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Abstract 

Bridges are key components in the transportation network providing access for 

emergency response vehicles following major earthquakes.  The strong and long period 

velocity pulse in the fault-normal component of near-fault ground motions exposes 

structures in near-fault regions to high input energy that could result in high residual 

displacements in bridge columns.  The residual displacement in bridges plays a key role 

in assessing whether a bridge should be kept open to traffic or closed for repair or 

replacement.  Currently there are no reliable provisions to account for residual 

displacements caused by near-fault earthquakes in design of reinforced concrete bridge 

columns.  The main objective of the study was to develop a new guideline for the design 

of reinforced concrete bridge columns subjected to near-fault earthquakes.  The goal of 

the study was achieved through the following tasks: (1) determine the adequacy of 

existing computer models to estimate residual displacements by comparing the results of 

the experimental data for six large-scale reinforced concrete bridge columns to those of 

nonlinear dynamic analyses, (2) determine the residual moment capacity of reinforced 

concrete columns as a function of maximum displacement ductility, (3) determine critical 

residual displacement limit with respect to structural performance, (4) develop a simple 

method to estimate residual displacement, (5) develop residual displacement spectra for 

different displacement ductilities, soil conditions, and earthquake characteristics, (6) 

develop a step-by-step design guideline to control the residual drift ratio utilizing the 

simple method or residual drift spectra with an illustrative example, and (7) evaluate the 

impact of the proposed design guidelines in terms of cost by redesigning several 

representative bridges from different parts of the United States.  The analysis of residual 

drift ratio limits indicated that circular bridge columns meeting current seismic codes are 

able to carry large traffic loads even when the permanent lateral drift is 1.2% or higher, 

depending on the column strength and geometry.  It was found that residual drift ratio is 

negligible (less than 1%) when one-second spectral acceleration is less than 0.4g.  Also, 

utilizing the proposed design method to control residual drift ratio has negligible effect 

on the overall cost of the bridge. 
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Chapter 1. Introduction  

1.1.      General Remarks 

Near-fault ground motions have caused much damage during recent major 

earthquakes.  Failures of modern engineered structures observed within the near-fault 

region in the 1994 Northridge earthquake revealed the vulnerability of existing structures 

against near-fault ground motions.  Following the 1995 Kobe earthquake, Kawashima et 

al. (1998) reported that over 100 reinforced concrete bridge columns with a residual drift 

ratio of over 1.75% were demolished even when the bridge had not collapsed.  The 1999 

Kocaeli, Duzce, and Chi-Chi earthquakes renewed attention on the consequences of near-

fault ground motions on structures.  During those earthquakes in Turkey and Taiwan, 

bridges spanning adjacent to or across the ruptured fault line experienced extensive 

damage (Chang et al. 2000; Yen et al. 2001).  Field investigations report that one 

overpass collapsed in Turkey and five bridges collapsed in Taiwan due to fault rupture at 

the site (Yen et al. 2001).   

In sites located in front of fault rupture direction, strong velocity pulses associated 

with large ground displacements can potentially cause substantial damage.  Bridge 

columns are expected to undergo large inelastic deformations during severe earthquakes 

that can result in residual lateral displacements particularly under near-fault ground 

motions.  Residual drift ratio is an important measure of post-earthquake functionality in 

bridges and can determine whether a bridge should be kept open to traffic or closed for 

repair or replacement.  A bridge closure, even if it is temporary, can have tremendous 

consequences because bridges often provide vital links in transportation systems.  After 

an earthquake, closure of a bridge can impair emergency response operations.  

Subsequently, the economic impact of a bridge closure increases with the length of time 

the bridge is out of commission, the importance of the traffic using the route, the traffic 

delay caused by detours, and the replacement cost for the bridge.   

Most current seismic design codes are based on research addressing far-field 

earthquake effects, which do not include permanent drift.  Except for unusual bridges in 

which site specific ground motions used in nonlinear response history analyses could 

reveal permanent deformation, there are no reliable provisions to account for residual 

displacements caused by near-fault earthquakes in design of reinforced concrete bridge 

columns.  The present research was aimed at developing a new guideline for the design of 

reinforced concrete bridge columns subjected to near-fault earthquake motions. 

1.2.      Characteristics of Near-Fault Ground Motions 

The detrimental effects of near-fault ground motions have been recognized during 

recent major earthquakes (Northridge 1994, Kobe 1995, Kacaeli 1999, Duzce 1999, Chi-

Chi 1999).  Compared to far field ground motions, phenomena such as forward 

directivity and fling step are common to near-fault ground motions and can produce a 

short duration, high amplitude velocity pulse.  These pulse-type motions can place severe 

demands on structures in the near-field region.  The AASHTO Guide Specification for 

LRFD Seismic Bridge Design (2011) requires site specific analysis when the bridge is 

located within 6 miles (10 km) of an active fault.  According to the California 

Department of Transportation (Caltrans) Seismic Design Criteria (SDC) (2010), for sites 
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located within 15.6 miles (25 km) of an active fault, the design spectrum should be 

modified to take into account the near-fault earthquake effects.   

The most unique characteristic of near-fault ground motions compared to far-field 

motions is forward directivity.  In the proximity of an active fault, ground motions are 

significantly affected by rupture mechanism, direction of rupture propagation with 

respect to the site, as well as the possible static deformation of the ground surface 

associated with fling step effects.  When the rupture propagates forward toward the site 

and the direction of slip on the fault is aligned with the site, ground motions oriented in 

this forward directivity path may follow certain radiation patterns and generate long 

period, short duration, and large amplitude pulses due to the accumulation of shear waves 

within a short time frame (Somerville 1998).  Such a distinct strong pulse arises in 

general at the beginning of the record, and the ground motions tend to increase the long 

period portion of the acceleration response spectrum (Somerville 1996; Somerville et al. 

1997; Galesorkhi and Gouchon 2002).  Forward directivity occurs where the fault rupture 

propagates with a velocity close to the shear wave velocity (Abrahamson 1998).  Because 

shear waves are transverse waves, the large pulse associated with such a shear wave 

velocity is oriented in the direction perpendicular to the fault, causing the fault normal 

peak velocity to be larger than the fault parallel peak velocity.  It is therefore necessary to 

specify separate records for the fault normal and fault parallel components of ground 

motions (Somerville 2003).  Not all structures within the near-field area will experience 

an impulsive type loading during the earthquake.  Records exhibit backward directivity 

are typically less severe and do not have distinctive velocity pulses (Somerville et al. 

1997).  This is because the arrival times for the waves from different parts of the ruptured 

fault are different, a distributed velocity history with smaller amplitudes and longer 

duration is expected (Somerville 2000).   

Fling step, which is a result of the evolution of residual ground displacement due 

to tectonic deformation associated with rupture mechanism, is generally characterized by 

a unidirectional large amplitude velocity pulse and a monotonic step in the displacement 

history (Kalkan et al. 2006).  It occurs in strike-slip faults in the strike parallel direction 

as in the Kocaeli and Duzce earthquakes (Kalkan et al. 2004), or in the strike normal 

direction for dip-slips faults as in the Chi-Chi earthquake (Mavroeidis and Papageorgiou 

2003).   

Additionally, simply due to the close proximity to the rupturing fault line, near-

fault ground motions generally have higher peak ground accelerations, velocities, and 

displacements. 

1.3.      Previous Research 

The near-fault ground motions and their effects on structures have been the 

subject of studies by a number of researchers.  Chopra et al. (2001) compared typical far-

field spectra to near-field spectra.  They concluded that for near-field ground motions, the 

velocity sensitive region of the response spectra is much narrower and their acceleration 

sensitive and displacement sensitive regions are much wider than for far-field motions.  

The narrower velocity sensitive region of near-fault records is shifted to longer periods.  

They stated that if design equations explicitly recognize the differences in the spectral 

regions, the same equations can be used for both far-field and near-field design.    
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Following the 1995 Kobe earthquake, Kawashima et al. (1998) reported that the 

column stiffness ratio, which is the post-yield stiffness divided by initial elastic stiffness, 

has a significant effect on the magnitude of residual displacement.  They concluded that 

the general trends in the relationship between residual displacement ratio response 

spectrum and column stiffness ratio are not significantly influenced by parameters such 

as earthquake magnitude, epicentral distance, soil condition, natural period, and ductility.  

Based on this finding, a residual displacement response spectrum was proposed for 

design of new bridge piers in Japan.  They stated that impulsive loads could potentially 

cause higher residual displacements than those predicted using their method. 

Christopoulos and Pampanin (2004) found that post-yielding stiffness, as well as 

hysteretic rule mostly influence residual deformations and the residual/maximum 

deformation ratio.  Also, the ductility level affects the response of elasto-plastic (EP) 

systems in terms of residual displacements more than the Takeda systems and more so for 

systems with low post-yield stiffness.  A framework for evaluating performance levels 

based on a combination of maximum and residual response indices were proposed.  

Nonlinear residual displacement spectra were computed for a number of SDOF hysteretic 

systems and consequently, design spectra based on residual/maximum displacement 

ratios were suggested as a function of effective secant period.  Tentative values of 

residual/maximum displacement ratios based on the mean plus one standard deviation 

results from 20 records with spectrum-compatible mean were suggested for use in design. 

In an experimental study by Zatar and Mutsuyoshi (2002), a new technique to 

reduce the biased or one-sided responses of reinforced concrete bridge piers under near-

fault ground motions was investigated.  Nine rectangular bridge columns with variable 

ratio of prestressing tendons to non-prestressing reinforcement and flexural to shear 

capacities in the form of cyclic loading and pseudo-dynamic testing were included in the 

experimental program.  Since conventionally reinforced concrete columns can exhibit 

high residual displacements and prestressed concrete columns show little ductility 

capacity, partially prestressed concrete (PPC) was recommended for bridge piers 

subjected to near-fault ground motions.  The study found that PPC specimens revealed 

very low residual displacements. 

Phan et al. (2005) studied the effect of near-fault ground motion on bridge 

columns designed based on current codes for far-field earthquakes.  Two columns were 

constructed and tested on a shake table at the University of Nevada, Reno.  One column 

represented the current Caltrans far-field design and the other was based on the AASHTO 

provisions.  The test results were compared to a similar column that was tested under far-

field motions (Laplace et al. 2005).  The results revealed that the bridge column models 

experienced at least a residual drift ratio of 1% even when the PGA of the record was 

0.5g, which is considered to be a moderate earthquake.  Also, they found that existing 

hysteresis models were unable to duplicate residual displacements accurately.  Based on 

this finding, a new hysteresis model and a framework to include residual displacement in 

reinforced concrete bridge column design under near-fault ground motions were 

proposed. 

Choi et al. (2007) tested four circular large-scale reinforced concrete bridge 

columns under near-fault ground motions in order to assess the impacts of the loading 

and the adequacy of near-fault seismic design codes.  The conclusions drawn from the 

study were that the high amplitude velocity pulse associated with near-fault loading 
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caused large residual displacements.  The fact that the models were designed based on 

near-fault seismic design spectra generally reduced the residual displacement.  However, 

the residual displacements were still relatively large even under moderate levels of 

motion.  The study also found that strain rates and the plastic hinge lengths for near-fault 

loading were comparable to those for far field motions.  In addition, the computer 

program DARC-O (Dynamic Analysis of Reinforced Concrete Columns with O-Hyst) 

was used to perform nonlinear dynamic analysis for the four bridge columns.  Based on 

the overall satisfactory correlation with the measured results and the simplicity of O-Hyst 

hysteresis model, this model was deemed adequate for capturing the magnitude of 

residual displacements of conventionally reinforced concrete bridge columns under near-

fault ground motions. 

Lee and Billington (2009) investigated the adequacy of nonlinear dynamic 

analysis with fiber element models in predicting the residual displacement.  They 

observed that a certain type of pinching in the hysteretic behavior led to poor simulation 

of residual displacement both in the lumped plasticity models and in fiber element 

models.  They implemented a modified concrete constitutive model that incorporates 

changes in the reloading behavior when moving from high tensile forces to compression 

to improve the estimation of residual displacements.  Also, the cyclic and dynamic 

response of both reinforced concrete and unbonded post-tensioned (UBPT) (as self-

centering to concrete highway bridge columns) systems for bridges were investigated and 

compared using a performance based earthquake engineering (PBEE) assessment 

methodology developed by the Pacific Earthquake Engineering Research Center (PEER).  

In addition, the use of engineered cementitious composites (ECC) and steel jacketing in 

the columns was investigated using PEERôs PBEE methodology.  They found that both 

of the enhanced-performance UBPT systems show lower residual displacements at higher 

earthquake intensity level compared to the ordinary UBPT system.   

Yazgan et al. (2011) investigated the dynamic nonlinear response of 12 shake 

table reinforced concrete (RC) models.  They found that maximum displacements can be 

estimated with sufficient accuracy if the adopted hysteresis model takes into account 

stiffness degradation.  However, accurate estimation of the residual displacements was 

found difficult to achieve.  They stated that fiber-section models provide relatively more 

accurate estimation of residual displacements than modified Takeda hysteretic and 

bilinear models.  The sensitivity analyses indicated that the simulated residual 

displacements are significantly more sensitive to the model idealization than the 

maximum displacements are. 

1.4.      Objectives and Scope  

The main objective of the study was to develop a new practical guideline for the 

design of reinforced concrete bridge columns subjected to near-fault ground motions by 

incorporating an estimate and evaluation of residual lateral drift ratio.  To develop the 

design methods several other issues had to be studied and methods to address them had to 

be developed.  Residual drift could pose problems with respect to both aesthetics and 

safety.  While a limit state for the former would be subjective, safety aspects can be 

quantified.  As part of the study a comprehensive evaluation of residual drift ratios that 

would make the column unsafe was undertaken.  The goal of the study was achieved 

through the following tasks: (1) determine the adequacy of existing computer models to 
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estimate residual displacements under the fault-normal component of near-fault ground 

motions, (2) determine the residual moment capacity of reinforced concrete columns as a 

function of maximum displacement ductility, (3) determine critical residual displacement 

limit with respect to structural performance, (4) develop a simple method to estimate 

residual displacement, (5) develop residual displacement spectra for different 

displacement ductilities, different soil conditions, and earthquake characteristics, (6) 

develop a step-by-step design guideline with an illustrative example, and (7) evaluate the 

impact of the proposed design guidelines on the cost of bridges in different seismic 

zones.  To accomplish the first task, the results of the experimental data for six large-

scale reinforced concrete bridge columns were compared to those of nonlinear dynamic 

analyses.  To determine the residual moment capacity of RC columns, it was assumed 

that the residual moment capacity is a fraction of the plastic moment capacity of the 

column, and two models using measured data from previously tested columns were 

developed.  The acceptable residual drift ratio was determined by studying a large 

number of reinforced concrete bridge columns with different geometric and 

reinforcement parameters subjected to truck loading.  To accomplish the fourth task of 

the study, an empirical simple method using data from shake table testing of six bridge 

columns was developed and the results were compared with those from a method 

developed by the Applied Technology Council and the Japanese code.  To generate 

residual drift spectra, nonlinear response history analyses were conducted utilizing suites 

of recorded and synthetic acceleration histories representative of near-fault ground 

motions in various locations throughout the United States.  To accomplish the sixth task, 

based on the proposed simple method and residual drift spectra, a new step-by-step 

guideline for the design of reinforced concrete columns exposed to near-fault earthquakes 

was developed to control the residual drift ratio.  The cost impact of the proposed near-

fault earthquake design method was evaluated by redesigning several representative, 

actual bridges from different parts of the United States using the proposed design method 

and estimating the cost of the redesigned bridge relative to the original bridge design 

cost. 
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Chapter 2. Analytical Studies of Test Models 

2.1.      Introduction  

In previous studies by Phan et al. (2005) and Choi et al. (2007), six large-scale 

reinforced concrete bridge columns were tested under near-fault shake table motions in 

the Large Scale Structures Laboratory at the University of Nevada, Reno (UNR).  The 

focus of this chapter is on describing these columns and the analytical modeling and the 

results for these models with the objective of examining the validity of the modeling 

assumptions based on the correlation between the analytical and experimental results.  

This chapter also presents results to demonstrate the effect of applying multiple motions 

on residual displacements through an analytical investigation.   

2.2.      Column Models 

Six large-scale specimens were previously tested at UNR Large Scales Structures 

Laboratory (Phan et al. 2007; Choi et al. 2010) fixed at the base.  The columns were all 

flexure-dominated circular spiral columns tested as cantilever members.  The specimens 

were labeled NF-1, NF-2, MN, ETN, SETN, and SVTN, where ñNFò stands for ñnear 

faultò, ñMNò stands for ñmedium height near-fault columnò, ñETNò stands for ñextra tall 

near-fault columnò, ñSETNò stands for ñSomerville spectra extra tall near-fault columnò, 

and ñSVTNò stands for ñSomerville spectra very tall near-fault columnò.  Summary 

information about the column models are provided in this chapter.  Detailed information 

about NF1 and NF2 are provided in Phan et al. (2005) and for the rest of the columns are 

provided in Choi et al. (2007). 

Table 2.1 summarizes information for all six columns. 

2.2.1. NF-1 

The design of NF-1 was based on the 2004 Caltrans Seismic Design Criteria 

(SDC) version 1.3 (Caltrans 2004), but did not incorporate modifications for near-fault 

ground motions.  The design was based on a peak ground acceleration (PGA) of 0.6g, soil 

type D, and earthquake magnitude 7.0 to 7.5.  The column axial load was 80 kips (356 

kN) and the scale factor was 0.333. 

The specimen height was 72 in. (1830 mm) and was taken as the distance from 

the top of the footing to the centerline of the column head where the inertial load was 

applied.  Clear column height was 62 in. (1580 mm).  The diameter of the specimen was 

16 in. (406 mm).  The aspect ratio was 4.5, which allows for flexure-dominated behavior.  

The column longitudinal reinforcement consisted of 20-#4 bars spaced evenly in a 

circular pattern.  The transverse reinforcement consisted of galvanized steel wire with a 

diameter of 0.25 in. (6.35 mm) and a pitch of 1.5 in. (38.1 mm).  Clear cover was 0.75 in. 

(19.1 mm).  Details of NF-1 are shown in Fig. 2.1. 

2.2.2. NF-2 

The design of NF-2 was based on AASHTO 2002 Standard Specifications for 

Highway Bridges (AASHTO 2002).  Soil type, seismicity of the site, scale factor, and 

dimensions used in the design of NF-1 were also utilized in the design of NF-2.  Soil 

profile type II (stiff clay), acceleration coefficient of 0.6g, and axial load of 80 kips (356 



 

7 

 

kN) after utilizing the scale factor of 0.333.  The longitudinal reinforcement was made up 

of 22-#4 bars in a circular pattern.  The transverse reinforcement consisted of a 0.25 in. 

(6.35 mm) diameter galvanized steel wire spiral at a pitch of 1.25 in. (31.8 mm).  Clear 

cover was also 0.75 in. (19.1 mm).  Details of NF-2 can be seen in Fig. 2.2. 

2.2.3. MN 

The design of MN was based on the 2004 SDC version 1.3.  MN was comparable 

to NF-1; however, the current Caltrans acceleration response spectrum was modified to 

account for near-fault ground motions.  The goal was to determine the effect of using the 

Caltrans near-fault motion amplification factor on the response.  The difference between 

the two specimens was that MN had 45% more longitudinal and 49% more transverse 

steel than NF-1.  The design was based on a peak ground acceleration of 0.6g, soil type 

D, and earthquake magnitude 7.0 to 7.5.  Specimen MN was designed using the same 

initial parameters such as axial load index and design material properties, as those of NF-

1.  Axial load index is defined as the axial load divided by the product of column area 

and the specified concrete compressive strength.  The column axial load was taken as 724 

kips (3220 kN), which is 62 kips (276 kN) after using a scale factor of 0.3.  

The specimen height was 63 in. (1600 mm) and was taken as the distance from 

the top of the footing to the centerline of the column head where the inertial load was 

applied.  Clear column height was 53 in. (1346 mm).  The diameter of the specimen was 

14 in. (356 mm).  The aspect ratio was 4.5, which allows for flexure-dominated behavior.  

Column longitudinal reinforcement consisted of 22-#4 bars spaced evenly in a circular 

pattern.  Transverse reinforcement consisted of galvanized steel wire with a diameter of 

0.25 in. (6.35 mm) and a pitch of 1.125 in. (28.6 mm).  The clear cover was 0.5 in. (12.7 

mm).  Details of MN can be seen in Fig. 2.3. 

2.2.4. ETN 

The design of ETN was based on the 2004 SDC version 1.3.  ETN was 

comparable to MN; however, the initial period of the prototypes represented by these 

columns was different.  The prototype initial periods calculated based on cracked 

stiffness for MN and ETN were 0.66 and 1.5 sec., respectively.  The corresponding 

periods for the scaled models were 0.36 and 0.8 sec., respectively. 

This column was designed using the same initial parameters as those of MN.  The 

specimen height was 108.5 in. (2756 mm) and the clear column height was 98.5 in. (2502 

mm).  The diameter of the specimen was 14 in. (356 mm).  The aspect ratio was 7.75.  

The longitudinal reinforcement consisted of 22-#4 bars and the transverse reinforcement 

consisted of galvanized steel wire with a diameter of 0.25 in. (6.35 mm) and a pitch of 

1.0 in. (25.4 mm).  The clear cover was 0.5 in. (12.7 mm).  Figure 2.4 shows details of 

ETN. 

2.2.5. SETN 

SETN was designed to match the initial prototype period of ETN.  The Caltrans 

SDC provisions were used to design both columns; however the spectral acceleration for 

ETN was based on the current Caltrans near-fault spectrum whereas spectral acceleration 

for SETN was determined from the proposed near-fault design spectrum by Somerville 

(Choi et al. 2009).  The goal was to determine the effect of using different design spectra 
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on similar columns.  Figure 2.5 shows the modified spectrum for magnitude 7.5, 0.6g 

peak ground acceleration, and a site located 3.1 miles (5 km) from strike-slip fault.  

Compared to the Caltrans near-fault spectrum, the modified spectrum shows considerably 

higher spectral accelerations (SA) at the period of 1.25 seconds or higher.  At periods of 

less than 1.25 seconds, however, the Caltrans spectra have higher spectral accelerations.  

This column was designed using the same initial parameters as those of ETN.  

Moment magnitude of 7.5, acceleration coefficient of 0.6g, and axial load of 62 kips (276 

kN) after using the scale factor of 0.3.  The model dimensions were the same as those of 

ETN.  The longitudinal reinforcement was made of 18-#5 bars in a circular pattern.  The 

transverse reinforcement consisted of galvanized steel wire with a diameter of 0.25 in. 

(6.35 mm) and a pitch of 0.75 in. (19.1 mm).  The clear cover was 0.5 in. (12.7 mm).  

Details of SETN can be seen in Fig. 2.6. 

2.2.6. SVTN 

SVTN was designed based on the new near-fault earthquake design spectrum by 

Somerville. SVTN was comparable to SETN; however, the initial period of the 

prototypes represented by these columns was different.  The prototype initial periods for 

SETN and SVTN were approximately 1.5 and 2 sec., respectively.  The purpose of 

testing SVTN was to determine the response of a long-period column designed according 

to the new design spectrum.  SVTN was designed using the same initial parameters as 

those of SETN.  The column axial load was taken as 724 kips (3220 kN), which is 45 

kips (200 kN) for a column with a scale factor of 0.25. 

The specimen height was 98.5 in. (2502 mm) and the clear column height was 

88.5 in. (2248 mm).  The diameter of the specimen was 12 in. (305 mm).  The aspect 

ratio was 8.2.  The longitudinal reinforcement consisted of 17-#4 bars and the transverse 

reinforcement consisted of galvanized steel wire with a diameter of 0.25 in. (6.35 mm) 

and a pitch of 1.0 in. (25.4 mm).  The clear cover was 0.5 in. (12.7 mm).  Figure 2.7 

shows details of SVTN. 

2.3.      Shake Table Setup 

The shake table test setup schematic is shown in Fig. 2.8.  The test setup for all 

the columns was identical.  The mass rig system was connected to the head of the 

specimen via a rigid link.  To create the inertial mass, reinforced concrete blocks 

weighing approximately 20 kips (89.0 kN) each were placed as part of the mass rig 

system.  Total inertial mass of the system included the effective mass of the mass rig 

frame.  To provide the specimen with the target axial load, a steel spreader beam was 

bolted to the top of the column head.  The axial load was applied using a hydraulic jack 

and prestressing bars anchored to the shake table.  

2.4.      Input Motions  

The fault normal component of the Rinaldi ground motion from the 1994 

Northridge earthquake was selected as input motion.  The distance from the station to 

fault was 4.4 miles (7.1 km).  The fault normal component of this motion has a peak 

ground acceleration of 0.838 g, a peak ground velocity of 65.4 in/s (1660 mm/s), and a 

peak ground displacement of 11.3 in (289 mm).  In SETN and SVTN, the RRS  (ñRinaldi 

Receiving Stationò) motion was applied for high amplitude tests to place high ductility 
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demand on the columns.  The RRS record was synthetic motion generated by matching 

the Rinaldi motion to the new acceleration response spectrum developed by Somerville 

(Choi et al. 2009).  Figures 2.9 and 2.10 show full-scale acceleration and velocity 

histories for Rinaldi and RRS motions, respectively.  Similar to the Rinaldi motion, the 

RRS velocity record showed a clear pulse with a peak ground velocity of 63.4 in/s (1610 

mm/s), a peak ground acceleration of 0.626g, and a peak ground displacement of 22.1 in 

(562 mm). 

The loading protocol for all the columns consisted of small amplitude motions 

followed by motions with gradually increasing amplitudes from one motion to the next 

until the columns failed or the shake table reached its limits.  Failure was defined as 

rupture in the reinforcements.  Table 2.2 presents the loading protocol for all the 

columns.   

The most unique response seen in shake table testing of the specimens was the 

relatively large residual displacements even under moderate motions.  Figures 2.11 shows 

the specimens after the last test. 

2.5.      Analytical Investigation 

A nonlinear dynamic analysis program, OpenSees (Open System for Earthquake 

Engineering Simulation) was utilized to create the analytical models and perform 

nonlinear dynamic analysis of the columns.  OpenSees is an open-source software 

framework created at the Pacific Earthquake Engineering Research Center (OpenSees 

2006) for simulating the seismic response of structural and geotechnical systems.  This 

software has advanced capabilities for modeling and analyzing the linear and nonlinear 

behavior of structural systems using a variety of constitutive material models, elements 

and solution, algorithms. 

2.5.1. Components of the Model 

The schematic analytical model of the test specimens is shown in Fig. 2.12.  The 

model included mass rig system and footing.  Hence, a three-dimensional model was 

created. 

The cantilever column was modeled using force based nonlinear beam column 

elements discretized into fiber sections.  Compared to displacement based elements, by 

using force based elements response converges faster and generally improves without 

mesh refinement (OpenSeesWiki).  The column element was divided into four equal 

segments with five integration points, where the force-displacement state of the segment 

was determined by integrating the stress-strain characteristics of the fiber at the specific 

point.  The element response can be obtained by integration of the segment deformations 

along the length of the member.  In fiber element method, the fiber forces and 

deformations are linked through equilibrium between external forces and fiber forces and 

compatibility among fiber deformation.  The fiber deformations are such that plane 

sections remain plane after deformation.  In fiber sections, the cross section was divided 

into fibers representing the uniaxial characteristic of core (confined) concrete, steel fibers 

as longitudinal bars, and cover fibers (unconfined).  In addition to fiber elements, a spring 

was included in the model to capture bond slip effect.  The spring was defined at the end 

of the column with a zero length element.  
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In order to represent the additional forces transferred to the column due to the p-

delta effects, the mass rig was modeled using an elastic beam column element with a pin 

support.  In addition, a truss element was used to represent the rigid link connecting the 

mass rig and the head of the column.  In all models, measured material properties were 

assigned to the fibers.  

2.5.2. Material Models 

2.5.2.1. Concrete Models 

The ñuniaxialMaterial Concrete01ò was used to model the unconfined concrete 

fibers.  The stress-strain relationship described by Concrete01 follows the Kent-Scott-

Park model (Scott et al. 1982) with degraded linear unloading/reloading stiffness 

according to the work of Karsan and Jirsa in compression and no tensile strength.  Figure 

2.13 shows the typical stress-strain relationship for this model.  In all the column models 
'

cuf  was assumed to be '85.0 cf .  Also, ce and cue  were assumed to be 0.002 and 0.005, 

respectively to define the behavior of the unconfined fibers.  Table 2.3 lists the measured 

concrete compressive strengths on the day of testing for all columns.  These measured 

data was used to calculate the behavior of the confined fibers based on the Mander et al. 

(1988) model.  The confined concrete was modeled using the ñuniaxialMaterial 

Concrete02ò model, which includes the tensile strength with linear tension softening in 

the stress-strain relationship.  The compressive stress-strain envelope is modeled using 

the Kent and Park (1971) model.  The hysteresis behavior follows the model by Karsan 

and Jirsa (1969), where the loading/unloading follow linear patterns with degrading 

stiffness.  Figure 2.14 shows a typical hysteretic stress-strain relationship for Concrete02.  

2.5.2.2. Steel Model 

The ñuniaxialMaterial ReinforcingSteelò was used for the description of the 

stress-strain relationship in the longitudinal reinforcing steel.  In this model, the uniaxial 

stress-strain backbone curve and the hysteresis behavior are based on the Chang and 

Mander (1994) model.  To account for the reduction in area as the bar is stressed, the 

backbone curve is transformed from engineering stress space to natural stress space.  Six 

parameters are required to define the monotonic stress-strain envelope.  These parameters 

are yield stress, ultimate stress, modulus of elasticity, the initial slope of strain hardening 

branch, the strain at the beginning of strain hardening, and the ultimate strain.  Figure 

2.15 shows the material constants for ReinforcingSteel.  The measured longitudinal 

reinforcement properties are listed in Table 2.4.  Table 2.5 presents the measured 

reinforcement properties for transverse steel. 

2.5.3. Strain Rate Effect 

Under seismic excitations, a high rate of loading is generally experienced in 

reinforced concrete columns.  As a consequence, the stress-strain properties of materials 

(concrete and reinforcing steel) can be altered due to the rate of straining.  Several studies 

have shown that at high strain rates, the compressive strength of concrete and the yielding 

and ultimate stresses of reinforcing steel exhibit a significant increase compared to the 

values obtained from slow monotonic tests (Kulkarni and Shah 1998; Zadeh and Saiidi 
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2007).  However, the elastic modulus is not significantly influenced by the rate of 

loading. 

The percent increase in concrete compressive strength (compression) and steel 

yield and ultimate stress (tension) due to strain rate is presented in Table 2.6. 

2.5.4. Bond Slip Model 

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

footing.  The bond slip effect was modeled with a lumped nonlinear moment-rotation 

spring at the bottom of the column.   

Wehbe et al. (1999) developed a method to calculate the bond slip rotations 

associated to cracking, yielding, and ultimate capacity of reinforced concrete columns.  

The applicability of this method is limited to columns with tensile bars having sufficient 

development length so as to prevent bar pull out.  The 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 corresponding to 

the desired lateral load are determined from moment-curvature analysis of the section.   

To calculate strains required for bond-slip calculations, moment-curvature 

analyses were conducted using Xtract software (Chadwell 2007).  The actual material 

properties described in previous sections were used.  The calculated moment curvature 

curves were idealized using a bilinear curve.  The elastic portion of the idealized curve 

passes through the point marking the first longitudinal reinforcing bar yielding.  The 

second portion was constructed by connecting the effective yield point to the ultimate 

point.  The effective yield point was obtained by balancing the areas between the original 

and the idealized curves beyond the first longitudinal bar yield point.  The moment-

curvatures for NF-1, NF-2, MN, ETN, SETN, and SVTN are plotted in Fig. 2.16 to 2.21, 

respectively.  The moment rotation then was calculated by applying Wehbe et al. method 

to the moment curvature curves.  The rotations and corresponding moments at cracking, 

yielding, and ultimate capacity for all the columns are presented in Table 2.7.   

The bond slip moment rotation relationships were used as the input parameters of 

the curve.  The hysteresis behavior was defined for the spring by using ñHystereticò 

material in OpenSees.  The springs in OpenSees were defined with zero length element, 

which allow assigning a force deformation relationship to a beam column element by 

defining a fictitious element connecting two coincident nodes.    

2.5.5. Nonlinear Dynamic analyses 

The columns were analyzed subjected to the achieved shake table acceleration 

histories recorded during the test.  A damping ratio of 5% was used in the analyses. 

The measured and calculated displacement histories for NF-1, NF-2, MN, ETN, 

SETN, and SVTN are plotted in Fig. 2.22 to 2.27, respectively.  The measured column 

displacement histories show that all columns experienced significant residual 

displacements, which are attributed to the unique characteristics of the near-fault ground 

motion due to its high velocity pulse.  In general, the calculated and measured data 

correlated well and the residual displacements were estimated with a reasonably close 

agreement in five of the six column models.  However, the correlation for SETN was 

poor.   
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Figure 2.26 shows that the analytical model was unable to capture residual 

displacement in SETN during larger runs.  The correlation between the measured and 

calculated results was close for the first six runs until approximately 200 seconds in the 

analysis.  During the remaining runs, the calculated residual displacements were very 

small whereas the actual column experienced successively increasing residual 

displacements.  A sensitivity study was performed to determine if changing the number 

of integration points along the column height affects the results.  While the number of 

integration points is five in all columns, it was found that reducing this number to two in 

SETN can improve the correlation between the measured and calculated displacement 

histories.  The results for the modified element are shown in Fig. 2.28.  The analytical 

model indicated significant residual displacements in the same direction of the measured 

residual displacement.  During the last few runs (approximately after 200 seconds in the 

analysis) the calculated residual displacements were increased and became acceptable. 

The effect of the number of integration points on residual displacements was 

investigated further by reanalyzing NF1 and SETN.  Figures 2.29 and 2.30 show the 

results for the two columns for a sample run.  The trends for other runs were similar.  It 

can be seen that in neither columns the results were affected significantly by the number 

of integration of four or higher.  This suggests that five integration points is reasonable.  

SETN appears to present an exception in the column models.  

Table 2.8 lists the ratio of the calculated and measured residual drifts for all the 

column models.  Figure 2.31 shows the ratio of the calculated and measured residual 

displacements for different runs in the columns with five integration points used for 

SETN.  The relatively small measured data for Run 6 in SVTN resulted in the high ratio 

of the calculated and measured data for this specific column.  However, the average ratio 

for all the columns was 1.665, indicating that the analytical model generally leads to a 

conservative estimate of residual displacements.  The degree of conservatism appears to 

be relatively large and certainly larger than expected for refined nonlinear analyses.  

However, it should be noted that residual displacement is a secondary displacement and 

its calculation has proven to be challenging as indicated by other researchers (Kawashima 

et al. 1998, Lee and Billington 2010, Yazgan et al. 2011).  The average value of the ratio 

for each column is shown in Fig. 2.32.  Even though the fiber element model did not 

capture the residual displacement adequately in SETN, the average of calculated and 

measured for this column is satisfactory.  SVTN has the largest average ratio, which is 

attributed to the high ratio of the calculated and measured data in run 6 as seen in Fig. 

2.31.  

2.6.      Cumulative versus Single Motions 

In shake table tests the ground motions were applied in multiple runs with 

gradually increasing amplitudes to obtain the performance data under different levels of 

earthquake.  This might raise a question that applying multiple motions could exaggerate 

residual displacements because residual displacements may be cumulative.  To 

investigate whether the calculated residual displacements are sensitive to applying a 

series of earthquake motions versus a single motion, the six test columns described in 

Sec. 2.2 were reanalyzed.  This issue was not studied in shake table tests but was 

investigated using analytical models.  The analyses were conducted using the analytical 

model described in Sec. 2.5.   
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Figures 2.33 to 2.38 present displacement responses for three of the earthquake 

runs applied to the test models, causing maximum drift ratio of approximately 2-3%, 4-

5%, and 6-8%, respectively, during the shake table tests.  These drift ratios correspond to 

low, moderate, and high levels of nonlinearity, respectively.  In SETN, responses for high 

level of nonlinearity were not presented because the analytical model became unstable 

and was not able to capture this level of nonlinearity.  The displacement histories were 

calculated for a series of achieved earthquake motions with increasing amplitude and the 

results for the last run of the series were extracted and labeled as ñMultiple.ò  A second 

analysis was conducted for each case with input motion being only the last achieved 

record of the series and the resulting displacement history was labeled as ñSingle.ò   

 In Fig. 2.33-(a) for NF-1, with a maximum drift ratio of approximately 3%, a 

small residual displacement at the end of runs for both individual and multiple run 

responses occurred; however, multiple motions caused a larger permanent drift.  This 

trend was also observed in NF-2.  The trend was reversed in SVTN.  In MN, ETN, and 

SETN, multiple and single earthquakes led to nearly the same residual displacements.  In 

Fig. 2.33-(b) and (c), where nonlinearity is moderate and high, single motions caused 

substantially larger residual displacements.  Other columns except SVTN and ETN 

showed a similar trend.  In SVTN, the individual and multiple run responses were nearly 

the same for moderate and high amplitudes.  In ETN, the individual motion could not 

capture the change of the direction of residual displacement.  Also, the cumulative 

motion led to a larger residual displacement for the high amplitude.  The difference in 

trend from small to medium and high level of nonlinearity is attributed to the dynamic 

characteristics of the column and input motion.  Softening of the column in multiple runs 

could place the column in the lower part of response spectrum and lead to lower 

maximum and residual displacements.  The variable trends that were observed for 

different column models and motion amplitudes indicate that applying multiple 

earthquakes to a column does not necessarily lead to higher residual displacements.   
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Chapter 3. Residual Moment Capacity of RC Columns 

3.1.      Introduction  

Bridge columns could undergo large residual displacements after near-fault 

earthquakes.  This was seen in the shake table tests conducted on the columns described 

in Chapter 2.  Following major ground excitations emergency response vehicles are 

expected to use damaged bridges.  These vehicles include fire trucks, ambulances, public 

utility assessment, repair units, etc.  After a strong earthquake, standing columns that 

display significant residual displacement present a risk for rescue teams that need to cross 

the damaged bridge.  P-Delta effects due to the dead load of the bridge and the additional 

live load of emergency vehicle can make the columns susceptible to collapse.  Hence, it 

is important to develop a relatively quick and simple method to determine the residual 

moment capacity of columns with permanent lateral displacement.  In this chapter, a 

simple method is proposed for calculating residual moment capacity based on the 

maximum displacement ductility that the column has experienced. 

3.2.      Current Design Practice 

A typical moment-curvature relationship of a cantilever reinforced concrete 

bridge column is shown in Fig. 3.1.  My (moment corresponding to the first reinforcing 

bar yielding), Mp (plastic moment), Mu (ultimate moment) are key parameters in the 

relationship.  The moment-curvature curve can be idealized with an elasto-plastic curve 

to estimate the plastic moment capacity of the column.  The elastic portion of the 

idealized curve is passed through the point associated with the first longitudinal 

reinforcing bar yielding (My).  The idealized plastic moment capacity is obtained by 

balancing the areas between the actual and idealized curves beyond the first reinforcing 

bar yield point.  According to the Caltrans seismic design criteria (SDC 1.6, 2010), if 

Equation 3-1 is satisfied, P-Delta effects can be ignored.  

prdl MP ³¢D³ 20.0                      (3-1) 

Where dlP  is the dead load applied at the center of gravity of the superstructure 

and 
rD  is lateral offset between the point of contra-flexure and the base of the plastic 

hinge.  

AASHTO 2007 Standard Specifications for Highway Bridges (2009 Interim 

Revisions) suggest that P-Delta effect can be ignored if Equation 3-2 is satisfied. 

nu MP j³¢D³ 25.0                                 (3-2) 

Where uP  is the axial load on column or pier, D is the lateral displacement of the 

point of contra-flexure in the column relative to the point of fixity for the foundation, j 

is flexural resistance factor for column and nM  is nominal flexural strength of column or 

pier calculated under the axial dead load on the column.  
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According to Seismic Analysis and Design of Concrete Bridge Systems (ACI 

341.2R, 2003), it is reasonable to ignore the P-Delta effect if the product of the column 

axial load and its maximum deflection is less than 15 percent of the column flexural 

capacity.  

Based on ATC 49 and Seismic Retrofitting Manual for Highway Structures 

(2006), if the product of the column axial load and its maximum deflection is less than 25 

percent of the column capacity, the P-Delta effect can be ignored. 

3.3.      Formulation of Residual Moment Capacity Factor 

In well-designed columns the moment capacity does not deteriorate until very 

large ductility levels have been reached.  Figure 3.2 shows the measured moment-

curvature hysteresis curves for NF-1, which was described in Chapter 2, Sec. 2.2.1.  It is 

shown that the moment capacity remains the same before the column undergoes a large 

curvature ductility of 13.5 (Phan et al. (2005)).  The stiffness of a column undergoing 

nonlinear curvatures is reduced.  This is illustrated in Fig. 3.3.  To reach the moment 

capacity in an undamaged column the curvature has to increase to yj .  When a softened 

column is reloaded, it will have to undergo a relatively large curvature of dj  before it 

reaches the moment capacity of the column.  The higher the maximum curvature ductility 

that the column has undergone, the larger is the difference between yj  and dj .  

Following a strong near-fault earthquake, bridge columns are expected to undergo large 

residual displacements and curvatures.  It is reasonable to assume that the residual 

moment capacity of the column is the moment that would develop when the damaged 

column undergoes an additional curvature (beyond the residual curvature) that is the 

same as yj .  The magnitude of live load that the column can resist after the earthquake is 

controlled by the column residual moment capacity.   

The residual moment capacity (
rM ) is assumed to be a fraction of the plastic 

moment: 

pr MM a=                                             (3-3) 

Where a is the residual moment capacity factor and indicates the fraction of the 

plastic moment capacity and pM  is idealized plastic moment capacity of the column.  

Phan et al. (2005) suggested two preliminary models to determine the residual 

moment capacity factor: 

exp

exp 2
1

m

m
a

-
-=                                 (3-4)        

exp133.027.1 ma -=                                 (3-5)                            
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Where expm  is the estimated maximum column displacement ductility under the 

earthquake.  In both equations, a lower and an upper bound of 0.2 and 1.0 are applied on

a, respectively.  Equation 3-4 assumes a parabolic relationship between a and 
expm  of 

up to 10 (Fig. 3.4) while Equation 3-5 assumes a linear relationship between a and 
expm  

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

In this section, two simple models based on measured data from previously tested 

columns and simplifying assumptions are proposed for calculating the residual moment 

capacity factor.   

3.3.1. Simple model with no residual displacement 

Figure 3.6 shows a simplified moment-displacement relationship of a column 

with no residual displacement.  In this case residual displacement is assumed to be zero to 

simplify the formulation.  To be able to calculate the residual moment capacity factor (a

) based on displacement ductility, it is assumed that residual moment capacity is pMa  

when the displacement is equal to the yield displacement (yD ).  According to similar 

triangles theorem for ɲOAB and ɲOCD, a is: 

m
a

1
=                                                         (3-6)        

Where m is displacement ductility of the column. 

3.3.2. Simple model with residual displacement 

Figure 3.7 shows a simplified moment-displacement relationship of a column 

with residual displacement (rD ).  Similar to the previous simple model, it is assumed that 

residual moment capacity is pMa  and is reached when the column undergoes a 

displacement of yD  beyond the residual displacement.  In this case, a is calculated as 

follows based on similarity relationships between triangles ɲABC and ɲADE: 

ry

y

D-D

D
=
m

a                                            (3-7)                                   

All the parameters were defined previously. 

b is defined as a ratio of residual displacement and yield displacement: 

y

r

D

D
=b                                             (3-8) 

Combining Equation 3-7 and 3-8 results in: 
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bm
a

-
=

1
                                            (3-9)                   

Since the objective was to derive a simple formula that relates the residual 

moment capacity factor (a) and displacement ductility (m), a study was done to find the 

relationship between m and b.  Phan et al (2005) and Choi et al (2007) reported 

measured data including maximum displacement and residual displacement for each run 

and also yield displacement calculated based on the elasto-plastic idealization of the 

force-displacement for each of the test columns described in chapter 2.  Using these data,  

m and b were calculated for each run.  Tables 3.1 to 3.6 summarize these values for 

each of the columns.  Figure 3.8 shows b versus m for different columns.  The curves 

are smoothed.  To find a relationship between b and m, two approaches were 

considered.  In the first approach, a polynomial curve was fitted and in the second 

approach a linear curve was used.  Figures 3.9 and 3.10 show the first and second 

approaches, respectively. 

3.3.2.1. Approach 1 

In this approach, the relationship between b and m was calculated as follows: 

mmb 143.0039.0 2+=                                           (3-10) 

Using Equation 3-9 gives: 

mm
a

857.0039.0

1
2+-

=                                                      (3-11)   

3.3.2.2. Approach 2 

In the second approach the relationship between b and m was calculated as 

follows: 

mb 471.0=                                                                          (3-12)  

Using Equation 3-9 gives: 

mm
a

2

53.0

1
º=                                                      (3-13)    

3.4.      Discussion 

Figure 3.11 shows the residual moment capacity factor (a) versus displacement 

ductility (m) for different models.  For ductility of approximately 2 and less, the 

parabolic model, linear model, and simple model with residual displacement-approach 1 

lead to a residual moment capacity factor (a) equal to 1 while this value at ductility of 2 

is approximately 0.7 and 0.5 for the simple model with residual displacement-approach 2 

and the simple model with no residual displacement, respectively.  For ductility of 4, the 

parabolic model, linear model, simple model with no residual displacement, and simple 

model with residual displacement-approaches 1 and 2 lead to a values of approximately 

0.5, 0.75, 0.25, 0.35, and 0.5, respectively.  For ductility of 8 and higher, the parabolic 

model, linear model, and simple model with residual displacement-approaches 1 and 2 
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lead to an a of approximately 0.2; however, the simple model with no residual 

displacement leads to an a of nearly 0.1. 

It seems the simple model with no residual displacement is generally too 

conservative in calculating residual moment capacity factor.  The simple model with 

residual displacement (approach 1) is also too conservative when ductility is less than 5.  

For ductilities between 2 and 8, the linear model is less conservative than other models.  

Since the simple model with residual displacement (approach 2) incorporates residual 

displacement in calculating the residual moment capacity factor and also provides the 

user with a simple formula, it was used in this study. 
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Chapter 4. Critical Residual Displacement Limits 

4.1.      Introduction  

One of the important measures of post-earthquake functionality in bridges is 

residual displacement.  This chapter aims at determining the residual drift ratio limit 

beyond which bridge columns would be unsafe.  To determine residual displacement 

limits, a large number of reinforced concrete bridge columns with different geometries 

and steel ratios were analyzed subjected to truck loading.  The residual moment capacity 

of the column and the moment due to the trucks and the P-Delta effects were used to 

investigate the critical residual displacement limits.  

4.2.      Current Design Code Provisions for Residual Displacement 

In Japan, reinforced concrete bridge columns with residual drift ratios (residual 

displacement divided by column length) of more than 1.75% were demolished and rebuilt 

after the Hyogo-ken Nanbu earthquake in 1995 (Kawashima et al. 1998).  Following this 

earthquake, Japanôs seismic design specifications for highway bridges were revised to 

specify an allowable residual displacement for bridge piers.  Under these provisions, no 

more than a 1% residual drift ratio is allowed. 

The current California Department of Transportation (Caltrans) Seismic Design 

Criteria (SDC) include provisions pertaining near-fault ground motion by amplification 

of the design acceleration spectra; however, no limits on residual displacements are 

specified.  

The American Association of State Highway and Transportation Officials 

(AASHTO) requires site-specific analysis when the site is close to a active fault, but there 

are no guidelines for the design of reinforced concrete bridge columns with respect to the 

control of residual displacement. 

Based on PEER tall buildings initiative, for MCE (maximum credible 

earthquake), the mean of the absolute values of residual drift ratios from the suite of 

analyses shall not exceed 1% in each story.  In addition, in each story, the maximum 

residual story drift ratio in any analysis shall not exceed 1.5%.  Based on this guideline, 

the residual story drift ratio of 1% is intended to protect against excessive post-

earthquake deformations that likely will cause condemnation or excessive downtime for a 

building.  The limits on residual drifts also are based on concern that tall buildings with 

large residual drifts may pose substantial hazards to surrounding construction in the event 

of strong aftershocks.  Repair or demolition of tall buildings with large residual drifts also 

may pose risk to the community. 

4.3.      Analytical Models 

One of the main unique effects of the fault normal component of near-fault 

earthquakes is the high potential residual displacements under earthquakes.  Residual 

displacements may be unacceptable due to aesthetic consideration or safety.  While the 

former is subjective, to evaluate the safety of the bridges after earthquakes the critical 

residual displacement can be found based on strength limits.  Columns with permanent 

lateral drifts could be unsafe because of potential for failure under traffic loads.  To 

determine residual drift limits that could pose a safety problem, cantilever single column 
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reinforced concrete bridge piers with different characteristics were considered because 

single-column piers are more vulnerable than multi-column piers under the P-Delta 

effect.  Table 4.1 lists the properties of the columns considered in the analysis.  The 

longitudinal steel ratio, ɟ, for each section was changed from 1% to 4%.  In addition, the 

heights of the columns were changed from 16 ft. (4880 mm) to 32 ft. (9760 mm) in 

increments of 4 ft. (1220 mm).  The design of the columns was based on the 2004 

Caltrans Seismic Design Criteria (SDC 2004).  It is known that reinforced concrete 

members meeting current seismic codes maintain their lateral load capacity to relatively 

large drifts.  However, columns that have undergone inelastic cyclic deformations have 

considerable stiffness degradation and require relatively large deformations before 

reaching their residual moment capacity as discussed in detail in Sec. 3.3.  Figure 4.1 

shows the moment-curvature in a well-designed column.  The initial stiffness of the 

column is K1.  After the column yields, the new stiffness drops to K2 which is lower than 

K1.  Hence, larger deformation is required to reach the moment capacity, which is the 

same as the initial moment capacity.  

Lateral deformations under service loads are small because the associated moment 

in the column is relatively small.   For this reason and also to be conservative according 

to the recommendations in Chapter 3, the residual moment capacity in some of the 

columns was assumed to be one-fifth of the idealized plastic moment capacity, Mp.  

Residual displacement limit was calculated based on the residual moment capacity and 

the P-Delta moment induced by the column axial load and the weight of two trucks 

placed on one side of the column (Fig. 4.2).  The section analyses were carried out using 

program Xtract (Chadwell 2007) to determine the plastic moment capacity of the 

columns.  The study consisted of two analyses: in Analysis 1, residual drift ratio of 

columns with different characteristics and axial loads was calculated based on the weight 

of two trucks and residual moment capacity factor, Ŭ, of 0.2 while in Analysis 2, different 

number of trucks and residual moment capacity factor, Ŭ, were used to calculate the 

residual drift ratio for only one of the representative columns. 

4.3.1. Analysis 1 

 In the first analysis, for each longitudinal steel ratio, the column axial load was 

assumed to be 0.05fôcAg or 0.1fôcAg.  The weight of one truck was assumed to be 71 kips 

(316 kN) (Fire Engine Catalog 2010), which is the maximum weight of existing fire 

trucks and is approximately the same as the AASHTO LRFD HL-93 truck weight.  Two 

trucks were assumed to be present on one-half of the superstructure supported on the 

cantilever single column reinforced concrete bridge pier (Fig. 4.2).  The residual 

displacement capacity, ŭ, was computed by dividing the residual moment capacity over 

the summation of column axial load and the weight of two trucks.  Tables 4.2 to 4.9 show 

the results for columns with different longitudinal steel ratios and axial loads.  Figures 4.3 

to 4.34 show the moment curvature relationships for different columns.  The moment-

curvature relationship was obtained using Xtract software (Chadwell 2007).  The 

moment-curvature curve was idealized by an elasto-plastic relationship to estimate the 

plastic moment capacity.  The elastic portion of the idealized curve was assumed to pass 

through the point marking the first longitudinal reinforcing bar yielding. 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. 
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Figure 4.35 shows the residual drift ratio versus column diameter for different 

column heights, axial loads, and longitudinal steel ratios.  It can be seen that for a given 

column height, longitudinal steel ratio, and axial load, residual drift ratio limit increases 

with the increase of column diameter. As the column diameter increases, axial load 

increases; however, the increase in plastic moment capacity dominates and results in 

higher drift ratios.  Also, for a specific column diameter, residual drift ratio limit 

decreases when column height increases (Fig. 4.36).  Residual drift ratio is defined as 

residual displacement divided by column height.  As column height increase, it is 

expected to reach lower residual drift ratio.  Moreover, for similar columns, increasing 

the longitudinal steel ratio increases the residual drift ratio limit, which is attributed to the 

increase in plastic moment capacity (Fig. 4.37).  As expected, when axial load increases, 

the residual drift ratio limit decreases to maintain the same P-Delta moment.  

In analysis 1, the critical residual drift was 1.2%, for the column with diameter of 

36 in. (914 mm), height of 32 ft. (9760 mm),  longitudinal steel ratio of 1%, and axial 

force of 0.1f'cAg .  

4.3.2. Analysis 2 

To determine the effect of the residual moment capacity factor and the number of 

trucks, in this analysis a specific column with a specific height and diameter was 

analyzed.  In analysis 1, the critical residual drift ratio obtained for the column with the 

steel ratio of 1%, which is the lower limit for a bridge column, and high slenderness ratio.  

In this analysis, to be more practical, a column with higher steel ratio and lower 

slenderness ratio was chosen.  Hence, the column with diameter of 4 ft. (1219 mm), 

height of 24 ft. (7315 mm),  longitudinal steel ratio of 2%, and axial force of 0.1f'cAg was 

assumed.  For this column, the residual moment capacity factor, Ŭ was varied from 0.2 to 

1.0 and the number of trucks was assumed to vary from 1 to 4.  The residual 

displacement limit, ŭ, was computed by dividing the residual moment capacity over the 

summation of column axial load and the weight of trucks. 

Residual drift ratio limits versus the number of trucks and residual moment 

capacity factor is shown in Figures 4.38 and 4.39.  Figure 4.38 shows that the residual 

drift ratio limit decreases when the number of trucks increases.  Increasing the number of 

trucks means higher weight of trucks, which leads to lower residual displacement because 

the denominator in calculating residual displacement has been increased.  Figure 4.39 

shows that, as the residual moment capacity factor, Ŭ, increases, the residual drift ratio 

limit increases because the residual moment capacity increases.  In analysis 2, the critical 

residual drift equal of 3.3% for 2.0=a  and number of truck of four was obtained (Fig. 

4.39).  

The analyses revealed that even for the most conservative condition of residual 

moment capacity, the critical drift ratio is 1.2%.  To be more conservative and consistent 

with current design codes, it is recommended to use 1% as a residual drift ratio limit if 

the column is well confined and meets current seismic code detailing requirements.  

Under this recommendation, the post-earthquake deformations of columns will not 

increase substantially, which is safe for emergency services.   
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Chapter 5. Simple Methods to Estimate Residual Displacement 

5.1.      Introduction  

The most direct method to estimate residual displacement is nonlinear response 

history analysis which is time consuming and complicated.  A simple and rational method 

is required to estimate the residual displacement.  Indirect methods can be categorized 

into residual displacement spectra or simple methods.  These methods either depend on 

earthquake and structural characteristics or are empirical.  Residual displacement spectra 

will be discussed in Ch.6 in details.  The emphasis of the current chapter is on different 

simple methods to estimate the residual displacement.  A simple method that was 

developed in the current study is presented and compared with other simple methods at 

the end of the chapter.   

5.2.      Current Design Code Provisions for Residual Displacement 

Currently there are no guidelines for the design of reinforced concrete bridge 

columns with respect to calculation of residual displacement in either the AASHTO 

Guide Specifications for LRFD Seismic Bridge Design or the Caltrans SDC.  However, 

both have provisions regarding the near fault effect. 

ATC 58 (ATC 58-1 75% draft 2011) recommends a simple formulation to 

calculate the residual story drift for buildings.  According to ATC 58, median residual 

story drift, 
rD , should be calculated as: 
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Where D is the median maximum story drift and yD  is the median yield story 

drift calculated by analysis.  The yield drift can be calculated as the story drift associated 

with story shear forces that cause (a) the beams and/or columns reach their expected 

plastic moment capacity taking into account the effect of axial forces in the members, or 

(b) the beam-column joint panel reaches its expected yield strength. 

After the 1995 Hyogo-ken Nanbu earthquake, part V: Seismic Design of the 

Design Specifications of Highway Bridges (Japan Road Association) was totally revised 

in 1996 (Unjoh 2003).  Based on these specifications, in Type B bridges (important 

bridges), residual displacement developed at a pier after an earthquake must be checked 

as 
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In which 
Rd  is residual displacement of the pier after an earthquake, Rad  is 

allowable residual displacement, r  is bilinear factor defined as a ratio of the post-

yielding stiffness and the initial stiffness up to yielding  of a pier, 
Rc  factor depending on 

the bilinear factor )(r  which is 0.6 for a RC pier, 
Rm  is response displacement ductility 

factor of the pier, yd  is yield displacement of the pier, ud  is ultimate displacement of the 

pier, hck  is lateral force coefficient, 0hck  is standard modification factor (Table 5.1), 
zc  is 

modification coefficient, which is 0.7, 0.85, and 1.0 depending on the seismic zone (Fig. 

5.1), W  is equivalent weight, uW  is the weight of a part of superstructure supported by 

the pier, pW  is the weight of pier, 
Pc  is coefficient depending on the type of  failure 

mode (0.5 for a pier in which either flexural failure or shear failure after flexural cracks 

are developed, and 1.0 is for a pier in which shear failure is developed), hek  is equivalent 

lateral force coefficient, am  
is allowable displacement ductility factor, a is safety factor 

(Table 5.2), and aP  is lateral load capacity of a pier when the force is applied at the 

gravity center of the superstructure.  Rad  
is 1/100 of the distance between the bottom of 

the pier and the gravity center of the superstructure (1% drift).  

Table 5.1 presents the standard modification coefficient 0hck  for Type I and Type 

II ground motions.  The Type I ground motions have been used since 1990 (1990 

Specifications), while the Type II ground motions were incorporated in the 1996 

Specifications.  The Type II ground motions typically represent the ground motions 

recorded in Kobe during the Hyogo-ken Nanbu earthquake.  It should be noted that the 

Type II ground motions comprise pulse-type accelerations with high peak values and 

short duration while the Type I ground motions are more repetitive accelerations with 

long duration.   

5.3.      Methods for Estimating Residual Displacement  

  It has been observed that near-fault ground motions are frequently characterized 

by intense velocity pulses.  These pulses expose structures located in near-fault regions to 

high input energy that results in severe demands especially high residual displacements in 

bridge columns (Saiidi et al. 2012; Choi et al. 2009; Mavroeidis et al. 2004; Zatar et al. 

2002).  This pulse-type velocity motion is particular to the forward direction, where the 

fault rupture propagates toward the site at a velocity close to the shear wave velocity; 

causing most of the energy arrives at the site within a short time.  Near-fault ground 

motions come in large variations and this variety complicates evaluation or prediction of 

structural response unless the ground motions can be represented by a small number of 

simplified motions that can reasonably replicate important near-fault ground motion 
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characteristics.  In this section, five methods are investigated to determine their ability to 

estimate residual displacements.  The focus of first method is on the effects of ground 

motion characteristics on the response.  In the second and third method, pulse shapes 

including half-cycle and full-cycle sinusoidal shapes are used to simulate the ground 

velocity pulses in near-fault records, respectively.  The velocity pulse of a near-fault 

ground motion is extracted in method four and the effect of this simulated motion on 

response is compared to the actual ones.  Finally, two versions of an empirical simple 

method that was developed based on measured data of previously tested columns 

described in Chapter 2 are presented.  In the first four methods, NF-1 was the only 

column analyzed because no significant trend in terms of residual drift and column 

properties was obtained from the investigations on this column.  It is expected using these 

methods for other test columns would lead to the same conclusion. 

5.3.1. Residual Displacement Based on Ground Motion Parameters 

The thought behind this method was that ground motion characteristics could 

potentially be used to estimate residual displacement.  Sv (maximum pseudo velocity), Tg 

(period at maximum pseudo acceleration), and Tvg (period at maximum pseudo velocity) 

for ground motions were used as indicators of the ground motion characteristics.  The 

dependency of the maximum drift ratio on characteristics of the motion was evaluated 

and whether residual drift ratio could potentially be related to the maximum drift was 

investigated.  To determine if this approach is viable, it was developed and applied to 

NF-1 (previously described in Chapter 2).  For NF-1, the maximum pseudo acceleration 

(Sa), maximum pseudo velocity (Sv), column period (Tc), period at maximum pseudo 

acceleration (Tg), and period at maximum pseudo velocity (Tvg) for each run were 

calculated based on measured data using SeismoSignal software (SeismoSoft 2010) 

(Table 5.3).  The FFT of the column top acceleration was calculated and the frequency 

corresponding to the maximum Fourier amplitude was used to calculate the effective 

period of the column.  Figure 5.2 presents a plot of residual drift ratio versus the ratio of 

period at maximum pseudo velocity and column period (Tvg/Tc) for different runs.  The 

data show that residual drift ratio is independent of Tvg/Tc.  Figure 5.3 illustrates the 

residual drift ratio versus the ratio of period at maximum pseudo acceleration and column 

period (Tg/Tc).  It is seen that residual drift ratio is also independent of Tg/Tc.  Residual 

drift ratio versus the maximum pseudo acceleration (Sa) is shown in Fig. 5.4.  As 

maximum pseudo acceleration increases, the residual drift also increases in an almost 

exponential manner.  Figure 5.5 shows the residual drift ratio versus maximum pseudo 

velocity (Sv).  The residual drift ratio increases in an exponential manner as the maximum 

pseudo velocity increases.  The corresponding plots for the maximum drift ratio are 

shown in Fig. 5.6 to 5.9.  Similar to residual drift results, while the maximum drift ratio is 

independent of Tvg/Tc and Tg/Tc, it increases as the maximum pseudo acceleration or 

maximum pseudo velocity increases in an almost exponential manner.  Because the 

relationship between residual drift and these parameters did not include the column 

structural characteristics, this method was not directly used to estimate the residual 

displacement; however, this finding was a basis to account for spectral acceleration at one 

second (S1) in developing residual drift spectra, which is described in Chapter 6. 
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5.3.2. Half -cycle Sinusoidal Method  

The random shape of ground velocity pulse is modeled by a very simple half-

cycle sinusoidal shape to estimate the residual displacement.  Figure 5.10 shows velocity 

history of a single pulse (half-cycle sinusoidal) with amplitude of Vmax and duration of Td 

representative of the main velocity pulse in a near-fault velocity history.  Nonlinear 

response history analysis was carried out using OpenSees by applying this velocity pulse 

to NF-1.  Table 5.4 summarizes the characteristics of velocity history (Vmax and Td), 

which represents an earthquake run and the corresponding response of NF-1.  While the 

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

14.01% as amplitude of velocity pulse (Vmax) increases from 0.25 in/sec. (6.35 mm/sec.) 

to 15 in/sec. (381 mm/sec.) because of higher energy of pulse.  Also, for a constant 

maximum velocity (Vmax), residual drift increases as the duration of pulse (Td) or ratio of 

pulse duration and effective column period (Td / (Tc/2)) increases.  Residual drift versus 

ratio of pulse duration and effective column period for different Vmax is presented in Fig. 

5.11.  It can be seen that residual drift increase linearly as the ratio of pulse duration and 

effective column period increases.  This is attributed to the higher energy of the longer 

period pulses which leads to higher residual drift.  The Rinaldi velocity history has PGV 

(peak ground velocity) of approximately 65 in/sec. (1651 mm/sec.) and duration of the 

main single pulse of approximately 0.8 sec.  According to the measured data, residual 

drift in NF-1 was 5.9% when it was subjected to 1.05xRinaldi.  Based on Table 5.4, an 

earthquake run with a velocity amplitude of 20 in/sec. (508 mm/sec.) and duration of 0.5 

sec., which is significantly smaller than the main pulse of Rinaldi, led to extremely high 

residual drift of 10.44% in NF-1, which implies that this method overestimates the 

residual drift and should not be used. 

5.3.3. Full -cycle Sinusoidal Method 

Another idealization of the near-fault impulsive velocity pulse can be full-cycle 

sinusoidal.  While the main pulse could cause significant residual displacement, another 

pulse in the opposite direction could potentially reverse and reduce the residual 

displacement.  To investigate the effect of the reversed branch of a velocity history on the 

response, a velocity history with reversed pulse (full-cycle sinusoidal) was applied to NF-

1 (Fig. 5.12).  The ratio of duration of the second pulse and first pulse )(
1

2

d

d

T
T

 and that 

of maximum velocity of the second pulse and first pulse )(
max1

max2

V
V

 is Ŭ and ɓ1, 

respectively.  The characteristics of the velocity history and response of NF-1 are 

presented in Table 5.5.  Figure 5.13 shows residual drift versus ratio of pulse duration and 

effective column period for different Vmax.  As the ratio of pulse duration and effective 

column period increases, residual drift increases.  Residual drift versus ratio of pulse 

duration and effective column period for different Ŭ and ɓ1 is shown in Fig. 5.14.  It can 

be seen that there is no trend between residual drift and ratio of pulse duration and 

effective column period in terms of Ŭ and ɓ1.  Figures 5.15 to 5.23 present the relation 

between residual drift and ɓ1 for different duration of the first pulse and Ŭ.  In Fig. 5.15, 

where the duration of the first and the second pulse is 3.0 and 1.5 seconds, respectively, 
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the amplitude of second pulse is changed from 0.5 to 1.5 times that in the first pulse.  As 

the amplitude of the second pulse increases, residual drift decreases.  Also, for the same 

ratio of maximum velocity of the second pulse and the first pulse (ɓ1), residual drift 

considerably increases as amplitude of the first pulse increases, which is attributed to the 

higher energy of this dominant pulse.  Figure 5.16 shows that when the first and second 

pulses have the same duration, residual drift is zero when the amplitude of second pulse 

is equal to the first pulse (as expected for symmetric full-cycle sinusoidal pulse).  Also, 

residual drift increases as the amplitude of either the first or second pulse increases.  In 

Fig 5.17, where the duration of the first and second pulse is 3.0 and 4.5 seconds, 

respectively, the amplitude of the second pulse is changed from 0.5 to 1.5 times that in 

the first pulse.  The residual drift considerably increases as the ratio of maximum velocity 

of the second pulse and the first pulse (ɓ1) increases.  A similar trend is seen when 

duration of the first pulse is 1.0 second (Fig. 5.18 to 5.20) or 0.5 second (Fig. 5.21 to 

5.23).  It was revealed that residual drift is governed by the dominate pulse and increased 

as velocity increased.  

Based on Fig. 5.23, where the duration of the first and second pulse is 0.5 and 

0.75 second, respectively, residual drift is large (approximately 9%) when ɓ1 is 1.5 and 

the amplitude of the first and second pulse is small (15 in/sec. (381 mm/sec.) and 22.5 

in/sec. (571.5 mm/sec.), respectively).  The measured data for NF-1 showed that residual 

drift of approximately 8% occurred in Run 10 (1.20xRinaldi) while the amplitude of the 

pulses is much higher.  This indicates that this method generally overestimate the residual 

drift; however, because the results show that the dominant pulse controls the residual 

drift, this method was used as the basis the method described in Section 5.3.4. 

5.3.4. Main and Simplified Velocity Pulses of Near-fault Motions 

To evaluate if the main velocity pulse of a near-fault ground motion can be used 

as an indicator of the magnitude of residual displacement, different velocity histories of 

recorded near-fault ground motions and the corresponding main pulses were applied to 

the prototype of NF-1.  The recorded near-fault ground motions were: Rinaldi from 

Northridge earthquake (1994), TCU067 from Chi-Chi earthquake (1999), Tabas from 

Tabas earthquake (1978), W Valley Coll from Loma Prieta Earthquake (1989), and 

Erzincan from Erzincan Earthquake (1992).  These records were obtained from the 

Pacific Earthquake Engineering Research (PEER) Center website.  Two versions of the 

main velocity pulse were used: in the first version, the main velocity pulse of the motion 

was extracted and used whereas in the second version this main pulse was simplified by 

connecting the maximum and zero velocities in each single pulse to investigate how this 

triangular pulse affects the residual displacement.  Fig. 5.24 to 5.38 show the response to 

complete earthquake velocity history, main velocity pulse, and simplified velocity pulse 

for each ground motion.  Figures 5.24 to 5.26 show that while the residual displacement 

in NF-1 prototype subjected to the complete velocity history of Rinaldi is approximately 

4 in. (102 mm), it is 24.5 in. (621.28 mm) and 24.9 in. (631.44 mm) for the 

corresponding main pulse and simplified pulse, respectively.  Table 5.6 lists the residual 

displacement from different analyses and the ratio of residual displacement from the main 

and simplified pulses and that from the complete earthquake analysis for all earthquakes.  

It is seen that the main and simplified pulses overestimate the residual displacement by a 

factor of two or more.  Note that for Rinaldi and Erzincan earthquakes, where the main 
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pulse is approximately triangle, residual displacements obtained from the main and 

simplified pulses were close.  The large difference in the estimated residual 

displacements indicates that the main pulse by itself cannot be used to estimate residual 

displacements, and that the rest of the velocity history can significantly affect the 

response.  

5.3.5. Proposed Empirical Method 

An empirical method utilizing the data from six test columns described in chapter 

2 was developed to estimate residual drift ratio.  In Chapter 3 section 3.3.2, parameter ɓ, 

which is the ratio of residual displacement and yield displacement, was introduced using 

two relationships in terms of displacement ductility, ɛ based on the measured data for the 

test columns.  The coefficient of determination 2R  for the polynomial and linear 

relationship was 0.82 and 0.75, respectively.  Hence, the polynomial relationship that was 

selected in that method is used in this section.   

5.3.5.1. Version 1 

In the first version, for simplicity Equation 3-10 with rounded coefficient is used: 
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Figure 5.39 shows the relationship between ɓ and ɛ using different equations.  It is 

shown that the difference between the relationship using equation 5-10 and 3-10 is 

negligible.  Also, for ductilities between 4 and 8, some data are above the curve obtained 

using Equation 5-10, which indicates that ɓ is not overly conservative. 

5.3.5.2. Version 2 

In the second version, to be more conservative, a polynomial curve was fitted 

only to the upper cluster of data in Fig. 5.39: 
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Figure 5.40 presents the relationship between ɓ and ɛ using Equation 5-11.  The 

coefficient of determination 2R  is 0.98, which shows a strong correlation among the 

parameters.  To simplify this equation, the coefficients are rounded as follows: 

3.044.018.0 2 +-= mmb                                           (5-12) 

The relationship between ɓ and ɛ using Equation 5-12 is shown in Fig. 5.41.  It 

can be seen that this Equation can closely capture the ɓ obtained using measured data.   

5.4.      Comparison of Different Methods 

The proposed empirical methods were generated using measured data for 

previously tested columns.  The ATC 58 (ATC 58-1 75% draft 2011) and Japanese code 

(Japan Road Association 1996) are currently the only codes that incorporate a formula to 

calculate residual displacement, hence it is important to compare these methods with 

measured data and the proposed methods to determine the relative merit of different 

methods.  In addition to the data for columns tested at UNR, measured data from shake 

table testing of a full-scale column recently tested at the University of California, San 
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Diego (UCSD) was included in the study.  Also, another full-scale column, C1-5 tested at 

the E-Defense facility in Japan, was considered.  C1-5 was subjected to the near-field 

ground motion recorded at the JR Takatori station during the 1995 Kobe earthquake; 

however, this record did not cause appreciable residual displacements.  Only after the 

column failed a significant residual drift ratio of 1.8% was measured (Kawashima et al. 

2012).  Because large residual displacements after failure are not unique to near-fault 

earthquakes (Phan et al. 2007), C1-5 was excluded from the study.  The test data from the 

analytical study by Yazgan et al. (2011) were excluded in the present study because those 

data were mostly based on RC walls with residual drift ratio of less than 1%.  In addition, 

the data were only for one single run with low ductility demand.   

5.4.1. UCSD Column 

A full -scale concrete bridge column was tested at UCSD (Concrete Column Blind 

Prediction Contest 2010).  The column was a flexure-dominated circular column tested as 

a cantilever member.  The column height was 288 in. (7315 mm).  The diameter of 

specimen was 48 in. (1219 mm).  The column longitudinal reinforcement consisted of 18-

#11 bars spaced evenly in a circular pattern.  The transverse reinforcement consisted of 

double #5 hoops spaced at 6 in. (152 mm) on center.  Grade 60, A706 was used for the 

column longitudinal and transverse reinforcement.  The specified strength of concrete 

was 4 ksi (27.6 MPa).  The specimen was subjected to ground motions recorded at the 

Agnews State Hospital (Run 1), Corralitos (Runs 2 & 4), LGPC (Runs 3 & 6) stations 

during the 1989 Loma Prieta earthquake, and Takatori station (Run 5) during the 1995 

Kobe earthquake.  Figure 5.42 presents the velocity history of the FN component of the 

ground motions from the Loma Prieta earthquake.  It is seen that ground motions at 

Agnews State Hospital and Corralitos may not be considered as near-fault ground 

motions because the velocity histories do not include a clear strong pulse. 

5.4.2. Results 

Tables 5.7 to 5.13 list the measured and calculated residual displacements based 

on all the methods and error percentage for different columns in the runs causing ductility 

of two or more and a measured residual drift ratio of 0.5% or more.  Error percentage was 

calculated as: 

100
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-
=

DataMeasured
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PercentageError                      (5-13) 

A negative sign indicates that the method underestimates residual displacement 

and vice versa.  

 According to Table 5.7 for NF-1, Japanese code overestimates the residual 

displacement in Runs 5 and 6 by 89% and 44%, respectively; however, the residual 

displacement is underestimated during the remaining runs by as much as 45%.  Based on 

ATC, method 1, and method 2, the residual displacement is overestimated in almost all 

runs.  For ATC, error percentage increases from 45% (Run 5) to 103% (Run 6) then 

decreases to 13% (Run 10).  The error percentage decreases from 89% (Run 5) to -12% 

(Run 10) for method 1.  Based on method 2, error increases from 81% (Run 5) to 167% 

(Run 6) then slightly decreases to 130% (Run 10).   

 The results show that all the methods overestimate the residual displacement.  

Method 2 considerably overestimated the residual displacements as expected.  Also, the 
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Japanese method is less conservative.  This method underestimated residual 

displacements in many cases.  Tables 5.8 to 5.12 list the results for NF-2, MN, ETN, 

SETN, and SVTN, respectively.  Almost a similar trend of changing the error percentage 

was obtained for NF-2 and MN.  For MN, Japanese method underestimates the residual 

displacement for larger runs.  For ETN, Japanese method, ATC, and method 1 

underestimate the residual displacement for larger runs.  In SETN and SVTN, Japanese 

method, ATC, and method 1 generally underestimate the residual displacement.  The fact 

that the error percentage for method 2 was relatively small for ETN, SETN, and SVTN 

shows the effect of the upper cluster of data that was the basis of this method.  According 

to Table 5.13 for UCSD Column, all the methods significantly overestimate the residual 

displacement.  Note that for UCSD column Run 4 was excluded from the study because it 

was not a run with near-fault ground motion (Sec. 5.4.1).   

Table 5.14 lists the average and standard deviation of error percentage and 

coefficient of determination 2R  between the measured and calculated residual 

displacements based on all the methods for different columns.  Coefficient of 

determination 2R  was calculated as follows: 

                                           (5-14) 

 
2R  near 1.0 indicates that the method estimates the residual displacement well.  

Also, a negative or small 2R  shows that the method poorly captures residual 

displacements. 

Based on Table 5.14, for NF-1 and NF-2, Japanese code presents the least average 

of error percentage; however, the standard deviation is the highest, which indicates a 

relatively large scatter of data for this method especially in NF-1. 2R of 0.93 for method 1 

in NF-1 demonstrates a good correlation between the measured and calculated residual 

displacements.    For NF-2 and MN, a high average with relatively small standard 

deviation of difference for ATC method led to a poor correlation between the calculated 

and measured data (negative 2R ).  For NF-1, NF-2, and MN, 2R  based on method 2 is 

less than zero because this method significantly overestimates the residual displacement 

in all runs.  In ETN, the ATC method provides the least average, which resulted in a good 

capture of residual displacement (2R  of 0.81).  2R  of 0.98 for method 2 shows a very 

good estimation of residual displacement.  Average of difference is relatively small for 

Japanese and method 1; however, high standard deviation of difference led to small 2R .  

All the methods except method 2 underestimate the residual displacement for SETN and 

SVTN.  In SETN, average of difference is small for ATC and method 1, which with 

relatively small standard deviation of difference resulted in the high 2R of 0.77 and 0.88 

for ATC and method 1, respectively.  High average and standard deviation of difference 

for method 2 led to negative 2R  in SETN.  Average of difference is approximately the 

same based on Japanese, ATC, and method 1 for SVTN; however, ATC method presents 

higher 2R
 
(0.72) because of lower standard deviation of difference.  For this column, 

method 2 with low average and standard deviation of error presents a high 2R  (0.97).  

For UCSD column, all the methods significantly overestimate the residual displacement.   
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Considering all the columns, the average and standard deviation difference and 
2R  for each method and for displacement ductility of two to four and higher ductilities 

are presented in Table 5.15 and 5.16, respectively.  Ductility of four was chosen because 

in ATC method this ductility indicates a transition as shown in Equation 5.1.  For 

ductilities less than four, all the methods overestimate the residual displacement.  Among 

different methods, ATC (average and standard deviation of difference of 21% and 47%, 

respectively) and method 2 (average and standard deviation of error of 42% and 38%, 

respectively) with the same 2R  of 0.62 have the best ability to capture the residual 

displacement; however, method 1 (average and standard deviation of error of 58% and 

60%, respectively) and Japanese method (average and standard deviation of difference of 

56% and 60%, respectively) with approximately the same 2R of 0.4 lead to poor 

correlation with the test data.  For higher ductilities, all the methods still overestimate the 

residual displacement.  Japanese code presents the least average of error (2%).   Method 1 

shows the highest 2R  (0.43); however, ATC and method 2 present the significantly high 

standard deviation (105% and 163%, respectively), which led to the lowest 2R  (0.11 and 

negative, respectively).      

Generally all the methods overestimate the residual displacement.  For ductility of 

four or more, method 2 is too conservative and unrealistic, whereas the Japanese method 

and method 1 closely estimate the residual displacement.  Of the methods discussed in 

this chapter, the Japanese method is more involved and requires several parameters, 

whereas other methods are very simple.  A more comprehensive approach is to estimate 

residual displacement using residual drift spectra, which is presented in Chapter 6. 
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Chapter 6. Residual Displacement Spectra 

6.1.      Introduction  

After an earthquake occurs, the column permanent displacement can be directly 

measured during the inspection; however, at the design stage, the engineer needs to 

estimate the expected residual drift demand.  In Ch.5 a simple empirical method was 

introduced for estimating residual displacement based on the maximum displacement 

ductility.  A more comprehensive and sophisticated method is generating residual 

displacement spectra that depend on ductility, column period, soil condition, and 

earthquake characteristics.  Given the fundamental period and the expected displacement 

ductility demand for the column, the residual drift response spectra curves can be utilized 

to estimate the residual drift demand.  The residual drift spectra were developed to be 

integrated in a near-fault earthquake design method that is applicable to bridges in 

different parts of US.  Residual drift spectra were created based on nonlinear response 

history analyses using a comprehensive collection of recorded and synthetic near-fault 

ground motions.  The synthetic near-fault ground motions were generated based on 

seismological studies conducted by Dr. Paul Somerville who served as a consultant to 

this project. 

6.2.      Near-fault Ground motions 

Near fault earthquakes have two main attributes.  The first is the rupture 

directivity effect, which is manifested in an intermediate to long period pulse of motion 

(0.5 to 10 seconds) that is strongest at closest distances from the fault less than about 15 

km.  The fault-normal component of near fault ground motions is systematically larger 

than the fault-parallel component at intermediate and long periods (Somerville et al. 

1997).  The second attribute is the hanging wall effect (Abrahamson and Somerville 

1996), which is manifested in amplified short period ground motions (less than 1 second) 

on the hanging wall of a dipping fault.   

These near fault effects pertain mainly to shallow crustal earthquakes, which 

occur throughout the United States.  The ground motion characteristics of shallow crustal 

earthquakes in the tectonically stable regions of the United States (east of the Rocky 

Mountains) are very poorly known due to the lack of strong motion recordings, but they 

are believed to be different from those of the tectonically active region west of the Rocky 

Mountains. 

Although similar rupture directivity and hanging wall effects are generated by 

subduction earthquakes (occurring on the plate interface) and by earthquakes occurring 

within subducted slabs, these two kinds of earthquakes occur at greater depths and so 

their directivity effects are diminished and will not be treated in this study as near fault 

effects.  Subduction earthquakes occur in the depth range of 10 to 50 km, with the 

shallow part of the plate interface usually located far offshore, and have magnitudes as 

large as 9.5.  Slab earthquakes typically occur at depths of 40 km or more, beneath the 

coastal margin, and have magnitudes as large as 7.5.  Further, the effects of large 

magnitude in subduction earthquakes are expected to occur at periods longer than the 

period range of 0.3 to 3.0 seconds that is of most interest in this study.  In the United 
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States, subduction zone earthquakes affect the Pacific Northwest and Puerto Rico 

(Somerville et al. 2011). 

6.3.      Approximate Zonation of United States 

Nine sites across the United States were chosen with different earthquake source 

characteristics.  The selection of the nine sites was based on an approximate zonation of 

the seismic hazard in the United States.  Figure 6.1 illustrates these nine sites on the 

United States map. 

Near fault earthquakes refer to ground motions occurring within approximately 9 

miles (15 km) of the earthquake source.  Besides distance, earthquake magnitude also has 

a strong influence on near fault effects.  The approximate zonation of the United States 

was developed based on predominant earthquake magnitude as a first order method of 

evaluating representative near fault response spectra and ground motion histories 

throughout the country.   

A brief description of the approximate zonation of the United States for 

generating synthetic near-fault ground motions is presented in this section.  This formed 

the basis for selecting the nine sites for which acceleration histories were provided.  For 

each of the nine site locations, the predominant magnitude, style of faulting (strike-slip, 

reverse, or normal), and the name of the predominant fault are described.  This 

approximate zonation can be used to select other sites at which the histories may be 

applicable.  However, to confirm that they are applicable, the deaggregation of the 

seismic hazard at the desired site should be compared with that at the site whose 

acceleration histories have been selected to confirm that the earthquake magnitudes of the 

acceleration histories are compatible with those at the desired site (Somerville et al. 

2011).  

 The ground motions were presented on rock site conditions (class B/C boundary; 

Vs30 = 2500 ft/sec (760 m/sec)), and soil conditions (class C/D boundary; Vs30 = 1200 

ft/sec (360 m/sec)) for inelastic level (having a return period of 975 years).  For each 

record, there are four spectrally matched horizontal component acceleration histories.  

One pair of orthogonal components is rotated 45 degrees from the fault normal (FN) and 

fault parallel (FP) directions, which are H1 and H2.  These histories contain hanging wall 

effects for reverse faulting earthquakes, and average rupture directivity effects.  The other 

pair of orthogonal components is in the fault normal (FN) and fault parallel (FP) 

directions.  These histories contain hanging wall effects for reverse faulting earthquakes 

and the fault normal (FN) component contains the rupture directivity pulse (Somerville et 

al. 2011).   

6.3.1. Pacific Northwest 

The Pacific Northwest includes the Pacific Coast of Alaska and the coastal 

regions of Washington, Oregon and Northern California (north of Cape Mendocino).  In 

this region, crustal earthquake activity is influenced by subduction zones.  In most of this 

region, near-fault ground motions are dominated by earthquakes with magnitudes of up to 

7.0, for example in Seattle and Portland.  In some other regions, such as Humboldt Bay 

and the southern coast of Alaska, these earthquakes can have magnitudes as large as 8 on 

imbricate faults that are related to the underlying subduction zone.  
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6.3.1.1.  Site 1. Seattle (M 6.8, reverse (Seattle fault)) 

This site is representative of sites mapped near reverse and reverse oblique faults 

in Seattle and Portland, which generate earthquakes of up to magnitude 7.  The selected 

histories were derived from recordings of the Mw 6.9 1989 Loma Prieta, California 

(corresponding to earthquake code of lp) and Mw 6.7 1994 Northridge, California 

(corresponding to earthquake code of nr) earthquakes.  Table 6.1 and 6.3 summarize the 

characteristics of components of the acceleration histories for Vs30 = 1200 ft/sec 

(360m/sec) and Vs30 = 2500 ft/sec (760 m/sec), respectively.  In these tables, the 

acceleration history name consists of two parts: the first part is earthquake code and the 

second part is station code.  Note that earthquake and station names are abbreviated by 

earthquake and station codes, respectively.  For example, lp_cls is representative of Loma 

Prieta earthquake at Corralitos station.  In addition, for each acceleration history, the FN-

FP and H1-H2 columns present the average value of PGA (peak ground acceleration) or 

S1 (spectral acceleration at one second) for FN and FP components or H1 and H2 

components, respectively.  Because PGA and S1 for different components of an 

acceleration history were approximately the same, an average of these parameters was 

used as a representative of each pair of orthogonal components.  The range of average 

PGA for Vs30 = 1200 ft/sec (360 m/sec) is 0.49g to 0.64g while it is 0.36g to 0.5g for 

Vs30 = 2500 ft/sec (760 m/sec).  Also, the range of average S1 for Vs30 = 1200 ft/sec 

(360 m/sec) is 0.45g to 0.50g which reduces to 0.29g to 0.32g for Vs30 = 2500 ft/sec 

(760 m/sec).  This is attributed to the higher amplification effects for Vs30 = 1200 ft/sec 

(360 m/sec) due to the soil condition compared to rock site condition for Vs30 = 2500 

ft/sec (760 m/sec).  Tables 6.2 and 6.4 list the station names corresponding to the station 

codes of acceleration histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec 

(760 m/sec), respectively.  

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

This site is representative of sites mapped near large thrust faults in northwestern 

California, which generate earthquakes of up to magnitude 8.  The selected acceleration 

histories were derived from recordings of the Mw 7.6 1999 Chi-Chi, Taiwan 

(corresponding to earthquake code of cc) and Mw 7.0 1992 Cape Mendocino, California 

(corresponding to earthquake code of cpm) earthquakes.  Table 6.5 and 6.6 summarize 

the characteristics of components of the acceleration histories for Vs30 = 1200 ft/sec (360 

m/sec) and Vs30 = 2500 ft/sec (760 m/sec), respectively.  The range of average PGA for 

Vs30 = 1200 ft/sec (360 m/sec) is 0.84g to 1.14g while it is 0.78g to 1.15g for Vs30 = 

2500 ft/sec (760 m/sec).  Also, the range of average S1 for Vs30 = 1200 ft/sec (360 

m/sec) is 1.07g to 1.18g which reduces to 0.67g to 0.71g for Vs30 = 2500 ft/sec (760 

m/sec).  Table 6.7 lists the station names corresponding to the station codes of 

acceleration histories.   

6.3.2. Central and Southern California 

The coastal regions of central and southern California (south of Cape Mendocino) 

are dominated by the strike-slip San Andreas Fault system.  Reverse faulting is also 

prevalent in the transverse ranges, including Santa Barbara and Los Angeles. 
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6.3.2.1. Site 3. San Bruno, California (M 8, strike-slip (San Andreas Fault)) 

This site is representative of sites near the San Andreas Fault, which generates 

strike-slip earthquakes of up to magnitude 8 along practically its entire length.  The 

selected acceleration histories were derived from recordings of the Mw 7.9 2002 Denali, 

Alaska (corresponding to earthquake code of dn) earthquake and broadband strong 

motion simulations (Graves and Pitarka 2010) of recurrences of the Mw 7.8 1906 San 

Francisco earthquake (corresponding to earthquake code of r4h) having three different 

hypocentral locations: north (n), central (c) and south (s) (Aagaard et al. 2008).  Table 6.8 

and 6.9 summarize the characteristics of components of the acceleration histories for 

Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 m/sec), respectively.  The 

range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 0.84g to 0.94g while it is 

0.73g to 0.89g for Vs30 = 2500 ft/sec (760 m/sec).  Also, the range of average S1 for 

Vs30 = 1200 ft/sec (360 m/sec) is 1.07g to 1.16g which reduces to 0.63g to 0.78g for 

Vs30 = 2500 ft/sec (760 m/sec).  Table 6.10 lists the station names corresponding to the 

station codes of acceleration histories.   

6.3.2.2. Site 4. Berkeley, California (M 7, strike-slip (Hayward fault))  

This site is representative of sites near the other major mapped strike slip faults in 

California, including the San Francisco Bay Area, the Los Angeles Region, and San 

Diego, which generate earthquakes of up to magnitude 7.  The selected acceleration 

histories were derived from recordings of the Mw 6.9 1989 Loma Prieta, California 

(corresponding to earthquake code of lp), Mw 6.9 1992 Erzincan, Turkey (corresponding 

to earthquake code of erz) and Mw 6.8 Tottori, Japan (corresponding to earthquake code 

of to) earthquakes.  Table 6.11 and 6.12 summarize the characteristics of components of 

the acceleration histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 

m/sec), respectively.  The range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 

0.89g to 1.20g while it is 0.80g to 1.13g for Vs30 = 2500 ft/sec (760 m/sec).  Also, the 

range of average S1 for Vs30 = 1200 ft/sec (360 m/sec) is 1.20g to 1.30g which reduces to 

0.73g to 0.79g for Vs30 = 2500 ft/sec (760 m/sec).  Table 6.13 lists the station names 

corresponding to the station codes of acceleration histories.   

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

This site is representative of sites near mapped reverse and thrust faults in 

California, including the Los Angeles and Santa Barbara regions, which generate 

earthquakes of up to magnitude 7.5.  The selected acceleration histories were derived 

from recordings of the Mw 7.35, Tabas, Iran (corresponding to earthquake code of tab), 

Mw 6.9 1989 Loma Prieta, California (corresponding to earthquake code of lp), Mw 6.7 

1994 Northridge, California (corresponding to earthquake code of nr) and Mw 7.6 Chi-

Chi, Taiwan (corresponding to earthquake code of cc) earthquakes.  Table 6.14 and 6.15 

summarize the characteristics of components of the acceleration histories for Vs30 = 

1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 m/sec), respectively.  The range of 

average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 0.84g to 1.00g while it is 0.81g to 

1.05g for Vs30 = 2500 ft/sec (760 m/sec).  Also, the range of average S1 for Vs30 = 1200 

ft/sec (360 m/sec) is 1.05g to 1.12g which reduces to 0.62g to 0.70g for Vs30 = 2500 

ft/sec (760 m/sec).  Table 6.16 lists the station names corresponding to the station codes 

of acceleration histories.   
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6.3.3. Basin and Range (Intermountain West) 

The Basin and Range Province occupies a broad region extending from the 

coastal margin of California, Oregon and Washington to the Rocky Mountains.  This 

region is characterized by normal and strike-slip faulting.   

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

Site 6 is representative of sites near mapped normal faults in the Basin and Range 

region of the Intermountain West, including the Wasatch fault near Salt Lake City, which 

generates earthquakes of up to magnitude 7.  The selected acceleration histories were 

derived from recordings of the 1980 Mw 6.06 Mammoth Lakes, California 

(corresponding to earthquake code of m1), 1980 Mw 6.2 Irpinia, Italy (corresponding to 

earthquake code of i2), 1980 Mw 6.9 Irpinia, Italy (corresponding to earthquake code of 

i1), and 1995 Mw 6.4 Dinar, Turkey (corresponding to earthquake code of di) 

earthquakes.  Table 6.17 and 6.18 summarize the characteristics of components of the 

acceleration histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 

m/sec), respectively.  The range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 

0.31g to 0.38g while it is 0.28g to 0.32g for Vs30 = 2500 ft/sec (760 m/sec).  Also, the 

range of average S1 for Vs30 = 1200 ft/sec (360 m/sec) is 0.35g to 0.38g which reduces to 

0.21g to 0.23g for Vs30 = 2500 ft/sec (760 m/sec).  Table 6.19 lists the station names 

corresponding to the station codes of acceleration histories.   

6.3.4. Central and Eastern United States 

The Central and Eastern United States includes the region east of the Rocky 

Mountains.  It contains only few identified faults, which are characterized by strike-slip 

or reverse faulting.  These identified faults include the New Madrid Seismic Zone, the 

Meers fault, and the Cheraw fault.   

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

Site 7 is representative of sites near mapped reverse faults in Colorado (Cheraw 

fault) and oblique reverse faults in Oklahoma (Meers fault), which generate earthquakes 

of up to magnitude 7.  Due to a lack of historical earthquake records, as was explained in 

Sec.6.2, the acceleration histories were derived from broadband strong motion 

simulations of Mw 7.0 reverse faulting earthquakes (corresponding to earthquake code of 

whsb) at hanging wall sites for earthquakes in stable continental regions (Somerville et 

al., 2009).  Table 6.20 and 6.21 summarize the characteristics of components of the 

acceleration histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 

m/sec), respectively.  The range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 

0.04g to 0.05g while it is 0.03g to 0.04g for Vs30 = 2500 ft/sec (760 m/sec).  Also, the 

average S1 for Vs30 = 1200 ft/sec (360 m/sec) is 0.04g which reduces to 0.02g to 0.03g 

for Vs30 = 2500 ft/sec (760 m/sec).  The station codes are simulation stations for each 

acceleration history. 

6.3.4.2. Site 8. Tiptonville, Tennessee (M 7.5, strike-slip / reverse (New Madrid 

fault))  

Site 8 is representative of sites near mapped reverse and strike-slip faults in the 

New Madrid Fault Zone, which generate earthquakes of up to magnitude 7.5.  The 



 

36 

 

selected acceleration histories were derived from broadband strong motion simulations of 

Mw 7.5 reverse faulting earthquakes (corresponding to earthquake code of whsb) at 

hanging wall sites for earthquakes in stable continental regions (Somerville et al. 2009).  

Table 6.22 and 6.23 summarize the characteristics of components of the acceleration 

histories for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 m/sec), 

respectively.  The range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 1.02g to 

1.17g while it is 1.04g to 1.12g for Vs30 = 2500 ft/sec (760 m/sec).  Also, the range of 

average S1 for Vs30 = 1200 ft/sec (360 m/sec) is 0.67g to 0.74g which reduces to 0.54g to 

0.61g for Vs30 = 2500 ft/sec (760 m/sec).  The station codes are simulation stations for 

each acceleration history. 

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

This site is representative of sites near unmapped reverse faults in the Central and 

Eastern United States which generate earthquakes of up to magnitude 7.   The selected 

acceleration histories were derived from broadband strong motion simulations of Mw 6.5 

reverse faulting earthquakes (corresponding to earthquake code of whlfb) at hanging wall 

sites for earthquakes in stable continental regions (Somerville et al. 2009).  Table 6.24 

and 6.25 summarize the characteristics of components of the acceleration histories for 

Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 m/sec), respectively.  The 

range of average PGA for Vs30 = 1200 ft/sec (360 m/sec) is 0.09g to 0.11g while it is 

0.07g to 0.08g for Vs30 = 2500 ft/sec (760 m/sec).  Also, the average S1 for Vs30 = 1200 

ft/sec (360 m/sec) is 0.05g which reduces to 0.03g for Vs30 = 2500 ft/sec (760 m/sec).  

The station codes are simulation stations for each acceleration history. 

6.4.      Methodology to Develop Residual Drift Spectra 

To determine residual drift ratios for a range of periods and lateral displacement 

ductilities, program OpenSees was utilized.  For this component of the study, NF-1, 

previously described in Ch.2, with the same mass was used in the response history 

analysis.  The analysis was carried out based on the same assumptions in Ch.2.  A range 

of periods was achieved by setting mass constant for all models but allowing variation in 

column length.  For each model representing a particular column period, critical 

maximum displacement and residual displacement were calculated based on the response 

history analysis by applying FN-FP and H1-H2 components of different earthquakes to 

the model.   

The following steps were followed in the construction of residual drift spectra: 

Step-1: Assume a column height 

Step-2: Conduct pushover analysis to determine the effective yield displacement 

(ȹy) and the first yield displacement corresponding to the displacement at which first 

yield occurs in longitudinal reinforcement.  The ultimate displacement (ȹu) corresponds 

to the displacement at which core edge concrete reaches ultimate compressive strain.  To 

determine the effective yield displacement (ȹy), a bilinear curve was generated using the 

first yield displacement and ultimate displacement by balancing the areas below and 

above the bilinear curve (Fig. 6.2).  The Elastic part of the idealized curve was 

determined by connecting the origin to the point of the first yield displacement. 

Step-3: Conduct response history analysis to determine the residual displacement 

and maximum displacement 



 

37 

 

Step-4: Displacement ductility demand is determined by dividing the maximum 

displacement from response history analysis by the effective yield displacement from 

pushover analysis 

Step-5: Draw the residual displacement versus period for the corresponding 

ductility demand 

Step-6: Change the column height and repeat the process from step-2. 

 For each model, a range of displacement ductility demands were generated by 

changing the confinement properties.   

6.5.      Residual Drift Spectra 

AASHTO standard specifications for highway bridges (AASHTO 2007) include 

maps for PGA, and response spectral accelerations (Sa) at 0.2 and 1.0 second.  The 

difference between near fault ground motions and ordinary ground motions is not 

significant for Sa at 0.2 sec, but is significant for Sa at periods of 1.0 second and more 

(Somerville et al. 2009; Chioccarelli et al. 2010).  Assuming that near fault earthquake 

effects are present in the AASHTO maps, it would be best to tie the residual displacement 

spectrum to the spectral acceleration value at 1.0 second (S1), because it would be 

sensitive to near fault effects.  This allows an engineer to determine spectral accelerations 

for the nominally1000-year return period (which is close to 975-year return period) for 

the bridge location based on the AASHTO maps and then check the residual 

displacement.   

Initial analyses show that residual drift is less than 1% when spectral acceleration 

at 1.0 second (S1) is less than 0.4g.  Thus, records with spectral acceleration at 1.0 second 

of less than 0.4g were ignored.  These records were from site 6- Salt Lake City, Utah, site 

7- Cheraw, Colorado, and site 9- New York City, New York.   

Three ranges of spectral acceleration at 1.0 second (S1) were assumed: 1) 0.4-

0.6g, 2) 0.6-0.8g, and 3) > 0.8g for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 

ft/sec (760 m/sec).  Table 6.26 shows the number of records for each range of S1.  While 

there is a large number of records for each range of S1 for Vs30 = 1200 ft/sec (360 m/sec), 

there is no record for the range of S1 > 0.8g for Vs30 = 2500 ft/sec (760 m/sec).  This is 

expected because for Vs30 = 2500 ft/sec (760 m/sec) of which the histories are on the 

rock and very stiff site conditions. As a result, compared to Vs30 = 1200 ft/sec (360 

m/sec), there is a considerably less amplification in the spectrum especially at higher 

periods leading to few sites having S1 exceeding 0.8g. 

 To fill the gap in the earthquake records for the range of S1 > 0.8g for Vs30 = 

2500 ft/sec (760 m/sec) recorded near-fault ground motions were obtained from the 

Pacific Earthquake Engineering Research (PEER) Center website.  Three criteria were 

applied to selecting the ground motions: (1) the earthquake magnitude is 6.5 or higher, 

(2) the closest distances from the fault is less than 9 miles (15 km), and (3) 1800 ft/sec 

(540 m/sec) Ò Vs30 Ò 2500 ft/sec (760 m/sec).  Seven records were identified.  The major 

principal component should be used to represent motion in the fault-normal direction and 

the minor principal component should be used to represent motion in the fault-parallel 

direction.  The recorded near-fault ground motions and their characteristics are presented 

in Table 6.27.   

Figures 6.3 to 6.6 show examples of near-fault histories for S1: 0.4-0.6g for Vs30 

= 1200 ft/sec (360 m/sec) and for different components.  Velocity and displacement 
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histories were generated by integrating the acceleration and velocity histories, 

respectively.  All components show a long period velocity pulse in velocity history.  

Examples of histories for other ranges of S1 and different Vs30 are presented in Appendix 

A.   

Because NF-1 was a scaled column, the time scale of the input records was 

compressed to take into account the scaling effect using Equation 6-1: 

                                    
P
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=                                                 (6-1) 

Where 

sT  is the period of the scaled member, pT  is prototype period, iW  is the weight of 

the inertial system (mass rig), s  is the scale factor, and P  is applied axial force on the 

column.  Detailed information about derivation of scaling is provided in Phan et al. 

(2005) and Choi et al. (2007). 

Residual drifts were determined for ductilities of 2, 4, and 6.  Note that the 

ductility demand values were interpolated to arrive at the results for each of the desired 

ductilities.  Because the scatter in residual drift is relatively high, it  is decided that for 

each period and ductility demand, residual drift response spectra be constructed for the 

average, average plus standard deviation and average minus standard deviation.   

The period ranged from 0.1 to 2.0 seconds with increments of 0.05 seconds 

(prototype scale).  For each period and ductility value, a residual drift response spectrum 

for each of the ranges of S1 and soil conditions was generated.  Figure 6.7 shows the 

residual drift spectrum for Vs30 = 1200 ft/sec (360 m/sec), ductility of two, and S1: 0.4-

0.6g.  As seen the spectra is generated with a distinct valleys in the residual drift ratio 

curve as column period increases.  This is due to the effective period of the column as it 

relates to the frequency content of the ground motion in addition to interpolating of 

displacement ductility for each period.  It was felt that the envelope of the residual drift 

spectra would be a more reasonable set of curves to be used.  The envelopes of residual 

drift response spectra for average and average plus standard deviation are shown in Fig. 

6.8.  To be more conservative, the envelopes of residual drift response spectra for average 

minus standard deviation were not generated.  The envelopes eliminate the valleys in the 

curves of Fig. 6.7 and present the more conservative estimate of the residual drift ratios 

for the period ranges where the valleys occur.  Figures 6.9 to 6.30 show the residual drift 

spectrum for different Vs30, ductility, and ranges of S1.  Figure 6.9 shows the residual 

drift spectra for Vs30 = 1200 ft/sec (360 m/sec), ductility of two, and S1: 0.6-0.8g.  

Compared to Fig. 6.7, higher values for residual drift are obtained because of the higher 

range of S1.  The envelope of the residual drift spectra presented in Fig. 6.9 is shown in 

Fig. 6.10.  For an effective period of 1 second, , the estimated residual drift based on 

average and average plus standard deviation are approximately 0.55% and 0.75%, 

respectively.  Residual drift spectra for Vs30 = 1200 ft/sec (360 m/sec), ductility of four, 

and S1: 0.6-0.8g is shown in Fig. 6.11.  As demand ductility increased, the residual drift 

significantly increased.   Based on Fig. 6.12, which shows the envelope of Fig. 6.11, 

when the column period increases of approximately 0.5 seconds and 0.45 seconds the 

corresponding residual drift is more than 1.0% for average and average plus standard 

deviation plots, respectively. As S1 increases the residual drift increases (Fig. 6.13).  

While the residual drift even for the average plus standard deviation plot is less than 1.0% 

for S1 of 0.6-0.8g and ductility of two (Fig. 6.10), it is higher than 1.0 % for the same 
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ductility and S1 > 0.8g (Fig. 6.14) for the period of approximately 0.90 seconds and 0.55 

seconds and higher for average and average plus standard deviation plots, respectively.  

This is attributed to the stronger input earthquakes for this range of S1.  As demand 

ductility increases, the residual drift increases (Fig. 6.15 and 6.17), as expected.  

According to Fig. 6.16 for ductility of four, the residual drift is more than 1.0% for 

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

Fig. 6.18 for ductility of six is 0.3 seconds which shows that columns with high ductility 

demand and periods are required to be designed for near-fault ground motion effects.  For 

Vs30 = 2500 ft/sec (760 m/sec), the corresponding plots are presented in Fig. 6.19 to 

6.30.  A similar trend can be seen for this site condition; however, residual drift is 

generally lower, which is expected.  Note that these diagrams were generated with the 

assumption that 50% of the section is cracked.  The period axis can be adjusted to 

account for different cracked section properties.  The diagrams corresponding to a ratio of 

cracked to gross moment of inertia for 0.3, 0.4, 0.6, and 0.7 are presented in Appendix B. 
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Chapter 7. Bridge Column Design Procedure for Near-Fault 

Earthquakes 

7.1.      Introduction  

Previous chapters demonstrated that one of the critical response parameters of the 

bridge columns subjected to near-fault ground motions is generally high residual 

displacements that can affect the post-earthquake functionality of the bridges.  A new 

guideline for the design of reinforced concrete bridge columns exposed to near-fault 

earthquakes was developed as part of the current study and is presented in this chapter.  

The focus of the guideline is on the control of residual drift, which is determined using 

either the proposed simple method described in Chapter 5 or residual drift spectra 

presented in Chapter 6 and Appendix B.  The method ties the residual drift to the 

AASHTO maps for spectral acceleration at 1.0 second (S1) and 1000-year return period 

based on the bridge location and then checks the residual drift.  Appendix C provides a 

design example. 

7.2.      Current Design Practice 

The AASHTO Guide Specifications for LRFD Seismic Bridge Design (AASHTO 

2011) does not include any specific provisions dealing with the design for a near-fault 

ground motion.  Instead, a site-specific analysis is required if the site is located within 6 

miles (10 km) of a known active fault.  Such analysis is costly and complex. 

The Caltrans Seismic Design Criteria, SDC version 1.6 (Caltrans 2010) 

recommends the design spectrum to be amplified to account for near-fault earthquake 

effects.  No amplification is required if the site is located more than 15.6 miles (25 km) to 

the rupture plane.  The amplification factor is fully applied at locations within 9.4 miles 

(15 km) of the rupture.  For distance between 9.4 miles (15 km) and 15.6 miles (25 km), 

linear interpolation is used.  For sites located within 9.4 miles (15 km), the amplification 

factor consists of 20% increase in spectral acceleration if the period is 1.0 second or 

higher.  If the natural period of the structure is 0.5 second or less, no amplification is 

required.  For periods between 0.5 second and 1.0 second, linear interpolation is used. 

The Uniform Building Code (UBC 1997) incorporates near-fault earthquake 

effects by increasing design spectral acceleration using near source factors.  These factors 

are applied when the closest distance to seismic source is 6 miles (l0 km) or less and 

magnitude is greater than 6.5. 

7.3.      Proposed Design Procedure 

The procedure presented here is to be used for iterative design of reinforced 

concrete bridge columns to satisfy the residual drift limit (1.0 %) requirement (in Sec. 

4.3.2) when subjected to near-fault earthquakes.  A flowchart of the design process is 

shown in Fig. 7.1.  In the proposed method, for a given site, first the column is designed 

based on Caltrans or AASHTO provisions and the capacity is checked against the 

demand.  Subsequently, the residual drift ratio is checked.  If the residual drift check is 

satisfactory, no adjustment in the size of the column or longitudinal reinforcement is 

required.  But if the column fails the residual drift check, the size of the column, the 

longitudinal steel ratio, or both need to be increased and the procedure is repeated.  Two 
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approaches can be utilized to estimate the residual drift.  In the first approach, given the 

effective period, the effective moment of inertia for the column, and expected 

displacement ductility demand, a residual drift spectra curve can be utilized to determine 

a residual drift value.  Note that residual drift spectra that were presented in Ch. 6 are for 

different spectral accelerations at 1.0 second (S1) and soil types.  In the second approach, 

residual drift ratio is calculated using the simple method described by Equation 5-10, 

which is based on the displacement ductility demand.   

Displacement ductility demand is calculated by dividing the maximum 

displacement by the effective yield displacement.  To determine the maximum 

displacement, it was assumed that displacements resulting from the inelastic response of 

a bridge are approximately equal to the displacements obtained from an analysis using 

the linear elastic response spectrum (Miranda and Bertero 1994).  The elastic response 

spectra were generated using SeismoSignal software (SeismoSoft 2010) for damping 

ratio of 5% and each range of S1 described in Sec. 6.5.  To consider the scatter in data, the 

spectra were constructed for the average, average plus standard deviation, and average 

minus standard deviation.  Figure 7.2 shows the spectral displacement for Vs30 = 1200 

ft/sec (360 m/sec) and S1: 0.4-0.6g.  The spectra are jagged.  Figure 7.3 presents the 

envelope of the spectra.  To be conservative, the envelope for average minus standard 

deviation was not generated.  The spectral displacement for S1: 0.6-0.8g is shown in Fig. 

7.4.  Compared to Fig. 7.3, higher spectral displacements are obtained, which is expected 

due to the higher range of S1.  The envelopes of these spectral displacements are 

displayed in Fig. 7.5.  As S1 increase, the spectral displacement increases (Fig. 7.6 and 

7.7).  For a column with natural period of 1.0 seconds, the spectral displacement is 5 in. 

(127 mm) based on the envelope of average plot; however, the corresponding value is 

approximately 7.5 in. (191 mm) and 12 in. (305 mm) for S1: 0.6-0.8g and S1> 0.8g, 

respectively.  This is attributed to the stronger input earthquakes for these ranges of S1.  

For Vs30 = 2500 ft/sec (760 m/sec), the corresponding plots are presented in Fig. 7.8 to 

7.13.  A similar trend can be seen for this site condition; however, spectral displacement 

is generally lower, which is expected.  This is attributed to the lower amplification in the 

spectrum for Vs30 = 2500 ft/sec (760 m/sec) of which the histories are on the rock and 

very stiff site conditions.  Because the difference between the average and average plus 

standard deviation spectra is small, it is recommended to use the average envelope 

spectra to determine the spectral displacement. 

According to AASHTO Guide Specifications for LRFD Seismic Bridge Design, 

for higher damping ratios, a reduction factor 
DR  may be applied to the 5% damped 

spectra to calculate the maximum displacement: 
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Where ɝ is damping ratio not to be taken greater than 0.1. 

Also, note that the assumption that displacements of an elastic system will be the 

same as those of nonlinear system is not valid for short-period structures.  The maximum 

spectral displacement shall be multiplied by the displacement magnification factor, dR  to 

obtain the design displacement for short-period structures: 
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In which 

                                             sTT 25.1* =                                                                 (7-3) 
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Where                    

m is maximum displacement ductility demand, T  is natural period of the 

structure, 
aF  is site coefficient for spectral acceleration at 0.2 seconds, 

vF  is site 

coefficient for spectral acceleration at 1.0 seconds, 
sS  is spectral acceleration at 0.2 

seconds, and 
1S  is spectral acceleration at 1.0 seconds.  Based on AASHTO 

recommendation, for SDC C ( 5.03.0 1<¢ DS ) m is 3.0.  For SDC D ( 5.01²DS ), m 

shall satisfy the requirements listed in Table 7.1.   

The following steps are recommended for near-fault design of bridge columns: 

Step-1: Design the column based on AASHTO or Caltrans provisions. 

Step-2: For the given site, determine soil type and the spectral acceleration at 1.0 

second (S1) using the AASHTO maps for 1000-year return period. 

Step-3: Calculate the natural period (T ): 

                                            
k

m
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Where m and k  are the mass and stiffness of the structure, respectively. 

Step-4: Given the natural period, S1, and soil type, determine the maximum 

displacement utilizing the spectral displacement diagrams (Fig. 7.2 to 7.13).  The 

maximum displacement may also be determined from a linear elastic multimodal 

response spectrum analysis.  Note that the calculated maximum displacement may need 

to be modified by Equation 7-1 and 7-2.  Because the magnification factor in Equation 7-

2, 
dR , is a function of displacement ductility demand (step-7), an iterative procedure is 

required to obtain the maximum displacement if displacement magnification is necessary.   

Step-5: Calculate the effective moment of inertia (effI ).  Two approaches can be 

utilized to determine the effective moment of inertia: in the first approach, the effective 

moment of inertia is estimated using Fig. 7.14 knowing the axial dead load and 

longitudinal reinforcing ratio.  In the second approach, the effective moment of inertia is 

taken as the slope of the moment-curvature ( j-M ) curve between the origin and the 

point designating the first reinforcing bar yielding: 
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Where 

yM  is moment of the section at first yielding of the reinforcing steel, yj  is the 

curvature of section at first yielding of the reinforcing steel, and 
cE  is the modulus of 

elasticity of concrete. 
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Step-6: Conduct pushover analysis to determine the effective yield displacement 

of the column ( yD ).  

Step-7: Determine the displacement ductility demand by dividing the maximum 

displacement from step-4 by the effective yield displacement from pushover analysis. 

Step-8: Determine the effective period using Equation 7-7 using the effective 

moment of inertia that was used in calculating stiffness (k ). 

Step-9: Determine the residual drift ratio.   

Residual drift value can be obtained using one of two approaches: in the first 

approach, given the effective period, expected displacement ductility demand, and the 

effective moment of inertia for the column, the residual drift is determined from the 

corresponding residual drift envelope spectra for specific range of S1 and soil type, which 

were presented in Ch.6 and Appendix B.  The interpolated value of residual drift should 

be used if the displacement ductility demand is between two and four or four and six.  

Note that it is assumed that the residual drift ratio is negligible when the displacement 

ductility demand is less than two.    

In the second approach, utilizing the simple method described in Ch.5, the 

residual displacement ( )rD  is calculated as   

                                             yr D=D b                                               (7-9) 

In which 
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Where 

m is displacement ductility demand and yD  is yield displacement of the column. 

Residual drift ratio is obtained by dividing the residual displacement ( )rD  by the 

height of the column. 

Step-10: Check if residual drift ratio is less than 1.0%.  Otherwise, to decrease the 

effective period and ductility demand, increase the size of the column, longitudinal steel 

ratio, or both and repeat the process from step-3. 

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

8.1.      Introduction  

A new methodology for design of RC bridge columns subjected to near-fault 

ground motions was proposed in Chapter 7.  According to the design method, the size of 

the column, longitudinal steel ratio, or both may have to be increased to decrease the 

residual drift ratio.  To evaluate the impact of the proposed near-fault earthquake design 

on the cost of a bridge, several representative actual bridges that had been designed based 

on current or recent design specifications were redesigned using the proposed method.  

The bridges are located in different parts of the United States with one-second spectral 

acceleration of at least 0.4g.  It was observed that where the one-second spectral 

acceleration is less than 0.4g, residual displacements are unlikely to be significant.  This 

chapter describes the bridges, evaluation of residual displacements and any necessary 

design revision, cost analysis, and the overall cost impact for different bridges.   

8.2.      Description of Bridges  

Five representative bridges from the States Washington, Utah (2), California, and 

South Carolina that meet current standards were modeled.  The models were analyzed 

based on the current location of each bridge and redesigned for near-fault motions when 

necessary according to the recommendations in Ch.7.  The effect of redesign in terms of 

total cost of the bridge was evaluated.   

Table 8.1 and Table 8.2 summarize general information and column longitudinal 

and transverse steel ratios in each bridge.  The bridges cover two to eight spans, have no 

or small skew (less than 15 degrees), and are supported on bents with two to four 

columns.  The one-second spectral acceleration ranges from 0.4g to over 0.8g.  The 

bridges were labeled according to the bridge location. 

8.2.1. Washington Bridge  

The bridge is located in Washington State near the city of Olympia at latitude 

47.0 and longitude -122.9 with site class of E.  The design of this bridge is based on 

MCEER/ATC 49 (ATC 49 2003).  The design earthquake loading is the maximum 

considered earthquake (MCE) with 3 percent chance of exceedence in 75 years (2475 

years return period).  Based on the design criteria and location of the bridge, spectral 

acceleration at 1.0 second (SD1) is 0.986g.  Figures 8.1 to 8.3 show the structural details 

of the bridge.  The bridge is 500 ft. (152 m) long with five equivalent spans and is 43-ft. 

(13.1-m) wide supported on seat-type abutments.  The bridge is straight and the piers are 

oriented normal to the roadway alignment (no skew).  The superstructure is a cast-in-

place, three-cell concrete box 72 in. (1829 mm) deep with 12-in. (305-mm) interior webs 

spaced at 132 in. (3353 mm).  The bottom and top slabs are 8-in. (203-mm) and 9-in. 

(229-mm) thick.  The intermediate piers are integral with the box girder and consist of 

two cast-in-place round concrete columns with a diameter of 48 in. (1219 mm).  The 

longitudinal reinforcement consists of 28#11 bars in Bent 1 (longitudinal steel ratio of 

2.4%) and 20#10 bars (longitudinal steel ratio of 1.4%) in other bents.  The columns are 

supported by a 22 ft. (6.7 m) by 46 ft. (14 m) pile cap with cast-in-place concrete piles.  

The diameter of the piles is 24 in. (610 mm).  The concrete has a specified compressive 
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strength of 4 ksi (27.6 MPa).  Steel reinforcement has a specified yield stress of 60 ksi 

(414 MPa). 

8.2.2. Utah Bridge-1  

This bridge is in Salt Lake City, Utah on Gloverôs Lane over Legacy Parkway.  

The site latitude is 40.9652 degrees north, and the longitude is -111.8929 degrees west.  

Soil category is site class D.  The design of this bridge is in accordance with 

MCEER/ATC 49 (ATC 49 2003) for MCE with 3 percent chance of exceedence in 75 

years (2475 years return period).  Spectral acceleration at 1.0 second (S1) is 0.58g.  The 

structure details of the bridge are presented in Fig. 8.4 to 8.6.  The bridge has two spans 

with a total length of 214.5 ft. (65 m).  The first span is 114.5 ft. (35 m) and the second 

span is 100 ft. (30 m).  The piers are oriented at an angle of 11 degrees from a line 

perpendicular to the bridge centerline.  The superstructure is made up eight prestressed 

precast I-girders (AASHTO Type VI beam) spaced at 116 in. (2946 mm) on center.  The 

roadway is an 8 in. (203 mm) thick cast-in-place slab with a total width of 76.2 ft. (23.2 

m).  The abutment is integral.  The intermediate pier (Bent 2) is made up of 72 in. (1829 

mm) deep by 66 in. (1676 mm) wide dropped cast-in-place concrete cap beams supported 

by four, 4 ft. (1219 mm) diameter cast-in-place concrete columns.  The column height for 

all columns is 162 in. (4115 mm) measured from the top of the pile cap to the soffit of the 

dropped cap beam.  The column longitudinal reinforcement is made up of 21-#9 

(longitudinal steel ratio of 1.2%) bars.  The columns are supported on a 14 ft. (4.3 m) by 

89 ft. (27 m) pile cap with cast-in-place concrete piles.  The diameter of the piles is 16 in. 

(406 mm).  The concrete has a specified compressive strength of 4 ksi (27.6 MPa) for 

cast-in-place elements and 8.5 ksi (58.6 MPa) for precast elements.  The specified yield 

stress of steel reinforcement is 60 ksi (414 MPa). 

8.2.3. Utah Bridge-2  

The bridge is located in Salt Lake City, Utah on Center Street over Legacy 

Parkway.  The latitude and longitude of the bridge are 40.8415 and -111.9426 degrees, 

respectively.  The site is classified as D.  The design of this bridge is based on 

MCEER/ATC 49 (ATC 49 2003) for MCE with 3 percent chance of exceedence in 75 

years (2475 years return period).  S1 is 0.59g.  Figures 8.7 to 8.9 present the structure 

details of the bridge.  The bridge is 186 ft. (56.7 m) long with two equal spans.  The piers 

are oriented at an angle of 10.5 degrees from a line perpendicular to the bridge centerline.  

The superstructure consist of six prestressed precast I-girders (AASHTO Type V beam) 

spaced at 112 in. (2845 mm) on center.  The thickness of the cast-in-place slab is 8 in. 

(203 mm) with a total width of 54.2 ft. (16.5 m).  The abutment is integral.  The 

intermediate pier (Bent 2) is 74 in. (1880 mm) deep by 66 in. (1676 mm) wide dropped 

cast-in-place concrete cap beams supported by three, 48 in. (1219 mm) diameter cast-in-

place concrete columns.  The column height for all columns is 193 in. (4902 mm) 

measured from the top of the pile cap to the soffit of the dropped cap beam.  The 

longitudinal reinforcement consists of 18-#10 (longitudinal steel ratio of 1.26%) bars.  

Each column is supported by a 20 ft. (6.1 m) by 20 ft. (6.1 m) pile cap with cast-in-place 

concrete piles.  The diameter of the piles is 16 in. (406 mm).  The concrete specified 

compressive strength is 4 ksi (27.6 MPa) for cast-in-place elements, and 7.5 ksi (51.7 
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MPa) for precast elements.  Specified yield stress of reinforcement steel is 60 ksi (414 

MPa). 

8.2.4. California Bridge   

The bridge is located in California supported on a site class C soil.  The bridge 

was adopted from the Seismic Retrofitting Manual for Highway Bridges (2006).  The 

design of this bridge is based on pre 1971 codes.  SD1 for the site is 0.56g.  Figures 8.10 

and 8.11 show the structure details of the bridge.  The bridge has four spans and was 470 

ft. (72 m) long.  The spans are asymmetrical at 160 ft. (49 m) (Span 1), 106 ft. (32 m) 

(Span 2), 114 ft. (35 m) (Span 3), and 90 ft. (27 m) (Span 4).  The piers are oriented 

normal to the roadway alignment (no skew).  The superstructure is a cast-in-place 

concrete box girder.  The intermediate piers are integral with the box girder and 

supported by two cast-in-place concrete columns.  The diameter of the columns is 48 in. 

(1219 mm).  The column height for Bent 2 is 40 ft. (12192 mm).  For Bents 3 and 4, 

column height is 50 ft. (15240 mm).  The longitudinal reinforcement consists of 21-

No.M55 bars for Bent2 (longitudinal steel ratio of 4.5%) and 33- No.M35 bars 

(longitudinal steel ratio of 2.8%) for other bents.  Each column at Bent 2 is supported by 

a 14 ft. (4.3 m) by 14 ft. (4.3 m) footing.  A 12 ft. (3.7 m) by 12 ft. (3.7 m) footing is 

provided for each column at other bents.  The concrete has a specified compressive 

strength of 3.25 ksi (22.4 MPa).  The specified yield stress of steel reinforcement is 60 

ksi (414 MPa). 

8.2.5. South Carolina Bridge  

The location of the bridge is in South Carolina on US 378 over Little Pee Dee 

River.  The site latitude is 33.834 degrees north, and the longitude is -79.253 degrees 

west.  The site is classified as site class D.  The design of the bridge is based on 

AASHTO 2004 LRFD Bridge Design Specifications with 2005 and 2006 interim 

revisions.  Seismic design is in accordance with the SCDOT Seismic Design 

Specifications for Highway Bridges (2001).  The considered earthquake loading is Safety 

Evaluation Earthquake (SEE), which is defined as the ground shaking with 3% 

probability of exceedence in 75 years (2475 years return period). SD1 for the site is 

0.419g.  The structure details of the bridge are shown in Fig. 8.12 to 8.14.  The bridge is 

1034 ft. (315 m) long with eight equivalent spans.  The piers are perpendicular to the 

roadway alignment (no skew).  The bridge is slightly curved (R=5700 ft. (1737 m)).  The 

superstructure is made up five prestressed precast I-girders (Bulb tee beam (74 in. (1880 

mm) modified) spaced at 117 in. (2972 mm) on center.  The roadway is a 9 in. (229 mm) 

thick cast-in-place slab with a total width of 47.25 ft. (14.4 m).  The abutment is integral.  

The intermediate piers are made up of 66 in. (1676 mm) deep by 66 in. (1676 mm) wide 

dropped cast-in-place concrete cap beams supported by two 60 in. (1524 mm) diameter 

cast-in-place concrete columns.  The longitudinal reinforcement consists of 30-#11 

(longitudinal steel ratio of 1.66%) bars.  Each column is supported by a 96 in. (2438 mm) 

diameter drilled shaft.  The concrete specified compressive strength is 4 ksi (27.6 MPa) 

for cast-in-place elements, and 8 ksi (55.2 MPa) for precast elements.  The specified yield 

stress of reinforcement steel is 60 ksi (414 MPa). 
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8.3.      Analytical Models 

The structural analysis program SAP2000 version 15.0.1 (Computer and 

Structures, Inc. 2011) was utilized for the analyses.  An example of global view of the 

model for Washington bridge is presented in Fig. 8.15.  X-axis was taken to be along the 

longitudinal axis of the bridge, and the Z-axis was taken to be vertical.  The bridge 

superstructure was modeled as a spine.  All spine members were frame elements with six 

degrees of freedom.  The superstructure had four elements per span and the work lines of 

the elements were located along the centroid of the superstructure.  Moments of inertia 

and torsional stiffness of the superstructure was based on uncracked cross-sectional 

properties.  The bents were modeled with frame elements that represent the cap beam and 

individual columns.  In bridges with box girder superstructure, the cap beam was defined 

at the elevation of the superstructure center of gravity.  A node was defined in plan at top 

of each of the column centerlines at the soffit of the box girder and also at the center of 

gravity of the cap over the columns.  Rigid links were used to connect the cap beam joints 

over the columns to the joints at the top of column.  In bridges with prestressed girders 

superstructure, the cap beam was defined at the cap beam centerline.  The superstructure 

spine was attached to the cap beam via a rigid link at each pier.  The rigid link was 

assumed to be between the center of gravity of the superstructure and the top of the cap 

beam.  For Utah bridges, the superstructure was pin connected to the top of the dropped 

cap beams at the intermediate pier.  For South Carolina bridge, this connection was 

continuous because bearing were anchored to the top of the cap beam.  Another rigid link 

was made from the bearing location to the center of gravity of the cap beam.  Additional 

rigid links were used to connect the cap beam joints centered over the columns to the 

joints at the top of column.  Since a spine was used, the moment of inertia of the cap 

beam was increased by a factor of 10000 to ensure reasonable force distribution to the 

substructure components during the analysis.  The columns were also modeled using 

frame elements.  The effective moment of inertia was used for the column members.  

This parameter was calculated as the slope of moment-curvature diagram of the column 

using moment-curvature analysis in SAP2000.  For Washington and California bridges, 

the foundation spring properties were available from soil and foundation properties.  In 

the longitudinal direction, the intermediate bent columns and the abutment backfill resist 

the longitudinal seismic force.  In the transverse direction, the superstructure, individual 

piers, and the abutment soil resist the load.  The end diaphragm of the box girder is in 

contact with the soil behind.  Therefore, a longitudinal foundation spring was used to 

model the pile stiffness and passive resistance of the backfill.  Also, transverse springs 

were used to account for the pile stiffness.  For Washington bridge, foundation springs 

representing the piles were applied to the node at the base of the pile cap.  For California 

bridge, foundation springs were applied to the node at the base of the column.  For other 

bridges, due to the lack of geotechnical data, fixed connections were used instead of 

foundation springs; however, no abutment restrains were assumed in the longitudinal 

direction to be more conservative.  

Since the skew angle for Utah bridges was very small (less than 15 degrees), the 

skew angle was ignored.  Also, because the curvature of South Carolina bridge was 

relatively small resulting in a very small central angle of approximately 1 degree, the 

bridge was treated as a straight bridge.  



 

48 

 

8.3.1. Response Spectrum Analysis 

To determine the maximum seismic displacement demands, linear elastic 

multimodal spectral analysis using the response spectrum with 5 percent damping was 

conducted.  Using the coordinates of the bridges and site classification, response 

spectrum coefficients: acceleration coefficient (As), spectral acceleration at 1.0 seconds 

(SD1), and short period spectral acceleration (SDS) were calculated in accordance with 

AASHTO specifications (AASHTO 2009) for 1000-year return period.  Table 8.3 lists 

these parameters in additional to the design SD1 for each bridge.  The design SD1 is based 

on the design criteria that had been used for each bridge.  Note that because the exact 

location of California bridge was not available, the calculated SD1 was assumed to be the 

same as the design SD1.  Figure 8.16 shows the design response spectrum following the 

three point method based on AASHTO for different bridges.  For periods less than 0T  (

DS

D

S

S 12.0 ), the spectrum acceleration, Sa, increases linear from As to SDS.  The spectrum is 

capped (spectrum acceleration equals SDS) for periods between 0T  and sT  (
DS

D

S

S 1 ).  For 

periods greater than sT , spectrum acceleration decreases proportionately to the inverse of 

the period 
T

SD1( ).  Note that design response spectrum for California and Utah-1 bridges 

is approximately the same because the calculated spectrum parameters (As, SDS, and SD1) 

were close.  A sufficient number of modes were included in the analysis model to ensure 

at least 90 percent participation of the total mass of the structure, with the modal response 

contributions combined using the complete quadratic combination (CQC) method.  The 

response spectra were entered into the SAP2000 model to determine horizontal 

accelerations.  The accelerations were aligned in the two orthogonal horizontal directions: 

(1) longitudinal (along a line from the intersection of the alignment line and the centerline 

of the first pier to the intersection of the alignment line and the centerline of the end pier) 

and (2) transverse (along a line perpendicular to the bridge longitudinal).  The response 

spectrum displacements were monitored at the top of the columns.  One column from 

each pier was selected to determine the displacements for that pier.  For short periods, the 

displacements may need to be magnified for the longitudinal and transverse directions.  

To account for directional uncertainty of the earthquake, the seismic displacements 

resulting from analysis in two perpendicular directions were combined to form two 

independent load cases:  

Load Case 1: demand displacements are 100 percent of the absolute value 

resulting from the analysis in longitudinal direction plus 30 percent of the absolute value 

resulting from the analysis in transverse direction.  

Load Case 2: demand displacements are 100 percent of the absolute value 

resulting from the analysis in transverse direction plus 30 percent of the absolute value 

resulting from the analysis in longitudinal direction.  

8.3.2. Pushover Analysis 

The effective yield displacement of each pier was determined from pushover 

analysis using SAP2000.  The pushover models were generated from the global response 
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spectrum bridge model modified to include plastic hinges at the top and bottom of each 

pier column (where appropriate).  The plastic hinge lengths, pL , were calculated using 

Equation 8-1 (Priestly et al, 1996).   

(MPa)        044.0022.008.0

(ksi)              3.015.008.0

bybyp

bybyp

dfdfLL

dfdfLL

²+³=

²+³=
                                      (8-1)                                                          

Where L is the length of column from point of maximum moment to the point of 

moment contraflexure, yf  is yield stress of longitudinal reinforcing steel, and bd  is 

diameter of longitudinal column reinforcing steel bars. 

The pushover analysis was performed for each pier in two orthogonal directions 

to determine the pier transverse and longitudinal load displacement behavior.  The pier 

was pushed to a target displacement over a specified number of steps.  The ultimate 

displacement was assumed to correspond to the displacement at which column core edge 

concrete reaches ultimate compressive strain.  The Manderôs confined concrete model 

was used to determine the concrete stress-strain relationship.  The unconfined concrete 

compressive strain at the maximum compressive stress was taken to be 0.002, and the 

ultimate unconfined concrete compressive strain at spalling was taken to be 0.005.  The 

pushover curve is defined as a function of base shear versus displacement.  Figures 8.17 

to 8.44 present the pushover curves for each pier in different bridges in the longitudinal 

and transverse direction.  The first yield displacement corresponding to the displacement 

at which first yield occurs in longitudinal reinforcement within the pier.  To determine 

the effective yield displacement, a bilinear curve was generated using the first yield 

displacement and ultimate displacement by balancing the areas below and above the 

bilinear curve.  The effective yield displacement in longitudinal and transverse direction 

is approximately the same in Washington, California, and South Carolina bridges.  

However, for Utah bridges the effective yield displacements in the two directions were 

noticeably different.  This is because in Utah bridges, the columns bends in single 

curvature in the longitudinal direction but bends in double curvature in the transverse 

direction.  

8.4.      Redesign for Near-Fault Ground Motions 

  Displacement ductility demand for each pier and direction was determined by 

dividing the corresponding combined displacement demand at top of the column from 

response spectrum analysis by the corresponding effective yield displacement resulting 

from pushover analysis.  Two approaches were utilized to estimate the residual drift in 

each direction.  In the first approach, knowing the displacement ductility demand, 

effective period (TL: longitudinal period; TT: transverse period), and the effective moment 

of inertia for the column, the residual drift for each direction was determined from the 

corresponding residual drift envelope spectra for specific range of S1 and soil type.  These 

spectra were developed in this study and presented in Chapter 6 and Appendix B.  Note 

that residual drift spectra based on average envelope spectra rather than the average plus 

a standard deviation were used because even the average spectra are conservative.  The 

effect of using average plus one standard deviation spectra on the bridge cost was 

determined as part of the parametric studies presented in the next chapter.  In the second 

approach, residual drift ratio was calculated based on the proposed simple method 
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(Equations (7-9) and (7-10)) presented in Chapter 7.  Residual drift ratio is defined as a 

ratio of residual displacement and column height.  The acceptance criterion is a residual 

drift ratio of 1% or less. 

Tables 8.4 and 8.5 present the results for Washington bridge.  It is shown that the 

displacement ductility demand in Bent 1 in longitudinal direction is 2.40, which resulted 

in residual drift ratio of 1.34% according to the first approach.  While maximum 

displacement at top of the column is approximately the same for all piers, Bent 1 presents 

the higher displacement ductility resulting in high residual drift, which is attributed to the 

shorter column height for this bent.  Based on the second approach, residual drift is less 

than 1%.  In transverse direction, the residual drift ratio is less than 1% in all the bents 

using the two approaches.  To decrease the residual drift ratio of 1.34% (Table 8.4), the 

longitudinal steel ratio in Bent 1 was increased from 2.4% to 3.5%.  The transverse steel 

ratio was not changed.  As a result, longitudinal and transverse periods were reduced to 

1.10 sec. and 0.92 sec., respectively.  Figures 8.45 and 8.46 present the pushover curves 

for this bent in longitudinal and transverse direction, respectively.  The results for the 

redesigned bridge are presented in Tables 8.6 and 8.7.  The increase in longitudinal steel 

ratio led to higher yield displacement, lower ductility demand of 1.97, and acceptable 

residual drift ratio of 1.04% in longitudinal direction based on the first approach.  In 

transverse direction, the bridge meets the residual drift ratio limit of 1% according to both 

approaches.   

Tables 8.8 and 8.9 show the results for Utah Bridge-1 in longitudinal and 

transverse direction, respectively.  Since displacement ductility demand is small, residual 

drift ratio is less than 1% in both directions regardless of the method used to estimate the 

residual drift ratio.  Based on Tables 8.10 and 8.11, the residual drift ratio in Utah Bridge-

2 meets the limit of 1% as well.  It is seen that even though the design SD1 (0.59g) is less 

than the calculated SD1 (0.669g), the ductility demand is less than two for the bridge in 

both directions.   

Results for California bridge are listed in Tables 8.12 and 8.13.  The displacement 

ductility demands are relatively low because of the high longitudinal steel ratios and the 

resulting high yield displacements.  The results show that residual drift ratio in each 

direction is less than 1.0%, and no redesign is necessary.   

Tables 8.14 and 8.15 present the results for South Carolina bridge.  The low 

period of the bridge in both directions led to small displacements at top of the columns.  

Residual drift ratio is negligible based on both approaches.  This is expected because the 

design SD1 (0.419g) is significantly higher than the calculated SD1 (0.242g), resulting in 

low demands for the bridge. 

8.5.      Cost Impact 

Washington bridge was the only bridge that had to be redesigned for near-fault 

earthquake motions because its calculated residual drift ratio exceeded the limit of 1% 

when the residual drift spectra were used.  The increase in the cost of the bridge due to 

the change in design was calculated.    

Table 8.16 lists the average unit price for different items according to Washington 

State Department of Transportation (WSDOT 2011).  Using this table, total cost of the 

bridge was estimated to be 7.434 million dollars (including superstructure, substructure, 

abutments, and footings).  Note that the exact cost of bridge is higher because of the cost 
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of asphalt or concrete pavement, consultant services, etc..  However, these costs were 

excluded in the current study to simplify the process.  Furthermore, potential secondary 

cost increases due to possible change in design of connections and foundation were 

excluded for the same reason.  The total cost of the redesigned bridge was 7.442 million 

dollars reflecting the change in the longitudinal reinforcement ratio of the columns in 

bent 1 from 2.4% to 3.5% for Bent 1.  The change led to an increase of approximately 

0.1% in total cost of the bridge.   It is concluded that using the proposed design method to 

control residual drift ratio has negligible effect on the overall cost of the bridge.   
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Chapter 9. Parametric Studies     

9.1.      Introduction  

The cost impact of designing bridge columns for near-fault earthquakes based on 

the method proposed in previous chapters was reported in Chapter 8.  The cost impact 

study was expanded to determine the effects of variations of the proposed design method 

described in chapter 7.  This study consisted of two parts: in part 1, the cost impact of the 

proposed near-fault earthquake design method using average plus standard deviation 

envelope spectra on the bridges described in Chapter 8 was determined.  In part 2, it was 

assumed that the bridges are located in areas with higher ranges of one-second spectral 

acceleration.  The bridges were redesigned based on the proposed method described in 

Chapter 7 as necessary and cost impact was determined. 

9.2.      Part 1 ï Design Based on Average Plus Standard Deviation Spectra 

  As discussed in Chapter 6, two sets of envelope of residual drift spectra were 

generated to determine the residual drift ratios: (1) average and (2) average plus one 

standard deviation.   In Chapter 8, redesign of bridges for near-fault ground motions was 

based on average envelope spectra, which was a part of the recommended near-fault 

earthquake design method developed in this study.  In the first part of this study, the 

bridges were redesigned based on average plus one standard deviation envelope spectra 

and cost impact was evaluated.   

According to Sec. 8.4, Washington bridge was the only bridge that had to be 

redesigned for near-fault earthquake motions because displacement ductility demand was 

greater than two in longitudinal direction.  Tables 9.1 and 9.2 show the results for this 

bridge using average plus standard deviation spectra in longitudinal and transverse 

direction, respectively.  While the residual drift ratio in Bent 1 in longitudinal direction 

was 1.34% based on average residual drift spectra (Table 8.4), the corresponding value 

using average plus standard deviation spectra is 1.91%.  Residual drift ratio is less than 

1% in transverse direction in all the bents.  To decrease the residual drift ratio, the 

diameter of columns in Bent 1 was increased from 4 ft (1219 mm) to 6 ft (1829 mm).  

The longitudinal and transverse steel ratios were not changed (2.4% and 1.3%, 

respectively).  Figures 9.1 and 9.2 present the pushover curves for this bent in 

longitudinal and transverse direction, respectively.  As expected, increase of column 

diameter led to a stiffer column and, as a result, lower yield displacement.  Tables 9.3 and 

9.4 present the results for redesigned bridge in longitudinal and transverse direction, 

respectively.  Due to the increase in column diameter, longitudinal and transverse periods 

were reduced from 1.14 sec. and 0.93 sec. to 0.76 sec. and 0.77 sec., respectively.  

Ductility demand in longitudinal direction decreased from 2.40 to 1.86, which resulted in 

an acceptable residual drift ratio of 1.05%.  In transverse direction, the bridge met the 

residual drift ratio limit of 1%.  

9.2.1. Cost Impact 

In Sec. 8.5, the total cost of the bridge was estimated 7.434 million dollars.  The 

total cost of redesigned bridge using average plus standard deviation spectra is 7.484 

million dollars.  Note that the cost only reflects the change of column diameter in Bent 1.  
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Also, to simplify the process, possible cost increase due to the change in design of 

connections and foundation was excluded.  While the increase in cost using average 

spectra was 0.1%, the corresponding value using average plus standard deviation is 0.7% 

reflecting the fact that even utilizing average plus standard deviation residual drift spectra 

will not significantly increase the cost of the bridge.   

9.3.      Part 2 ï Effect of Higher Spectral Acceleration 

Earthquake intensity maps are constantly evolving.  As new earthquakes occur 

and as new fault lines are identified the seismic intensity maps may improve.  This 

improvement may shift the bridge into higher seismic demand zones.   

As described in Chapter 6, residual drift spectra were developed for three ranges 

of one-second spectral acceleration (S1):  0.4-0.6g, 0.6-0.8g, and greater than 0.8g.  In 

Chapter 8, the bridges were analyzed and redesigned from the corresponding residual 

drift envelope spectra for specific range of S1 obtained from the current location of each 

bridge.  In this part, a parametric study was conducted to determine the cost impact of 

changing S1 to a higher value.  It was assumed that bridges are located in the areas with 

higher ranges of S1 and redesigned for near-fault ground motions when necessary 

according to the design recommendations in Chapter 7.  Consequently, the cost impact 

was determined.     

As described in Sec. 8.3.1, a specific location is required to define the 

corresponding PGA, short-period spectral acceleration and one-second spectral 

acceleration and, consequently, construct the design response spectrum.  The design 

response spectrum is required to conduct the response spectrum analysis to determine the 

maximum displacement demands at top of the columns.  The current locations of bridges 

described in Ch.8 covered different ranges of S1.  Hence, for each bridge location, instead 

of assuming a constant PGA and short-period acceleration then arbitrarily selecting a 

one-second spectral acceleration, it was assumed that the bridge location has moved to 

that of another bridge that has an S1 that is in a higher range.   

Washington bridge is located in the area with S1 of 0.859g, which is the highest 

range of S1 considered in this study.  Therefore, Washington bridge was excluded from 

this part of the parametric studies. 

The one-second spectral acceleration for the location of Utah Bridge-1 is 0.567g, 

which is in the range of 0.4 to 0.6g.  To evaluate the bridge using the residual drift 

spectra for S1 between 0.6 and 0.8g, it was assumed that the bridge is at the location of 

Utah Bridge-2.  By this assumption, the new design response spectrum was constructed 

with S1 of 0.669g (between 0.6 and 0.8g).  This design spectrum was utilized to conduct 

response spectrum analysis to determine the maximum displacement at top of the 

columns as described in Sec. 8.3.1.  Tables 9.5 and 9.6 present the residual drift ratios in 

the longitudinal and transverse direction, respectively.  The two approaches described in 

Chapter 8 (average residual drift spectra and simple method) were utilized to estimate the 

residual drift in each direction.  Since displacement ductility demand was small, residual 

drift ratio is less than 1% in both directions regardless of the method used to estimate the 

residual drift ratio.  Tables 9.7 and 9.8 show the results for Utah Bridge-1 with the 

assumption that S1 is higher than 0.8g.  This higher S1 was achieved by assuming that the 

current location of the bridge is the same as that of Washington bridge.  As described 

previously, the design response spectrum was constructed based on the new location of 



 

54 

 

the bridge to conduct response spectrum analysis.  The one-second spectral acceleration 

was 0.859g, which is in the range of S1 of greater than 0.8g.  It is shown that the 

displacement ductility demand in Bent 2 in longitudinal direction is 2.15, which resulted 

in residual drift ratio of 1.14% according to the first approach.  Based on the second 

approach, residual drift is less than 1%.  In transverse direction, the residual drift ratio is 

less than 1% using the two approaches.  To decrease the residual drift ratio of 1.14% 

(Table 9.7), the longitudinal steel ratio in Bent 2 was increased from 1.2% to 2%.  The 

transverse steel ratio was not changed.  As a result, the longitudinal period was reduced 

from 1.12 sec. to 1.02 sec.  Figures 9.3 and 9.4 present the pushover curves for this bent 

in longitudinal and transverse direction, respectively.  The results for the redesigned 

bridge are presented in Tables 9.9 and 9.10.  The increase in longitudinal steel ratio led to 

higher yield displacement, lower ductility demand of 1.99, and acceptable residual drift 

ratio of 1% and 0.73% in longitudinal direction based on the first and the second 

approaches, respectively.  In transverse direction, the bridge met the residual drift ratio 

limit of 1% according to both approaches.    

The one-second spectral acceleration for Utah Bridge-2 is 0.669g.  Assuming that 

the bridge is in an area with S1 of greater than 0.8g, the residual drift ratios were 

calculated based on the spectral and the simple approaches.  Tables 9.11 and 9.12 present 

the results in longitudinal and transverse direction, respectively.  The residual drift ratio 

in the bridge meets the limit of 1% for both approaches, and no redesign is necessary. 

California bridge is located in an area with S1 of 0.56g.  Tables 9.13 and 9.14 

present the results in longitudinal and transverse direction, respectively assuming that S1 

is in the range of 0.6 to 0.8g.  It can be seen that the residual drift ratio was less than 1% 

in both directions.  According to Tables 9.15 and 9.16, residual drift ratio meets the limit 

of 1% when the bridge was assumed to be in an area with S1 of greater than 0.8g. 

The one-second spectral acceleration for South Carolina bridge is 0.242g.  Tables 

9.17 and 9.18 show the results for the bridge in the longitudinal and transverse directions, 

respectively when the bridge was assumed to be in a zone with S1 between 0.4 and 0.6g.  

It is shown that residual drift ratio is less than 1% in both directions according to both 

approaches.  Next, the bridge was assumed to be in a zone of S1 of between 0.6 and 0.8g.  

Tables 9.19 and 9.20 list the results in longitudinal and transverse direction, respectively.  

Ductility demand was increased but was still less than two meaning that residual drift 

ratio is less than 1% in both directions based on both approaches.  The results for South 

Carolina bridge are presented in Tables 9.21 and 9.22 in the longitudinal and transverse 

directions, respectively assuming that the bridge is in an area with S1 of higher than 0.8g.  

The residual drift ratio in the bridge met the limit of 1% based on both approaches.  It can 

be seen that the maximum displacement and displacement ductility demand was 

decreased even though the bridge was located in the higher seismicity area.  Figure 9.5 

shows the design response spectra for zones with S1 between 0.6 and 0.8g and higher than 

0.8g.  The relatively small period of South Carolina bridge (longitudinal: 0.3 sec. and 

transverse: 0.25 sec.) led to lower spectral accelerations for the bridge and a smaller 

maximum displacement demand at top of the columns when it was located in a zone with 

S1 that exceeded 0.8g. 
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9.3.1. Cost Impact  

Utah-Bridge-1 was the only bridge that had to be redesigned when the bridges 

were located in higher seismicity areas.  Because the average unit prices based on Utah 

State Department of Transportation (UDOT) were not available, unit prices for 

Washington State Department of Transportation (WSDOT) were utilized (Table 8.16).  

Note that each state has its own unit prices; however, because the goal of the study was to 

calculate the increase in the cost of the bridge due to the change in design, this would not 

significantly affect the results.  Using unit prices from Washington State, the total cost of 

the bridge was estimated to be 2.598 million dollars.  The total cost of the redesigned 

bridge was 2.608 million dollars reflecting the change in the longitudinal reinforcement 

ratio of the columns from 1.2% to 2%.  The change led to an increase of approximately 

0.4% in the total cost of the bridge.  It is concluded that the overall effect on cost of the 

bridge is negligible. 
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Chapter 10.  Summary and Conclusions 

10.1.      Summary 

  Bridges are key components in the transportation network providing access for 

emergency response vehicles following strong earthquakes.  Bridge columns can undergo 

large residual displacements during near-fault earthquakes due to the high velocity 

impulse of fault-normal component of the motions.  The residual displacement is an 

important measure of post-earthquake functionality in bridges and can determine whether 

a bridge should be kept open to traffic or closed for repair or replacement.  P-Delta 

effects due to the dead load of the bridge and the additional live load of emergency 

vehicle can make the columns susceptible to collapse.  Currently there are no reliable 

provisions to account for near-fault earthquake effects on the design of reinforced 

concrete bridge columns.  The primary objective of this study was to develop a new 

practical guideline for the design of reinforced concrete bridge columns subjected to 

near-fault earthquakes.  The goal of the study was achieved through the following tasks: 

(1) determine the adequacy of existing computer models to estimate residual 

displacements, (2) determine the residual moment capacity of reinforced concrete 

columns as a function of maximum displacement ductility, (3) determine critical residual 

displacement limit with respect to structural performance, (4) develop a simple method to 

estimate residual displacement, (5) develop residual displacement spectra for different 

displacement ductilities, different soil conditions, and earthquake characteristics, (6) 

develop a step-by-step design guideline with an illustrative example, and (7) evaluate the 

impact of the proposed design guidelines on the cost of bridges in different seismic 

zones.   

In the first part of the study, nonlinear dynamic analyses were conducted using 

program OpenSees for six large-scale reinforced concrete bridge columns subjected to 

near-fault ground motions that had been tested in previous studies by Phan (2005) and 

Choi (2007) to regenerate the shake table test results.  The effects of bond-slip, strain 

rate, and P-Delta were included in the analyses.  The results of the experimental data for 

column models were compared to those of nonlinear dynamic analyses to determine the 

ability of analytical models to estimate residual displacements.  Also, the effect of 

applying multiple earthquake motions versus a single motion on residual displacements 

was examined through an analytical investigation. 

The magnitude of live load that a typical column can resist after the earthquake is 

controlled by the column residual moment capacity.  In the second part of the study, it 

was assumed that residual moment capacity is a fraction of the plastic moment capacity 

of the column.  In calculating residual moment capacity factor, two simple models 

utilizing measured data from previously tested columns were developed.  The first model 

was based on the assumption that residual displacement is zero in the simplified moment-

displacement relationship of a column.  In the second model, it was assumed that there is 

residual displacement in the simplified moment-displacement relationship of a column.  

The proposed models were in terms of the maximum displacement ductility that the 

column has experienced.   

The control of residual displacement is important for the design and inspection of 

reinforced concrete bridge columns, especially when dealing with impulsive loading 
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conditions.  To investigate residual displacement limits in the third part of this study, a 

large number of circular reinforced concrete bridge columns with different geometries 

and steel ratios were analyzed subjected to truck loading.  The residual moment capacity 

of the columns and the moment due to the trucks and the P-Delta effects were used in this 

part and critical residual drift ratios were determined for different cases.   

In the fourth part of study, five simple methods were investigated to determine 

their ability to estimate residual displacements.  Attempts were made in the first four to 

utilize or extract simple characteristics of the input motion and structure and investigate 

correlation between these indicators and residual displacements.  Subsequently, an 

empirical simple method using data from shake table testing of six bridge columns was 

developed and the results were compared with those from a method developed by the 

Applied Technology Council and the Japanese code.     

In the fifth part of this study, suites of recorded and synthetic acceleration 

histories representative of near-fault ground motions in various locations throughout the 

United States were utilized to generate a series of residual drift spectra.  The synthetic 

near-fault ground motions were generated by the project consultant, Dr. Paul Somerville, 

and his team.  Residual drift spectra were created based on nonlinear response history 

analyses and were grouped according to the one-second spectral acceleration.  This 

approach enables engineers to determine the one-second spectral acceleration for the 

1000-year return period for the bridge location based on the AASHTO maps.  Three 

ranges of one-second spectral acceleration were assumed: (1) 0.4-0.6g, (2) 0.6-0.8g, and 

(3) greater than 0.8g for Vs30 = 1200 ft/sec (360 m/sec) and Vs30 = 2500 ft/sec (760 

m/sec).  Residual displacements for S1 less than 0.4g were found to be negligible.  The 

residual drift ratios were developed for displacement ductility demands of 2, 4, and 6.  

The data points that were generated through computer analyses were combined to 

construct spectra for average residual drift ratios and average plus one standard deviation 

residual drift ratios.     

The sixth part of the study was the development of a new step-by-step guideline 

for the design of reinforced concrete columns exposed to near-fault earthquakes.  The 

focus of the guideline was on control of residual drift, which is determined using either 

the proposed simple method or residual drift spectra.  The method ties the residual drift to 

the AASHTO maps for one-second spectral acceleration and nominally 1000-year return 

period based on the bridge location and then checks the residual drift.  If the residual drift 

check is satisfactory, no adjustment in the size of the column or longitudinal 

reinforcement is required.  But if the column fails the residual drift check, the size of the 

column, the longitudinal steel ratio, or both need to be increased. 

In the seventh part of study, to evaluate the impact of the proposed near-fault 

earthquake design on the cost of a bridge, several representative actual bridges from 

different parts of the United States that had been designed based on current or recent 

design specifications were redesigned using the proposed design method.  Also, the cost 

impact of variations of the proposed method was investigated through a parametric study. 

10.2.      Conclusions 

The following conclusions were drawn based on the studies presented in this 

document: 
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1. Generally good correlation was obtained between the measured and calculated 

residual displacements using an existing nonlinear dynamic analysis model despite 

the fact that residual displacements are generally sensitive to small variation in 

constitutive modeling.  The fiber element model can provide a reasonable and 

conservative estimate of residual displacements in bridge columns subjected to fault-

normal component of near-fault earthquakes. 

2. The analytical results showed that applying a series of earthquake motions with 

increasing amplitudes versus a single motion does not necessarily lead to higher 

residual displacements in columns. 

3. It is recommended to use the simple model with residual displacement approach 1 

(polynomial relationship) to calculate the residual moment capacity factor.  

Compared to approach 2 (linear relationship), this model was more conservative and 

also provided higher coefficient of determination.  

4. The analysis of residual drift ratio limits indicated that circular bridge columns 

meeting current seismic codes are able to carry large traffic loads even when the 

permanent lateral drift is 1.2% or higher, depending on the column strength and 

geometry.  The limit of 1.2% was obtained based on a conservative estimate of the 

residual moment capacity and for the worst combination of bridge column geometry 

and reinforcement.  However, to be more conservative, it is recommended to use 1% 

as a residual drift ratio limit if the column is well confined and meets current seismic 

code detailing requirements.  This limit is the same as that specified in the bridge 

seismic design code of Japan. 

5.  Accurate estimation of the residual displacement is found to be difficult to achieve.  

Attempts to estimate residual displacements based on simple characteristics of the 

earthquake record and the columns were not successful.  

6. The proposed simple empirical method 1 developed based on shake table test data 

for six bridge columns led to generally reasonable estimate of residual 

displacements. 

7. The proposed methods and the methods by ATC and the Japanese codes generally 

overestimate the residual displacement.  For ductility of two to four, method 2 and 

the ATC method provides a better estimation of residual displacement.  However, for 

ductility of four or more, method 2 is too conservative and unrealistic, whereas the 

Japanese method and method 1 closely estimate the residual displacement.  The 

Japanese method is the most involved method because it requires several parameters 

and assumptions, whereas the ATC and the proposed methods are very simple.   

8. The residual drift spectra were developed to be integrated in a near-fault earthquake 

design method that is applicable to bridges in different parts of US.  Assuming 

that near fault earthquake effects are included in the AASHTO maps, the spectra 

were linked to one-second spectral acceleration. 

9. Residual drift ratio is negligible (less than 1%) when one-second spectral 

acceleration is less than 0.4g. 

10. The proposed design method is effective in reducing the displacement ductility 

demand, and, as a result, residual drift ratio of RC columns. 

11. Using the proposed design method to control residual drift ratio has negligible effect 

on the overall cost of the bridge.  Even utilizing average plus standard deviation 

residual drift spectra would not significantly increase the cost of the bridge.   
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 Table 2.1 Specimen Details 

  NF-1 NF-2 MN ETN SETN SVTN 

Height                

in (mm) 
72 

(1829) 
72   

(1829) 
63    

(1600) 
108.5 

(2756) 
108.5 

(2756) 
98.5     

(2502) 

Diameter             

in (mm) 
16   

(406) 
16            

(406) 
14        

(356) 
14          

(356) 
14         

(356) 
12          

(305) 

Long. Steel 

Ratio (%) 
2.0 2.2 2.9 2.9 3.6 3.0 

Trans. Steel 

Ratio (%) 
0.92 1.10 1.37 1.54 2.05 1.82 

Aspect Ratio 4.50 4.50 4.50 7.75 7.75 8.20 

Design 

Method 
Caltrans 

far-field 
AASHTO 

Caltrans 

near-

fault 

Caltrans 

near-

fault 

Spectra by 

Somerville 
Spectra by 

Somerville 

Prototype 

Period (sec.) 
0.72 0.72 0.66 1.50 1.36 1.79 

Scale (%) 33 33 30 30 30 20 

Footing 

Height in 

(mm) 

28     

(711) 
28     

(711) 
28.5           

(724) 
25            

(635) 
25          

(635) 
26             

(660) 

 

 

Table 2.2 Loading Protocol for each Specimen 

Run 
NF-1 NF-2 MN ETN SETN SVTN 

Rinaldi x Rinaldi x Rinaldi x Rinaldi x Rinaldi x Rinaldi x 

1 0.05 0.05 0.05 0.05 0.05 0.05 

2 0.1 0.1 0.1 0.1 0.1 0.1 

3 0.2 0.2 0.2 0.2 0.2 0.2 

4 0.3 0.3 0.3 0.3 0.3 0.3 

5 0.45 0.45 0.45 0.45 0.45 0.45 

6 0.6 0.6 0.6 0.6 0.6 0.6 

7 0.75 0.75 0.75 0.75 RRS x 0.85 RRS x 0.85 

8 0.9 0.9 0.9 0.9 RRS x 0.95 RRS x 0.95 

9 1.05 1.05 1.05 1.05 RRS x 1.05 RRS x 1.05 

10 1.2 1.2 1.2 1.2 RRS x 1.15 RRS x 1.15 

11 1.35 1.35 1.35 1.35 N/A RRS x 1.25 

12 N/A N/A N/A 1.5 N/A RRS x 1.35 

13 N/A N/A N/A 1.65 N/A RRS x 1.45 

14 N/A N/A N/A N/A N/A RRS x 1.60 

15 N/A N/A N/A N/A N/A RRS x 1.75 
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Table 2.3 Measured Concrete Compressive Strength, ksi (MPa) 

  NF-1 NF-2 MN ETN SETN SVTN 

Footing                
5.61 

(38.7) 
5.83   

(40.2) 
6.13    

(42.3) 
6.16 

(42.4) 
6.47 

(44.6) 
6.49     

(44.7) 

Column/head              
5.99   

(41.3) 
6.15            

(42.4) 
6.35        

(43.8) 
6.37          

(44) 
6.79         

(46.8) 
6.84          

(47.1) 

 

Table 2.4 Measured Longitudinal Reinforcement Properties, ksi (MPa) 

  NF-1 NF-2 MN ETN SETN SVTN 

Yield Stress, 

fy                
68.0 

(468.8) 
68.0  

(468.8) 
70.5    

(486.1) 
70.5 

(486.1) 
64.0 

(441.3) 
68.8     

(474.4) 

sʑh 0.008 0.008 0.009 0.009 0.01 0.009 

Ultimate 

Stress, fsu             
93.37  

(643.8) 
93.37            

(643.8) 
103.7        

(715.0) 
103.7          

(715.0) 
100.8         

(695.0) 
96.5          

(665.3) 

sʑu 
0.15 0.15 0.16 0.16 0.14 0.15 

 

Table 2.5 Measured Transverse Reinforcement Properties, ksi (MPa) 

  NF-1 NF-2 MN ETN SETN SVTN 

Yield Stress, 

fy                
57.5 

(396.4) 
57.5   

(396.4) 
62.0    

(427.5) 
62.0 

(427.5) 
58.1 

(400.6) 
58.1     

(400.6) 

Ultimate 

Stress, fsu             
74.05  

(510.6) 
74.05            

(510.6) 
83.2        

(573.6) 
83.2          

(573.6) 
72.1         

(497.1) 
72.1          

(497.1) 

  

Table 2.6 Percent Increase in Steel Yield and Ultimate Stress (Tension) and Concrete 

Compressive Strength (Compression) due to Strain Rate 
Strain Increase 

(%) 
NF-1 NF-2 MN ETN SETN SVTN 

Tension 8 8 8 7 8 7 

Compression 11 10 11 11 11 14 
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Table 2.7 Rotations and Corresponding Moments at cracking, yielding, and ultimate 

capacity 

  NF-1 NF-2 MN ETN SETN SVTN 

Crack Moment, kip-

in  (MN-mm)             
393.4 

(44.5) 
396.5  

(44.8) 
269.5   

(30.5) 
269.8 

(30.5) 
275.0 

(31.1) 
172.7     

(19.5) 

Crack Rotation, Rad               
4.14E-

06 
4.14E-

06 
4.80E-

06 
4.80E-

06 
5.94E-06 5.45E-06 

Yield Moment, kip-

in    (MN-mm)        
1934   

(218.5) 
2072          

(234.1) 
1773        

(200.3) 
1779         

(201.0) 
2011         

(227.2) 
1128          

(127.5) 

Yield Rotation, Rad           
1.21E-

03 
1.22E-

03 
1.50E-

03 
1.49E-

03 
1.55E-03 1.69E-03 

Ultimate Moment, 

kip-in (MN-mm)     
2073 

(234.2) 
2241            

(253.2) 
2024        

(228.7) 
2061          

(232.9) 
2471       

(279.2) 
1283        

(145.0) 

Ultimate Rotation, 

Rad           
3.15E-

03 
3.36E-

03 
6.59E-

03 
7.74E-

03 
1.24E-02 7.89E-03 

 

Table 2.8 Ratio of Calculated and Measured Residual Drifts 

Run # NF1 NF2 MN  ETN SETN SVTN 

1 2.946 6.452 N/A 0.800 0.483 N/A 

2 0.164 0.364 1.100 0.233 0.286 0.500 

3 0.205 5.085 N/A 0.100 0.037 0.010 

4 1.122 1.376 0.200 1.240 0.126 0.014 

5 1.498 2.069 3.286 3.420 1.298 4.333 

6 1.038 1.273 3.442 2.315 1.040 17.200 

7 0.778 1.050 1.489 2.155 1.144 1.700 

8 0.732 0.983 1.076 2.737 0.746 1.288 

9 0.739 1.036 1.006 9.445 0.585 1.003 

10 0.707 N/A 0.967 0.389 0.578 0.995 

11 N/A N/A N/A 0.959 N/A 0.970 

12 N/A N/A N/A 1.001 N/A 1.120 

13 N/A N/A N/A 0.852 N/A 1.557 

14 N/A N/A N/A N/A N/A 3.491 

Average 0.993 2.187 1.571 1.973 0.632 2.629 
Standard 

Deviation 0.79 2.11 1.16 2.46 0.43 4.55 
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Table 3.1 NF-1, Yield Displacement= 0.93 in (23.62 mm) 

Run Maximum 

Displacement, in (mm) 
Residual Displacement, 

in (mm) 
Ductility ɓ 

1 0.16                                  

(4.06) 
0.00                                    

(0.00) 
N/A 0.00 

2 0.32                                   

(8.13) 
0.03                                  

(0.76) 
N/A 0.03 

3 0.81                                      

(20.57) 
0.03                                      

(0.76) 
N/A 0.03 

4 1.59                               

(40.39) 
0.13                                  

(3.30) 
1.7 0.14 

5 3.2                                  

(81.28) 
0.47                                

(11.94) 
3.4 0.51 

6 4.98                                    

(126.49) 
1.08                                    

(27.43) 
5.4 1.16 

7 6.39                                  

(162.31) 
2.16                                      

(54.86) 
6.9 2.32 

8 7.36                             

(186.94) 
3                                             

(76.2) 
7.9 3.23 

9 8.51                                 

(216.15) 
4.24                                  

(107.70) 
9.2 4.56 

10 9.6                                    

(243.84) 
6.05                                 

(153.67) 
10.3 6.51 

11 10.29                                  

(261.37) 
N/A 11.1 N/A 
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Table 3.2 NF-2, Yield Displacement= 0.97 in (24.64 mm) 

Run Maximum 

Displacement, in (mm) 
Residual Displacement, 

in (mm) 
Ductility ɓ 

1 0.16                                  

(4.06) 
0.00                                    

(0.00) 
N/A 0.00 

2 0.28                                  

(7.11) 
0.00                                  

(0.00) 
N/A 0.03 

3 0.73                                      

(18.54) 
0.00                                      

(0.00) 
N/A 0.03 

4 1.46                               

(37.08) 
0.07                                  

(1.78) 
1.5 0.07 

5 2.81                                  

(71.37) 
0.29                                

(7.37) 
2.9 0.30 

6 4.36                                    

(110.74) 
0.80                                    

(20.32) 
4.5 0.82 

7 5.59                                  

(141.99) 
1.4                                      

(35.56) 
5.8 1.44 

8 6.69                             

(169.93) 
2.11                                             

(53.59) 
6.9 2.18 

9 7.68                                 

(195.07) 
2.87                                  

(72.90) 
7.9 2.96 

10 8.65                                   

(219.71) 
4.16                                 

(105.66) 
8.9 4.29 

11 9.20                                  

(233.68) 
N/A 9.5 N/A 
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 Table 3.3 MN, Yield Displacement= 0.7 in (17.78 mm) 

Run Maximum 

Displacement, in (mm) 
Residual Displacement, 

in (mm) 
Ductility ɓ 

1 0.08                                  

(2.03) 
0.00                                    

(0.00) 
N/A 0.00 

2 0.20                                  

(5.08) 
0.01                                  

(0.25) 
N/A 0.01 

3 0.45                                      

(11.43) 
0.00                                      

(0.00) 
N/A 0.04 

4 0.84                               

(21.34) 
0.01                                  

(0.25) 
1.2 0.01 

5 1.62                                 

(41.15) 
0.07                                

(1.78) 
2.3 0.10 

6 2.74                                    

(69.60) 
0.19                                    

(4.83) 
3.9 0.27 

7 4.11                                  

(104.39) 
0.84                                      

(21.34) 
5.9 1.20 

8 5.33                             

(135.38) 
1.76                                             

(44.70) 
7.6 2.51 

9 6.35                                 

(161.29) 
2.68                                  

(68.07) 
9.1 3.83 

10 7.51                                   

(190.75) 
3.80                                 

(96.52) 
10.7 5.43 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 



 

72 

 

 

 

 

Table 3.4 ETN, Yield Displacement= 2.21 in (56.13 mm) 

Run Maximum 

Displacement, in (mm) 
Residual Displacement, 

in (mm) 
Ductility ɓ 

1 0.25                                  

(6.35) 
0.01                                    

(0.25) 
N/A 0.00 

2 0.54                                  

(13.72) 
0.03                                 

(0.76) 
N/A 0.01 

3 1.15                                      

(29.21) 
0.05                                      

(1.27) 
N/A 0.02 

4 1.73                               

(43.94) 
0.05                                  

(1.27) 
N/A 0.02 

5 2.80                                 

(71.12) 
0.15                                

(3.81) 
1.3 0.07 

6 3.86                                    

(98.04) 
0.54                                    

(13.72) 
1.7 0.24 

7 4.36                                  

(110.74) 
0.66                                      

(16.76) 
2.0 0.30 

8 4.44                             

(112.78) 
0.51                                             

(12.95) 
2.0 0.23 

9 4.97                                 

(126.24) 
0.11                                  

(2.79) 
2.2 0.05 

10 6.57                                   

(166.88) 
0.63                                 

(16.00) 
3.0 0.29 

11 8.53                                  

(216.66) 
2.05                                 

(52.07) 
3.9 0.93 

12 11.15                                 

(283.21) 
5.69                                 

(144.53) 
5.0 2.57 

13 15.94                                  

(404.88) 
13.36                                 

(339.34) 
7.2 6.05 
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Table 3.5 SETN, Yield Displacement= 2.13 in (54.10 mm) 

Run Maximum 

Displacement, in (mm) 
Residual Displacement, 

in (mm) 
Ductility ɓ 

1 0.26                                  

(6.60) 
0.01                                    

(0.25) 
N/A 0.00 

2 0.57                                  

(14.48) 
0.02                                 

(0.51) 
N/A 0.01 

3 1.23                                      

(31.24) 
0.06                                      

(1.52) 
N/A 0.03 

4 1.89                               

(48.01) 
0.06                                  

(1.52) 
N/A 0.03 

5 3.01                                 

(76.45) 
0.32                                

(8.13) 
1.4 0.15 

6 4.12                                    

(104.65) 
0.88                                    

(22.35) 
1.9 0.41 

7 6.13                                  

(155.70) 
1.03                                      

(26.16) 
2.9 0.48 

8 8.71                             

(221.23) 
3.31                                             

(84.07) 
4.1 1.55 

9 11.47                                 

(291.34) 
7.46                                  

(189.48) 
5.4 3.50 

10 25.04                                   

(636.02) 
14.50                                 

(368.30) 
11.8 6.81 
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Table 3.6 SVTN, Yield Displacement= 1.98 in (50.29 mm) 

Run Maximum 

Displacement, in (mm) 
Residual Displacement, 

in (mm) 
Ductility ɓ 

1 0.18                                  

(4.57) 
0.00                                    

(0.00) 
N/A 0.00 

2 0.37                                  

(9.40) 
0.01                                 

(0.25) 
N/A 0.01 

3 0.70                                      

(17.78) 
0.03                                      

(0.76) 
N/A 0.02 

4 1.01                               

(25.65) 
0.07                                  

(1.78) 
N/A 0.04 

5 1.54                                 

(39.12) 
0.03                                

(0.76) 
N/A 0.02 

6 1.97                                    

(50.04) 
0.02                                    

(0.51) 
1.0 0.01 

7 3.85                                  

(97.79) 
0.02                                      

(0.51) 
1.9 0.01 

8 5.28                             

(134.11) 
0.34                                             

(8.64) 
2.7 0.17 

9 6.21                                 

(157.73) 
0.98                                  

(24.89) 
3.1 0.49 

10 7.04                                   

(178.82) 
1.70                                 

(43.18) 
3.6 0.86 

11 7.83                                   

(198.88) 
2.64                                 

(67.06) 
4.0 1.33 

12 8.52                                   

(216.41) 
3.60                                 

(91.44) 
4.3 1.82 

13 9.12                                   

(231.65) 
4.62                                 

(117.35) 
4.6 2.33 

14 10.12                                   

(257.05) 
6.36                                 

(161.54) 
5.1 3.21 

15 13.19                                   

(335.03) 
10.07                                 

(255.78) 
6.7 5.09 
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Table 4.1 Column Characteristics 

Column Group No. 1 2 3 4 

Diameter                                             

in (mm) 
36       

(914) 
48       

(1219) 
60      

(1524) 
72     

(1829) 

Concrete Cover                                 

in (mm) 
2            

(50) 
2            

(50) 
2            

(50) 
2            

(50) 

Transverse Steel Ratio                

(%) 
1.3 1.2 1.1 1.2 

Concrete Compressive 

Strength, ksi  (MPa) 

4        

(27.6) 
4        

(27.6) 
4        

(27.6) 
4        

(27.6) 

Steel Yield Stress, ksi (MPa) 
60        

(413.7) 
60        

(413.7) 
60        

(413.7) 
60       

(413.7) 

Confined Concrete 

Compressive Strength, ksi  

(MPa) 

6.17        

(42.5) 
6.11       

(42.1) 
5.95      

(41.0) 
6.11      

(42.1) 

Concrete Strain at Peak Stress 0.0074 0.0073 0.0069 0.0073 

Ultimate Concrete Compressive 

Strength, ksi  (MPa) 

5.26       

(36.3) 
5.19        

(35.8) 
5.03        

(34.7) 
5.20       

(35.9) 

Ultimate Concrete Strain  0.0247 0.0242 0.023 0.0242 
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Table 4.2 Residual Drift Ratios for Columns with 1% Steel Ratio and Axial Load of 0.05 fôcAg 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Diameter                                             

in (mm) 

Wtruck             

kips 

(kN) 

Axial 

Load            

kips (kN) 

Mp (Xtract)     

kip-in   

(kN-m) 

ŬMp                 

kip-in   

(kN-m) 

Residual Disp. 

Capacity, ɻ                

in (mm) 

Height, ft (mm) 

16     

(4880) 
20    

(6096) 
24      

(7315) 
28    

(8534) 
32 

(9760) 

Residual Drift (%) 

36                          

(914) 
142       

(631) 
204         

(907) 
11110           

(1257) 
2222            

(251) 
6.4                                         

(163) 
3.3 2.7 2.2 1.9 1.7 

48              

(1219) 
142       

(631) 
362         

(1609) 
27170           

(3073) 
5434            

(615) 
10.8                                         

(274) 
5.6 4.5 3.7 3.2 2.8 

60             

(1524) 
142       

(631) 
565         

(2512) 
53340           

(6033) 
10668           

(1207) 
15.1                                         

(384) 
7.9 6.3 5.2 4.5 3.9 

72                

(1829) 
142      

(631) 
814         

(3619) 
94800           

(10724) 
18960            

(2145) 
19.8                                         

(503) 
10.3 8.3 6.9 5.9 5.2 
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Table 4.3 Residual Drift Ratios for Columns with 1% Steel Ratio and Axial Load of 0.1 fôcAg 

Diameter                                             

in (mm) 

Wtruck             

kips 

(kN) 

Axial 

Load            

kips (kN) 

Mp (Xtract)          

kip-in   

(kN-m) 

ŬMp                             

kip-in    

(kN-m) 

Residual Disp. 

Capacity, ɻ                

in (mm) 

Height, ft (mm) 

16     

(4880) 
20    

(6096) 
24      

(7315) 
28    

(8534) 
32 

(9760) 

Residual Drift (%) 

36                          

(914) 
142       

(631) 
407        

(1810) 
13030           

(1472) 
2606            

(294) 
4.7                                        

(121) 
2.5 2.0 1.6 1.4 1.2 

48              

(1219) 
142       

(631) 
724         

(3219) 
31910           

(3604) 
6382            

(721) 
7.4                                         

(188) 
3.8 3.1 2.6 2.2 1.9 

60             

(1524) 
142       

(631) 
1131         

(5029) 
62940           

(7108) 
12588           

(1422) 
9.9                                        

(251) 
5.2 4.1 3.4 2.9 2.6 

72                

(1829) 
142      

(631) 
1629         

(7243) 
111200           

(12558) 
22240            

(2512) 
12.6                                         

(320) 
6.5 5.2 4.4 3.7 3.3 
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Table 4.4 Residual Drift Ratios for Columns with 2% Steel Ratio and Axial Load of 0.05 fôcAg 

Diameter                                             

in (mm) 

Wtruck             

kips 

(kN) 

Axial 

Load            

kips (kN) 

Mp (Xtract)          

kip-in   

(kN-m) 

ŬMp                             

kip-in   

(kN-m) 

Residual Disp. 

Capacity, ɻ                

in (mm) 

Height, ft (mm) 

16     

(4880) 
20    

(6096) 
24      

(7315) 
28    

(8534) 
32 

(9760) 

Residual Drift (%) 

36                          

(914) 
142       

(631) 
204         

(907) 
17550           

(1983) 
3510            

(397) 
10.2                                        

(259) 
5.3 4.2 3.5 3.0 2.6 

48              

(1219) 
142       

(631) 
362         

(1609) 
43230          

(4885) 
8646          

(977) 
17.2                                         

(437) 
8.9 7.1 6.0 5.1 4.5 

60             

(1524) 
142       

(631) 
565         

(2512) 
86580           

(9784) 
17316           

(1957) 
24.5                                        

(622) 
12.7 10.2 8.5 7.3 6.4 

72                

(1829) 
142      

(631) 
814         

(3619) 
152700           

(17255) 
30540            

(3451) 
31.9                                         

(810) 
16.6 13.3 11.1 9.5 8.3 
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Table 4.5 Residual Drift Ratios for Columns with 2% Steel Ratio and Axial Load of 0.1 fôcAg 

Diameter                                             

in (mm) 

Wtruck             

kips 

(kN) 

Axial 

Load            

kips (kN) 

Mp (Xtract)          

kip-in   

(kN-m) 

ŬMp                             

kip-in   

(kN-m) 

Residual Disp. 

Capacity, ɻ                

in (mm) 

Height, ft (mm) 

16     

(4880) 
20    

(6096) 
24      

(7315) 
28    

(8534) 
32 

(9760) 

Residual Drift (%) 

36                          

(914) 
142       

(631) 
407        

(1810) 
19270           

(2178) 
3854            

(436) 
7.0                                       

(178) 
3.7 2.9 2.4 2.1 1.8 

48              

(1219) 
142       

(631) 
724         

(3219) 
47400          

(5356) 
9480          

(1071) 
10.9                                         

(277) 
5.7 4.6 3.8 3.3 2.9 

60             

(1524) 
142       

(631) 
1131         

(5029) 
95060           

(10742) 
19012           

(2148) 
14.9                                        

(378) 
7.8 6.2 5.2 4.4 3.9 

72                

(1829) 
142      

(631) 
1629         

(7243) 
167500           

(18928) 
33500            

(3786) 
18.9                                         

(480) 
9.9 7.9 6.6 5.6 4.9 
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Table 4.6 Residual Drift Ratios for Columns with 3% Steel Ratio and Axial Load of 0.05 fôcAg 

Diameter                                             

in (mm) 

Wtruck             

kips 

(kN) 

Axial 

Load            

kips (kN) 

Mp (Xtract)          

kip-in    

(kN-m) 

ŬMp                             

kip-in   

(kN-m) 

Residual Disp. 

Capacity, ɻ                

in (mm) 

Height, ft (mm) 

16     

(4880) 
20    

(6096) 
24      

(7315) 
28    

(8534) 
32 

(9760) 

Residual Drift (%) 

36                          

(914) 
142       

(631) 
204         

(907) 
24520           

(2771) 
4904            

(554) 
14.2                                        

(361) 
7.4 5.9 4.9 4.2 3.7 

48              

(1219) 
142       

(631) 
362         

(1609) 
59090          

(6677) 
11818          

(1335) 
23.5                                        

(597) 
12.2 9.8 8.1 7.0 6.1 

60             

(1524) 
142       

(631) 
565         

(2512) 
119100           

(13458) 
23820           

(2692) 
33.7                                        

(856) 
17.5 14 11.7 10.0 8.8 

72                

(1829) 
142      

(631) 
814         

(3619) 
205200           

(23188) 
41040            

(4638) 
42.9                                         

(1090) 
22.4 17.9 14.9 12.8 11.2 
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Table 4.7 Residual Drift Ratios for Columns with 3% Steel Ratio and Axial Load of 0.1 fôcAg 

Diameter                                             

in (mm) 

Wtruck             

kips 

(kN) 

Axial 

Load            

kips (kN) 

Mp (Xtract)          

kip-in    

(kN-m) 

ŬMp                             

kip-in   

(kN-m) 

Residual Disp. 

Capacity, ɻ                

in (mm) 

Height, ft (mm) 

16     

(4880) 
20    

(6096) 
24      

(7315) 
28   

(8534) 
32 

(9760) 

Residual Drift (%) 

36                          

(914) 
142       

(631) 
407        

(1810) 
25960           

(2933) 
5192            

(587) 
9.5                                        

(241) 
4.9 3.9 3.3 2.8 2.5 

48              

(1219) 
142       

(631) 
724         

(3219) 
62690          

(7084) 
12538          

(1417) 
14.5                                        

(368) 
7.5 6.0 5.0 4.3 3.8 

60             

(1524) 
142       

(631) 
1131         

(5029) 
126300           

(14272) 
25260           

(2854) 
19.8                                       

(503) 
10.3 8.3 6.9 5.9 5.2 

72                

(1829) 
142      

(631) 
1629         

(7243) 
218200           

(24657) 
43640            

(4931) 
24.6                                      

(625) 
12.8 10.3 8.6 7.3 6.4 

 

 

 

 

 

 

 

 



 

82 

 

 

 

 

 

 

Table 4.8 Residual Drift Ratios for Columns with 4% Steel Ratio and Axial Load of 0.05 fôcAg 

Diameter                                             

in (mm) 

Wtruck             

kips 

(kN) 

Axial 

Load            

kips (kN) 

Mp (Xtract)          

kip-in    

(kN-m) 

ŬMp                             

kip-in   

(kN-m) 

Residual Disp. 

Capacity, ɻ                

in (mm) 

Height, ft (mm) 

16     

(4880) 
20    

(6096) 
24      

(7315) 
28    

(8534) 
32 

(9760) 

Residual Drift (%) 

36                          

(914) 
142       

(631) 
204         

(907) 
30040           

(3395) 
6008           

(679) 
17.4                                       

(442) 
9.1 7.2 6.0 5.2 4.5 

48              

(1219) 
142       

(631) 
362         

(1609) 
74170          

(8381) 
14834         

(1676) 
29.4                                       

(747) 
15.3 12.3 10.2 8.8 7.7 

60             

(1524) 
142       

(631) 
565         

(2512) 
146500           

(16555) 
29300           

(3311) 
41.4                                      

(1052) 
21.6 17.3 14.4 12.3 10.8 

72                

(1829) 
142      

(631) 
814         

(3619) 
257700           

(29120) 
51540            

(5824) 
53.9                                     

(1369) 
28.1 22.5 18.7 16.0 14.0 
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Table 4.9 Residual Drift Ratios for Columns with 4% Steel Ratio and Axial Load of 0.1 fôcAg 

Diameter                                             

in (mm) 

Wtruck             

kips 

(kN) 

Axial 

Load            

kips (kN) 

Mp (Xtract)          

kip-in    

(kN-m) 

ŬMp                             

kip-in   

(kN-m) 

Residual Disp. 

Capacity, ɻ                

in (mm) 

Height, ft (mm) 

16     

(4880) 
20    

(6096) 
24      

(7315) 
28    

(8534) 
32 

(9760) 

Residual Drift (%) 

36                          

(914) 
142       

(631) 
407        

(1810) 
31360           

(3544) 
6272           

(709) 
11.4                                       

(290) 
5.9 4.8 4.0 3.4 3.0 

48              

(1219) 
142       

(631) 
724         

(3219) 
77470          

(8754) 
15494         

(1751) 
17.9                                       

(455) 
9.3 7.5 6.2 5.3 4.7 

60             

(1524) 
142       

(631) 
1131         

(5029) 
153100           

(17300) 
30620           

(3460) 
24.1                                      

(612) 
12.5 10.0 8.4 7.2 6.2 

72                

(1829) 
142      

(631) 
1629         

(7243) 
269300           

(30431) 
53860            

(6086) 
30.4                                     

(772) 
15.8 12.7 10.6 9.1 7.9 
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Table 5.1 Standard Modification Coefficient 0hck  

Soil Condition 

        Type I Ground Motion 

Group I (Stiff)  0.7 for T Ò 1.4  0.876T
2/3

 for T > 1.4 

Group II 

(Moderate) 

 1.51T
1/3

(khc0 җ 0.7) for 

T < 0.18 

 0.85 for 0.18 Җ T Ò 
1.6 

1.16T
2/3

 for T 

> 1.6 

Group III (Soft) 

 1.51T
1/3

(khc0 Ó 0.7) for 

T < 0.29 

 1.00 for 0.29 Ò T Ò 

2.0 

1.59T
2/3

 for T 

> 2.0 

Type II Ground Motion 

Group I (Stiff)  4.46T
2/3

 for T Җ 0.3 
 2.00 for 0.3 Ò T Ò 

0.7 

1.24T
4/3

 for T 

> 0.7 

Group II 

(Moderate) 3.22T
2/3

 for T < 0.4 
 1.75 for 0.4 Ò T Ò 

1.2 

2.23T
4/3

 for T 

> 1.2 

Group III (Soft)  2.38T
2/3

 for T < 0.5 
 1.50 for 0.5 Ò T Ò 

1.5 

2.57T
4/3

 for T 

> 1.5 

 

 

 

Table 5.2 Safety Factor ‌ 

Type of Bridge Type I Ground Motion Type II Ground Motion 

Type B 3.0 1.5 

Type A 2.4 1.2 
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Table 5.3 Ground Motion Characteristics of NF1 

Run 
Residual 

Drift 

Ratio  

Maximum 

Drift 

Ratio 
Sa (g) 

Sv, in/sec 
(mm/sec) 

Tc  

(sec.) 

Tg  

(sec.) 
Tvg 

(sec.) 
Tvg/Tc Tg/Tc 

1 0 0.0023 0.13 
3.41       

(86.52) 
0.44 0.40 0.50 1.15 0.92 

2 0.0004 0.0045 0.25 
6.85 

(174.03) 
0.44 0.14 0.60 1.38 0.32 

3 0.0004 0.0113 0.56 
14.25   

(361.88) 
0.51 0.20 0.62 1.21 0.39 

4 0.0019 0.0221 0.78 
16.50   

(419.00) 
0.58 0.20 0.64 1.11 0.35 

5 0.0066 0.0445 1.05 
24.49   

(622.05) 
0.73 0.20 0.54 0.74 0.27 

6 0.015 0.0692 1.33 
34.27   

(870.35) 
0.73 0.20 0.54 0.74 0.27 

7 0.03 0.0888 1.62 
44.57   

(1132.04) 
0.75 0.38 0.54 0.72 0.51 

8 0.0417 0.1022 1.94 
54.94   

(1395.36) 
0.75 0.38 0.54 0.72 0.51 

9 0.0589 0.1182 2.23 
65.17  

(1655.39) 
0.82 0.38 0.54 0.66 0.46 

10 0.0841 0.1333 2.52 
75.16   

(1909.02) 
0.82 0.38 0.56 0.68 0.46 

11 N/A 0.1429 2.76 
84.76  

(2152.88) 
0.84 0.38 0.56 0.67 0.45 
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Table 5.4 Characteristics of Velocity History and Response of NF1 

Td        

(sec) 
Tc         

(sec) 
Tc/2           

(sec) 

Vmax , 

in/sec 

(mm/sec) 
Td/(Tc/2) 

Res. Disp., 

in (mm) 
Max. Disp., 

in (mm) 

Res. 

drift 

(%) 

3 0.27 0.135 
0.25           

(6.35) 
22.22 

0.50       

(12.70) 
0.50          

(12.70) 
0.7 

3 0.27 0.135 
0.50                   

(12.70) 
22.22 

1.00 

(25.40) 
1.00        

(25.40) 
1.39 

3 0.27 0.135 
1.00     

(25.40) 
22.22 

2.01 

(51.05) 
2.01       

(51.05) 
2.79 

3 0.27 0.135 
2.00        

(50.8) 
22.22 

4.02 

(102.11) 
4.02     

(102.11) 
5.58 

3 0.28 0.14 
5.00 

(127.00) 
21.43 

10.04 

(255.02) 
10.06    

(255.02) 
13.95 

3 0.34 0.17 
10.00 

(254.00) 
17.65 

20.14 

(511.56) 
20.17    

(512.32) 
27.97 

2 0.28 0.14 
0.25       

(6.35) 
14.29 

0.33         

(8.38) 
0.34          

(8.64) 
0.46 

2 0.28 0.14 
0.50      

(12.70) 
14.29 

0.67       

(17.02) 
0.67        

(17.02) 
0.93 

2 0.28 0.14 
1.00     

(25.40) 
14.29 

1.34       

(34.04) 
1.34        

(34.04) 
1.86 

2 0.28 0.14 
2.00       

(50.8) 
14.29 

2.68      

(68.07) 
2.68        

(68.07) 
3.72 

2 0.28 0.14 
5.00 

(127.00) 
14.29 

6.69     

(169.93) 
6.71     

(170.43) 
9.3 

2 0.29 0.145 
10.00 

(254.00) 
13.79 

13.41 

(340.61) 
13.46    

(341.88) 
18.63 

2 0.39 0.195 
15.00 

(381.00) 
10.26 

20.18 

(512.57) 
20.29     

(515.37) 
28.02 

1 0.26 0.13 
0.25       

(6.35) 
7.69 

0.17         

(4.32) 
0.17          

(4.32) 
0.23 

1 0.26 0.13 
0.50      

(12.70) 
7.69 

0.33        

(8.38) 
0.34         

(8.64) 
0.46 

1 0.26 0.13 
1.00      

(25.40) 
7.69 

0.67       

(17.02) 
0.68        

(17.27) 
0.93 

1 0.26 0.13 
2.00       

(50.8) 
7.69 

1.34       

(34.04) 
1.35        

(34.29) 
1.86 

1 0.26 0.13 
5.00 

(127.00) 
7.69 

3.34       

(84.84) 
3.37       

(85.60) 
4.65 
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Table 5.4 Continued 

1 0.33 0.165 
10.00 

(254.00) 
6.06 

6.72    

(170.69) 
6.84      

(173.74) 
9.33 

1 0.34 0.17 
15.00 

(381.00) 
5.88 

10.08 

(256.03) 
10.25     

(260.35) 
14.01 

0.5 0.27 0.135 
0.25       

(6.35) 
3.70 

0.08         

(2.03) 
0.09          

(2.29) 
0.12 

0.5 0.27 0.135 
0.50      

(12.70) 
3.70 

0.17         

(4.32) 
0.18         

(4.57) 
0.23 

0.5 0.27 0.135 
1.00      

(25.40) 
3.70 

0.33        

(8.38) 
0.36          

(9.14) 
0.46 

0.5 0.27 0.135 
2.00       

(50.8) 
3.70 

0.67       

(17.02) 
0.71        

(18.03) 
0.93 

0.5 0.28 0.14 
5.00 

(127.00) 
3.57 

1.67       

(42.42) 
1.74        

(44.20) 
2.33 

0.5 0.51 0.255 
10.00 

(254.00) 
1.96 

3.37      

(85.60) 
3.67        

(93.22) 
4.69 

0.5 0.54 0.27 
15.00 

(381.00) 
1.85 

5.21     

(132.33) 
5.90      

(149.86) 
7.24 

0.5 0.6 0.3 
20.00 

(508.00) 
1.67 

7.52     

(191.01) 
8.39       

(213.11) 
10.44 

0.3 0.27 0.135 
0.25        

(6.35) 
2.22 

0.05         

(1.27) 
0.06          

(1.52) 
0.07 

0.3 0.27 0.135 
0.50      

(12.70) 
2.22 

0.10         

(2.54) 
0.12          

(3.05) 
0.14 

0.3 0.27 0.135 
1.00     

(25.40) 
2.22 

0.20         

(5.08) 
0.23          

(5.84) 
0.28 

0.3 0.28 0.14 
2.00       

(50.8) 
2.14 

0.40       

(10.16) 
0.48       

(12.19) 
0.56 

0.3 0.35 0.175 
5.00 

(127.00) 
1.71 

1.02       

(25.91) 
1.34        

(34.04) 
1.42 

0.3 0.45 0.22 
10.00 

(254.00) 
1.35 

2.19      

(55.63) 
2.93        

(74.42) 
3.04 

0.3 0.51 0.26 
15.00 

(381.00) 
1.17 

3.45       

(87.63) 
4.41     

(112.01) 
4.79 

0.3 0.57 0.28 
20.00 

(508.00) 
1.05 

4.69      

(119.13) 
5.64     

(143.26) 
6.51 

0.3 0.6 0.3 
30.00 

(762.00) 
1.00 

6.63     

(168.40) 
7.51     

(190.75) 
9.21 

0.3 0.68 0.34 
40.00 

(1016.00) 
0.88 

8.20     

(208.28) 
9.00     

(228.60) 
11.38 
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 Table 5.5 Characteristics of Velocity History and Response of NF1 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

3 0.27 
0.25            

(6.35) 
0.5 0.5 1.5 

0.13             

(3.18) 
4.5 16.67 

0.25           

(6.35) 
0.38      

(9.65) 
0.50            

(12.70) 
0.52 

3 0.26 
0.25            

(6.35) 
0.5 1 1.5 

0.25              

(6.35) 
4.5 17.31 

0.25           

(6.35) 
0.25      

(6.35) 
0.50            

(12.70) 
0.35 

3 0.26 
0.25            

(6.35) 
0.5 1.5 1.5 

0.38           

(9.53) 
4.5 17.31 

0.38         

(9.53) 
0.13      

(3.30) 
0.50            

(12.70) 
0.17 

3 0.27 
0.25            

(6.35) 
1 0.5 3 

0.13             

(3.18) 
6 22.22 

0.25           

(6.35) 
0.25      

(6.35) 
0.50            

(12.70) 
0.35 

3 0.26 
0.25            

(6.35) 
1 1 3 

0.25              

(6.35) 
6 23.08 

0.25           

(6.35) 
0.00      

(0.00) 
0.50            

(12.70) 
0.00 

3 0.27 
0.25            

(6.35) 
1 1.5 3 

0.38           

(9.53) 
6 22.22 

0.38         

(9.53) 
0.25      

(6.35) 
0.50            

(12.70) 
0.35 

3 0.27 
0.25            

(6.35) 
1.5 0.5 4.5 

0.13             

(3.18) 
7.5 27.78 

0.25           

(6.35) 
0.13      

(3.30) 
0.50            

(12.70) 
0.17 

3 0.26 
0.25            

(6.35) 
1.5 1 4.5 

0.25              

(6.35) 
7.5 28.85 

0.25           

(6.35) 
0.25      

(6.35) 
0.50            

(12.70) 
0.35 

3 0.26 
0.25            

(6.35) 
1.5 1.5 4.5 

0.38           

(9.53) 
7.5 28.85 

0.38         

(9.53) 
0.63     

(16.00) 
0.63     

(16.00) 
0.87 

3 0.27 
0.50          

(12.70) 
0.5 0.5 1.5 

0.25              

(6.35) 
4.5 16.67 

0.50            

(12.70) 
0.75      

(19.05) 
1.00         

(25.4) 
1.05 

3 0.26 
0.50          

(12.70) 
0.5 1 1.5 

0.50            

(12.70) 
4.5 17.31 

0.50            

(12.70) 
0.5      

(12.70) 
1.00         

(25.4) 
0.70 

3 0.26 
0.50          

(12.70) 
0.5 1.5 1.5 

0.75         

(19.05) 
4.5 17.31 

0.75              

(19.05) 
0.25      

(6.35) 
1.00         

(25.4) 
0.35 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

3 0.27 
0.50          

(12.70) 
1 0.5 3 

0.25              

(6.35) 
6 22.22 

0.50            

(12.70) 
0.5      

(12.70) 
1.00         

(25.4) 
0.70 

3 0.26 
0.50          

(12.70) 
1 1 3 

0.50            

(12.70) 
6 23.08 

0.50            

(12.70) 
0.00      

(0.00) 
1.00         

(25.4) 
0.00 

3 0.27 
0.50          

(12.70) 
1 1.5 3 

0.75         

(19.05) 
6 22.22 

0.75              

(19.05) 
0.5      

(12.70) 
1.00         

(25.4) 
0.70 

3 0.27 
0.50          

(12.70) 
1.5 0.5 4.5 

0.25              

(6.35) 
7.5 27.78 

0.50            

(12.70) 
0.25      

(6.35) 
1.00         

(25.4) 
0.35 

3 0.26 
0.50          

(12.70) 
1.5 1 4.5 

0.50            

(12.70) 
7.5 28.85 

0.50            

(12.70) 
0.5      

(12.70) 
1.00         

(25.4) 
0.70 

3 0.26 
0.50          

(12.70) 
1.5 1.5 4.5 

0.75         

(19.05) 
7.5 28.85 

0.75              

(19.05) 
1.25      

(31.75) 
1.26       

(32.00) 
1.74 

3 0.27 
1.00          

(25.4) 
0.5 0.5 1.5 

0.50            

(12.70) 
4.5 16.67 

1.00         

(25.4) 
1.51     

(38.35) 
2.01     

(51.05) 
2.09 

3 0.26 
1.00          

(25.4) 
0.5 1 1.5 

1.00             

(25.4) 
4.5 17.31 

1.00         

(25.4) 
1.00         

(25.4) 
2.01     

(51.05) 
1.39 

3 0.26 
1.00          

(25.4) 
0.5 1.5 1.5 

1.50         

(38.10) 
4.5 17.31 

1.50         

(38.10) 
0.5      

(12.70) 
2.01     

(51.05) 
0.70 

3 0.27 
1.00          

(25.4) 
1 0.5 3 

0.50            

(12.70) 
6 22.22 

1.00         

(25.4) 
1.00         

(25.4) 
2.01     

(51.05) 
1.39 

3 0.26 
1.00          

(25.4) 
1 1 3 

1.00             

(25.4) 
6 23.08 

1.00         

(25.4) 
0.00      

(0.00) 
2.01     

(51.05) 
0.00 

3 0.27 
1.00          

(25.4) 
1 1.5 3 

1.50         

(38.10) 
6 22.22 

1.50         

(38.10) 
1.00         

(25.4) 
2.01     

(51.05) 
1.39 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

3 0.27 
1.00              

(25.4) 
1.5 0.5 4.5 

0.50            

(12.70) 
7.5 27.78 

1.00         

(25.4) 
0.5      

(12.70) 
2.01     

(51.05) 
0.70 

3 0.26 
1.00              

(25.4) 
1.5 1 4.5 

1.00            

(25.4) 
7.5 28.85 

1.00         

(25.4) 
1.00            

(25.4) 
2.01     

(51.05) 
1.39 

3 0.26 
1.00              

(25.4) 
1.5 1.5 4.5 

1.50         

(38.10) 
7.5 28.85 

1.50         

(38.10) 
2.51        

(63.75) 
2.51        

(63.75) 
3.49 

3 0.27 
2.00              

(50.8) 
0.5 0.5 1.5 

1.00            

(25.4) 
4.5 16.67 

2.00              

(50.8) 
3.01       

(76.45) 
4.02        

(102.11) 
4.18 

3 0.26 
2.00              

(50.8) 
0.5 1 1.5 

2.00            

(50.8) 
4.5 17.31 

2.00              

(50.8) 
2.01     

(51.05) 
4.02        

(102.11) 
2.79 

3 0.26 
2.00              

(50.8) 
0.5 1.5 1.5 

3.00            

(76.2) 
4.5 17.31 

3.00            

(76.2) 
1.00            

(25.4) 
4.02        

(102.11) 
1.40 

3 0.27 
2.00              

(50.8) 
1 0.5 3 

1.00            

(25.4) 
6 22.22 

2.00              

(50.8) 
2.01     

(51.05) 
4.02        

(102.11) 
2.79 

3 0.26 
2.00              

(50.8) 
1 1 3 

2.00            

(50.8) 
6 23.08 

2.00              

(50.8) 
0.00      

(0.00) 
4.02        

(102.11) 
0.00 

3 0.27 
2.00              

(50.8) 
1 1.5 3 

3.00            

(76.2) 
6 22.22 

3.00            

(76.2) 
2.01     

(51.05) 
4.02        

(102.11) 
2.79 

3 0.27 
2.00              

(50.8) 
1.5 0.5 4.5 

1.00            

(25.4) 
7.5 27.78 

2.00              

(50.8) 
1.00            

(25.4) 
4.02        

(102.11) 
1.39 

3 0.26 
2.00              

(50.8) 
1.5 1 4.5 

2.00            

(50.8) 
7.5 28.85 

2.00              

(50.8) 
2.01     

(51.05) 
4.02        

(102.11) 
2.79 

3 0.26 
2.00              

(50.8) 
1.5 1.5 4.5 

3.00            

(76.2) 
7.5 28.85 

3.00            

(76.2) 
5.02       

(127.51) 
5.02       

(127.51) 
6.97 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

3 0.28 
5.00              

(127.00) 
0.5 0.5 1.5 

2.50            

(63.5) 
4.5 16.07 

5.00              

(127.00) 
7.53      

(191.26) 
10.06       

(255.52) 
10.46 

3 0.29 
5.00              

(127.00) 
0.5 1 1.5 

5.00              

(127.00) 
4.5 15.52 

5.00              

(127.00) 
5.03      

(127.76) 
10.06       

(255.52) 
6.99 

3 0.28 
5.00              

(127.00) 
0.5 1.5 1.5 

7.50             

(190.5) 
4.5 16.07 

7.50             

(190.5) 
2.53     

(64.26) 
10.06       

(255.52) 
3.51 

3 0.28 
5.00              

(127.00) 
1 0.5 3 

2.50               

(63.5) 
6 21.43 

5.00              

(127.00) 
5.02     

(127.51) 
10.06       

(255.52) 
6.98 

3 0.27 
5.00              

(127.00) 
1 1 3 

5.00              

(127.00) 
6 22.22 

5.00              

(127.00) 
0.00      

(0.00) 
10.06       

(255.52) 
0.01 

3 0.27 
5.00              

(127.00) 
1 1.5 3 

7.50             

(190.5) 
6 22.22 

7.50             

(190.5) 
5.02       

(127.51) 
10.06       

(255.52) 
6.97 

3 0.28 
5.00              

(127.00) 
1.5 0.5 4.5 

2.50            

(63.5) 
7.5 26.79 

5.00              

(127.00) 
2.51       

(63.75) 
10.06       

(255.52) 
3.49 

3 0.28 
5.00              

(127.00) 
1.5 1 4.5 

5.00              

(127.00) 
7.5 26.79 

5.00              

(127.00) 
5.02       

(127.51) 
10.06       

(255.52) 
6.97 

3 0.28 
5.00              

(127.00) 
1.5 1.5 4.5 

7.50             

(190.5) 
7.5 26.79 

7.50             

(190.5) 
12.56     

(319.02) 
12.56     

(319.02) 
17.44 

3 0.34 
10.00              

(254.00) 
0.5 0.5 1.5 

5.00              

(127.00) 
4.5 13.24 

10.00              

(254.00) 
15.11       

(383.79) 
20.17         

(512.32) 
20.99 

3 0.35 
10.00              

(254.00) 
0.5 1 1.5 

10.00              

(254.00) 
4.5 12.86 

10.00              

(254.00) 
10.1         

(256.54) 
20.17         

(512.32) 
14.03 

3 0.35 
10.00              

(254.00) 
0.5 1.5 1.5 

15.00            

(381.00) 
4.5 12.86 

15.00            

(381) 
5.07     

(128.78) 
20.17         

(512.32) 
7.04 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

3 0.34 
10.00              

(254.00) 
1 0.5 3 

5.00              

(127.00) 
6 17.65 

10.00              

(254.00) 
10.08       

(256.03) 
20.17        

(512.32) 
14.00 

3 0.29 
10.00              

(254.00) 
1 1 3 

10.00              

(254.00) 
6 20.69 

10.00              

(254.00) 
0.02       

(0.51) 
20.17        

(512.32) 
0.02 

3 0.29 
10.00              

(254.00) 
1 1.5 3 

15.00            

(381.00) 
6 20.69 

15.00            

(381.00) 
10.05      

(255.27) 
20.17        

(512.32) 
13.96 

3 0.28 
10.00              

(254.00) 
1.5 0.5 4.5 

5.00              

(127.00) 
7.5 26.79 

10.00              

(254.00) 
5.05       

(128.27) 
20.17        

(512.32) 
7.02 

3 0.28 
10.00              

(254.00) 
1.5 1 4.5 

10.00              

(254.00) 
7.5 26.79 

10.00              

(254.00) 
10.04       

(255.02) 
20.17        

(512.32) 
13.95 

3 0.35 
10.00              

(254.00) 
1.5 1.5 4.5 

15.00            

(381.00) 
7.5 21.43 

15.00            

(381.00) 
25.2       

(640.08) 
25.25      

(641.35) 
35.00 

0.5 0.28 
2.00              

(50.8) 
0.5 0.5 0.25 

1.00            

(25.4) 
0.75 2.68 

2.00              

(50.8) 
0.50            

(12.70) 
0.71       

(18.03) 
0.70 

0.5 0.29 
2.00              

(50.8) 
0.5 1 0.25 

2.00            

(50.8) 
0.75 2.59 

2.00              

(50.8) 
0.33         

(8.38) 
0.71       

(18.03) 
0.46 

0.5 0.32 
2.00              

(50.8) 
0.5 1.5 0.25 

3.00            

(76.2) 
0.75 2.34 

3.00            

(76.2) 
0.17        

(4.32) 
0.71       

(18.03) 
0.23 

0.5 0.27 
2.00              

(50.8) 
1 0.5 0.5 

1.00            

(25.4) 
1 3.7 

2.00              

(50.8) 
0.33         

(8.38) 
0.71       

(18.03) 
0.46 

0.5 0.28 
2.00              

(50.8) 
1 1 0.5 

2.00            

(50.8) 
1 3.57 

2.00              

(50.8) 
0.00      

(0.00) 
0.71       

(18.03) 
0.00 

0.5 0.28 
2.00              

(50.8) 
1 1.5 0.5 

3.00            

(76.2) 
1 3.57 

3.00            

(76.2) 
0.33         

(8.38) 
0.71       

(18.03) 
0.46 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

0.5 0.27 
2.00              

(50.8) 
1.5 0.5 0.75 

1.00            

(25.4) 
1.25 4.63 

2.00              

(50.8) 
0.17       

(4.32) 
0.71       

(18.03) 
0.23 

0.5 0.27 
2.00              

(50.8) 
1.5 1 0.75 

2.00            

(50.8) 
1.25 4.63 

2.00              

(50.8) 
0.33         

(8.38) 
0.71       

(18.03) 
0.46 

0.5 0.28 
2.00              

(50.8) 
1.5 1.5 0.75 

3.00            

(76.2) 
1.25 4.46 

3.00            

(76.2) 
0.84       

(21.34) 
0.87      

(22.10) 
1.16 

0.5 0.32 
5.00              

(127.00) 
0.5 0.5 0.25 

2.50            

(63.5) 
0.75 2.34 

5.00              

(127.00) 
1.26       

(32.00) 
1.74     

(44.20) 
1.75 

0.5 0.35 
5.00              

(127.00) 
0.5 1 0.25 

5.00              

(127.00) 
0.75 2.14 

5.00              

(127.00) 
0.84       

(21.34) 
1.74     

(44.20) 
1.17 

0.5 0.38 
5.00              

(127.00) 
0.5 1.5 0.25 

7.50             

(190.5) 
0.75 1.97 

7.50             

(190.5) 
0.41       

(10.41) 
1.74     

(44.20) 
0.57 

0.5 0.29 
5.00              

(127.00) 
1 0.5 0.5 

2.50            

(63.5) 
1 3.45 

5.00              

(127.00) 
0.84       

(21.34) 
1.74     

(44.20) 
1.16 

0.5 0.3 
5.00              

(127.00) 
1 1 0.5 

5.00              

(127.00) 
1 3.33 

5.00              

(127.00) 
0.00      

(0.00) 
1.74     

(44.20) 
0.00 

0.5 0.29 
5.00              

(127.00) 
1 1.5 0.5 

7.50             

(190.5) 
1 3.45 

7.50             

(190.5) 
0.84       

(21.34) 
1.74     

(44.20) 
1.16 

0.5 0.28 
5.00              

(127.00) 
1.5 0.5 0.75 

2.50            

(63.5) 
1.25 4.46 

5.00              

(127.00) 
0.42         

(10.67) 
1.74     

(44.20) 
0.58 

0.5 0.28 
5.00              

(127.00) 
1.5 1 0.75 

5.00              

(127.00) 
1.25 4.46 

5.00              

(127.00) 
0.84       

(21.34) 
1.74     

(44.20) 
1.17 

0.5 0.35 
5.00              

(127.00) 
1.5 1.5 0.75 

7.50             

(190.5) 
1.25 3.57 

7.50             

(190.5) 
2.1        

(53.34) 
2.18       

(55.37) 
2.92 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

0.5 0.57 
10.00              

(254.00) 
0.5 0.5 0.25 

5.00              

(127.00) 
0.75 1.32 

10.00              

(254.00) 
2.53        

(64.26) 
3.67       

(93.22) 
3.52 

0.5 0.57 
10.00              

(254.00) 
0.5 1 0.25 

10.00              

(254.00) 
0.75 1.32 

10.00              

(254.00) 
1.61       

(40.89) 
3.67       

(93.22) 
2.23 

0.5 0.64 
10.00              

(254.00) 
0.5 1.5 0.25 

15.00            

(381.00) 
0.75 1.17 

15.00            

(381.00) 
0.77       

(19.56) 
3.67       

(93.22) 
1.07 

0.5 0.73 
10.00              

(254.00) 
1 0.5 0.5 

5.00              

(127.00) 
1 1.37 

10.00              

(254.00) 
1.69       

(42.93) 
3.67       

(93.22) 
2.35 

0.5 0.79 
10.00              

(254.00) 
1 1 0.5 

10.00              

(254.00) 
1 1.27 

10.00              

(254.00) 
0.00      

(0.00) 
3.67       

(93.22) 
0 

0.5 0.79 
10.00              

(254.00) 
1 1.5 0.5 

15.00            

(381.00) 
1 1.27 

15.00            

(381.00) 
1.7       

(43.18) 
3.67       

(93.22) 
2.36 

0.5 0.51 
10.00              

(254.00) 
1.5 0.5 0.75 

5.00              

(127.00) 
1.25 2.44 

10.00              

(254.00) 
0.85        

(21.59) 
3.67       

(93.22) 
1.18 

0.5 0.51 
10.00              

(254.00) 
1.5 1 0.75 

10.00              

(254.00) 
1.25 2.45 

10.00              

(254.00) 
1.69        

(42.93) 
3.67       

(93.22) 
2.35 

0.5 0.37 
10.00              

(254.00) 
1.5 1.5 0.75 

15.00            

(381.00) 
1.25 3.38 

15.00            

(381.00) 
4.22      

(107.19) 
4.57        

(116.08) 
5.87 

0.5 0.6 
15.00            

(381.00) 
0.5 0.5 0.25 

7.50             

(190.5) 
0.75 1.25 

15.00            

(381.00) 
3.99      

(101.35) 
5.9         

(149.86) 
5.54 

0.5 0.64 
15.00            

(381.00) 
0.5 1 0.25 

15.00            

(381.00) 
0.75 1.17 

15.00            

(381.00) 
2.80    

(71.12) 
5.9         

(149.86) 
3.89 

0.5 0.73 
15.00            

(381.00) 
0.5 1.5 0.25 

22.50           

(571.50) 
0.75 1.03 

22.50           

(571.50) 
1.65      

(41.91) 
5.9         

(149.86) 
2.3 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

0.5 0.68 
15.00            

(381.00) 
1 0.5 0.5 

7.50             

(190.5) 
1 1.47 

15.00            

(381.00) 
2.75       

(69.85) 
5.90        

(149.86) 
3.82 

0.5 0.79 
15.00            

(381.00) 
1 1 0.5 

15.00            

(381.00) 
1 1.27 

15.00            

(381.00) 
0.15       

(3.81) 
5.90         

(149.86) 
0.20 

0.5 0.85 
15.00            

(381.00) 
1 1.5 0.5 

22.50           

(571.50) 
1 1.18 

22.50           

(571.50) 
2.9         

(73.66) 
5.90         

(149.86) 
4.03 

0.5 0.51 
15.00            

(381.00) 
1.5 0.5 0.75 

7.50             

(190.50) 
1.25 2.44 

15.00            

(381.00) 
1.42        

(36.07) 
5.90        

(149.86) 
1.97 

0.5 0.51 
15.00            

(381.00) 
1.5 1 0.75 

15.00            

(381.00) 
1.25 2.45 

15.00            

(381.00) 
2.48        

(62.99) 
5.90         

(149.86) 
3.44 

0.5 0.93 
15.00            

(381.00) 
1.5 1.5 0.75 

22.50           

(571.50) 
1.25 1.34 

22.50           

(571.50) 
6.30     

(160.02) 
6.84     

(173.74) 
8.75 

1 0.27 
2.00              

(50.8) 
0.5 0.5 0.5 

1.00            

(25.40) 
1.5 5.56 

2.00              

(50.80) 
1.00            

(25.40) 
1.35       

(34.29) 
1.39 

1 0.27 
2.00              

(50.8) 
0.5 1 0.5 

2.00            

(50.80) 
1.5 5.56 

2.00              

(50.80) 
0.67        

(17.02) 
1.35       

(34.29) 
0.93 

1 0.28 
2.00              

(50.8) 
0.5 1.5 0.5 

3.00            

(76.20) 
1.5 5.36 

3.00            

(76.20) 
0.34         

(8.64) 
1.35       

(34.29) 
0.47 

1 0.27 
2.00              

(50.8) 
1 0.5 1 

1.00            

(25.40) 
2 7.41 

2.00              

(50.80) 
0.67        

(17.02) 
1.35       

(34.29) 
0.93 

1 0.27 
2.00              

(50.8) 
1 1 1 

2.00            

(50.80) 
2 7.41 

2.00              

(50.80) 
0.00      

(0.00) 
1.35       

(34.29) 
0.00 

1 0.27 
2.00              

(50.8) 
1 1.5 1 

3.00            

(76.20) 
2 7.41 

3.00            

(76.20) 
0.67        

(17.02) 
1.35       

(34.29) 
0.93 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

1 0.26 
2.00              

(50.8) 
1.5 0.5 1.5 

1.00            

(25.40) 
2.5 9.62 

2.00              

(50.8) 
0.33        

(8.38) 
1.35       

(34.29) 
0.46 

1 0.26 
2.00              

(50.8) 
1.5 1 1.5 

2.00            

(50.80) 
2.5 9.62 

2.00              

(50.8) 
0.67       

(17.02) 
1.35       

(34.29) 
0.93 

1 0.26 
2.00              

(50.8) 
1.5 1.5 1.5 

3.00            

(76.20) 
2.5 9.62 

3.00            

(76.20) 
1.67         

(42.42) 
1.69       

(42.93) 
2.32 

1 0.28 
5.00              

(127.00) 
0.5 0.5 0.5 

2.50            

(63.5) 
1.5 5.36 

5.00              

(127.00) 
2.51        

(63.75) 
3.37       

(85.60) 
3.49 

1 0.28 
5.00              

(127.00) 
0.5 1 0.5 

5.00              

(127.00) 
1.5 5.36 

5.00              

(127.00) 
1.69       

(42.93) 
3.37       

(85.60) 
2.34 

1 0.28 
5.00              

(127.00) 
0.5 1.5 0.5 

7.50             

(190.5) 
1.5 5.36 

7.50             

(190.5) 
0.85        

(21.59) 
3.37       

(85.60) 
1.18 

1 0.27 
5.00              

(127.00) 
1 0.5 1 

2.50            

(63.5) 
2 7.41 

5.00              

(127.00) 
1.67         

(42.42) 
3.37       

(85.60) 
2.32 

1 0.27 
5.00              

(127.00) 
1 1 1 

5.00              

(127.00) 
2 7.41 

5.00              

(127.00) 
0.00      

(0.00) 
3.37       

(85.60) 
0.00 

1 0.3 
5.00              

(127.00) 
1 1.5 1 

7.50             

(190.5) 
2 6.67 

7.50             

(190.5) 
1.67         

(42.42) 
3.37       

(85.60) 
2.33 

1 0.26 
5.00              

(127.00) 
1.5 0.5 1.5 

2.50            

(63.5) 
2.5 9.62 

5.00              

(127.00) 
0.83       

(21.08) 
3.37       

(85.60) 
1.16 

1 0.26 
5.00              

(127.00) 
1.5 1 1.5 

5.00              

(127.00) 
2.5 9.62 

5.00              

(127.00) 
1.68        

(42.67) 
3.37       

(85.60) 
2.33 

1 0.29 
5.00              

(127.00) 
1.5 1.5 1.5 

7.50             

(190.5) 
2.5 8.62 

7.50             

(190.5) 
4.19        

(106.43) 
4.23         

(107.44) 
5.82 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

1 0.34 
10.00              

(254.00) 
0.5 0.5 0.5 

5.00              

(127.00) 
1.5 4.41 

10.00              

(254.00) 
5.04       

(128.02) 
6.84       

(173.74) 
7.00 

1 0.6 
10.00              

(254.00) 
0.5 1 0.5 

10.00              

(254.00) 
1.5 2.5 

10.00              

(254.00) 
3.38      

(85.85) 
6.84       

(173.74) 
4.70 

1 0.47 
10.00              

(254.00) 
0.5 1.5 0.5 

15.00            

(381.00) 
1.5 3.23 

15.00            

(381.00) 
1.74      

(44.20) 
6.84       

(173.74) 
2.42 

1 0.35 
10.00              

(254.00) 
1 0.5 1 

5.00              

(127.00) 
2 5.71 

10.00              

(254.00) 
3.37      

(85.60) 
6.84       

(173.74) 
4.68 

1 0.37 
10.00              

(254.00) 
1 1 1 

10.00              

(254.00) 
2 5.41 

10.00              

(254.00) 
0.00      

(0.00) 
6.84       

(173.74) 
0.00 

1 0.31 
10.00              

(254.00) 
1 1.5 1 

15.00            

(381.00) 
2 6.45 

15.00            

(381.00) 
3.36       

(85.34) 
6.84       

(173.74) 
4.67 

1 0.33 
10.00              

(254.00) 
1.5 0.5 1.5 

5.00              

(127.00) 
2.5 7.58 

10.00              

(254.00) 
1.69        

(42.93) 
6.84       

(173.74) 
2.35 

1 0.33 
10.00              

(254.00) 
1.5 1 1.5 

10.00              

(254.00) 
2.5 7.58 

10.00              

(254.00) 
3.36       

(85.34) 
6.84       

(173.74) 
4.67 

1 0.33 
10.00              

(254.00) 
1.5 1.5 1.5 

15.00            

(381.00) 
2.5 7.58 

15.00            

(381.00) 
8.4         

(213.36) 
8.50       

(215.90) 
11.66 

1 0.41 
15.00            

(381.00) 
0.5 0.5 0.5 

7.50             

(190.5) 
1.5 3.66 

15.00            

(381.00) 
7.58       

(192.53) 
10.25       

(260.35) 
10.53 

1 0.47 
15.00            

(381.00) 
0.5 1 0.5 

15.00            

(381.00) 
1.5 3.23 

15.00            

(381.00) 
5.23       

(132.84) 
10.25       

(260.35) 
7.26 

1 0.73 
15.00            

(381.00) 
0.5 1.5 0.5 

22.50           

(571.50) 
1.5 2.05 

22.50           

(571.50) 
2.61       

(66.29) 
10.25       

(260.35) 
3.63 
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Table 5.5 Continued 

Td1 

(sec) 
Tc 

(sec) 
V1max, in/sec 

(mm/sec) 
Ŭ  ɓ  Td2 

(sec) 
V2max, in/sec 

(mm/sec) 
Td 

(sec) 
Td/Tc 

Vmax, in/sec 

(mm/sec) 

Res. 

Disp., in 

(mm) 

Max. 

Disp., in 

(mm) 

Res. 

drift 

(%) 

1 0.34 
15.00            

(381.00) 
1 0.5 1 

7.50             

(190.5) 
2 5.88 

15.00            

(381.00) 
5.05       

(128.27) 
10.25       

(260.35) 
7.02 

1 0.37 
15.00            

(381.00) 
1 1 1 

15.00            

(381.00) 
2 5.41 

15.00            

(381.00) 
0.01        

(0.25) 
10.25       

(260.35) 
0.01 

1 0.47 
15.00            

(381.00) 
1 1.5 1 

22.50           

(571.50) 
2 4.3 

22.50           

(571.50) 
5.02       

(127.51) 
10.25       

(260.35) 
6.98 

1 0.37 
15.00            

(381.00) 
1.5 0.5 1.5 

7.50             

(190.5) 
2.5 6.83 

15.00            

(381.00) 
2.54       

(64.52) 
10.25       

(260.35) 
3.53 

1 0.38 
15.00            

(381.00) 
1.5 1 1.5 

15.00            

(381.00) 
2.5 6.6 

15.00            

(381.00) 
5.05      

(128.27) 
10.25       

(260.35) 
7.02 

1 0.38 
15.00            

(381.00) 
1.5 1.5 1.5 

22.50           

(571.50) 
2.5 6.6 

22.50           

(571.50) 
12.62       

(320.55) 
12.86      

(326.64) 
17.53 
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Table 5.6 Residual Displacement for each Earthquake 

Earthquake  

Residual Displacement, in 

(mm)   

Velocity 

History  
Main 

Pulse 
Equivalent 

Pulse 

Main Pulse/ 

Velocity 

History 

Simplified Pulse/ 

Velocity History 

Rinaldi 
4                            

(102) 
24            

(621) 
25          

(631) 
6.12 6.22 

Chi-Chi 
1                              

(25) 
19             

(478) 
11         

(286) 
18.83 11.24 

Tabas 
4                         

(102) 
23              

(582) 
8           

(202) 
5.75 2.00 

Loma 

Prieta 
0                           

(0) 
14              

(347) 
7          

(177) 
N/A N/A 

Erzincan 
2                            

(50) 
5              

(139) 
4         

(113) 
2.50 2.00 
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Table 5.7 Measured and Calculated Residual Displacements for NF-1 

Run 
Measured                  

in (mm) 

Calculated, in (mm)           % Error 

Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 

5 0.47                                

(11.94) 

0.89                    

(22.63) 
0.68                    

(17.30) 
0.89                   

(22.57) 
0.85                    

(21.66) 
89 45 89 81 

6 1.08                                    

(27.43) 

1.56                           

(39.64) 
2.19                           

(55.63) 
1.76                           

(44.80) 
2.89                           

(73.35) 
44 103 63 167 

7 2.16                                      

(54.86) 

2.13                  

(54.23) 
3.60                  

(91.44) 
2.65                  

(67.33) 
5.37                  

(136.41) 
-1 67 23 149 

8 3.00                                            

(76.20) 

2.53                    

(64.22) 
4.57                    

(116.08) 
3.36                    

(85.35) 
7.53                    

(136.41) 
-16 52 12 151 

9 4.24                                  

(107.70) 

3.03                      

(76.87) 
5.72                     

(145.29) 
4.30                     

(109.38) 
10.55                    

(268.01) 
-29 35 2 149 

10 6.05                                 

(153.67) 

3.33                      

(84.50) 
6.81                      

(172.97) 
5.31                      

(134.82) 
13.89                      

(352.87) 
-45 13 -12 130 
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Table 5.8 Measured and Calculated Residual Displacements for NF-2 

Run 
Measured                  

in (mm) 

Calculated, in (mm)           % Error 

Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 

6 
0.80                                    

(20.32) 
1.31                   

(33.24) 
1.45                   

(36.83) 
1.39                  

(35.42) 
1.90                   

(48.26) 
64 81 74 138 

7 
1.4                                      

(35.56) 
1.82                   

(46.34) 
2.68                   

(68.07) 
2.07                   

(52.61) 
3.63                   

(92.20) 
30 91 48 159 

8 
2.11                                             

(53.59) 
2.23                         

(56.56) 
3.78                         

(96.01) 
2.78                         

(70.67) 
5.65                         

(143.58) 
6 79 32 168 

9 
2.87                                  

(72.90) 
2.64                   

(66.98) 
4.77                   

(121.16) 
3.51                   

(89.09) 
7.86                  

(199.57) 
-8 66 22 174 

10 
4.16                                 

(105.66) 
3.01                        

(76.57) 
5.74                        

(145.80) 
4.30                        

(109.13) 
10.37                        

(263.39) 
-28 38 3 149 
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Table 5.9 Measured and Calculated Residual Displacements for MN 

Run 
Measured                  

in (mm) 

Calculated, in (mm)           % Error 

Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 

7 
0.84                                      

(21.34) 
1.35                          

(34.31) 
2.01                         

(51.05) 
1.54                         

(39.13) 
2.75                          

(69.73) 
61 139 83 227 

8 
1.76                                             

(44.70) 
1.75                         

(44.57) 
3.23                         

(82.04) 
2.37                         

(60.19) 
5.17                         

(131.32) 
-1 84 35 194 

9 
2.68                                  

(68.07) 
2.20                        

(55.94) 
4.25                        

(107.95) 
3.19                        

(81.11) 
7.78                        

(197.73) 
-18 59 19 190 

10 
3.80                                 

(96.52) 
2.65                         

(67.23) 
5.41                         

(137.41) 
4.27                         

(108.57) 
11.41                         

(289.78) 
-30 42 12 200 
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Table 5.10 Measured and Calculated Residual Displacements for ETN 

Run 
Measured                  

in (mm) 

Calculated, in (mm)           % Error 

Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 

10 0.63                                 

(16.00) 

1.68                           

(42.73) 
1.31                           

(33.22) 
1.70                           

(43.21) 
1.29                        

(32.71) 
167 108 170 104 

11 2.05                                 

(52.07) 

2.47                          

(62.65) 
1.90                          

(48.16) 
2.51                          

(63.78) 
2.84                          

(72.04) 
20 -8 22 38 

12 5.69                                 

(144.53) 

3.55                          

(90.12) 
4.52                          

(114.81) 
3.81                          

(96.80) 
5.88                          

(149.42) 
-38 -21 -33 3 

13 13.36                                 

(339.34) 

5.31                         

(134.75) 
9.31                         

(236.47) 
6.83                         

(173.49) 
14.34                         

(364.34) 
-60 -30 -49 7 
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Table 5.11 Measured and Calculated Residual Displacements for SETN 

Run 
Measured                  

in (mm) 

Calculated, in (mm)           % Error 

Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 

7 
1.03                                      

(26.16) 
1.51                    

(38.29) 
1.20                    

(30.48) 
1.56                    

(39.72) 
1.12                    

(28.38) 
47 17 52 8 

8 
3.31                                             

(84.07) 
2.59                         

(65.89) 
2.32                         

(58.93) 
2.64                         

(67.16) 
3.22                         

(81.73) 
-22 -30 -20 -3 

9 
7.46                                  

(189.48) 
3.70                             

(93.87) 
5.08                             

(129.03) 
4.08                             

(103.54) 
6.71                            

(170.43) 
-50 -32 -45 -10 

10 
14.50                                 

(368.30) 
8.62                        

(218.95) 
18.65                        

(473.71) 
15.28                        

(388.12) 
42.61                        

(1082.23) 
-41 29 5 194 
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Table 5.12 Measured and Calculated Residual Displacements for SVTN 

Run 
Measured                  

in (mm) 

Calculated, in (mm)           % Error 

Japanese ATC 
Proposed Method 

1 
Proposed Method 

2 Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 

9 0.98                                  

(24.89) 

1.66                     

(42.17) 
1.27                     

(32.23) 
1.65                     

(41.87) 
1.37                    

(34.73) 
69 29 68 40 

10 1.70                                 

(43.18) 

1.98                     

(50.25) 
1.52                     

(38.56) 
1.99                     

(50.47) 
2.00                     

(50.85) 
16 -11 17 18 

11 2.64                                 

(67.06) 

2.23                 

(56.62) 
1.76                 

(44.58) 
2.33                 

(59.30) 
2.72                

(69.15) 
-16 -34 -12 3 

12 3.60                                 

(91.44) 

2.52                    

(63.97) 
2.58                    

(65.53) 
2.66                    

(67.54) 
3.44                   

(87.49) 
-30 -28 -26 -4 

13 4.62                                 

(117.35) 

2.85                     

(72.51) 
3.18                     

(80.77) 
2.96                     

(75.11) 
4.14                    

(105.22) 
-38 -31 -36 -10 

14 6.36                                 

(161.54) 

3.25                           

(82.51) 
4.18                           

(106.17) 
3.49                           

(88.54) 
5.45                           

(138.47) 
-49 -34 -45 -14 

15 10.07                                 

(255.78) 

4.27                     

(108.44) 
7.25                     

(184.15) 
5.36                     

(136.18) 
10.61                     

(269.40) 
-58 -28 -47 5 
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Table 5.13 Measured and Calculated Residual Displacements for UCSD Column 

Run 
Measured                  

in (mm) 

Calculated, in (mm)           % Error 

Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 Japanese ATC 
Proposed 

Method 1 
Proposed 

Method 2 

3 
2.49     

(63.34) 
4.53               

(115.10) 
5.93               

(150.64) 
4.91               

(124.81) 
7.75              

(196.77) 
82 138 97 211 

5 
4.11 

(104.39) 
7.82             

(198.54) 
14.13             

(358.98) 
10.42             

(264.65) 
23.74            

(603.11) 
90 244 154 478 

6 
1.97 

(50.00) 
6.58              

(167.12) 
11.01              

(279.65) 
8.09             

(205.55) 
16.62              

(422.07) 
234 459 311 744 
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Table 5.14 Average and Standard Deviation of Difference and 2R  for Different Columns  

Column 
  Japanese ATC 

Proposed Method 

1  
Proposed Method 

2 

NF-1 

% Error, Avg. 7 53 30 138 

% Error, St. Dev. 50 31 39 30 

R
2 0.56 0.60 0.93 < 0 

NF-2 

% Error, Avg. 13 71 36 158 

% Error, St. Dev. 36 20 27 14 

R
2 0.73 < 0 0.76 < 0 

MN 

% Error, Avg. 3 81 37 203 

% Error, St. Dev. 40 42 32 17 

R
2 0.62 < 0 0.72 < 0 

ETN 

% Error, Avg. 22 12 28 38 

% Error, St. Dev. 102 64 100 47 

R
2 0.27 0.81 0.51 0.98 

SETN 

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

% Error, St. Dev. 44 32 41 98 

R
2 0.53 0.77 0.88 < 0 

SVTN 

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

% Error, St. Dev. 44 23 41 19 

R
2 0.18 0.72 0.41 0.97 

UCSD 

% Error, Avg. 135 280 187 478 

% Error, St. Dev. 86 164 111 267 

R
2 < 0 < 0 < 0 < 0 
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Table 5.15 Average and Standard Deviation of Difference and 
2R  for Ductility of two to 

four  

 
Japanese ATC Proposed Method 1 

Proposed Method 

2 

% Error, Avg. 56 21 58 42 

% Error, St. Dev. 60 47 60 38 

R
2 0.37 0.62 0.36 0.62 

 

 

 

 

 

 

 

 

 

 

Table 5.16 Average and Standard Deviation of Error and 
2R  for Ductility of four or more  

 
Japanese ATC Proposed Method 1  

Proposed Method 

2  

% Error, Avg. 2 61 26 152 

% Error, St. Dev. 64 105 77 163 

R
2 0.30 0.11 0.43 < 0 
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Table 6.1 Characteristics of Site 1 (Seattle, Washington) for Vs 360 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

lp_cls 0.55 0.63 0.52 0.68 0.59 0.60 

lp_stg 0.52 0.50 0.47 0.50 0.51 0.49 

nr_0637 0.55 0.65 0.48 0.55 0.60 0.52 

nr_0655 0.56 0.49 0.64 0.60 0.52 0.62 

nr_kat 0.55 0.52 0.55 0.53 0.54 0.54 

nr_ro3 0.52 0.49 0.52 0.60 0.50 0.56 

nr_sce 0.70 0.58 0.65 0.58 0.64 0.61 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

lp_cls 0.49 0.40 0.52 0.48 0.45 0.50 

lp_stg 0.55 0.43 0.45 0.47 0.49 0.46 

nr_0637 0.48 0.44 0.46 0.45 0.46 0.46 

nr_0655 0.49 0.42 0.48 0.49 0.45 0.48 

nr_kat 0.49 0.43 0.46 0.45 0.46 0.46 

nr_ro3 0.48 0.43 0.46 0.47 0.46 0.46 

nr_sce 0.49 0.43 0.46 0.50 0.46 0.48 

 

 

Table 6.2 Station Names for Site 1 for Vs 360 m/s 

Station Code Station name 

cls Corralitos 

stg Saratoga, Aloha Avenue 

637 Sepulveda VA Bldg (9554) 

655 Jensen Filtration Plant 

kat Simi Valley, Katherine Road 

ro3 Sun Valley, Roscoe 

sce Sylmar Converter Station East 
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Table 6.3 Characteristics of Site 1 (Seattle, Washington) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

lp_brn 0.39 0.35 0.37 0.34 0.37 0.36 

lp_cls 0.39 0.40 0.35 0.56 0.39 0.45 

lp_stg 0.46 0.45 0.43 0.31 0.45 0.37 

nr_0655 0.37 0.43 0.38 0.39 0.40 0.38 

nr_kat 0.42 0.39 0.39 0.40 0.40 0.40 

nr_sce 0.48 0.38 0.46 0.41 0.43 0.43 

nr_syl 0.52 0.48 0.52 0.45 0.50 0.48 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

lp_brn 0.31 0.28 0.30 0.30 0.30 0.30 

lp_cls 0.30 0.33 0.31 0.28 0.31 0.29 

lp_stg 0.31 0.31 0.30 0.32 0.31 0.31 

nr_0655 0.30 0.33 0.31 0.30 0.31 0.30 

nr_kat 0.32 0.32 0.32 0.31 0.32 0.32 

nr_sce 0.30 0.29 0.31 0.32 0.30 0.31 

nr_syl 0.28 0.32 0.30 0.30 0.30 0.30 

 

 

Table 6.4 Station Names for Site 1for Vs 760 m/s 

Station Code Station name 

brn Branciforte Drive 

cls Corralitos 

stg Saratoga, Aloha Avenue 

655 Jensen Filtration Plant 

kat Simi Valley, Katherine Road 

sce Sylmar Converter Station East 

syl Sylmar - Olive View Hospital 
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Table 6.5 Characteristics of Site 2 (Eureka, California) for Vs 360 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

cc_tcu065 0.85 1.26 0.94 1.23 1.06 1.08 

cc_tcu067 1.04 1.16 1.11 1.17 1.10 1.14 

cc_tcu071 0.93 0.84 1.10 0.81 0.88 0.96 

cc_tcu074 0.76 1.20 0.82 0.85 0.98 0.84 

cc_tcu102 0.90 1.03 0.92 0.85 0.97 0.88 

cpm_cpm 0.93 0.99 0.96 0.95 0.96 0.95 

cpm_pet 0.95 0.94 0.89 0.92 0.94 0.91 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

cc_tcu065 1.14 1.01 1.09 1.27 1.08 1.18 

cc_tcu067 1.24 1.07 1.25 1.05 1.15 1.15 

cc_tcu071 1.17 1.00 0.97 1.12 1.08 1.04 

cc_tcu074 1.24 1.00 1.06 1.07 1.12 1.06 

cc_tcu102 1.17 1.05 1.21 1.02 1.11 1.12 

cpm_cpm 1.18 0.97 1.10 1.12 1.07 1.11 

cpm_pet 1.17 1.04 1.07 1.12 1.10 1.09 
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Table 6.6 Characteristics of Site 2 (Eureka, California) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

cc_tcu065 1.04 1.27 0.92 1.10 1.15 1.01 

cc_tcu067 1.07 0.87 1.11 1.21 0.97 1.16 

cc_tcu071 0.84 0.95 0.77 0.88 0.90 0.83 

cc_tcu074 1.02 0.94 0.89 0.82 0.98 0.86 

cc_tcu102 0.83 0.96 1.02 0.79 0.90 0.90 

cpm_cpm 0.97 0.92 0.74 1.03 0.94 0.89 

cpm_pet 0.91 0.96 0.98 0.59 0.94 0.78 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

cc_tcu065 0.74 0.67 0.69 0.68 0.71 0.69 

cc_tcu067 0.74 0.65 0.67 0.67 0.70 0.67 

cc_tcu071 0.74 0.65 0.58 0.67 0.70 0.63 

cc_tcu074 0.73 0.65 0.68 0.73 0.69 0.70 

cc_tcu102 0.75 0.64 0.64 0.71 0.70 0.67 

cpm_cpm 0.72 0.62 0.56 0.64 0.67 0.60 

cpm_pet 0.75 0.59 0.67 0.48 0.67 0.58 

 

 

 

Table 6.7 Station Names for Site 2 

Station Code Station name 

tcu065 Chi-Chi - tcu065 

tcu067 Chi-Chi - tcu067 

tcu071 Chi-Chi - tcu071 

tcu074 Chi-Chi - tcu074 

tcu102 Chi-Chi - tcu102 

cpm  Cape Mendocino 

pet  Petrolia 
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Table 6.8 Characteristics of Site 3 (San Bruno, California) for Vs 360 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

dn_ps10 0.79 0.91 0.79 0.83 0.85 0.81 

r4hc_s118 0.88 0.94 0.85 0.84 0.91 0.85 

r4hc_s469 0.95 0.93 0.91 0.83 0.94 0.87 

r4hn_s118 0.92 0.91 0.86 0.90 0.91 0.88 

r4hn_s469 0.90 0.86 0.88 0.88 0.88 0.88 

r4hs_s118 0.82 0.85 0.93 0.84 0.84 0.88 

r4hs_s469 0.88 0.84 0.86 0.89 0.86 0.88 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

dn_ps10 1.22 1.03 1.13 1.08 1.13 1.11 

r4hc_s118 1.18 1.03 1.10 1.14 1.11 1.12 

r4hc_s469 1.19 1.04 1.17 1.19 1.11 1.18 

r4hn_s118 1.15 1.00 1.17 1.11 1.07 1.14 

r4hn_s469 1.28 1.05 1.01 1.23 1.17 1.12 

r4hs_s118 1.23 0.98 1.14 1.13 1.11 1.13 

r4hs_s469 1.30 1.04 1.16 1.17 1.17 1.16 
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Table 6.9 Characteristics of Site 3 (San Bruno, California) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

dn_ps10 0.95 0.82 0.75 0.72 0.89 0.73 

r4hc_s118 0.89 0.83 0.81 0.86 0.86 0.84 

r4hc_s469 0.69 0.90 0.81 0.85 0.80 0.83 

r4hn_s118 0.75 0.78 0.74 0.87 0.77 0.80 

r4hn_s469 0.84 0.87 0.79 0.76 0.86 0.77 

r4hs_s118 0.77 0.81 0.85 0.73 0.79 0.79 

r4hs_s469 0.80 0.87 0.72 0.85 0.84 0.79 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

dn_ps10 0.81 0.75 0.69 0.65 0.78 0.67 

r4hc_s118 0.70 0.66 0.73 0.63 0.68 0.68 

r4hc_s469 0.69 0.68 0.66 0.66 0.69 0.66 

r4hn_s118 0.75 0.65 0.72 0.69 0.70 0.70 

r4hn_s469 0.64 0.63 0.72 0.66 0.63 0.69 

r4hs_s118 0.69 0.60 0.74 0.65 0.64 0.69 

r4hs_s469 0.71 0.58 0.62 0.70 0.65 0.66 

 

 

Table 6.10 Station Names for Site 3 

Station Code Station name 

s118 Simulation Station 118 

s469 Simulation Station 469 

ps10 Pump Station 10 
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Table 6.11 Characteristics of Site 4 (Berkeley, California) for Vs 360 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

erz_erz 1.16 0.99 0.95 1.04 1.07 0.99 

lp_cls 1.25 1.15 1.14 0.99 1.20 1.07 

lp_gil 0.92 0.94 1.08 0.92 0.93 1.00 

lp_gof 0.98 1.10 1.12 1.10 1.04 1.11 

lp_lex 1.22 1.01 1.04 1.02 1.11 1.03 

lp_lgp 0.94 0.83 0.89 0.88 0.89 0.89 

lp_stg 1.07 1.03 1.04 1.12 1.05 1.08 

to_hino 0.97 0.99 0.98 0.94 0.98 0.96 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

erz_erz 1.31 1.11 1.24 1.22 1.21 1.23 

lp_cls 1.47 1.13 1.27 1.27 1.30 1.27 

lp_gil 1.32 1.14 1.17 1.24 1.23 1.21 

lp_gof 1.33 1.15 1.22 1.23 1.24 1.22 

lp_lex 1.32 1.14 1.22 1.20 1.23 1.21 

lp_lgp 1.31 1.17 1.24 1.20 1.24 1.22 

lp_stg 1.36 1.14 1.24 1.21 1.25 1.22 

to_hino 1.33 1.07 1.25 1.27 1.20 1.26 
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Table 6.12 Characteristics of Site 4 (Berkeley, California) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

erz_erz 0.99 1.23 1.21 1.06 1.11 1.13 

lp_cls 1.18 0.96 1.09 0.97 1.07 1.03 

lp_gil 0.86 0.88 0.99 0.95 0.87 0.97 

lp_gof 1.00 1.08 0.97 0.96 1.04 0.96 

lp_lgp 0.85 0.91 0.88 0.95 0.88 0.92 

lp_stg 0.90 0.96 0.90 0.70 0.93 0.80 

to_hino 1.14 0.93 1.00 0.92 1.04 0.96 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

erz_erz 0.76 0.70 0.75 0.73 0.73 0.74 

lp_cls 0.83 0.75 0.74 0.76 0.79 0.75 

lp_gil 0.80 0.69 0.71 0.74 0.75 0.73 

lp_gof 0.79 0.69 0.78 0.72 0.74 0.75 

lp_lgp 0.79 0.68 0.75 0.73 0.74 0.74 

lp_stg 0.84 0.69 0.78 0.78 0.77 0.78 

to_hino 0.84 0.69 0.73 0.78 0.76 0.75 

 

 

Table 6.13 Station Names for Site 4 

Station Code Station name 

lgp Los Gatos Presentation Center 

stg Saratoga, Aloha Avenue 

cls Corralitos 

gil Gavilon College 

gof Gilroy Historic Building 

lex Lexington Dam abutment 

hino Tottori-Hino (ttrh02) 

erz Erzincan 
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Table 6.14 Characteristics of Site 5 (Sylmar, California) for Vs 360 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

cc_tcu067 0.98 1.03 0.86 0.86 1.00 0.86 

lp_wvc 0.88 0.80 0.82 1.03 0.84 0.93 

nr_0655 0.86 0.92 1.03 0.95 0.89 0.99 

nr_jen 0.86 0.89 0.94 0.98 0.88 0.96 

nr_ldm 0.90 0.93 0.98 0.93 0.92 0.95 

nr_rrs 1.09 0.92 0.96 0.89 1.00 0.92 

nr_sce 0.90 0.84 0.92 0.90 0.87 0.91 

tab_tab 0.92 0.92 0.93 0.94 0.92 0.94 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

cc_tcu067 1.22 1.02 1.05 1.07 1.12 1.06 

lp_wvc 1.14 1.02 1.07 1.07 1.08 1.07 

nr_0655 1.13 1.02 1.08 1.08 1.08 1.08 

nr_jen 1.16 0.99 1.05 1.09 1.07 1.07 

nr_ldm 1.12 1.01 1.08 1.06 1.07 1.07 

nr_rrs 1.16 0.96 1.05 1.09 1.06 1.07 

nr_sce 1.16 0.95 1.09 1.06 1.06 1.07 

tab_tab 1.10 0.99 1.09 1.10 1.05 1.10 
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Table 6.15 Characteristics of Site 5 (Sylmar, California) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

cc_tcu067 1.08 0.86 0.93 0.98 0.97 0.96 

lp_wvc 0.93 0.84 0.83 1.18 0.88 1.01 

nr_jen 0.91 0.85 0.85 0.77 0.88 0.81 

nr_ldm 1.14 0.97 0.92 0.90 1.05 0.91 

nr_rrs 0.99 0.91 0.92 0.89 0.95 0.90 

nr_sce 0.98 0.90 1.09 0.88 0.94 0.98 

tab_tab 0.84 0.88 1.01 0.89 0.86 0.95 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

cc_tcu067 0.74 0.62 0.61 0.67 0.68 0.64 

lp_wvc 0.75 0.64 0.60 0.64 0.70 0.62 

nr_jen 0.66 0.63 0.67 0.69 0.64 0.68 

nr_ldm 0.71 0.58 0.66 0.66 0.65 0.66 

nr_rrs 0.73 0.59 0.65 0.69 0.66 0.67 

nr_sce 0.69 0.62 0.68 0.67 0.65 0.67 

tab_tab 0.72 0.60 0.66 0.67 0.66 0.66 

 

 

Table 6.16 Station Names for Site 5 

Station Code Station name 

tcu067 Chi-Chi - tcu067 

wvc West Valley College 

0655 Jensen Filter Plant Generator 

jen Jensen Filter Plant 

ldm LA Dam 

rrs Rinaldi Receiving 

sce Sylmar Converter Station East 

tab Tabas 
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Table 6.17 Characteristics of Site 6 (Salt Lake City, Utah) for Vs 360 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

di_din 0.33 0.32 0.40 0.36 0.32 0.38 

i1_aul 0.33 0.32 0.34 0.35 0.32 0.35 

i1_bag 0.34 0.35 0.37 0.35 0.34 0.36 

i1_stu 0.30 0.31 0.35 0.28 0.30 0.32 

i2_ctr 0.32 0.37 0.30 0.34 0.34 0.32 

m1_cvk 0.36 0.33 0.30 0.33 0.34 0.31 

m1_mls 0.35 0.31 0.35 0.37 0.33 0.36 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

di_din 0.39 0.35 0.37 0.36 0.37 0.36 

i1_aul 0.39 0.35 0.36 0.36 0.37 0.36 

i1_bag 0.37 0.33 0.36 0.35 0.35 0.36 

i1_stu 0.38 0.34 0.37 0.37 0.36 0.37 

i2_ctr 0.36 0.34 0.36 0.36 0.35 0.36 

m1_cvk 0.41 0.33 0.35 0.35 0.37 0.35 

m1_mls 0.39 0.34 0.38 0.37 0.37 0.38 
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Table 6.18 Characteristics of Site 6 (Salt Lake City, Utah) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

di_din 0.31 0.32 0.30 0.29 0.31 0.29 

i1_aul 0.27 0.27 0.28 0.30 0.27 0.29 

i1_bag 0.36 0.26 0.28 0.29 0.31 0.28 

i1_stu 0.31 0.28 0.31 0.30 0.29 0.31 

i2_ctr 0.31 0.34 0.32 0.33 0.32 0.32 

m1_cvk 0.33 0.28 0.30 0.30 0.30 0.30 

m1_mls 0.26 0.33 0.27 0.29 0.29 0.28 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

di_din 0.23 0.22 0.22 0.23 0.22 0.22 

i1_aul 0.23 0.22 0.21 0.23 0.22 0.22 

i1_bag 0.22 0.21 0.21 0.23 0.21 0.22 

i1_stu 0.23 0.21 0.22 0.24 0.21 0.22 

i2_ctr 0.21 0.22 0.22 0.23 0.21 0.22 

m1_cvk 0.24 0.21 0.21 0.22 0.22 0.21 

m1_mls 0.23 0.21 0.22 0.24 0.22 0.23 

 

 

Table 6.19 Station Names for Site 6 

Station Code Station name 

din Dinar 

aul Auletta 

bag Bagnoli Irpinio 

stu Sturno 

ctr Calitri 

cvk Convict Creek 

mls Mammoth Lakes High School 
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Table 6.20 Characteristics of Site 7 (Cheraw, Colorado) for Vs 360 m/s 

PGA (g) 

Acceleration History  FN FP H1 H2 FN-FP H1-H2 

whsb_r10a050h0 0.04 0.04 0.04 0.05 0.04 0.05 

whsb_r10a050h+ 0.04 0.05 0.04 0.04 0.04 0.04 

whsb_r10a110h+ 0.05 0.05 0.04 0.04 0.05 0.04 

whsb_r20a030h 0.05 0.04 0.04 0.05 0.04 0.04 

whsb_r20a150h0 0.05 0.05 0.04 0.04 0.05 0.04 

whsb_r20a150h 0.04 0.05 0.04 0.04 0.04 0.04 

whsb_r20a150h+ 0.04 0.05 0.04 0.04 0.04 0.04 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whsb_r10a050h0 0.04 0.04 0.04 0.04 0.04 0.04 

whsb_r10a050h+ 0.04 0.04 0.04 0.04 0.04 0.04 

whsb_r10a110h+ 0.04 0.04 0.04 0.04 0.04 0.04 

whsb_r20a030h 0.04 0.04 0.04 0.04 0.04 0.04 

whsb_r20a150h0 0.04 0.04 0.04 0.04 0.04 0.04 

whsb_r20a150h 0.04 0.04 0.04 0.04 0.04 0.04 

whsb_r20a150h+ 0.04 0.04 0.04 0.04 0.04 0.04 
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Table 6.21 Characteristics of Site 7 (Cheraw, Colorado) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whsb_r10a050h+ 0.03 0.04 0.04 0.03 0.03 0.04 

whsb_r10a110h 0.04 0.03 0.03 0.03 0.03 0.03 

whsb_r10a110h+ 0.03 0.03 0.04 0.03 0.03 0.03 

whsb_r20a030h0 0.03 0.03 0.03 0.04 0.03 0.03 

whsb_r20a030h+ 0.03 0.03 0.03 0.03 0.03 0.03 

whsb_r20a150h0 0.04 0.04 0.03 0.03 0.04 0.03 

whsb_r20a150h 0.03 0.03 0.03 0.03 0.03 0.03 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whsb_r10a050h+ 0.03 0.03 0.02 0.03 0.03 0.02 

whsb_r10a110h 0.03 0.03 0.02 0.03 0.03 0.02 

whsb_r10a110h+ 0.03 0.03 0.02 0.03 0.03 0.02 

whsb_r20a030h0 0.03 0.03 0.02 0.03 0.03 0.02 

whsb_r20a030h+ 0.03 0.03 0.02 0.03 0.03 0.02 

whsb_r20a150h0 0.03 0.03 0.02 0.03 0.03 0.02 

whsb_r20a150h 0.03 0.03 0.02 0.03 0.03 0.02 
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Table 6.22 Characteristics of Site 8 (Tiptonville, Tennessee) for Vs 360 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whsb_r10a050h0 1.06 1.09 1.05 1.11 1.08 1.08 

whsb_r10a050h 1.18 1.04 1.13 1.11 1.11 1.12 

whsb_r10a110h 1.05 1.04 1.13 1.08 1.05 1.10 

whsb_r10a110h+ 1.09 1.13 1.11 1.08 1.11 1.10 

whsb_r20a030h+ 1.02 1.11 0.99 1.04 1.06 1.02 

whsb_r20a150h0 1.09 1.14 1.15 1.19 1.11 1.17 

whsb_r20a150h+ 1.12 1.12 1.09 1.13 1.12 1.11 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whsb_r10a050h0 0.77 0.68 0.71 0.73 0.73 0.72 

whsb_r10a050h 0.70 0.69 0.71 0.71 0.70 0.71 

whsb_r10a110h 0.76 0.69 0.69 0.66 0.72 0.68 

whsb_r10a110h+ 0.77 0.68 0.71 0.73 0.72 0.72 

whsb_r20a030h+ 0.77 0.70 0.73 0.71 0.74 0.72 

whsb_r20a150h0 0.74 0.69 0.65 0.69 0.72 0.67 

whsb_r20a150h+ 0.75 0.69 0.76 0.68 0.72 0.72 
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Table 6.23 Characteristics of Site 8 (Tiptonville, Tennessee) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whsb_r10a050h0 1.08 1.09 1.10 1.06 1.09 1.08 

whsb_r10a050h+ 1.07 1.11 1.08 1.15 1.09 1.12 

whsb_r10a110h 1.16 1.07 1.01 1.10 1.11 1.05 

whsb_r20a030h0 1.11 1.00 1.05 1.16 1.05 1.10 

whsb_r20a150h 1.03 1.09 1.07 1.11 1.06 1.09 

whsb_r20a150h+ 1.09 1.13 1.10 0.97 1.11 1.04 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whsb_r10a050h0 0.62 0.58 0.55 0.62 0.60 0.58 

whsb_r10a050h+ 0.63 0.54 0.60 0.58 0.59 0.59 

whsb_r10a110h 0.61 0.53 0.57 0.56 0.57 0.56 

whsb_r20a030h0 0.58 0.58 0.51 0.57 0.58 0.54 

whsb_r20a150h 0.65 0.55 0.61 0.61 0.60 0.61 

whsb_r20a150h+ 0.61 0.58 0.57 0.54 0.59 0.56 

 

Table 6.24 Characteristics of Site 9 (New York City, New York) for Vs 360 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whlfb_r010_a090h 0.09 0.10 0.09 0.09 0.09 0.09 

whlfb_r010_a210h 0.10 0.09 0.10 0.09 0.09 0.10 

whlfb_r010_a250h 0.09 0.10 0.10 0.10 0.10 0.10 

whlfb_r010_a290h 0.10 0.09 0.10 0.11 0.10 0.11 

whlfb_r020_a150h0 0.09 0.09 0.10 0.10 0.09 0.10 

whlfb_r020_a190h0 0.09 0.10 0.10 0.10 0.10 0.10 

whlfb_r020_a350h0 0.10 0.09 0.10 0.10 0.10 0.10 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whlfb_r010_a090h 0.05 0.06 0.05 0.05 0.05 0.05 

whlfb_r010_a210h 0.05 0.06 0.05 0.05 0.05 0.05 

whlfb_r010_a250h 0.05 0.05 0.05 0.05 0.05 0.05 

whlfb_r010_a290h 0.05 0.05 0.05 0.05 0.05 0.05 

whlfb_r020_a150h0 0.05 0.05 0.05 0.05 0.05 0.05 

whlfb_r020_a190h0 0.05 0.05 0.05 0.05 0.05 0.05 

whlfb_r020_a350h0 0.05 0.05 0.05 0.05 0.05 0.05 
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Table 6.25 Characteristics of Site 9 (New York City, New York) for Vs 760 m/s 

PGA (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whlfb_r010_a090h 0.08 0.08 0.08 0.08 0.08 0.08 

whlfb_r010_a210h 0.07 0.08 0.08 0.07 0.07 0.07 

whlfb_r010_a250h 0.07 0.08 0.08 0.07 0.08 0.08 

whlfb_r010_a290h+ 0.07 0.07 0.07 0.07 0.07 0.07 

whlfb_r020_a150h0 0.07 0.08 0.07 0.08 0.07 0.07 

whlfb_r020_a190h0 0.07 0.08 0.08 0.07 0.07 0.08 

whlfb_r020_a350h0 0.07 0.07 0.08 0.08 0.07 0.08 

S1 (g) 

Acceleration History FN FP H1 H2 FN-FP H1-H2 

whlfb_r010_a090h 0.03 0.03 0.03 0.03 0.03 0.03 

whlfb_r010_a210h 0.03 0.03 0.03 0.03 0.03 0.03 

whlfb_r010_a250h 0.03 0.03 0.03 0.03 0.03 0.03 

whlfb_r010_a290h+ 0.03 0.03 0.03 0.03 0.03 0.03 

whlfb_r020_a150h0 0.03 0.03 0.03 0.03 0.03 0.03 

whlfb_r020_a190h0 0.03 0.03 0.03 0.03 0.03 0.03 

whlfb_r020_a350h0 0.03 0.03 0.03 0.03 0.03 0.03 

 

 

 

Table 6.26 Number of Records 

S1 (g) 
Vs30= 1200 ft/sec     

(360 m/s) 
Vs30= 2500 ft/sec     

(760 m/s) 

0.4-0.6 14 13 

0.6-0.8 14 57 

> 0.8 60 0 
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Table 6.27 Recorded near-fault ground motions 

Earthquake Station Magnitude 
Distance, 

mi       

(km) 

Vs30, 

ft/sec       

(m/sec) 
S1 (g)  

(Avg.) 

Chi-Chi CHY028 7.6 
4.38           

(7.31) 
1810        

(543) 
1.04 

Chi-Chi CHY080 7.6 
4.16           

(6.95) 
2267        

(680) 
2.09 

Chi-Chi TCU052 7.6 
0.14         

(0.24) 
1930        

(579) 
0.99 

Chi-Chi TCU074 7.6 
8.19           

(13.67) 
1830     

(549) 
1.10 

Chi-Chi TCU084 7.6 
6.22           

(10.39) 
2267        

(680) 
1.70 

Northridge 
Pacoima Dam (Upper 

Left) 
6.7 

4.79           

(8.00) 
6720        

(2016) 
0.84 

San Fernando Pacoima Dam 6.6 
1.68           

(2.80) 
6720        

(2016) 
0.98 
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Table 7.1 Member Ductility Requirement for SDC D 

Member  ˃ Ò 

Single-column bents 5 

Multiple-column bents 6 
Pier walls in the weak 

direction 5 
pier walls in the strong 

direction 1 
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Table 8.1 Features of the Bridges 

Bridge 

NO. 
Bridge 

Description 
Plan Geometry 

Superstructure 

Type 
Pier Type 

SD1 

(g) 
Site 

Class 
Location  Design Criteria  

1 
Five-Span 

Continuous 
Tangent Square 

CIP Concrete 

Box Girder 
Two-Column 

Bent 
0.986 E Washington  MCEER/ATC 49 

2 
Two-Span 

Continuous 
Slightly Skewed 

(11 degree) 

Prestressed 

Concrete 

Girder 

Four-Column 

Bent 
0.580 D Utah MCEER/ATC 49 

3 
Two-Span 

Continuous 
Slightly Skewed 

(10.5 degree) 

Prestressed 

Concrete 

Girder 

Three-

Column Bent 
0.590 D Utah MCEER/ATC 49 

4 
Four-Span 

Continuous 
Tangent Square 

CIP Concrete 

Box Girder 
Two-Column 

Bent 
0.560 C California Pre 1971 codes 

5 
Eight-Span 

Continuous 
Slightly curved  

Prestressed 

Concrete 

Girder 

Two-Column 

Bent 
0.419 D 

South 

Carolina 
AASHTO LRFD 2004 
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Table 8.2 Longitudinal and Transverse Steel Ratio 

Bridge  
Longitudinal Steel 

Ratio (%) 
Transverse Steel 

Ratio (%) 

Washington 
2.4 (Bent 1)- 1.4 

(other bents) 
1.3 (Bent 1)- 0.9 

(other bents) 

Utah-1 1.2 1.0 

Utah-2 1.3 
1.4 (end columns)- 

1.0 (middle column) 

California 
4.5 (Bent 2)- 2.8 

(other bents) 
0.2 

South 

Carolina 
1.7 0.8 

 

 

 

 

 

Table 8.3 Calculated Response Spectrum Parameters 

 
As (g) SDS (g) 

SD1 (g) 

 
Calculated Design  

Washington 0.365 0.915 0.859 0.986 

Utah-1 0.420 0.987 0.567 0.580 

Utah-2 0.509 1.174 0.669 0.590 

California 0.400 1.000 0.560 0.560 

South Carolina 0.282 0.571 0.242 0.419 
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Table 8.4 Residual Drift Ratio for Washington Bridge in Longitudinal Direction (TL: 1.14 

sec) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in    

(mm) 

Yield 

Disp.    

in     

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

1 
360         

(9144) 
9.85    

(250) 
4.1         

(104) 
2.40 1.34 0.65 

2 
540     

(13716) 
9.86      

(250) 
7.1        

(180) 
1.39 N/A 0.36 

3 
600    

(15240) 
9.78   

(248) 
9.1       

(231) 
1.07 N/A 0.30 

4 
540      

(13716) 
9.96    

(253) 
7.1       

(180) 
1.40 N/A 0.36 

  

 

 

Table 8.5 Residual Drift Ratio for Washington Bridge in Transverse Direction (TT: 0.93 

sec) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in     

(mm) 

Yield 

Disp.     

in    

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

1 
360         

(9144) 
5.61   

(142) 
4            

(102) 
1.40 N/A 0.31 

2 
540     

(13716) 
9.73     

(247) 
7.1     

(180) 
1.37 N/A 0.35 

3 
600    

(15240) 
10.16   

(258) 
8.1          

(206) 
1.25 N/A 0.32 

4 
540      

(13716) 
6.24    

(158) 
7.1      

(180) 
0.88 N/A 0.00 
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Table 8.6 Residual Drift Ratio for Washington Bridge in Longitudinal Direction (TL: 1.10 

sec) 

Bent 
Height    

in    

(mm) 

Max. 

Disp.       

in    

(mm) 

Yield 

Disp.    

in    

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

1 
360         

(9144) 
9.66    

(245) 
4.9         

(124) 
1.97 1.04 0.59 

2 
540     

(13716) 
9.65      

(245) 
7.1        

(180) 
1.36 N/A 0.35 

3 
600    

(15240) 
9.49   

(241) 
9.1       

(231) 
1.04 N/A 0.29 

4 
540      

(13716) 
9.75    

(248) 
7.1       

(180) 
1.37 N/A 0.35 

 

 

Table 8.7 Residual Drift Ratio for Washington Bridge in Transverse Direction (TT: 0.92 

sec) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in    

(mm) 

Yield 

Disp.    

in    

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

1 
360         

(9144) 
5.09   

(129) 
4.6    

(117) 
1.11 N/A 0.26 

2 
540     

(13716) 
9.35     

(237) 
7.1   

(180) 
1.32 N/A 0.33 

3 
600    

(15240) 
9.88   

(251) 
8.1   

(206) 
1.22 N/A 0.31 

4 
540      

(13716) 
6.12   

(155) 
7.1   

(180) 
0.86 N/A 0.00 
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Table 8.8 Residual Drift Ratio for Utah Bridge-1 in Longitudinal Direction (TL: 1.12 sec) 

Bent 
Height    

in  

(mm) 

Max. 

Disp.       

in    

(mm) 

Yield 

Disp.    

in     

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
162   

(4115) 
3.64        

(92) 
2.65         

(67) 
1.37 N/A 0.44 

 

 

 

Table 8.9 Residual Drift Ratio for Utah Bridge-1 in Transverse Direction (TT: 0.10 sec) 

Bent 
Height    

in  

(mm) 

Max. 

Disp.       

in    

(mm) 

Yield 

Disp.    

in     

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
162        

(4115) 
0.14         

(4) 
1.16      

(29) 
0.12 N/A 0.00 

 

 

 

Table 8.10 Residual Drift Ratio for Utah Bridge-2 in Longitudinal Direction (TL: 1.21 

sec) 

Bent 
Height    

in  

(mm) 

Max. 

Disp.       

in    

(mm)  

Yield 

Disp.    

in    

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
193     

(4902) 
4.94     

(125) 
3.37       

(86) 
1.47 N/A 0.51 
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Table 8.11 Residual Drift Ratio for Utah Bridge-2 in Transverse Direction (TT: 0.11 sec) 

Bent 
Height    

in    

(mm) 

Max. 

Disp.       

in     

(mm) 

Yield 

Disp.    

in     

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
193   

(4902) 
0.22         

(6) 
1.41       

(36) 
0.16 N/A 0.00 

 

 

Table 8.12 Residual Drift Ratio for California Bridge in Longitudinal Direction (TL: 1.77 

sec) 

Bent 
Height    

in  

(mm) 

Max. 

Disp.       

in    

(mm) 

Yield 

Disp.     

in    

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
480  

(12190)    
9.49  

(241)    
9.3    

(236)  
1.02 N/A 0.36 

3 
600 

(15240)      
9.63    

(245)    
10.3   

(262) 
0.94 N/A 0.00 

4 
600  

(15240)      
9.61   

(244)    
10.3   

(262) 
0.93 N/A 0.00 

 

 

Table 8.13 Residual Drift Ratio for California Bridge in Transverse Direction (TT: 0.57 

sec)  

Bent 
Height    

in  

(mm) 

Max. 

Disp.       

in    

(mm) 

Yield 

Disp.     

in    

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
480  

(12190)    
3.47    

(88) 
9.5    

(241) 
0.36 N/A 0.00 

3 
600 

(15240)      
3.90    

(99) 
9.9    

(251)     
0.39 N/A 0.00 

4 
600  

(15240)      
2.59    

(66) 
9.9    

(251)     
0.26 N/A 0.00 
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Table 8.14 Residual Drift Ratio for South Carolina in Longitudinal Direction (TL: 0.30 

sec) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in      

(mm) 

Yield 

Disp.    

in    

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
134   

(3404) 
0.23         

(6) 
0.88       

(22) 
0.26 N/A 0.00 

3 
160   

(4066) 
0.32        

(8) 
1.21      

(31) 
0.26 N/A 0.00 

4 
184.5   

(4686) 
0.33         

(8) 
1.38     

(35) 
0.24 N/A 0.00 

5 
196.75    

(4997) 
0.35        

(9) 
1.5        

(38) 
0.23 N/A 0.00 

6 
198   

(5021) 
0.36         

(9) 
1.51       

(38) 
0.24 N/A 0.00 

7 
184.75   

(4693) 
0.38        

(10) 
1.45       

(37) 
0.26 N/A 0.00 

8 
159 

(4037) 
0.30         

(8) 
1.17       

(30) 
0.25 N/A 0.00 
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Table 8.15 Residual Drift Ratio for South Carolina in Transverse Direction (TT: 0.25 sec) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in      

(mm) 

Yield 

Disp. in    

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
134   

(3404) 
0.08        

(2) 
0.96       

(24) 
0.08 N/A 0.00 

3 
160   

(4066) 
0.17        

(4) 
1.17      

(30) 
0.02 N/A 0.00 

4 
184.5   

(4686) 
0.26        

(7) 
1.41       

(36) 
0.18 N/A 0.00 

5 
196.75    

(4997) 
0.43       

(11) 
1.58       

(40) 
0.27 N/A 0.00 

6 
198   

(5021) 
0.42      

(11) 
1.52       

(39) 
0.28 N/A 0.00 

7 
184.75   

(4693) 
0.26        

(7) 
1.41      

(36) 
0.18 N/A 0.00 

8 
159 

(4037) 
0.12        

(3) 
1.17       

(30) 
0.10 N/A 0.00 

 

 

Table 8.16 WSDOT Unit Prices 

Quantity Unit Price ($) 

Structural Concrete 800/ cubic yard 
Steel Reinforcing 

Bar  2/ pound 

Structural Steel 1.65/ pound 

Road Excavation 
11.66/ cubic 

yard 
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Table 9.1 Residual Drift Ratio for Washington Bridge in Longitudinal Direction (TL: 1.14 

sec) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in 

(mm) 
Ductility Residual Drift Ratio (%) 

1 
360         

(9144) 
9.85    

(250) 
4.1         

(104) 
2.40 1.91 

2 
540     

(13716) 
9.86      

(250) 
7.1        

(180) 
1.39 N/A 

3 
600    

(15240) 
9.78   

(248) 
9.1       

(231) 
1.07 N/A 

4 
540      

(13716) 
9.96    

(253) 
7.1       

(180) 
1.40 N/A 

 

 

 

Table 9.2 Residual Drift Ratio for Washington Bridge in Transverse Direction (TT: 0.93 

sec) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in 

(mm) 
Ductility  Residual Drift Ratio (%) 

1 
360         

(9144) 
5.61   

(142) 
4            

(102) 
1.40 N/A 

2 
540     

(13716) 
9.73     

(247) 
7.1     

(180) 
1.37 N/A 

3 
600    

(15240) 
10.16   

(258) 
8.1          

(206) 
1.25 N/A 

4 
540      

(13716) 
6.24    

(158) 
7.1      

(180) 
0.88 N/A 
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Table 9.3 Residual Drift Ratio for Washington Bridge in Longitudinal Direction (TL: 0.76 

sec) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in 

(mm) 
Ductility Residual Drift Ratio (%) 

1 
360         

(9144) 
6.14    

(156) 
3.3         

(83) 
1.86 1.05 

2 
540     

(13716) 
5.33      

(135) 
7.1        

(180) 
0.75 N/A 

3 
600    

(15240) 
5.25   

(133) 
9.1       

(231) 
0.58 N/A 

4 
540      

(13716) 
5.41    

(137) 
7.1       

(180) 
0.76 N/A 

 

 

 

Table 9.4 Residual Drift Ratio for Washington Bridge in Transverse Direction (TT: 0.77 

sec) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in 

(mm) 
Ductility Residual Drift Ratio (%) 

1 
360         

(9144) 
2.36   

(60) 
3.5       

(89) 
0.67 N/A 

2 
540     

(13716) 
5.56     

(141) 
7.1   

(180) 
0.78 N/A 

3 
600    

(15240) 
6.94   

(176) 
8.1   

(206) 
0.86 N/A 

4 
540      

(13716) 
4.87   

(124) 
7.1   

(180) 
0.69 N/A 
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Table 9.5 Residual Drift Ratio for Utah Bridge-1 in Longitudinal Direction (TL: 1.12 sec., 

S1: 0.6-0.8g) 

Bent 
Height    

in (mm) 
Max. 

Disp.       

in (mm) 

Yield 

Disp. 

in   

(mm) 

Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
162   

(4115) 
4.32        

(110) 
2.65         

(67) 
1.63 N/A 0.55 

 

 

Table 9.6 Residual Drift Ratio for Utah Bridge-1 in Transverse Direction (TT: 0.10 sec., 

S1: 0.6-0.8g)  

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
162        

(4115) 
0.16         

(4) 
1.16      

(29) 
0.14 N/A 0.00 

 

 

Table 9.7 Residual Drift Ratio for Utah Bridge-1 in Longitudinal Direction (TL: 1.12 sec., 

S1: > 0.8g) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
162   

(4115) 
5.69        

(145) 
2.65         

(67) 
2.15 1.14 0.79 
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Table 9.8 Residual Drift Ratio for Utah Bridge-1 in Transverse Direction (TT: 0.10 sec., 

S1: > 0.8g)  

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
162        

(4115) 
0.10         

(3) 
1.16      

(29) 
0.12 N/A 0.00 

 

 

Table 9.9 Residual Drift Ratio for Utah Bridge-1 in Longitudinal Direction (TL: 1.02 sec., 

S1: > 0.8g) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
162   

(4115) 
5.42        

(138) 
2.72         

(69) 
1.99 1.00 0.73 

 

 

Table 9.10 Residual Drift Ratio for Utah Bridge-1 in Transverse Direction (TT: 0.10 sec., 

S1: > 0.8g)  

Bent 
Height    

in (mm) 

Max. 

Disp.       

in (mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
162        

(4115) 
0.06         

(2) 
1.25       

(32) 
0.05 N/A 0.00 
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Table 9.11 Residual Drift Ratio for Utah Bridge-2 in Longitudinal Direction (TL: 1.21 

sec., S1: > 0.8g) 

Bent 
Height    

in  

(mm) 

Max. 

Disp.       

in    

(mm)  

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
193     

(4902) 
6.32    

(161) 
3.37       

(86) 
1.88 0.97 0.70 

 

 

Table 9.12 Residual Drift Ratio for Utah Bridge-2 in Transverse Direction (TT: 0.11 sec., 

S1: > 0.8g)  

Bent 
Height    

in    

(mm) 

Max. 

Disp.       

in     

(mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
193   

(4902) 
0.13         

(3) 
1.41       

(36) 
0.09 N/A 0.00 

 

 

Table 9.13 Residual Drift Ratio for California bridge in Longitudinal Direction (TL: 1.77 

sec., S1: 0.6-0.8g) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in   

(mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra Simple Method 

2 
480  

(12190)    
11.36  

(289)    
9.3    

(236)  
1.22 N/A 0.45 

3 
600 

(15240)      
11.53    

(293)    
10.3   

(262) 
1.12 N/A 0.36 

4 
600  

(15240)      
11.51   

(292)    
10.3   

(262) 
1.12 N/A 0.35 
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Table 9.14 Residual Drift Ratio for California bridge in Transverse Direction (TT: 0.57 

sec., S1: 0.6-0.8g) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in   

(mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra Simple Method 

2 
480  

(12190)    
4.12    

(105) 
9.5    

(241) 
0.43 N/A 0.00 

3 
600 

(15240)      
4.63    

(118) 
9.9    

(251)     
0.47 N/A 0.00 

4 
600  

(15240)      
3.08   

(78) 
9.9    

(251)     
0.31 N/A 0.00 

 

 

 

Table 9.15 Residual Drift Ratio for California bridge in Longitudinal Direction (TL: 1.77 

sec., S1: > 0.8g) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in   

(mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra Simple Method 

2 
480  

(12190)    
14.49  

(368)    
9.3    

(236)  
1.56 N/A 0.61 

3 
600 

(15240)      
14.73    

(374)    
10.3   

(262) 
1.43 N/A 0.48 

4 
600  

(15240)      
14.68  

(373)    
10.3   

(262) 
1.42 N/A 0.48 
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Table 9.16 Residual Drift Ratio for California bridge in Transverse Direction (TT: 0.57 

sec., S1: > 0.8g) 

Bent 
Height    

in (mm) 

Max. 

Disp.       

in   

(mm) 

Yield 

Disp. in   

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra Simple Method 

2 
480  

(12190)    
3.23    

(82) 
9.5    

(241) 
0.34 N/A 0.00 

3 
600 

(15240)      
3.63    

(92) 
9.9    

(251)     
0.37 N/A 0.00 

4 
600  

(15240)      
2.41   

(61) 
9.9    

(251)     
0.24 N/A 0.00 

 

 

Table 9.17 Residual Drift Ratio for South Carolina bridge in Longitudinal Direction (TL: 

0.3 sec., S1: 0.4-0.6g) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in      

(mm) 

Yield 

Disp. in    

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
134   

(3404) 
0.41         

(10) 
0.88       

(22) 
0.46 N/A 0.00 

3 
160   

(4066) 
0.54        

(14) 
1.21      

(31) 
0.45 N/A 0.00 

4 
184.5   

(4686) 
0.58         

(15) 
1.38     

(35) 
0.42 N/A 0.00 

5 
196.75    

(4997) 
0.60        

(15) 
1.5        

(38) 
0.40 N/A 0.00 

6 
198   

(5021) 
0.62         

(16) 
1.51       

(38) 
0.41 N/A 0.00 

7 
184.75   

(4693) 
0.66        

(17) 
1.45       

(37) 
0.45 N/A 0.00 

8 
159 

(4037) 
0.52         

(13) 
1.17       

(30) 
0.44 N/A 0.00 
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Table 9.18 Residual Drift Ratio for California bridge in Transverse Direction (TT: 0.25 

sec., S1: 0.4-0.6g) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in      

(mm) 

Yield 

Disp. in    

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
134   

(3404) 
0.13        

(3) 
0.96       

(24) 
0.14 N/A 0.00 

3 
160   

(4066) 
0.30        

(8) 
1.17      

(30) 
0.26 N/A 0.00 

4 
184.5   

(4686) 
0.44        

(11) 
1.41       

(36) 
0.31 N/A 0.00 

5 
196.75    

(4997) 
0.73       

(19) 
1.58       

(40) 
0.46 N/A 0.00 

6 
198   

(5021) 
0.73      

(19) 
1.52       

(39) 
0.48 N/A 0.00 

7 
184.75   

(4693) 
0.45        

(11) 
1.41      

(36) 
0.32 N/A 0.00 

8 
159 

(4037) 
0.21        

(5) 
1.17       

(30) 
0.18 N/A 0.00 
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Table 9.19 Residual Drift Ratio for South Carolina bridge in Longitudinal Direction (TL: 

0.3 sec., S1: 0.6-0.8g) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in      

(mm) 

Yield 

Disp. in    

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
134   

(3404) 
0.48         

(12) 
0.88       

(22) 
0.54 N/A 0.00 

3 
160   

(4066) 
0.64        

(16) 
1.21      

(31) 
0.53 N/A 0.00 

4 
184.5   

(4686) 
0.68         

(17) 
1.38     

(35) 
0.49 N/A 0.00 

5 
196.75    

(4997) 
0.71        

(18) 
1.5        

(38) 
0.47 N/A 0.00 

6 
198   

(5021) 
0.73         

(19) 
1.51       

(38) 
0.48 N/A 0.00 

7 
184.75   

(4693) 
0.78        

(20) 
1.45       

(37) 
0.53 N/A 0.00 

8 
159 

(4037) 
0.61         

(16) 
1.17       

(30) 
0.52 N/A 0.00 
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Table 9.20 Residual Drift Ratio for California bridge in Transverse Direction (TT: 0.25 

sec., S1: 0.6-0.8g) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in      

(mm) 

Yield 

Disp. in    

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
134   

(3404) 
0.16        

(4) 
0.96       

(24) 
0.17 N/A 0.00 

3 
160   

(4066) 
0.35        

(9) 
1.17      

(30) 
0.30 N/A 0.00 

4 
184.5   

(4686) 
0.53        

(13) 
1.41       

(36) 
0.38 N/A 0.00 

5 
196.75    

(4997) 
0.87       

(22) 
1.58       

(40) 
0.55 N/A 0.00 

6 
198   

(5021) 
0.86      

(22) 
1.52       

(39) 
0.57 N/A 0.00 

7 
184.75   

(4693) 
0.54        

(14) 
1.41      

(36) 
0.38 N/A 0.00 

8 
159 

(4037) 
0.25        

(6) 
1.17       

(30) 
0.21 N/A 0.00 
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Table 9.21 Residual Drift Ratio for South Carolina bridge in Longitudinal Direction (TL: 

0.3 sec., S1: > 0.8g) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in      

(mm) 

Yield 

Disp. in    

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
134   

(3404) 
0.38         

(10) 
0.88       

(22) 
0.43 N/A 0.00 

3 
160   

(4066) 
0.50        

(13) 
1.21      

(31) 
0.41 N/A 0.00 

4 
184.5   

(4686) 
0.54         

(14) 
1.38     

(35) 
0.39 N/A 0.00 

5 
196.75    

(4997) 
0.56        

(14) 
1.5        

(38) 
0.37 N/A 0.00 

6 
198   

(5021) 
0.58         

(15) 
1.51       

(38) 
0.38 N/A 0.00 

7 
184.75   

(4693) 
0.60        

(15) 
1.45       

(37) 
0.42 N/A 0.00 

8 
159 

(4037) 
0.48         

(12) 
1.17       

(30) 
0.41 N/A 0.00 
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Table 9.22 Residual Drift Ratio for California bridge in Transverse Direction (TT: 0.25 

sec., S1: > 0.8g) 

Bent 
Height    

in   

(mm) 

Max. 

Disp.       

in      

(mm) 

Yield 

Disp. in    

(mm) 
Ductility 

Residual Drift Ratio (%) 

Spectra 
Simple 

Method 

2 
134   

(3404) 
0.11        

(3) 
0.96       

(24) 
0.11 N/A 0.00 

3 
160   

(4066) 
0.27        

(7) 
1.17      

(30) 
0.23 N/A 0.00 

4 
184.5   

(4686) 
0.41        

(10) 
1.41       

(36) 
0.29 N/A 0.00 

5 
196.75    

(4997) 
0.68       

(17) 
1.58       

(40) 
0.43 N/A 0.00 

6 
198   

(5021) 
0.68      

(17) 
1.52       

(39) 
0.45 N/A 0.00 

7 
184.75   

(4693) 
0.42        

(11) 
1.41      

(36) 
0.30 N/A 0.00 

8 
159 

(4037) 
0.20        

(5) 
1.17       

(30) 
0.17 N/A 0.00 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

148 

 

                                                       Figures 
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Figure 2.1 Specimen NF-1 (Phan et al., 2005) 

 

 

 
Figure 2.2 Specimen NF-2 (Phan et al., 2005) 
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Figure 2.3 Specimen MN (Choi et al., 2007) 
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Figure 2.4 Specimen ETN (Choi et al., 2007)  

 

 

 
Figure 2.5 Design Spectra comparison (Choi et al., 2007) 
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Figure 2.6 Specimen SETN (Choi et al., 2007) 
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Figure 2.7 Specimen SVTN (Choi et al., 2007) 
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Figure 2.8 Schematic of the Test Setup (Choi et al., 2007) 
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Figure 2.9 Rinaldi and RRS Acceleration Histories (Choi et al., 2007) 

 

 

 
Figure 2.10 Rinaldi and RRS Velocity Histories (Choi et al., 2007) 
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NF-1 (Phan et al., 2005)  (b) NF-2 (Phan et al., 2005)  (c) MN (Choi et al., 2007) 

 

  
 (d) ETN (Choi et al., 2007)  (e) SETN (Choi et al., 2007)  (f) SVTN (Choi et al., 2007) 

Figure 2.11 Columns at Completion of Testing  
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Figure 2.12 Schematic Analytical Model 

 

 
Figure 2.13 Typical Stress-strain Behavior of Concrete01 
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Figure 2.14 Typical Hysteretic Stress-strain Relation of Concrete02 

 

 

 
Figure 2.15 Material Constants for ReinforcingSteel 
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Figure 2.16 Moment Curvature Relation for NF-1 

 

 
Figure 2.17 Moment Curvature Relation for NF-2 
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Figure 2.18 Moment Curvature Relation for MN 

 

 

 
Figure 2.19 Moment Curvature Relation for ETN 
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Figure 2.20 Moment Curvature Relation for SETN 

 

 

 
Figure 2.21 Moment Curvature Relation for SVTN 
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Figure 2.22 Displacement History of NF-1 

 

 

 
Figure 2.23 Displacement History of NF-2 
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Figure 2.24 Displacement History of MN 

 

 

 
Figure 2.25 Displacement History of ETN 
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Figure 2.26 Displacement History of SETN 

 

 

 
Figure 2.27 Displacement History of SVTN 
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Figure 2.28 Displacement History of SETN after modification 

 

 

 
Figure 2.29 Effect of Number of Integration Points on Residual Displacement in NF-1 
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Figure 2.30 Effect of Number of Integration Points on Residual Displacement in SETN 

 

 

 
Figure 2.31 Ratio of Calculated and Measured Residual Displacements for Different 

Columns 
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Figure 2.32 Average of the Ratio of Calculated and Measured Data for Different 

Columns 
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a) 

 
b) 

 
c) 

Figure 2.33 Calculated Response for Single versus Multiple Motions at a) 2.8% b) 5.1% 

c) 7.6% Maximum Drift Ratio for NF-1 
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a) 

 
b) 

 
c) 

Figure 2.34 Calculated Response for Single versus Multiple Motions at a) 2.6% b) 4.9% 

c) 7.7% Maximum Drift Ratio for NF-2 
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a) 

 
b) 

 
c) 

Figure 2.35 Calculated Response for Single versus Multiple Motions at a) 1.9% b) 4.8% 

c) 8.0% Maximum Drift Ratio for MN 
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