussion is focused on reliability against DS6. However, the reliability indices for DS3
to DS5 are also useful in providing a vision ofrdaye and repair that one can expect
when the bent is to be designed for a target reliability index against failure.

Because the variation in b was not sign
combined to obtain a uniform reliability against failure. Tlagility and reliability

analysis was conducted on the combined data. The cumulative lognormal distribution
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was used to conduct the fragility analysis. Bec&I3€A approach is displacement
based, the bents in which shear controlled the transverse estegl dvere excluded. The
validity of fragility curve was determined using SmiroAgeimogorov test with 10%
level of significance. Figurkl-33 shows that the data follows the lognormal distribution.
The reason some of the data lies outside or on thedurve is that the bandwidth of the
limit curves are inversely proportional to the number of data points. The empirical data
falling outside the lower limit curve shows that the theoretical distribution used is
conservative. To validate the currenttdiition, the histogram with lognormal fit was
plottedutilizing Minitab 15 software (Figur&l-34). Figurell-34 shows that the data
closely follow the lognormal distribution.
The same approach as that used for SCBs was applied to develop a combined
fragility curves for TCBs and FCBg$igures11-35 and 11-36 show the fragility curve
and hisbgram for TCBs, respectively. Figut&-37 shows that all the data for FCBs are
falling inside the curve limits.
The combined data for each bent type (single columio-column, and four
column bents) was used to determine and compare the reliability indices for different
bents Figure 1-38 shows the reliability indices for SCBs, TCBs, and FCBs. This
Figure shows that, f clightlefeom BCBsto EGB$Ther at i o, D
reliability indices against failure were calculated as 3.1, 3.2, and 3.3 for SCBs, TCBs, and
FCBs, respectively. sisthighemthare 3s0evhenn bests ared y s h o
designed for 50% probability of exceedin®3 (DI = 0.35) under 100@ear earthquake.
b of 3.0 is approximately a probaflanba ty of

designed for higher probability of exceeding DS3 without causing a concern for failure.
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In general, the selectionbfi s s omewhat subjective. | deal |
is based on economic considerations that reflect both the cost of increasing the safety
margins and the implied costs associated with component repair, bridge closure, or
failure.
The currat study shows thathé PDCA by incorporating reliability index
provides much flexibility to the structural engineer to design a bridge column to reach a
given damage state with a specified reliability under an earthquake with a given return
period. Toor rel ate the target b6 with design DI

was developed. This method is described in Chagter 1
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Chapter 12. Development of Direct Probabilistic Design Method

12.1 Introduction

In Chapter 1, the reliability indices werealculated for bents that were designed
to be at 50% probability of exceeding DA € 0.35). The designer does not have a
control over the reliably index for higher damage states including failure. To achieve the
desired reliability level, one needsdelectdifferent desigrDls, and conduct the
reliability analyses until the desiréq is obtained. Therefore, to calibrate the degin
an iterative process has to be used to achieve a certain level of reliability index for
different damage states. Although this process of calibrating the d&sigexact, it can
be time consuming and impractical. To overcome this iterative appusadhn the
exact method, a new diredeDCA was developed.

Thedirect PDCAwas developed by calibrating the desiynfor a givenbj,
while calculating the probability of exceeding other DSs (DS3, DS4 and DS5). The
direct methods agproximate but it can be used quickly with no iteration involved. The
methodology used ithis methodis inverse of the methodology used for the exact

method. In this method, instead of selecting diffeB¥ist and then calculate tibg, the
Dl is directly determined for a given tardgg, which is based on combined probability
of failure (R.. AP, ), including the probability of earthquake exceedance and the life

span of bridgeReg). The development afirect PDCAIs described in this chapter.
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12.2 Objective
The objectives of developing thdirect PDCAwere: (1) provide flexibility to
designers to assign different probability of exceedance of a certain damage state (using

DIs) given a targebj, and (2) determine the probability of exceedance of other damage

states while designing a column for a target

12.3 Assumptions and Simplifications

I n devel oping DPDM, viahnh dargiademesdsntahed t hat
transverse st eelyarnalfargmostly conmolleg kyrihe yieddingof t he
column longitudinal bar and the column pekioespectively. For example, Figur2 1
s h o w $or thp SCBs with columns designed for differspiral ratios (0.44% and
1. 05 %) pwas IOD&in [56.0 mm] and 10.07 in [255.8 mm] for the columns with
0.44% and 1.05 spiral ywasB.82dn[84 malam86lin vel y.
[89 mm] for the columns with 0.44% and 1.05 spiral ratspectively. This shows that
the assumptions made was reasonable. These assumptions are further verified in the

design example presented for SCBs in Appeldix

12.4 Calibration of Damage Index

The desigrDI was calibrated for a givelj. The calibration was performed using

Egs. 2-1 to 12-6.
DI, = Do - By (12-1)
Dc - DY
DIj = Do - Dy (12-2)
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Dli _Dc - Dy =constant a (12-3)
DI, Dj- D,
m_si_, di_ (12-4)
/71 sL dL
& (ai+18
bi & | oz +10 (12-5)
i =
Jin[(a? +1)ai? +1)
DIi = aDI (12-6)

Where,DI = tentative design damage indé&x) =Njalibrated design damage index
for a given reliability,Dl, = damage index calculated from earthquake ground motions
for bents designed f@l, DIj = damage index calculated from earthquake ground
motions for bents designed frl, Njgultimate displacement based bh Dj. =
ultimate displacement based b, dyj = displacement demanqy = effective yield
displacement. = load,R=resistanceli= coef fi ci ent mofmeanafr i at i on
Dlj, sj = standard deviation dDlj, /71 = mean ofDl, s = standard deviation of
DI, and bji = target reliability index corresponding poobability of column failure
(0 0 ). Theprandirare the mean and standard deviation of fragilityves of
damage indiced)r) developed by Vosooghi and Saiidi (2012). Thendlx for all
DSs are listed in Table2d1. Table 2-2 lists them and s, of the combinedDI, data for
each bent category (SCBs, TCBs and FCBSs).

Because for a given earthquake le®el, is constant, the calibration Bf is

based o 0 and its corresponding reliability index§). For example, for a 1060
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year earthquake, to obtain a desirgbf 3.5, the required combined probability of

exceedance is equal to 0.000232629 (ER.,=1- F (b§)) (Eq.9-11), in which thePeq
is equal to 0.072256514 (E&9). Having P.. /EP.,andPeq, 0 0 canbe
calculated as 0.003219488.( /P, - P,) (EQ.9-10). Thepjford 0 of

003219489is2.72(3 0 0 )(EQ.9-12). By pluggingbjin Eq.12-5, the
constantJcan be calculated.
Having/ ands | calculated using Eqs21l to 12-6, the new reliability indices

corresponding t® | wds back calculated from E&.8. Once the new reliability indices

were calculatedhe Pgg was included to calculate the desitgditilizing Egs.9-10 to9-
12. Table P-3 lists values ofj to be used to obtain desirggl. Theparameters in

Table -3 were defined previousin Section 9.7

To demonstratdirect PDCA variousexample arepresented in Appendi&6.
The results oflirect methodvere compared with the exact methdthe results in
Appendix6 show that, the direct PDCA was very effective in calibrating the d&3ign
and providing flexibility to determine reliability indices for a column designed for

different damage indices.

12.5 Reliability Based Design Matrix

The reliability based design matmvas developed assuming a 16@far
earthquake return period.he design exampdgresented in Appendi&6 shows that,
thedirect PDCAcould be effectively applied to calibrate the dedidn This design

example was presented only for SCB. In order fuyagirect methodo all types of
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bents regardless of the number of columns, the d&digvas calibrated by combining all
the data oDl for different bent categories. Because the variatidsiwas not
significant in the bents with different configticns and steel ratios, the decision of

combining the data was considered to be reasonable.

Utilizing direct PDCA theD | wds calibrated for SCBs, TCBs, and FCBs for
various bjs. Table 2-4 shows differentDI g for various bjs for SCBs. In this Table,
for a givenpj, the probability of exceedance of other DSs was also investigated. Because
the Peg is implicit in 4§, the probabilities of exceeding DS®avery low. For example,
for bjof 3.0, the probability of exceeding DS1 is only 7%. However, the probability of
exceeding these DSs is much higher wRegiis not included in thebj (Table 2-5).
Table 2-5 shows that, fowjof 3.0, the probability of exceeding DS1 is 100%. This is
because the reliability indek)(corresponds tBgqitself is 1.46. Thé of 1.46
corresponds to the 7% probability of exceedance. Therefore, no roattdriéh DI
the column is designed, the probability of exceedance of any given DS will always be
less than or equal to 7%.

Similarly, the DI s were calculated for TCBs and FCBs for variofjs. Talbes
12-6 and B-7 show differentDI s for distinct bjs for TCBs and FCBs, respectively.
For a givenyj, the probability of exceedance of other DSs was also investigated. Like
SCBs, the probabilities of exceeding DSs are very low due to the inclusieq of 5.

As discussed previously in Chaptdr, the TCBs and FCBs were more relab

than SCBs. Consequently, tid s calculated for TCBs and FCBs were higher
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compared to the SCBs designed for the sameFor example, in SCBD)I j of 0.38 is
required to obtainbj of 3.0 (Table 2-4), while requiring 0.41 and 0.43 for TCBs, and

FCBs, respectively (Table216 and 2-7), to achieve the sang.

12.6 Difference between Theoretical and Actual Failure of Columns

Thusfar, in the present study, this were calculated based on the compressive
failure of concrete core edge (cedefined failure, which is the theoretical failure).
Accordingly, the ulticdmthesbentsiwasgdicalatesl basenit ¢ ap
on the compressive failure of concretae edge in determinifigl. Numerous column
tests have gabthevactualtfailuaet whichhisegengrally associated with
reinforcing bar fracture and extensive core damage, exceeds the theoretiaabdisnt
capacity, as shown in Figut@-2. Consequently, the reliability indices corresponding to
the actual failure is higher those based on the theoretical failure. In order to def@krmine
based on the actual failure, the fragility curves developed by Vosooghi and Saiidi (2012)
were utilized. From these fragility curves, it was found that the actual failure
displacement is approximately 20% higher than the theoretical displacement. The factor
of 1.2 was calculated by dividing the average af i)l DIs using the resistance fragility
curves (Veooghi and Saiidi 2012). Where,glaind Dk are the damage indices
correspond to DS6 and DS5, respectively. For DS6, the averaggewa®taken equal
to one. In thalirect PDCA thebs were calculated based on both the core edge failure
(DS5) and thectual failure (DS6).To determinebs based on the actual failure, the

following steps were used:
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Step 1Determine thél corresponding to the actual failure using resistance

fragility curves.
DI? =1.23 DI (12-7)

Step 2.Determine the mean and standard deviation corresponding to actual

failure using Eq. 2-8.

:nz/
”f 1.2 (12-8)
s
s = %z
Il n the above equations, the superscript

12-8, the load parameters were divided by 1.2 in order to reBucewhich

consequently leads to an increasé.irHaving /7 and s, bs were back calculated

from Eq.9-8.

12.7 Comparison of Reliability Indices Based on Theoretical and Actual Failure
As discussed in sectior2b, thereliability index based on the actual failure is
higher for a given desiddl j. Theb§ based on the actual failure was calculated, and

compared with the one based on theoretical failigures12-3, 12-4, and 2-5 show

the comparison obj calculated based on theoretical and actual failure for SCBs, TCBs,
and FCBs, respectively. Itis evident from thEgguresthat, for a givedl i, the b for
actual failure is relatively high. For example, in SCBs, for def)§hof 0.38,5jis 3.0

and 3.2 for theoretical arattual failure, respectily (Figurel2-3). The same pattern

was observed in TCBs and FCBs (Figut2st and 2-5).
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These results show that, the reliability based design matrix developed for SCBs,
TCBs, and FCBs is conservative, indicating a higher safeguard against actwel fail
To be consistent with the code requirements, it is recommended that, the reliability
based design matrix based on the theoretical failure rather than actual failure to be

used.

12.8 Discussion of Results

The results show that the direct method can prigotsdibrate the design damage

index for a desireddj. The DI Tables presented for SCBs, TCBs, and FCBs

provides flexibility to the structural designers to design a bridge column to reach a

given DS with a specifietkliability level. For the saméj, DI jin multicolumn

bents was higher compared to SCBs. This confirms the general perception that
multicolumn bents are more reliable than single column bértsrefore, to achieve

an optimum reliability index against failure, multicolumn bents can be designed for
higher probability of exceeding DS3 without causing a concern for failthe.

reliability based design matrices developed in this study are based on the theoretical
failure. Therefore, these design matrices are conservative and have a higher

safeguard against actual failure.
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Chapter 13. Preliminary Development of PDCA for Repaired Bridge Columns

13.1 Introduction

Thus far, the PDCA and reliability analysis was used to develdprpence
based seismic design (PBSD) for conventional bridge columns. In this Chapter, the
PDCA and reliability analysis were further extended for earthqdakeaged columns
that have been repaired. This study focused on columns repaired using dagbon fi
reinforced polymer (CFRP) jackets. Retrofitted columns were not included in this study.
PDCA was developed based on limiegerimental test results and engineering
judgments for repaired columns subjected to various earthquake levels. Like icoravent
columns, different damage states (DSs) were defined for repaired columns associated with
varying degree of damage. In order to define the apparent DSs, the experimental data from
the study conducted by Vosooghi and Saiidi 2010 was utilized. Thefgba Chapter is
to demonstrate the process to use PDCA for repaired columns, realizing that the study is of

limited scope due to the scarcity of data for repaired columns.

13.2 Assumptions and Simplifications

In repaired columns subjected to differeatthquake intensities, because the
column is wrapped with CFRP, the apparent damage states (DSs) are substantially
different from original columns DSs except for possibly DS6, which is associated with
column failure. Even DS6 in repaired columns may letd the CFRP jacket fracture,
which is not applicable to original columns. Genetdllg CFRP jacket does not exhibit
any visit damage until failure. Therefore, the only visible damage may be noted at the

jacket gaps provided at column ends to prebeiatring of jacket on the footing or the cap
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beam. As a result, pffailure DSs were investigated based on the type of damage in the
gap region. Out of six possible damage states, only two DSs, DS3 and DS6 were defined.
The other damage states are ruligable for repaired columns. The DS3 and DS6
correspond to extensive spalling in the gap region and CFRP fracture, respectively
(Figure13-1). In developing PDCA for repaired columns, it was assumed that, the repair
was applied to standard columnstthave undegone damage states of 1 tovéth DS5

being theoretical failure) to restore their lateral load strength and shear capacity.

Columns that are repaired after undergoing DS6 (with fractured bars) were excluded.

Also, repaired substandard colusnmere not included.

13.3 Resistance Model for Repaired Columns

To develop resistance model for reliability analysis, a literature search was made
to collect the experimental data for repaired columns. The goal was to gather this data
and calculate the Dist different DSs to develop fragility curves (resistance model) for
repaired columns. However, comprehensive data could be found only for two repaired
columns (NHS3IR and NHSZR) tested in a previous study of Vosooghi and Saiidi.
These two columns weresed to define apparent DSs (DS3 and DS6) and calculate the
corresponding Y. Because DI for DS6 is one, thegas only calculated for DS3.
The Dks calculated for DS3 were 0.10 and 0.23 for NHRSaAnd NHSZR, respectively
(Table B-1).

The Dks forrepaired columns are lower than the®lor conventional columns
subject to the same DS. For example; Iof DS3 in NHS1R is 0.10 compared to 0.18

in NHS1 (Table 3-1 and B-2). NHS1 and NHS2 were the designation of the original
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columns (Vosooghi an8aiidi 2010). It was found that, thed31(0.10 and 0.23)
calculated for repaired columns (NH&land NHSZ2R) for DS3, fall in the range of DS2
in original standard columns (Figui8-2). This is attributed to the lower initial stiffness
of repaired calmns. Therefore, the Rfragility curve for DS2 in conventional columns

was utilized as a resistance model for DS3 in repaired columns for reliability analysis.

13.4 Analytical Model

To demonstrate the applicability of PDCA to repaired columns, a cantilexge si
column bent was designed (original column), and then repaired with CFRP (repaired
column). The properties of the original column (undamaged) used in this study are listed
in Table B-3. Because DS3 in repaired columns is equivalent to the DS2verdamal
columns with respect to DI, the column was repaired to be at 50% probability of
exceeding DS3 with D& 0.15 (Table 0-20). The DI of 0.15 corresponds to the 50%

probability of exceeding DS2 in conventional columns. The expected material @®pert

were used in the analyse§i(= 5 ksi [34.5 MPa] andf,, = 68ksi [468.8 MPal]). Figure

11-10(Chapter 1) was used for stressrain relationship of steel in the original column.

13.4.1.Modification of Steel Properties

In damaged columns under cyclic loading, the ststrgsn properties of steel
become different from those associated with purely tensile or compressive stress. This is
known as the Bauschinger effect (Kent & Park 1973) and results in lowering of the
revased yield stres and the reversed stiffness (Figl8e3). The column was assumed
to have been damaged to DS5 prior to repair. -Arteiar stresstrain relationship

proposed by Vosooghi and Saiidi was used for the repaired column longitudinal bars
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(Figure13-4). The slope of the first branch was calculated as a fraction of the steel
modulus of elasticity. In their study, the modification factyr\as determined based

on the damage state. For instance, the factor of 0.2, 0.5, and 0.67 were piopDSE]

DS3, and DS2, respectively. In the present stadyqual to 0.2 was used. In Figur&

4, Point A represents the yield stress and the strain associated with the modified stiffness.
The second branch connects Point A to Point B. Point Bateceto the maximum strain

in longitudinal steel (MLS) at the given damage state. The third branch connects Point B
to the ultimate point (Point C). Tabl&- lists the parameters of the modified stress

strain relationship for the repaired columisgure13-5 shows the modified stressrain

relationship for steel used for the repaired column.

13.4.2.CFRP Confined Concrete Properties

It was assumed that the spiral contribution to confinement in the repaired columns
is negligible at DS5 (Vosooghi and Saiifi10). Therefore, the concrete properties of
the repaired columns were determined based on CFRP confined concrete properties.
Saiididés (Saii di -«rainreadtionsh® OCH-REonfined contretear st r
was used in this study. To defitie bilinear relationship, the coordinate of the break
point and the ultimate point were determined. At the break point, the strain was assumed
to be at 0.002 and the stress was found as follows:

fg = fi+0.003,E, (13-1)

Where r , is volumetric ratio of CFRP jackek; is elastic modulus of CFRP, and

fi is the unconfined concrete strength. The ultimate strain and stress were determined

using the following equations:
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(13-2)
[ksi]  (13-3a)
[MPa] (13-3b)

Wherely,, is the ultimate strainf j, is the ultimate stres§,is the confinement

pressure, anis the jacket strain. Saiidi et al. (2005) recommend 50% of the failure

strain of CFRP for the jacket strain to account for the fact that jacket failure strain is

typically lower than the ultimate strain obtained in coupon testing of FRP. Unidirectional

CFRP fabrics with fibers in the horizontal direction were used in the analysis.

Unidirectional CFRP fabrics produced by the FYFE Co. SCH41/Tyfo S, with fibers in

the horizontal direction were assumed. The material properties of CFRP fabrics used are

shown in Table B-5. Because in practice, the cover concrete and the edge of core

concrete are replaced with the repair mortar, the CFRP confined properties were

calculated for core and cover concrete separately using the original concrete and repair

mortar properties, respvely. The nominal strength of 4 ksi [27.6 MPa] was used for

repair mortar. The properties of CFRP confined concrete are listed in Bable 1

13.4.3.Moment Curvature Analysis

Momentcurvature analyses were conducted to calculate strains required fer bond

sip cal cul ati ons. The

slip calculatios. Xtract was used in the analyses (Chadwell 2007) utilizing the modified

mo d.4.3) was dppliddefdr ordd s

steel properties and the CFRP confined concrete properties. The raameitire

relationships for the original amdpaired column are plotted in Figur&6. Since the

me t
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column was repaired after reaching DS5 (compressive failure of core concrete edge), the
moment curvature analyses were also continued until the ultimate straie icoomrete

was reached.

13.4.4.Column Design
Initially the column was designed for site class D under 4@20 earthquake
level. The column diameter and height of 6 ft [1829 mm] and 30 ft [9144 mm] were
used. The column was designed for 2% longitudinal séiel This column was served
as the original column (undamaged). Later, it was assumed that the original column
underwent DS5. The longitudinal steel properties of the original column were modified
to reflect the softening due to damage to the origiolumn (Section 3.4.1). Finally,
the repair was designed for a target DI of 0.15. The properties of the repaired column are
listed in Table 3-7.
The DI was calculated using elagitastic pushover curve based on SDC 3.1
(Caltrans 2010). By utilizin@DC 3.1.3 (Caltrans 2010), the columns were designed
based on their rotation capacity determined from moment curvature analyses. The
general procedure used to design the bent for the target DI was explained in Section
11.5.1. Seismic displacementdemandwer e det er mi ned based on
di spl acementd and the effective stiffness

displacement relationship for the original ae@aired column is plotted in Figui8-7.
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13.5 Load Model for Repaired Columns

To develop a load model, ndimear dynamic analyses (NLDA) were conducted.
SAP 2000 was utilized to perform the analyses. The column was analyzed under 10 far
field and 15 near field ground motions (GMs). The GMs were scaled at the fundamental
period of he column. For each GM, the maximum displacement demand was
determined, and subsequently Dlas calculated. Table88 lists the displacement
d e ma ng) and D[ gof the repaired column designed for DI of 0.15, and analyzed
under 1000 years earthqudkeel for site class D. Because in some cases the
displacement demand imposed by the ground motions was less than the column effective
yield displacement, the DIn these cases was a negative value (Tabie)l

To model the scatter in B4, a fraility analysis was conducted (Figur@-8). To
develop the fragility curve, cumulative lognormal distribution function was used.
Because lognormal distribution is not defined at negative values, such values were
excluded from the fragility analysis. The Smmoe-Kolmogorov goodnesef-fit test
(Massey et al. 1951) was used as acceptance criteria for lognormal distribution. In the
SmironovKolmogorov test, the hypothesis that the data has lognormal distribution is
accepted if all test data points in the loaodel lie between the lower and upper
confidence limits (LCL and UCL). This fragility curve served as the load model in the

reliability analysis.
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13.6 Reliability Analysis

By utilizing the resistance and load fragility curves, the reliability analysis was
corducted. The reliability index was calculated for DS3 and DS6. To calculate the
reliability index, Eqs9-8to 10-12 were utilized. The level of reliability index calculated

for DS3 (b';) and DS6 ¢'y) was 1.67 and 2.96, respectively (Figu:9).

The results show that, the reliability index against failure is 3.0, when the column
was repaired for 50% probability of exceeding DS3 (DI = 0.15) under-1€&0
earthquake, whereas in the original columrhwiite same height, diameter, and
earthquake return period, the reliability against failure wasRdggife11-22). Note that
the original column was designed to be at 50% probability of exceeding DS3 (DI = 0.35).
The results show that, for the same pholitg of exceeding DS3, the failure reliability
index in the repaired column is lower than that of the original column. Inversely, the
results suggest that, to accomplish the same reliability against failure, the repair should be
designed for a smallerIDThe PDCA procedure provided herein is based on very limited
information about the damage progression in repaired columns. The findings from this
limited study should be considered to be tentative. Nonetheless, the procedure can serve
as a framework, tich could be further refined in the future as more data for repaired

columns becomes available.
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Chapter 14. Summary and Conclusions

14.1 PostEarthquake Damage Repairof Reinforced Concrete Bridges

This study was conducted develop posearthquake repair methodsing
carbon fiber reinforced polymers (CFRP) and probabilgdimage control approach
(PDCA) for reinforced concrete (RC) bridge$o develop repair methods, fittkte repair
objectives were definedlo define repair objectivesjternal earthquake dama was
guantified and correlated to a series of visible damage states (D&wjRge states for
bridge columns were used as the basis for other bridge compoSentralktudies have
been conducted on repairreinforced concreteRC) columns subjected to seismic
loading Previous research on repair of bridge columvas expanded to develogpair
methods using CFRP materials for other earthquake damaged RC bridge components
with distinct damage leveldMiethods to repair bridge compants such as abutments,
shear keys, girdersplumns,and cap bearmolumn joints were developéna a
systematic, stepy-step format Repair methoddeveloped were based on the visual
damage evaluation with no nalestructive testing involved to expeditecisionmaking.

Because DSs in bridge column were used as the basis for other bridge
components and thdegree of damage in columns is probabilistic in nature depending on
theuncertaintiesn seismic demand and responsedidition to bridge repair, aFCA of
bridge columns was developedrid®e components other than columare designed to
remain essentially elastic during earthquake. Thergfioe®®DCA in the present study
was focused onolumns. PDCA was developed for both conventional standalahtios

and the columns that have been repaired.
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PDCAmethod for bridge columns was developednaprporatingeliability
analysis to evaluate the structural performance of bridge columns under a given seismic
hazard.Each performance levelas quantifid bycorrelaing it to a possible apparent
damage state (DS). Subsequently, each damage state was correlated to an associated
damage index (DI). The fragility curves that correlate DSs with DIs were utilized
(Vosooghi and Saiidi 2012). An average Dinfréragility curves was selected. A
comprehensive design matrix was developed to correlate the performance objective with
bridge category, earthquake return period, and bridge response parameter (DI). Both
gualitative and quantitative performance levetisavdefined in the matrixThe PDCA
was developed faingle column bents (SCBs), tvoolumn bents (TCBs), and feur
column bents (FCBs). Each bent was designed for a predefined performance level (or
DI) under the design earthquak€he global goal ofhis study was to provide flexibility
to designers to design a bridge column for different probability of exceedance of certain

DS and determine the reliability index against failubg)(or design the column for a
target reliability idex against failure ) and determine the probability of exceedance

of different DS. Because the knowledge of probability of exceedano@wfailure
damage statebat still require repaifDS3 to DS5) is also important from repaird
down time prospective, the reliability against these DSs was also investigated w

designing a column faxdesiredb.

To accomplish objectives of this study, the study was composed of seveasparts

discussed in the followingaragraphs.
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In the firstpart,detailed review of past earthquake damage and repair practice
was conducted. There was a relatively large amount of information available for repair
of bridge columns compared to other bridge components. In addition tareglan
attempt was made to obtain records of f@sthquake damage repair for other bridge
components around the world. The past bridge repair work documented by Caltrans in
various bridge books was found to be the most comprehensive. In other spyutste
earthquake damage repair methods and repair objectives were not generally documented.
Even though repair methods and records could not be obtained from other countries, the
bridge earthquake damage records and their evaluation methods were deienvadly,
all the reviewedast earthquake damage and repair data that were presented in various
tables to categorize and rate the extent by which they can be used in development of a

general repair guideline and to identify gaps in repair methods.

In the secongbart of the studypractical methods were developed to access the
condition of earthquake damaged bridge structural components in terms of apparent
DSo6s. Earthqguake damage was quantified an
Uponconsl t ati on with Caltrans engineers, a un
had been developed for bridge columns in a previous study at UNR (Vosooghi and Saiidi
2010) was used as thasisfor other bridge components, with the understanding that not

alDS6s are applicable to all components.

The third @rtconsisted of developing repair design recommendations and design
examples to aid bridge engineers in quickly designing the number of CFRP layers and the

necessary bond transfer length based on the apip6. Unidirectional CFRP fabrics
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were used to develop repair methods. Because ACI 44082Rethod of calculating the
effective strain in CFRP for sided boned FRP configuration was iterative and found to be
time consuming, a new simple equation wagealoped to calculate the effective strain in

the CFRP. The equation was extensively evaluated for a wide range of parameters. The
results showed good agreement with ACIl 44008Results. Hence, the proposed simple
method was adopted in the repair dasiecommendationdn cases where the extent of
damage precludes an economically feasible repair, reconstruction of damaged bridge
component was recommendeBlecause of limited dabase for bridge components other
than columns, many simplifying and cemngative assumptions were made about the

residual capacity of damaged components.

In the fourth part, to develdpDCA for bridge columns statistical distribution of
the resistance parameter gbwas determinedTo determinestatistical distribution of
Dlg, the updated fragility curves to reflect the expansiboolumn database were
utilized (Section 10.7) The statistical distribution of Rlwas developed bysing
statistical analysis (resistance model) of over 140 regpdais measured from testing of
22 bridge column models subjected to seismic loads

In the fifth part, a load model was developed to conduct reliability analysis. T
develop a load model, extensive analytical modeling of seismic response of many SCBs,
TCBs, and FCBs bents was conducted. To account for uncertainties in the reliability
analysis, a wide range of column variables such as the aspect ratio, support conditions,
longitudinal steel ratio, site class, distance to active faults, and the numblemahsper
bent were included in the study. Each bent was analyzed under 25 earthquake records

consisting of 15 nedreld and 10 faiffield ground motions. For each ground motion, the
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maximum displacement was determined and consequentlyd3lcalculatedA large
database dDI, for SCBs, TCBs, and FCBs was generated. Utilizing this database, a
fragility analysis was conducted for SCBs, TCBs, and FCBs to develop load mddel.
having the resistance and load models, reliability analysis was conducted

In the sixth part,he reliability analysis results wenevestigatedand adirect

probabilistic design method was developed to calibrate the design DI for a dgsired

Finally, an exploratory study was conducted to extend the PDCA and reliability
analysis approach to earthquake@maged columns that have been repaired. This part of
the study was focused on columns that are repaired using carbon fiber reinforced polymer
(CFRP) jackets. Retrofitted columns were not included in this study. Neither were
columns that have been repaired after fracture of reinforcing Stkelgoal of this
exploratorystudy was to demonstrate the process to use PDCA for repaired columns,
redizing that the study is of limited scope due to the scarcity of data for repaired columns.
PDCA was developed based on limiegerimental test results and engineering
judgments for repaired columns subjected to various earthquake levels. Like coentio
original (not repaired) columns, different damage states (DSs) were defined for repaired
columns associated with varying degree of damage. In order to define the apparent DSs, the

experimental data from the study conducted by Vosooghi and Saiidin2@1axilized.



169

14.2 Recommendations and Conclusions
The followingsections discuss tleonclusionsand recommendations thaere

drawn basedn this study.

14.2.1. Bridge Repair

1. There was a lack of systematitepby-step repair procedure foepair of
earthquak-damagedidge componentsWhile the limitedrepair methodglocumented

by Caltrans for bridge components damaged in past earthquakes are useful, their
application cannot be generalized because the methods are not bessidual capacity

of bridgecomponents at a given damage.

2. Because generally bridge columns undergo a wide range of apparent damage
states uniform definition of damage states developed for colutansbe used as a basis
to select damage states thatapelicalbe to other bridge congnents.

3. The proposed simpl@ethodto determine the effective strain in CFRRds to
results thatirevery close to those from ACI 440 2B8. The proposed equatien

preferred because it is ndterative.

4, Repairof severely damageshear keyprovides an opportunity to change the
mode of failure to a more predictable failure pattern. The shear key repair method
developed in the present study prevents extension of any future shear key failure to the
abutment wall.

5. Replacemenis recommendedafr severely damaged bridg@rders. The present
study revealed thabnce the loss in strand contribution to flexural strength is more than

20%, it is notpracticalto restore the origindlexural capacity of the girders.
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6. Unless there is significant reclion in the abutment wall height due to failure or
significant permanent rotation due to out of plane bendibgtmentvalls with fractured
barsmay be repaired by replacing fractured or buckled portion of the bars using new bars
and service couplers defined by Caltrans and using information that has become
available recently from cyclic load studies of reinforced concrete columns with couplers
in plastic hinges Alternativdy CFRP fabricwith fibers in the horizontal and vertical
directions may besed to restore the strength of the wall

7. Because bridge joints are critical elements that should be capacity protected, even
joints with moderate damage are recommended to be replaced. Repair methods for lower
damage states were developed in the prestedy.

8. Repair methods wedevelopedor severely damaged columns based on residual
capacity models. For the less severely damaged columns, the available literature
provides sufficient repair design guidelines.

14.2.2 Performance-Based Probabilistic DamageControl Approach

1 ThePDCA for bridge columns provides flexibility to engineerqdaddesign

columrs for different probability of exceedance of certain apparent damage state that is
correlated to a quantifiable damage index (b) design the column for given target

reliability against failure and determine probability of exceedance of other damage states.
2 Even though the desigtamage indexas calibrated for the bents based on

desired targeteliability index,bj, the reliability indices for lower damage states are

useful in providing a vision of damage and repair thatbesaxpecedwhen the bent is to

be designed for a desirégl.
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3 The reliability indices against failure were calculated as32, and 3.3 for

single column bentsSCB9, two column bent§T CBs), andfour column bentsKCBSg),
respectivel y. T h e giphigleestiean 3.0 when behtg aresdesognesl t h a
for 50% probability of exceeding DS3 (DI = 0.35) under 1966 earthquake.

4 The reliabilityindexagainst failure in multicolumn bents is slightly higher than

that of singlecolumn bents. This confirms the general perception that multicolumn bents
are more reliable than single column bents. The results shownthi&itolumn bentgan

be designed for higher probability of exceeding DS3 without concern for failure.

5 In general, the effect of different steel ratios, support conditions, and aspect ratio
on the reliability index was insignificant except in cases @li@ecolumn design was
controlled by shear.

6 The results show that, the effect of design earthquake return period on the
reliability of the structure is insignificant. This is because the lower probability of
exceedance for longer return periods balatitedigher demand for these earthquakes.

7 The reliability:-based design matrices developed in this study are based on the
theoretical failure (start of concrete core damage). Therefore, these design matrices are
conservative and haverelatively highsafegiard against the actual failure (bar fracture
and/or major concrete core damage).

8 It was found that, the Ricalculated for repaired columns for DS3, falls in the
range of Dk for DS2 in original standard columns. This is attributed to the lower initial
stiffness of repaired columns.

9 The results show that, the reliability index against failure is 3.0, when the column

was repaired for 50% probability of exceeding DS3 (DI = 0.15) under-1€&0
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earthquake. Whereas in the original column with the saméatheigmeter, and
earthquake return period, the reliability against failure was 3.3. This shows that, to

accomplish the same reliability index against failubg)( the repair should be designed

for a relatively low design DI.

10 The PDQ\ procedure developed for repaired columns is based on very limited
information about the damage progression in repaired coluhmsetheless, the
procedure can serve as a framework which could be further refined in the &ithozea

data becomes availleh
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Table2-1. Bridgedamage andepair of San Fernando Earthquake (1971).

Bridge Bridge DamageDescription Repair
Number Component
SF 531012 Abutment wall | Minor damage to abutment wall.| The damage was repaired by injecting
epoxy incracks

Footing Minor damage to abutment The damage was repairdyinjecting
footing. epoxy in cracksnd recasting small

sections of broken footing

SF 531896 Column Columns at bents 4, 5 and 6 well All support footings were exposed by

out of plumb. excavatingsoil and the columns of bents 4

5 and 6 were plumbed by pushing the
structureby applying30 kip force by a
figrader o against t
2&3 were slightly out of plumb but effortg
to plumb tlem faled since they were
shorter andtiffer.

Footing Most of the columns and their | Cracked and spallezbncretenere
footings were badly cracked and repaired by injecting epoxy and patching
spalled. with epoxy bondedPortland cement

concrete PCQ), respectively.
SF 531924 Wing wall The wing wallswerebrokenand | Wing walls were removed and-oased
R/L lost their integritywith the
abutment.

Piles Piles were damaged due to the | A new foundation consisting of a
movement of superstructure in | diaphragm abutment on CIDMIgs was
vertical as well as in transverse | casedbehind each existing abutment ang
direction. keyed and doweled to the existing

diaphragm.
SF 531925 Abutment wall | The abutment wadlat abutment 1| Re-casedabutmentvalls.

Bent

and 7weresheared off.

At bents 2, 3, 4 and 6 the colum
werespalled at the soffit but
sound at the footingBert 5 was
badly spalled for 3 to 4 feabove
the footing with | exposesdteel
bars Columns at bent 4, 5 and €
were slightly out of plumb.

The cracked concrete and spaltra
columns were repaired by injecting the
cracks with epoxy and patching the spallg
with epoxybonded mortar For Bent 4, 5
and 6, the footings were exposed by
excavatingsoil, and the columns were
partially plumbed by applying &
controlled force neathe top of the
columns The columns were temporarily
anchored in the desired position until the|
superstructure was-+@ased. Also the
concrete jacket was placed ovbe
damaged portion of the columns.
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Table 2-1. (Continued)

SF 151936 AbutmentWall | Abutment had minor spalling, anl All crackswere sealed witiepoxy
RL vertical and diagonal cracks. injections Removel and replace the
unsound concrete.

Column Minor cracking and spalling at | Chippedout all spalls andracked
the top of the column. concrete and pateldwith epoxy bonded

mortar.
SF 531963 AbutmentWall | The abutment wallvascracked | A temporary suppomwas constructeend
and spalled throughout the width rebuilt the abutment wall belv soffit
of the bridge. Thsecracks were | elevation andilsorepaiedtop of piles as
extenedthrough to the back facq necessaryAll cracks were epoxy
of the abutment. The abutment | injected.
had one diagonal and one verticg
crack. The CIDH pilesvere
cracked and several appear to b
crackedat the connection to the
abutment wall.

Pier There were heavy diagonal All crackswere epoxy injectedand re
cracks Therewasno evidence of | castedhe concrete removal area with
damage to thpier beyond the epoxy bonded mortar.
plane of reinforcement except fo
thin cracks extending into the
concrete.

Hinge Most of the hinges experienced | A temporary bemtvas constructednder
concrete spalling at seat width. | the hingeto jack up the seated section tq

allow for repair and restoration of the
hinge Removel the damaged portioof
spalled concreteRebuit the seated
section of the hinge as necessaigo
instaled newhinge restrainer uni
SF 531964 Hinges Opening in the hinges from % | Addedrestraner units to the hinges.
inch to 21/4 inch

Deck Spalling in the deck. Repaired all spalls (no information abou

repair method is provided).

Column Cracking in the soffit near pier 3| All crackswere filled with epoxy

SF 531965 Piercap Pier 2, 3 and 4advertical hair | No repair information wagiven.

Exterior shear
key

line cracks along the faces of thq
pier caps.

Complete failure o shearkey at
abutmers.

The shear key wagmoved and rebuilt.
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Table 2-1. (Continued)

AbutmentWall | Diagonal cracks at the abutment] Remove all unsound concrete apalls
and cracked concretegionand replace
with epoxy bonded PCC

Deck Crackedconcrete irthe deck. Removel all unsound concrete at cracke|
concreteregionand replace with epoxy
bonded PCC.

SF 531983 Deck Major cracking in the deck Removel and replaed the damaged
portion of the deck All cracks were
epoxy injected

Abutment wall | Cracking ad spalling of the Removel and replace loose concrete
abutment wall from damagedectionsof abutment wall

and recasted wih epoxy bonded mortar.
All cracks were epoxy injected.

Footing The footing was cracked. The Removel and replace thecrackedfooting
footing steps wererackedat steps. All crackswere filled with epoxy
some locations. It was also recommended to remove

structure backfill as required to completg
repair works.

SF,531986 Bent Bent 2wasdamaged at the top. | At bent 2 allcrackswere epoxy injected

There were nmerous cracks in

the column

Bent3 was heavilycracked and | At bent 3 damged mrtion of the column

spalled on the corners for the wasremoved and reconstructedt

bottom 4 feet remainexisting longitudinal
reinforcement

Bent4 column was severely At bent 4 damagedaption of the column

cracked and spalled for the bottg wasremoved and reconstructedt

12feet remainexisting longitudinal
reinforcement

Bent 6washeavilycracked and | Bent 6 was jacked ufo relieve the load

spalled for the bottom 6 feet. Top on the column The botbm 6 feet of bent

of the column had some crackind 6 was removed and thies were replaced
in more quantity than the original amoun
The bottom of the column was replaced
with collar approximately 2feet larger thg
the original column dimensions.

Footing Bent5 footing was completely Pier 5: Removel andreconstructed

crackedand exposegilesshow
spalling at the top

footing.
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Table 2-1. (Continued)

AbutmentWall | Abutment 1 was heavily damagg Bothabutmens 1 and 8were removed and
by the earthquake. It was tilted | replaced
out of plumb. he corners and
joints where the soffit and
abutmenmeetwere completely
Pulverized Grade lines for the
bridge and wingwalls no longer
matched.
Abutment8 was tilted out of
plumb. Abutment wall showed
cracking and spalling.
Hinge Damage occurred at the hinge | Hingewas repaired binstaliing
where longitudinal and transverg restrainers.
movement took place
SF 532166 Abutmentwall Abutment walls #1L and #2R Abutment walls #1L and #2R were
R/L were severelgracked Abutment | removed from top of footing to soffit line.
#1L footing moved dowrstation | These walls were remwed in 8 feet
11 inchon the left side and 6.5 | sections spaced on 16 feenter.
inchon the right. The entire Additional reinforcing steel were added
abutment and footing moved to | These sections were replaced with the
the leftby approximately Zeet. width of wall being increaseb 2.5 feet.
Expansion paper lindhick was placed or|
the top of footing to ensure that only 1.28
feet of wall was bearing on center portio
of footing. After these replaced sections
had reched required strength, the
remainder sections were removed and
replaced.
The left end abutment #2L was | Only the fractured concrete portion of
fractured and only hairline crack{ abutment #2L wall was removed. The lef
were visible on right one half of | end of wall was removed from top of the
this wall. footing to soffit line andreplaced to same
thickness asriginal wall. The hair line
cracks were injected with two componen
epoxy.
Abutment Abutment #1 footing sheakey | Thecrackedeft end of #1L footing and
footing and wastorn off from top of footing | end sheakeywas removed and the footin
shearkey was patched. Also additional reinforcing

steel was added to the footing.
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Table 2-1. (Continued)

SF 532171 AbutmentWall | The ends of abutment walls wer{ The cracks and the spall in the abutment
severelycrackedand spalled. The walls were patched and then injected wit]
back face of the abutment wall | two component epoxy. The epoxy was
wasalso crackedThe cracks injected into walls via short pieces of
were not visible othefront face | copper tubing/ inchin diameter. This
of the walll. tubing was inserted into cracks during

patching operations.

Column The left column at bent 2 had Thecrackedconcrete in the columns was
cracked concrete at top and removed and replaced.
bottom region. The cracks were
feet long and penetrated to the
depth of main reinforcing steel.

At bent 3 both columns had
spalled concrete at the top.

Abutment The left end sher key and end of| The left end shedeeyand the end of the

footing and abutment footing wertorn off. footing wereremoved andeplaced

shear key

SF 532200 Bent cap Bent caps at bents 20 and 11 The bent capwere removed and replace
were severely cracked with ¥
inchwide crackson both sides.

Footing The pedestals at bents 2, 10 anq The cracks in the pedestal were injected
11 werecracked. These cracks | with two component epoxy. The coliar
were 1/16 inclwide on each side| were placed around each footing after
of columns at pedest&p and crackswereepoxy injected.
went downward at 45 degrees
toward center line of columns.

Bent Bent2 columnhad flexural The cracks in the column were injected
cracls. with two component epoxy

Hinges The hinges were cracked. Each | The hinges were injected with two
hinge had two cracksThe cracks| component epoxy
were 1/8 inctwide at top

Footing Abutmentl footing moved inch | Abutmentl footing was increased in size

to theright and 8nch up

so that the abutment wall ntbe bearing
on one edge. The footing reinforcing steg
was extended by drilling holes in the
footing andepoxy groued The spacef 3
inchwide in stepped footing was filled
with concrete
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Table2-2. Bridgedamage andepair of Loma Prieta Earthquake989)

Bridge Bridge DamageDescription Repair
Number Component
L 28-0171 Pile shafts The pileshaftsat bents 4, 5, 6 an( All cracks were epoxy injected.
8 had cracks at the t@gmd these
cracksextending 2 feet down
from the deck soffit. Bents 2 and
3 had cracks extending from
ground up to the soffit level
L 28-0218 Abutment Wall | Minor Spalling at the abutment. | No repair information wagiven
L 33-0061 Bent Several bents suffered minor to | Removel all loose concrete, patelithe
major flexural/shear cracks and | spalls and the crackgere epoxy injected.
spalls.
Bent MB 25had a series ahajor | 2 inchof column core watakenoutat the
flexural and sheasracks, and cracked portions of the column and it wa
spallingstartingat 10 feeabove | found that the column core wagact The
the ground Also one longitudinal concrete was stripped dowm the main
reinforcement bar wasuckled. vertical reinforcing steel all arourite
columnupto 18 feet height Additional #5
hoops were placed at 5 inspacing ad
spliced with OS splice clips damaged
area andhencovered with air blown
mortar.
Deck Therewerenumerousnedium to | All loose concretevas removednd
large size cracks and spalls in th patcledthe spalls on the deck.
deck.
Footing The earthquake movement has | No repair information wagiven.
left a gap between the supports
and aghcent earth at many
locations asbutment.The back
of the abutment footing had
settled more than the front
causing abutment rotation
Back wall The abutment MB 1 back wall | The upper 18 inch of the back wall was
was damaged. (Damage detail | rebuilt. #4 stirrups were added along wit]
was not given) 2-#4 continuous bars in the top of the wa
Restrainer Several earthquake restrainer | Replace the existing earthquake

cables were damaged.

restrainers
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Table 2-2. (continued)

L 33-0126 Bent Major cracking and spalling wa Cracks epoxy injected and spalls dry pad
experienced aent JL 27and 52,| repaired.
at the column bases.

Abutment Wall | Concrete spalling at the abutmg Spalls wergepaied with dry paclkand #3
wall. stirrups at 6 inch epoxied into holes drille
in abutment.

L 33-0483 Bent Bent 38:The bridge hd sustained| Damaged concrete was removed and re
major structural damage to this | casted.
outriggerbent The movement
was such that the major
reinforcement at the corners of
the outrigger has undergone
plastic deformation forming a
hinge atthe corner

Bent cap Multiple shear cracks were No repair information wagiven.
experienced at bent 35 and 38.
Deck At bent 38, crack intte deck werg No repair information wagiven.
approximaely 1/32 inchi 1/16
inch width.
Abutment wall | Spalling at the abutment wall. Repaired by drpacking with cement
Shear keys Failure of abutment external she No repair information wagiven.
key.

L 34-0055 Bent At most of the bent, thereese After shoringthe bridge, earthquake
shear crackatthe top of the damaged concrete wasmoved,
column. reinforcing steelas cleanedndit was

recommended thatew earthquake
mitigation measures can be iakd if
required by design.

Deck Spall in the deck. No repair information wagiven.

L 34-0077 Bent Bents 42, 43, 44, 45, 46, ang It was recommended to place false work
had similar cracking patterns adjacent to distressed columrBut no
which consisted ofmostly heavy | repair design information was provided.
and medium shearacks. Some
columns exhibit extensive
spalling, loss of concrete and
rebar bond.

Bent cap There were verticand diagonal | Supportwas placedinder girder.Area of

cracksonthe face of the bent cay

spalledconcretenvas removedrom the
bent cap under each bearing plate.




187

Table 2-2. (continued)

Thesecracks wereextenadfrom
the bottom to approximately the
mid height of the cap.

Sand blagtdany rusty steel. Dridd holes
and steel bararere hookednto the face of
the bent cp and new concrete was re
casted.

L 34-0100 Bent cap Bent 31: Diagonal cracks in the | Seaédthe cracks with epoxy.
bent cap.
Bent S241: There were Chippedaway loose concretépplied
moderate to severe vertical and | sand blast to clean the area to seal crack
diagonal cracks in the outside | with epoxy.
corner areas of the bent cap.
BentA32: There was$ inchwide | Removel damaged corners ameplaced
spall on the top right side of the | with new concrete
bent cap, which runs diagonally
towards the bent cap column
corner.
OutriggerJoint | Bent N 35: he top of the Remove damaged corners of this eut
outrigger on both sides of the be rigger and repaad
#3 was severely damaged.
Restrainer Hinge A 44 Suffered a Longitudinal restrainers were replaced.
longitudinal movemenand
longitudinal earthquake
restrainers werbroken in the
exterior bays.
L 36-0018 Exterior Shear | The shear kewassheared off. Shear key was replaced.
key
L 36-0058 Wing wall The abutment vingwall had a | No repair information wagiven
30 inchportion whichwasbroken
off and therewvasa large spall
with exposed reinforcing steel of
the exterior side of the wing wall
L 37-0007 Back wall The abutmen’ backwall was Removed all loose concrete from damag

badly broken up in an area of 8 {
10 square feet with many
horizontal and vertical cracks.

area and reasted. All cracks were epoxy
injected.
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Table 2-2. (continued

L 37-0050

Column

At bent 3 the column had fairly
extensiveflexural and shear
cracks. The column of bentwlas
spalled about 3feet long and 10
inchdeep

All cracks were injected with epoxy and
the spall was repaired

L 37-0059

Abutment

Interior shear
key

The damage included a rotati
of the abutment about its footin
the plumbness of the bearin
bars, and the large transvers
opening was visible in the AC
pavement along the pavin
notches.

Extensive shear cracking and
spalling of shear key.

Placedthe bearing bars to their proper
position. Masonry platevasremowedand
resetted.

No repair information wagiven

L 37-0120

Shear key

At abutment 4&hear key
experienced extensiapalling.

No repair information wagiven
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Table2-3. Bridgedamage andepair of Northridge Earthquake @4).

Bridge Bridge DamageDescription Repair
Number Component

N 531615 Bent Bent 2 exhibitminor spalling at top| No repair information wagiven

of all four columns
Abutment Wall | Vertical cracks on the face of the | Cracks in theabutment were filled with
abutment wall. epoxy.

N53-1637 Diaphragm At bent 7, there was a horizontal | Removel the unsound concrete along the
crack in the diaphragms located a| horizontal hairline crack of the diaphragm i
the level of the seismic restrainer.| span #7 and the craskvere epoxy injected

Removel the diaphragm of the span #7 and
Diaphragm of the span #7 broken portion of the exterior girders are t
separated from the girders of the | diaphragnwas recasted Also the aditional
span # 7. There were cracks reinforcemerg in the diaphragmvere
between the girders and the provided Provided #3 spirals with low pitch
diaphragm. around the opening provided for the passal
of seismic restrainers to give some ductility
to this diaphragm and avoid futuspalling
N 531917 ExteriorShear | Shear keys at the abutment were | Shear kegwerere-casted.
key. sheared off
N 531921 Depressedhear | The depressed transverse shear | Remova and replacé unsound concrete.
key keys were damaged Repaiedthe spalled concrete adjacent to th
key.

N 531984 Shear key There was a major shear key Replacd all exterior shear keys at all
damage at all locations at all abutments.
abutments

Column There wasa major damage ahe Chippedoutand removed athe unsound
top plastic hinge location of varioy concreteat damaged areandthe spalls were
columns. filled with epoxy bonded mortar and cured
with nonpigmented material. Also additiona
horizontal ties were installed to achieve 3
inch center to center spacing.
Back wall There was damage at the end of | Damaged section of the back walls was
back walls. removedand recasted.
Hinge There was a minor spalling at the| Removed unsound oorete at the locations

exterior girders at all hinges.

of concrete spall and reconstructed. Crack
were epoxy injected. Also the holes were
drilled and bonded with additional rebar at
locations where rebar was missing.
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Table 2-3. (continued

N 53-1989F Shear key At abutment 1 and 9, exterior Exterior keys at both abutments were
shear keys failed at both sides. | repaired. Information about repair desig
was not given.
Back wall Abutment back wall was No repair information was given.
damaged.
Bent 2 Bent 2 experienced large diagon Repaired the cracks/spally backfilling
cracks at the bottom and minor | the slurry cement.
cracks and spalls ablumn top.
N 53-2329G Abutment Wall | There was extensive spalling at | Chipped outand removd theloose
the abutment with exposed bars| unsound concrete to expose rebae-
casedwith concrete mortar, arttien
cured with non-pigmented curing
compound.
Bent At bent 2, there was a major shg Removedhe brokerconcrete cover and
crack starting at the bottom of th) exposé the main core. Remouehe
flared section of the bent and en¢ unsound concrete inside of the core loca
at the top of CIDH pile. between the flare seoti and the top of the
CIDH pile and then the column was re
casted.
Hinge All hingeshad vertical offset Removel concrete for joint seal anchorag
This offset occurred at the high | Removedheexisting joint seal.
end of supeelevation, but not at
the low end.

N 53-2395 AbutmentWall | Abutment had ackedand All loose concrete from the damaged are|
spalled concrete on the face of | was removed and all cracks were epoxy
abutment. injected. Spalls were patched.

Column Minor spalling at top of the flared Spalls were repairedNo repair
section. information was given.

N 532396 Column There wereCracks in the columny All cracks were epoxy injected. The

with expo®dreinforcing steel.
Cracks appeadto be
propagating inside the coré&lo
damage to longitudinal and spirg
reinforcementecorded andie
columncore was intact.

surfaceof the columns wasand blastd.
Air-blown concrete technique was used
resurface the column faceslizing regular
strength structural concrete.
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Table2-4. Bridgedamage andepair ofWhittier Earthquake (1987).

Bridge Bridge DamageDescription Repair
Number Component
53-1660 Bent At bent #6 major damage was Removed the column concrete to expose
sustained to the five columns. longitudinal rénforcement and added new
There were many large diagonal | ties and lhen the columns were-masted.
shear cracks on tHace ofall the
columns. The most severely
damaged column was the center
column.
Bent cap Therewas large incipient concrete| At bent#5, the corner of the bent cap was
spall in the bent cap at bent #5. | reconstructed. #5 bars at 12 inch both way,
Few vertical cracks were present | inserted into bent cap corner by drilling hol
bent cap at bent #7. into it and then these holes were grouted.
bent #7 the cracks in bent were filled with
€poxy.

Table2-5. Bridgedamage andepair ofPetrolia Earthquake (1992)

Bridge Bridge DamageDescription Repair
Number Component
4-0017R/L Column At bent #0 of span dad alarge Imminent eplacement of this structuveas

transverse cracks across the full
section at the top, and large open
spalls that has removed about 40
of the concrete cross section from
this column around the perimeter
the column. The main longitudinal
reinforcementvascompletely
exposed andadbuckled slightly.
In addition, the transverse floor
beam hd large spalls on both face
above this location, and thenasa
medium to large vertical crack tha
extends from the inside of the
column/floorbeam connection
about halfway up the depth dfet
floor-beam.

recommended
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Table2-6. Bridgedamage andepair ofThe Landers anBig Bear Earthquake (1992)

Bridge Bridge DamageDescription Repair
Number Component
56-0532G Shear key The internal shear key at abutmern Chippedout the entire she&ey, proteced
#1 & #5 had crushed. all theexisting reinforementin the key area

Drilled 1 inch diameteholes 6 inctdeep into
the soffit for additional reinforcing steel
dowels. Using dry pack mortar, #5 rebar
dowelswere placedn the holes. Reasted
the key usingix sack air blown mortar.

Table2-7. Generaldamagdevels inbridgecomponents (WFEO 2010)

Damage Definitions
Degree
Reinforced Concrete Piers Reinforced Concrete Girders
A 6 s | Near ollapseand large tilting Near ollapse
A Fracture of rebars and large deformation Several longitudinal rebars or prestressing
cables are fractured as wellfagure of
bearings
B Fracture of part of rebars and deformation of rebars| Large cracks and spalling of concrete
crack and spalling of concrete
C Crack and local spalling of cover concrete Minor cracks Crack width less than 2mm
D Minor cracks No or slght damage without effect on
bearing capacity
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Table2-12. Repairmethods for R@jirder (WFEO 2010)

Bridge Component

Repair Methods

* Crack repair by resin mortar and resin injection
* Steel plate attachement on vertical sides of the girder by

RC Girder S
anchor bolt and epoxy injection
* Adding piles to the footing
: * Construction of underground walls and / or beams
Footing

* Soil improvement
* Removal and reconstruction
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Table2-15. Summary ofepairmethods inbridge books forbridge components.

Bridge Component Caltrans Past Earthquake Damaged Bridge Repair Practice in Field

* Epoxy injection
* Patching

Column , .
* Reinforced concrete jacket

* Removal and reconstruction

* Epoxy injection
Girders * Steel Plate
* Removal and reconstruction

* Epoxy injection

Abutment Wall * Patching
* Removal and reconstruction
Shear Key * Removal and reconstruction

Beam Column Joints  |* Patching
Cap beam * Removal and reconstruction

* Epoxy injection
) * Patching
Footing

* Increment in footing size
* Removal and reconstruction

* Epoxy injection

Pile )
* Removal and reconstruction
Reatrainer * Replacement
* Epoxy injection
Back wall * Patching
* Removal and reconstruction
* Epoxy injection
Diaphragm * Patching
* Installation of restrainers
Wing Wall * No repair information is provided

* Epoxy injection

* Patching

* Installation of hinge restrainers
* Removal and reconstruction

Superstructure Hinge

* Epoxy injection
* Patching

Deck
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Chapter 3. Tables

Table3-1. CFRPmaterialproperties (Tyf§ SCH41 compositeusing Tyfd” S epoxy)

Property Composite Gross Laminate
Properties
Ultimate tensile strength in primary fiber 121000 psi [834 Mpa]
direction, psi
Elongation at break 0.85%
Tensile modulus, psi 11.9 x 16 [82 Gpal]
Nominal laminate thickness 0.04 in. [1 mm]
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Table4-1. Effective strain in CFRP calculated by Eq. 3.4 and ACI 44@2R5 =10000

Ksi.
f'c =3 ksi, E=10000 ksi f'c=4ksi, E=10000 ksi
t; ACI 440 2R-08 | Eg. 3.4 ) t ACI 440 2R-08| Eqg. 3.4 )

- % diff - % diff
inch | fe | fe inch | fe | fe

0.04 0.00219 0.00193 12% 0.04 0.00266 0.00234 12%
0.08 0.00153 0.00137 11% 0.08 0.00186 0.00166 11%
0.12 0.00123 0.00112 9% 0.12 0.00149 0.00135 9%
0.16 0.00105 0.00097 8% 0.16 0.00128 0.00117 8%
0.20 0.00093 0.00089 7% 0.20 0.00113 0.00108 7%
0.24 0.00084 0.00079 6% 0.24 0.00102 0.00096 6%
0.28 0.00077 0.00073 5% 0.28 0.00094 0.00089 5%
0.32 0.00072 0.00068 5% 0.32 0.00087 0.00083 5%
0.36 0.00067 0.00064 4% 0.36 0.00081 0.00078 4%
0.40 0.00063 0.00061 3% 0.40 0.00077 0.00074 3%

f'c=5ksi, E=10000 ksi f'c =6 ksi, E=10000 ksi
t; ACI 440 2R-08| Eq. 3.4 ) ts ACI 440 2R-08| Eqg. 3.4 )

- % diff - % diff
inch [ e  te inch  te | te

0.04 0.00308 0.00272 12% 0.04 0.00348 0.00308 12%
0.08 0.00215 0.00193 11% 0.08 0.00243 0.00218 11%
0.12 0.00173 0.001571 9% 0.12 0.00196 0.00178 9%
0.16 0.00148 0.00136 8% 0.16 0.00167 0.00154 8%
0.20 0.00131 0.00122 7% 0.20 0.00148 0.00138 7%
0.24 0.00118 0.00111 6% 0.24 0.00134 0.00126 6%
0.28 0.00109 0.00103 5% 0.28 0.00123 0.001168 5%
0.32 0.00101 0.00096 5% 0.32 0.00114 0.00109 5%
0.36 0.00094 0.00091 4% 0.36 0.00107 0.00103 4%
0.40 0.00089 0.00086 3% 0.40 0.00101 0.00097 3%
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Table4-2. Effective strain in CFRP calculated by Eq. 3.4 and ACI 44@2R5 =11000

Ksi.
f'c =3 ksi, E=11000 Ksi f'e=4ksi, E=11000 ksi

' t ACI 440 2R-08 | Eq. 3.4 % dif . t ACI 440 2R-08| Eqg. 3.4 % dif
inch  fe  fe inch | re  te

0.04 0.00209 0.00187] 11% 0.04 0.00253 0.00227] 10%
0.08 0.00146 0.00132 9% 0.08 0.00176 0.00160 9%

0.12 0.00117 0.00108 8% 0.12 0.00142 0.00131 8%

0.16 0.00100 0.00093 7% 0.16 0.00121 0.00113 6%

0.20 0.00088 0.00084 5% 0.20 0.00107 0.00101 5%

0.24 0.00080 0.00079 4% 0.24 0.00097 0.00093 4%

0.28 0.00073 0.00071) 4% 0.28 0.00089 0.00086 4%

0.32 0.00068 0.00066 3% 0.32 0.00082 0.00080 3%

0.36 0.00064 0.00062 2% 0.36 0.00077 0.00079 2%

0.40 0.00060 0.00059 2% 0.40 0.00073 0.00072 1%

f'c=5ksi, E=11000 ksi f'c=6ksi, E=11000 ksi

' t ACIl 440 2R-08| Eq. 3.4 % dif . t ACI 440 2R-08| Eqg. 3.4 % dif
inch  te  te inch | fe | fe

0.04 0.00294 0.00263 10% 0.04 0.00332 0.00297] 10%
0.08 0.00205 0.00186 9% 0.08 0.00231 0.00210 9%

0.12 0.00164 0.00152 8% 0.12 0.00186 0.001720 8%

0.16 0.00141 0.00132 6% 0.16 0.00159 0.00149 6%

0.20 0.00124 0.00118 5% 0.20 0.00140 0.00133 5%

0.24 0.00112 0.00107 4% 0.24 0.00127 0.00121 4%
0.28 0.00103 0.00099 4% 0.28 0.00116 0.001120 3%
0.32 0.00096 0.00093 3% 0.32 0.00108 0.00105 3%
0.36 0.00090 0.00088 2% 0.36 0.00101 0.00099 2%
0.40 0.00084 0.00083 1% 0.40 0.00095 0.00094 1%
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Table4-3. Effective strain in CFRP calculated by Eq. 3.4 and ACI 44@2Rg = 12000

ksi.
f'.=3ksi, §=12000 ksi f'.=4ksi, §=12000 ksi

. t |ACI4402R-08|Eq.34 | , .o . t |ACI440 2R-08| Eq.3.4 | , ..
inch | re | re inch | re | re

0.04 0.00200 |0.00181 9% 0.04 0.00242 |0.00220 9%
0.08 0.00139 |0.00128 8% 0.08 0.00168 |0.00155 8%
0.12 0.00112 |0.00105 6% 0.12 0.00135 |0.00127 6%
0.16 0.00095 |0.00091] 5% 0.16 0.00115 |0.00110 5%
0.20 0.00084 |0.00081 4% 0.20 0.00102 |0.00098 4%
0.24 0.00076 |0.00074 3% 0.24 0.00092 |0.00090 3%
0.28 0.00070 |0.00068 2% 0.28 0.00085 |0.00083 2%
0.32 0.00065 |0.00064 1% 0.32 0.00078 |0.00078 0%
0.36 0.00061 |0.00060 0% 0.36 0.00073 |0.00073 0%
0.40 0.00057 |0.00057 0% 0.40 0.00069 |0.00069 0%

f'.=5ksi, §=12000 ksi f'. =6 ksi, §=12000 ksi

' tr |ACI440 2R-08| Eq. 3.4 | , .. ' tr |ACI440 2R-08| Eq. 3.4 | , ..
inch I. fe I. fe inch I. fe I. fe

0.04 0.00281 |0.00255 9% 0.04 0.00317 |0.00284 9%
0.08 0.00195 |0.00180 8% 0.08 0.00221 |0.00204 8%
0.12 0.00157 |0.00147] 6% 0.12 0.00177 |0.00166 6%
0.16 0.00134 |0.00128 5% 0.16 0.00151 |0.00144 5%
0.20 0.00118 |0.00114 4% 0.20 0.00134 |0.00129 4%
0.24 0.00107 |0.00104 3% 0.24 0.00121 |0.00118 3%
0.28 0.00098 |0.00096 2% 0.28 0.00111 |0.00109 2%
0.32 0.00091 |0.00090 1% 0.32 0.00103 |0.00102 1%
0.36 0.00085 |0.00085 0% 0.36 0.00096 |0.00096 0%
0.40 0.00080 |0.00081 0% 0.40 0.00091 |0.00091 0%
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Table4-4. Effective strain in CFRP calculated by Eq. 3.4 and ACI 44@2R& = 13000

Ksi
f'c =3 ksi, E=13000 ksi f'c=4ksi, E=13000 ksi

. ts ACIl 440 2R-08 | Eq. 3.4 % diff . t ACI 440 2R-08| Eq. 3.4 % diff
inch | re | re inch  fe | re

0.04 0.00192 0.00176 8% 0.04 0.00232 0.00213 8%
0.08 0.00133 0.00124 7% 0.08 0.00161 0.00151 6%
0.12 0.00107 0.00102 5% 0.12 0.00129 0.00123 5%
0.16 0.00091 0.00088 3% 0.16 0.00110 0.00107, 3%
0.20 0.00081 0.00079 2% 0.20 0.00098 0.00095 2%
0.24 0.00073 0.00072 1% 0.24 0.00088 0.00087 1%
0.28 0.00067 0.00067 0% 0.28 0.00081 0.00081 0%
0.32 0.00062 0.00062 0% 0.32 0.00075 0.00075 0%
0.36 0.00058 0.00059 -1% 0.36 0.00070 0.00071 -1%
0.40 0.00055 0.00059 -2% 0.40 0.00066 0.00067] -2%

f'c=5ksi, E=13000 ksi f'c=6ksi, E=13000 ksi

. t ACI 440 2R-08| Eq. 3.4 % diff . t ACI 440 2R-08| Eq. 3.4 % diff
inch | re | re inch | re | re

0.04 0.00270 0.00248 8% 0.04 0.00305 0.00280 8%
0.08 0.00187 0.00175 6% 0.08 0.00211 0.00198 6%
0.12 0.00150 0.00143 5% 0.12 0.00170 0.00162 5%
0.16 0.00128 0.00124 3% 0.16 0.00145 0.00140 3%
0.20 0.00113 0.00111 2% 0.20 0.00128 0.00125 2%
0.24 0.00102 0.00101 1% 0.24 0.00116 0.00114 1%
0.28 0.00094 0.00094 0% 0.28 0.00106 0.00106 0%
0.32 0.00087 0.00088 -1% 0.32 0.00098 0.00099 -1%
0.36 0.00082 0.00083 -1% 0.36 0.00092 0.00093 -1%
0.40 0.00077 0.00078 -2% 0.40 0.00087 0.00089 -2%
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Table4-5. Effective strain in CFRP calculated by Eq. 3.4 and ACI 44@2Rg = 14000

ksi.
f'.=3ksi, = 14000 ksi f'.=4ksi, = 14000 ksi

. tr |ACI440 2R-08 | Eq. 3.4 | . .. . tr |ACI440 2R-08| Eq. 34 | , ..
inch | re | re inch | re  re

0.04 0.00185 |[0.00171 7% 0.04 0.00224 |0.00208 7%
0.08 0.00128 |0.00121 5% 0.08 0.00155 |0.00147] 5%
0.12 0.00103 | 0.00099 4% 0.12 0.00124 |0.00120 3%
0.16 0.00088 |0.00086 2% 0.16 0.00106 |0.00104 2%
0.20 0.00077 |0.00077] 0% 0.20 0.00094 |0.00093 1%
0.24 0.00070 |0.00070 0% 0.24 0.00085 |0.00085 0%
0.28 0.00064 |0.00065 -1% 0.28 0.00078 |0.00079 -1%
0.32 0.00059 |0.00061 -2% 0.32 0.00072 |0.00073 -2%
0.36 0.00056 |0.00057] -3% 0.36 0.00067 |0.00069 -3%
0.40 0.00052 |0.00054 -3% 0.40 0.00063 |0.00066 -4%

f'.=5ksi, = 14000 ksi f'.=6 ksi, = 14000 ksi

. tr |ACI440 2R-08| Eq. 34 | .. . tr |ACI440 2R-08| Eq. 3.4 | , ..
inch | re L re inch | re | re

0.04 0.00260 |0.00241 7% 0.04 0.00293 |0.00273 7%
0.08 0.00180 |0.00171 5% 0.08 0.00203 |0.00193 5%
0.12 0.00144 |0.00139 3% 0.12 0.00163 |0.00157 3%
0.16 0.00123 |0.00121 2% 0.16 0.00139 |0.00136 2%
0.20 0.00109 |0.00108 1% 0.20 0.00123 |0.00122 1%
0.24 0.00098 |0.00098 0% 0.24 0.00111 |0.00111 0%
0.28 0.00090 |0.00091] -1% 0.28 0.00102 |0.00103 -1%
0.32 0.00084 |0.00085 -2% 0.32 0.00094 |0.00096 -2%
0.36 0.00078 |0.00080 -3% 0.36 0.00088 |0.00091 -3%
0.40 0.00074 |0.00076 -4% 0.40 0.00083 |0.00086 -4%
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Table4-6. Effective strain in CFRP calculated by Eq. 3.4 and ACI 44@2R5 =15000

ksi.
f'. =3 ksi, §= 15000 ksi f'.=4ksi, = 15000 ksi

. t |ACI4402R-08 | Eq.3.4 | . . . tr |ACI 440 2R-08| Eq. 3.4 | .o
inch | re | re inch | re | re

0.04 0.00178 |0.00167 6% 0.04 0.00216 |0.00203 6%
0.08 0.00123 |0.00118 4% 0.08 0.00149 |0.00143 4%
0.12 0.00099 |0.00096 2% 0.12 0.00120 |0.00117 2%
0.16 0.00084 |0.00084 0% 0.16 0.00102 |0.00101 1%
0.20 0.00075 |0.00075 0% 0.20 0.00090 |0.00091 -1%
0.24 0.00067 |0.00068 -2% 0.24 0.00081 |0.00083 -2%
0.28 0.00062 |0.00063 -3% 0.28 0.00075 |[0.00077] -3%
0.32 0.00057 |0.00059 -3% 0.32 0.00069 |0.00072 -3%
0.36 0.00053 | 0.00056 -4% 0.36 0.00065 |0.00068 -4%
0.40 0.00050 |0.00053 -5% 0.40 0.00061 |0.00064 -5%

f'.=5ksi, = 15000 ksi f'. =6 ksi, § = 15000 ksi

. tr |ACI 440 2R-08| Eq. 34 | , . . tr |ACI440 2R-08| Eq. 3.4 | .o
inch l. fe l. fe inch |. fe |. fe

0.04 0.00250 |0.00235 6% 0.04 0.00283 |0.00266 6%
0.08 0.00173 |0.00166 4% 0.08 0.00196 |0.00188 4%
0.12 0.00139 |0.0013§ 2% 0.12 0.00157 |0.00154 2%
0.16 0.00118 |0.00118 0% 0.16 0.00134 |0.00133 1%
0.20 0.00105 |0.00105 0% 0.20 0.00118 |0.00119 -1%
0.24 0.00094 |0.00096 -2% 0.24 0.00107 [0.00109 -2%
0.28 0.00087 |0.00089 -3% 0.28 0.00098 |0.00101 -3%
0.32 0.00080 |0.00083 -4% 0.32 0.00091 [0.00094 -4%
0.36 0.00075 |0.00078 -4% 0.36 0.00085 |0.00089 -4%
0.40 0.00071 |0.00074 -5% 0.40 0.00080 |0.00084 -5%
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Table4-7. Required CFRP thickness calculated by ACI 44008Rand proposed metho
for shear keys under DS2.

Damage State 2 Damage State 2
fc = 3 ksi fc =4 ksi
E, i i _ E, i i _
ACI 440.2R-08 EQ-3.8 | % Diff ACI 440.2R-04 EQ-3.8 | % Diff

ksi inch inch ksi inch inch
10000 0.023 0.029 26% 10000 0.021 0.026 24%
11000 0.021 0.026 24% 11000 0.019 0.023 21%
12000 0.019 0.023 21% 12000 0.018 0.021 17%
13000 0.018 0.021 17% 13000 0.016 0.019 19%
14000 0.016 0.019 19% 14000 0.015 0.017 13%
15000 0.015 0.017 13% 15000 0.014 0.016 14%

Damage State 2 Damage State 2
fc =5 ksi fc =6 ksi
E, i i _ E, i i _
ACI 440.2R-08| EQ-3.8 | % Diff ACI 440.2R-08| EQ-3.8 | % Diff

ksi inch inch ksi inch inch
10000 0.021 0.024 14% 10000 0.023 0.023 0%
11000 0.019 0.022 16% 11000 0.021 0.020 -5%
12000 0.018 0.019 6% 12000 0.019 0.018 -5%
13000 0.016 0.017 6% 13000 0.018 0.016 -11%
14000 0.015 0.016 7% 14000 0.017 0.015 -12%
15000 0.014 0.014 0% 15000 0.016 0.014 -13%
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Table4-8. Required CFRP thickness calculated by ACI 44@03Rand proposed metho
for shear keys wter DS5.

Damage State 5 Damage State 5
fc = 3 ksi fc =4 ksi
E, b b _ E, b b .
ACI 440.2R-0§ EQ-3.8 | % Diff ACI 440.2R-04 EQ-3.8 | % Diff

ksi inch inch ksi inch inch
10000 0.44 0.46 5% 10000 0.39 0.42 8%
11000 0.40 0.41 2% 11000 0.36 0.37 3%
12000 0.39 0.37 -5% 12000 0.33 0.33 0%
13000 0.36 0.33 -8% 13000 0.30 0.30 0%
14000 0.31 0.30 -3% 14000 0.28 0.27 -4%
15000 0.29 0.28 -3% 15000 0.26 0.25 -4%

Damage State 5 Damage State 5
fc =5 Kksi fc =6 ksi
E, t; t; E, t t; _
ACI 440.2R-08| EQ-3.8 | % Diff ACI 440.2R-08| EQ-3.8 | % Diff

ksi inch inch ksi inch inch
10000 0.36 0.39 8% 10000 0.34 0.37 9%
11000 0.33 0.35 6% 11000 0.31 0.32 3%
12000 0.30 0.31 3% 12000 0.28 0.29 4%
13000 0.28 0.28 0% 13000 0.26 0.26 0%
14000 0.26 0.25 -4% 14000 0.24 0.24 0%
15000 0.24 0.23 -4% 15000 0.22 0.22 0%
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Chapter 5. Tables

Table5-1. Prototype girder geometric and material properties.

Property | Girder
Section P/S concrete-gjirder
Prestressing Steel 50-250 ksi 7/16 in. sevewire
strand
Youngds modul us Of 28500 ksi [196,500 Mpa]
Youngds modul us Oo f 4030 ksi [27,786 Mpa]
Concrete deck and girdekpected 5 ksi [34.47 Mpa]
compressive strengthQ
Girder Length 75.5 ft. [23 m]

Table5-2. Prestressing steel properties

Property Prestressing Steel
Effective stress in prestressing steel after al 133.6 ksi [921 Mpa]
losses;Q
Yield stress;Q 212.5 ksi [1465 Mpa]
Ultimate StressQ 250 ksi [1724 Mpa]
Tensile modulusQ 28500 ksi [196,500 Mpa]




Chapter 6. Tables

Table6-1. Prototypeabutmentgeometric ananaterialproperties.
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Property Abutment
Abutment stem wall height 7 ft[2134 mm]
Abutment thickness 4t [1219 mm]
Abutment length in transverse direction 50ft [15.24 m]
Youngo6s modulQus o 3605 ksi [27,786 Mpa]
Expected concrete compressive stren@h, 5 ksi [34.5 Mpa]
Steel Grad€fe 68 ksi [468.8Mpa]
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Chapter 8. Table

Table8-1. Ratio of contribution to shear (Vosooghi and Saiidi 201

Plastic Hinge Zone Non-Plastic Hinge Zone
Damage Contribution to Shear Contribution to Shear

State Rc Rs Rc Rs

DS1 100% 100% 100% 100%
DS-2 80% 100% 100% 100%
DS-3 60% 75% 100% 100%
DS4 40% 50% 80% 100%
DS-5 20% 50% 60% 100%

Table8-2. Residual moment capacity factor at different damage states

Damage| Damage| Displacement | Simple Model| Simple Model with Residual
State | Index, DI Ductility with No Displacement
Demand, Residual Approach 1 | Approach 2
m Displacement U] U
U
DS2 0.15 W, = 1.6 0.65 0.75 1
DS3 0.35 Uy =24 0.40 0.50 0.85
DS4 0.55 Mg =32 0.30 0.35 0.65
DS5 0.80 Us = 4.2 0.25 0.30 0.50

Table8-3. Column design properties

Diameter| Height| Steel Ratio Vs Ve (0% qQ Mu

in in Long.| Trans.| kip Kip in in Kip-in | Hc
[mm] [mm] % % [KN] | [KN] | [mm] | [mm] | [KN-m]]

48 240 2 065 | 282 | 115 | 25 | 125 | 35830 | 5
[1219] | [6096] [1254] | [512] | [64] | [318] | [247039]
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Table8-4. Number of required CFRP layers to restore shear strength loss

Inside Plastic Hinge Zone
Damage Retvel Rstvs| V. Calculated,,-jt Provided
State Rc | Rs I | Shear StrengffConfinement No. of Layers
kips | kips | kips in in n
DS2 80% [100%| 92 | 282 | 23 0.003 0.13 4.0
DS3 60% | 75% | 69 | 212 | 117 0.032 0.13 4.0
DS4 40% | 50% | 46 | 141 | 210 0.059 0.18 5.0
DS5 20% | 50% | 23 | 141 | 233 0.065 0.18 5.0
Inside Plastic Hinge Zone
Damage Revel Rs*vs| v Calculated,,—j[ No. of !_ayers
State Rc | Rs I | Shear Strengif€onfinement Provided
kips | kips | kips in in n
DS2 |100%|100% 115 | 282 | O 0 - 0
DS3 |100%| 100% 115 | 282 | O 0 - 0
DS4 80% [100%| 92 | 282 | 23 0.006 - 1.0
DS5 60% [100%| 69 | 282 | 46 0.013 - 1.0

Table8-5. Required thickness of CFRP (shell) to restore flexural strength loss

Mu = 35830 kip-in
Ma : No. of CFRP|Moment after
Damage State|Strength Loss ] Layers Repair
kip-in m n kip-m
DS3 85% 30456 0.12 3 39810
D54 65% 23290 0.12 3 37170
DS5 50% 17915 0.16 4 41600

Table8-6. Unidirectional CFRPRaminate (GU50Cproperties

Tensile | Elongation Tensile Nominal Laminate| Width
Strength at Break Modulus Thickness in. (mm)
ksi (Mpa) % ksi ( Gpa) in. (mm)

400 (2758)| 1.7% | 24000 (165)| 0.0472 (1.2) | 4 (102)
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Table8-7. Required thickness of CFRP strip to restore flexural strength loss

Mu = 35830 kip-in
Damage Statq Strength Los| Mg {; No. of CFRF Moment After
Layers Repalr
Kip-in in n Kip-in
DS3 85% 30456| 0.10 2 38590
DS4 65% 23290| 0.20 3 40690
DS5 50% 17915| 0.27 3 39000
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Tables

Table9-1. Database of single column and bridge models
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Column model Scale Design Ground motion Aspect| Section Long. Trans.
code ratio | dimensions| steel steel
,in ratio, % | ratio, %

328° 0.5 BDS 1993 Quaststatic 3.0 24 2.8 0.9

828° 0.5 ATC-32 Quaststatic 8.0 24 2.8 0.9

B2E-II 0.25 | NCHRP 1249 Synthetic fault rupture 4.0 12 1.56 0.84

Bridge Il” "BZWai | 0.25 | NCHRP 1249 | Synthetic fault rupture | 4.0 12 156 | 0.84
MN P 0.29 | Caltrans 2004 Rinaldi 4.5 14 2.86 1.37

ETNP 0.29 Caltrans 2004 Rinaldi 7.75 14 2.86 1.54
SETNP 0.29 | New spectrum | Rinaldi/RRS (Synthetic)| 7.75 14 3.62 2.05
SVTNP® 0.2 New spectrum | Rinaldi/RRS (Synthetic| 8.21 12 3.0 1.82
ISH1.0°¢ 0.2 Caltrans 2001 Sylmar Hospital 2.0 10x14.5 2.9 0.6

ISH 1.25°¢ 0.2 Caltrans 2001 Sylmar Hospital 2.0 10x15.62| 2.8 0.9

ISH 1.50° 0.2 Caltrans 2001 Sylmar Hospital 2.1 10x16.75| 2.9 0.9

ISH 1.50T°¢ 0.2 Caltrans 2001 Sylmar Hospital 2.1 10x16.75| 2.9 0.9
ISL1.0° 0.25 | Caltrans 2001 Sylmar Hospital 3.3 12x17.5 2.0 1.1
ISL1.5° 0.25 | Caltrans 2001 Sylmar Hospital 3.6 12x20.25| 2.0 1.1
N1E-| 0.25 | NCHRP 1249 CCN 3.0 12 1.56 0.84

B1IW-I 0.25 | NCHRP 1249 CCN 3.0 12 1.56 0.84

B2E-| 0.25 | NCHRP 1249 CCN 4.0 12 1.56 0.84

Bridge! ¢ [ B2W-I_ | 0.25 | NCHRP 1249 CCN 4.0 12 1.56 0.84
B3E-| 0.25 | NCHRP 1249 CCN 25 12 1.56 0.84

B3W-I 0.25 | NCHRP 1249 CCN 25 12 1.56 0.84

407° 0.33 Caltrans 1991 Quasistatic 4.0 24 0.75 0.7

415°¢ 0.33 | Caltrans 1991 Quaststatic 4.0 24 1.50 0.7

430° 0.33 Caltrans 1991 Quasistatic 4.0 24 3.0 0.7

825° 0.33 Caltrans 1991 Quasistatic 8.0 24 1.50 0.7

1015° 0.33 Caltrans 1991 Quasistatic 10.0 24 1.50 0.7
NF-17 0.33 | Caltrans 2004 Rinaldi 4.5 16 2.0 0.92
NF-27 0.33 | AASHTO 2002 Rinaldi 4.5 16 2.2 1.10
RSC? 0.2 NCHRP 1249 Quaststatic 4.5 10 2.04 0.74
SC-CAL " 0.25 | Caltrans 1994 Avrtificial 4.5 12 2.83 0.66
SC-PBD" 0.25 PBD Avrtificial 4.5 12 2.83 1.05
NHS1' 0.33 | Caltrans 2006 Sylmar Hospital 25 16 3.08 1.38
NHS2' 0.33 Caltrans 2006 Sylmar Hospital 2.5 16 3.08 1.38
BENT 1! B1E 0.25 | NCHRP 1249 Northridge 5.0 12 1.56 0.86
B1W 0.25 | NCHRP 1249 Northridge 5.0 12 1.56 0.86

BENT 2! B2E 0.25 | NCHRP 1249 Northridge 7.0 12 1.56 0.86
B2wW 0.25 | NCHRP 1249 Northridge 7.0 12 1.56 0.86

BENT 3! B3E 0.25 | NCHRP 1249 Northridge 6.0 12 1.56 0.86
B3W 0.25 | NCHRP 1249 Northridge 6.0 12 1.56 0.86

&Calderone et al

. (200D)Choi et al. (2007, 2010jCorreal et al. (2006§ Johnson et al. (2008)

¢Lehman and Moehle (2000Phan et al. (2007§Saiidi et al. (2009)! Saiidi and Mortensen

(2002)

"Vosooghi and Saiidi (2010)Nelson et al. (2010)




Table9-2. Magnitudes ofd, (N) (Massey et al. 1951)
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Sample Level of significance («)
size
(N) 0.20 0.15 0.10 0.05 0.01
1 0.900 0.925 0.950 0.975 0.995
2 0.684 0.726 0.776 0.842 0.929
3 0.565 0.597 0.642 0.708 0.828
4 0.494 0.525 0.564 0.624 0.733
5 0.446 0.474 0.510 0.565 0.669
6 0.410 0.436 0.470 0.521 0.618
7 0.381 0.405 0.438 0.486 0.577
8 0.358 0.381 0.411 0.457 0.543
9 0.339 0.360 0.388 0.432 0.514
10 0.322 0.342 0.368 0.410 0.490
11 0.307 0.326 0.352 0.391 0.468
12 0.295 0.313 0.338 0.375 0.450
13 0.284 0.302 0.325 0.361 0.433
14 0.274 0.292 0.314 0.349 0.418
15 0.266 0.283 0.304 0.338 0.404
16 0.258 0.274 0.295 0.328 0.392
17 0.250 0.266 0.286 0.318 0.381
18 0.244 0.259 0.278 0.309 0.371
19 0.237 0.252 0.272 0.301 0.363
20 0.231 0.246 0.264 0.294 0.356
25 0.21 0.22 0.24 0.27 0.32
30 0.19 0.20 0.22 0.24 0.29
35 0.18 0.19 0.21 0.23 0.27
over 35 1.07 1.14 1.22 1.36 1.63
VN vN VN vN VN




Table9-3. Design performance levels

Damage State Service | Service to| Emergency Design
. Earthquake Levels (Years
DS to Emergency Repair Damage Inde qu vels ( )
Public DI O-ST | O-NST| Rec. | Imp.
DS-1 Yes Yes No 0 100 500 1000 | 1500
DS-2 Yes Yes ves, 0.15 500 | 1000 | 1500 | 2500
only plastic hinge
DS-3 No ves, Yes, 0.35 1000 | 1500 | 2500 | NA
1 lane entire column
DS-4 No ves, Yes, 0.55 1500 | 2500 | NA | NA
1 lane entire column
DS-5 No No Yes, 08 2500 | NA | NA | NA
entire column
DS-6 No No NA 1 NA NA NA NA

O-ST = Ordinary Standard Bridge
O-NST = OrdinaryNon Standard Bridge
Rec. = Recovery Bridge
Imp. = Important Bridge
NA = Not Applicable
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Table9-4. Soil profile types

Soil
Profile Soil Profile Description”
Tvpe
A Hard rock with measured shear wave velocity vgz, = 5000 ft/s (1,500 m/s)
B Rock with shear wave velocity 2,500 < vgzp < 5000 ft/s (760m/s < vg;; < 1,500 m/s)
C Very dense soil and soft rock with shear wave velocity 1,200 < vgg < 2,500 ft/s (360m/s < vggy <

760 m/s) or with either standard penetration resistance N > 50 or undrained shear strength
5, = 2,000 psf (100 kPa)

Stiff soil with shear wave velocity 600 < vgzp = 1,200 ft/s (180 m/s < vgz < 360 m/s) or with either
D standard penetration resistance 15 < N < 50 or undrained shear strength 1,000 <s, < 2,000 psf
(50 <5, < 100 KPa)

A soil profile with shear wave velocity vssp < 600 ft/s (180 m/s) or any profile with more than
E 10 1t (3 m) of soft clay, defined as soil with plasticity index PI = 20, water content w = 40
percent, and undrained shear strength s, < 500 psf (25 kPa)

Soil requiring site-specific evaluation:

1. Seils vulnerable to potential failure or collapse under seismic loading;
i.e. liquefiable soils, quick and highly sensitive clays, collapsible weakly-
cemented soils

2. Peat and/or highly organic clay layers more than 10 ft (3 m) thick

3. Very high-plasticity clay (PI> 75) layers more than 25 ft (8 m) thick

4. Soft-to-medium clay layers more than 120 ft (36 m) thick




Table10-1. Complete schedule of shake table testing (Saiidi et al. 201

Chapter 10. Tables

Test | Motion Test Type Target Motion
No. Level PGA (9)
Trans. | Long.
WNO1 White Noise (Trangersg
WNO2 White Noise (Longudinal)
1A 1 W/Restrainerl - 0.09
1B 1 W/Restrainer2 - 0.09
1C 1 Longitudinal - 0.09
1D 1 Biaxial 0.075 | 0.09
WN11 White Noise (Trangersg)
WN12 White Noise (Longudinal)
2 2 Biaxial | 0.15 | 0.18
WN21 White Noise (Trangersg
WN22 White Noise (Longudinal)
3 3 Biaxial | 0.25 | 0.30
WN31 White Noise (Trangersg)
WN32 White Noise (Longudinal)
4A 4 W/Restrainerl - 0.60
4B 4 W/Restrainer2 - 0.60
4C 4 Longitudinal - 0.60
4D 4 Biaxial 0.50 0.60
WN41 White Noise (Trangersg
WN42 White Noise (Longudinal)
5 5 Biaxial | 0.75 | 0.90
WN51 White Noise (Trangersg
WN52 White Noise (Longudinal)
6 6 Biaxial | 1.00 | 1.20
WN61 White Noise (Transersg
WNG62 White Noise (Longudinal)
7 7 Biaxial 1.00 1.20
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Table10-2. Observed performance of bent 1 east column bottom plastic hing

Test Observedperformance Damage
no. State

1A | Nodamage -

1B | Nodamage -

1C | Nodamage

1D | Flexural cracks DS 1

2 Flexural cracks

3 More flexural cracks and spalling begin, few shear cracks| DS 2

4A | More shear crackgoncrete spalling -

4B | Extensive flexural and shear cracks -

4C | Extensive flexural and shear cracks

4D | Extensive spallingonevisible lateral bar DS 3

5 Extensive spallingwo visible lateral reinforcement DS 4
Visible five lateral andhreelongitudinal reinforcement, start
6 of core damage DS 5

7 Failure of column with fractured longitudinal and lateral

reinforcement DS 6

Table10-3. Observed performance of bent 1 east column top plastic hinge

Test Observederformance Damage
no. state

1A | Nodamage -

1B | Nodamage -

1C | Nodamage

1D | Flexural cracks DS 1

2 Flexural cracks, crack width is froth016 to 0.025 inch -

3 Flexural cracks -

4A | Flexural cracks -

4B | More flexural cracks

4C | More flexural cracksfew shear cracks, spalling begin DS 2

4D | Extensive spalling, one slightly visible lateral bar DS 3
5 Extensive spalling, one visiblateral bar -
6 Extensive spalling and two visible lateral bars DS 4

7 Extensive spallingvisible four lateralandthreelongitudinal
reinforcemerg. DS 5
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Table10-4. Observed performance of bent 1 west column bottom plastic hing

Test Observed Péormance Damage
no. State
1A | Nodamage -
1B | Nodamage -
1C | Nodamage -
1D | Nodamage -

2 No damage -

3 | Flexural cracks DS 1
4A | Spalling of cover concrete begin DS 2
4B | More flexural cracks -
4D | Extensive spalling, no visible lateral bar DS 3

Extensive spalling more shear and flexural crackselateral
5 barslightly visible DS 4
6 Extensive spalling and visible lateral reinforcement -
Visible lateral and longitudinal reinforcement, start of core DS 5
7 | damageand few longitudinal bars areitkled

Table10-5. Observed performance of bent 1 west column top plastic hinge

Test Observeerformance Damage
no. state
1A | Nodamage -
1B | Nodamage -
1C | Nodamage -
1D | Flexural cracks DS 1

2 Flexural cracks -

3 Flexural cracks -
4A | Flexural cracks -
4B | Flexural cracks -
4C | More flexural cracks -
4D | More flexural cracks and spalling begin DS 2

5 More spalling and shear cracks DS 3

Extensive spallingmore shear and flexural cracksevisible
6 lateral bar -
7 Extensive spaliig, 3 visible lateral bars DS 4
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Table10-6. Observed performance of bent 2 east column bottom plastic hing

Test Observederformance Damage
no state

1A | Nodamage -

1B | Nodamage -

1C | Nodamage -

1D | Nodamage -

2 No damage

3 Flexural cacks DS 1

4A | Flexural cracks -

4B | Flexural cracks -

4C | Flexural cracks -

4D | Flexural cracks, crack width 0.007 inch

5 Extensive spalling of cover concrete. DS 3

6 Extensive spallingwo lateral bars are visible. DS 4

7 Extensive spallingthreelateral bars are visible -

Table10-7. Observed performance of bent 2 east column top plastic hinge

Test Observederformance Damage
no. state

1A | Nodamage -

1B | Nodamage -

1C | Nodamage -

1D | Nodamage -

2 No damage

3 Flexural cracks DS 1

4A Flexural cracks -

4B Flexural cracks -

4C Flexural cracks -

4D Flexural cracks

5 shear cracks DS 2

6 Extensive spalling of cover concrete DS 3

7 Extensive spalling and shear cracks -
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Table10-8. Observed performance of bent 2 west column bottom plastic hing

Test Observedperformance Damage
no. state
1A | Nodamage -
1B | Nodamage -
1C | Nodamage -
1D | Nodamage -

2 Flexural cracks DS 1
3 Flexural cracks -
4A | Flexural cracks -
4B | Flexural cracks -
4C | Flexural cracks -
4D | Flexuralcracks 0.01 inch -

5 | Spalling begin and few shear cracks DS 2
6 Extensive spalling of cover concrete DS 3
7 Extensive spallingwo lateral bars are visible DS 4

Table10-9. Observed performance of bent 2 west column top plastic hinge

Test Observedperformance Damage
no. state
1A | Nodamage -
1B | Nodamage -
1C | Nodamage -
1D | Nodamage -

2 Flexural cracks DS 1
3 Flexural cracks -
4A | Flexural cracks -
4B | Flexural cracks -
AC | Flexural cracks -
4D | Flexural cracks -

5 Flexural craks 0.01 inch -

6 | shear cracks but no spalling occur DS 2
7 | shear cracks but no spalling occur -
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Table10-10. Observed performance of bent 3 east column bottom plastic hin

Test Observedperformance Damage
no. State
1A | No Damage -
1B | No Damage -
1C | No Damage -
1D | No Damage -

2 No damage -

3 Flexural cracks DS 1
4A | Flexural cracks -
4B | More flexural cracks -
4C | More flexural cracks -
4D | Spalling of cover concrete begin DS 2

5 Extensive spallingtwo lateral bars visible DS 3

6 | extensve spalling two lateral bars visiblegorewasstill intact -

7 Extensive spallingfour lateral bars visible DS 4

Table10-11. Observed performance of bent 3 east column top plastic hinge

Test Observeerformance Damage
no. state
1A | No damage -
1B | No damage -
1C | No damage -
1D | No damage -

2 No damage -

3 No damage -
4A | No damage -
4B | No damage -
4C | No damage -
4D | Spalling of cover concte begin DS 2

5 Extensive spalling of cover concrete DS 3

6 Extensive spallingonelateral bar is visible DS 4

7 Extensive spallingtwo visible lateral bars -
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Table10-12. Observed performance of bent 3 west column bottom plastic hin

Test Observedgoerformance Damage
no. state
1A | Nodamage -
1B | Nodamage -
1C | Nodamage -
1D | Nodamage -

2 No damage -

3 Flexural cracks DS 1
4A | More flexural cracks -
4B | More flexural cracks -
4C | More flexural cracks -
4D | Extensive spallingthreevisible lateral bars DS 4

5 | Approaching to damage state 5 -

Extensivespalling and start of core damadjee lateral and

6 |twolong bars are visible DS 5

- | Extensive core damagaur longitudinal ad nine lateral i

bars visible

Table10-13. Observed performance of bent 3 west column top plastic hinge

Test Observedperformance Damage
no. state
1A | Nodamage -
1B | Nodamage -
1C | Nodamage -
1D | Nodamage -

2 No damage -

3 No damage -
4A | Nodamage -
4B | Nodamage -
4C | Nodamage -
4D | Extensive spalling of cover concrete DS 3

Extensive spalling anshear crackgsyo lateral bars are

5 |visible DS 4
Extensive spallingnore shear and flexural cracksur

6 | visible lateral bars -

7 Extensive spalling, more shear and flexural cradks, f
visible lateral bars -




Table10-14. Maximumdrift ratio corresponds to a given damage
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Maximum Drift Ratios
Bent 1 Bent 2 Bent 3
Damage East West East West East West
State Column Column | Column | Column | Column | Column
DS 1 1.1% 1.1% 2.3% 1.4% 2.9% 2.9%
DS 2 3.4% - - 4.4% 4.8% -
DS 3 5.1% 5.1% 4.4% 5.0% 6.6% -
DS 4 6.0% 6.0% 5.0% 5.1% 8.8% 4.8%
DS 5 8.0% 9.0% - - - 8.8%
DS 6 9.0% - - - - -

Table10-15. Residualdrift ratio corresponds to a given damage state

Residual Drift Ratios
Bent 1 Bent 2 Bent 3
Damage East West East West East West
State Column Column | Column | Column | Column | Column
DS 1 0.2% 0.2% 0.1% 0.2% 0.1% 0.1%
DS 2 0.2% - - 0.1% 0.4% -
DS 3 0.3% 0.3% 0.1% 0.2% 0.7% -
DS 4 0.6% 1.6% 0.5% 0.5% 1.5% 0.4%
DS 5 1.6% 2.7% - - - 1.5%
DS 6 2.7% - - - - -

Table10-16. Frequency ratio corresponds to a given damage state

Frequency Ratios
Bent 1 Bent 2 Bent 3
Damage East West East West East West
State | Column. | Column | Column | Column | Column. | Column
DS1 52.7% 52.7% 45.6% 58.6% 55.1% 55.2%
DS 2 30.4% - - 33.4% 42.8% -
DS 3 24.7% 24.7% 33.4% 31.1% 36.7% -
DS 4 22.7% 22.7% 31.1% 30.9% 31.8% 42.8%
DS 5 19.7% 18.6% - - - 31.8%
DS 6 18.6% - - - - -
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Table10-17. Damage index of bent 1 East column

Effective
Maximum Yield Ultimate
Displacement | Displacement Displacementf pamage
Damage D Dy Dy Index
State [in] [in] [in] DI
DS 1 0.67 0.09
DS 2 2.02 0.35
DS 3 3.06 0.18 5 38 0.55
DS 4 3.62 0.66
DS 5 4.82 0.89
DS 6 5.38 1.00

Table10-18. Maximum average strain in the column longitudinal ari€rostrain)

Bent 1 Bent 2 Bent 3
Damage East West East West East West

State Column. Column Column Column Column. Column
DS 1 9298 20729 7859 2708 16540 16465
DS 2 16948 18745 6602 20283 29396 -

DS 3 29558 30248 19117 26610 37380 11275
DS 4 37555 56775 23262 27072 40709 28746
DS 5 39541 - - - - 43574

Table10-19. Maximum average strain in the column transverse (paicsostrain)

Bent 1 Bent 2 Bent 3
Damage East West Eag West East West
State Column. Column Column Column Column. Column
DS1 432 673 310 178 264 719
DS 2 580 987 355 581 2468 -
DS 3 1520 2112 598 1229 3438 905
DS 4 2861 4466 894 1715 3866 1696
DS 5 6314 4720 - - 1861
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Table10-20. Median and logarithmic standard deviation of resppasameters

DS-1 | DS-2 | DS-3 | DS-4 | DS-5 | DS-6
Median 0016 | 0.028 | 0043 | 0.060 | 0.079 | 0.089
MDR ithm
Logrithmic 0425 | 0332 | 0264 | 0303 | 0353 | 0284
Standard Deviation
Median 0001 | 0002 | 0002 | 0.008 | 0.014
RDR ithm
Logrithmic 1702 | 0991 | 1.843 | 1317 | 1403
Standard Deviation
Median 0783 | 0.662 | 0526 | 0424 | 0368
FR Logrithmic
0219 | 0247 | 0205 | 0273 | 0279
Standard Deviation
Median NA | 0.167 | 0360 | 0580 | 0803
DI ithm NA
Logrithmic - NA | 0418 | 0259 | 0203 | 0.147
Standard Dewviation
Median 0148 | 18523 | 25183 | 32607 | 43125
MLS ithmi
Logrithmic 0711 | 0368 | 0303 | 0278 | 0319
Standard Deviation
Median 329 704 1096 | 1791 | 2222
MIS Logrithmic - 0418 | 0495 | 0530 | 0581 | 0.646
Standard Deviation

Note: NA is not applicable.



Chapter 11. Tables

Table11-1.Ground motions for site class B/C
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Design Spectrun|
NGA No. Event Name  |Magnitudq PGA |(Sdised R | Voo | (S1se70.46589
Scale Factor
g g km | m/sec v
164 |Imperial Valley 6.53 0.157 | 0.294| 15.2 | 659.6 1.58
286 |Irpinia, Italy 6.90 0.083 | 0.255| 17.5 [1000.0 1.83
Al 369 |Coalinga, US 6.36 0.153 | 0.269| 26.0 | 684.9 1.73
ol 755 |Loma Prieta 6.93 0.484 | 0.364| 20.0 | 597.1 1.28
| 769 |Loma Prieta 6.93 0.170 | 0.205| 17.9 | 663.3 2.27
EE 994 [Northridge 6.69 0.289 | 0.361] 21.2 |1015.9 1.29
L | 1091 |Northridge 6.69 0.139 | 0.199| 23.1 | 996.4 2.34
1234 |Chi-Chi Taiwan 7.62 0.204 | 0.298] 27.6 | 680.0 1.56
1482 |Chi-Chi Taiwan 7.62 0.206 | 0.350| 19.9 | 540.7 1.33
2626 [Chi-Chi Taiwan 6.20 0.224 | 0.302| 18.5| 573.0 1.54
126 |Gazli, USSR 6.80 0.608 | 0.797| 3.9 | 659.6 0.58
143 |Tabas, Iran 7.35 0.836 | 0.713| 1.8 | 766.8 0.65
265 |Victoria, Mexico 6.33 0.621 | 0.589| 13.8 | 659.6 0.79
292 |Irpinia, Italy 6.9 0.358 | 0.375| 6.8 [1000.0 1.24
A 495 |Nahanni, Canada 6.76 1.096 | 0.485| 2.5 | 659.6 0.96
D765 |Loma Prieta 6.93 0.473 | 0.310| 8.8 [1428.0 1.50
| 810 |Loma Prieta 6.93 0.450 | 0.298] 12.0 | 714.0 1.56
QE 828 |Cape Mendocino, CA 7.01 0.662 | 0.985| 0.0 | 712.8 0.47
% 879 |[Landers, CA 7.28 0.727 | 0.476| 2.2 | 684.9 0.98
1013 |Northridge 6.69 0.511 | 0.706] 0.0 | 629.0 0.66
1080 |Northridge 6.69 0.877 | 0.736] 0.0 | 557.4 0.63
1111 |Kobe, Japan 6.9 0.509 | 0.305] 7.1 | 609.0 1.53
1197 |Chi-Chi, Taiwan 7.62 0.821 | 1.046| 3.1 | 542.6 0.45
1517 |Chi-Chi, Taiwan 7.62 1.157 | 2.546] 0.0 | 680.0 0.18
1787 |Hector Mine 7.13 0.337 | 0.373] 10.3 | 684.9 1.25




Tablel11-2. Ground motions for site class D
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Design Spectrun
NGA No, Event Name Magnitude PGA|(Sdised Rp | Vsao | (31e0.8450
Scale Factor
g g km | m/sed J
169 [Imperial Valley-06 6.53 |0.351]0.481] 22.0(274.5 1.76
338 |Coalinga-01 6.36 |0.2821.023| 28.1|338.5 0.83
o729 Superstition Hills-02 6.54 |0.207|0.440{ 23.9|207.5 1.92
m|_778 |Loma Prieta 6.93 |0.27910.548| 24.5|215.5 1.54
L| 900 |Landers 7.28 |0.245/0.499| 23.6 | 353.6 1.69
% 978 |Northridge-01 6.69 |0.246/0.585| 17.8|234.9 144
L | 995 |Northridge-01 6.69 |0.358/0.452| 19.7|316.5 1.87
1003 |Northridge-01 6.69 |0.439 0.496| 21.2|308.7 1.70
1107 |Kobe, Japan 6.90 [0.345/0.352| 22.5|312.0 2.40
1203 |Chi-Chi, Taiwan 7.62 0.294/0.615| 16.1|233.1 1.37
160 [Bonds Corner, Imperial Valley-06 6.53 |0.775/0.447| 0.5 |223.0 1.89
180 |El Centro Array#5, Imperial Valley-06 6.53 [0.379/0.678| 1.8 |205.6 1.25
183 |El Centro Array#8, Imperial Valley-06 6.53 [0.602/0.365| 3.9 |206.1 2.31
368 |Pleasant Valley P.P.-Yard, Coalinga-01 6.36 |0.592/0.991| 7.7 |257.4 0.85
a 461 |Morgan Hill 6.19 |0.312/0.423| 3.5 |281.6 2.00
o 529 |N. Palm Springs 6.06 |0.594/0.859| 0.0 |345.4 0.98
| 723 |Parachute Test Site, Superstitons Hillst026.54 |0.455/0.970| 0.9 |348.7 0.87
% 752 |Capitola, Loma Prieta 6.93 |0.5290.456| 8.7 |288.6 1.85
I-IZJ 821 |Erzincan, Turkey 6.69 |0.515/0.848| 0.0 |274.5 1.00
829 |Rio Dell Overpass-FF, Cape Mendocinp 7.01 ]0.385/0.538] 7.9 |311.8 1.57
953 |Northridge-01 6.69 [0.416/1.019] 9.4 |355.8 0.83
1063 |Northridge-01 6.69 |0.825/1.826] 0.0 |282.2 0.46
1087 |Northridge-01 6.69 |1.7790.787| 0.4 |257.2 1.07
1106 |Kobe, Japan 6.90 |0.821]1.501] 0.9 | 312 0.56
1503 |Chi-Chi Taiwan 7.62 |0.814/1.313| 0.6 |305.9 0.64
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Table11-3. Design spectrum values for site B/C and D

T =1000 Years T =1500 Years T = 2500 Years
Period | SiteB/C | SteD | SteB/C | SiteD Ste B/IC | Site D
Sa, g Sa, g Sa, g

0 0.636 0.643 0.749 0.729 0.899 0.842
0.1 1.341 1.080 1.583 1.209 1.914 1.399
0.2 1.596 1.361 1.883 1.533 2.306 1.780
0.3 1.328 1.400 1.572 1.594 1.915 1.849
0.5 0.934 1.275 1.103 1.471 1.359 1.745
1 0.466 0.845 0.549 0.982 0.673 1.181
2 0.196 0.420 0.227 0.489 0.273 0.586
3 0.114 0.257 0.131 0.296 0.156 0.353
4 0.078 0.179 0.090 0.206 0.107 0.245
5 0.063 0.145 0.074 0.168 0.088 0.200

Table11-4. Column diameter and bar size for 1%, 2%, and 3% longitudinal reinforce

Diameter, D Longitudinal | Longitudinal
in (mm) Steel Ratio |Reinforcemer]
1% 14 #10
48 (1219) 2% 16 #14
3% 24 #14
1% 22 #10
60 (1524) 2% 26 #14
3% 38 #14
1% 32 #10
72 (1829) 2% 36 #14
3% 54 #14
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Table11-5. Single column bent models designed for T = 19€8ar

Site Configuration H/D SteelRatio | Period Nv | o | e | oy |y, /verv,
Class Long. | Trans.| Sec | in in in
Cantilever 1% 0.17%| 1.22 | 3.2 | 53 | 9.3 0.35 0.82
B/C 5 2% 0.23%| 1.04 | 3.7 | 4.7 | 9.5 |0.17 0.95
Fixed-Fixed 1% 0.61%| 064 | 1.8 | 2.9 | 9.9 (0.13 0.98
1% 1.05% | 1.23| 3.5 | 10.1|22.5/0.346 0.32
Cantilever | 5 2% 0.84%| 1.04| 40| 86 |17.0/0.353] 0.48
3% 0.66%| 091 | 40| 7.3 |13.3|/0.351] 0.69
1% 0.53%| 064 | 1.8 | 4.4 | 9.9 (0.32 0.98
Fixed-Fixed| 5 2% 0.24%| 0.55| 2.3 | 3.6 |13.1|0.12 0.87
3% 0.09%| 0.48 | 24 | 2.9 [13.4(/0.05 0.98
1% 0.44%| 3.39 | 12.6| 24.7 | 47.2| 0.35 0.26
Cantilever | 10 2% 0.30% | 2.84 | 14.0| 21.7|35.8/0.352] 0.41
3% 0.20% | 2.49 | 14.2| 19.5|29.5/0.349] 0.59
1% 0.48%| 1.73 | 6.7 | 14.2|28.2|/0.353] 0.53
Fixed-Fixed| 10 2% 0.30%| 1.47 | 7.5 | 12.1|20.7/0.349] 0.87
D 3% 0.18%| 1.29 | 7.8 | 10.6 {20.6| 0.22 0.97
1% 1.14%| 1.91| 5.4 | 15.7 | 35.0/0.347 0.19
Cantilever | 7.5 2% 0.92%| 1.65| 6.4 | 13.5|26.6| 0.35 0.29
3% 0.75%| 1.46 | 6.5 | 12.0|22.0| 0.35 0.43
1% 0.84%| 1.01| 29| 83 |18.1| 0.35 0.44
Fixed-Fixed| 7.5 2% 0.50%| 0.89 | 3.6 | 7.0 |13.2| 0.35 0.94
3% 0.31%| 0.79 | 3.8 | 5.9 (14.6] 0.2 0.92
1% 0.50% | 5.23 | 19.3| 38.9 | 75.2| 0.35 0.16
Cantilever | 15 2% 0.22% | 4.44 | 21.6| 31.3|50.3| 0.35 0.30
3% 0.08% | 3.92 | 22.1| 27.6 | 38.2| 0.35 0.47
1% 0.41%| 2.70 | 10.2| 20.8 | 41.3| 0.35 0.40
Fixed-Fixed | 15 2% 0.25% | 2.32 | 11.9| 18.5|30.4| 0.35 0.59
3% 0.18% | 2.05| 12.3| 16.8 | 25.6| 0.35 0.81




Table11-6. Single column bent models designed for T = 1$ear
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Site

Steel Ratio

Period

Ny

¢

Configuration H/D : o | J DI |Vp/ VetV
Class Long. | Trans.| Sec | in in in
1% 1.32% | 1.23 | 3.6 | 11.8 | 26.4| 0.35 0.23
Cantilever | 5 2% 1.19% | 1.04 | 4.1 | 10.0| 20.9| 0.35 0.39
3% 0.97%| 091| 41| 8.4 |16.3] 0.35 0.57
1% 0.74%] 0.64| 1.9 | 51 |11.0| 0.35 0.78
Fixed-Fixed| 5 2% 0.41%] 055| 21 | 42 | 80| 0.35 1.74
D 3% 0.26%| 048 | 2.2 | 3.4 | 6.0 0.35 2.50
1% 0.61%| 3.38 | 12.9| 28.5|55.7| 0.35 0.21
Cantilever | 10 2% 0.52%| 2.84 | 14.4| 25.0 | 45.2] 0.35 0.31
3% 0.42%| 2.50 | 14.6| 22.7 | 37.5| 0.35 0.42
1% 0.71%| 1.73| 6.8 | 16.6 | 34.6| 0.35 0.42
Fixed-Fixed| 10 2% 0.52%| 1.47 | 7.7 | 14.1|26.4| 0.35 0.66
3% 0.40%| 1.29| 7.8 | 12.4|21.1] 0.35 0.92




Table11-7. Two column bent models designed for T = 1.0@ar
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Site Configuration H/D SteelRatio | Period] Nty | Jo | Nc | p V! VetV
Class Long. | Trans.| Sec | in in in
1% 145% | 1.30 | 4.1 | 10.7| 22.7| 0.35 0.22
Fixed-Pinned 5 2% 0.86% | 1.16 | 5.2 | 95| 17.1| 0.35 0.51
3% 0.66% | 1.06 | 5.7 | 8.7 | 14.7] 0.35 0.73
1% 0.61% | 070 | 24 | 5.0 | 9.4 | 0.35 1.05
Fixed-Fixed| 5 2% 0.79% | 0.64 | 3.3 | 44 [12.8|0.12 1.04
3% 1.32% | 0.58 | 3.7 | 3.8 | 13.5]0.01 1.05
1% 1.06% | 1.62 | 5.2 | 13.3| 28.0| 0.35 0.28
Fixed-Pinned 6 2% 0.83% | 1.38 | 6.2 | 11.3| 20.7| 0.35 0.39
3% | 0.63% | 1.26 | 6.6 | 10.4| 17.4| 0.35 0.54
1% 0.75% | 086 | 28 | 6.7 | 13.7| 0.35 0.52
D Fixed-Fixed| 6 2% 0.45% | 0.76 | 3.7 | 5.6 [ 10.4|0.29 1.00
3% 0.97% | 0.69 | 41 | 49 [11.3|0.11 1.00
1% 0.44% | 3.62 | 14.9| 25.9| 47.3| 0.35 0.27
Fixed-Pinned 10 2% 0.15% | 3.13 | 17.2| 23.3| 34.4| 0.35 0.64
3% 0.11% | 2.81 |18.4|21.5|32.0(0.22 1.01
1% 0.56% | 1.87 | 8.2 | 15.3| 29.2| 0.35 0.48
Fixed-Fixed | 10 2% 0.30% | 1.63 | 9.7 | 13.5]| 21.2| 0.35 0.91
3% 0.31% | 1.47 |10.5]|12.0(21.5(0.14 1.02
Fixed-Pinned 12 1% 0.32% | 4.41 | 18.1| 31.0| 56.5| 0.35 0.31
Fixed-Fixed | 12 1% 0.50% | 2.28 | 9.6 | 18.1| 34.1| 0.35 0.44
2% 0.21% | 1.95 | 11.5| 16.0| 24.2| 0.35 0.98
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Table11-8. Four column bent models designed for T = 1g6ar

Site | onfiguratior| H/D |—>eIRato [Periodl pv | o | Ne | oy 1y 1y sy,
Clas Long. | Trans.| Sec | in in in
1% 1.14%| 2.06 | 6.5 | 16.8 | 34.4| 0.35 0.20
Fixed-Pinned 7.5 2% 0.92%| 1.85| 8.0 | 15.2 | 28.6| 0.35 0.29
D 3% 0.61%| 1.67 | 8.5 | 13.7|23.3| 0.35 0.49
1% 0.49% | 1.12 | 40| 9.3 |20.0| 0.35 1.00
Fixed-Fixed | 7.5 2% 0.53%]| 1.04 | 5.5 | 8.6 |17.8/0.25| 0.99
3% 0.71%| 096 | 6.1 | 7.7 [19.8|0.12 1.00




Table11-9.DI.f or cantii

|l ever SCBs with D

Long. Steel =1% | Long. Steel =2% | Long. Steel = 3%
NGA No Trans. Steek 1.14%| Trans. Steek 0.92% Trans. Steek 0.75%
% DI, % DI, % DI,
in in in
169 17.44 0.41 7.71 0.07 10.50 0.26
338 15.16 0.33 10.71 0.22 9.31 0.18
729 12.37 0.24 14.09 0.38 15.62 0.59
% 778 35.04 1.00 14.53 0.40 15.48 0.58
i 900 12.75 0.25 10.55 0.21 10.96 0.29
E 978 16.84 0.39 12.62 0.31 12.00 0.35
995 11.15 0.19 8.65 0.11 8.58 0.13
1003 16.16 0.36 10.13 0.19 13.22 0.43
1107 8.94 0.12 8.98 0.13 12.25 0.37
1203 10.13 0.16 11.24 0.24 11.42 0.32
160 11.36 0.20 9.54 0.16 10.57 0.26
180 35.04 1.00 40.14 1.00 27.17 1.00
183 16.24 0.37 12.49 0.30 10.38 0.25
368 15.30 0.33 9.16 0.14 9.12 0.17
461 12.82 0.25 13.10 0.33 10.56 0.26
- 529 15.84 0.35 13.17 0.34 10.64 0.27
E‘ 723 14.00 0.29 17.46 0.55 14.47 0.51
b 752 10.92 0.19 7.94 0.08 6.21 -0.02
2 821 13.34 0.27 13.44 0.35 14.13 0.49
829 11.40 0.20 12.94 0.33 9.99 0.22
953 16.62 0.38 7.69 0.07 10.61 0.26
1063 14.93 0.32 10.37 0.20 11.67 0.33
1087 16.50 0.37 14.10 0.38 9.61 0.20
1106 12.66 0.24 10.62 0.21 10.12 0.23
1503 12.00 0.22 14.39 0.40 13.85 0.47
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Table11-10.DI.f or

cantilever SCBs wi th

D

NGA No.

Long. Steel = 1%

Long. Steel = 2%

Long. Steel = 3%

Trans. Steek 1.14%

Trans. Steek 0.92%

Trans. Steek 0.75%

ci?]) DI, ?r? DI, cf: DI,

169 35.04 1.00 9.42 0.15 13.23 0.43

338 19.30 0.47 1541 0.45 12.37 0.38

729 50.07 1.00 18.66 0.61 18.49 0.77

% 778 35.04 1.00 27.46 1.00 25.96 1.00
[ 900 25.43 0.68 13.22 0.34 13.93 0.48
E 978 27.88 0.76 17.86 0.57 17.72 0.72
995 13.77 0.28 9.88 0.17 10.65 0.27

1003 25.29 0.67 13.14 0.34 17.21 0.69
1107 9.14 0.13 12.20 0.29 16.60 0.65
1203 14.99 0.32 12.25 0.29 15.58 0.59

160 18.40 0.44 12.21 0.29 14.08 0.49

180 35.04 1.00 26.56 1.00 21.99 1.00

183 28.00 0.76 16.60 0.51 15.11 0.56

368 27.22 0.74 13.10 0.33 11.44 0.32

461 15.71 0.35 17.77 0.57 14.76 0.53

e 529 21.82 0.55 18.98 0.62 15.41 0.57
i.qt) 723 18.38 0.44 21.96 0.77 23.17 1.00
= 752 18.80 0.45 10.69 0.21 7.56 0.07
2 821 20.69 0.52 18.80 0.62 17.69 0.72
829 14.71 0.31 15.62 0.46 14.45 0.51

953 23.63 0.62 10.21 0.19 14.86 0.54

1063 22.14 0.56 14.13 0.38 13.77 0.47
1087 18.60 0.45 21.94 0.77 14.43 0.51
1106 18.50 0.44 13.26 0.34 12.27 0.37
1503 35.04 1.00 27.13 1.00 21.62 0.98
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Table11-11. DI for fixed-f i x e d

SCBs

with D

Long. Steel =1% | Long. Steel =2% | Long. Steel = 3%
Trans. Steek 0.84%| Trans. Steek 0.50%)] Trans. Steek 0.71%
NGA No.
Sa DI, b DI, o DI,
in in in

169 7.77 0.32 6.61 0.32 7.84 0.37

338 5.40 0.16 7.96 0.46 9.61 0.54

729 5.80 0.19 7.47 0.41 5.54 0.16

S| 778 5.18 0.15 5.61 0.21 6.30 0.23
ff 900 9.60 0.44 7.32 0.39 7.92 0.38
E 978 5.53 0.17 5.18 0.17 6.35 0.24
995 6.30 0.22 5.36 0.19 5.54 0.16
1003 5.76 0.19 7.88 0.45 7.29 0.32
1107 7.32 0.29 12.57 0.94 7.77 0.37
1203 3.86 0.06 6.33 0.29 4.93 0.10

160 6.73 0.25 6.83 0.34 4.66 0.08

180 8.00 0.33 8.55 0.52 11.39 0.70

183 12.85 0.65 9.28 0.60 6.39 0.24

368 5.36 0.16 6.93 0.35 6.14 0.22

461 8.78 0.39 5.61 0.21 5.71 0.18

< | 529 6.39 0.23 8.55 0.52 9.31 0.51
-E 723 16.22 0.88 13.62 1.00 6.33 0.23
5| 752 8.05 0.34 7.54 0.41 4.93 0.11
2| 821 11.37 0.56 10.11 0.68 9.62 0.54
829 8.10 0.34 9.02 0.57 7.14 0.31

953 6.87 0.26 5.83 0.24 6.62 0.26
1063 9.22 0.41 7.78 0.44 6.96 0.29
1087 7.60 0.31 5.28 0.18 5.22 0.13
1106 5.89 0.20 6.59 0.31 7.24 0.32
1503 6.11 0.21 8.80 0.55 8.63 0.45




Table11-12. DI, forfixedf i xed SCBs with D 40,
Long. Steel =1% | Long. Steel =2% | Long. Steel = 3%
Trans. Steek 0.84% Trans. Steek 0.50%| Trans. Steek 0.71%
NGA No.
B DI, 2 DI, b DI,
in in in

169 14.45 0.76 9.39 0.61 11.09 0.68

338 6.58 0.24 10.07 0.68 12.08 0.77

729 8.44 0.36 11.42 0.82 7.65 0.36

= 778 6.15 0.21 6.15 0.27 8.56 0.44
@ 900 17.25 0.94 12.47 0.93 10.41 0.61
. 978 7.54 0.30 6.74 0.33 8.36 0.42
E | 995 7.21 0.28 7.09 0.37 6.65 0.26
1003 7.35 0.29 10.39 0.71 10.58 0.63
1107 12.87 0.65 21.00 1.00 11.99 0.76
1203 4.64 0.11 7.82 0.44 6.74 0.27

160 8.53 0.37 9.74 0.64 6.07 0.21

180 13.21 0.68 10.65 0.74 14.02 0.95

183 23.10 1.00 14.66 1.00 10.42 0.61

368 6.91 0.26 9.51 0.62 6.92 0.29

461 12.66 0.64 8.18 0.48 7.21 0.32

529 10.06 0.47 9.51 0.62 11.59 0.72

% 723 32.77 1.00 25.91 1.00 12.70 0.82
i—I— 752 14.97 0.79 9.75 0.64 7.28 0.32
s 821 18.99 1.00 17.41 1.00 16.69 1.00
< 829 9.97 0.46 14.56 1.00 10.99 0.67
953 8.01 0.33 7.72 0.43 8.34 0.42

1063 12.49 0.63 12.00 0.88 10.80 0.65
1087 12.83 0.65 6.72 0.33 7.00 0.30
1106 7.37 0.29 7.08 0.37 9.06 0.49
1503 8.32 0.36 12.97 0.98 11.18 0.68




Tablel1-13. DI . f or

NGA No.

Long. Steel = 1%

Far Field

169

338

729

778

900

978

995

1003

1107

1203

Near Field

160

180

183

368

461

529

723

752

821

829

953

1063

1087

1106

1503

No data for 1% ste

cantil ever SCBs with D
Long. Steel = 2% Long. Steel = 3%
Trans. Steek 0.22% | Trans. Steek 0.13%
2 DI, w DI,

in in
22.44 0.03 31.88 0.52
22.83 0.04 20.57 -0.09
19.20 -0.08 13.31 -0.48
44.82 0.81 25.71 0.19
38.94 0.60 58.43 1.00
30.79 0.32 26.61 0.24
26.27 0.16 15.80 -0.35
18.72 -0.10 24.41 0.12
33.64 0.42 28.38 0.33
19.78 -0.06 12.72 -0.51
38.72 0.60 41.60 1.00
28.63 0.24 25.55 0.18
31.78 0.35 29.42 0.39
22.17 0.02 27.45 0.28
22.76 0.04 26.97 0.26
27.06 0.19 23.63 0.08
29.81 0.29 28.85 0.36
38.61 0.59 30.58 0.45
26.64 0.17 21.79 -0.02
50.32 1.00 43.60 1.00
20.56 -0.04 28.44 0.33
18.73 -0.10 24.94 0.15
33.60 0.42 28.09 0.32
18.35 -0.11 22.25 0.00
20.70 -0.03 31.34 0.49
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Tablel1-14. DI . f or

canti

D

NGA No.

Long. Steel = 1%

Far Field

169

338

729

778

900

978

995

1003

1107

1203

160

No data for 1% ste

Near Field

180

183

368

461

529

723

752

821

829

953

1063

1087

1106

1503

| ever SCBs with

Long. Steel =2% | Long. Steel = 3%
Trans. Steek 0.22%| Trans. Steek 0.13%

b DI, 2 DI,

in in
29.92 0.29 40.70 1.00
29.32 0.27 27.59 0.34
27.79 0.21 18.20 -0.24
50.32 1.00 30.81 0.54
50.32 1.00 53.08 1.00
42.49 0.73 34.87 0.80
39.49 0.62 21.43 -0.04
23.10 0.05 33.00 0.68
50.32 1.00 39.53 1.00
26.49 0.17 16.95 -0.32
38.55 0.59 55.30 1.00
39.29 0.62 35.23 0.82
64.80 1.00 42.00 1.00
28.71 0.25 35.22 0.82
31.93 0.36 36.18 0.88
36.25 0.51 32.10 0.62
41.87 0.71 38.26 1.00
50.76 1.00 42.08 1.00
36.05 0.50 29.51 0.46
50.32 1.00 38.16 1.00
28.18 0.23 38.57 1.00
25.37 0.13 33.90 0.74
50.32 1.00 37.70 0.97
24.93 0.11 30.34 0.51
28.35 0.23 39.05 1.00
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Table11-15. DI, forfixedf i xed SCBs with D = 4606,
Long. Steel = 1% | Long. Steel=2% | Long. Steel = 3%
Trans. Steek 0.41% Trans. Steek 0.25%| Trans. Steek 0.18%
NGA No.
Sin DI, 2 DI, b DI,
in in in
169 18.76 0.27 19.87 0.43 16.15 0.29
338 17.22 0.23 14.80 0.16 16.02 0.28
729 18.24 0.26 13.61 0.09 12.72 0.03
° 778 17.23 0.23 24.44 0.68 19.68 0.56
ff 900 24.63 0.46 19.64 0.42 16.76 0.34
E 978 17.86 0.25 14.94 0.16 17.37 0.38
995 15.23 0.16 15.61 0.20 16.45 0.31
1003 17.61 0.24 16.63 0.26 18.47 0.47
1107 17.55 0.24 12.23 0.02 6.59 -0.43
1203 41.33 1.00 21.01 0.49 10.54 -0.13
160 17.57 0.24 12.50 0.03 11.29 -0.07
180 19.88 0.31 22.90 0.60 25.96 1.00
183 23.53 0.43 17.99 0.33 14.85 0.19
368 15.08 0.16 18.51 0.36 16.54 0.32
461 16.75 0.21 17.51 0.30 15.55 0.25
] 529 19.51 0.30 16.50 0.25 15.63 0.25
E’ 723 20.72 0.34 16.73 0.26 16.24 0.30
= 752 10.69 0.02 18.19 0.34 17.25 0.37
2 821 14.83 0.15 16.53 0.25 16.91 0.35
829 14.62 0.14 15.43 0.19 15.78 0.26
953 12.85 0.08 19.59 0.42 21.27 0.68
1063 16.84 0.21 20.60 0.47 15.85 0.27
1087 27.69 0.56 13.98 0.11 15.10 0.21
1106 19.61 0.30 18.87 0.38 13.24 0.07
1503 14.45 0.14 17.80 0.32 12.90 0.05




Tablel11-16. DI for fixed-f i

x ed

SCBs wi

th D =

Long. Steel =1% | Long. Steel =2% | Long. Steel = 3%
Trans. Steek 0.41%| Trans. Steek 0.25%| Trans. Steek 0.18%
NGA No.
T DI, 2 DI, B DI,
in in in
169 18.65 0.27 27.73 0.86 22.63 0.78
338 21.92 0.38 20.38 0.46 22.48 0.77
729 19.99 0.31 18.34 0.35 15.96 0.28
° 778 26.60 0.53 34.64 1.00 33.96 1.00
L“f 900 30.59 0.65 25.67 0.75 23.09 0.81
E 978 21.26 0.35 18.15 0.34 23.59 0.85
995 19.51 0.30 20.83 0.48 23.28 0.83
1003 23.92 0.44 22.89 0.59 26.42 1.00
1107 25.85 0.50 15.67 0.20 8.88 -0.26
1203 41.33 1.00 34.91 1.00 14.15 0.14
160 41.33 1.00 17.02 0.28 15.25 0.22
180 34.17 0.77 29.59 0.96 40.33 1.00
183 35.12 0.80 26.70 0.80 21.35 0.68
368 21.75 0.37 26.00 0.76 23.27 0.83
461 21.94 0.38 20.84 0.48 21.85 0.72
e 529 25.86 0.50 22.84 0.59 21.87 0.72
L“f 723 26.23 0.51 23.84 0.65 23.67 0.86
= 752 18.85 0.28 20.17 0.45 24.20 0.90
2 821 20.92 0.34 19.58 0.42 22.15 0.74
829 21.83 0.37 20.65 0.47 21.98 0.73
953 19.57 0.30 26.90 0.81 30.91 1.00
1063 24.67 0.46 29.47 0.95 22.58 0.77
1087 32.22 0.71 18.84 0.38 20.36 0.61
1106 28.17 0.58 27.69 0.86 19.10 0.51
1503 25.09 0.48 32.94 1.00 17.59 0.40




Table11-17. DI . f or cant i

244

|l ever SCBs with D

Long. Steel = 3%

Long. Steel = 1% Long. Steel = 2%
Trans. Steek 0.17%| Trans. Steek 0.23%
NGA No.—c T
: DI, : DI,
n n
164 3.22 0.00 455 0.15
286 5.42 0.36 3.57 -0.02
369 3.52 0.05 5.02 0.23
o | 755 4.29 0.18 4.74 0.18
21 769 4.84 0.27 4.95 0.21
& | 994 4.60 0.23 3.80 0.02
1091 4.90 0.28 4.00 0.05
1234 4.95 0.28 4.39 0.12
1482 5.53 0.38 4.49 0.13
2626 5.31 0.34 4.71 0.17
126 6.16 0.48 4.24 0.09
143 4.19 0.16 5.96 0.39
265 3.96 0.12 4.61 0.16
292 6.24 0.50 5.13 0.25
495 4.28 0.17 3.34 -0.06
= | 765 5.27 0.34 4.01 0.05
E 810 3.71 0.08 4.40 0.12
= | 828 5.11 0.31 4.37 0.11
2| 879 6.26 0.50 6.54 0.49
1013 4.01 0.13 5.00 0.22
1080 5.42 0.36 3.71 0.00
1111 4,73 0.25 4.80 0.19
1197 5.30 0.34 4.77 0.18
1517 4.32 0.18 5.47 0.30
1787 5.33 0.35 6.64 0.51

No data for 3% stee




Table11-18. DI . f or

cant.i

|l ever

SCBs

W i

t h

245

D

Long. Steel = 3%

Long. Steel = 1% Long. Steel = 2%
Trans. Steek 0.17%| Trans. Steek 0.23%
NGA No. ey Ty

in DI, in DI,

164 3.88 0.11 6.13 0.42

286 7.33 0.68 5.24 0.26

369 4.46 0.20 5.85 0.37

% 755 6.27 0.50 6.66 0.51
i 769 6.37 0.52 6.54 0.49
E 994 6.10 0.47 4.93 0.21
1091 6.45 0.53 5.13 0.25
1234 6.84 0.60 5.32 0.28
1482 8.24 0.83 7.93 0.73
2626 7.24 0.66 6.90 0.55

126 8.31 0.84 5.76 0.36

143 5.92 0.44 9.21 0.95

265 4.58 0.22 5.73 0.35

292 10.50 1.00 8.44 0.82

495 5.40 0.36 4.80 0.19

- 765 8.20 0.82 6.51 0.48
E 810 4.89 0.27 5.44 0.30
= 828 8.08 0.80 5.38 0.29
2 879 11.20 1.00 12.57 1.00
1013 5.95 0.45 7.58 0.67
1080 5.60 0.39 5.15 0.25
1111 7.58 0.72 5.95 0.39
1197 6.77 0.58 7.08 0.58
1517 5.26 0.34 6.60 0.50
1787 6.39 0.52 9.15 0.94

No data for 3% ste€




Table11-19. DI, for fixed-f i x e d

SCBs with D = 660,

Long. Steel = 1%

Long. Steel = 2%

Long. Steel = 3%

Trans. Steek 0.61%

NGANo [~
: DI,
in

164 1.95 0.01
286 4.00 0.27
369 3.50 0.21

o | 755 2.27 0.05

L 769 2.44 0.08

& | 994 2.76 0.12

1091 2.21 0.05
1234 3.59 0.22
1482 3.47 0.20
2626 3.01 0.15
126 2.60 0.10
143 3.48 0.20
265 2.37 0.07
292 4.44 0.32
495 2.60 0.09

= |__765 2.70 0.11

2] 810 3.00 0.14

= | 828 2.46 0.08

2| 879 3.58 0.22

1013 3.48 0.20
1080 2.54 0.09
1111 2.60 0.09
1197 3.29 0.18
1517 3.60 0.22
1787 2.95 0.14

No data for 2% stee

No data for 3% stee




Table11-20. DI, for fixed-f i x e d

SCBs wit

h D = 660,

Long. Steel = 1%

Long. Steel = 2%

Long. Steel = 3%

Trans. Steek 0.17%

NGA No.—
in Dl

164 2.76 0.11
286 8.32 0.80
369 5.68 0.48
o | 755 2.76 0.12
21 769 3.85 0.25
5| 994 3.42 0.20
1091 2.74 0.11
1234 | 5.83 0.49
1482 5.23 0.42
2626 | 4.97 0.39
126 3.47 0.20
143 5.09 0.40
265 2.93 0.14
292 10.17 1.00
495 4.00 0.27
< | 765 3.92 0.26
2] 810 5.03 0.40
= | 828 2.95 0.14
2| 879 7.72 0.73
1013 6.47 0.57
1080 | 3.43 0.20
1111 3.29 0.18
1197 | 4.49 0.33
1517 7.05 0.65
1787 | 4.97 0.39

No data for 2% steq

No data for 3% stef




Table11-21. DI.f or cantil ever SCBs with D
Long. Steel = 1% | Long. Steel = 2% Long. Steel = 3%

NGA NG Trans. Steek 1.05% Trans. Steek 0.84%| Trans. Steek 0.66%

C_Ib DI, % DI, % DI,
in in in

169 12.19 0.46 7.88 0.30 6.58 0.28
338 6.00 0.13 5.63 0.13 7.85 0.41
729 9.16 0.30 10.07 0.47 7.79 0.41
o 778 9.91 0.34 6.27 0.18 5.71 0.18
ff 900 10.33 0.36 9.53 0.43 7.42 0.37
S 978 6.66 0.17 6.27 0.18 5.82 0.19
H 995 5.72 0.12 6.19 0.17 5.79 0.19
1003 9.79 0.33 6.09 0.16 8.43 0.48
1107 12.11 0.45 6.55 0.20 10.78 0.73
1203 9.56 0.32 6.12 0.16 6.56 0.27
160 5.12 0.08 7.58 0.28 7.52 0.38
180 16.32 0.67 6.91 0.23 8.54 0.49
183 7.83 0.23 11.32 0.56 9.52 0.59
368 6.39 0.15 5.82 0.14 6.55 0.27
461 9.72 0.33 7.92 0.30 5.95 0.21
S 529 8.20 0.25 7.42 0.26 8.70 0.50
E 723 14.65 0.59 16.13 0.93 11.38 0.79
= 752 6.11 0.14 7.93 0.30 8.53 0.49
g 821 11.15 0.40 9.79 0.45 9.75 0.62
829 8.38 0.26 9.20 0.40 9.31 0.57
953 6.78 0.17 7.93 0.30 5.98 0.21
1063 9.68 0.33 9.04 0.39 7.94 0.42
1087 8.28 0.25 7.50 0.27 5.47 0.16
1106 7.76 0.22 6.21 0.17 6.75 0.29
1503 6.62 0.16 5.96 0.15 8.55 0.49
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Table11-22. DI . f or

cant.i

|l ever

SCBs

249

with D

Long. Steel = 1% Long. Steel =2% | Long. Steel = 3%
NGA No Trans. Steek 1.14%| Trans. Steek 0.92% Trans. Steek 0.75%
% DI, % DI, % DI,
in in in

169 14.26 0.57 15.46 0.88 8.26 0.46

338 6.64 0.16 7.30 0.26 9.20 0.56

729 12.19 0.46 15.10 0.85 9.95 0.64

o 778 16.16 0.67 7.43 0.27 6.41 0.26
ff 900 13.57 0.53 18.28 1.00 8.82 0.52
@ 978 9.16 0.30 7.30 0.26 7.20 0.34
v 995 7.36 0.20 7.86 0.30 7.00 0.32
1003 16.44 0.68 7.26 0.25 9.90 0.63
1107 14.24 0.57 9.39 0.42 16.42 1.00
1203 12.76 0.49 8.29 0.33 7.77 0.40

160 6.57 0.16 8.74 0.37 10.22 0.67

180 22.49 1.00 10.97 0.54 9.83 0.62

183 10.00 0.34 19.11 1.00 13.27 0.99

368 9.29 0.30 7.97 0.31 8.72 0.51

461 13.31 0.52 11.40 0.57 7.86 0.41

- 529 12.49 0.47 9.44 0.42 9.70 0.61
E’ 723 18.87 0.81 24.38 1.00 19.77 1.00
= 752 10.32 0.36 11.39 0.57 10.29 0.67
2 821 18.21 0.77 16.17 0.94 14.45 1.00
829 10.35 0.36 12.28 0.64 13.29 1.00

953 8.94 0.29 9.71 0.44 7.72 0.40

1063 11.77 0.44 12.95 0.69 11.10 0.76
1087 14.06 0.56 11.42 0.57 6.99 0.32
1106 10.04 0.34 8.46 0.34 7.34 0.36
1503 11.36 0.41 7.64 0.28 11.13 0.76




Table11-23. DI, forfixed-f i xed SCBs with D 6 0,
Long. Steel = 1% | Long. Steel = 2% Long. Steel = 3%
Trans. Steek 0.61%| Trans. Steek 1.02%| Trans. Steek 1.31%
NGA No oS oS o

in Dl in Dl in Dl

169 3.14 0.16 4.18 0.18 4.20 0.17

338 7.72 0.73 2.76 0.05 3.35 0.09

729 4.08 0.28 4.11 0.17 3.88 0.14

o | 778 3.92 0.26 3.79 0.14 4.41 0.19
ff 900 5.77 0.49 5.32 0.28 3.64 0.12
g | 978 4.87 0.38 4.90 0.24 5.01 0.24
- 995 3.32 0.18 3.20 0.09 3.70 0.12
1003 5.00 0.39 3.04 0.07 3.20 0.08
1107 4.40 0.32 3.71 0.13 4.63 0.21
1203 4.47 0.33 3.40 0.10 4.07 0.15

160 2.76 0.12 3.57 0.12 4.53 0.20

180 8.24 0.79 3.63 0.13 2.76 0.04

183 3.88 0.25 3.69 0.13 3.32 0.09

368 4.26 0.30 3.05 0.07 3.21 0.08

461 3.78 0.24 3.89 0.15 4.81 0.22

o 529 7.68 0.72 5.31 0.28 3.41 0.10
E’ 723 5.22 0.42 5.26 0.28 3.49 0.10
= 752 2.99 0.14 453 0.21 4.30 0.18
2 821 8.58 0.83 6.66 0.40 4.29 0.18
829 4.60 0.34 5.57 0.30 3.89 0.14

953 6.00 0.52 2.55 0.03 4.00 0.15
1063 6.60 0.59 6.27 0.37 4.07 0.15
1087 4.78 0.36 3.93 0.15 2.67 0.03
1106 6.09 0.53 3.58 0.12 2.37 0.00
1503 7.19 0.66 4.90 0.24 4,55 0.20




Tablel11-24. DI for fixed-f i

x ed

SCBs wi

th D =

Long. Steel = 1% | Long. Steel = 2% Long. Steel = 3%
NGA No Trans. Steek 0.61%| Trans. Steek 1.02%| Trans. Steek 1.31%
qcb DI, % DI, % DI,
in in in

169 3.98 0.27 5.15 0.27 5.37 0.27

338 11.36 1.00 4.75 0.23 5.05 0.24

729 4.84 0.37 5.47 0.30 5.36 0.27

o 778 4.73 0.36 4.97 0.25 5.52 0.29
'S—_’ 900 9.14 0.91 8.96 0.62 6.00 0.33
E 978 6.82 0.62 6.88 0.43 7.85 0.50
995 4.77 0.36 4.18 0.18 4.58 0.20

1003 6.97 0.64 4.15 0.17 3.73 0.12

1107 7.00 0.64 4.76 0.23 3.13 0.07

1203 5.73 0.48 4.98 0.25 5.50 0.29

160 3.66 0.23 4.28 0.19 6.05 0.34

180 13.25 1.00 5.65 0.31 3.83 0.13

183 5.85 0.50 5.53 0.30 4.92 0.23

368 481 0.37 4.21 0.18 4.21 0.17

461 5.67 0.48 4.50 0.21 6.51 0.38

- 529 9.52 0.95 11.80 0.88 6.28 0.36
E’ 723 10.01 1.00 12.79 0.97 5.53 0.29
i 752 3.68 0.23 5.18 0.27 5.88 0.32
%’ 821 17.15 1.00 14.18 1.00 8.08 0.52
829 6.34 0.56 7.79 0.51 5.89 0.32

953 8.32 0.80 3.51 0.11 5.60 0.29

1063 10.61 1.00 11.03 0.81 6.99 0.42

1087 5.97 0.51 5.63 0.31 3.52 0.10

1106 7.83 0.74 7.39 0.47 3.20 0.08

1503 12.20 1.00 10.60 0.77 10.01 0.70




Tablel1-25.DI . f or

cantilever SCBs with

D

Long. Steel = 1%

Long. Steel = 2%

Long. Steel = 3%

Trans. Stee¥ 0.44%

Trans. Stee¥ 0.30%

Trans. Steef 0.20%

NGA No. Ty o iy o Ty o
in - in - in t
169 23.49 0.31 21.31 0.34 15.74 0.10
338 17.35 0.14 18.88 0.22 18.18 0.26
729 14.14 0.04 19.47 0.25 19.44 0.34
o 778 16.57 0.11 18.60 0.21 25.25 0.72
'E 900 42.32 0.86 23.16 0.42 22.07 0.51
< 978 19.63 0.20 17.76 0.17 14.33 0.01
v 995 16.89 0.12 16.92 0.14 14.39 0.01
1003 19.83 0.21 18.23 0.20 16.01 0.12
1107 25.92 0.38 21.43 0.34 13.41 -0.05
1203 21.33 0.25 41.44 1.00 32.70 1.00
160 44.53 0.92 17.76 0.17 14.59 0.03
180 23.98 0.33 23.82 0.45 24.42 0.67
183 30.35 0.51 24.61 0.49 21.09 0.45
368 24.35 0.34 17.48 0.16 16.59 0.16
461 30.23 0.51 16.99 0.14 14.82 0.04
o 529 22.19 0.28 20.00 0.28 18.06 0.25
-E 723 20.50 0.23 22.42 0.39 16.39 0.14
= 752 17.77 0.15 15.75 0.08 15.43 0.08
% 821 19.46 0.20 17.29 0.15 16.37 0.14
829 26.59 0.40 18.44 0.20 15.21 0.07
953 23.76 0.32 16.91 0.13 18.00 0.25
1063 25.05 0.36 22.77 0.40 21.30 0.46
1087 26.20 0.39 24.02 0.46 15.67 0.10
1106 17.48 0.14 21.27 0.33 22.15 0.52
1503 31.34 0.54 35.86 1.00 18.89 0.31
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Tablel11-26. DI . f or

cantii

|l ever

SCBs

with D

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
Trans. Steek 0.44%/| Trans. Steex 0.30% | Trans. Steetx 0.20%

NGA No.
% DI, % DI, % DI,

in in in

169 25.10 0.36 28.78 0.68 22.65 0.55
338 20.33 0.22 21.95 0.37 21.61 0.48
729 18.01 0.16 23.69 0.45 28.68 0.95
k=) 778 21.66 0.26 25.36 0.52 31.37 1.00
-,_“f 900 38.12 0.74 35.17 0.97 27.83 0.89
T 978 20.75 0.23 23.35 0.43 19.93 0.37
- 995 23.09 0.30 21.69 0.35 19.20 0.33
1003 27.86 0.44 24.20 0.47 21.72 0.49
1107 45,58 0.95 31.42 0.80 18.32 0.27
1203 24.72 0.35 59.30 1.00 51.32 1.00
160 47.19 1.00 35.54 0.99 19.60 0.35
180 47.19 1.00 29.26 0.70 28.43 0.93
183 46.83 0.99 35.89 1.00 30.76 1.00
368 26.68 0.41 2491 0.50 22.99 0.57
461 42.98 0.88 22.98 0.41 20.09 0.38
e 529 28.70 0.46 27.40 0.61 24.97 0.70
.Ij__’ 723 24.02 0.33 30.46 0.75 23.08 0.58
5 752 29.43 0.49 20.45 0.30 19.73 0.36
2 821 26.60 0.40 21.35 0.34 21.50 0.48
829 47.63 1.00 25.67 0.54 20.57 0.42
953 33.29 0.60 22.77 0.40 24.21 0.65
1063 34.72 0.64 31.98 0.82 30.10 1.00
1087 4411 0.91 34.00 0.92 21.97 0.51
1106 23.09 0.30 27.88 0.64 31.64 1.00
1503 47.19 1.00 52.57 1.00 37.32 1.00
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Tablel11-27. DI, for fixed-f i

x ed

SCBs wi

t h

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
NGA No. Trans. Steek 0.48% Trans. Steek 0.30% | Trans. Steek 0.36%
% DI, % DI, % DI,
in in in
169 9.14 0.12 11.66 0.32 16.40 0.67
338 11.96 0.25 10.52 0.23 7.86 0.01
729 12.80 0.29 15.48 0.60 9.81 0.16
% 778 17.34 0.50 12.97 0.41 10.20 0.19
[ 900 11.50 0.23 11.58 0.31 10.78 0.24
E 978 14.00 0.34 10.97 0.26 8.46 0.05
995 9.12 0.11 8.85 0.10 8.81 0.08
1003 10.40 0.17 13.21 0.43 12.09 0.34
1107 8.58 0.09 13.88 0.48 11.16 0.27
1203 11.18 0.21 10.79 0.25 14.31 0.51
160 12.56 0.27 11.58 0.31 7.92 0.01
180 29.10 1.00 20.10 0.95 14.24 0.51
183 13.00 0.29 9.84 0.18 9.41 0.13
368 10.48 0.18 9.61 0.16 9.13 0.11
461 14.11 0.35 11.00 0.27 11.16 0.27
ge) 529 14.23 0.35 10.57 0.23 9.88 0.16
f—: 723 15.80 0.42 13.09 0.42 15.36 0.59
= 752 9.94 0.15 7.22 -0.02 9.69 0.15
2 821 14.19 0.35 14.62 0.54 12.90 0.40
829 11.90 0.24 10.16 0.20 8.07 0.02
953 20.95 0.66 11.52 0.30 10.46 0.21
1063 10.93 0.20 11.97 0.34 10.37 0.20
1087 15.01 0.39 9.13 0.12 10.35 0.20
1106 11.02 0.20 10.29 0.21 10.43 0.21
1503 11.01 0.20 12.54 0.38 10.00 0.17




Table11-28. DI for fixed-f i

x ed

SCBs

W i

t h

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
NGA No. Trans. Steek 0.48%| Trans. Steek 0.30%| Trans. Steek 0.36%
% DI, % DI, % DI,
in in in

169 11.77 0.24 13.68 0.47 19.45 0.91

338 17.00 0.48 12.30 0.36 10.97 0.25

729 15.13 0.39 20.41 0.97 14.42 0.52

% 778 30.86 1.00 21.36 1.00 12.94 0.40
iC 900 14.38 0.36 15.38 0.60 15.73 0.62
E 978 19.64 0.60 16.49 0.68 12.08 0.34
995 11.74 0.24 11.93 0.34 11.44 0.29

1003 13.42 0.31 18.43 0.83 18.03 0.80

1107 11.95 0.25 16.03 0.64 14.84 0.55

1203 12.81 0.29 14.49 0.53 14.80 0.55

160 13.14 0.30 14.01 0.49 11.22 0.27

180 72.82 1.00 40.48 1.00 25.26 1.00

183 17.18 0.49 14.74 0.55 11.45 0.29

368 14.90 0.38 11.53 0.31 12.19 0.35

461 19.09 0.58 15.33 0.59 15.63 0.61

e 529 20.26 0.63 15.18 0.58 12.13 0.34
qu 723 20.75 0.65 20.58 0.99 23.33 1.00
= 752 12.59 0.28 8.93 0.11 12.41 0.36
2 821 17.86 0.52 18.83 0.86 17.27 0.74
829 14.42 0.36 14.37 0.52 11.30 0.28

953 32.59 1.00 14.85 0.56 15.10 0.57

1063 14.94 0.39 15.69 0.62 14.89 0.56

1087 23.53 0.78 13.25 0.43 12.67 0.38

1106 13.58 0.32 13.42 0.45 13.21 0.43

1503 21.60 0.69 19.18 0.88 13.04 0.41




Table11-29.DI.f or cantil ever SCBs with D
Long. Steel = 1% | Long. Steel =2% | Long. Steel = 3%
Trans. Steek 1.32% Trans. Steek 1.19%| Trans. Steek 0.97%
NGA No. 0 o o

in DI. i DI, in DI,

169 12.90 0.41 10.58 0.39 7.47 0.27

338 6.27 0.12 6.27 0.13 8.57 0.36

729 10.79 0.32 12.23 0.48 8.94 0.39

e} 778 12.41 0.39 6.97 0.17 6.20 0.17
',_qf 900 11.84 0.36 13.24 0.54 8.12 0.33
Lali 978 7.62 0.18 6.47 0.14 6.31 0.18
995 6.35 0.12 7.04 0.17 6.17 0.17

1003 12.79 0.40 6.18 0.12 9.43 0.43
1107 13.44 0.43 7.71 0.21 13.31 0.75
1203 11.87 0.36 7.27 0.19 7.13 0.25

160 5.94 0.10 7.87 0.22 9.45 0.44

180 22.78 0.84 8.06 0.24 9.31 0.42

183 9.24 0.25 13.71 0.57 11.47 0.60

368 7.28 0.16 6.84 0.16 7.77 0.30

461 11.18 0.33 9.30 0.31 6.89 0.23

e 529 9.92 0.28 7.59 0.21 9.32 0.43
qu 723 16.56 0.57 19.69 0.93 15.89 0.96
= 752 7.61 0.18 9.08 0.30 10.02 0.48
%’ 821 13.92 0.45 12.18 0.48 12.13 0.66
829 9.29 0.25 10.64 0.39 11.51 0.61

953 7.24 0.16 8.76 0.28 6.97 0.23

1063 10.67 0.31 10.76 0.40 9.60 0.45
1087 10.44 0.30 9.02 0.29 6.36 0.18
1106 8.70 0.23 7.26 0.19 7.24 0.25
1503 7.84 0.19 6.71 0.16 9.99 0.48
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Table11-30. DI for fixed-f i

xed SCBs wi

t h

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
NGA No Trans. Steek 0.74%| Trans. Steek 0.41% | Trans. Steek 0.26%
% DI, % DI_ q% DI_
in in in

169 3.25 0.15 4.67 0.43 4.89 0.72

338 9.19 0.80 3.29 0.20 3.99 0.48

729 4.50 0.29 4.67 0.43 4.30 0.56

o 778 4.24 0.26 4.32 0.37 4.94 0.73
ff 900 7.07 0.57 6.71 0.78 4.27 0.56
E 978 5.49 0.40 5.79 0.62 6.13 1.00
995 4.04 0.24 3.59 0.25 4.15 0.53

1003 5.97 0.45 3.33 0.20 3.49 0.35

1107 5.09 0.35 4.13 0.34 5.49 0.88

1203 4.82 0.32 4.01 0.32 4.68 0.66

160 3.06 0.13 3.96 0.31 5.17 0.79

180 10.49 0.94 4.36 0.38 3.18 0.27

183 4.68 0.31 4.39 0.38 3.92 0.46

368 4.52 0.29 3.54 0.24 3.67 0.40

461 4.52 0.29 4.21 0.35 5.19 0.80

o 529 8.96 0.77 7.68 0.95 4.26 0.55
ff 723 6.80 0.54 7.32 0.88 4.23 0.54
= 752 3.35 0.16 4.80 0.45 5.02 0.75
2| 821 11.35 1.00 9.06 1.00 5.45 0.87
829 5.33 0.38 6.48 0.74 4.69 0.67

953 7.24 0.59 2.92 0.13 4.57 0.63

1063 8.25 0.70 8.01 1.00 5.08 0.77

1087 5.36 0.38 4.59 0.42 3.06 0.24

1106 7.02 0.56 4.77 0.45 2.71 0.15

1503 9.13 0.79 6.77 0.79 5.89 0.98




Tablel1-31L. DI . f or

canti

|l ever

SCBs

Wi

t h

D

Long. Steel =1% | Long. Steel = 2% Long. Steel = 3%

NGA No Trans. Steek 0.61%| Trans. Steek 0.52%| Trans. Steek 0.42%
c_pg DI, % DI, % DI,

in in in

169 24.84 0.28 23.78 0.31 18.38 0.16

338 17.75 0.11 19.89 0.18 19.97 0.23

729 16.10 0.08 22.01 0.25 23.27 0.38

% 778 18.82 0.14 20.17 0.19 26.63 0.52
iT 900 53.36 0.94 28.18 0.45 23.58 0.39
E 978 21.29 0.20 20.07 0.19 16.54 0.08
995 19.33 0.15 19.85 0.18 16.30 0.07
1003 23.80 0.26 20.67 0.20 18.29 0.16
1107 31.18 0.43 25.20 0.35 15.36 0.03
1203 23.09 0.24 4753 1.00 39.42 1.00

160 52.33 0.92 23.79 0.31 16.52 0.08

180 28.96 0.38 24.55 0.33 26.72 0.53

183 35.67 0.53 29.03 0.48 25.09 0.46

368 26.00 0.31 20.06 0.18 19.09 0.19

461 35.48 0.53 19.33 0.16 17.02 0.10

= 529 24.84 0.28 22.98 0.28 20.96 0.28
E 723 22.22 0.22 26.07 0.38 19.15 0.20
= 752 21.89 0.21 17.66 0.11 17.14 0.11
g 821 22.12 0.22 18.29 0.13 18.95 0.19
829 31.55 0.44 21.34 0.23 17.68 0.13

953 27.25 0.34 19.27 0.16 20.48 0.26
1063 28.82 0.37 26.46 0.39 24.93 0.45
1087 31.36 0.43 27.97 0.44 18.42 0.17
1106 18.95 0.14 24.40 0.33 26.27 0.51
1503 47.37 0.80 48.79 1.00 23.88 0.40

258



Table11-32. DI, forfixedf i xed SCBs with D = 606,
Long. Steel = 1% | Long. Steel = 2% Long. Steel = 3%
NGA No Trans. Steek 0.71%| Trans. Steek 0.52%| Trans. Steek 0.40%
i DI, $b DI, 9b DI,
in in in

169 9.73 0.11 12.31 0.25 17.57 0.73

338 14.05 0.26 11.24 0.19 9.08 0.10

729 14.94 0.29 18.05 0.55 11.57 0.28

% 778 22.81 0.58 16.22 0.46 11.56 0.28
i 900 12.70 0.21 13.40 0.31 12.70 0.37
E 978 16.38 0.35 13.18 0.29 9.94 0.16
995 9.73 0.11 10.06 0.13 10.16 0.18

1003 11.57 0.17 15.40 0.41 14.21 0.48
1107 9.97 0.11 14.43 0.36 12.07 0.32
1203 12.85 0.22 12.27 0.25 14.69 0.52

160 12.51 0.21 12.53 0.26 9.37 0.12

180 41.35 1.00 26.84 1.00 18.02 0.77

183 12.76 0.21 11.72 0.22 10.60 0.21

368 12.29 0.20 10.72 0.16 10.17 0.18

461 16.38 0.35 12.76 0.27 12.95 0.39

S 529 16.72 0.36 12.43 0.25 10.91 0.23
2| 723 18.09 | 0.41 | 15.89 0.44 18.54 0.81
S 752 11.11 0.16 8.01 0.02 10.43 0.20
2 821 14.80 0.29 16.35 0.46 14.77 0.52
829 12.92 0.22 11.83 0.22 9.35 0.12

953 25.59 0.68 12.43 0.25 12.45 0.35

1063 12.14 0.19 13.76 0.33 12.11 0.32
1087 18.64 0.43 10.77 0.17 11.16 0.25
1106 11.09 0.15 11.79 0.22 11.77 0.30
1503 15.95 0.33 14.82 0.38 11.31 0.26




Table11-33. DI for fixed-pi nned

TCBs wi

t h

Long. Steel = 1%

Long. Steel = 2%

Long. Steel = 3%

Trans. Steek 1.06%

Trans. Steek 0.83%

Trans. Steek 0.68%

NGA No.
?? DI, ?? DI, ?r DI,

169 6.71 0.06 13.00 0.47 11.34 0.44
338 10.72 0.24 8.75 0.18 7.15 0.05
729 13.44 0.36 10.22 0.28 8.53 0.18
o | 778 11.72 0.29 10.23 0.28 8.06 0.14
21 900 9.28 0.18 10.60 0.30 8.76 0.20
S| 978 11.39 0.27 8.38 0.15 7.51 0.08
“ | 995 7.07 0.08 7.50 0.09 7.68 0.10
1003 | 11.32 0.27 9.52 0.23 9.62 0.28
1107 7.88 0.12 13.44 0.50 11.52 0.46
1203 8.98 0.16 9.13 0.20 9.89 0.31
160 8.33 0.14 8.55 0.16 7.06 0.04
180 28.00 1.00 19.34 0.91 17.95 1.05
183 10.14 0.22 7.47 0.09 8.67 0.19
368 9.23 0.18 8.74 0.18 7.98 0.13
461 11.99 0.30 11.89 0.39 10.50 0.36
- | 529 13.10 0.35 9.47 0.23 8.55 0.18
2| 723 | 1584 | 047 | 1387 | 053 | 1345 | 0.63
= | 752 7.37 0.09 7.19 0.07 8.00 0.13
2| 821 12.07 0.30 10.85 0.32 9.31 0.25
829 12.22 0.31 9.01 0.19 8.23 0.15
953 9.55 0.19 10.65 0.31 9.64 0.28
1063 9.12 0.17 11.40 0.36 10.08 0.32
1087 | 10.76 0.24 7.98 0.12 8.71 0.20
1106 8.97 0.16 7.31 0.08 9.00 0.22
1503 | 15.91 0.47 8.27 0.14 7.63 0.10




Tablel11-34. DI, for fixedpi nned

TCBs wi

t h

D

50,

Long. Steel = 1%

Long. Steel = 2%

Long. Steel = 3%

Trans. Steek 1.06%

Trans. Steek 0.83%

Trans. Steek 0.68%

NGA No.
?f DI, ?Z’ DI, ?f DI,
169 8.63 0.15 15.71 0.66 19.66 1.00
338 1515 | 0.44 10.40 0.29 9.66 0.28
729 19.81 | 064 13.99 0.54 12.24 0.52
- | 778 2212 | 0.74 17.67 0.79 12.83 0.58
2| 900 11.44 | 0.27 14.02 0.54 13.74 0.66
5| 98 1730 | 053 13.22 0.48 9.84 0.30
995 10.20 | 0.22 10.36 0.29 9.10 0.23
1003 | 1391 | 0.38 16.24 | 0.69 12.94 0.59
1107 | 1030 | 0.22 14.77 0.59 18.74 1.00
1203 | 1159 | 0.28 10.95 0.33 12.80 0.57
160 10.89 | 0.25 11.42 0.36 9.03 0.23
180 | 28.00 1.00 20.70 1.00 17.40 1.00
183 14.88 | 0.42 10.90 0.32 12.68 0.56
368 13.17 | 0.35 11.33 0.35 9.16 0.24
461 1525 | 0.44 16.85 0.73 14.74 0.75
5 | 529 18.46 | 0.58 1414 | 055 11.31 0.44
2 723 21.05 | 0.69 19.30 0.90 20.85 1.00
= | 752 10.41 | 0.23 10.36 0.29 9.51 0.27
2| g21 18.68 | 0.59 15.80 0.66 14.14 0.70
829 15.06 | 0.43 12.51 0.44 11.93 0.49
953 12.16 | 0.30 13.15 0.48 11.39 0.44
1063 | 12.83 | 0.33 14.11 0.55 14.38 0.72
1087 | 17.98 | 056 12.22 0.42 10.79 0.39
1106 | 12.60 | 0.32 10.00 0.26 11.94 0.49
1503 | 12.04 | 0.30 15.77 0.66 10.46 0.36




Table11-35. DI _forfixedf i xed TCBs wi

t h

D

= 560,

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
Trans. Steek 0.75%| Trans. Steek 0.45% | Trans. Steek 0.97%
NGA No.
% DI % DI, CFb DI,
in in in
169 6.01 0.29 4.69 0.15 4,19 0.02
338 6.41 0.33 8.94 0.78 5.99 0.26
729 5.25 0.22 4,76 0.16 4.80 0.10
% 778 4.98 0.20 5.61 0.28 4,98 0.12
[ 900 7.12 0.39 5.48 0.26 4,57 0.07
E 978 4.14 0.12 5.39 0.25 452 0.06
995 3.92 0.10 4.21 0.07 4,19 0.02
1003 6.65 0.35 6.19 0.37 4,52 0.06
1107 11.40 0.79 5.58 0.28 4,98 0.12
1203 5.16 0.21 4.48 0.11 4,16 0.01
160 4.85 0.19 4,54 0.12 4.64 0.08
180 8.61 0.53 7.84 0.61 5.18 0.15
183 8.54 0.53 5.63 0.29 4.04 -0.01
368 6.85 0.37 5.37 0.25 4,96 0.12
461 5.28 0.23 4.84 0.17 4.63 0.08
S 529 7.05 0.39 6.53 0.42 4,17 0.01
E 723 11.47 0.80 5.23 0.23 4,61 0.07
= 752 5.16 0.21 4.39 0.10 4,16 0.01
2 821 9.18 0.59 6.73 0.45 5.30 0.17
829 8.28 0.50 6.19 0.37 5.01 0.13
953 4.43 0.15 6.64 0.44 4.08 0.00
1063 6.85 0.37 5.39 0.25 4.80 0.10
1087 4.89 0.19 5.49 0.26 5.05 0.13
1106 5.73 0.27 5.54 0.27 3.52 -0.08
1503 7.77 0.46 4.44 0.11 4,98 0.12




Table11-36. DI, for fixed-f i x e d

TCBs

W i

th D

50,

Long. Steel =1% | Long. Steel = 2% | Long. Steel = 3%
Trans. Steek 0.75%| Trans. Steek 0.45% Trans. Steek 0.97%
NGA No. oy oy oy
: DI, . DI, . DI,
in in in

169 9.69 0.63 5.71 0.30 5.68 0.22

338 8.51 0.52 11.29 1.00 14.06 1.00

729 9.55 0.62 5.75 0.30 6.24 0.30

% 778 6.08 0.30 7.36 0.54 6.53 0.34
i 900 14.75 1.00 8.73 0.75 6.55 0.34
E 978 491 0.19 6.73 0.45 6.17 0.29
995 5.65 0.26 5.18 0.22 5.67 0.22

1003 9.49 0.61 8.86 0.77 6.74 0.37

1107 16.91 1.00 7.50 0.56 6.91 0.39

1203 6.31 0.32 5.73 0.30 5.94 0.26

160 7.13 0.40 6.21 0.37 6.25 0.30

180 12.38 0.88 13.33 1.00 8.28 0.58

183 13.36 0.97 8.86 0.76 5.56 0.20

368 7.98 0.47 6.38 0.40 6.88 0.39

461 7.63 0.44 6.14 0.36 5.65 0.22

- 529 8.32 0.51 10.52 1.00 7.28 0.44
E’ 723 24.71 1.00 8.12 0.66 7.24 0.44
= 752 9.28 0.59 5.21 0.22 4.83 0.10
2 821 16.79 1.00 12.50 1.00 9.15 0.70
829 12.79 0.92 9.12 0.80 7.24 0.44

953 5.51 0.25 8.93 0.78 8.42 0.60

1063 10.76 0.73 8.64 0.73 7.52 0.47

1087 5.55 0.25 7.24 0.52 7.52 0.47

1106 6.19 0.31 8.26 0.68 5.17 0.15

1503 12.94 0.93 8.18 0.66 9.49 0.75




Tablel11-37. DI_for fixed-pi nned TCBs with D = 5606,

Long. Steel = 1%

Long. Steel = 2%

Long. Steel = 3%

Trans. Steek 0.32%

NGA No.—~
: DI,
in

169 20.74 | 0.07
338 21.17 | 0.08
729 18.44 | 0.01

| 778 4720 | 0.76

| 900 3217 | 0.37

8| 978 29.18 | 0.29

995 32.08 | 0.36
1003 | 20.60 | 0.07
1107 | 42.22 | 0.63
1203 | 15.47 | -0.07
160 28.46 | 0.27
180 3048 | 0.32
183 56.55 1.00
368 20.96 | 0.07
461 26.59 | 0.22

o| 529 26.90 | 0.23

2| 723 33.52 | 0.40

=| 752 36.70 | 0.48

2| 821 28.45 0.27

829 56.55 1.00
953 30.36 | 0.32
1063 | 29.66 | 0.30
1087 | 34.09 | 0.42
1106 | 22.21 | 0.11
1503 | 23.89 | 0.15

No data for 2% ste¢

No data for 3% stee




Table11-38. DI, for fixed-f i x e d

TCBs with D = 50,

Long. Steel = 1%

Long. Steel = 2%

Long. Steel = 3%

Trans. Steek 0.50%

Trans. Steek 0.21%

NGA No. o o
in Dl in Dl
169 18.79 0.38 13.71 0.17
338 16.08 0.26 15.79 0.33
729 10.37 0.03 15.92 0.34
o 778 20.72 0.45 17.76 0.49
f—[_’ 900 17.15 0.31 15.58 0.32
3 978 17.79 0.33 16.57 0.40
v 995 13.94 0.18 12.16 0.05
1003 16.83 0.30 14.45 0.23
1107 12.79 0.13 11.05 -0.04
1203 17.84 0.34 12.01 0.04
160 10.37 0.03 15.56 0.32
180 17.65 0.33 20.28 0.69
183 16.34 0.28 15.77 0.33
368 18.58 0.37 14.77 0.25
461 17.45 0.32 15.71 0.33
- 529 17.31 0.31 15.77 0.33
E 723 16.93 0.30 13.97 0.19
= 752 16.15 0.27 13.42 0.15
g 821 14.39 0.20 16.15 0.36
829 14.80 0.21 15.70 0.33
953 17.47 0.32 14.65 0.24
1063 18.67 0.37 13.53 0.16
1087 17.32 0.32 17.17 0.44
1106 17.72 0.33 14.14 0.20
1503 15.40 0.24 13.50 0.15

No data for 3% stee




Table11-39. DI, for fixed-pi nned

TCBs wi

th D =

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
NGA No Trans. Steek 1.45%| Trans. Steek 0.84% | Trans. Steek 0.66%
C.pb DI, qb DI, % DI,
in in in

169 12.00 0.42 15.87 0.90 7.58 0.21

338 6.32 0.12 5.57 0.03 6.48 0.09

729 9.06 0.27 8.80 0.30 8.70 0.34

% 778 11.06 0.37 7.37 0.18 6.35 0.08
iT 900 9.51 0.29 8.82 0.31 7.81 0.24
LEt 978 7.81 0.20 6.29 0.09 6.53 0.10
995 6.29 0.12 7.02 0.16 6.14 0.05

1003 11.17 0.38 7.22 0.17 8.02 0.26
1107 12.61 0.46 7.38 0.19 7.04 0.15
1203 8.89 0.26 9.78 0.39 6.51 0.09

160 5.85 0.09 6.74 0.13 10.10 0.49

180 25.39 1.00 8.13 0.25 8.11 0.27

183 6.97 0.15 8.32 0.26 10.15 0.50

368 6.75 0.14 7.96 0.23 5.87 0.02

461 11.08 0.37 9.28 0.35 7.26 0.18

o 529 8.95 0.26 7.44 0.19 8.55 0.32
ff 723 14.65 0.57 11.51 0.53 11.51 0.65
5 752 6.47 0.13 7.55 0.20 8.44 0.31
2 821 4.81 0.04 9.17 0.34 8.34 0.30
829 8.21 0.22 9.25 0.34 8.41 0.30

953 7.37 0.18 8.22 0.26 7.67 0.22

1063 9.86 0.31 9.24 0.34 8.31 0.29
1087 8.83 0.25 7.73 0.21 8.23 0.28
1106 7.27 0.17 7.62 0.21 7.13 0.16
1503 7.55 0.19 6.24 0.09 6.65 0.11




Table11-40. DI for fixed-f i

x ed

TCBs

Wi

t h

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
Trans. Steek 0.61%)| Trans. Steek0.7%6 | Trans. Steek 1.32%
NGA No.
% DI, % DI % DI
in in in
169 3.39 0.15 3.46 0.02 3.52 -0.02
338 9.21 0.98 3.70 0.04 3.09 -0.06
729 4,12 0.25 3.98 0.07 3.56 -0.01
% 778 4.44 0.30 4.21 0.09 3.77 0.01
i 900 5.00 0.38 4.55 0.13 3.68 0.00
E 978 4.13 0.25 4.81 0.16 3.62 -0.01
995 3.43 0.15 3.62 0.03 3.27 -0.04
1003 5.22 0.41 3.52 0.02 3.60 -0.01
1107 4.99 0.37 4.09 0.08 3.38 -0.03
1203 3.98 0.23 4.08 0.08 3.93 0.03
160 4.05 0.24 3.41 0.01 3.37 -0.03
180 8.84 0.93 493 0.17 3.93 0.03
183 4.33 0.28 3.49 0.02 3.14 -0.05
368 4.61 0.32 4.38 0.11 3.78 0.01
461 3.88 0.22 4.08 0.08 3.57 -0.01
% 529 6.86 0.64 3.73 0.04 3.29 -0.04
i 723 6.35 0.57 3.51 0.02 3.72 0.00
§ 752 3.18 0.12 3.89 0.06 3.48 -0.02
pa 821 7.94 0.80 4.99 0.18 3.87 0.02
829 5.40 0.43 4.47 0.12 3.72 0.00
953 6.53 0.59 3.74 0.05 3.32 -0.04
1063 5.87 0.50 477 0.15 3.79 0.01
1087 5.25 0.41 4.28 0.10 3.13 -0.06
1106 4.83 0.35 3.51 0.02 3.60 -0.01
1503 6.43 0.58 4.65 0.14 3.26 -0.04




Tablel11-41. DI, for fixed-pi nned TCBs with D = 6606,
Long. Steel =1% | Long. Steel =2% | Long. Steel = 3%
Trans. Steek 0.44% Trans. Steek 0.15%| Trans. Steek 0.11%
NGA No. oy oy oy
: DI, : DI, : DI,
in in in
169 23.01 0.25 22.90 0.33 21.93 0.26
338 16.78 0.06 18.87 0.10 19.90 0.11
729 15.08 0.01 19.04 0.11 18.66 0.02
% 778 17.11 0.07 17.58 0.02 20.70 0.17
iL 900 41.99 0.84 25.67 0.49 20.01 0.12
E 978 19.69 0.15 19.28 0.12 19.14 0.05
995 16.69 0.05 20.71 0.20 18.14 -0.02
1003 23.92 0.28 20.10 0.17 19.57 0.08
1107 26.99 0.37 26.98 0.57 18.98 0.04
1203 20.52 0.17 26.85 0.56 36.71 1.35
160 43.64 0.89 40.36 1.00 16.66 -0.13
180 24.36 0.29 23.44 0.36 22.94 0.33
183 30.48 0.48 26.35 0.53 22.28 0.28
368 24.71 0.30 22.08 0.28 17.81 -0.05
461 31.80 0.52 22.47 0.31 19.31 0.06
S 529 23.25 0.26 22.02 0.28 20.65 0.16
E 723 21.03 0.19 23.17 0.35 21.64 0.24
= 752 23.92 0.28 18.92 0.10 15.75 -0.20
2 821 5.33 -0.30 18.20 0.06 18.67 0.02
829 30.97 0.50 22.04 0.28 19.03 0.04
953 26.70 0.36 20.19 0.17 18.64 0.01
1063 26.39 0.35 24.09 0.40 22.31 0.29
1087 26.37 0.35 25.64 0.49 22.31 0.29
1106 18.47 0.11 21.62 0.26 21.94 0.26
1503 30.00 0.47 43.96 1.00 21.28 0.21




Table11-42. DI, for fixed-f i x e d

TCBs

W i

th D

60,

Long. Steel =1% | Long. Steel = 2% Long. Steel = 3%
NGA No. Trans. Steek 0.56%| Trans. Steek 0.30%| Trans. Steek 0.31%
cf: DI, CII: DI, ?C: DI,

169 11.07 0.14 9.16 -0.05 14.64 0.38

338 14.49 0.30 11.04 0.12 11.67 0.11

729 13.26 0.24 16.03 0.55 12.54 0.19

% 778 18.59 0.49 9.77 0.01 11.82 0.12
i 900 13.41 0.25 12.75 0.26 12.00 0.14
E 978 16.27 0.38 10.80 0.10 12.04 0.14
995 10.53 0.11 10.52 0.07 9.84 -0.06

1003 12.63 0.21 12.96 0.28 11.45 0.09

1107 9.45 0.06 11.19 0.13 13.48 0.27

1203 10.81 0.12 10.18 0.04 12.94 0.22

160 12.65 0.21 10.72 0.09 11.74 0.11

180 22.63 0.69 17.76 0.70 14.30 0.35

183 13.12 0.23 12.13 0.21 10.21 -0.03

368 13.85 0.27 10.37 0.06 10.06 -0.04

461 15.19 0.33 13.27 0.31 12.09 0.15

= 529 15.42 0.34 12.35 0.23 10.99 0.04
E 723 14.08 0.28 13.54 0.33 12.87 0.22
= 752 12.74 0.21 8.65 -0.09 9.17 -0.12
2 821 14.13 0.28 14.24 0.39 12.71 0.20
829 14.53 0.30 13.00 0.29 10.00 -0.05

953 12.87 0.22 10.77 0.09 12.67 0.20

1063 11.42 0.15 12.97 0.28 12.10 0.15

1087 15.84 0.36 9.69 0.00 10.34 -0.01

1106 11.19 0.14 12.31 0.23 10.09 -0.04

1503 12.51 0.20 13.36 0.32 10.47 0.00




Table11-43. DI_forfixedpi nned FCBs wi

th D = 40,

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
Trans. Steek1.14% | Trans. Steek 0.92% | Trans. Steek 0.61%
NGA No.
<_¥b DI, % DI, qb DI,
in in in
169 17.53 0.39 10.84 0.14 8.58 0.01
338 16.83 0.37 14.11 0.30 10.78 0.15
729 8.77 0.08 13.34 0.26 14.98 0.44
% 778 34.42 1.00 21.09 0.64 11.62 0.21
iC 900 16.38 0.35 13.14 0.25 12.68 0.28
E 978 18.59 0.43 15.94 0.39 11.77 0.22
995 11.04 0.16 10.50 0.12 10.32 0.12
1003 23.29 0.60 12.22 0.20 12.93 0.30
1107 9.00 0.09 9.26 0.06 10.51 0.14
1203 12.21 0.20 11.09 0.15 10.41 0.13
160 8.29 0.06 12.42 0.21 10.37 0.13
180 34.42 1.00 26.30 0.89 20.90 0.84
183 16.55 0.36 12.04 0.20 13.17 0.32
368 20.21 0.49 13.63 0.27 9.57 0.07
461 13.36 0.24 15.21 0.35 13.69 0.35
= 529 16.71 0.37 15.27 0.35 13.11 0.31
E 723 15.62 0.33 14.32 0.31 14.19 0.38
= 752 12.41 0.21 12.74 0.23 8.65 0.01
2 821 13.14 0.24 12.64 0.23 12.88 0.30
829 11.59 0.18 14.11 0.30 13.73 0.35
953 17.18 0.38 11.95 0.19 10.13 0.11
1063 15.51 0.32 11.34 0.16 12.77 0.29
1087 15.34 0.32 16.29 0.40 10.64 0.14
1106 15.03 0.30 10.51 0.12 12.13 0.25
1503 12.59 0.22 12.69 0.23 13.60 0.34




Table11-44. DI_for fixedpi nned FCBs wi

th D = 460,

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
Trans. Steek1.14% | Trans. Steek 0.92% | Trans. Steek 0.61%
NGA No.
C.Fb DI, qq; DI, % DI.
in in in
169 34.42 1.00 17.79 0.48 10.50 0.14
338 20.80 0.51 20.21 0.59 15.74 0.49
729 15.36 0.32 16.20 0.40 16.63 0.55
2 778 34.42 1.00 28.58 1.00 19.01 0.71
[ 900 34.42 1.00 15.99 0.39 14.78 0.42
E 978 29.12 0.81 22.75 0.72 17.35 0.60
995 17.89 0.41 14.30 0.31 11.27 0.19
1003 34.42 1.00 17.55 0.46 16.77 0.56
1107 11.23 0.17 12.23 0.21 11.57 0.21
1203 17.52 0.39 11.33 0.16 13.98 0.37
160 14.54 0.29 18.44 0.51 13.71 0.35
180 34.42 1.00 28.58 1.00 23.33 1.00
183 29.85 0.84 19.89 0.58 16.68 0.55
368 34.42 1.00 19.04 0.54 13.37 0.33
461 16.45 0.36 19.90 0.58 18.39 0.67
- 529 23.22 0.60 21.94 0.68 19.24 0.72
E’ 723 19.99 0.48 19.00 0.53 22.99 0.98
= 752 21.96 0.55 15.64 0.37 12.38 0.26
2 821 19.41 0.46 16.85 0.43 16.46 0.54
829 16.67 0.36 16.43 0.41 18.53 0.68
953 34.42 1.00 17.53 0.46 14.10 0.38
1063 23.02 0.59 16.72 0.42 14.18 0.38
1087 17.43 0.39 24.10 0.78 16.16 0.52
1106 19.03 0.45 15.53 0.37 13.43 0.33
1503 34.42 1.00 19.87 0.58 20.86 0.83




Table11-45. DI for fixed-f i

x ed

FCBs

Wi

t h

D

= 406,

Long. Steel =1% | Long. Steel = 2% Long. Steel = 3%
NGA No. Trans. Steek 0.49% Trans. Steek0.53%| Trans. Steek 0.71%
Ci? DI, (I? DI, CIF: DI,
169 13.58 0.60 7.16 0.14 5.84 -0.02
338 4,59 0.03 6.02 0.04 6.27 0.01
729 9.95 0.37 7.77 0.18 6.17 0.01
% 778 5.99 0.12 6.08 0.05 6.09 0.00
[ 900 9.87 0.37 7.00 0.12 6.29 0.01
E 978 5.88 0.12 5.91 0.03 6.33 0.02
995 6.58 0.16 5.74 0.02 6.04 0.00
1003 6.32 0.14 7.83 0.19 7.49 0.10
1107 6.32 0.14 6.55 0.09 7.26 0.08
1203 7.25 0.20 6.23 0.06 5.43 -0.05
160 6.58 0.16 10.32 0.39 6.08 0.00
180 7.77 0.23 8.04 0.21 7.47 0.10
183 10.05 0.38 9.90 0.36 8.01 0.14
368 6.33 0.14 6.45 0.08 6.43 0.02
461 8.42 0.27 6.48 0.08 6.57 0.03
- 529 6.53 0.16 8.34 0.23 7.68 0.12
E 723 12.69 0.54 9.49 0.33 5.95 -0.01
= 752 7.19 0.20 7.50 0.16 8.67 0.19
2 821 11.34 0.46 8.60 0.25 7.30 0.09
829 9.63 0.35 7.33 0.15 6.74 0.05
953 7.14 0.19 7.18 0.14 6.23 0.01
1063 8.97 0.31 7.94 0.20 6.93 0.06
1087 6.45 0.15 7.59 0.17 7.64 0.11
1106 6.73 0.17 7.13 0.13 7.59 0.11
1503 5.27 0.08 6.49 0.08 6.82 0.05




Tablel11-46. DI, for fixed-f i

x ed

FCBs wi
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th D = 460,

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3%
NGA No. Trans. Steek 0.49% | Trans. SteekE0.53% | Trans. Steek 0.71%
?r DI, ?23 DI, (ﬁ' DI,
169 18.45 0.90 10.35 0.39 8.73 0.19
338 6.31 0.14 7.16 0.14 8.95 0.21
729 14.15 0.63 11.77 0.51 8.69 0.19
% 778 9.97 0.37 7.49 0.16 8.38 0.17
i 900 18.45 0.90 8.77 0.27 8.60 0.18
E 978 7.26 0.20 8.07 0.21 7.94 0.13
995 7.65 0.23 8.14 0.22 7.53 0.10
1003 8.96 0.31 10.44 0.40 10.91 0.35
1107 10.39 0.40 8.63 0.26 10.54 0.32
1203 9.22 0.32 7.89 0.20 7.76 0.12
160 6.83 0.17 10.67 0.42 9.22 0.23
180 15.22 0.70 10.04 0.37 10.98 0.36
183 19.89 0.99 15.74 0.83 13.05 0.51
368 7.73 0.23 7.23 0.14 7.66 0.11
461 12.40 0.52 9.69 0.34 9.48 0.25
- 529 9.91 0.37 9.80 0.35 10.99 0.36
E 723 20.12 1.00 20.51 1.00 7.98 0.14
= 752 12.15 0.51 9.83 0.35 12.56 0.47
2 821 18.18 0.89 14.14 0.70 11.95 0.43
829 12.60 0.54 11.77 0.51 10.26 0.30
953 8.42 0.27 9.32 0.31 7.93 0.13
1063 12.59 0.54 12.26 0.55 10.70 0.34
1087 10.93 0.43 9.60 0.33 8.26 0.16
1106 8.09 0.25 8.33 0.23 9.44 0.24
1503 7.28 0.20 7.97 0.20 9.52 0.25




Table11-47. Reliability index and probability of failure

b Probability of | Rounded reciproca
exceedance| approx. 1-in-N

0 0.5 2

0.5 0.308537539 3

1 0.158655254 6

1.5 0.066807201 15

2 0.022750132 50

2.5 0.006209665 200

3 0.001349898 1000

3.5 0.000232629 5000

4 3.16712E-05 30000

4.5 3.3977E-06 300000

5 2.867E-07 3500000
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Chapter 12. Tables

Table12-1. Mean and standard deviationiiz

DS3 DS4 DS5 DS6
MR 0.375 0.600 0.822 1.000
Ogr 0.100 0.119 0.114 0.000
Table12-2. Mean and standard deviationDif
SCBs TCBs FCBs
UL 0.325 0.239 0.279
aL 0.204 0.195 0.185
Table12-3. The bj to be used to obtain desirégl
Desiredbj | Py AP Peq 050 Ocy bi
2 0.022750| 0.072257| 0.314852 0.48
2.5 0.006210| 0.072257, 0.085939 1.37
3 0.001350| 0.072257, 0.018682 2.08
3.5 0.000233| 0.072257, 0.003219 2.72
4 0.000032 | 0.072257| 0.000438 3.33
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Table12-4. The DI g for various bjsfor SCBs

Probability of exceedance of other damage sta

Targetd's|  DesignDI' 5™ 1s> T ps3 | Ds4 | DS5 | DS6
25 0.58 7% | 7% | 5% | 2% | 1% | 0.6%
3.0 0.38 7% | 6% | 3% | 1% | 0% | 0%
35 0.26 7% | 5% | 1% | 0% | 0% | 0%
40 0.19 7% | 3% | 1% | 0% | 0% | 0%

Table12-5. Probability of exceedance of DSs for SCBs excludiag

Targeth's Probabilty of exceedance of other damage stat
DS1 DS2 | DS3 | DS4 DS5 | DS6
2.5 100% | 93% | 64% | 34% 16% 9%
3.0 99% | 81% | 38% | 14% 5% 2%
3.5 99% | 63% | 19% | 4% 1% 0%
4.0 98% | 43% 8% 1% 0% 0%

Table12-6. The DI s for various bjsfor TCBs

Probability of exceedance of other damage sta|

Targetb's | DesignDl' =50 "5, | ps3 | Dsa | DS5 | Ds6
2.5 0.63 7% 7% 4% 2% 1% | 0.6%
3.0 0.41 7% 6% 3% 1% 0% 0%
3.5 0.28 7% 4% 1% 0% 0% 0%
4.0 0.19 7% 3% 0% 0% 0% 0%

Table12-7. The DI g for various bjsfor FCBs
. . , Probability of exceedance of other damage sta
Targetb's|  DesignDl' - oy gsz DS3 | DS4 | DS5 gDs.6
2.5 0.66 7% 7% 4% 2% 1% 0.6%
3.0 0.43 7% 6% 3% 1% 0% 0%
3.5 0.29 7% 4% 1% 0% 0% 0%
4.0 0.20 7% 3% 0% 0% 0% 0%
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Table13-1. Damage index for repaired columns NHSHAnd NHS2R

Repaired Column
Name | Damage Stat{ o, (o0} (o0} DI
in in in
NHS1-R DS3 3.33 | 10.48 4.04 0.10
NHS2-R DS3 2.05 | 10.65 3.99 0.23

Table13-2. Damage index for original columns NHS1 and NHS2

Original Column
Name | Damage Stat{ o, (003} e} Dlr
in in in
NHS1 DS3 1.40 7.54 2.53 0.18
NHS2 DS3 1.00 6.41 2.82 0.34

Table13-3. Original cantilever column design properties

Original Column
Column Diameter| Height Steel Ratio - -
Configuration Longitudinal| Transverse
in [mm] in [mm] % % in [mm] | in [mm]
Cantilever | 72 [1829] |360 [ 9144] 2 0.84 4.0 [102]|16.5 [419]
Table13-4. Modified steel properties for repaired columns
Damage Point A Point B Point C
h Stress . Stress . Stress .
State ksl | [MPa] Strain ks |[MPa] Strair ks |[MPa] Strain
DS-5 | 0.2 | 68 469 | 0.012( 95 | 655 |0.04 95 | 655 | 0.060
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Table13-5. CFRP materigbroperties (Tyf§ SCH-41 composite using TyfoS epoxy)

Property

Composite Gross Laminate
Properties

Ultimate tensile strength in primary fiber

121000 psi [834 Mpa]

direction, psi
Elongation at break 0.85%
Tensile modulus, psi 11.9 x 10 [82 Gpa]
Nominal laminate thickness 0.04 in. [1 mm]

Table13-6. CFRP confined concrete properties for repaired columns

Repaired Column £ £ e,
[ksi] | [Mpa] | [ksi] | [Mpa]
Cover 456| 314 | 6.96| 50.0 | 0.01512
Core 5.56| 38.3 | 7.96| 54.9 | 0.01678

Tablel13-7. Repair design for the cantilever column for DI = 0.15

Repaired Column

Target DI | CFRP Layerr— B : R : L2 DI, Calculated
in [mm] in [mm] in [mm]
0.15 7 11.1[282]| 23.0[584]| 12.8 [325] 0.15




Table13-8. DI, for repaired cantilever column for T = 1000

NGA No [vey DI,
169 9.92 -0.10
338 11.72 0.05
A |_729 16.15 0.42
d 778 17.26 0.52
T | 900 10.96 -0.01
o | 978 14.01 0.24
E 995 9.06 -0.17
1003 9.63 -0.13
1107 8.16 -0.25
1203 10.86 -0.02
160 14.39 0.28
180 23.66 1.00
183 13.69 0.22
368 10.66 -0.04
A 461 13.89 0.23
d 529 10.18 -0.08
T | 723 13.42 0.19
x |_752 9.00 -0.18
j 821 15.52 0.37
= | 829 12.45 0.11
953 8.35 -0.23
1063 11.20 0.01
1087 16.09 0.42
1106 11.65 0.04
1503 15.74 0.39
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Figure3-1.Elevation view of reinforcement layout of shear key test unit 4A
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Figure3-4. Damagestate 6
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|

Figure3-7. Exteriorshearkeys,strut-andtie model (Megally et al. 2001)
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Figure4-1. Effective strain in CFRP vs thickness for tensile modulus of 10000 ks
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Figure4-2. Effective strain in CFRP vs thickness for tensile modulus of 11000 ks
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Figure4-3. Effective strain in CFRP vs thickness for tensile modulus of 12000 ks



288

fc =3 ksi fic = 4 ksi
0.0025
—— ; 0.0025
o EC';ZO'ZR o8 N —e—ACI 440.2R-08
o —a—Eq. 3.
tL) 0.0020 - E 0.0020 - ——Eq. 34
= c
2 0.0010 o 0.0010
3 =
£ ol
i 0.0005 i 0.0005
0.0000 T T 1 0.0000 T r )
0.00 0.20 0.40 0.60 0.00 0.20 0.40 0.60
CFRP Layer Thickness, inch CFRP Layer Thickness, inch
fc=5ksi fc = 6 ksi
0.0030 . —
N 0.0035 —e—ACI 440.2R-08
X 0.0025- —¢—ACI 440.2R-08 o 0.0030- —a—Eq. 3.4
O —a—Eq. 3.4 o
E 0.0020 G 00025
3 < 0.0020
£ 0.0015 £
o £ 0.0015
£ 0.0010 o
o 2 0.0010
= S
1l 0.0005 £ 0.0005
= 0.
0.0000 T T ] 0.0000 i . )
0.00 0.20 0.40 0.60 0.00 0.20 0.40 0.60

CFRP Layer Thickness, inch CFRP Layer Thickness, inch

Figure4-4. Effective strain in CFRP vs thickness for tensile modulus of 13000 ks
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Chapter 5.  Figures

Figure5-3. Damagestate 3 Figure5-4. Damagestate 4



294

84"

I\E\Vl

O0O0000
0000
000000

45"

52.5"

-_— 24—

Figure5-5. Prototype Igirder crosssection

T6 layers @ 1.5"

[ejeXe}
[eXeloXe}
[ofejeloRe}
COOO0O
[efeXeYoloke}
Q00O
[efeoXeooloke}

5.06'CG.$.

2" cover (typ.)

Strands @ 2" (typ
Figure5-6. Prestressing strands detail



295

£
o
S
£
(]
S . . .
o : : : :
= 20000 ............................... é__—Undamaged Girder Capacity E
. —Moment Capacity at DS2 & DS3 (10% Reductioni
j(0]0]0]0 RSN AENEERER _ _ g
/ Moment Capacity at DS4 (20% Reduction)
0 i ; T
-0.00005 0.00015 0.00035 0.00055 0.00075
Curvature

Figure5-7. Momentcurvature of Igirder section atvariousdamagestates



296

Chapter 6.  Figures




297

Backwall\\

Stem WaH\

v
T0
O
Q3

3

Q

a
Figure6-5. Sideview of bridge abutment geattype)



298

Chapter 7.  Figures

Figure7-1. Damagestatel Figure7-2. Damagestate 2

Figure7-3. Damagestate 3 Figure7-4. Damagestate 4
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Figure7-5. Damagestate 6
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Chapter 8.  Figures
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Chapter 9.  Figures

Damage State 4 Damage State 5 Damage State 6

Figure9-1. Possible apparent damage states of bridge columns
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Figurel0-3. Apparent damage states for bent 1 East column bottom plastic hi
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Figurel0-5. Apparent damage states for bent 1 West column bottom plastic |
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Damage State 4 (after test 6)

Figurel0-7. Apparent damage states for bent 2 East column bottom plastic
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Damage State 3 (after test 6) Damage State 4 (after test 7)

Figurel0-9. Apparent damage states for bent 2 West column bottom plastic
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Damage State éafter test 6)

Figure10-12. Apparent damage states for bent 3 East column top plastic |
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Figure10-13. Apparent damage states for bent 3 West column bottom plastic



320

Damage State 3 (after test 4D) Damage State 4 (after test 5)

Figure10-14. Apparent damage states for bent 3 West column top plastic f
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Figurel0-17. Bent 2 measured foralisplacement hysteresis curves and envelo

Displacement [mm]

0 25 51 76 102 127
35 156
301 pom - 133
z 25 " / 111 E'
=~ 1' / =
= 20 }'/ 89 =
S 15 67 &
2 10 f Backbone Curvel 44 |©
,' ===|dealized Curve
) 22
04 0
0 1 2 3 4 5

Displacement [in]
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Figurel0-21. Idealized pushover curve and damage statdsefior 1 East column
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Figure10-23. Idealized pushover curve and damatges for bent 2 East column
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Figurel0-25. Idealized pushover cunamd damage states for bent 3 East colurr
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Figurel0-26. Idealized pushover curve and damage states for bent 3 West col
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Figurell-3. Farfield ground motions response spectrum of site class C
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Figurell-16. Forcedisplacement hysteresis curves for Aggld GMs






































































































































































































