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Abstract 

Probabilistic seismic design is a relatively new concept for seismic design of 
bridges subjected to earthquakes.  Through this method, uncertainties in seismic response 
and seismic demand are taken into account.  The concept can be extended to control 
damage by designing for certain target apparent damage with an associated probability of 
exceedance.  Through a study funded by the California Department of Transportation 
(Caltrans), a probabilistic damage control approach (PDCA) and reliability analysis was 
used to develop performance based seismic design of bridge columns.  The PDCA uses 
the extent of lateral displacement nonlinearity defined by “Damage Index” (DI) to 
measure the performance of bridge columns.  The performance objective was defined 
based on predefined apparent damage states and the damage states were correlated to DIs 
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 subjected to seismic 
loads.  Extensive analytical modeling of seismic response of single column and 
multicolumn bents was conducted.  A wide range of variables was included in the study 
to address the effect of aspect ratio, longitudinal steel ratio, site class, distance to active 
faults, earthquake return period, and number of columns per bent.  Each column was 
analyzed under 25 near-field and far-field ground motions. A statistical analysis of the 
demand damage index (DIL) was performed to develop fragility curves (load model) and 
to determine the reliability index for each DS.  The results of reliability analysis were 
analyzed and a direct PDCA was developed to calibrate design DI to obtain a desired 
reliability index against failure.  The calculated reliability indices and fragility curves 
showed that the proposed method could be effectively used in seismic design of new 
bridges as well as seismic assessment of existing bridges.  Included in the current project 
was an exploratory study to extend the PDCA to earthquake-damaged columns that have 
been repaired.  Like conventional original (not repaired) columns, different damage states 
(DSs) were defined for repaired columns associated with varying degree of damage 
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Chapter 1. Introduction 

1.1 Introduction 
Performance-based seismic design (PBSD) become of interest to researchers and 

structural engineers after the Loma Prieta earthquake in 1989.  PBSD is based largely on 
displacement consideration rather than strength used in conventional seismic design 
methods (Priestley et al. 2007; Suarez and Kowalsky 2010). Most of the existing PBSD for 
bridge columns are based on deterministic approaches.  Due to uncertainties in seismic 
demand and response, deterministic seismic design and evaluation of a structure may be 
unsafe and unrealistic, especially for important structures.  It is more realistic to analyze the 
structure using probabilistic approach by incorporating the uncertainties in seismic 
demand and structure response to better control the seismic performance.  In the present 
study, a probabilistic damage control approach (PDCA) was used to develop PBSD for 
bridge columns.  PDCA is a new procedure for seismic design 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 performance of the bridge column, PDCA incorporates the 
extent of column lateral plastic deformation at different earthquake levels.  The extent of 
lateral plastic deformation was quantified by Malek et al. (2007) based on limited 
experimental results and engineering judgments for different bridge categories subjected to 
earthquakes with various return periods (T).  The extent of lateral plastic deformation was 
quantified using damage index (DI).  The DI was defined as the ratio of plastic deformation 
demand to plastic deformation capacity (Eq. 1-1). 

D Y (1-1) 
DI  

C Y 

Where ΔD, ΔY, and ΔC are the column displacement demand induced by 
earthquake, the effective yield displacement, and the ultimate displacement capacity, 
respectively.   

Probabilistic damage control approach (PDCA) for seismic design of single 
column and multi-column bridge bents was developed and discussed in this present 
study.  Each bent was designed for a predefined performance level under the design 
earthquake.  Because PBSD is largely based on displacement considerations, DI was 
selected as a representative parameter of the column response.  The DI is the ratio of 
column plastic deformation demand and plastic deformation capacity and varies from 
zero to one.  To quantify the performance of a column, each performance level was 
correlated to a possible apparent damage state (DS).  Subsequently, each damage state 
was correlated to an associated DI (Vosooghi and Saiidi 2012).   

To determine reliability of the columns designed as per PDCA, a reliability analysis 
was conducted.  To develop a resistance model for reliability analysis, the fragility curves 
that correlate DSs to an associated DI (Vosooghi and Saiidi 2012) were utilized.  To develop 
a load model for reliability analysis, extensive analytical modeling of seismic response of 
single column and multi columns bents was conducted.  A wide range of variables was 
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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.  After 
having distribution of resistance and load model, reliability analysis was conducted.  The 
reliability analysis results were analyzed, and a direct probabilistic design method was 
developed to calibrate the design DI and to obtain a target reliability index ( 6 ) against 
failure. 

Included in the current project was an exploratory study to extend the PDCA and 
reliability analysis approach to earthquake-damaged columns that have been repaired.  
This part of the study was focused on columns that are repaired using carbon fiber 
reinforced polymer (CFRP) jackets.  Like conventional original (not repaired) columns, 
different damage states (DSs) were defined for repaired columns associated with varying 
degree of damage.  The goal of this study was to demonstrate the process of using PDCA for 
repaired columns, realizing that the study is of limited scope due to the scarcity of data for 
repaired columns.  

1.2 Previous Relevant Research  
Probabilistic performance-based design (PPBD) methodology has become of 

central interest in risk mitigation decision making for structures and infrastructure 
systems (Cornell and Krawinkler, 2000; Mackie and Stojadinovic, 2001).  Such 
methodologies aim to better understand the seismic risk to structural systems, and 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 performance-
based earthquake engineering, engineers are transitioning away from development of 
deterministic design criteria for site-specific seismic hazard (Mackie and Stojadinovic, 
2001).  Describing the resulting structural performance as safe or unsafe can be 
misleading when considering the uncertainty in structural demand and response 
parameters.  Therefore, current seismic performance assessment methodologies are 
tending toward fragility curves (probabilistic techniques).  Fragility curves describe 
probabilities of exceeding 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 
Program (NCHRP Report 489, 2003), American Association of State Highway and 
Transportation Officials (AASHTO, 2010), HAZUS-MH (2011).  In the following 
sections, a brief overview of the past research on probabilistic design and structural 
reliability based assessment of bridges is presented.  

1.2.1. Probabilistic Based Design  
Mackie and Stojadinovic (2005) conducted a study on developing fragility curves 

for California overpass bridge seismic decision making.  In that study, a rational method to 
evaluate damage potential and to assess probable highway bridge losses for critical 
decision making regarding the post-earthquake safety and repair of highway network was 
presented.  Loss fragilities were defined for each individual bridge using PEER’s 
performance-based earthquake engineering framework.  Decision variables were related 
to earthquake intensity through a series of disaggregated models (demand, damage, and 
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loss).  The fragility curves provided in that study were intended for application 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 formulated.  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-loss states were described in terms of 
bridge traffic capacity and collapse prevention.  System loss fragilities were enhanced 
using the same improved methods developed for damage models.   

Tourzani et al. (2008) presented a performance-based design procedure for bridge 
columns.  In 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 probabilistic seismic events.  The damage level of the bridge was established for a 
specific seismic event known as “Design Earthquake”.  Then, additional probabilistic 
seismic excitations were imposed to study various damage levels.  To design columns, 
acceleration response spectrum (ARS) curves instead of a certain averaged deterministic 
curve were used.  However, in the study by Tourzani et al. (2008), uncertainties in 
earthquake demands and bridge responses were not included. 

Vosooghi and Saiidi (2012) developed a method for PPBD and probabilistic 
performance based assessment (PPBA) of reinforced concrete bridge columns using the 
fragility curves.  These fragility curves include the uncertainties in seismic response 
parameters.  Data from 32 bridge column models, 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 concrete (DS3), 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), 
inelasticity index (II), maximum longitudinal steel strain (MLS), and maximum transverse 
steel strain (MTS). In the present study, inelasticity index is referred as damage index 
(DI) to be consistent with the rest of the study. A PPBD method was used to design 
columns for one 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, in the study by Vosooghi and Saiidi (2012), 
uncertainties in earthquake demands were not included.  

Liang and Lee (2013) conducted a study on establishing practical multi-hazard 
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 
vessel collisions) in the load and resistance factor design (LRFD) (AASHTO).  The 
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LRFD is a reliability-based design that considers failure probabilities of bridge 
components due to the actions of typical dead load and frequent vehicular loads (time 
invariant loads).  The study conducted by Liang and Lee (2013) describes the establishment 
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 probabilities for all 
possible time-invariant and time-varying load combinations and breaking them down into 
partial terms.  Then, important load combinations were readily determined quantitatively. 
However, in the study by Liang and Lee (2013) the uncertainties in bridge response were 
not discussed. 

Alipour et al. (2013) developed a multi-hazard reliability-based framework to 
evaluate the bridge response subjected to combined effect of pier scour and earthquake 
events.  This framework was used to calibrate the scour load-modification 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 determined for a range of expected combinations of these two extreme events. 
The occurrence probability of each scour-earthquake 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 inherent in the structural 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 obtain scour load-modification factors.   

1.2.2. 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 fragility curves is straightforward and is a closed-form solution (Eq. 1-
2), considering that the demand and capacity are log-normally distributed (Mackie and 
Stojadinovic (2001), Cornell et al. (2002), Bazzurro and Cornell (2002), Ellingwood and 
Wen (2005), Nielson and DesRoches (2007), Padgett et al. (2008), Celik and Ellingwood 
(2010)). In Eq. 1-2, D and C denote demand and capacity, SD and SC denote the median 
values of demand and capacity, IM denotes the intensity measure, and βD|IM and βC 

denote the dispersions (logarithmic standard deviation) of the demand and capacity, 
respectively. It must be noted that SC and βC are defined based on the limit state under 
consideration. 

Mackie and Stojadinovic (2005) used a mean value, first order, second-moment 
analysis for each of the limit state functions describing the components that contribute to 
the system vulnerability.  Having determined the mean and standard deviation for each of 
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 then used to determine 
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 Huo (2009) adopted a weighting scheme to establish correlation 
between component failure and bridge system level failure based on the components that 
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contribute the most to the load carrying capacity or post event functionality criterion. 
Although the approach 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. 
(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 numerous studies on probabilistic based seismic design and/or 
assessment of bridges, studies on displacement-based probabilistic seismic design of 
bridge columns by 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.  

1.3 Objectives and Scope of PDCA  
The primary objectives of the present study were: (1) to develop a method for 

seismic design of bridge columns for different probability of exceedance of different 
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, and (2) 
to develop a method for seismic design of bridge columns for a target reliability against 
failure ( 6 ), and to determine probability of exceedance of other damage states.  In 
addition, an exploratory study to extend the PDCA and reliability analysis approach to 
earthquake-damaged columns that have been repaired is presented in this report. 

To accomplish these objectives, the study was divided into four parts.  The first 
part was to establish a resistance model for the reliability analysis.  To develop resistance 
model, over 140 seismic performance data points from testing of 22 bridge column 
models mostly tested on shake tables were used to develop fragility curves for DIs at six 
apparent DSs (Vosooghi and Saiidi 2012).  In the second part of the study, a load model was 
developed by conducting a large number of non-linear dynamic analyses 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 earthquake records 
consisting of 10 far-field and 15 near field ground motions.  For each ground motion, the 
maximum displacement was determined and consequently DI was calculated.  Reliability 
analysis was conducted upon having distribution of resistance and load model.  In the 
third part, the results of the reliability analyses were investigated, and a direct probabilistic 
design procedure was developed to calibrate design DI based on a target reliability 
against failure.  Finally, the same PDCA methodology that was used for conventional 
columns was used to extend the PDCA and reliability analysis approach to earthquake-
damaged 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 only as an example of the potential application of 
PDCA to repaired columns and the results should be used with caution. 
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Chapter 2. Probabilistic Damage Control Approach for Seismic Design of Bridge 
Columns 

2.1 Introduction 
To develop PDCA, six apparent DSs defined in a previous study by Vosooghi and 

Saiidi (2010) were utilized (Figure 2‐1).  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 categories, 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 steel 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 letters in Table 2-1.  The column database of 32 
columns was further expanded to 38 columns by adding data from six columns of a four-
span bridge model tested at UNR (Saiidi et al. 2013).  The six column models are listed at 
the bottom of Table 2-1.  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 correlation between DS and DI (Figure 2‐2).  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 Chapter 11.  In Figure 2‐2, no curves are shown for DS-6, because DS-
6 corresponds to failure with 100% probability of DI of one. 

To develop a load model for reliability analysis, extensive analytical modeling of 
seismic response of single column and multi columns bents was conducted.  A wide range 
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 15 near-field and 10 far-field ground 
motions.  For each ground motion, the maximum displacement was determined and 
consequently DI was calculated. After having distribution of resistance and load model, 
reliability analysis was conducted.  The reliability analysis results were analyzed, and a 
direct probabilistic design method was developed to calibrate the design DI and to obtain a 
target reliability index ( 6 ) against failure.  The 6  is based on combined probability of 
failure including the probability of earthquake exceedance during the life span of bridge 
(PEQ) 

2.2 Fragility Curves to Correlate Damage States with Damage Indices 
The fragility analysis approach was used to establish the correlation 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 following sections. 
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2.2.1. Fragility Function Definition 
According to ATC-58, 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 of a single predictive demand parameter. In the 
present study, fragility curves take the form of cumulative lognormal distribution 
functions, with median value θ and logarithmic standard deviation of x.  The 
mathematical form for such a fragility function is: 

RP (2-1)  ln     F RP    x 
  

Where FRPis the conditional probability that the component will be damaged 
to a given DS as a function of RP, RP is the response parameter at a given DS,  denotes 
the standard normal cumulative distribution function,   denotes the median value of the 
probability distribution, and x denotes the logarithmic standard deviation.  Both  and x 
are established for each DS.  In simple terms, median value   represents the 50% 
probability of exceeding a given DS and can be calculated as: 

 1 N  (2-2) 
  exp  lnRPi  

 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: 

N 2 (2-3) 
x  1 lnRP

  i N 1 i1 

All the parameters were defined previously.  

2.2.2. 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 frequencies were calculated for the ith DI as 
i

N , where i is the sequential position of the DI, and N is the total number of columns.  

Natural logarithm magnitudes of DI were calculated.  The θ and x were calculated using 
Eq. 2-2 and 2-3.  Substituting θ and x in Eq. 2-1, fragility curve was developed.  
Figure 2-3 shows the typical form of a fragility function when plotted using the 
lognormal cumulative distribution function.   

The Smironov-Kolmogorov goodness-of-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 conducting extensive analyses with a 
reasonable scatter in data to develop an approximately continuous distribution function 
for DI.  In the Smironov-Kolmogorov test, the hypothesis that the data has lognormal 
distribution is accepted if all test data points in resistance and load model lie between the 
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lower and upper confidence limits (LCL and UCL).  These confidence limits can be 
calculated as follow: 

LCL  F RP d N  (2-4) 
UCL  F RP d N  (2-5) 

Where d  N is a parameter determined based on the level of significance (α) and 
the total number of the samples (N).  Massey et al. (1951) tabulated the magnitudes of 
d  N  as a function of significance level and the total number of samples (Table 2-2).  
The critical values of d  N  (Table 2-2) represent the maximum absolute difference 
between the sample and population cumulative distribution.  Table 2-2 can be used to 
determine the confidence intervals for cumulative distribution function  . Thus F RP 
100(1- ) represents the confidence limits for FRP.  The level of confidence is the 
probability that the data points lie outside the limits.  For example, significance level of 
0.05 represents the confidence level of 95%, which means there is 5% probability 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.  

2.2.3. Application of Fragility Curves in Performance Based Design 
Seismic fragility curves for highway 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 functionality levels.  The fragility curves are useful for 
performance-based 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 shaking.  These curves offer valuable insight to decision makers 
and bridge owners seeking to reduce the risk of damage to bridges.  To develop any 
fragility curve, a response parameter needs to be selected.  

In the present study, a PDCA method was developed for bridge columns 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 response parameter (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 the present study, the 
columns were designed for 50% probability of exceeding DS3, and the corresponding DI 
was 0.35 (Figure 2‐2).  To satisfy the given performance level, the response parameter 
was selected to be higher than the earthquake demand on the column.  In order to provide 
flexibility to designers, different performance levels were assigned to distinct bridge 
categories and earthquake levels as discussed in the following section. 
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2.3 Design Performance Levels 
Performance based design begins with the selection of design 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 (American Association of State Highway and 
Transportation Officials (AASHTO) (2010) and Caltrans SDC (2010) have adopted 
different approaches to achieve required performance objectives.  AASHTO (2010) states 
that “bridges shall be designed to have a low probability of collapse 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 performance may be used with the 
authorization of the Bridge Owner”.  AASHTO (2010) defines damage levels depending 
on the importance of the bridge, and earthquake return period.  However, the 
performance objectives in the design codes are defined qualitatively in terms of 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 response parameters; (2) they do not 
provide enough flexibility to designer/owner to select different performance levels under 
different earthquake return periods. 

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) (Table 2-3).  Both qualitative and 
quantitative performance levels are described in Table 2-3.  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 (column 2 and 3 
of Table 2-3).  Based on Table 2-3, 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 operational 
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 equal to 0.35.  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 needed for entire 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 bridges, recovery 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 earthquake 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 
presented in this study is somewhat subjective and can be modified based on the desired 
performance objectives. 

9 



 

 

  

 

    

 

 

 
 

   

2.4 Limit State Function and Probability of Failure 
The term “failure” means different things to different people.  Failure does not 

necessarily mean catastrophic failure but is used to indicate that the structure does not 
perform as intended.  Before 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 (2-6) 
Pf  PZ  0 (2-7) 

A negative value of Z indicates failure.  The probability of failure, Pf , can be 
expressed by Eq. 2-7.  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 
Figure 2‐4 (Nowak & Collins 2000). 

2.5 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 plastic deformation capacity in the column at 
certain DS.  Therefore, in this study, the DI is focused on for investigation.  The 
resistance 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 DIs were utilized (Figure 2‐2).  Column model 
database in their 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 loading.  The concrete strength ranged between 4 and 6 ksi (28 and 41 MPa), and 
the reinforcement yield stress was between 60 and 70 ksi (414 and 483 MPa).  Single 
columns and columns of two-span and four-span bridge model were included in the 
database.  Columns 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 DIs.  To characterize the probabilistic nature of the problem, fragility curves 
were developed for five damage states, DS1 to DS5 (Figure 2‐2).  DS6 corresponds to 
failure with DI equal to one.  Consequently, no scatter in the data was accounted for DS6.  
In reliability analysis, mean and standard deviation of DS6 for resistance model were 
assumed to be one and zero, respectively.  

2.6 Load Model 
The load component used in this study was the demand DI for the column imposed 

by different earthquake ground 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 incorporate uncertainties in the load model.  To incorporate uncertainties in the load 
model the following parameters were used: 

2.6.1. Site Class 
Bridge site class was divided into two categories; site class B/C and site class D.  

In various codes (AASHTO (2010), Caltrans SDC (2010), and American Society of Civil 
Engineers (ASCE 7-10)) these site classes are defined based on soil type and shear wave 
velocity (VS30).  According to the definition given in these codes, site classes B, C, and D 
corresponds to rock, soft rock, and 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 these site classes.  To determine the design spectrum, a 
shear wave velocity (VS30) 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 
recommendations (Caltrans ARS Online V2.3.06 and Caltrans SDC 2010).  The VS30 of 
760 m/s [2500 ft/s] represents the median of VS30 of site class B and C, whereas, 270 m/s 
[886 ft/s] represents the average VS30 of site class D (Table 2-4). 

2.6.2. Ground Motion Selection 
Ground motion records were initially selected from PEER strong ground motion 

database (http://peer.berkeley.edu/peer_ground_motion_database/), but were 
subsequently scaled to match the design spectral acceleration 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 represent strong earthquakes despite their high scaled acceleration. 
To account for the uncertainties in ground motions, various site parameters were 
assumed. Parameters used in the selection of far-field and near-field ground motions 
were: VS30, earthquake magnitude, distance to the fault (Rjb), and scaling factors (SF). 
The range of VS30 between 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 six. Rjb between 
0 to 15 km [0 to 1500 m] and 15 to 30 km [1500 to 3000 m] was selected for near-field 
and far-field ground motions, respectively.  Based on these parameters, 15 near-field and 
10 far-field ground motions were selected for each site class. The number of near field 
motions was higher because this type of motion is generally more demanding. 

2.6.3. 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 concrete 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 
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the effect of column aspect ratio, two different column heights of 30 feet [9144 mm] and 60 
feet [18288 mm] were used in the study.  To account for the variability in bent support 
conditions, cantilever, fixed-pinned and fixed-fixed connections were used.  To study the 
effect of redundancy on reliability, single column bent (SCB), two columns bents (TCB), 
and four columns bents (FCB) were used in the analyses and axial load 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 the column and the specified concrete 
compressive strength.   

2.6.4. 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 period T can 
be computed as T = 1/P.  The return period is usually used for risk analysis.  Risk 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, and a structure located in a seismically 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 refers to 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 2500-year. 

2.7 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 
specifying design values for strength, displacement, and so on.  Over the past few years, 
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 reliability-based design criteria.  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 often expressed as the 
probability that a structure will not fail to perform its intended function.   

In order to determine the probability of failure, first order second moment method 
(FOSM) (Ayyub and McCuen 2003) was used in the reliability analysis.  First 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 measures the structural performance in 
terms of the reliability or probability of failure. The mean and standard deviation of Z in 
Eq. 2-6 are estimated using the information on means and standard deviation of the basic 
random variables.  In the present study, the random variable was DI. 
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The reliability of bents was quantified by “reliability index” (β).  The β is often 
used as a measure of structural safety.  Graphically, reliability index (also known as safety 
index) is the distance of the mean of limit state function from failure surface measured in 
terms of standard deviations.  The graphical representation of β (Cornell 1969) is shown 
in Figure 2-5.  In the present study, reliability analysis was conducted to calibrate design 
DI for bridge columns to obtain a target β against failure.  The objective of the analysis 
was the assurance of some level of safety.  Load and resistance were treated as random 
variables.  As discussed before, there was significant scatter in the seismic response and 
demand of bents, therefore, the reliability of bents needs to be determined.  The β was 
calculated as follows for lognormal distributions (Ayyub and McCuen 2003): 

 2  R L 1 ln      2 1   L R  (2-8) 
  

2 2 ln  1 1R L 

Where L=load, R=resistance, μ=mean, σ=standard deviation, and δ=coefficient of 
variation (σ/μ).  The statistical parameters associated with fragility curves for seismic 
response (Figure 2-2) were used for resistance parameters and those obtained from non-
linear dynamic analyses were used for loading parameters.  The reliability index 
calculated by Eq. 2-8 was modified to include the probability of occurrence of design 
earthquake during the lifetime of a bridge. 

The probability of column failure is related to 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.  Considering that annual earthquake events are 
independent, the probability of earthquake exceedance during lifetime of a structure can 
be calculated using Eq.2-9 (Yen 1970): 

1 
t 

PEQ  1  1   (2-9) 
 T 

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 
probability of column failure (PCF) and at the same time to have an earthquake 
occurrence can be calculated using conditional probability as: 

(2-10) 

(2-11) 

PCF ∩ PEQ = (PCF|PEQ) × (PEQ) 

PCF|PEQ=1     or  PCF ∩ PEQ =1      

 1  PCF  PEQ  (2-12) 
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 PCF|PEQ is the probability of column failure given the design earthquake has 
occurred, Ф is the normal standard distribution function, and   is the reliability index 
corresponds to combined probability of failure.  Having  calculated from Eq. 2-8, 
PCF│PEQ was calculated using Eq. 2-11 (Ayyub and McCuen 2003).  By substituting PEQ 

and PCF│PEQ in Eq. 2-10, PCF ∩ PEQ was determined.  Having PCF ∩ PEQ, β’ was calculated 
from Eq.2-12.  The level of reliability at DS3, DS4, and DS5 was also investigated. 

2.8 Calibration of Design Damage Index 
A reliability analysis was conducted to calibrate design DI to obtain a specified β 

against failure.  In general, calibration process in reliability analysis is iterative, until the 
desired reliability level is achieved.  To overcome this iterative process, a new direct 
PDCA was developed to calibrate design.  Calibration of design DI using direct PDCA 
consists of the following steps: 

Step 1. Development of load and resistance model:  The load and resistance models 
were treated as continuous random variables.  Their scatter was described by cumulative 
distribution functions (CDF) (Section 2.6 and 2.7).  The CDF’s for load and resistance 
models were derived using the available statistical database. 

Step 2. Reliability analysis:  Structural performance was measured in terms of the 
probability of failure.  After having cumulative distributions of load and resistance models, 
combined reliability index was calculated using Eqs. 2-8 to 2-12. 
Step 3. Selection of target reliability index:  After achieving a methodology and database to 

calculate β, the next step was the selection of target  6 for the design DI 
calibration.  Selection of a target  6 was based on the margin 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 criteria. AASHTO LRFD recommends a reliability of 3.5 for 
bridges under gravity loading while not accounting for the effect of earthquake loading.  
Earthquake loading is uncertain and not always present on the structure; therefore, in this 
study a target  6 of 3 against failure was selected for columns under seismic loading.  
In 
general, selection of a  6 is somewhat subjective.  Ideally, the selection of the target  
6 
is based on economic issue that reflects both the cost of increasing the safety margins 
and the implied costs associated with component failure. 

Step 4. Direct PDCA and calibration of DI:  In step 1, design DI was tentatively 
specified as 0.35.  Using steps 1 and 2, β was calculated against failure.  To achieve the 
target  6 as described in step 3, one approach is to perform iterations 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 and calculate the design DI associated with 
it.  Using the second approach, direct PDCA was developed in this study for DI 
calibration.  Design DI could be precisely determined based on a target  6 .  The 
development and evaluation of direct PDCA is discussed in detail in Chapter 5.  
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Chapter 3. Expansion of Column Database  

3.1 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 three two-column 
bents of a large-scale 4-span 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  quarter-scale four-span bridge system to increasing levels 
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 on drop cap piers.  
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, configuration, and 
calculation of response parameters (RPs) are discussed in the following sections.  

3.2 Four Span Bridge Model 
Saiidi et al. (2013) tested a quarter-scale four-span conventional bridge model on 

three shake tables at the UNR.  Figure 3‐1 shows the plan and elevation view of the 
bridge.  The prototype was scaled into an equivalent quarter-scale model for shake table 
testing.  The superstructure was composed of a solid slab that was post-tensioned in both 
the longitudinal and transverse direction.  The model also included abutment seats at both 
ends of the bridge that were driven in the longitudinal direction by hydraulic actuators to 
incorporate the abutment interaction with the bridge system.  The interior two spans were 
348 inch [8839 mm] and the exterior 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 three, two-column bents.  The columns were of same diameter and 
height.  However, 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 3‐2 shows the bent 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 spiral of size W 2.9 
wire was used in the columns.  Bent 1 was the shortest and stiffest as compared to the 
Bent 2 and 3.   

3.3 Loading Protocol 
The motion selected for bridge excitation was a modified version of the Century 

City station recording of the 1994 Northridge, 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 
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increasing damage in columns.  Table 3-1 lists the complete test schedule for the 4-span 
bridge testing. 

3.4 Observed Performance 
The columns were flexure dominated.  At the end of each earthquake run, the 

visual evidence of damages was investigated to determine the DS.  The definition of 
apparent DS was discussed previously in Chapter 1 (Vosooghi and Saiidi 2012).  The 
DSs in columns varied from DS1 to DS6.   

3.4.1. 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 flexural cracks 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 occurred in 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 West column 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 columns.  Figures 3-3 to 3-6 
show the damage in the East and West column of Bent 1.  The description of damage 
after each run is presented in Tables 3-2 to 3-5. 

3.4.2. 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 the small share of shear it carried.  Virtually no 
cracking was observed until Test 1D.  Small amount of flexural cracking occurred by the 
end of Test 3 in the bottom and top hinges of East and West columns; whereas, in the 
West column, flexural cracking occurred 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 while the West column underwent extensive spalling in the 
bottom hinge.  Few spirals were visible in the West column by the end of Test 7.  Figures 
3-7 to 3-10 show the damage in the East and West column of Bent 2.  The description of 
damage after each run is presented in Tables 3-6 to 3-9. 

3.4.3. 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 and bottom 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 exhibited imminent concrete core failure with visible 
longitudinal reinforcement by the end of Test 6.  Figures 3-11 to 3-14 show the damage 
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in the hinges of East and West column of Bent 3.  The description of damage after each 
run is presented in Tables 3-10 to 3-13. 

3.5 Measured Force-Displacement 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 run.  Because biaxial motions were applied, force-
displacement envelopes were determined using peak resultant lateral force and the 
corresponding resultant displacements.  Figures 3-15 to 3-20 show the measured force-
displacement envelopes and idealizations for all 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.  The first yield point was assumed to be at one-half 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 force-displacement 
curves, DS in each column was correlated with the corresponding peak displacements.  
Figures 3-21 to 3-26 show the maximum displacement corresponding to a given DS of 
Bent 1, 2 and 3 columns. 

3.6 Response Parameters 
The six response parameters defined in a previous study (Vosooghi and Saiidi 

2012) were used as indicators of seismic performance.  Even though only one of these 
were utilized in the present study (DI), the data are included for the sake of completeness.  
The RPs were: the maximum drift ratio (MDR), residual drift ratio (RDR), frequency 
ratio (FR), damage index (DI), the maximum longitudinal steel strain (MLS), and the 
maximum transverse steel strain (MTS).  Tables 3-14 to 3-19 show the calculated RPs for 
all the columns.   

3.7 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 
curves calculated in their study were updated to reflect this expansion (Figure 3‐27).  
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 DS1 in 
Figure 3‐27.  The corresponding fragility functions were calculated as: 

 DI1    (3-1) 
FDI 1    

   
where DI1 is for DS1; and µ and σ are the mean and standard deviation of DI1, 

respectively.  The µ and σ of DI1 were calculated as 0.016 and 0.072, respectively.  For 
each of the other DIs and RPs, Table 3‐20 lists the median and logarithmic standard 
deviation.  Depending on data scatter, the median of each RP should be consistent with 

17 



 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 (Table 3‐20) and the corresponding 
value read from the fragility curves is 0.36.  
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Chapter 4. Seismic Demand Analysis and Development of Load Model 

4.1 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 models that were used to develop load model for the reliability analysis are 
described in this chapter.  Single column, two-column, and four-column bents (SCB, 
TCB, and FCB) were studied.  To design SCBs, curvature capacity and strains required 
for bond slip calculations were determined using Xtract for moment-curvature 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 
2000 was used to obtain the pushover curves for multi-column bents.  The pushover 
curve was idealized with an elasto-plastic relationship to estimate the plastic shear force 
and the effective yield displacement (Caltrans SDC 2010).   

Followed by bent design, non-linear dynamic analyses were conducted using SAP 
2000.  To account for uncertainties in the load model, the 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 of near-field and far-field 
ground motions of different intensities.  For each ground motion, the maximum 
displacement was determined and subsequently, DIL was calculated.  Where DIL is the 
damage index corresponds to load model.  To analyze the scatter in DILs, statistical 
analyses were conducted.  Finally, the log-normal fragility curves were developed for DIs 
for each bent.  These fragility curves served as a load model in the reliability analysis.   

4.2 Ground Motions Selection 
Un-scaled ground motions (GMs) were selected from the PEER strong ground 

motion database (http://peer.berkeley.edu/peer_ground_motion_database/).  Out 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 was selected.  
Parameters that were used in the selection of far-field and near-field GMs were: shear 
wave velocity (VS30), earthquake magnitude, distance to fault (Rjb), and scale factor (SF).  
The range of VS30 between 500 m/s [1640 ft/s] to 1500 m/s [4921 ft/s] and 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.  The Rjb distance between 0 to 15 
km and 15 to 30 km was used to distinguish near-field and far-field ground motions.  The 
GMs were selected so that the SF calculated based on spectral acceleration associated 
with period of one second ((Sa)1 sec) is not greater than 3.  This is because it was felt that 
records amplified by larger scale factors would not 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 
2500-year earthquake.   

Based on the above parameters, 15 near field and 10 far-field GMs were selected 
for each site class (Site B/C and Site D).  Tables 4-1 and 4-2 list the GMs selected for site 
class B/C and D respectively.  In these tables, NGA is the new generation attenuation 
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number and PGA is the peak ground acceleration.  The other parameters are defined 
previously.  Every GM presented in PEER database has its unique new generation 
attenuation number (NGA).  The GMs response spectrums are presented in Figures 4-1 to 
4-4.  

4.3 Design Spectra 
The United States Geological Survey (USGS 2008) Interactive Deaggregations 

Beta tool (https://geohazards.usgs.gov/deaggint/2008/) was utilized to calculate the 
design spectrum for site class B/C and D.  This tool provides spectral acceleration (Sa) for 
the following spectral periods anywhere in the conterminous U.S: 0.0 s (PGA), 0.1 s, 0.2 
s, 0.3 s, 0.5 s, 1.0 s, 2.0 s, 3 s, 4 s, and 5 s.  The calculation of design spectrum requires 
10 separate deaggregation calculations, one for each period.  For example, Figure 4-5 
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 
USGS Interactive Deaggregations tool has an option to develop a design spectrum for 
various site classes and earthquake return periods. 

To determine design spectrum, VS30 of 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 with latitude 34.05 and longitude -118.25 degree (Figure 4-6).  All the 
design spectra were calculated for 5% damping.  Given the site parameters (latitude and 
longitude), spectral period, and VS30, design spectra were calculated for 1000, 1500, and 
2500-year return period earthquake (Figures 4-7 and 4-8).  Table 4-3 lists the structural 
period, Sa, and return period for site class B/C and D. 

4.4 Bent Design 
The Caltrans SDC version 1.6 (Caltrans 2010) was used to design the bents.  The 

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 widespread use.  Each bent was designed for a 
tentative design DI of 0.35 under an earthquake with a 1000-year return period.  The DI 
of 0.35 corresponds to a 50% probability of exceedance of DS3.  The DI was calculated 
using elasto-plastic pushover curve based on SDC 3.1 (Caltrans 2010).  Seismic 
displacement demands were determined based on the rule of “equal displacement” and 
the effective stiffness of the column bents.  Each bent was designed for two site classes: 
site class B/C and site class D.  To investigate the effect of different design performance 
levels on the reliability, SCBs were also designed for DI of 0.35 under 1500-year 
earthquake. 

The shear design was conducted based on SDC 3.6 (Caltrans 2010).  The bents 
with double-curvature and high longitudinal steel ratio, reached a DI smaller than 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 their relatively low 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 columns that were controlled by shear. 
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4.4.1. 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 range was used for each parameter to represent actual bridge 
construction.  A specified and expected concrete compressive strength of 3.6 and 5 ksi 
were used.  Grade 60 steel with expected yield strength of 68 ksi was assumed for 
column 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 the 
longitudinal reinforcement for compression members are specified in Caltrans SDC 3.7 
(2010) at 0.01Ag  and 0.04 Ag , respectively.  Therefore, the ratio of the column 
longitudinal bars was assumed at 0.01, 0.02, and 0.03.  Table 4‐4 lists the longitudinal 
steel ratio and reinforcement provided for different column diameters.  

The Mander et al. (1988) constitutive stress-strain model was used for confined 
core concrete and unconfined cover concrete.  The typical curves for unconfined and 
confined concrete are shown in Figure 4‐9.  In this Figure, f c 

'  is the compression strength 
of unconfined concrete, f '  is the compression strength of confined concrete, f '  is the cc cu 

maximum stress at failure of core concrete,  cc  is the maximum strain at f cc 
' ,  cu 

ultimate compression strain at f ' ,   is the spalling strain, and  is the strain at f ' .  cu sp co c 

The reduced ultimate strain capacity for reinforcing steel was used per SDC 3.2.3 
(Caltrans 2010) (Figure 4‐10).  It is Caltrans practice to reduce the ultimate strain by up to 
thirty-three percent to decrease the probability of fracture of the reinforcement.  In 
Figure 4‐10,  ye is the yield strain,  sh  is the strain at strain hardening,  su

R is the reduced 
ultimate tensile steel strain, and  su is the ultimate tensile stain in steel.   

4.4.2. Moment Curvature Analysis  
Moment-curvature 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 (Caltrans 2010).  The expected material properties for steel and concrete were used 
in the analyses.  The moment-curvature curve was idealized by an elasto-plastic 
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 beyond the first 
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).   
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4.4.3. Bond Slip Effect 

Because the plastic hinge length ( LP ) calculated for columns was based on the 
Paulay and Priestley (1992) (Eq. 4-1), 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 part of the elasto-plastic pushover curve.  

LP  0.08L  0.15d b f ye  0.3d b f ye (4-1) 

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 moment-rotation spring 
at the bottom 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 bond-slip rotation is assumed to occur about the neutral axis of the 
column cross section at the connection interface. The neutral axis location, and the strain 
and stress in the extreme tensile steel at a given lateral load are determined from moment-
curvature analysis of the section.  The basic bond strength of tension bars can be found 
using the following equations: 

9.5 f c (4-2) 
u   800  (psi) 

db 

Where, u is the constant bond stress and db is 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: 

f s d b (4-3) 
ld  

4u 

Where, ld is the development length, fs is the bar stress at the interface, and db is 
the bar diameter.  The bar extension can be calculated by integrating the strain profile 
along the development length as follows: 

ld (4-4) 
l   dz s 

0 

Where, δl is the bar extension at the interface, s is the bar strain at the depth of z 
from the interface, and ld is the development length.    The bond-slip rotation can be 
calculated as follows: 

l (4-5) 
b  

d  c 

Where, θb is the bond-slip rotation, d is the effective depth of the column section, 
and c is the compression depth of the column section at the interface. 

In the present study, it was found that, the effect 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 
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demand and ultimate displacement.  Although the effect of bond slip was negligible on 
the DI, it was still included in the bents design for practical reasons. 

4.4.4. Transverse Steel Design 
The spirals were designed for the target DI of 0.35 while ensuring that the column 

shear strength is sufficient.  The requirements 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 of the longitudinal bars 
8 inches [200 mm] 

4.4.5. 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 shear,Vo , associated with the 
overstrength moment, Mo , defined in SDC 4.3 (Caltrans 2010).  The overstrength 
moment is 1.2 times the idealized plastic moment capacity, MP , to account for (1) 
material strength variations and strain rate effects, and (2) actual column moment 
capacity being greater than MP . 

According to SDC 3.2.1 (Caltrans 2010), the seismic shear capacity was 
conservatively calculated using the specified material properties 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: 

Vo (4-6) 
D C  

(Vc  Vs ) 

where VS  is nominal shear strength provided by spirals, VC  is nominal shear 
strength provided by concrete, and   is the strength reduction factor for shear with a 
value of 0.9.  Other parameters were defined previously. 

4.4.6. Pushover Analysis 
SAP 2000 was used to design the two-column and four-column bents (TCBs and 

FCBs).  In case of single column bents (SCBs), elasto-plastic pushover curve was derived 
from the moment curvature analysis by utilizing Xtract.  Unlike SCBs, under lateral 
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 the pre-yielding portion of the 
pushover curve.  In the post yielding, bond slip effect was already included in the 
calculated plastic hinge length.  In SAP 2000, Fiber P-M2-M3 hinge element was used to 
model plastic hinges.  To calculate the DI, the effective yield displacement (ΔY), the 
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ultimate displacement (ΔC), and the displacement demand (ΔD) were calculated for each 
bent. 

Given the structural period, the seismic demand force was calculated utilizing 
design spectrum.  Based on the linear dynamic analysis method, having seismic force and 
bent stiffness, the ΔD was calculated. 

To find the effective yield displacement, pushover envelopes were idealized by 
elasto-plastic curves.  Each envelope was idealized by setting the initial slope to pass 
through the point marking the first longitudinal tensile reinforcing bar yield in any of the 
column.  The idealized force-displacement was obtained by balancing the area between 
the actual and the idealized force-displacement curves beyond the first reinforcing bar 
yield point (Caltrans 2010).  Figure 4‐11 shows the typical idealized force displacement 
curve. 

4.5 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 for the effect of 
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 bent were 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 
plus two feet (600 mm) (Caltrans 2010).  The bent cap was modeled as a rigid element 
with a rigid zone factor of 0.5.   

4.5.1. 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 assumed corresponding to aspect ratios of five to 15.  Figure 4‐12 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 curvature 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 procedure used to design the bents for the target DI consisted of two steps: (1) 
calculations for ΔY, and ΔC, and (2) calculations for ΔD.  The procedure was as follow: 

Step 1.   Calculations of ΔY and ΔC:  Based on Caltrans SDC 3.1.3 (2010), ΔY and 
the ΔC were calculated for the columns using Eqs. 4-7a to 4-7e.  

     C Y p (4-7a) 

2 L 
   Y Y 3 

(4-7b) 
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 L p   P   p   L  
2 
 (4-7c) 

  

 p  Lp  p (4-7d) 

 p  u Y (4-7e) 

where:  
L = Distance from the point of maximum moment to the point of contra-flexure 

(in)  
LP = Equivalent analytical plastic hinge length (in)  
Δp = Plastic deformation capacity due to rotation of the plastic hinge (in)  
Y  = Effective yield displacement of the column (in) 
Y  = Idealized yield curvature defined by an elastio-plastic representation of the 

moment-curvature curve (rad/in)  
 p  = Idealized plastic curvature capacity (assumed constant over Lp) (rad/in)  
u = Curvature capacity at the failure, defined as the concrete strain reaching εcu 

or the longitudinal reinforcing steel reaching the reduced ultimate strain εsuR (rad/in) 
 p = Plastic rotation capacity (radian) 
Step 2.   Calculations for ΔD:  The ΔD was calculated based on the linear dynamic 

analysis utilizing the design spectrum using Eqs. 4-8a to 4-8e. 

Vo k  i (4-8a) Y 

1.2M p F  (4-8b) 
L 

W T  2 (4-8c) 
gki 

W FD  ma   a (4-8d) 
g 

  FD (4-8e) 
D ki 

where:  
ki = initial slope of the column (kip/in) 
Vo = shear force (kips) 
Mp = plastic moment capacity (kip-in) 
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T = fundamental period of the structure 
W = weight corresponds to ALI of 10% (kips) 
FD = seismic force demand (kips) 
m = W/g = mass acting on the column 
a = spectral acceleration corresponds to T (g) 
By having ΔY, ΔC, and ΔD, the DI was calculated from Eq. 1-1.  Table 4-5 lists the 

SCB models with different longitudinal steel ratios, height to depth ratios (H/D), site 
classes, and boundary conditions designed for an earthquake with a 1000-year return 
period.  In site class B/C, the columns with higher aspect ratio (H/D = 10) remained 
elastic under the design earthquake due to their low stiffness.  Consequently, the DI in 
these columns was smaller than 0.35, even with zero confinement.  Therefore, these 
columns were not included in the present study.  Table 4-6 lists the SCBs designed for 
1500-year return period.  The transverse steel in the columns shown in italic in these 
tables was controlled by shear, and therefore could not reach the target DI=0.35. 

4.5.2. 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 heights of 30 ft [9144 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 4‐13 shows a typical TCB configuration used in the analyses. All TCBs were 
designed for a target DI of 0.35.  To determine the DI, pushover curves were idealized by 
elasto-plastic curves.  In cases where shear controlled the transverse steel, the bents were 
redesigned for shear.  Like SCBs, ΔD was calculated using Eqs. 4-8a to 4-8e.  Table 4‐7 
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/D = 12) remained elastic under the design earthquake 
due to their low stiffness.  Consequently, the DI in these columns was smaller than 0.35, 
even with zero confinement.  Therefore, these columns were not included in the present 
study (fixed-pinned 2 and 3% and fixed-fixed 3% for H/D = 12) (Table 4‐7). 

4.5.3. Four Column Bents 
All FCBs were designed with columns of diameter 4ft [1219 mm].  The bents 

were designed for a height of 30 ft [9144 m].  Figure 4‐14 shows a typical FCBs 
configuration used in the analyses.  All FCBs were designed for a target DI of 0.35.  To 
determine the DI, pushover envelopes were idealized by elasto-plastic curves.  In cases 
where shear controlled, the transverse steel was redesigned for shear.  The ΔD was 
calculated using Eqs. 4-8a to 4-8e.  Table 4‐8 lists the FCB 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. 
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4.6 Non-Linear Dynamic Analysis 
SAP 2000 was utilized to perform the non-linear response history analyses to 

determine the demand DI.  To develop a load model, non-linear dynamic analyses 
(NLDA) were conducted on SCBs, TCBs, and FCBs.  The expected material properties 
of reinforcing steel and concrete were used.  The Takeda hysteresis model (Takeda et al. 
1970) available in SAP 2000 was used.  The P-M2-M3 was used to model the plastic 
hinge.  Except in the plastic hinge, the cracked (effective) section properties were used 
throughout the length of the column.  The effective section properties were calculated 
from the yield moment, yield curvature, and concrete elastic modulus (Eq. 4-9). 

M y (4-9) I eff   E y c 

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 under 1000-year 
earthquake were analyzed under both 1000 and 2500-year earthquakes.  The purpose of 
the latter analysis was to determine the reliability under longer return period in columns 
that are typically designed for earthquakes with1000-year return period.  Each bent 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.   

4.6.1. NLDA for Single Column Bents 
Non-linear dynamic analyses were conducted into two parts: (1) columns that 

were designed for 1000-year earthquakes were analyzed under GMs corresponding to 
1000-year earthquakes, and (2) columns designed for 1000-year earthquakes were 
analyzed under GMs corresponding to 2500-year 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 2500-year earthquake.  The GMs were scaled at 
the fundamental period of the bents.  For each GM, the maximum displacement demand 
was determined, and subsequently DIL was calculated. Figures 4-15 and 4-16 show a few 
examples of the force-displacement hysteretic curves for the far-field and near-field GMs, 
respectively.  The Figures show 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.  Tables 4-9 to 4-28 list the displacement demands and DILs for 
SCBs designed for 1000-year earthquake, and analyzed under 1000 and 2500-year 
earthquake.  Some of the SCBs underwent very large displacements under some of the 
ground motions and became unstable.  The ΔD in these bents was assumed to be equal to 
ΔC (presented in italic font in Tables 4-9, 4-10, 4-13, 4-14, 4-15, 4-16, 4-22, and 4-26).  
The SCBs were also designed and analyzed under 1500-year earthquake 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 under 1500-year earthquake.  
Tables 4-29 to 4-32 list the displacement demands (ΔD) and DILs of SCBs analyzed under 
1500-year earthquake level. 
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4.6.2. NLDA for Two Column Bents 
Like SCBs, the TCBs that were designed for a target DI of 0.35 for 1000-year 

earthquake, but were analyzed under 1000 and 2500-year 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 2500-year earthquake.  The GMs were 
scaled at the fundamental period of the bents.  For each GM, the maximum displacement 
demand was determined, and subsequently the DIL was calculated.  Tables 4-33 to 4-42 
list DILs of TCBs designed for 1000-year, and analyzed under 1000 and 2500-year 
earthquakes.  Some of the TCBs underwent very large displacements under some of the 
ground motions and became unstable.  The ΔD in these bents was assumed to be equal to 
ΔC (presented in italic font in Tables 4-33 and 4-34).  Some of the bents with higher 
aspect ratio (H/D = 12) remained elastic under the design earthquake due to their low 
stiffness.  Consequently, the DI in these columns was smaller than 0.35, even with zero 
confinement.  Therefore, these columns were not included in the analyses (fixed-pinned 2 
and 3% and fixed-fixed 3% for H/D = 12) (Tables 4-37 and 4-38).  

4.6.3. NLDA of Four Column Bents 
Four column bents designed for 1000-year earthquake were analyzed under 1000 

and 2500-year earthquake levels.  Like SCBs and 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 and 2500-year 
earthquake.  The GMs were scaled at the fundamental period of the bents.  For each GM, 
the maximum displacement demand was determined, and subsequently DIL was 
calculated.  Tables 4-43 to 4-46 list the ΔDs and DILs of FCBs. Two of the FCBs 
underwent very large displacements under some of the ground motions and became 
unstable.  The ΔD in these bents was assumed to be equal to ΔC (presented in italic font in 
Tables 4-43 and 4-44). 

4.7 Fragility and Reliability Analysis 
To model the scatter in DILs, fragility curves were developed for all the bents.  To 

develop fragility curves, cumulative lognormal distribution function was used.  The 
Smironov-Kolmogorov goodness-of-fit test (Massey et al. 1951) and graphical methods 
(histograms) were used as acceptance criteria for lognormal distribution.  To use the 
Kolmogorov goodness of fit test, it was assumed that the DIL data is the representative of 
the population.  This assumption was satisfied by conducting extensive analyses with a 
reasonable scatter in data to develop an approximately continuous distribution function 
for DIL.  In the Smironov-Kolmogorov 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 limits (LCL 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 
index against failure is denoted by “β6”.  The reliability analysis presented in this 
document is based on large experimental test data and comprehensive analysis of column 
resistances and load models.  Because the DIL data was log-normally distributed, β 
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corresponds to lognormal distribution was calculated using equations Eqs. 2-8 to 2-12.  
The level of reliability at DS3 (β3), DS4 (β4), and DS5 (β5) was also determined. 

4.7.1. Fragility and Reliability Analyses of Single Column Bents 
To develop fragility curves for SCBs, the DIL data tabulated in Tables 4-9 to 4-32 

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 1000 and 2500-year return period earthquake. 

  Analyses 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 DIL data tabulated in Tables 4-9 to 4-16 was utilized.  Figures 4-17 and 4-18 
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 2500-year return period earthquake.  With high aspect ratios 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.   

Figure 4‐17 shows that for the same probability of exceedance, the earthquakes 
with 2500-year earthquake are more demanding as expected.  For example, under 1000-
year earthquake, in a cantilever bent with 30 ft [9144 mm] height and 2% steel, the DIL 

corresponding to 40% probability of exceedance was about 0.20 compared to 0.40 under 
2500-year earthquake.  Even though, the earthquakes with higher return periods are more 
demanding; the probability of occurrence of these earthquakes (PEQ) during the life span 
of a bridge (75-year (AASHTO 2010)) is relatively low.  For example, PEQ for 1000-year 
return period is 0.072256514; whereas for 2500-year return period it is equal to 
0.029554466.  This effect is reflected in reliability indices (Figure 4‐18).  Figure 4‐18 
shows the reliability indices for damage states of three or higher.  Note that the reliability 
indices are based on combined probability of failure including the PEQ.  The method used 
to calculate the combined probability of failure is described in Section 2.7.   

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 zero.  However, 
Figure 4‐18 shows that, the reliability indices in all cases are greater than 1.5.  This is 
because these reliability indices have included PEQ, and the reliability index (β) 
corresponds to PEQ itself is 1.5.  The β of 1.5 is based on the probability of exceedance of 
1000-year earthquake in 75-year (life span of bridge).  Therefore, no matter for which DI 
the column is designed for, the reliability index would always be greater than or equal to 
1.5.   

The effect of various parameters on the reliability index is discussed below:  
 Longitudinal steel ratio:  In general, the reliability was almost unchanged, when 
the steel ratio was increased from 1% to 3%.  For example, in cantilever bents with 30ft 
[9144 mm] height analyzed under 1000-year earthquake, the reliability for DS6 increased 
from 3.1 to 3.2, when the steel ratio was increased from 1% to 3%.  However, in tall 
fixed-fixed bents with 60 ft [18288 mm] height and analyzed under 2500-year 
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earthquake, the reliability was decreased from 3.1 to 2.7, when the steel ratio was 
increased from 1% to 3%. 
 H/D ratio:  In general, the effect of different aspect ratios on the reliability of 
bents was insignificant.  For example, for 1000-year earthquake, in a cantilever bent with 
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 [18288 mm]) for  the same earthquake level and steel ratio.  
 Boundary conditions:  The reliability was almost unaltered when the support 
condition was changed from cantilever to fixed-fixed.  For example, for 1000-year 
earthquake, in a cantilever bent with 30ft height and 3% steel ratio, the reliability for DS6 
was 3.2, compared to 3.5 in fixed-fixed 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 damages states (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 1000-year earthquake, 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.  

  Analyses of Six Foot Diameter Single 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 Tables 4-17 to 4-20 was utilized.  The fragility curves 
were developed for 1% and 2% longitudinal steel ratios (Figure 4‐19).  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 higher longitudinal steel ratios because these 
columns remained nearly elastic.   

Figure 4‐19 shows that, for the same probability of exceedance, the earthquakes 
with 2500-year earthquake are more demanding.  For example, for 1000-year earthquake, 
in cantilever bent with 2% steel, the DIL corresponding to 60% probability of exceedance 
was about 0.20, compared to 0.45 under 2500-year earthquake.   

The reliability indices were calculated for 1000 and 2500-year earthquake 
(Figure 4‐20).  Figure 4‐20 shows the reliability indices for damage states of three or 
higher.  The effect of various parameters on the reliability of bents is discussed below: 
 Longitudinal steel ratio:  The reliability was almost unchanged when the steel 
ratio was increased from 1% to 2%.  For example, in cantilever bents analyzed under 
1000-year earthquake, the reliability for DS6 decreased from 3.9 to 3.7 when the steel 
ratio was changed from 1% to 2%. 
 Boundary conditions:  The reliability remained nearly the same, when the support 
condition was changed from cantilever to fixed-fixed for 2500-year earthquake.  
However, under 1000-year earthquake, the reliability increased significantly when the 
support condition was changed from cantilever to fixed-fixed.  For example, in a 
cantilever bent with 1% steel and analyzed under 1000-year earthquake, the reliability for 
DS6 was 3.9, compared to 4.7 in fixed-fixed bent. 

30 



 

 

 

 

 

 

 

 

 

  Analyses of Six Foot Diameter Single Column Bents for Site D 
To develop fragility curves for SCBs with 6ft [1905 mm] diameter columns for 

Site D, the DIL data tabulated in Tables 4-21 to 4-28 was utilized.  Figure 4‐21 shows the 
fragility curves for SCBs for 6-ft [1905-mm] diameter column.  The fragility curves and 
reliability indices were calculated for 1000 and 2500-year return period earthquake.   

Figure 4‐21 shows that for the same probability of exceedance of DIL, the 
earthquakes with 2500-year earthquake are more demanding.  For example, for 1000-year 
earthquake, in fixed-fixed bent with 30 ft [9144 mm] height and 1% steel, the DIL 

corresponding to 60% probability of exceedance was about 0.40 compared to 0.65 under 
2500-year earthquake.  However, the reliability did not change significantly (except in 
fixed-fixed bent with 30ft [9144 mm] height), when the return period was changed from 
1000-year to 2500-year (Figure 4‐22).  For example, for 1000-year earthquake, in a 
cantilever bent with 30 ft height and 1% steel, the reliability for DS6 is 3.6, compared to 
3.2 for 2500-year earthquake for the same bent height and steel ratio.  This is because 
these reliability indices are based on combined probability of failure including the PEQ.  
The earthquakes with longer return periods will also have lower probability of 
exceedance as discussed in section 4.7.1.1.  Therefore, the overall effect on the reliability 
index is not significant.  Figure 4‐22 shows the reliability indices for damage states of 
three or higher.  The various parameters that affect the reliability are described below: 
 Longitudinal steel ratio:  Figure 4-22 shows that, the 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 fixed-fixed bents with 60 ft [18288 mm] height, the 
reliability remained nearly the same when the steel ratio was 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 controlled by shear, and the 
actual DI was less than 0.35.  The DI for these columns decreased when the longitudinal 
steel ratio was increased from 1% to 3%.  Consequently, β was increased when the steel 
ratio was changed from 1% to 3%.  For example, in a fixed-fixed 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%. 
 H/D ratio:  In general, the effect of different aspect ratios on the reliability of 
bents was insignificant.  For example, for 1000-year 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.  
 Boundary conditions:  The reliability did not change significantly when the 
support condition was changed from cantilever to fixed-fixed.  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 to 3.2 in fixed-fixed bent for the same height and 
steel ratio.  
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4.7.2. 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, the single-column bents were redesigned by increasing the return period to 
1500-year 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 6 ft [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 DIL data tabulated in Tables 4-29 
to 4-32 was utilized to calculate fragility curves and reliability index.  To compare the 
reliability of bents designed for 1000-year and 1500-year earthquake, the columns were 
designed for flexure to reach a target DI of 0.35 while ignoring the shear demand.   

Figure 4‐23 shows the fragility curves for DIL for the bents analyzed under 1500-
year earthquake.  This Figure shows that the demand (DIL) increased 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 1500-year earthquake were compared with those 
calculated for 1000-year earthquake.  It was found that, the demand (DIL) is nearly the 
same, when the bents were redesigned by increasing the return period to 1500-year, while 
maintaining the target DI of 0.35.  For example, for 1500-year earthquake, in a cantilever 
bent with 30 ft [9144 mm] height and 2% steel, the DIL corresponding to 40% probability 
of exceedance was about 0.25, which is nearly the same as that for the cantilever bent 
designed and analyzed under1000-year earthquake (Figure 4‐21).   

Figure 4‐24 shows the average DIL for 1000-year and 1500-year earthquakes.  The 
comparison shown in Figure 4‐24 is based on the combined data for 1%, 2%, and 3% 
steel for cantilever and fixed-fixed bents.  In general, the mean DIL is almost the same for 
1000-year and 1500-year earthquake, except in fixed-fixed bents with 30 ft [9144 mm] 
height and 3% steel.  For example, for 1000-year earthquake, the mean DIL for cantilever 
bent with 30 ft [9144 mm] height and 1% steel is 0.29, compared to 0.31 in1500-year 
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 the demand balanced 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 transverse steel ratio 
results in higher confinement and consequently 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 demand.  Therefore, the increase in displacement capacity was 
balanced by the increase in displacement demand, and resulted in negligible effect on the 
fragility analysis.   

Figure 4‐25 shows the reliability indices for damage states of three or higher for 
the bents analyzed under 1500-year earthquake.  This Figure shows 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 1500-year 
earthquake were compared with those calculated for 1000-year earthquake.  It was found 
that, the reliability indices were nearly the same when the return period was changed 
from 1000-year to 1500-year.  For example, for 1500-year earthquake, the reliability 
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index for 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 PEQ for 1000-
year earthquake is 0.072256514, compared to 0.048770575 for 1500-year earthquake.  
The comparison shown in Figure 4‐26 is based on the combined data for 1%, 2%, and 3% 
steel for cantilever and fixed-fixed bents. 

4.7.3. Fragility and Reliability Analyses of Two Column Bents 
To develop fragility curves for TCBs, the DIL data tabulated in Tables 4-33 to 4-

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

4.7.3.1. Analyses of Five Foot Diameter Two Column Bents for Site D 
To develop fragility curves for TCBs with 5ft [1524 mm] diameter columns, the 

DIL data presented in Tables 4-33 to 4-38 was utilized.  The fragility curves were 
developed for 1%, 2%, and 3% longitudinal steel ratios (Figure 4‐27).  For each steel 
ratio, the fragility curves and reliability indices were calculated for 1000 and 2500-year 
earthquake.    

Figure 4‐27 shows that, for the same probability of exceedance, the earthquakes 
with 2500-year earthquake are more demanding.  For example, for 1000-year earthquake, 
in fixed-pinned bent with 30 ft [9144 mm] height and 1% steel, the DIL corresponding to 
40% probability of exceedance was about 0.20, compared to 0.35 under 2500-year 
earthquake.   

The demand in fixed-pinned bents with 30 ft [9144 mm] height was nearly the 
same when the steel ratio was changed from 1% to 3% for 1000-year earthquake. For 
example, the DIL corresponding to 40% probability of exceedance was about 0.20, 0.20, 
and 0.18 for 1%, 2% and 3% steel, respectively.  However, in fixed-fixed bent with the 
same height and earthquake level, the demand decreased when the steel ratio was 
changed from 1% to 3%.  This is because in fixed-fixed 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.  Consequently, the actual DI in 
these bents was less than 0.35.  The effect of higher transverse steel in 2% and 3% steel 
ratio also reflected in reliability indices (Figure 4‐28).  Figure 4‐28 shows the reliability 
indices for damage states of three or higher. The various parameters that affect the 
reliability are described below: 
 Longitudinal steel ratio:  Figure 4-28 shows that the reliability was almost 
unchanged in fixed-pinned bents with 30 ft [9144 mm] height when the steel ratio was 
increased from 1% to 3%.  For example, under 1000-year 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, the reliability 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 the fixed-fixed bents 
with 30 ft [9144 mm] height were controlled by shear and the actual DI was less than 

33 



 

 

 

 

 

 

 

 

 

 

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%. 
 H/D ratio:  In fixed-pinned bents, the effect of different aspect ratios on the 
reliability of bents was insignificant.  For example, for 1000-year earthquake, in a fixed-
pinned bent with 30 ft [9144 mm] height and 1% steel, the reliability for DS6 was 3.1, 
compared to 2.9 in tall fixed-pinned 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 fixed-fixed 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.  
Therefore, the transverse steel for the column with 2% steel ratio was relatively low for 
the same design DI of 0.35. 
 Boundary conditions:  The reliability in short bents (H = 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 fixed-pinned bents (DI of 0.35).  However in 
tall bents (H = 60 ft [18288 mm]), the reliability increased when the support condition 
was changed from fixed-pinned to fixed-fixed.  For example, in fixed-pinned bent with 
1% steel, the reliability for DS6 was 2.9, compared to 4.4 in fixed-fixed bent for the same 
steel ratio. 

Because in TCBs with 30 ft [9144 mm] height the difference in reliability indices 
for 1000-year and 2500-year earthquake was insignificant, the tall bents were not 
analyzed under 2500 years earthquake.   

The fixed-pinned 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 the fixed-fixed TCBs with 3% 
steel ratio.   

4.7.3.2.  Analyses of Six Foot Diameter Two Column Bents for Site D 
To develop fragility curves for TCBs with 6-ft [1829-mm] diameter columns, the 

DIL data presented in Tables 4-39 to 4-42 was utilized.  Because the difference in 
reliability for 1000 and 2500-year earthquake was found to be insignificant, the fragility 
curves and reliability indices were calculated for 1000-year earthquake only.   

Figure 4‐29 shows the fragility curves for TCBs with 6 ft diameter columns 
analyzed under 1000-year earthquakes.  The demand in fixed-pinned bent with 30 ft 
height was nearly unaffected by the steel ratio.  For example, for 1% steel, the DIL 

corresponding to 40% probability of exceedance was about 0.20 compared to 0.18 for 3% 
steel.  However, in fixed-fixed bents with 30 ft height the demand decreased when the 
steel ratio was changed from 1% to 3%.  This is because fixed-fixed 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 the target 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 DIL 

corresponding to 40% probability of exceedance was about 0.18, 0.20, and 0.17 for 1%, 
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2%, and 3% steel, respectively.  In tall fixed-fixed bents with 60 ft height, the demand 
decreased when the steel ratio was changed for 1% to 3%. 

Figure 4‐30 shows the reliability indices for TCBs with 6 ft diameter columns 
analyzed under 1000-year earthquake.  Various parameters that affect the reliability are 
described below: 
 Longitudinal steel ratio:  Figure 4-30 shows that the reliability in fixed-pinned 
bents with 30 ft [9144 mm] height increased when the steel ratio was changed from 1% to 
3%.  For example, the reliability increased from 2.9 to 3.2 for DS5, when steel ratio was 
changed from 1% to 3%.  In fixed-fixed bents with 30 ft height, the increase in reliability 
was significant when the steel ratio was changed from 1% to 3%.  For example, the 
reliability increased from 2.9 to 7.2 for DS6, when steel ratio was changed from 1% to 
3%.  This is because fixed-fixed bents with 2% and 3% steel ratios were controlled by 
shear causing the design DI to be less than 0.35.  The DI for these columns 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%. 
 H/D ratio:  In fixed-pinned bents, the reliability decreased when the height was 
changed from 30 ft to 60 ft.  For example, for 1000-year earthquakes in a fixed-pinned 
bent with 30 ft [9144 mm] height and 1% steel, the reliability for DS6 was 3.5 compared 
to 3.1 in tall fixed-pinned bent with 60 ft height.  The reliability in fixed-fixed bents with 
different H/D ratio cannot be compared.  This is because the actual DI in the fixed-fixed 
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).   
 Boundary condition:  The reliability in short bents (H = 30 ft) with different 
support conditions cannot be compared.  This is because the actual DI in the fixed-fixed 
bents with 2% and 3% steel was less than the one in fixed-pinned bents (DI of 0.35).  
However in tall bents (H = 60 ft), the reliability increased when the support condition was 
changed from fixed-pinned to fixed-fixed.  For example, in fixed-pinned bent with 1% 
steel, the reliability for DS6 is 3.0, compared to 3.8 in fixed-fixed bent for the same steel 
ratio 

4.7.4. Fragility and Reliability Analyses of Four Column Bents  
To develop fragility curves for FCBs with 4 ft [1219 mm] diameter columns, the 

DIL data presented in Tables 4-43 to 4-46 was utilized.  These bents were only designed 
for the height of 30 ft [9144 mm].  The fragility curves were developed for 1%, 2% and 
3% longitudinal steel ratios (Figure 4‐31).  For each steel ratio, fragility curves and 
reliability indices were calculated for 1000 and 2500 years return period.   

Figure 4‐31 shows that for the same probability of exceedance of DIL, the 
earthquakes with 2500-year earthquake are more demanding.  For example, for 1000-year 
earthquakes in fixed-pinned with 1% steel, the DIL corresponding to 40% probability of 
exceedance was about 0.25 compared to 0.50 under 2500-year earthquakes.  The same 
pattern was noticed in fixed-fixed bents.  Figure 4‐31 shows that the demand decreased in 
fixed-pinned and fixed-fixed bents when the steel ratio was changed from 1% to 3%.  The 
decrease in demand in fixed-fixed bents is relatively high.  This 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 
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increased the ultimate displacement.  Consequently, the actual 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 
PEQ, this effect is reflected in reliability indices (Figure 4‐32).  The effect of various 
parameters on the reliability index is discussed below:  
 Longitudinal steel ratio:  The reliability in fixed-pinned bents did not vary 
significantly when the steel ratio was changed from 1% to 3%.  For example, in fixed-
pinned bents analyzed under 1000-year earthquake, the reliability varied from 3.0 to 3.4 
for DS6 when the steel ratio was changed from 1% to 3%.  However, in fixed-fixed 
bents, the reliability increased significantly when the steel ratio was changed from 1% to 
3%.  For example, in fixed-fixed bents analyzed under 1000-year earthquakes the 
reliability changed from 3.6 to 4.9 for DS6, when the steel ratio was changed from 1% to 
3% 
 Boundary condition:  The reliability increased when the support condition was 
changed from cantilever to fixed-fixed.  For example, under1000-year earthquake, in a 
fixed-fixed bent with 3% steel ratio, the reliability for DS6 was 3.0, compared to 3.6 in 
fixed-fixed bent for the same steel ratio and earthquake return period. 

4.8 Discussion of Results  
Reliability analysis results show that β6 in SCBs varies from 2.7 to 3.9, except in 

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 exceedance (PEQ).  The reliability of bents was greater than 
1.5.  The β of 1.5 is based on the probability of exceedance of 1000-year earthquake in 
75-year (life span of bridge) itself.  Because the bents were designed for 50% probability 
of exceeding DS3, the reliability increased from DS3 to DS6.  Because 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 of damage and repair that one can expect 
when the bent is to be designed for a target reliability index against failure. 

Because the variation in β was not significant, all the data for SCBs were 
combined to obtain a uniform reliability against failure.  The fragility and reliability 
analysis was conducted on the combined data.  The cumulative lognormal distribution 
was used to conduct the fragility analysis.  Because PDCA approach is displacement 
based, the bents in which shear controlled the transverse steel design were excluded.  The 
validity of fragility curve was determined using Smironov-Kolmogorov test with 10% 
level of significance.  Figure 4‐33 shows that the data follows the lognormal distribution.  
The reason some of the data lies outside or on the limit curve 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 current distribution, the histogram with lognormal fit was 
plotted utilizing Minitab 15 software (Figure 4‐33).  Figure 4‐34 shows that the data 
closely follow the lognormal distribution.  
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The same approach as that used for SCBs was applied to develop a combined 
fragility curves for TCBs and FCBs.  Figures 4-35 and 4-36 show the fragility curve and 
histogram for TCBs, respectively.  Figure 4‐37 shows that all the data for FCBs are 
falling inside the curve limits. 

The combined data for each bent type (single column, two-column, and four-
column bents) was used to determine and compare the reliability indices for different 
bents.  Figure 4-38 shows the reliability indices for SCBs, TCBs, and FCBs.  This Figure 
shows that, for each steel ratio, β increased slightly from SCBs to FCBs.  The reliability 
indices against failure were calculated as 3.1, 3.2, and 3.3 for SCBs, TCBs, and FCBs, 
respectively.  The present study shows that β6 is higher than 3.0 when bents are designed 
for 50% probability of exceeding DS3 (DI = 0.35) under 1000-year earthquake.  β of 3.0 
is approximately a probability of failure of 1 in 1000 (Table 4-47).  However, the bents 
can be designed for higher probability of exceeding DS3 without causing a concern for 
failure.  In general, the selection of β is somewhat subjective.  Ideally, the selection of the 
target β 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 current study shows that, the new approach of 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.  To correlate the target β6 with design DI, a direct 
probabilistic design method was developed.  This method is described in Chapter 5.  
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Chapter 5. Development of Direct Probabilistic Design Method 

5.1 Introduction 
In Chapter 4, the reliability indices were calculated for bents that were designed to 

be at 50% probability of exceeding DS3 (DI = 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 needs to select different design DIs, and conduct the 
reliability analyses until the desired  6 is obtained.  Therefore, to calibrate the design DI, 
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 design DI is exact, it can 
be time consuming and impractical.  To overcome this iterative approach used in the 
exact method, a new direct PDCA method was developed.   

The direct PDCA was developed by calibrating the design DI for a given  6 , 
while calculating the probability of exceeding other DSs (DS3, DS4 and DS5).  The 
direct PDCA is approximate but it can be used quickly with no iteration involved.  The 
methodology used in direct PDCA, is inverse of the methodology used for the exact 
method.  In this method, instead of selecting different DIs, and then calculate the  6 , the 
DI is directly determined for a given target  6 , which is based on combined probability of 
failure ( PCF  PEQ ), including the probability of earthquake exceedance and the life span 
of bridge (PEQ).  The development of direct PDCA is described in this chapter.  

5.2 Objective 
To develop a probabilistic method for seismic design of bridge columns, that have 

been repaired with CFRP, for a target reliability against failure ( 6 ), and to determine 
probability of exceedance of other damage states.   

5.3 Assumptions and Simplifications 
In developing direct PDCA, it was assumed that the ΔY and ΔD are independent of 

transverse steel ratio.  In general, the ΔY and ΔD are mostly controlled by the yielding of 
column longitudinal bar and the column period, respectively.  For example, Figure 5‐1 
shows ΔD for the SCBs with columns designed for different spiral ratios (0.44% and 
1.05%).  The ΔD was 10.08 in [256.0 mm] and 10.07 in [255.8 mm] for the columns with 
0.44% and 1.05 spiral ratio, respectively.  Whereas ΔY was 3.32 in [84 mm] and 3.51 in 
[89 mm] for the columns with 0.44% and 1.05 spiral ratio, respectively.  This shows that 
the assumptions made was reasonable.  These assumptions are further verified in the 
design example presented for SCBs in Appendix A.  
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5.4 Calibration of Damage Index 

The design DI was calibrated for a given 6 .  The calibration was performed 
using Eqs. 5-1 to 5-6.   

D Y DIL  (5-1) 
C Y 

  D Y (5-2) DIL  
C Y 

DI L    
 C Y  constant  (5-3) 

DI L C  Y 

     L L L (5-4)   ,  1 
L  L  L 

 2     1 ln R L 
2 

 
L R 1  (5-5) 
  6  

2 2 lnR 1 L 1 

DI  DI (5-6)  

L

L

L L L L L L

L 6
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 Where, DI = tentative design damage index, DI′ = calibrated design damage 
index for a given reliability, DIL = damage index calculated from earthquake ground 
motions for bents designed for DI, DI = damage index calculated from earthquake 
ground motions for bents designed for DI′, ΔC = ultimate displacement based on DI, C 

= ultimate displacement based on DI′, ΔD = displacement demand, ΔY = effective yield 
displacement, L = load, R = resistance, δ = coefficient of variation (σ/μ),   = mean of 
DI  ,  = standard deviation of DI  ,  = mean of DI  ,  = standard deviation of DI
 , and   = target reliability index corresponding to probability of column failure 

(PCF│PEQ).  The µR and σR are the mean and standard deviation of fragility curves of 
damage indices (DIR) developed by Vosooghi and Saiidi (2012).  The µR and σR for all 
DSs are listed in Table 5‐1.   

Because for a given earthquake level, PEQ is constant, the calibration of DI is 
based on PCF│PEQ and its corresponding reliability index (  ).  For example, for a 1000-
year earthquake, to obtain a desired  6 of 3.5, the required combined probability of 

exceedance is equal to 0.000232629 ( P CF  P EQ =1   6 ) (Eq. 2-11), in which the PEQ

is equal to 0.072256514 (Eq. 2-9).  Having P CF  P EQ and PEQ, PCF|PEQ can be calculated 
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6as 0.003219489 ( P  P  P ) (Eq. 2-10).  The   for PCF|PEQ of 003219489 is 2.72 CF EQ EQ 

6

L L

6

(-Φ-1(PCF|PEQ)) (Eq. 2-12).  By plugging  in Eq. 5-5, the constant α can be calculated. 
Having   and  calculated using Eqs. 5-1 to 5-6, the new reliability indices 

corresponding to DI′ was back calculated from Eq. 2-8.  Once the new reliability indices 
were calculated, the PEQ was included to calculate the desired  6 utilizing Eqs. 2-9 to 
2-12.  Table 5‐3 lists values of   to be used to obtain desired  6 .  The parameters in 
Table 
5-3 were defined previously in Section 2.7.

To demonstrate direct PDCA, an example is presented in Appendix A.  The 
results of direct method were compared with the exact method.  The results in Appendix-
A show that, the direct PDCA was very effective in calibrating the design DI and 
providing flexibility to determine reliability indices for a column designed for different 
damage indices. 

5.5 Reliability Based Design Matrix 
The reliability based design matrix was developed assuming a 1000-year 

earthquake return period.  The design example presented in Appendix A shows that, the 
direct PDCA could be effectively applied to calibrate the design DI.  This design example 
was presented only for SCB.  In order to apply direct PDCA to all types of bents 
regardless of the number of columns, the design DI was calibrated by combining all the 
data of DIL for different bent categories.  Because the variation in βs was not significant 
in the bents with different configurations and steel ratios, the decision of combining the 
data was considered to be reasonable. Table 5‐2 lists the  L and  L of the combined DIL 

data for each bent category (SCBs, TCBs and FCBs). 
Utilizing direct PDCA, the DI′ was calibrated for SCBs, TCBs, and FCBs for 

various  6 s.  Table 5‐4 shows different DI s for various  6 s for SCBs.  In this Table, 
for 

a given  6 , the probability of exceedance of other DSs was also investigated.  Because 
the PEQ is implicit in  6 , the probabilities of exceeding DSs are very low.  For example, 
for  6 of 3.0, the probability of exceeding DS1 is only 7%.  However, the probability of 
exceeding these DSs is much higher when PEQ is not included in the  6 (Table 5‐5).  
Table 5‐5 shows that, for  6 of 3.0, the probability of exceeding DS1 is 100%.  This is 
because the reliability index (β) corresponds to PEQ itself is 1.46.  The β of 1.46 
corresponds to the 7% probability of exceedance.  Therefore, no matter for which 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 various  6 s.  Tables 
5-6 and 5-7 show different DI s for distinct  6 s for TCBs and FCBs, respectively.  For 
a
given  6 , the probability of exceedance of other DSs was also investigated.  Like SCBs,
the probabilities of exceeding DSs are very low due to the inclusion of PEQ in  6 .

As discussed previously in Chapter 4, the TCBs and FCBs were more reliable 
than SCBs.  Consequently, the DI s calculated for TCBs and FCBs were higher 40 



 

 

 

 

 

 

 

 

  

 

 

 

compared to the SCBs designed for the same 6 .  For example, in SCBs, DI   of 0.38 is 
required to obtain 6  of 3.0 (Table 5‐4), while requiring 0.41 and 0.43 for TCBs, and 
FCBs, respectively (Tables 5-6 and 5-7), to achieve the same 6 . 

5.6 Difference between Theoretical and Actual Failure of Columns 
Thus far, in the present study, the βs were calculated based on the compressive 

failure of concrete core edge (code-defined failure, which is the theoretical failure).  
Accordingly, the ultimate displacement capacity (ΔC) of the bents was calculated based 
on the compressive failure of concrete core edge in determining DI.  Numerous column 
tests have shown that the ΔC at the actual failure, which is generally associated with 
reinforcing bar fracture and extensive core damage, exceeds the theoretical displacement 
capacity, as shown in Figure 5‐2.  Consequently, the reliability indices corresponding to 
the actual failure is higher those based on the theoretical failure.  In order to determine DI 
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 of DI6 by DI5 using the resistance fragility 
curves (Vosooghi and Saiidi 2012).  Where, DI6 and DI5 are the damage indices 
correspond to DS6 and DS5, respectively.  For DS6, the average of DI6 was taken equal 
to one.  In the direct PDCA, the βs were calculated based on both the core edge failure 
(DS5) and the actual failure (DS6).  To determine s based on the actual failure, the 
following steps were used: 

Step 1.Determine the DI corresponding to the actual failure using resistance 
fragility curves.   

(5-7) DIR 1.2DI 
Step 2.  Determine the mean and standard deviation corresponding to actual 

failure using Eq. 5-9. 
R   L  L 

1.2 (5-9) 
R    L 
L 1.2 

In the above equations, the superscript “R” represents the actual failure.  In Eq. 5-
9, the load parameters were divided by 1.2 in order to reduce DIL , which consequently 
leads to an increase in β.  Having  LR  and  LR , βs were back calculated from Eq. 2-8.  

5.7 Comparison of Reliability Indices Based on Theoretical and Actual Failure 
As discussed in section 5.6, the reliability index based on the actual failure is 

higher for a given design DI  .  The  6  based on the actual failure was calculated, and 
compared with the one based on theoretical failure.  Figures 5-3, 5-4 and 5-5 show the 
comparison of 6  calculated based on theoretical and actual failure for SCBs, TCBs, and 
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FCBs, respectively.  It is evident from these Figures that, for a given DI  , the 6  for 
actual failure is relatively high.  For example, in SCBs, for design DI   of 0.38, 6 is 3.0  
and 3.2 for theoretical and actual failure, respectively (Figure 5‐3).  The same pattern was 
observed in TCBs and FCBs (Figures 5-4 and 5-5Figure 5‐5).   

These results show that, the reliability based design matrix developed for SCBs, 
TCBs, and FCBs is conservative, indicating a higher safeguard against actual failure.  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. 

5.8 Discussion of Results 
The results show that the direct method can precisely calibrate the design damage 

index for a desired 6 .  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 
specified reliability level.  For the same 6 , DI  in multicolumn bents was higher 
compared to SCBs.  This confirms the general perception that multicolumn bents are 
more reliable than single column bents.  Therefore, to achieve an optimum reliability 
index against failure, multicolumn bents can be designed for higher probability of 
exceeding DS3 without causing a concern for failure.  The 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 6. Preliminary Development of PDCA for Repaired Bridge Columns 

6.1 Introduction 
Thus far, the PDCA and reliability analysis was used to develop performance 

based seismic design for conventional bridge columns.  In this Chapter, the PDCA and 
reliability analysis were further extended for earthquake-damaged columns that have 
been repaired.  This study focused on columns repaired using carbon fiber reinforced 
polymer (CFRP) jackets.  Retrofitted columns were not included in this study.  PDCA 
was developed based on limited experimental test results and engineering judgments for 
repaired columns subjected to various earthquake levels.  Like conventional 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.  The goal of this 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. 

6.2 Assumptions and Simplifications 
In repaired columns subjected to different earthquake 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 be due to the CFRP jacket fracture, 
which is not applicable to original columns.  Generally, the 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 prevent bearing of jacket on the footing or the cap 
beam.  As a result, pre-failure 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 not applicable for repaired columns.  The DS3 and DS6 
correspond to extensive spalling in the gap region and CFRP fracture, respectively 
(Figure 6‐1).  In developing PDCA for repaired columns, it was assumed that, the repair 
was applied to standard columns that have undergone damage states of 1 to 5 (with 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 columns were not included. 

6.3 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 DIs at different DSs to develop fragility curves (resistance model) for 
repaired columns.  However, comprehensive data could be found only for two repaired 
columns (NHS1-R and NHS2-R) tested in a previous study of Vosooghi and Saiidi.  
These two columns were used to define apparent DSs (DS3 and DS6) and calculate the 
corresponding DIR.  Because DI for DS6 is one, the DIR was only calculated for DS3.  
The DIRs calculated for DS3 were 0.10 and 0.23 for NHS1-R and NHS2-R, respectively 
(Table 6‐1).   
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The DIRs for repaired columns are lower than the DIRs for conventional columns 
subject to the same DS.  For example, DIR for DS3 in NHS1-R is 0.10 compared to 0.18 
in NHS1 (Table 6‐1 andTable 6‐2).  NHS1 and NHS2 were the designation of the original 
columns (Vosooghi and Saiidi 2010).  It was found that, the DIRs (0.10 and 0.23) 
calculated for repaired columns (NHS1-R and NHS2-R) for DS3, fall in the range of DS2 
in original standard columns (Figure 6‐2).  This is attributed to the lower initial stiffness 
of repaired columns. Therefore, the DIR fragility curve for DS2 in conventional columns 
was utilized as a resistance model for DS3 in repaired columns for reliability analysis. 

6.4 Analytical Model 
To demonstrate the applicability of PDCA to repaired columns, a cantilever single 

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 6‐3.  Because DS3 in repaired columns is equivalent to the DS2 in conventional 
columns with respect to DI, the column was repaired to be at 50% probability of 
exceeding DS3 with DI = 0.15 (Table 3‐20).  The DI of 0.15 corresponds to the 50% 
probability of exceeding DS2 in conventional columns. The expected material properties 
were used in the analyses ( f c  = 5 ksi [34.5 MPa] and f ye  = 68ksi [468.8 MPa]).  
Figure 4‐10 (Chapter 4) was used for stress-strain relationship of steel in the original 
column. 

6.4.1. Modification of Steel Properties 
In damaged columns under cyclic loading, the stress-strain 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 
reversed yield stress and the reversed stiffness (Figure 6‐3).  The column was assumed to 
have been damaged to DS5 prior to repair.  A tri-linear stress-strain relationship proposed 
by Vosooghi and Saiidi (2010) was used for the repaired column longitudinal bars 
(Figure 6‐4).  The slope of the first branch was calculated as a fraction of the steel 
modulus of elasticity.  In their study, the modification factor () was determined based 
on the damage state.  For instance, the factor of 0.2, 0.5, and 0.67 were proposed for DS5, 
DS3, and DS2, respectively.  In the present study,  equal to 0.2 was used.  In Figure 6‐4, 
Point A represents the yield stress and the strain associated with the modified stiffness.  
The second branch connects Point A to Point B.  Point B is related to the maximum strain 
in longitudinal steel (MLS) at the given damage state.  The third branch connects Point B 
to the ultimate point (Point C).  Table 6‐4 lists the parameters of the modified stress-strain 
relationship for the repaired columns.  Figure 6‐5 shows the modified stress-strain 
relationship for steel used for the repaired column.   

6.4.2. CFRP Confined Concrete Properties 
It was assumed that the spiral contribution to confinement in the repaired columns 

is negligible at DS5 (Vosooghi and Saiidi 2010).  Therefore, the concrete properties of 
the repaired columns were determined based on CFRP confined concrete properties.  
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Saiidi’s (Saiidi et al. 2005) bilinear stress-strain relationship for CFRP-confined concrete 
was used in this study.  To define the 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: 

f co  f c  0.003 cf E j (6-1) 
Where  cf  is volumetric ratio of CFRP jacket, Ej is elastic modulus of CFRP, and 

f c  is the unconfined concrete strength.  The ultimate strain and stress were determined 
using the following equations: 

 
  cu 

j 
(6-2)  f  0.1 0.25ln  

 
r 

f c 

f cu  f c  3.5 f r 
0.7 [ksi] (6-3a) 

f cu  f c  6.2 f r 
0.7 [MPa] (6-3b) 

Where εcu is the ultimate strain, f cu   is the ultimate stress, fr is the confinement 
pressure, and εj is 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 6‐5.  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, respectively.  The nominal strength of 4 ksi [27.6 MPa] was used for repair 
mortar.  The properties of CFRP confined concrete are listed in Table 6‐6. 

6.4.3. Moment Curvature Analysis 
Moment-curvature analyses were conducted to calculate strains required for bond-

slip calculations.  The modified Wehbe’s method (Section 4.4.3) was applied for bond-
slip calculations.  Xtract was used in the analyses (Chadwell 2007) utilizing the modified 
steel properties and the CFRP confined concrete properties.  The moment-curvature 
relationships for the original and repaired column are plotted in Figure 6‐6.  Since the 
column was repaired after reaching DS5 (compressive failure of core concrete edge), the 
moment curvature analyses were also continued until the ultimate strain in core concrete 
was reached.   

6.4.4. Column Design 
Initially the column was designed for site class D under 1000-year 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 steel ratio.  This column was served 
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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 original column (Section 6.4.1).  Finally, the 
repair was designed for a target DI of 0.15.  The properties of the repaired column are 
listed in Table 6‐7. 

The DI was calculated using elasto-plastic pushover curve based on SDC 3.1 
(Caltrans 2010).  By utilizing SDC 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 
4.5.1.  Seismic displacement demands were determined based on the rule of “equal 
displacement” and the effective stiffness of the column.  The idealized force-
displacement relationship for the original and repaired column is plotted in Figure 6‐7.   

6.5 Load Model for Repaired Columns  
To develop a load model, non-linear 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 the column.  For each GM, the maximum displacement demand was 
determined, and subsequently DIL was calculated.  Table 6‐8 lists the displacement 
demands (ΔD) and DILs of the repaired column designed for DI of 0.15, and analyzed 
under 1000 years earthquake level 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 DIL in these cases was a negative value (Table 6‐8). 

To model the scatter in DILs, a fragility analysis was conducted (Figure 6‐8).  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 Smironov-Kolmogorov goodness-of-fit test 
(Massey et al. 1951) was used as acceptance criteria for lognormal distribution.  In the 
Smironov-Kolmogorov test, the hypothesis that the data has lognormal distribution is 
accepted if all test data points in the load model lie between the lower and upper 
confidence limits (LCL and UCL).  This fragility curve served as the load model in the 
reliability analysis.  

6.6 Reliability Analysis 
By utilizing the resistance and load fragility curves, the reliability analysis was 

conducted.  The reliability index was calculated for DS3 and DS6.  To calculate the 
reliability index, Eqs. 2-8 to 2-12 were utilized.  The level of reliability index calculated 
for DS3 ( 3 ) and DS6 ( 6 ) was 1.67 and 2.96, respectively (Figure 6‐9).   

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 1000-year 
earthquake, whereas in the original column with the same height, diameter, and 
earthquake return period, the reliability against failure was 3.3 (Figure 4‐22).  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 probability of exceeding DS3, the failure reliability 
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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 smaller DI. The 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, which could be further refined in the future as more data for repaired 
columns becomes available.  
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Chapter 7. Summary and Conclusions 

7.1 Summary 
A performance based seismic design for bridge columns was developed in this study 

by incorporating probabilistic damage control approach (PDCA) and reliability analysis.  
The PDCA design procedure was used to evaluate the structural performance of bridge 
columns under a given seismic hazard. To quantify the performance of a column, each 
performance level was correlated 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 DI from fragility curves was selected as a representative of the given DS.  A 
comprehensive design matrix was developed to correlate the performance objective with 
bridge category, earthquake return period, and bridge response parameter (DI).  Both 
qualitative and quantitative performance levels were defined in the matrix.  A PDCA 
method was developed for single column bents (SCBs), two-column bents (TCBs), and 
four-column bents (FCBs) and discussed.  Each bent was designed for a predefined 
performance level (or DI) under the design earthquake.   

The global goal of this 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 failure ( 6 ) or design the column for a target reliability index 
against failure ( 6 ) and determine the probability of exceedance of different DS.  
Because the knowledge of probability of exceedance of lower damage states (DS3 to 
DS5) is also important from repair and down time prospective, the reliability against 
these DSs was also investigated while designing a column for desired 6 .   

To accomplish these objectives, the study was divided into three parts.  The first 
part was to determine the scatter on DI due to earthquake ground motions of different 
intensities.  The reliability of the bents designed as per PDCA was determined in the 
second part.  In the third part, a direct probabilistic design procedure was developed to 
calibrate design DI based on the desired 6 . 

To conduct reliability analysis, a statistical distribution of the resistance parameter 
(DIR) and load parameter (DIL) was determined.  To determine statistical distribution of 
DIR, the updated fragility curves to reflect the expansion of column database were 
utilized (Section 3.7).  The statistical distribution of DIR was developed by utilizing the 
experimental data of 22 bridge columns.  To 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 number of columns per bent were included in the study.  Each bent was 
analyzed under 25 earthquake records consisting of 15 near-field and 10 far-field ground 
motions.  For each ground motion, the maximum displacement was determined and 
consequently DIL was calculated. A large database of DIL for SCBs, TCBs, and FCBs was 
generated.  Utilizing this database, a fragility analysis was conducted for SCBs, TCBs, and 
FCBs to develop load model. After having the resistance and load models, reliability 

48 



 

 

 

   
 

 
   

 

 

 

 

  

 

 
 

analysis was conducted.  The reliability analysis results were analyzed, and a direct 
probabilistic design method was developed to calibrate the design DI for a desired 6 .   

Finally, an exploratory study was conducted to extend the PDCA and reliability 
analysis approach to earthquake-damaged 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 steel.  PDCA was developed 
based on limited experimental test results and engineering judgments for repaired columns 
subjected to various earthquake levels.  Like conventional 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 Saiidi 2010 was utilized.  The goal of this study was 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. 

7.2 Conclusions 
The following conclusions were drawn based on the analytical studies presented 

in this document: 
1. The proposed probabilistic damage control approach (PDCA) for bridge columns 

provides flexibility to engineers to design a column for different probability of 
exceedance of certain apparent damage state (DS) that is correlated to a quantifiable 
damage index (DI) and to determine the associated reliability index against failure 
and other damage states or design the column for a given target reliability against 
failure, damage state 6 (DS6) ( 6 ), and determine probability of exceedance of other 
damage states. 

2. Even though the design DI was calibrated for the bents based on desired target 6 , 
the reliability indices for lower damage states (DS3 to DS5) are useful in providing a 
vision of damage and repair that one can expect when the bent is to be designed for a 
desired 6 . 

3. The reliability indices against failure were calculated as 3.1, 3.2, and 3.3 for 
SCBs, TCBs, and FCBs, respectively.  The present study shows that β6 is higher than 
3.0 when bents are designed for 50% probability of exceeding DS3 (DI = 0.35) under 
1000-year earthquake.   

4. The reliability against failure in multicolumn bents is slightly higher than that of 
single-column bents.  This confirms the general perception that multicolumn bents are 
more reliable than single column bents.  The results show that, multicolumn bents can 
be designed for higher probability of exceeding DS3 without causing a 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 where the bents were 
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 
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exceedance for longer return periods balances the higher demand for these 
earthquakes. 

7. The direct method presented herein can calibrate the design damage index for a 
desired 6 .  The DI   Tables presented for SCBs, TCBs, and FCBs provides 
flexibility to the structural designers to design a bridge column for various reliability 
levels.   

8. 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 have a higher safeguard against the actual failure (bar fracture 
and/or major concrete core damage). 

9. It was found that, the DIR calculated for repaired columns for DS3, falls in the 
range of DIR for DS2 in original standard columns.  This is attributed to the lower 
initial stiffness of repaired columns. Therefore, the DIR fragility curve for DS2 in 
conventional columns were utilized as a resistance model for DS3 in repaired 
columns for reliability analysis. 

10. 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 1000-year 
earthquake.  Whereas in the original column with the same height, diameter, and 
earthquake return period, the reliability against failure was 3.3.  This shows that, to 
accomplish the same reliability index against failure ( 6 ), the repair should be 
designed for a relatively low design DI.  

11. The PDCA procedure developed for repaired columns is based on very limited 
information about the damage progression in repaired columns.  Nonetheless, the 
procedure can serve as a framework which could be further refined in the future as 
more data becomes available.   
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Chapter 2. Tables 

Table 2-1. Database of single column and bridge models 
Column model Scale Design 

 code 
Ground motion Aspect 

ratio 
Section 

dimensions 
, in 

Long. 
steel 

ratio, % 

Trans. 
steel 

ratio, % 
328 a 0.5 BDS 1993 Quasi-static 3.0 24 2.8 0.9 
828 a 0.5 ATC-32 Quasi-static 8.0 24 2.8 0.9 

Bridge II b 
B2E-II 0.25 NCHRP 12-49 Synthetic fault rupture 4.0 12 1.56 0.84 
B2W-II 0.25 NCHRP 12-49 Synthetic fault rupture 4.0 12 1.56 0.84 

MN b 0.29 Caltrans 2004 Rinaldi 4.5 14 2.86 1.37 
ETN b 0.29 Caltrans 2004 Rinaldi 7.75 14 2.86 1.54 

SETN b 0.29 New spectrum Rinaldi/RRS (Synthetic) 7.75 14 3.62 2.05 
SVTN b 0.2 New spectrum Rinaldi/RRS (Synthetic 8.21 12 3.0 1.82 

ISH 1.0 c 0.2 Caltrans 2001 Sylmar Hospital 2.0 10 x 14.5 2.9 0.6 
ISH 1.25 c 0.2 Caltrans 2001 Sylmar Hospital 2.0 10 x 15.62 2.8 0.9 
ISH 1.50 c 0.2 Caltrans 2001 Sylmar Hospital 2.1 10 x 16.75 2.9 0.9 

ISH 1.50T c 0.2 Caltrans 2001 Sylmar Hospital 2.1 10 x 16.75 2.9 0.9 
ISL 1.0 c 0.25 Caltrans 2001 Sylmar Hospital 3.3 12 x 17.5 2.0 1.1 
ISL 1.5 c 0.25 Caltrans 2001 Sylmar Hospital 3.6 12 x 20.25 2.0 1.1 

Bridge-I d 

N1E-I 0.25 NCHRP 12-49 CCN 3.0 12 1.56 0.84 
B1W-I 0.25 NCHRP 12-49 CCN 3.0 12 1.56 0.84 
B2E-I 0.25 NCHRP 12-49 CCN 4.0 12 1.56 0.84 
B2W-I 0.25 NCHRP 12-49 CCN 4.0 12 1.56 0.84 
B3E-I 0.25 NCHRP 12-49 CCN 2.5 12 1.56 0.84 
B3W-I 0.25 NCHRP 12-49 CCN 2.5 12 1.56 0.84 

407 e 0.33 Caltrans 1991 Quasi-static 4.0 24 0.75 0.7 
415 e 0.33 Caltrans 1991 Quasi-static 4.0 24 1.50 0.7 
430 e 0.33 Caltrans 1991 Quasi-static 4.0 24 3.0 0.7 
825 e 0.33 Caltrans 1991 Quasi-static 8.0 24 1.50 0.7 

1015 e 0.33 Caltrans 1991 Quasi-static 10.0 24 1.50 0.7 
NF-1 f 0.33 Caltrans 2004 Rinaldi 4.5 16 2.0 0.92 
NF-2 f 0.33 AASHTO 2002 Rinaldi 4.5 16 2.2 1.10 
RSC g 0.2 NCHRP 12-49 Quasi-static 4.5 10 2.04 0.74 

SC-CAL h 0.25 Caltrans 1994 Artificial 4.5 12 2.83 0.66 
SC-PBD h 0.25 PBD Artificial 4.5 12 2.83 1.05 

NHS1 i 0.33 Caltrans 2006 Sylmar Hospital 2.5 16 3.08 1.38 
NHS2 i 0.33 Caltrans 2006 Sylmar Hospital 2.5 16 3.08 1.38 

BENT 1 j B1E 0.25 NCHRP 12-49 Northridge 5.0 12 1.56 0.86 
B1W 0.25 NCHRP 12-49 Northridge 5.0 12 1.56 0.86 

BENT 2 j B2E 0.25 NCHRP 12-49 Northridge 7.0 12 1.56 0.86 
B2W 0.25 NCHRP 12-49 Northridge 7.0 12 1.56 0.86 

BENT 3 j B3E 0.25 NCHRP 12-49 Northridge 6.0 12 1.56 0.86 
B3W 0.25 NCHRP 12-49 Northridge 6.0 12 1.56 0.86 

a Calderone et al. (2001), b Choi et al. (2007, 2010), c Correal et al. (2006), d Johnson et al. (2008) 
e Lehman and Moehle (2000), f Phan et al. (2007), g Saiidi et al. (2009), h Saiidi and Mortensen (2002) 
i Vosooghi and Saiidi (2010), j Nelson et al. (2010) 
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Table 2-2. Magnitudes of d N  (Massey et al. 1951) 
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Table 2-3. Design performance levels 

Damage State 
DS 

Service 
to

Public 

Service to 
 Emergency 

Emergency 
Repair 

Design 
Damage Index 

DI 

Earthquake Levels (Years) 

O-ST O-NST Rec. Imp. 
DS-1 Yes Yes No 0 100 500 1000 1500 

DS-2 Yes Yes Yes, 
only plastic hinge 

0.15 500 1000 1500 2500 

DS-3 No Yes, 
1 lane 

Yes, 
entire column 

0.35 1000 1500 2500 NA 

DS-4 No Yes,
1 lane 

 Yes, 
entire column 

0.55 1500 2500 NA NA 

DS-5 No No Yes, 
entire column 

0.8 2500 NA NA NA 

DS-6 No No NA 1 NA NA NA NA 

O-ST = Ordinary Standard Bridge 
O-NST = Ordinary Non Standard Bridge 
Rec. = Recovery Bridge 
Imp. = Important Bridge 
NA = Not Applicable 
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Table 2-4. Soil profile types 
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Chapter 3. Tables 

Table 3-1. Complete schedule of shake table testing (Saiidi et al. 2013) 
Test 
No. 

Motion 
Level 

Test Type Target Motion 
PGA (g) 

Trans. Long. 
WN01 White Noise (Transverse) 
WN02 White Noise (Longitudinal) 

1A 1 W/Restrainer1 - 0. 09 
1B 1 W/Restrainer2 - 0. 09 
1C 1 Longitudinal - 0. 09 
1D 1 Biaxial 0. 075 0. 09 

WN11 White Noise (Transverse)) 
WN12 White Noise (Longitudinal) 

2 2 Biaxial 0. 15 0. 18 
WN21 White Noise (Transverse) 
WN22 White Noise (Longitudinal) 

3 3 Biaxial 0. 25 0. 30 
WN31 White Noise (Transverse)) 
WN32 White Noise (Longitudinal) 

4A 4 W/Restrainer1 - 0. 60 
4B 4 W/Restrainer2 - 0. 60 
4C 4 Longitudinal - 0. 60 
4D 4 Biaxial 0. 50 0. 60 

WN41 White Noise (Transverse) 
WN42 White Noise (Longitudinal) 

5 5 Biaxial 0. 75 0. 90 
WN51 White Noise (Transverse) 
WN52 White Noise (Longitudinal) 

6 6 Biaxial 1. 00 1. 20 
WN61 White Noise (Transverse) 
WN62 White Noise (Longitudinal) 

7 7 Biaxial 1. 00 1. 20 
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Table 3-2. Observed performance of bent 1 east column bottom plastic hinge 

Test Observed performance  Damage 
no. state 
1A No damage - 
1B No damage - 
1C No damage - 
1D Flexural cracks DS 1 
2 Flexural cracks - 
3 More flexural cracks and spalling begin, few shear cracks DS 2 

4A More shear cracks, concrete spalling -
4B Extensive flexural and shear cracks - 
4C Extensive flexural and shear cracks - 
4D Extensive spalling , one visible lateral bar DS 3 
5 Extensive spalling, two visible lateral reinforcement DS 4 

Visible five lateral and three longitudinal reinforcement, start 
6 of core damage DS 5 
7 Failure of column with fractured longitudinal and lateral 

reinforcement DS 6 

Table 3-3. Observed performance of bent 1 east column top plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 
2 
3 

4A 
4B 
4C 
4D 
5 

Observed performance  

 No damage 
 No damage 
 No damage 

Flexural cracks 
Flexural cracks, crack width is from 0.016 to 0.025 inch 

 Flexural cracks 
 Flexural cracks 

More flexural cracks 
More flexural cracks, few shear cracks, spalling begin 
Extensive spalling, one slightly visible lateral bar 
Extensive spalling, one visible lateral bar 
Extensive spalling and two visible lateral bars 
Extensive spalling, visible four lateral and three longitudinal 
reinforcements.  

Damage 
state 

- 
-
-

DS 1 
- 
- 
- 
-

DS 2 
DS 3 

- 
DS 4 

DS 5 
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Table 3-4. Observed performance of bent 1 west column bottom plastic hinge 

Test 
no. 

Observed Performance  Damage 
State 

1A No damage -
1B No damage -
1C No damage -
1D No damage -
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 

5 
Extensive spalling , more shear and flexural cracks, one lateral 
bar slightly visible DS 4 

6 Extensive spalling and visible lateral reinforcement -

7 
Visible lateral and longitudinal reinforcement, start of core 
damage, and few longitudinal bars are buckled DS 5 

Table 3-5. Observed performance of bent 1 west column top plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 
2 
3 

4A 
4B 
4C 
4D 
5 

6 

Observed performance  

 No damage
 No damage
 No damage 

Flexural cracks 
 Flexural cracks 
 Flexural cracks 
 Flexural cracks 
 Flexural cracks 

More flexural cracks 
More flexural cracks and spalling begin 
More spalling and  shear cracks 
Extensive spalling , more shear and flexural cracks, one visible 
lateral bar 
Extensive spalling, 3 visible lateral bars 

Damage 
state 

- 
- 
- 

DS 1 
- 
- 
- 
- 
-

DS 2 
DS 3 

- 
DS 4 
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Table 3-6. Observed performance of bent 2 east column bottom plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 
2 
3 

4A 
4B 
4C 
4D 
5 
6 
7 

Observed performance 

 No damage 
 No damage 
 No damage 
 No damage 

No damage 
Flexural cracks 

 Flexural cracks 
 Flexural cracks 
 Flexural cracks 

Flexural cracks, crack width 0.007 inch 
Extensive spalling of cover concrete. 
Extensive spalling, two lateral bars are visible. 
Extensive spalling, three lateral bars are visible 

Damage 
state 

-
-
-
-
- 

DS 1 
- 
- 
- 
-

DS 3 
DS 4 

-

Table 3-7. Observed performance of bent 2 east column top plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 
2 
3 

4A 
4B 
4C 
4D 
5 
6 

Observed performance  

 No damage 
 No damage 
 No damage 
 No damage 

No damage 
Flexural cracks 

 Flexural cracks 
 Flexural cracks 
 Flexural cracks 
 Flexural cracks 

shear cracks 
Extensive spalling of cover concrete 
Extensive spalling and shear cracks 

Damage 
state 

- 
- 
- 
- 
- 

DS 1 
- 
- 
- 
- 

DS 2 
DS 3 

- 
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Table 3-8. Observed performance of bent 2 west column bottom plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 

3 
4A 
4B 
4C 
4D 
5 
6 
7 

Observed performance  

 No damage
 No damage
 No damage
 No damage 

Flexural cracks 
Flexural cracks 
Flexural cracks 

 Flexural cracks 
 Flexural cracks 

Flexural cracks 0.01 inch 
Spalling begin and few shear cracks 
Extensive spalling of cover concrete 
Extensive spalling, two lateral bars are visible 

Damage 
state 

- 
- 
- 
- 

DS 1 
-
-
-
-
- 

DS 2 
DS 3 
DS 4 

Table 3-9. Observed performance of bent 2 west column top plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 
2 
3 

4A 
4B 
4C 
4D 
5 
6 

Observed performance  

 No damage 
 No damage 
 No damage 
 No damage 

Flexural cracks  
Flexural cracks 
Flexural cracks 

 Flexural cracks 
 Flexural cracks 

Flexural cracks 
Flexural cracks 0.01 inch 
shear cracks but no spalling occur 
shear cracks but no spalling occur 

Damage 
state 

- 
- 
- 
- 

DS 1 
- 
- 
- 
- 
- 
- 

DS 2 
-
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Table 3-10. Observed performance of bent 3 east column bottom plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 

3 
4A 
4B 
4C 
4D 
5 
6 
7 

Observed performance  

No Damage
 No Damage
 No Damage 

No Damage 
No damage 

 Flexural cracks 
 Flexural cracks 
 More flexural cracks 
 More flexural cracks 

Spalling of cover concrete begin 
Extensive spalling,  two lateral bars visible 

 extensive spalling, two lateral bars visible, core was still intact 
Extensive spalling, four lateral bars visible 

Damage 
state 

-
-
-
-
- 

DS 1 
- 
-
-

DS 2 
DS 3 

- 
DS 4 

Table 3-11. Observed performance of bent 3 east column top plastic hinge 

Test 
no. 

Observed performance  Damage 
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 concrete begin DS 2 
5 Extensive spalling of cover concrete DS 3 
6 Extensive spalling, one lateral bar is visible DS 4 
7 Extensive spalling , two visible lateral bars - 
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Table 3-12. Observed performance of bent 3 west column bottom plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 

3 
4A 
4B 
4C 
4D 
5 

Observed performance  

 No damage 
 No damage 
 No damage 
 No damage 

No damage 
Flexural cracks 
More flexural cracks 
More flexural cracks 
More flexural cracks 
Extensive spalling , three visible lateral bars 
Approaching to damage state 5 
Extensive spalling and start of core damage, five lateral and 
two long  bars are visible 
Extensive core damage, four longitudinal and nine lateral 
bars visible 

Damage 
state 

- 
- 
- 
- 
- 

DS 1 
- 
- 
- 

DS 4 
-

DS 5 

- 

Table 3-13. Observed performance of bent 3 west column top plastic hinge 

Test 
no. 
1A 
1B 
1C 
1D 
2 
3 

4A 
4B 
4C 
4D 

Observed performance 

No damage 
 No damage
 No damage 

No damage 
No damage 
No damage 
No damage 

 No damage
 No damage 

Extensive spalling of cover concrete 
Extensive spalling and shear cracks, two lateral bars are 
visible 
Extensive spalling, more shear and flexural cracks, four 
visible lateral bars 
Extensive spalling, more shear and flexural cracks, five 
visible lateral bars 

Damage 
state 

- 
-
-
- 
- 
- 
- 
-
-

DS 3 

 DS 4 

- 

- 
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Table 3-14. Maximum drift ratio corresponds to a given damage  

Damage 
State 

Maximum Drift Ratios 
Bent 1 Bent 2 Bent 3 

East 
Column 

West 
Column 

East 
Column 

West 
Column 

East 
Column 

West 
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% - - - - - 

Table 3-15. Residual drift ratio corresponds to a given damage state 

Damage 
State 

Residual Drift Ratios 
Bent 1 Bent 2 Bent 3 

East 
Column 

West 
Column 

East 
Column 

West 
Column 

East 
Column 

West 
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% - - - - - 

Table 3-16. Frequency ratio corresponds to a given damage state 

Damage 
State 

Frequency Ratios 
Bent 1 Bent 2 Bent 3 

East 
Column. 

West 
Column 

East 
Column 

West 
Column 

East 
Column. 

West 
Column 

DS 1 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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Table 3-17. Damage index of bent 1 East column 

Effective 
Maximum Yield Ultimate 

Damage  
Displacement 

D  
Displacement 

DY 

Displacement 
DU 

Damage 
Index 

State [in] [in] [in] DI 
DS 1 0.67 0.09 
DS 2 2.02 0.35 
DS 3 
DS 4 

3.06 
3.62 

0.18 5.38 0.55 
0.66 

DS 5 4.82 0.89 
DS 6 5.38 1.00 

Table 3-18. Maximum average strain in the column longitudinal bars (microstrain) 

Damage 
State 

Bent 1 Bent 2 Bent 3 
East 

Column. 
West 

Column 
East 

Column 
West 

Column 
East 

Column. 
West 

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 

Table 3-19. Maximum average strain in the column transverse bars (microstrain) 

Damage 
State 

Bent 1 Bent 2 Bent 3 
East 

Column. 
West 

Column 
East 

Column 
West 

Column 
East 

Column. 
West 

Column 
DS 1 432 673 310 178 264 719 
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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Table 3-20. Median and logarithmic standard deviation of response parameters 

Note: NA is not applicable. 
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Chapter 4. Tables 

Table 4-1. Ground motions for site class B/C 

NGA No. Event Name Magnitude 
PGA (Sa)1sec Rjb VS30 

Design Spectrum 
(Sa)1sec=0.4658g 

Scale Factor 
g  g  km  m/sec  

FA
R

 F
IE
LD

 

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 
369 Coalinga, US 6.36 0.153 0.269 26.0 684.9 1.73 
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 
994 Northridge 6.69 0.289 0.361 21.2 1015.9 1.29 

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 

N
EA

R
 F
IE
LD

 

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 
495 Nahanni, Canada 6.76 1.096 0.485 2.5 659.6 0.96 
765 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 
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 
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Table 4-2. Ground motions for site class D 

NGA No. Event Name Magnitude 
PGA (Sa)1sec Rjb VS30 

Design Spectrum 
(Sa)1sec=0.845g 

Scale Factor 
g  g  km  m/sec  

FA
R

 F
IE
LD

169 Imperial Valley-06 6.53 0.351 0.481 22.0 274.5 1.76 
338 Coalinga-01 6.36 0.282 1.023 28.1 338.5 0.83 
729 Superstition Hills-02 6.54 0.207 0.440 23.9 207.5 1.92 
778 Loma Prieta 6.93 0.279 0.548 24.5 215.5 1.54 
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 1.44 
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 

N
EA

R
 F
IE
LD

 

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 
461 Morgan Hill 6.19 0.312 0.423 3.5 281.6 2.00 
529 N. Palm Springs 6.06 0.594 0.859 0.0 345.4 0.98 
723 Parachute Test Site, Superstitons Hills-02 6.54 0.455 0.970 0.9 348.7 0.87 
752 Capitola, Loma Prieta 6.93 0.529 0.456 8.7 288.6 1.85 
821 Erzincan, Turkey 6.69 0.515 0.848 0.0 274.5 1.00 
829 Rio Dell Overpass-FF, Cape Mendocino 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 1.779 0.787 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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Table 4-3. Design spectrum values for site B/C and D 

Period 
T = 1000 Years T = 1500 Years T = 2500 Years 

Site B/C Site D Site B/C Site D Site B/C 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 

Table 4-4. Column diameter and bar size for 1%, 2%, and 3% longitudinal 
reinforcement 

Diameter, D Longitudinal 
Steel Ratio 

Longitudinal 
Reinforcement in (mm) 

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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Table 4-5. Single column bent models designed for T = 1000-year 

Site
Class 

Configuration H/D Steel Ratio  Period ΔY ΔD ΔC DI Vn / Vs+Vc Long. Trans. Sec in in in 

B/C Cantilever 5 
1% 0.17% 1.22 3.2 5.3 9.3 0.35 0.82 
2% 0.23% 1.04 3.7 4.7 9.5 0.17 0.95 

Fixed-Fixed 1% 0.61% 0.64 1.8 2.9 9.9 0.13 0.98 

D 

Cantilever 5 
1% 1.05% 1.23 3.5 10.1 22.5 0.346 0.32 
2% 0.84% 1.04 4.0 8.6 17.0 0.353 0.48 
3% 0.66% 0.91 4.0 7.3 13.3 0.351 0.69 

Fixed-Fixed 5 
1% 0.53% 0.64 1.8 4.4 9.9 0.32 0.98 
2% 0.24% 0.55 2.3 3.6 13.1 0.12 0.87 
3% 0.09% 0.48 2.4 2.9 13.4 0.05 0.98 

Cantilever 10 
1% 0.44% 3.39 12.6 24.7 47.2 0.35 0.26 
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 

Fixed-Fixed 10 
1% 0.48% 1.73 6.7 14.2 28.2 0.353 0.53 
2% 0.30% 1.47 7.5 12.1 20.7 0.349 0.87 
3% 0.18% 1.29 7.8 10.6 20.6 0.22 0.97 

Cantilever 7.5 
1% 1.14% 1.91 5.4 15.7 35.0 0.347 0.19 
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 

Fixed-Fixed 7.5 
1% 0.84% 1.01 2.9 8.3 18.1 0.35 0.44 
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 

Cantilever 15 
1% 0.50% 5.23 19.3 38.9 75.2 0.35 0.16 
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 

Fixed-Fixed 15 
1% 0.41% 2.70 10.2 20.8 41.3 0.35 0.40 
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 
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Table 4-6. Single column bent models designed for T = 1500-year 

Site
Class 

Configuration H/D Steel Ratio  Period ΔY ΔD ΔC DI Vn / Vs+Vc Long. Trans. Sec in in in 

D 

Cantilever 5 
1% 1.32% 1.23 3.6 11.8 26.4 0.35 0.23 
2% 1.19% 1.04 4.1 10.0 20.9 0.35 0.39 
3% 0.97% 0.91 4.1 8.4 16.3 0.35 0.57 

Fixed-Fixed 5 
1% 0.74% 0.64 1.9 5.1 11.0 0.35 0.78 
2% 0.41% 0.55 2.1 4.2 8.0 0.35 1.74 
3% 0.26% 0.48 2.2 3.4 6.0 0.35 2.50 

Cantilever 10 
1% 0.61% 3.38 12.9 28.5 55.7 0.35 0.21 
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 

Fixed-Fixed 10 
1% 0.71% 1.73 6.8 16.6 34.6 0.35 0.42 
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 
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Table 4-7. Two column bent models designed for T = 1000-year 

Site 
Class 

Configuration H/D Steel Ratio Period ΔY ΔD ΔC DI Vn / Vs+Vc 
Long. Trans. Sec in in in 

D 

Fixed-Pinned 5 
1% 1.45% 1.30 4.1 10.7 22.7 0.35 0.22 
2% 0.86% 1.16 5.2 9.5 17.1 0.35 0.51 
3% 0.66% 1.06 5.7 8.7 14.7 0.35 0.73 

Fixed-Fixed 5 
1% 0.61% 0.70 2.4 5.0 9.4 0.35 1.05 
2% 0.79% 0.64 3.3 4.4 12.8 0.12 1.04 
3% 1.32% 0.58 3.7 3.8 13.5 0.01 1.05 

Fixed-Pinned 6 
1% 1.06% 1.62 5.2 13.3 28.0 0.35 0.28 
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 

Fixed-Fixed 6 
1% 0.75% 0.86 2.8 6.7 13.7 0.35 0.52 
2% 0.45% 0.76 3.7 5.6 10.4 0.29 1.00 
3% 0.97% 0.69 4.1 4.9 11.3 0.11 1.00 

Fixed-Pinned 10 
1% 0.44% 3.62 14.9 25.9 47.3 0.35 0.27 
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 

Fixed-Fixed 10 
1% 0.56% 1.87 8.2 15.3 29.2 0.35 0.48 
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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Table 4-8. Four column bent models designed for T = 1000-year 

Site 
 Class 

Configuration H/D Steel Ratio Period ΔY ΔD ΔC DI Vn / Vs+Vc Long. Trans. Sec in in in 

D 

Fixed-Pinned 7.5 
1% 1.14% 2.06 6.5 16.8 34.4 0.35 0.20 
2% 0.92% 1.85 8.0 15.2 28.6 0.35 0.29 
3% 0.61% 1.67 8.5 13.7 23.3 0.35 0.49 

Fixed-Fixed 7.5 
1% 0.49% 1.12 4.0 9.3 20.0 0.35 1.00 
2% 0.53% 1.04 5.5 8.6 17.8 0.25 0.99 
3% 0.71% 0.96 6.1 7.7 19.8 0.12 1.00 
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Table 4-9. DIL for cantilever SCBs with D = 4’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 1.14% Trans. Steel = 0.92% Trans. Steel = 0.75% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld

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 
900 12.75 0.25 10.55 0.21 10.96 0.29 
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 

N
ea

r F
ie

ld
 

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 
723 14.00 0.29 17.46 0.55 14.47 0.51 
752 10.92 0.19 7.94 0.08 6.21 -0.02 
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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Table 4-10. DIL for cantilever SCBs with D = 4’, H = 30’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 1.14% Trans. Steel = 0.92% Trans. Steel = 0.75% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
169 35.04 1.00 9.42 0.15 13.23 0.43 
338 19.30 0.47 15.41 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 
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 

N
ea

r F
ie

ld
 

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 
529 21.82 0.55 18.98 0.62 15.41 0.57 
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 
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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Table 4-11. DIL for fixed-fixed SCBs with D = 4’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.84% Trans. Steel = 0.50% Trans. Steel = 0.71% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
778 5.18 0.15 5.61 0.21 6.30 0.23 
900 9.60 0.44 7.32 0.39 7.92 0.38 
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 

N
ea

r F
ie

ld
 

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 
723 16.22 0.88 13.62 1.00 6.33 0.23 
752 8.05 0.34 7.54 0.41 4.93 0.11 
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 
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Table 4-12. DIL for fixed-fixed SCBs with D = 4’, H = 30’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.84% Trans. Steel = 0.50% Trans. Steel = 0.71% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld

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 
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 

N
ea

r F
ie

ld
 

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 
752 14.97 0.79 9.75 0.64 7.28 0.32 
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 
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Table 4-13. DIL for cantilever SCBs with D = 4’, H = 60’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 

No data for 1% steel 

Trans. Steel = 0.22% Trans. Steel = 0.13% 
ΔD DIL 

ΔD DIL in in 
Fa

r F
ie

ld

169 22.44 0.03 31.88 0.52 
338 22.83 0.04 20.57 -0.09 
729 19.20 -0.08 13.31 -0.48 
778 44.82 0.81 25.71 0.19 
900 38.94 0.60 58.43 1.00 
978 30.79 0.32 26.61 0.24 
995 26.27 0.16 15.80 -0.35 

1003 18.72 -0.10 24.41 0.12 
1107 33.64 0.42 28.38 0.33 
1203 19.78 -0.06 12.72 -0.51 

N
ea

r 
Fi

el
d 

160 38.72 0.60 41.60 1.00 
180 28.63 0.24 25.55 0.18 
183 31.78 0.35 29.42 0.39 
368 22.17 0.02 27.45 0.28 
461 22.76 0.04 26.97 0.26 
529 27.06 0.19 23.63 0.08 
723 29.81 0.29 28.85 0.36 
752 38.61 0.59 30.58 0.45 
821 26.64 0.17 21.79 -0.02 
829 50.32 1.00 43.60 1.00 
953 20.56 -0.04 28.44 0.33 
1063 18.73 -0.10 24.94 0.15 
1087 33.60 0.42 28.09 0.32 
1106 18.35 -0.11 22.25 0.00 
1503 20.70 -0.03 31.34 0.49 
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Table 4-14. DIL for cantilever SCBs with D = 4’, H = 60’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 

No data for 1% steel 

Trans. Steel = 0.22% Trans. Steel = 0.13% 
ΔD DIL 

ΔD DIL in in 
Fa

r F
ie

ld

169 29.92 0.29 40.70 1.00 
338 29.32 0.27 27.59 0.34 
729 27.79 0.21 18.20 -0.24 
778 50.32 1.00 30.81 0.54 
900 50.32 1.00 53.08 1.00 
978 42.49 0.73 34.87 0.80 
995 39.49 0.62 21.43 -0.04 

1003 23.10 0.05 33.00 0.68 
1107 50.32 1.00 39.53 1.00 
1203 26.49 0.17 16.95 -0.32 
160 38.55 0.59 55.30 1.00 

N
ea

r F
ie

ld
 

180 39.29 0.62 35.23 0.82 
183 64.80 1.00 42.00 1.00 
368 28.71 0.25 35.22 0.82 
461 31.93 0.36 36.18 0.88 
529 36.25 0.51 32.10 0.62 
723 41.87 0.71 38.26 1.00 
752 50.76 1.00 42.08 1.00 
821 36.05 0.50 29.51 0.46 
829 50.32 1.00 38.16 1.00 
953 28.18 0.23 38.57 1.00 
1063 25.37 0.13 33.90 0.74 
1087 50.32 1.00 37.70 0.97 
1106 24.93 0.11 30.34 0.51 
1503 28.35 0.23 39.05 1.00 
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Table 4-15. DIL for fixed-fixed SCBs with D = 4’, H = 60’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.41% Trans. Steel = 0.25% Trans. Steel = 0.18% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld

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 
900 24.63 0.46 19.64 0.42 16.76 0.34 
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 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-16. DIL for fixed-fixed SCBs with D = 4’, H = 60’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.41% Trans. Steel = 0.25% Trans. Steel = 0.18% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld

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 
900 30.59 0.65 25.67 0.75 23.09 0.81 
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 

N
ea

r F
ie

ld
 

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 
529 25.86 0.50 22.84 0.59 21.87 0.72 
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 
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 
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Table 4-17. DIL for cantilever SCBs with D = 6’, H = 30’, Site B, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.17% Trans. Steel = 0.23% 

No data for 3% steel 

ΔD DIL 
ΔD DIL in in 

Fa
r F

ie
ld

164  3.22  0.00  4.55  0.15  
286 5.42 0.36 3.57 -0.02 
369 3.52 0.05 5.02 0.23 
755 4.29 0.18 4.74 0.18 
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 

N
ea

r F
ie

ld
 

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  
810  3.71  0.08  4.40  0.12  
828  5.11  0.31  4.37  0.11  
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 

84 



 

 

 

 

    

Table 4-18. DIL for cantilever SCBs with D = 6’, H = 30’, Site B, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.17% Trans. Steel = 0.23% 

No data for 3% steel 

ΔD DIL 
ΔD DIL in in 

Fa
r F

ie
ld

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 
769 6.37 0.52 6.54 0.49 
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 

N
ea

r F
ie

ld
 

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 
810 4.89 0.27 5.44 0.30 
828 8.08 0.80 5.38 0.29 
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 
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Table 4-19. DIL for fixed-fixed SCBs with D = 6’, H = 30’, Site B, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.61% 

No data for 2% steel No data for 3% steel 

ΔD DIL in 
Fa

r F
ie

ld

164 1.95 0.01 
286 4.00 0.27 
369 3.50 0.21 
755 2.27 0.05 
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 

N
ea

r F
ie

ld
 

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 
810 3.00 0.14 
828 2.46 0.08 
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 

86 



 

 

 

   
  

  

Table 4-20. DIL for fixed-fixed SCBs with D = 6’, H = 30’, Site B, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.17% 

No data for 2% steel No data for 3% steel 

ΔD DIL in 
Fa

r F
ie

ld

164 2.76 0.11 
286 8.32 0.80 
369 5.68 0.48 
755 2.76 0.12 
769 3.85 0.25 
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 

N
ea

r F
ie

ld
 

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 
810 5.03 0.40 
828 2.95 0.14 
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 

87 



 

 

 

 
        

Table 4-21. DIL for cantilever SCBs with D = 6’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 1.05% Trans. Steel = 0.84% Trans. Steel = 0.66% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
778 9.91 0.34 6.27 0.18 5.71 0.18 
900 10.33 0.36 9.53 0.43 7.42 0.37 
978 6.66 0.17 6.27 0.18 5.82 0.19 
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 

N
ea

r F
ie

ld
 

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 
529 8.20 0.25 7.42 0.26 8.70 0.50 
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 
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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Table 4-22. DIL for cantilever SCBs with D = 6’, H = 30’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 1.14% Trans. Steel = 0.92% Trans. Steel = 0.75% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
778 16.16 0.67 7.43 0.27 6.41 0.26 
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 
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 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-23. DIL for fixed-fixed SCBs with D = 6’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.61% Trans. Steel = 1.02% Trans. Steel = 1.31% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
778 3.92 0.26 3.79 0.14 4.41 0.19 
900 5.77 0.49 5.32 0.28 3.64 0.12 
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 

N
ea

r F
ie

ld
 

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 
529 7.68 0.72 5.31 0.28 3.41 0.10 
723 5.22 0.42 5.26 0.28 3.49 0.10 
752 2.99 0.14 4.53 0.21 4.30 0.18 
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 

90 



 

 

 

  
      

Table 4-24. DIL for fixed-fixed SCBs with D = 6’, H = 30’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.61% Trans. Steel = 1.02% Trans. Steel = 1.31% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
778 4.73 0.36 4.97 0.25 5.52 0.29 
900 9.14 0.91 8.96 0.62 6.00 0.33 
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 

N
ea

r F
ie

ld
 

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 4.81 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 
723 10.01 1.00 12.79 0.97 5.53 0.29 
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 
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Table 4-25. DIL for cantilever SCBs with D = 6’, H = 60’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.44% Trans. Steel = 0.30% Trans. Steel = 0.20% 

ΔD 
DIL 

ΔD 
DIL 

ΔD 
DIL in in in 

Fa
r F

ie
ld

 

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 
778 16.57 0.11 18.60 0.21 25.25 0.72 
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 
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 

N
ea

r F
ie

ld
 

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 
529 22.19 0.28 20.00 0.28 18.06 0.25 
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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Table 4-26. DIL for cantilever SCBs with D = 6’, H = 60’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.44% Trans. Steel = 0.30% Trans. Steel = 0.20% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
778 21.66 0.26 25.36 0.52 31.37 1.00 
900 38.12 0.74 35.17 0.97 27.83 0.89 
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 

N
ea

r F
ie

ld
 

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 24.91 0.50 22.99 0.57 
461 42.98 0.88 22.98 0.41 20.09 0.38 
529 28.70 0.46 27.40 0.61 24.97 0.70 
723 24.02 0.33 30.46 0.75 23.08 0.58 
752 29.43 0.49 20.45 0.30 19.73 0.36 
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 44.11 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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Table 4-27. DIL for fixed-fixed SCBs with D = 6’, H = 60’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.48% Trans. Steel = 0.30% Trans. Steel = 0.36% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
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 

N
ea

r F
ie

ld
 

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 
529 14.23 0.35 10.57 0.23 9.88 0.16 
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 
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 
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Table 4-28. DIL for fixed-fixed SCBs with D = 6’, H = 60’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.48% Trans. Steel = 0.30% Trans. Steel = 0.36% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
900 14.38 0.36 15.38 0.60 15.73 0.62 
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 

N
ea

r F
ie

ld
 

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 
529 20.26 0.63 15.18 0.58 12.13 0.34 
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 
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 
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Table 4-29. DIL for cantilever SCBs with D = 6’, H = 30’, Site D, and T = 1500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 1.32% Trans. Steel = 1.19% Trans. Steel = 0.97% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
778 12.41 0.39 6.97 0.17 6.20 0.17 
900 11.84 0.36 13.24 0.54 8.12 0.33 
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 

N
ea

r F
ie

ld
 

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 
529 9.92 0.28 7.59 0.21 9.32 0.43 
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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Table 4-30. DIL for fixed-fixed SCBs with D = 6’, H = 30’, Site D, and T = 1500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.74% Trans. Steel = 0.41% Trans. Steel = 0.26% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
778 4.24 0.26 4.32 0.37 4.94 0.73 
900 7.07 0.57 6.71 0.78 4.27 0.56 
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 

N
ea

r F
ie

ld
 

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 
529 8.96 0.77 7.68 0.95 4.26 0.55 
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 
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 
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Table 4-31. DIL for cantilever SCBs with D = 6’, H = 60’, Site D, and T = 1500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.61% Trans. Steel = 0.52% Trans. Steel = 0.42% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld

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 
900 53.36 0.94 28.18 0.45 23.58 0.39 
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 47.53 1.00 39.42 1.00 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-32. DIL for fixed-fixed SCBs with D = 6’, H = 60’, Site D, and T = 1500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.71% Trans. Steel = 0.52% Trans. Steel = 0.40% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld

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 
900 12.70 0.21 13.40 0.31 12.70 0.37 
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 

N
ea

r F
ie

ld
 

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 
529 16.72 0.36 12.43 0.25 10.91 0.23 
723 18.09 0.41 15.89 0.44 18.54 0.81 
752 11.11 0.16 8.01 0.02 10.43 0.20 
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 
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Table 4-33. DIL for fixed-pinned TCBs with D = 5’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 

Trans. Steel = 1.06% Trans. Steel = 0.83% Trans. Steel = 0.68% 
ΔD DIL 

ΔD DIL 
ΔD DIL in in in 

Fa
r F

ie
ld

 

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 
778 11.72 0.29 10.23 0.28 8.06 0.14 
900 9.28 0.18 10.60 0.30 8.76 0.20 
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 

N
ea

r F
ie

ld
 

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 
723 15.84 0.47 13.87 0.53 13.45 0.63 
752 7.37 0.09 7.19 0.07 8.00 0.13 
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 
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Table 4-34. DIL for fixed-pinned TCBs with D = 5’, H = 30’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 

Trans. Steel = 1.06% Trans. Steel = 0.83% Trans. Steel = 0.68% 
ΔD DIL 

ΔD DIL 
ΔD DIL in in in 

Fa
r F

ie
ld

 

169 8.63 0.15 15.71 0.66 19.66 1.00 
338 15.15 0.44 10.40 0.29 9.66 0.28 
729 19.81 0.64 13.99 0.54 12.24 0.52 
778 22.12 0.74 17.67 0.79 12.83 0.58 
900 11.44 0.27 14.02 0.54 13.74 0.66 
978 17.30 0.53 13.22 0.48 9.84 0.30 
995 10.20 0.22 10.36 0.29 9.10 0.23 

1003 13.91 0.38 16.24 0.69 12.94 0.59 
1107 10.30 0.22 14.77 0.59 18.74 1.00 
1203 11.59 0.28 10.95 0.33 12.80 0.57 

N
ea

r F
ie

ld
 

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 15.25 0.44 16.85 0.73 14.74 0.75 
529 18.46 0.58 14.14 0.55 11.31 0.44 
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 
821 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 0.56 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 
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Table 4-35. DIL for fixed-fixed TCBs with D = 5’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.75% Trans. Steel = 0.45% Trans. Steel = 0.97% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
978 4.14 0.12 5.39 0.25 4.52 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 

N
ea

r F
ie

ld
 

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 
529 7.05 0.39 6.53 0.42 4.17 0.01 
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 
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 
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Table 4-36. DIL for fixed-fixed TCBs with D = 5’, H = 30’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.75% Trans. Steel = 0.45% Trans. Steel = 0.97% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
900 14.75 1.00 8.73 0.75 6.55 0.34 
978 4.91 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 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-37. DIL for fixed-pinned TCBs with D = 5’, H = 60’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.32% 

No data for 2% steel No data for 3% steel 

ΔD DIL in 
Fa

r F
ie

ld

169 20.74 0.07 
338 21.17 0.08 
729 18.44 0.01 
778 47.20 0.76 
900 32.17 0.37 
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 

N
ea

r F
ie

ld
 

160 28.46 0.27 
180 30.48 0.32 
183 56.55 1.00 
368 20.96 0.07 
461 26.59 0.22 
529 26.90 0.23 
723 33.52 0.40 
752 36.70 0.48 
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 
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Table 4-38. DIL for fixed-fixed TCBs with D = 5’, H = 60’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.50% Trans. Steel = 0.21% 

No data for 3% steel 

ΔD DIL 
ΔD DIL in in 

Fa
r F

ie
ld

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 
778 20.72 0.45 17.76 0.49 
900 17.15 0.31 15.58 0.32 
978 17.79 0.33 16.57 0.40 
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 

N
ea

r F
ie

ld
 

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 
723 16.93 0.30 13.97 0.19 
752 16.15 0.27 13.42 0.15 
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 
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Table 4-39. DIL for fixed-pinned TCBs with D = 6’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 1.45% Trans. Steel = 0.84% Trans. Steel = 0.66% 

ΔD 
DIL 

ΔD 
DIL 

ΔD 
DIL in in in 

Fa
r F

ie
ld

 

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 
900 9.51 0.29 8.82 0.31 7.81 0.24 
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 

N
ea

r F
ie

ld
 

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 
529 8.95 0.26 7.44 0.19 8.55 0.32 
723 14.65 0.57 11.51 0.53 11.51 0.65 
752 6.47 0.13 7.55 0.20 8.44 0.31 
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 
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Table 4-40. DIL for fixed-fixed TCBs with D = 6’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.61% Trans. Steel =0.79% Trans. Steel = 1.32% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
900 5.00 0.38 4.55 0.13 3.68 0.00 
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 

N
ea

r F
ie

ld
 

160 4.05 0.24 3.41 0.01 3.37 -0.03 
180 8.84 0.93 4.93 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 
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 
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 4.77 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 
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Table 4-41. DIL for fixed-pinned TCBs with D = 6’, H = 60’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.44% Trans. Steel = 0.15% Trans. Steel = 0.11% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
900 41.99 0.84 25.67 0.49 20.01 0.12 
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 

N
ea

r F
ie

ld
 

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 
529 23.25 0.26 22.02 0.28 20.65 0.16 
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 
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 
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Table 4-42. DIL for fixed-fixed TCBs with D = 6’, H = 60’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.56% Trans. Steel = 0.30% Trans. Steel = 0.31% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
900 13.41 0.25 12.75 0.26 12.00 0.14 
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 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-43. DIL for fixed-pinned FCBs with D = 4’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel =1.14% Trans. Steel = 0.92% Trans. Steel = 0.61% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
900 16.38 0.35 13.14 0.25 12.68 0.28 
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 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-44. DIL for fixed-pinned FCBs with D = 4’, H = 30’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel =1.14% Trans. Steel = 0.92% Trans. Steel = 0.61% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
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 
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 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-45. DIL for fixed-fixed FCBs with D = 4’, H = 30’, Site D, and T = 1000 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.49% Trans. Steel =0.53% Trans. Steel = 0.71% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
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 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-46. DIL for fixed-fixed FCBs with D = 4’, H = 30’, Site D, and T = 2500 

NGA No. 

Long. Steel = 1% Long. Steel = 2% Long. Steel = 3% 
Trans. Steel = 0.49% Trans. Steel =0.53% Trans. Steel = 0.71% 

ΔD DIL 
ΔD DIL 

ΔD DIL in in in 
Fa

r F
ie

ld
 

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 
900 18.45 0.90 8.77 0.27 8.60 0.18 
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 

N
ea

r F
ie

ld
 

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 
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 
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 
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Table 4-47. Reliability index and probability of failure 

β Probability of 
exceedance 

Rounded reciprocal 
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 5. Tables 

Table 5-1.  Mean and standard deviation of DIR 

DS3 DS4 DS5 DS6 
µ R 0.375 0.600 0.822 1.000 
σ R 0.100 0.119 0.114 0.000 

Table 5-2. Mean and standard deviation of DIL 

SCBs TCBs FCBs 
µ L 0.325 0.239 0.279 
σ L 0.204 0.195 0.185 

Table 5-3. The 6  to be used to obtain desired 6 

Desired   6 P  P EQ CF 
PEQ PCF |PEQ   6 

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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Table 5-4. The DI s  for various 6s for SCBs 

Target β ' 6  Design DI' Probability of exceedance of other damage states 
DS1 DS2 DS3 DS4 DS5 DS6 

2.5  0.58  7%  7%  5%  2%  1%  0.6%  
3.0  0.38  7%  6%  3%  1%  0%  0%  
3.5  0.26  7%  5%  1%  0%  0%  0%  
4.0  0.19  7%  3%  1%  0%  0%  0%  

Table 5-5. Probability of exceedance of DSs for SCBs excluding PEQ 

Target β ' 6 
Probability of exceedance of other damage states 

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% 

Table 5-6. The DI s  for various 6s for TCBs 

Target β ' 6  Design DI' Probability of exceedance of other damage states 
DS1 DS2 DS3 DS4 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% 

Table 5-7. The DI s  for various 6s for FCBs 

Target β ' 6  Design DI' Probability of exceedance of other damage states 
DS1 DS2 DS3 DS4 DS5 DS6 

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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Chapter 6. Tables 

Table 6-1. Damage index for repaired columns NHS1-R and NHS2-R 

Name Damage State 
Repaired Column 

ΔY ΔC ΔD 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 

Table 6-2. Damage index for original columns NHS1 and NHS2 

Name Damage State 
Original Column 

ΔY ΔC ΔD DIR 

in in in 
NHS1 DS3 1.40 7.54 2.53 0.18 
NHS2 DS3 1.00 6.41 2.82 0.34 

Table 6-3. Original cantilever column design properties 

Original Column 
Column 

Configuration 
Diameter Height 

Steel Ratio 
ΔY ΔC Longitudinal Transverse 

in [mm] in [mm] % % in [mm] in [mm] 
Cantilever 72 [1829] 360 [ 9144] 2 0.84 4.0 [102] 16.5 [419] 

Table 6-4. Modified steel properties for repaired columns 

Damage 
State α 

Point A Point B Point C 
Stress 

Strain 
Stress 

Strain 
Stress 

Strain [ksi] [MPa] [ksi] [MPa] [ksi] [MPa] 
DS-5 0.2 68 469 0.012 95 655 0.046 95 655 0.060 
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Table 6-5. CFRP material properties (Tyfo® SCH-41 composite using Tyfo® 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 106 [82 Gpa] 

Nominal laminate thickness 0.04 in. [1 mm] 

Table 6-6. CFRP confined concrete properties for repaired columns 

Repaired Column 
f  co f  cu  cu 

[ksi] [Mpa] [ksi] [Mpa] 
Cover 4.56 31.4 6.96 50.0 0.01512 

Core 5.56 38.3 7.96 54.9 0.01678 

Table 6-7. Repair design for the cantilever column for DI = 0.15 

Repaired Column 

Target DI CFRP Layers 
ΔY ΔC ΔD DI, Calculated 

in [mm] in [mm] in [mm] 
0.15 7 11.1[282] 23.0 [584] 12.8 [325] 0.15 
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Table 6-8. DIL for repaired cantilever column for T = 1000 

NGA No. ΔD DIL 

FA
R

 F
IE

LD

169 9.92 -0.10 
338 11.72 0.05 
729 16.15 0.42 
778 17.26 0.52 
900 10.96 -0.01 
978 14.01 0.24 
995 9.06 -0.17 

1003 9.63 -0.13 
1107 8.16 -0.25 
1203 10.86 -0.02 

N
EA

R
 F

IE
LD

 

160 14.39 0.28 
180 23.66 1.00 
183 13.69 0.22 
368 10.66 -0.04 
461 13.89 0.23 
529 10.18 -0.08 
723 13.42 0.19 
752 9.00 -0.18 
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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Chapter 2. Figures 

Damage State 1 Damage State 2 Damage State 3 

Damage State 4 Damage State 5 Damage State 6 

Figure 2-1. Possible apparent damage states of bridge columns 
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Figure 2-2. Correlation between damage states and damage indices 

Figure 2-3. Fragility curve using lognormal distribution 
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PDF R, resistance 
L, load effect R-L, safety margin 

Probability 
of failure 

0 
R, L 

Figure 2-4. Probability distribution functions of load, resistance, and safety margin 
(Nowak & Collins 2000). 

Figure 2-5. Graphical representation of reliability index and probability of failure 
(Cornell 1969) 
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Chapter 3. Figures 

Figure 3-1. Plan and elevation of four span bridge (Saiidi et al. 2013) 

124 



 
 

 

98in [2.49m] 

1.
5i

n 
[0

.0
4m

] 

72in [1.83m] 

12in [305mm] 5.
5i

n 
[1

40
m

m
] 

15in [0.38m] 

15in [381mm] See
 Cap Beam Sections

 (Sheet 3) 

 

30in [0.76m] 

12
in

 [3
05

m
m

] 

63in [1.6m] 

12
in

 [3
05

m
m

] 

See Bent 3 Footing
 (Sheet 9) 

36in [0.91m] 108in [2.74m] 

Elevation View Side View 

5.
5i

n 
[1

40
m

m
] 

 

98in [2.49m] 15in [381mm] 

84in [2.13m] 12in [305mm] 

1.
5i

n 
[3

8m
m

] 
15in [381mm] See

 Cap Beam Section 

5.
5i

n 
[1

40
m

m
] 

18in [457mm] 

12
in

 [3
05

m
m

] 

63in [1.6m] 

12
in

 [3
05

m
m

] 

 Dimensions (Sheet 3) 

See Bent 1&2 Footings
 (Sheet 8) 

36in [0.91m] 108in [2.74m] 

Elevation View Side View 

5.
5i

n 
[1

40
m

m
] 

 
 

 

15in [0.38m] 98in [2.49m] 

60in [1.52m] 

12in [305mm] 

See 15in [381mm]
 Cap Beam Sections 

18in [457mm] 

1.
5i

n 
[0

.0
4m

]

5.
5i

n 
[1

40
m

m
] 

12
in

 [3
05

m
m

] 

63in [1.6m] 

12
in

 [3
05

m
m

]  (Sheet 3) 

See Bent 1&2 Footings
 (Sheet 8) 

36in [0.91m] 108in [2.74m] 

Elevation View Side View 

5.
5i

n 
[1

40
m

m
] 

 

 

 

 
 
 

Bent 1 

Bent 2 

Bent 3

Figure 3-2. Bents configuration (Saiidi et al. 2013) 
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Damage State 1 (after test 1D) Damage State 2 (after test 3) 

Damage State 3 (after test 4D) Damage State 4 (after test 5) 

Damage State 5 (after test 6) Damage State 6 (after test 7) 
Figure 3-3. Apparent damage states for bent 1 East column bottom plastic hinge 

126 



 

 

 

Damage State 1 (after test 1D) Damage State 2 (after test 4C) 

Damage State 3 (after test 4D) Damage State 4 (after test 6) 

Damage State 5 (after test 7) 
Figure 3-4. Apparent damage states for bent 1 East column top plastic hinge 
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Damage State 1 (after test 3) Damage State 2 (after test 4A) 

Damage State 3 (after test 4D) Damage State 4 (after test 5) 

Damage State 5 (after test 7) 
Figure 3-5. Apparent damage states for bent 1 West column bottom plastic hinge 
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Damage State 1 (after test 1D) Damage State 2 (after test 4D) 

Damage State 3 (after test 5) Damage State 3 (after test 7) 

Figure 3-6. Apparent damage states for bent 1 West column top plastic hinge 
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Damage State 1 (after test 3) Damage State 3 (after test 5) 

Damage State 4 (after test 6) 
Figure 3-7. Apparent damage states for bent 2 East column bottom plastic hinge 
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Damage State 1 (after test 3) Damage State 2 (after test 5) 

Damage State 3 (after test 6) 
Figure 3-8. Apparent damage states for bent 2 East column top plastic hinge 
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Damage State 1 (after test 2) Damage State 2 (after test 5) 

Damage State 3 (after test 6) Damage State 4 (after test 7) 
Figure 3-9. Apparent damage states for bent 2 West column bottom plastic hinge 
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Damage State 1 (after test 2) Damage State 2 (after test 6) 

Figure 3-10. Apparent damage states for bent 2 West column top plastic hinge 
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Damage State 1 (after test 3) Damage State 2 (after test 4D) 

Damage State 3 (after test 5) Damage State 4 (after test 7) 
Figure 3-11. Apparent damage states for bent 3 East column bottom plastic hinge 
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Damage State 2 (after test 4D) Damage State 3 (after test 5) 

Damage State 4 (after test 6) 
Figure 3-12. Apparent damage states for bent 3 East column top plastic hinge 
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Damage State 1 (after test 3) Damage State 4 (after test 4D) 

Damage State 5 (after test 6) 
Figure 3-13. Apparent damage states for bent 3 West column bottom plastic hinge 
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Damage State 3 (after test 4D) Damage State 4 (after test 5) 

Figure 3-14. Apparent damage states for bent 3 West column top plastic hinge 

137 



 

60 
0 25 

Displacement  [mm] 
51 76 102 127 152 

267 

50 222 
Fo

rc
e 

 [k
ip

s]
 

40 178 

30 133 

20 89 

10 44 

0 0 
0 1 2 3 4 5 6  

Displacement [in] 

Fo
rc

e 
 [k

N
] 

Displacement  [mm] 
0  25 51 76  102  127  152  

60 267 

50 222 

Fo
rc

e 
 [k

ip
s]

 

40 178 

30 133 

20 

10 

Backbone Curve 
Idealized Curve 

89 

44 

0 0 
0 1 2 3 4 5 6  

Displacement [in] 

Fo
rc

e 
 [k

N
] 

Figure 3-15. Bent 1 measured force-displacement hysteresis curves and envelope 

Figure 3-16. Bent 1 measured envelope and idealized force-displacement curve 
 

138 
 



 

35 

30 

0 25 
Displacement  [mm] 

51 76 102 127 
156 

133 
Fo

rc
e 

 [k
ip

s]
 

25 111 

20 89 

15 67 

10 44 

5 22 

0 0 
0 1 2 3 4 5

Displacement [in] 

Fo
rc

e 
 [k

N
] 

Displacement  [mm] 
0  25 51 76  102  127  

35 156 
30 133 

Fo
rc

e 
 [k

ip
s]

 

25 111 
20 89 
15 67 
10 
5 

Backbone Curve 
Idealized Curve 

44 
22 

0 0 
0 1 2 3 4 5

Displacement [in] 

Fo
rc

e 
 [k

N
] 

 

Figure 3-17. Bent 2 measured force-displacement hysteresis curves and envelope 

 

Figure 3-18. Bent 2 measured envelope and idealized force-displacement curve 
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Figure 3-19. Bent 3 measured force-displacement hysteresis curves and envelope 

Figure 3-20. Bent 3 measured envelope and idealized force-displacement curve 
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Figure 3-21. Idealized pushover curve and damage states for bent 1 East column 

Figure 3-22. Idealized pushover curve and damage states for bent 1 West column 
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Figure 3-23. Idealized pushover curve and damage states for bent 2 East column 
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Figure 3-24. Idealized pushover curve and damage states for bent 2 West column 
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Figure 3-25. Idealized pushover curve and damage states for bent 3 East column 

Figure 3-26. Idealized pushover curve and damage states for bent 3 West column 
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Figure 3-27. Combined fragility curves of response parameters 
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Chapter 4. Figures 

Figure 4-1. Far-field ground motions response spectrum of site class B/C 

Figure 4-2. Near-field ground motions response spectrum of site class B/C 
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Figure 4-3. Far-field ground motions response spectrum of site class D 

Figure 4-4. Near-field ground motions response spectrum of site class D 
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Figure 4-5. USGS Interactive Deaggregation Tool (Beta) 
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Figure 4-6. Site location (latitude = 34.05, longitude = -118.25) 

Figure 4-7. Design spectrum for site class B/C 
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Figure 4-8. Design spectrum for site class D 

Figure 4-9. Mander’s confined and unconfined concrete model 
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Figure 4-10. Steel stress strain model 

Figure 4-11. Typical idealized pushover curve 
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Figure 4-12. Typical single column bents configuration 

Figure 4-13. Typical two column bents configuration 
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Figure 4-14. Typical four Column Bents configuration 
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Figure 4-15. Force-displacement hysteresis curves for far-field GMs 
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 Figure 4-16. Force-displacement hysteresis curves for near-field GMs 
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Figure 4-17. Fragility curves for SCBs with four foot diameter columns for Site D 
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Figure 4-18. Reliability indices for SCBs with four foot diameter columns for Site D 
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Figure 4-19. Fragility curves for SCBs with six foot diameter columns for Site B/C 
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Figure 4-20. Reliability indices for SCBs with six foot diameter columns for Site B/C 
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Figure 4-21. Fragility curves for SCBs with six foot diameter columns for Site D 
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Figure 4-22. Reliability indices for SCBs with six foot diameter columns for Site D 
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Figure 4-23. Fragility curves for SCBs with six foot diameter columns for Site D 
analyzed under 1500-year earthquake 
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Figure 4-24. Mean DIL for T=1000 and 1500-year earthquake 
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Figure 4-25. Reliability indices for SCBs with six foot diameter columns for Site D 
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Figure 4-26. Reliability indices for T=1000 and 1500-year earthquake 
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Figure 4-27. Fragility curves for TCBs with five foot diameter columns for Site D 
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Figure 4-28. Reliability indices for TCBs with five foot diameter columns for Site D 
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Figure 4-29. Fragility curves for TCBs with six foot diameter columns for Site D 

167 



 

 

 

Figure 4-30. Reliability indices for TCBs with six foot diameter columns for Site D 
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Figure 4-31. Fragility curves for FCBs with four foot diameter columns for Site D 
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Figure 4-32. Reliability indices for FCBs with four foot diameter columns for Site D 
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Figure 4-33. Combined fragility curve for SCBs  
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Figure 4-34. Histogram for SCBs with lognormal fit 
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Figure 4-35. Combined fragility curve for TCBs 
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Figure 4-36. Histogram for TCBs with lognormal fit 
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Figure 4-37. Combined fragility curve for FCBs  

Figure 4-38. Reliability indices comparison 
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Chapter 5. Figures 

Figure 5-1. Displacement demand for different spiral ratios 

Figure 5-2. Definition of column failure 
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Figure 5-3. The target 6 for a given design DI   for SCBs 

Figure 5-4. The target 6 for a given design DI   for TCBs 

Figure 5-5. The target 6 for a given design DI   for FCBs 
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Chapter 6. Figures 

NHS1-R (DS3) NHS1-R (DS6) 

NHS2-R (DS3) NHS2-R (DS6) 
Figure 6-1. Damage states for repaired columns 
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Figure 6-2. Resistance fragility curve for DS2 in conventional columns 

Figure 6-3. Stress-strain curves for steel with reversed loading (Park and 
Paulay 1975) 
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Figure 6-4. Original and modified stress-strain relationship for steel 
(Vosooghi and Saiidi 2010) 

Figure 6-5. Modified stress-strain relationship for steel used for cantilever SCB 
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Figure 6-6. Moment curvature curves for the original and repaired columns 

Figure 6-7. Idealized force-Displacement curves for the original and repaired 
columns 
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Figure 6-8. Fragility curve for DIL for the repaired column 

Figure 6-9. Reliability indices for the repaired column 

180 



 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix A- Column Design Using Direct Formulation of PDCA 

Four design examples for a single column bent (SCB) are presented in this appendix.  These 
examples are associated with the two design scenarios discussed in Chapter 5.  

Example A-1: Determine reliability index against failure (  6 ) for a circular bridge 
column deigned to be at 50% probability of exceedance of DS3 (or DI=0.35) under 1000-
year earthquake for site class D.  Also, determine the reliability index against other 
damage states (DS3, DS4, and DS5).  The properties of the column to be designed are 
listed in Table A-1. 

Table A- 1. Column properties 

Site Class Configuration Diameter Height Steel Ratio 
in ft Longitudinal

 D Cantilever 72 30 2% 

Solution:  The procedure to design a column for given DI, and reliability indices charts 
described in Sections 4.5.1 and 4.7.1.3, respectively are used to solve this example using 
the following steps: 

Step 1.   Design the column for DI of 0.35 (or 50% probability of exceeding DS3) using 
the procedure described in Section 4.5.1. 

Table A- 2. The properties of the column designed for DI of 0.35 

Site Diameter Height Steel Ratio Period ΔY ΔD ΔC DI 
Class 

Configuration 
in ft Long. Trans. Sec in in in

 D Cantilever 72 30 2% 0.84% 1.04 3.97 8.58 17.00 0.35 

Step 2.   Determine the reliability index against failure and other damage states using 
charts in Figure 4-22.  Figure A-1 shows the reliability indices for DS3 and higher for 
SCB designed for DI of 0.35.   
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Figure A- 1. Reliability indices for SCB designed for DI = 0.35 

Note: The reliability indices charts described in Chapter 4 are only applicable when the 
column is to be designed for a DI of 0.35.   

Example A-2: Determine  6  for a single-column bent designed for DI of 0.40 (or 65% 
probability of exceeding DS3).  The properties of the column designed for 1000-year 
earthquake and site class D are listed in Table A-1.  Assume a bridge design life of t = 75 
years (AASHTO 2010). 

Solution:  The direct PDCA method described in Chapter 5 is used to solve this example 
using the following steps: 

Step 1.   Design the column for DI of 0.40 using Section 4.5.1.  Table A-3 lists the 
properties of SCB designed for DI of 0.40. 

Table A- 3. The properties of the column designed for DI of 0.40 

Site Diameter Height Steel Ratio Period ΔY ΔD ΔC DI 
Class 

Configuration 
in ft Long. Trans. Sec in in in

 D Cantilever 72 30 2% 0.74% 1.04 3.93 8.56 15.86 0.40 

Step 2.   Determine  , L , and L  corresponding to DI of 0.40.  For single column bents, 
L and L  are equal to 0.325 and 0.204, respectively (Table 5-2).  Because Tables 5-4, 5-
6, and 5-7 are based on the cumulative data for bents designed for tentative DI of 0.35, 
the factor of 0.35 is to be used to calculate α (Section 5.4). 

  0.40  = 1.14 (Eq. 5-6) 0.35 
 L   L  1.14  0.325  0.371 (Eq. 5-4) 
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 L   L  1.14  0.204  0.233 (Eq. 5-4) 
Where L and L are the mean and standard deviation of the combined DI L data for SCBs 
(Section 5.5). 

Step 3.  Use Eqs. 2-8 to 2-12 to determine   .  Note that  and   for DS6 are one and 6 R R 

zero, respectively (Table 5-1). 

    2 1  R L  ln ' 2   L  R 1     6  = 2.0  (Eq. 2-8)  (This value does not include PEQ.) 
2 2 ln R 1 L 1 

' 
'   Where  L  L 

'  0.628 and  R  R  0 L R 

   
1 

t 

PEQ 1 1   0.072256 (Eq. 2-9) 
 T 

PCF|PEQ =1    6 = 0.0227501  (Eq. 2-11), [use Table A-4 to determine   6 ]

PCF ∩ PEQ = (PCF|PEQ) × (PEQ)=  0.0016438 (Eq. 2-10) 

 6  1  PCF  PEQ  = 2.94  (Eq . 2-12)  (included PEQ) [ use Table A-4 to 
back

calculate  6 ] Where  is defined as normal standard distribution function.   6  is 2.94 for column 
designed for DI  of 0.40.  Similarly, Eqs. 2-8 to 2-12 can be used to calculate reliability 
indices for other damage states by selecting the corresponding R and  R  from Table 5-1. 
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13 ¢(13) 13 ¢(13) 13 ¢(13) 13 ¢ (13) e ¢ (1:3) 

0.00 0.50000 0.90 0.81594 1.70 0.95543 2.50 0.99379 3.30 0.99952 
0.02 0.50798 0.92 0.82121 1.72 0.95728 2.52 0.99413 3.32 0.99955 
0.04 0.51595 0.94 0.82639 1.74 0.95907 2.54 0.99446 3.34 0.99958 
0.06 0.5 2392 0.96 0.83147 1.76 0.96080 2.56 0.99477 3.36 0.99961 
0.08 0.53188 0.98 0.83646 1.78 0.96246 2.58 0.99506 3.38 0.99964 
0.10 0.53983 1.00 0.84134 1.80 0.96407 2.60 0.99534 3.40 0.99966 
0.12 0.54776 1.02 0.84614 1.82 0.96562 2.62 0.99560 3.42 0.99969 
0.14 0.55567 1.04 0.85083 1.84 0.96712 2.64 0.99585 3.44 0.99971 
0.16 0.56356 1.06 0.85543 1.86 0.96856 2.66 0.99609 3.46 0.99973 
0.18 0.57142 1.08 0.85993 1.88 0.96995 2.68 0.99632 3.48 0.99975 
0.20 0.57926 1.10 0.86433 1 .90 0.97128 2.70 0.99653 3.50 0.99977 
0.22 0.58706 1.12 0.86864 1.92 0.97257 2.72 0.99674 3.52 0.99978 
0 .211 0.59483 1.14 0.87286 1 .911 0.97381 2.74 0 .99693 3 .5d 0.99980 
0.26 0.60257 1.16 0.87698 1.96 0.97500 2.76 0.99711 3.56 0.99981 
0.28 0.61026 1.18 0.88100 1.98 0.97615 2.78 0.99728 3.58 0.99983 
0.30 0.61791 1.20 0.88493 2.00 0.97725 2.80 0.99744 3.60 0.99984 
0.32 0.62552 1.22 0.88877 2 .02 0.97831 2.82 0.99760 3.62 0.99985 
0.34 0.63307 1.24 0.89251 2 .04 0.97932 2.84 0.99774 3.64 0.99986 
0.36 0.64058 1.26 0.89617 2 .06 0.98030 2.86 0.99788 3.66 0.99987 
0.38 0.64803 1.28 0.89973 2.08 0.98124 2.88 0.99801 3.68 0.99988 
0.40 0.65542 1.30 0.90320 2.10 0.98214 2.90 0.99813 3 .70 0.99989 
0.42 0.66276 1.32 0.90658 2.12 0.98300 2.92 0.99825 3.72 0.99990 
0.44 0.67003 1.34 0.90988 2.14 0.98382 2.94 0.99836 3.74 0.99991 
0.46 0.67724 1.36 0.91309 2.16 0.98461 2.96 0.99846 3.76 0.99992 
0.48 0.68439 1 .38 0.91621 2.18 0.98537 2.98 0.99856 3.78 0.99992 
0.50 0.69146 1.40 0.91924 2.20 0.98610 3.00 0.99865 3.80 0.99993 
0.52 0.69847 1.42 0.9 2220 2.22 0.98679 3.02 0.99874 3.82 0.99993 
0.54 0.70540 1.44 0.92507 2.24 0.98745 3.04 0.99882 3.84 0.99994 
0.56 0.71226 1.46 0.92785 2 .26 0.98809 3.06 0.99889 3.86 0.99994 
0.58 0.71904 1.48 0.93056 2.28 0.98870 3.08 0.99896 3.88 0.99995 
0.60 0.72575 1.50 0.93319 2.30 0.98928 3.10 0.99903 3.90 0.99995 
0.62 0.73237 1.52 0.93574 2.32 0.98983 3.12 0.99910 3.92 0.99996 
0.64 0.73891 1.54 0.93822 2.34 0.99036 3.14 0.99916 3.94 0.99996 
0.66 0.74537 1.56 0.94062 2.36 0.99086 3.16 0.99921 3 .96 0.99996 
0.68 0.75175 1.58 0.94295 2.38 0.99134 3.18 0.99926 3.98 0.99997 
0.70 0.75804 1.60 0.94520 2 .40 0.99180 3.20 0.99931 4.00 0.99997 
0.72 0.76424 1.62 0.94738 2.42 0.99224 3.22 0.99936 
0.74 0.77035 1.64 0.94950 2.44 0.99266 3.24 0.99940 
0.76 0.77637 1.66 0.95154 2.46 0.99305 3.26 0.99944 
0.78 0.78230 1.68 0.95352 2 .48 0.99343 3.28 0.99948 

Table A- 4.  Cumulative Distribution Function of Standard Normal (  (β)) 
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Example A-3: Determine design damage index ( DI  ) for a bridge column for a target  6 
of 3.5 under 1000-year earthquake for site class D and design the transverse 
reinforcement for this DI.  The properties of the column are listed in Table A-1. 

Solution:  The direct PDCA method described in Chapter 5 is used to solve this example 
using the following steps: 

Step 1.   Determine DI  for a given  6 of 3.5 from Table 5-4. 
DI  = 0.26 

Step 2.   Design column for a target DI  of 0.26 using Section 4.5.1.  Table A-5 lists the 
transverse steel ratio and the properties of the column designed for DI   of 0.26. 

Table A- 5. The properties of the column designed for DI  of 0.26 

Site Class Configuration Diameter H/D Steel Ratio Period ΔY ΔD ΔC DI' 
in Longitudinal Transverse Sec in in in

 D Cantilever 72 5 2% 1.23% 1.04 4.12 8.60 21.30 0.26 

Example A-4: Determine the reliability index for DS3, DS4, and DS5 for SCB designed 
for DI  of 0.26 in Example A-3 (associated with  6  of 3.5).  Assume a bridge design life 
of t=75 years. 

Solution:  The direct PDCA method described in Chapter 5 is used to solve this example 
using the following steps: 

Step 3.   Using the same procedure as used in step 3 of Example A-2 the new L  and L , 
can be calculated as:   

   = 0.743 (Eq. 5-6) 0.26 
0.35

 L   L  0.743  0.325  0.241 (Eq. 5-4) 
 L   L  0.743  0.204  0.152 (Eq. 5-4) 

Step 4.   Having L and  L , the reliability indices against DS3 and higher can be 
calculated using Eqs. 2-8 to 2-12.  For example reliability index against DS3 ( R  = 0.375 
and  R  = 0.100 (Table 5-1)) can be calculated as: 

 R  L2 1  ln  
  '  2  1 L R 

 
  3     = 0.90  (Eq. 2-8)  (This value does not include PEQ) 

ln  2 2 
R 1  L 1
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 ' 
  ' L  Where  R 

L   '  0.63  and   R   0.27  L R 

PEQ  1 1  1 



t 

 0.07225 (Eq. 2-9)
 T 

(PCF|PEQ=1  = 0 3 .18406  (Eq. 2-11), [use Table A-4 to determine   
]3 

PCF ∩ PEQ= (PCF|PEQ)×(PEQ)=  0.013298 (Eq. 2-10) 
3  1  PCF  PEQ  = 2.22  (Eq . 2-12)  (included PEQ), [ use Table A-4 to

back
calculate  3 ] 

Where, subscript 3 represents the reliability index for DS3. The same procedure can be 
followed to determine reliability index against DS4 and DS5 by selecting the 
corresponding R and  R  from Table 5-1. The reliability indices for different damage states 
when the column was designed for DI   of 0.26 are listed in Table A-6.  

Table A- 6. Reliability indices for the column designed for DI of 0.26 

Direct Method 
Damage State Reliability Index 

DS3 2.2 
DS4 2.7 
DS5 3.2 
DS6 3.5 
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