
THE EFFECTS OF LONG-DURATION EARTHQUAKES ON CONCRETE 
 

BRIDGES WITH POORLY CONFINED COLUMNS 
 
 
 
 
 
 
 
 
 

By 
 

THERON JAMES THOMPSON 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A thesis submitted in partial fulfillment of 
the requirement for the degree of 

 
MASTERS OF SCIENCE IN CIVIL ENGINEERING 

 
 

WASHINGTON STATE UNIVERSITY 
Department of Civil and Environmental Engineering 

 
DECEMBER 2004 



 
 
 
 
 
 
 
 
 
 
To the Faculty of Washington State University: 
 

    The members of the Committee appointed to examine the thesis of  

THERON JAMES THOMPSON find it satisfactory and recommend that it be accepted. 

 

 

 
                                                                                                         Chair 
 

 
 

 
       

 

 

 

 

 

 

 

 ii



 

Acknowledgements 

 Funding for this project has been provided by the Federal Highway 

Administration.  Information, earthquake records, and drawings of bridges in Western 

Washington State were supplied by the Washington State Department of Transportation. 

 Special thanks goes to Dr. Cofer for his invaluable help and guidance throughout 

this project.  I would like to thank Dr. McDaniel and Dr. McLean for their assistance 

during the project.  Special thanks goes to Seth Stapleton for all of the work he did in the 

laboratory testing.  I would especially like to thank my mother and father for their 

continual support and encouragement. 

 

 

 iii



 

THE EFFECTS OF LONG-DURATION EARTHQUAKES ON CONCRETE 

BRIDGES WITH POORLY CONFINED COLUMNS 

Abstract 
 

By 
 Theron James Thompson, M.S. 

Washington State University 
December 2004 

 
 
 

Chair:  William F. Cofer 
 

 The main goals of this research were to implement a mathematical damage 

model for older, poorly confined, concrete bridge columns into the computer program 

WSU-NEABS and then evaluate bridge response to long-duration earthquakes.  Two 

actual highway bridges were modeled with finite element spine models and analyzed with 

this modified version of the nonlinear analysis program.  The analyses were done in two 

stages, the first of which included analyzing the bridges subjected to a suite of ten 

earthquakes.  The suite of earthquakes incorporated short and long-duration events.  

Results from the analyses were used to predict the response of the bridges and determine 

if long-duration earthquakes significantly change their response. 

The second stage of the analyses involved a parametric study in which the soil 

stiffness at the column bases and abutments was varied.  In each case, the response of the 

bridge was then compared to that of the original model in the first stage.  The results were 

also evaluated to determine if long-duration earthquakes were more damaging with these 

variations.  A simplified bent model was also constructed to represent the center pier of 

 iv



the bridge with the most critical response.  This model was then analyzed to determine if 

a bent model can accurately model the response of the bridge, or if the entire bridge 

model is necessary. 

 The results from the analyses show that neither the short or long-duration events 

will cause major damage in the bridge columns for the bridges considered.  However, the 

analyses do show that the bridges are predicted to have issues with pounding and possible 

failure of the bearing pads.  The second stage of the analyses shows that the current 

modeling techniques used by the Washington Department of Transportation, in which 

rollers are applied at the abutments and the column bases are fixed, predicts more damage 

to the bridge columns compared to results from more refined foundation models.  Thus, 

the present techniques are a conservative practice for the bridge columns.  However, 

models based on these techniques under predict the pounding at the expansion joints and 

possible failure of the bearing pads, thus representing an unconservative approach these 

elements in the bridge. 
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CHAPTER 1 

Introduction 

1.1 Pre-1970 Bridge Column Design 

After the 1971 San Fernando earthquake, which caused substantial damage to 

highway bridges, bridge column design was changed to account for the evident lack 

of strength and ductility.  It was found that the transverse steel specified for the 

plastic hinge region was not sufficient to supply the necessary confinement.  

Typically, the transverse reinforcement consisted of No. 3 or No. 4 reinforcing hoops, 

spaced every 12 inches.  This resulted in transverse reinforcing ratios of 0.05% to 

0.12%. 

Researchers also identified problems with the lap splicing of the longitudinal 

reinforcement at the base of the column.  Typically, the lap splices were placed at the 

base of the column, which is the location of the plastic hinge region.  This, coupled 

with the fact that the lap splices were typically between 20 to 35 times the diameter of 

the reinforcing bar, led to many failures due to slipping of the splices. 

At that time, designers changed their practices to account for these insufficiencies.  

It is now typical to provide spirals for the transverse reinforcement within the plastic 

hinge region, designed as a minimum of No. 3 bars with center-to-center spacing that 

cannot exceed 4 inches (AASHTO, 1998).  It is also necessary to have the lap splice 

of the longitudinal reinforcing located within the middle half of the column, away 

from the plastic hinge regions.  The lap splices must have a length of 60 times the 

diameter of the longitudinal bar, and be fully welded (AASHTO, 1998). 
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For reasons of economy, it was not possible to replace or retrofit all of the older 

bridges after these new developments.  Thus, it is still necessary to understand the 

response that these older bridges will have to earthquake loading.  There is very little 

information about how these lightly reinforced concrete bridges will respond to long-

duration ground motions.  With the possibility of a large-scale long-duration 

earthquake in Western Washington State, it is necessary to assess the response of 

these older bridges. 

 

1.2 Research Objectives 

The objectives of this research project were as follows: 

• Analyze the response and damage in two bridges typical of construction in 

Washington State in short and long-duration earthquakes. 

• Determine the response of these two bridge models with variations in the abutment 

and column spring stiffnesses. 

These objectives were accomplished through the following tasks: 

• Calibrate a theoretical damage model for poorly confined concrete columns. 

• Implement the theoretical damage model into the computer program WSU-NEABS. 

• Test and validate the changes implemented in the computer program. 

• Model WSDOT Bridges 5/518 and 5/826. 

• Analyze the two bridge models using long-duration time histories. 

• Analyze the two bridge models using short-duration time histories and compare the 

results to those of the long-duration time histories. 
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• Investigate the sensitivity of the bridges to a variation of the abutment spring 

stiffness. 

• Investigate the sensitivity of the bridges to a variation of the column soil spring 

stiffness. 

 

1.3 Seismicity of Western Washington State 

The Cascadia Subduction Zone (CSZ) is the boundary where the Juan de Fuca 

oceanic plate and the North American continental plate meet (see Figure1.2-1 and 

Figure 1.2-2).  The sliding or slip of the locked interface of the Juan de Fuca plate and 

North American plate can create mega-earthquakes, which have the potential of 

occurring approximately every 500 years (NRCan, 2004). 

Two other modes of seismic activity are also possible.  These two modes do not 

create earthquakes that are as large as those produced by the rupturing of the plate 

interface, however.  The first of these modes is the cracking of the subducting plate 

due to tension stresses caused by the shrinking of the plate.  These are deeper 

earthquakes that occur at depths between 18 miles and 44 miles, and reach 

magnitudes of up to 7+ (PNSN, 2004). 

The final mode of seismic activity takes place in the shallower continental plate.  

These earthquakes occur up to a depth of 16 miles and also have magnitudes of up to 

7+.  These earthquakes occur due to fracturing in the plate as it adjusts to the stresses 

and movements caused by the subducting plate (PNSN, 2004) 

 

 3



 

 

Figure 1.2-1 The Cascadia Subduction Zone Boundary (NRCan, 2004) 

 

 

Figure 1.2-2 The Cascadia Subduction Zone (NRCan, 2004) 
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1.4 Pro

idge 

ath et al (1997) 

proposed the damage model that was implemented in the program.  The model, which 

le fatigue, was calibrated from testing done by Stapleton (2004). 

e 

1.5

-1971 Washington State Department of Transportation (WSDOT) bridges 

were modeled using WSU-NEABS.  The two bridges, Bridges 5/518 and 5/826, are 

 Washington State.  They were chosen for this study because they 

rep

e lap 

 

gram Modification 

The program WSU-NEABS (WSU-Nonlinear Earthquake Analysis of Br

Systems) was modified to add an additional damage model.  This was done with the 

understanding that long-duration earthquakes cause bridge structures to undergo 

many more loading cycles than those of a short duration event.  Kunn

is based on low-cyc

The program was also modified to account for the additional loss of stiffness due 

to damage, which is observed in lightly reinforced concrete members.  This 

modification included an addition that allows for degradation of stiffness during the 

unloading phase.  It also included an increase in the degradation of stiffness for th

reloading branch of the hysteresis rule to mimic the pinching effect. 

 

 Bridge Modeling 

Two pre

located in Western

resent typical 1950’s and 1960’s WSDOT Bridges, which do not provide the 

confinement needed in the plastic hinge region of the columns.  They also hav

splices of the longitudinal steel in the plastic hinge region of only 35 times the 

diameter of the bars. The modeling of the bridges is discussed in more detail in 

Chapter 4. 
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1.6

 bridges were analyzed using a suite of ten different earthquakes.  All of 

the 

ration 

olleo, Peru; Moquegua, Chile; Mexico City, Mexico; Kobe, Japan; 

and Olympia, Washington.  The seismic excitation is discussed in more detail in 

Chapter 4. 

The response of the bridges using the long-duration records was compared to that 

of the short-duration record response.  Selected earthquakes were also used to 

determine the sensitivity of the bridges to a variation in the abutment and column soil 

spring stiffness. 

 

 

 

 Bridge Analysis  

The two

earthquake time-history records were modified to fit a target acceleration 

spectrum for Western Washington State.  Six of the records were from long-du

events and the last four were from short-duration events.  The records were from 

earthquakes in Ll
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Chapter Two 

Literature Review 

2.1 Introduction 

 Reinforced concrete bridge seismic design changed in 1971 with the recognition 

of inadequate design methods for confinement and lap splices.  The change of seismic 

design criteria to account for the deficiency of strength and ductility found in the columns 

due to the lack of reinforcing was made at this time.  Without adequate reinforcing, these 

columns cannot withstand major earthquakes.   

There has been a large emphasis placed on research to understand how these 

lightly reinforced columns will respond to different levels and types of earthquake 

loading.  Many methods of analysis have been tested to account for the non-linear 

behavior that is found in reinforced concrete members.  One of the major areas of 

research has been to determine how to model the damage that accumulates in reinforced 

concrete. 

 

2.2 Current Damage Analysis Methods 

 Current seismic analysis of reinforced concrete members under cyclic loading and 

random earthquake loading is accomplished using many differing techniques.  There have 

been numerous proposed and tested models, none of which have completely solved the 

issue of modeling a material that behaves in a non-linear manner.  One of the major 

difficulties is how to correctly model the accumulation of damage over time. 

 Damage in beam-column members is caused by many different mechanisms.  The 

main cause of damage is concrete crushing and cracking.  Under extreme loading, 
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damage can also involve buckling of the longitudinal steel, diagonal shear cracking, and 

deformations in the connection regions of the member usually caused by bond slip. These 

mechanisms cause a strength and stiffness degradation in the member. 

A damage model is needed to accurately quantify the amount of damage that is 

sustained during this random loading.  The effect of damage is included through the use 

of damage coefficients, which typically range from zero to one.  If the damage coefficient 

is zero, there is no damage in the structural element and if the coefficient is one, the 

structural element is completely damaged.  Values in between provide a measure of the 

amount of damage that the member has undergone.  

There are five basic methods that have been used to model the damage: damage 

models that use strength and stiffness degradation as a basis; those that are based on 

displacement or deformation; models that are based on energy dissipation; hybrid damage 

models that combine aspects of the previous models; and damage models that are 

grounded in more complex theories of low-cycle fatigue (Kunnath et al. 1997).  A review 

of these methods can be found in the literature (Williams and Sexsmith 1995).  

 

2.2.1 Damage Models Based on Strength and Stiffness Degradation 

 Damage based on stiffness and strength deterioration is an issue that relates to 

deformation.  The deformation demand is taken into account by evaluating physical 

properties such as maximum strains or curvatures. Under monotonic loading, peak values 

of displacement or rotation are important parameters. 

 Cumulative damage models based on strength and stiffness degradation are 

closely related to the hysteretic behavior of the concrete member.  Structural damage is 
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generally understood to be a stiffness softening phenomenon caused by material 

deterioration.  Such softening in nonlinear structural response is mirrored in the load-

displacement diagram by a change in elastic slope (Kratzig et al. 2000).  

 This type of formulation is used in the program IDARC (Kunnath et al. 1992).  

The first edition of IDARC used a trilinear monotonic moment-curvature relationship.  

This was used along with a hysteresis law defined by three parameters.  The three 

parameters are the stiffness degradation, the strength degradation, and pinching. The 

stiffness degradation is controlled by the parameter α, which defines the target unloading 

point in terms of the yield moment.  See Figure 2.2-1(a). 

 The strength degradation is controlled by the equation:  

                           

 

                             ( ) ( ) ⎟
⎟

⎠

⎞

⎜
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⎛
−=+ ∫

φµβ
φ

β d
uy

emm M

dE
iMiM 11                                  (2.1) 

 

between cycles i and (i+1), where the integral of dE is the accumulated hysteretic energy.  

See Figure 2.2-1(b).  The pinching parameter is controlled by the parameter γ, which 

defines a reduced target point for the unloading path when the M = 0 axis is crossed.  See 

Figure 2.2-1(c).  One of the major disadvantages of this model is the fact that these 

parameters must be tuned to account for differing structural types and material properties. 

Another method, much the same, was used in an analysis of older reinforced 

concrete columns (Pincheira et al 1999).  The model presented is based on the theories of 

lumped plasticity and it accounts for shear and flexural strength and stiffness degradation.  
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It is able to account for the nonlinear response in both flexure and shear by the 

superposition of each separate hysteretic law. 

 

Figure 2.2-1 Hysteresis Behavior of Concrete as Modeled in IDARC  
(Williams and Sexsmith 1997) 
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Flexural strength degradation was accounted for by adding a section of negative 

slope to the moment-rotation backbone curve as shown in Figure 2.2-2(a).  This 

degradation continues until a residual moment is reached and, at this point, the backbone 

curve continues at a very slight negative slope.  The stiffness degradation was accounted 

for by reducing the slope of the unloading stiffness as shown in Figure 2.2-2(b).  Note 

that k’ is larger than k”. 

 

Figure 2.2-2. Moment and Rotation Relation: (a) Backbone Curve; (b) 

 

 

Hysteretic Laws (Pincheria et al 1999) 
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Much like the moment-rotation backbone curve, the shear force/deformation 

back  

ed 

bone curve shows the strength degradation as a section of negative slope.  See Figure

2.2-3(a).  It is also followed by a section of very small negative slope after a residual 

shear value has been reached.  The shear stiffness component of the model was account

for by a reduced unloading stiffness.  For both flexure and shear, identical behavior is 

assumed for both directions of loading. 

 

Figure2.2-3. Shear Force and Displacement Relation: (a) Backbone Curve; (b) 
Hysteretic Laws (Pincheria et al 1999) 
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 The definition of these backbone curves was based on existing material model

and generally accepted theories of reinforced concrete.  The response of the reinforced

concrete column was based on flexural strength and deformation, anchorage slip, and 

shear strength and deformation.  Moment-rotation backbone curves were found by u

s 

 

sing 

ield Theory.  With this theory, the shear force and deformation response of reinforced 

concrete members may be calculated. 

 Another damage model based on strength and stiffness degradation was proposed 

y Sivaselvan and Reinhorn (2000).  They created a model that is defined by a smooth 

nal 

stic, cracking, yielding, stiffness and strength 

degradation, and crack closure.  The smooth hysteretic function differs in that it has a 

continual change in stiffness due to yielding, but sharp changes due to unloading and 

degrading behavior.   

 odel that Sivaselvan and Reinhorn (2000) propose is a variation of those 

created by Bouc (1967) and m

a plane section analysis with measured material properties of both the concrete and the 

steel. 

 Approximate procedures have been developed to account for anchorage slip.  

These procedures were used to calculate rigid-body rotations due to the bar slip.  The 

backbone for the shear behavior was determined by using the Modified Compression 

F

b

hysteretic function instead of a polygonal or piecewise hysteretic function.  A polygo

hysteretic function is one that is broken into different pieces, which mirror actual 

behavioral stages of a member such as ela

The m

odified by Wen (1976), Baber and Noori (1985), Casciati 

(1989), and Reinhorn et al. (1995).  It consists of two springs, which model the plain 

hysteretic behavior and the post-yield hardening of a member.  One spring is linearly 

 13



elastic while the other changes stiffness after yielding occurs.  This is modified to allow 

for stiffness degradation, strength degradation, pinching, and gap-closing behavior. 

  With increasing deformation, the elastic stiffness of a member degrades and this 

phenom s been accurately modeled using the pivot rule (P

rule states that the load-reversal branches target a pivot point that is located on the initial 

elastic branch at a distance of αMy.  See Figure 2.2-4(a).  In this case, α is the stiffness 

degradation param cur

                                         

enon ha ark et al. 1987).  This 

eter, and the stiffness degradation factor K , is given by the equation: 

 

( ) o
ycuro

okcur MK
MM

αφ
ycur KKRK

α
+

+
==                                        (2.2) 

where Mcur = c

c 

iffness is modified and it is given by:   

 

            

 

urrent moment; φcur = current curvature; Ko = initial elastic stiffness.  

Stiffness degradation only occurs in the hysteretic spring, therefore only the hystereti
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 include 

 

The strength degradation is modeled by reducing the capacity in the backbone

curve.  See Figure 2.2-4(b).  “ The strength degradation rule can be formulated to

an envelope degradation, which occurs when the maximum deformation attained in the 

past is exceeded, and a continuous energy-based degradation.  The strength degradation 

rule is given by the equation: 
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   where  My = yield moment; Myo = initial yield moment; φmax = maximum 

etic 

energy dissipated when loaded m

1 2

strength degradation parameter” (Sivaselvan and Reinhorn 2000).   

spring to account for pinching.  “The stiffness of the slip-lock spring can be written: 

                             

curvature; φu = ultimate curvature; H = hysteretic energy dissipated; Hult =hyster

onotonically to the ultimate curvature without 

degradation; β  = ductility-based strength degradation parameter; β  = energy-based 

 An additional spring is added to the system in series with the hysteretic 
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where s = slip length = Rs(φmax -φmax ); Mσ  = σMy  = measure of the moment range o

which slip occurs;  M* = λMy* = mean moment level on either side about which slip 

occurs; Rs, σ, and λ = parameters of the model; and φmax
+ and φmax

- = maximum 

urvatures reached on the positive and negative sides, respectively, during the response” 

(Sivaselvan and Reinhorn 2000).  There is also a gap-closing spring that can be added in 

paralle

                         

 

c

l to model the stiffening effect when gaps close. 
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Figure 2.2-4. Stiffness and Strength Degradation (Sivaselvan et al 2000) 

2.2.2 Damage Models Based on Measures of Deformation and/or Ductility  

Williams and Sexsmith (1995) reviewed damage based on deformation.  It is 

t 

                                                          

 

generally accepted that damage based on cycles of deformation is a low-cycle fatigue 

phenomenon. Degradation is assumed to evolve by the accumulation of plastic 

deformation.  They refer to Stephens and Yao (1987), who proposed a damage model tha

was based entirely on displacement ductility.  Figure 2.2-5 shows how positive and 

negative displacement increments are defined.  “The damage index is:  

 

br

f

−
+

⎟
⎠

⎞
⎜
⎝

⎛

∆
∆

1

δ
δD ⎟⎜∑=                                                   (2.6) 

 

where

constant.  Stephens and Yao recomm ∆δ b as 

 

 r = ∆δ+/∆δ−, ∆δf  is the value of ∆δ+ in a single-cycle test to failure and b is a 

end taking f as 10% of the story height and 

0.77” (Williams and Sexsmith 1995). 
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Figure 2.2-5 Plastic Displacement Increments (Stephens and Yao 1987) 

he maximum deformation in a cycle and the 

ccumulation of the damage is assumed to be proportional to the damage that has already 

occurred, “resulting in the following expression for the damage index: 

 

 

 Wang and Shah (1987) also developed a cumulative damage model based on 

deformation.  Their model is based on t

a

( )
( ) 1exp

1exp
−
−

=
s
sbD                                                    (2.7a)                                                          

 

                                                             
f

im

i
cb

δ
δ ,                                                      (2.7b) 

where s and c are user-defined constants and the parameter b is a scaled cumulative 

nd Sexsmith 1995). 

column joints to calibrate their damage model and found that c = 0.1 and δf = 5δy.  “The 

parameter s depends on the span-depth ratio and the level of shear reinforcement, with a 

value of 1.0 recommended for a heavily reinforced joint and –1.0 for a poorly reinforced 

∑=

displacement ductility” (Williams a  Wang and Shah tested two beam-
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joint.  The index is basically a measure of strength degradation, with the yield load in

deformation cycle given by the maximum load in the previous cycle multiplied by (1-D

(Williams and Sexsmith 1995).  See Figure 2.2-6. 

 a 

)” 

 

Figure 2.2-6.  Physical Meaning of Wang and Shah (1987) Damage Index 
 

rmation and

enon, the familiar Coffin-Manson law can be used.  Jeong and Iwan (1988) 

nt  tests of 

reinforced concrete colu

 

        (2.8) 

 

Because damage based on defo  ductility is a low-cycle fatigue 

phenom

calibrated the Coffin-Manson law to experime al data that was obtained from

mns.  They used the relationship: 

                                                                cn f =µ                                                 s
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where the constants s and c were taken as 6 and 416, respectively, and the nf  factor is the 

number of cycles to failure at a specific level of deformation.    The damage index was 

en found using Miner’s rule, where: 

                                                      

th

 

c
n

n
n s

i if

µ

,

D iii == ∑                                                  (2.9) 

 

Mander and Cheng (1995) derived a mechanics-based damage index that is 

related to the local section curvature at the plastic hinge in terms of the strain in the rebar 

(Kunnath et al. 1997).  This is expressed as: 

 

                                                        5.0113.0 −= NDφ                                              (2.10) 
21−

fp

D
d

“The above expression is derived from the plastic strain vs. fatigue life relationship 

of steel reinforcing bars (Mander et al., 1994) and the 

φP is the plastic 

re, D is the column diameter, d is the cover depth, and Nf is the number of cycles 

tigue crack in the steel.   

 

 

 

obtained from actual testing 

relationship between curvature and strain in a reinforced concrete circular cross-section 

assuming a linear strain profile.” (Kunnath et al. 1997)   In the equation, 

curvatu

to the appearance of the first fa
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uctility.  The damage index has the expression: 

           

is 

 The value b is a measure of the sensitivity to damage.  A low b 

t al (1977).  The damage index is defined as: 

 

                                                          

Manfredi and Pecce (1996) introduced a damage model based on low-cycle 

fatigue in terms of d

 

                                                                                                   (2.11)  ∑
=

=
iN

i

b
iAD

1
µ  

 

where A and b are experimental parameters, Ni  is the number of cycles, and  

µ i =( δi − δy)/δy is the ductility under the loading of the ith cycle.  As is typical, failure 

reached when D = 1. 

value means the element is more sensitive to damage than for a higher b value. 

 

2.2.3 Damage Models Based on Energy Dissipation 

 The earliest damage model based on energy absorption was introduced by Gosain 

e

∑=
i yy

ii
e F

F
D

δ
δ

                                                    (2.12) 

maining capacity of the member is negligible.  Therefore, only the hysteresis loops 

.2-7.  A 

cycle in which the maximum deformation is contained.  

 

Gosain assumed that once the peak force has dropped below 75% of the yield value, the 

re

where Fi / Fy >= 0.75 are included.  (Williams and Sexsmith 1995) 

 A more familiar energy based damage model was developed by Kratzig et al 

(1989).  The model is based on primary and follower half-cycles.  See Figure 2

primary half-cycle is the half-
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Any subsequent half-cycle is a follower half-cycle, unless it exceeds the previous 

axim

                                                  

m um deformation.  Positive and negative half-cycles are calculated separately, 

where the accumulated damage for the positive half-cycle is: 
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pi is the energy in a primary half-cycle, Ei is the energy in a follower half-cycle, and Ef E

is the energy dissipated in a monotonic pushover test to failure.   

 

                  

 

Figure 2.2-7 Primary (PHC) and Follower (FHC) Half-cycles (Kratzig et al 1989) 
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The same calculation is done for the negative cycles, and then the total damag

index is found by: 

 

                                                      −+−+

e 

−+= DDDDD                                           

 

 (2.14) 

 

damage .  This 

 fatigue type damage.  The model is given by: 

Noting that the follower cycles are included in the numerator and the denominator 

suggests that they contribute to the damage far less than the primary cycles do.  This 

allows the model to account for both deformation and fatigue type damage. (Williams 

and Sexsmith 1995) 

 Other models based on energy dissipation are founded in fracture and continuum

 mechanics.  One such model was proposed by Florez-Lopez et al (1998)

model was manipulated from that proposed by Marigo (1985), which was based on an 

extension of the Griffith criterion to include

 

                                              〉〈= i
i

G
d

α

  cri GG ≥                                 (2.15(a)) i

i

G

d
RR

δ
δα

    if

 

                                                                    otherwise                                   (2.15(b)) 

is the energy release rate, and Gcr = R(0).   

uring a monotonic test, this model will give the same damage evolution as the Griffith 

ading becomes non-monotonic, they differ because of the 

accumulation due to fatigue. 

0=id

 

where R(di) is the crack resistance term, Gi 

D

law, but when the lo
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2.2.4 Damage Models Based on Hybrid Formulations 

ams 

 

                                                       

 The most common hybrid formulation is the Park-Ang Model (1985).  Willi

and Sexsmith (1995) reviewed this as well.  The model uses a combination of 

deformation and energy dissipation.  The damage coefficient is defined as: 

uy
e

m

F φ
β

δ
+=        

u

D                                          (2.16) 

he first term is the one that takes the damage caused by deformation into account, while 

the cumulative damage is accounted for by the second term, which is the energy term.  

The value βe is a strength deterioration parameter.  The authors suggested these 

uidelines for the damage index: 

< 0.4          Moderate damage – severe cracking, localized spalling 

 reinforcement exposed 

llapsed 

ng revised this in 1993 so that D = 0.8 represents collapse. 

so that moment-

urvatu

dEδ ∫

 

T

g

 

D < 0.1          No damage or localized minor cracking 

D≤1.0 < 0.25          Minor damage – light cracking throughout 

D≤25.0

D≤4.0  < 1.0          Severe damage – crushing of concrete,

0.1≥D           Co

 

A

 The Park-Ang model was modified by Kunnath et al (1992) 

c re is used instead of force-displacement.  The index is: 
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These damage indices are used because they are easy to implement, but they are not 

without their problems.  It is difficult to determine what the ultimate deformation and 

strength deterioration parameter should be.  There have been many studies to determine 

hat the deterioration parameter should be, with differing results, which makes it 

s the area enclosed by the monotonic force-displacement 

urve and the fatigue failure envelope.  See Figure 2.2-8(a).  The strength damage, DS, is 

the area between the monotonic curve and the degraded force-displacement curve.  This 

degradation causes permanent deformations, which induces deformation damage Dd .   

For simplicity, Bracci et al used a simplified bilinear moment-curvature 

and proportionate plastic deformation are: 

 

                                                        

w

somewhat arbitrary (Williams and Sexsmith 1995). 

 A hybrid formulation was proposed by Bracci et al (1989), where a damage 

potential, DP, was defined a

c

relationship, as is shown in Figure 2.2-8(b).  Therefore, the proportionate strength loss 

       
y

M M
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The damage index can then be defined as: 
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“Bracci et al suggested a calculation method for Dφ in which the value of the yield 

urvature is modified after each cycle, taking account of both plastic deformations and 

the effect of stiffness degradation” (Williams and Sexsmith 1995).  See Figure 2.2-8(c).   

c

 

Figure 2.2-8.  Moment – Curvature Ch
989) 

aracteristics for Damage Index  
(Bracci et al 1
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The degradation of strength is defined as: 

 

                                                              
y

dE∫M
φ

=∆                                                     (2.20) 

c is defined by a regression equation in terms of the axial load, the 

aterial strengths” (Williams and 

ith 1995).  Bracci et al suggested these guidelines for the damage index: 

                                                     D < 0.33                       Serviceable 

 

where “the constant 

longitudinal and confinement steel ratios, and the m

Sexsm

D≤33.0 airable                                                      < 0.66          Rep

                                                  D≤66.0   < 1.0            Irrepairable 

                                                                            Collapsed 

.2.5 Damage Models Based on More Complex Fatigue Models 

 considered 

Chung et al (1987, 1989a).  “Given a monotonic moment-curvature curve with failure 

point (Mf , φf ), the moment reduction at failure ∆Mf  is defined as shown” in Figure 2.2-

9(a). (Williams and Sexsmith 1995)  The loss of strength in a cycle is then: 

 

0.1≥D
 

2

 Williams and Sexsmith (1995) a complex fatigue model proposed by 

5.1
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nes.  The moment-curvature failure envelope is shown in Figure 

.2-9(b) and is defined as: 

 

Because of the exponent of 1.5, the larger plastic deformations will cause much more 

damage than smaller o

2
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Figure 2.2-9 Definitions of Failure Under (a) Monotonic and (b) Cyclic Loading 
(Chung et al 1987) 
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The figure also shows that failure occurs when the moment-curvature curve intersects the 

ilure envelope.  The number of cycles to failure at a constant deformation level is 

efined by: 
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In this formulation, positive and negative cycles are considered separately.  The damage 

index is calculated using Miner’s rule, with the addition of weighting: 
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The weights are: 
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“where ki,ave is the average stiffness for a specimen cycled to failure at amplitude i and the 

subscript j refers to the jth cycle at amplitude level i” (Williams and Sexsmith 1995).  

The weighting is exactly the same for the negative loading cycles.  The first term 
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decreases the damaging effect of repeated cycles at a specific level and the second term 

takes into account the energy absorbed in a cycle. 

 Mander and Cheng (1995), developed a damage model based on longitudinal 

rebar fracture from low-cycle fatigue (Kunnath et al 1997).  The Coffin-Manson law was 

implemented such that: 

 

                                                         ( )ffP N2εε =                                                    (2.26)

 

c'  

here ed 

 done 

w εP is the plastic strain amplitude, ε’
f  and c are material constants to be determin

from fatigue tests, and 2Nf  is the number of cycles to failure.  Experimentation was

and an experimental fit to the expression was found to be: 

 

                                                          ( ) 5.0208.0 −= fP Nε                                              (2.2

 

The same expression was found using total strain: 

 

7) 

                                                          ( ) 33.0208.0 −=                                             (2.28) 

                                      

fT Nε

 

The damage index is then: 
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Kunnat f h et al (1997), modified the Coffin-Manson expression after doing fatigue tests o

reinforced concrete columns.  After experimental fitting, the expression was: 

 

                                                          ( ) 5.02074.0 −= fP Nε                                            (2.30) 

 

f

 

age in 

 structures.  The conclusion 

was drawn that when soil-structure interaction 

portant to provide a damage model that allows damage 

accumu

t to 

The difference in the ε  terms from Mander and Cheng is due to the loss of confinement 

and concrete fatigue. 

 

2.3 Additional Topics 

Some other topics that are important to this study are the importance of 

earthquake duration, soil-structure interaction, and methods of quantifying the dam

concrete columns.  Two papers by Zhang et al (2004), discuss the importance of 

incorporating  soil-structure interaction when modeling bridge

is neglected, the response and forces in the 

bridge model were inaccurate. 

 Work was done by Williamson (2003), Bozorgnia et al (2003), and Lindt et al 

(2004) where the effect of long-duration earthquakes was considered.  All three 

determined that it is im

lation due to cyclic loading.  The work by Bozorgnia et al (2003) also determined 

that the effects from aftershocks should be accounted for as well.  It is also of interes

note that the study by Lindt et al (2004) was done using a Monte Carlo simulation in a 

suite of structurally different hypothetical structures. 
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 The last paper, by Lehman et al (2004), was a study in performance-based seismic 

 

 

 

 

 

design.  Research was performed to quantify the degree of damage in well-confined, 

circular cross-section, reinforced concrete bridge columns.  The progression of damage in 

the columns is discussed and related to displacements and strain levels. 

 

 

 

 31



CHAPTER 3 

.1 The History of the Computer Program WSU-NEABS 

U-NEABS (WSU-N

ridge Systems) was selected for use in this project. Originally developed in 1973 with 

te 

dge systems (Cofer et al, 1994), (Zhang,1996).   

Tseng and Penzien developed the original program, for which only an elasto-

 expansion joi

nalysis.  This program was developed to model three-dimensional, multi-span bridges, 

cted in the 1971 San Fernando earthquake.  Kawashima 

dified the program in 1976 and Imbsen, Nutt, and Penzien modified it 

ter enhanced in 1986 to allow kinematic 

in 

Cofer et al (1994) modified the program once again to account for soil-structure 

interaction.  They developed a nonlinear spring/damper/mass Discrete Foundation 

es a spring and dampe

.  Mass and mass moments of inertia can be lumped to each node or separately to 

WSU-NEABS Computer Program 

3

 The computer program WS onlinear Earthquake Analysis of 

B

the name NEABS (Tseng and Penzien, 1973), it has been modified at Washington Sta

University a number of times to enable it to more effectively model the actual nonlinear 

behavior of bri

 

perfectly plastic beam-column and an nt were available for nonlinear 

a

such as those that had been affe

and Penzien mo

again in 1978 (Zhang, 1996).  NEABS was la

hardening in the beam-column element and also changed to allow for a tie bar element 

the nonlinear expansion joint.   

element.  This element incorporat r in all six local degrees-of-

freedom

each degree-of freedom.  The damper is a linear viscous dashpot and the spring has the 

ability to be nonlinear. 
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Zhang (1996) refined the nonlinear beam-column to include softening behavior 

and an improved hysteretic rule for cyclic loading.  The softening behavior allows the 

ncludes 

r 

y spring.  The linear elastic boundary spring allows spring stiffnesses in 

ll six degrees-of-freedom.  This can be used as a simplified soil-structure spring when 

all the soil properties are not sufficiently known to effectively use the Discrete 

Foundation element. 

The program allows for many other options to accurately model and analyze 

discrete bridge systems.  For example, WSU-NEABS can handle applied dynamic 

loading or prescribed loading at individual nodes.  Multiple dynamic loadings can be 

pplied at the same time in the x, y, and z directions.  

e 

 

lying a mass density is a convenient way of correctly modeling the mass of 

ngent stiffness iteration method. 

bending moment to degrade as damage develops.  The improved hysteretic rule i

the degradation of stiffness that is observed when beam-columns deteriorate. 

WSU-NEABS also incorporates a linear elastic curved beam member and a linea

elastic boundar

a

a

Lumped or concentrated masses can be applied to nodes, or a mass density can b

defined for the individual elements.  If a mass density is defined, then the correct mass is

calculated for the beam or column elements and applied to the two end nodes of the 

element.  App

the system. 

A direct step-by-step integration method is used in WSU-NEABS to solve the 

equation of motion. The program is capable of using either a constant acceleration 

method or a linear acceleration method.  It is also capable of using a constant stiffness 

iteration method or a ta
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3.2 Review of the Previous Beam-Column Element 

 To understand the modifications that were implemented in WSU-NEABS, it is 

ecessary to understand the previous beam-column element.  The previous beam-column 

 degrades as 

amage develops.  This can be seen in the Moment-Curvature (M-φ) curve as shown in 

Figure 3.2-1 (Zhang, 1996).   

 

n

element included softening hinges where the bending moment capacity

d

 

Figure 3.2-1 Moment vs. Curvature Relationship (Zhang 1996) 
 

3.2.1 Previous Damage Coefficient 

 To derive the stiffness matrix for the softening branch of the M-φ curve, a damage 

coefficient is needed.  This  noted in Chapter 2, 

varies from zero to one.  When D equals zero, there is no damage in the structural 

member and when D equals one, the structural element is totally damaged.  In WSU-

NEABS, the damage coefficient is limited to a value of D  (Zhang, 1996).  The damage 

coefficient is calculated as 

 damage coefficient, D, as previously

max
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cp

cppD
θθ

θθ
−

−
=  ,  10 max ≤≤≤ DD                                    (3.1) 

max

 

where θp is the total plastic rotation angle, θcp s the critical plastic rotation angle where 

softening es 

r θcp and θmax can be calculated by: 

                                                       

 i

 begins, and θmax is the maximum theoretical plastic rotation angle.  The valu

fo

 

 ( )ycpcp l φφθ −=                                                   (3.2a) 

 

                                                       ( )ypl φφθ −= maxmax  

 

where lp is the theoretical plastic hinge length and φmax is the curvature for which the 

maximum moment capacity is zero, theoretically.  The maximum moment that can then 

be reached is: 

 

                                                          

                                               (3.2b)

( ) yMDM −= 1                                                     (3.3) 

M

3.2.2 Yield Function 

 The yield function in WSU-NEABS is based on the Bresler Equation (Bresler, 

1960) for biaxial bending.  The equation is: 

 

where y is the yield moment. 
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here Myu and Mzu are the ultimate moment values about the y-axis and the z-axis, 

yp and Mzp are th

y-axis and z-axis for the same fixed value of Pu when they are each applied separately 

hang, 1996).    

                       

w

respectively, for a fixed value of Pu.  M e ultimate moment values on the 

(Z

 By looking at interaction diagrams for reinforced concrete columns, it is 

understood that the level of axial load has a great impact on the moment capacity.  

Therefore, to consider this influence of axial load, Pu, Myp and Mzp are calculated using 

the equations: 
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 “where P  is the ultimate axial tensile force, P  is the ultimate axial compressive force, 

M  and M  are yielding moments about the y and z axes, respectively, in pure bending, 

and a , a a , b , b , and b  are constants” (Zhang, 1996).  The yield surface is shown in 

Figure 3.2-2. 

0 < Pu < Pt            (3.5b

t 0

y0 z0

1 2, 3 1 2 3
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 To account for softening, Zhang (1996) modified the program such that the yield

surface is no longer a stationary

 

 surface.  As the plastic deformation increases, the yield 

stress le ld surface contracts.  This is shown in 

igure 3.2-3 for a constant level of axial load.  The equation of this yield function with 

                                                

vel decreases.  Thus, the radius of the yie

F

softening included is: 

 

 ( )2
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here D is the previously defined damage coefficient (Zhang, 1996). w

 

 

 

Figure 3.2-2 Generalized Yield Surface (Zhang 1996) 
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Figure 3.2-3 Yield Curve of Isotropic Strain Softening Material at a Constant 
Level of Axial Force(Zhang 1996) 

 

 The hysteresis model for the previous version of WSU-NEABS is shown in 

Figure 3.2-4.  The model did not allow for a stiffness degradation of the unloading 

portion of the curve.  That is, the stiffness during unloading was the same as the initial 

elastic stiffness.  However, it is known that the unloading portion of the curve will 

decrease in stiffness with the increase in damage.  Therefore, this has been corrected to 

allow for stiffness degradation.  This addition to the program is discussed in the 

following section. 
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Figure 3.2-4 Hysteresis Model for the Previous Beam-Column Element  
(Zhang 1996) 

 

 

3.3 Modification of WSU-NEABS 

 With the understanding that long duration earthquakes cause bridge structures to 

undergo many more loading cycles than for a short duration event, an additional source 

of damage within the model was necessary. 

 

3.3.1 Modification of the Damage Model 

 mulation index is based solely on

rotation found in the plastic hinge region.  The damage model proposed by Kunnath 

 

The new damage accu  cycles of the plastic 
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(1997) age.  

:  

                                                        

was implemented into the NEABS program to account for this additional dam

See Chapter Two Section 2.2.5.   

 The basis of this damage model is the Coffin-Manson (Manson, 1953) equation

 

( )c
ffP N2'εε =                                                       (3.7) 

 

where ε  is the plastic strain amplitude, 2Nf is the total number of cycles to failure, and εf
’ 

and c are material constants found from fatigue testing.  If it is assumed that the rotation 

takes place about the center of the plastic hinge, the plastic strain amplitude can be found 

using the equation: 

 

                                                             

P

2
'* D

lP

P
P

θ
ε =                                                      (3.8) 

 

where  is plastic rotation, lP is the plastic hinge length, and D’ is the distance between 

the extr

 this is 

θP

eme steel.  By knowing the two material constants and solving for the plastic 

strain amplitude, the total number of cycles to failure can then be computed.  Once

known, Miner’s Rule can be used to determine the damage coefficient D using the 

equation: 

 

                                                             ∑=
f

D 1                                                      (3.9) 

 

N2
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ed 

r 

ested under constant amplitude displacements of 1.5, 2.5, 3.0, and 4.0 

mes the yield displacement.  The new cumulative damage expression was derived based 

n experimental fitting of the Coffin-Manson fatigue expression using the results from 

e testing.  See Figure3.3-1.   

The calibrated equation was found to be: 

 

                                                     

In the previous work done by Kunnath, the damage model was calibrated using 

well-confined concrete columns.  Experimental results are also necessary to obtain 

damage data for the poorly confined columns considered here.  Thus, poorly-confin

specimens were tested by Stapleton (2004) to calibrate the model for this research.  Fou

specimens were t

ti

o

th

( ) 358.020387.0 −= fP Nε                                             (3.10) 

 

 

 

Figure 3.3-1 Results of Constant Amplitude Testing (Stapleton 2004) 
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 This relationship was then implemented into WSU-NEABS.  The program was 

given the capability to detect a peak in the plastic rotation, which would constitute a

cycle.  Once a half-cycle is detected, the above equation is used to determine the amount 

of damage that is incurred.  This damage is then added to the total damag

 half-

e and is summed 

r each half-cycle for the duration of the seismic event. 

ant to understand that loading cycles that do not cause any plastic 

eform s by 

odification of the Hysteresis Model for the Beam-Column Element 

 

hing behavior that has been shown to occur in poorly 

confined concrete columns.  The testing also shows that, as damage accumulates due to 

cyclic loading, the unloading stiffness will degrade.  Because the previous version of the 

program did not allow for this degradation, an algorithm for it has been added to more 

accurately model the true behavior of these columns.  The application of these changes is 

fo

It is import

d ation will not cause any damage.  This assumption was made because the test

Stapleton at a constant amplitude of 1.5∆y were shut off after 150 cycles because failure 

had not been reached.  At 150 cycles, the test columns showed no meaningful signs of 

damage or deterioration.  This was also found to be true by Kunnath (1997), where the 

test of the column at a constant displacement level of 2 times the yield displacement was 

shut down after 150 cycles.  There were also no meaningful signs of damage or 

deterioration. 

 

3.3.2 M

The previous version of the program allowed for a slight reloading stiffness 

degradation, but the testing results show that a greater reloading stiffness degradation is

needed to properly model the pinc
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illustrated by the moment vs. curvature curve shown in Figure 3.3-2.  Note that the 

unloading stiffness, k’’, is less than the initial elastic stiffness k’. 

 

Figure 3.3-2 Hysteresis Model for the Beam-Column 
 

During the elastic loading stage, there is no degradation due to damage.  Therefore, 

the flexural capacities about the y and z-axes are those for a fully continuous member.  As 

c , the end conditions about the y axes  considered to vary 

between fully continuous and fully hinged for the unloading and reloading stages 

(Zhang,1996).  A special damage coefficient, which was calibrated to tests, is used to 

ss of elastic stiffness of the member. 

damage ac umulates  and z- are

define the lo

“Let ke
miy, ke

miz, ke
mjy, and ke

mjz

e 

 be the release matrices about the y and z-axes at the 

i and j ends, respectively.  The difference between the elastic stiffness matrix and any on
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of these release matrices equals the elastic matrix for pinned end conditions.  For 

instance, the matrix ke - ke
miz is the elastic matrix for which the rotational stiffness about 

the z-axis at the i-end is released” (Zhang, 1996).  However, ke
miy, ke

miz, ke
mjy, and ke

mjz a

coupled, therefore the matrix condensation method must be used to derive the stiffness 

degradation matrix. 

This is the process in which the damage coefficient, D, is used.  It should be noted 

that in this process, D is the actual damage found in the plastic hinge and D

re 

into two sub-

elemen ment 

* is just a 

coefficient used in this process.  The beam-column element is divided 

ts corresponding to ends i and j, where the degradation stiffness for each ele

is defined as: 

 

                                    miz
e

miy
eeed kDkDkk 1

*
1

*
11 −−=                                 (3.11a

 

                                   

) 

mjz
e

mjy
eeed kDkDkk ** −−=                                 (3.1

 

2222 1b) 

In the previous version of the program, D*
1 and D*

2 were simply the damage 

coefficients for the two ends 2 

damage coefficients, which change, depending on the stage of the hysteresis.  For the 

unloading stage of the hysteresis: 

 of the element.  Here, D*
1 and D* are now functions of the 

 

                                               
maxD

Dratio =                                                      (3

 

21D or .12) 
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                                       7.015.021
* += ratioor DD                                         (3.13) 

 

 

For the reloading stage of the hysteresis: 

 

                ( )( ) ( ) 85.04433.0333.0 2
21

* ++−= ratioratioor DDD                           (3.14) 

These functions allow for a decrease in stiffness only when dam occurred.  

Tests show that once damage does occu  slight change in the g 

stiffnes astic change in the fness of the memb ese 

formul at type of behavior.  For the unloading stage, D*
1 a 2 vary 

linearly from 0.7 to 0.85 and for the reloading stage they vary quadratically from 0.85 to 

0.96.  The effect of this variation on the reloading stiffness and the unloading stiffness of 

a column can be seen in Figure 3.3-3 and Figure 3.3-4. These figures show the change in 

stiffness due to the variation of D 1 and D 2. 

The value of D 1 and D 2 varies linearly at a much lower level during unloading, 

therefore the unloading stiffness will only change slightly.  However, the reloading 

stiffness is designed to change quite quickly at first and then level off because it is 

modeled as a quadratic function.  The tests by Stapleton (2004) were used to calibrate 

these functions. 

 

 

 

 

a s ge ha

r, there is a unloadin

s but a more dr  reloading stif er.  Th

ations mimic th nd D*

* *

* *
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3. ple

The modifications were implemented into the program and example studies were 

performed.  The purpose of this testing was to insure that the changes made to the 

program had changed its performance in an acceptable manner.  These analyses were 

conducted using models created to simulate actual testing specimens from the work of 

Stapleton (2004) and Kunnath (1997).  Additional analyses were also conducted to 

determine how the damage coefficient compares to the level of physical damage.  These 

were done using the same models and earthquake displacement records. 

 

3.4.1 Example 1 

 In this example, a single column was modeled, as shown in Figure 3.4-1, to 

represent the actual 

and it is attached to an elastic boundary spring at the top to ensure that it remains stable 

wo 

he 

le 

 

 

4 Exam s 

 

test column used by Stapleton(2004).  The column is fixed at the base 

during softening.  The column model consists of three beam-column elements.  The t

at the bottom are nonlinear elements and the third element is a linear elastic element.  T

very bottom element is half the length of the plastic hinge, so the rotation takes place 

about the center of the plastic hinge.  The nonlinear element above that is there to 

represent the splice region.  The structural properties of the column are tabulated in Tab

3.4-1. 

The actual test by Stapleton (2004) was a displacement-controlled test.  Thus, the

lateral stiffness of the elastic boundary spring was set equal to 10,000 times that of the

stiffness of the column.  That is: 

10000*3

3
l
EIks =
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The force applied to the top of the column was calculated such that the desired 

displacement would be achieved.  This method was used to insure that the correct 

 

Figure3.4-1 Structural Model of Single Column  

Table 3.4-1 Structural Properties of Column  
Young’s 
Modulus 

(ksi) 

Poisson 
Ratio 

Unit 
Weight 
(lb/in3) 

My0 
(k-in) 

P0 Pt / P0 a1 a2 a3

displacement would be reached during each cycle. 

 

 

 

4030 0.18 0.224E-06 1168 1476 0.1021 -9.576 -15.89 -5.340 
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Figure 3.4-2 shows the comparison of the actual test results to those computed by 

WSU-NEABS. With the accumulation of damage, a drop in strength after each cycle is 

observed.  The initial stiffness is modeled very closely, but as the displacement increases, 

the two begin to diverge.  The maximum shear forces that are reached by the two models 

are virtually the same, but the computer model shows strength degradation in the first 

cycle, which is due to softening behavior, whereas the experimental specimen does not.  

However, after the first cycle, the computer model only shows strength degradation due 

to the cyclic behavior and not softening.  With this degradation in strength during the first 

cycle, the shear force differs by 11%.  After this initial degradation, the shear forces in 

the computer model are quite similar to those obtained from the tests. 

It is also worthwhile to note the stiffness degradation in the unloading and 

reloading stages.  The initial reloading stiffness in the computer model is stiffer than the 

xperiment, but it eventually closes in on the approximate stiffness after a few cycles.  

The stiffness degrada l because it is 

dependent on the level of damage, which takes a few cycles to accumulate.  Therefore, 

the area enclosed in the hysteresis loops for this model is greater then the experiment, 

which suggests that the computer model dissipates more energy then the experiment. 

e

tion does not occur as quickly in the computer mode
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tant Amplitude Comparison from Experiment (Stapleton, 2004) 
and WSU-NEABS 

nd only the loading protocol was changed to 

mulate a standard cyclic test in which the amplitude increases throughout the test.  

Table 3.4-2 shows the actual displacements and the corresponding displacement ductility.  

Figure 3.4-2 shows the compar computed by WSU-NEABS. 

 

 

Figure 3.4-2 Cons

 

 

3.4.2 Example 2 

 In this example, the same column was modeled, as given in Figure 3.4-1.  The 

material properties were kept the same a

si

ison of the actual test to that 
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Table 3.4-2 Summary of Standard Cyclic Protocol (Stapleton 2004) 
Cycle Number Displacement Level Corresponding Ductility 

1 0.171 in. 0.25∆y
2 through 4 0.341 in. 0.5∆y
5 through 7 0.512 in. 0.75∆y
8 through 10 0.682 in. 1.0∆y
11 through 13 1.57 in. 2.3∆y
14 through 16 2.46 in. 3.6∆y
17 through 19 3.41 in. 5.0∆y

 
 

 The initial stiffness is modeled very closely, and the maximum shear forces found 

in both models are virtually the same.  The computer model shows a degradation of 

strength that is greater then the experiment shows.  This degradation in strength causes a 

difference in shear force of up to 20%.  The energy dissipated by the column is also 

verestimated be de as quickly as o cause the stiffness of the computer model does not degra

the experiment. 
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Figure 3.4-3 Changing Amplitude Comparison from experiment 
(Stapleton, 2004) and WSU-NEABS 
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3.4.3 Example 3 

 

on 

 In this example, a single column was modeled, to represent the actual test column

used by Kunnath (1997).  The model was developed just like the model in Figure 3.4-1, 

except that the height of the column was 54 inches.  The structural properties of the 

column are tabulated in Table 3.4-3.  Figure 3.4-4 and Figure 3.4-5 shows the comparis

of the actual test to that computed by WSU-NEABS. 

 

 

Figure 3.4-4 Kunnath’s Test Results (Kunnath 1997) 
 

Table 3.4-3 Structural Properties of Column 
Young’s 
Modulus 

(ksi) 

Poisson 
Ratio 

Unit 
Weight 
(lb/in3) 

My0 
(k-in) 

P0 Pt / P0 a1 a2 a3

3604 0.18 0.224E-06 698 491 .3142 -2.216 -3.109 .3142 
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Figure 3.4-5 WSU-NEABS Simulation of Kunnath’s Test 

 These results compare to those of this experiment much like they did for the 

previous tests in that the model reproduces the initial shear force very well and it also 

captures the stiffness degradation.  It does not degrade in stiffness as quickly as the test 

specimen but part of this is due to the fact that this is a well-confined specimen, without 

damage in the first cycle.  The greatest difference between the model and test results is 

the relatively large level of damage achieved in the model.  Again this is due to the fact 

that damage coefficients for unconfined columns were used.  Also, the computer model 

has a long yielding plateau at the maximum shear for during each cycle, whereas the 

experiment only shows the yield plateau during the first cycle. 

With this difference and the fact that the stiffness of the computer model does not 

degrade as quickly, the computer model initially overestimates the amount of energy 

dissipated in the column.  Even with the differences in all of these examples, the 

computer model does a reasonable job modeling the actual response of the experiments. 
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3.4.4 Damage Level Comparison 

 ne of the specimens tested by Stapleton (2004) used a displacement record that 

was developed using an example earthquake.  This same displacement record was used in 

the column model as shown in Figure 3.4-1.  The computer model of the column had a 

damage coefficient of 0.34 after the analysis.  According to the damage guidelines from 

Section 2.2.4, this would suggest that there would be minor to moderate damage, which 

would range from severe cracking to localized spalling.  Figure 3.4-6 shows a picture of 

the test specimen after the test, where localized spalling is shown at the base of the 

column.  This would indicate these damage guidelines can be used for the work in this 

study. 

 
 

 

 

 

 

 

O
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Figure 3.4-6 Final State of Damage for Column 
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Chapter 4 

Seismic Analysis of Bridges Under Long-Duration Loading 

 

4.1 WSDOT Bridge 5/518 

 To investigate the effects of long duration earthquakes on lightly reinforced 

concrete bridges, a three-dimensional model was analyzed using dynamic methods.  The 

objective was to accurately model the bridge, as it is currently constructed, and then 

analyze the bridge model under seismic excitation. 

 

4.1.1 Introduction 

 The bridge sho 15 on 178th Street in 

King County of Washington State.  It was constructed in 1964 to carry South 178th Street 

wn in Figure 4.1-1 is located at milepost 153.

over Interstate 5.  It was chosen for this study because it represents a typical highway 

over pass built before 1971, and thus is poorly detailed in the plastic hinge region with 

respect to the transverse reinforcement. 

 

 

Figure 4.1-1 Bridge 5/518 
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4.1.2 Description of the Bridge 

 is 322 

vides the main transverse stiffness of the superstructure, is discontinuous at all 

pports.  It is 26 feet wide and has a thickness of 5.75 inches.  The deck was supported 

by six prestressed concrete I-girders that are 4 feet 10 inches deep.  These I-girders are 

spaced at 5 feet 5 inches on center. 

The plan and elevation of the bridge are shown in Figure 4.1-2.  The bridge 

feet long and has four spans.  The two middle spans are both 101.5 feet long, while the 

two end spans are 69 and 50 feet long, respectively.  The reinforced concrete deck, which 

pro

su

 

 

Figure 4.1 n a e V f B  5/5
 

 The I-girders rest on the crossbeam and abutments with a grout pad topped with a 

rubber pad for the bearing.  See Figure 4.1-3.  Because the spans are discontinuous, 

-2 Pla nd Profil iews o ridge 18 
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expansion joints of 1.5 inches were constructed between the spans.  The expansion joints 

were filled with Gates Standard rubber joint filler. 

 

Figure 4.1-3 Bearing of I-Girders 
 

 The crossbeams were cast monolithically with the three columns at each bent a

shown in Figure 4.1-4. Each crossbeam has a total length of 30 feet, a wid

s 

th of 48 inches, 

nd a depth of 39 inches.  There are six No. 10 and four No. 8 bars at the top and four No. 

ere are also four No. 5 bars 

id i ac sti ry

acco  shear. gure 4

 

a

6 and four No. 7 bars at the bottom of each crossbeam.  Th

along the s es.  The conf nement was provided by pl ing No. 5 rrups at va ing 

spacing to unt for  See Fi .1-5. 
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Figure 4.1-4 Intermediate Bent Cross Section 
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Figure 4.1-5 Cross Section of Cross Beam 
 

 Each crossbeam also has two end bent interior girder stops per bent and four 

intermediate bent girder stops per bent.  The end bent interior girder stops are located at 

the insi d between 

of 

de face of the girders, while the intermediate bent girder stops are locate

girders.  See Figure 4.1-6.  The deck and crossbeams provide a very stiff superstructure, 

much stiffer than the supporting columns. 

 The three interior bent columns are all supported on spread footings.  These 

columns have clear heights of approximately 24 feet.  They have a centerline spacing 

11.3 feet in the lateral direction.  Compacted fill surrounds the columns at a height of 
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approximately 4 feet from the column base.  All of the columns are circular with a 

diameter of 36 inches.  They are reinforced longitudinally with eleven No. 11 reinforcing 

ars that are spaced evenly around the cross-section perimeter with a clear cover of two 

inches.   

b

 

 

 

 

Figure 4.1-6 Girde
 

r Stop Details 
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The longitudinal bars extend into the crossbeam without a splice.  This provides a 

l .  Lap splices of 50 inches (35 longitudinal bar 

diam he columns.   The columns are reinforced in the 

irection with No. 3 bars spaced every 12 inches.  The hoops have an overlap 

ent ratio is 0.14%, which is 

dim

 The concrete used in the footings and abutment walls is a WSDOT Class B mix 

with a compressive strength of c = 3000 .  All other concrete used in the bridge, 

besides that used for the prestressed girders, is a WSDOT Class A mix with a 

compressive strength of f’c = 4000 psi.  The steel used in this bridge is Grade 40 with a 

yield strength of fy = 40,000 psi. 

 

 

 

 

ongitudinal reinforcement ratio of 1.68%

eters) were used at the bases of t

transverse d

of 21 inches and have no hooks.  The transverse reinforcem

very small compared to today’s standards.  This small transverse-reinforcing ratio, 

combined with a lap splice of this length, has been proven to be a problem in the past.  A 

plastic hinge will form at the base of the column and the splice will breakdown during a 

major earthquake (Zhang, 1996). 

 The spread footings are 15 feet by 18 feet in the plan view and are 2 feet 3 inches 

thick.  They are reinforced in the bottom layer with 25 No. 10 bars in the 15-foot 

ension and 29 No. 9 bars in the 18-foot dimension.  The columns are tied into the 

footing with 90ο angles on the bottoms.   

f’ psi
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4.1.3 Structural Model 

 A representation of the bridge model used in this study is shown in Figure 4.1-7

and Figure 4.1-8.  The longitudinal beam and the crossbeams are modeled as very sti

beams.  The longitudinal beam can be considered almost rigid because the deck and I

girders are composite, which creates a very stiff superstructure.  The cros

 

ff 

-

sbeam is much 

stif r t

Figure 4.1-7 Structural Model of Bridge 5/518 

fe han the columns so it can also be considered almost rigid.  By having a very stiff 

crossbeam, the load from the longitudinal beam is evenly distributed between the 

columns, which helps to get the correct axial force in the columns. The columns are 

modeled with nonlinear beam-column elements.  All members are given an appropriate 

cross-sectional area and mass density so as to model the mass and stiffness correctly. 
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Figure 4.1-8 Bent from Structural Model 
 

 .  

The effective moment of inertia was determined by using the cross sectional analysis 

program MPHI2C, developed by Marsh (1991).  By plotting the moment versus curvature 

that is given from MPHI2C, the effective stiffness can be computed by taking a bilinear 

representation of the plot. (see Figure 4.1-9)  The slope of the first line of the bilinear 

representation gives the effective EI value and by knowing E, the effective moment of 

inertia can be specified. 

 A preliminary value of Ieff, the traditional value of ½ Igross, was used, but it was 

found to be too stiff compared to the actual tests by Stapleton (2004).  Therefore the 

stiffness, EI, was matched to the actual test by Stapleton (2004), and Ieff  was found to be 

approximately ¼ Igross.  This value was used in all of the analyses.  This is also 

Because cracking will occur, the effective moment of inertia, Ieff, should be used
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comparable to the Ieff values suggested in Figure 4.1-10 by Priestley (2003), when the 

axial load ratio is approximately 0.06 and ρ1 is approximately 0.01.  

The parameters needed by WSU-NEABS to define the axial force-moment 

interaction curve were also found using MPHI2C.  A summary of the structural properties 

of the longitudinal beam, crossbeam, and columns is shown in Table 4.1-1 and Table 4.1-

2. 
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Figure 4.1-9 Bilinear Representation of Moment-Curvature 
 

Table 4.1-1 Structural Properties for Columns, Crossbeams, and Deck Beams 
 Young’s 

Modulus 
(ksi) 

Poisson 
Ratio 

Unit 
Weight 

(kips / in3) 

Axial 
Area 
(in2) 

Shear 
Area 
(in2) 

Bending 
Inertia 
(in4) 

Torsional 
Inertia 
(in4) 

Columns 3604 0.18 2.224E-5 1018 1018 20000 164900 

Crossbeam 360400 0.18 2.224E-5 1872 1872 6.187E+8 1.131E+7

Deck Beam 360400 0.18 2.224E-5 7134 7134 1.193E+8 1.207E+7
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Table 4.1-2 Yield Function Constants for the Columns 
Mz0 (k – in) P0 (kips) Pt / P0 a0 a1 a2 a3

9673 6107 .1609 1.0 -8.461 -13.35 -3.888 

 

 

Figure 4.1-10 Effective Stiffness of Circular Bridge Columns (Priestley, 2003) 
 

.  

red 

properties for the abutment springs were computed using the Caltrans seismic 

design criteria (Caltrans, 2004).  The soil stiffness properties for the column supports 

were computed using WSDOT Bridge Design Manual (WSDOT, 2002). 

 

 A boundary spring was used to consider the influence of soil-structure interaction

Table 4.1-3 gives the soil stiffness properties for the six degrees of freedom conside

for the spring.  Springs were attached to all columns and the two abutments.  The soil 

stiffness 
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Table 4.1-3 Stiffness Properties for Soil Springs (k/in) 
Location Translation 

X 
Translation 

Y 
Translation 

Z 
Rotation 

X 
Rotation 

Y 
Rotation 

Z 
West 

Abutment 
836.4 111.1 25320 1.0E+7 1.0E+7 1.748E+6

Pier 1 7120 7120 30470 574600 932000 128600 
Pier 2 7474 7474 31840 727800 101500 140500 
Pier 3 6736 6736 28960 440900 858800 117100 
East 

Abutment 
836.4 111.1 25320 1.0E+7 1.0E+7 1.748E+6

 

  

Rayleigh damping is used in NEABS, where [C] = α[M] + β[k].  In this 

formulation, α and β are constants and this allows for a linear combination of the system 

mass matrix [M] and the stiffness matrix [k] to solve for the damping matrix [C].  The 

two damping factors, α and β, are foun

 

 

                                                  (4.1) 

 

 

where ωi and ωj are two control natural frequencies and ξ is the damping ratio.  It must 

also be assumed that the two control frequencies have the same damping ratio for this 

formulation to work.  Typically, ωi is the fundamental natural frequency and ωj is set to 

capture 90 –95% mass participation.  For reasons of simplification, it is assumed that the 

fundamental natural frequency controls the dynamic response of the structure.  Therefore 

ωi = ωj = ω and the above equation becomes: 

d by: 

 

⎭
⎬
⎫⎧ jiωωξ

⎩
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2
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                                                           (4.2) 

 

 

The natural period was calculated assuming that the columns were fixed at their bases 

and that they remained elastic.  The damping factors were found using this natural  

frequency and the assumption that the damping ratio was 5%.   

 Idealized expansion joint elements, as seen in Figure 4.1-11 and Figure 4.1-12, 

were used at each of the two abutments and at each pier.  Each abutment expansion joint 

was idealized with one expansion joint element.  The expansion joint element accounted 

for the 

idea

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

=
⎭
⎬
⎫

⎩
⎨
⎧

ω

ω
ξ

β
α 1

stiffness in all six degrees of freedom.  The expansion joints at the piers were 

lized using three separate expansion joint elements.  See Figure 4.1-13. 

 

Figure 4.1-11 Idealized Expansion Joint 
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Figure 4.1-12 Expansion Joint Coordinate System 
 

Element number one and number two provide the support between the 

ngitudinal deck beam and the column crossbeam.  These elements modeled the effects 

of the bearing pads and provided for vertical support and relative movements between the 

crossbeam and the deck beam.  The third element in the figure spans between the two 

eck beams and accounts for the increased stiffness when the gap closes between the 

sed in element three was assumed to have the axial 

iffnes  

lo

d

deck beams.  The impact spring u

st s of the superstructure.  The nonlinear properties that were used for modeling the

idealized expansion joint are tabulated in Table 4.1-4. 
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Figure 4.1-13 Idealized Expansion Joints at Intermediate Piers 
 

 

 

 

 

Table 4.1-4 Input Parameters for Expansion Joints 
 Support Impacting Hinge 

Bearing Type Bearing Pad NA 
Element Width (in.), d 324.00 324.00 

Skew (degrees) 0.00 0.00 
Impacting Spring Stiffness (kips/in.), kI 1.00 2.21 x 104

Bearing Friction Stiffness (kips/in.), kF 1.00 1.00 
Coefficient of Friction of Bearing, cF 0.02 0.00 

Stiffness of Tie Bar (k NA ips/in.), kT NA 
Tie Bar Yield Force (kips), YT NA NA 

Tie Bar Gap (in.), GT NA NA 
Seat Gap (in.), GS 0.00 1.50 

Number of Tie Bars 0 0 
Vertical Stiffness (kips/in.), k3, k6 .00 x 107 0.00 1

Longitudinal Stiffness (kips/in.), k , k 123.30 0.00 1 4
Transverse Stiffn 0.00 ess (kips/in.), k2 123.30 
Rotational Stiffness (kips/in.), k5 0.00 0.00 
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4.1.4 S

vents.  

 

. 

pectrum for 

e 

 

) 

cceleration because it lacks a near-source saturation 

rm (Stapleton, 2004).  After reviewing the three different attenuation relationships, the 

Atkinson and Boore (2003) relationship was chosen for use as the target spectrum. 

Figure 4.1-15 shows the target acceleration spectrum, the original acceleration 

spectrum of the East-West ground motions of the 2001 Peru Earthquake, and the 

modified spectrum of the Peru Earthquake.  Figure 4.1-16 shows the entire modified time 

history of the E-W Peru Earthquake record.  The earthquake record duration has been 

bracketed from the first cycle greater than 0.05g to the last cycle greater than 0.05g. 

eismic Excitation 

 A suite of ten earthquakes was used in the time-history analysis.  Six of these 

earthquakes were long-duration events while the other four were short-duration e

Because there are no records of large inter-plate subduction zone earthquakes in Western

Washington State, two earthquake records from South American inter-plate subduction 

zone earthquakes were used.  The two earthquakes were the 1985 Llolleo, Chile 

earthquake record (M = 7.9) and the 2001 Moquegua, Peru earthquake record (M = 8.4)

These earthquake records were modified to fit a target acceleration s

Western Washington State.  Three attenuation relationships were reviewed by Stapleton 

(2004); Youngs et al (1997), Atkinson and Boore (2003), and Gregor et al (2002).  Figur

4.1-14 shows the 5% damped acceleration spectrum for each of the three attenuation 

relationships.  The spectra shown in this figure have been linearly scaled by a factor of 

two to develop a record that would emulate an extreme event and create damage in the 

bridge columns.  Gregor et al (2002) predicts low spectral accelerations for periods from

0 to 1 seconds and high spectral accelerations beyond 1.5 seconds.  Youngs et al (1997

may over estimate the peak spectral a

te
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Figures 4.1-17 and Figure 4.1-18 show the North-South acceleration spectra and the 

modified and bracketed time history for the N-S 2001 Peru Earthquake. 

 The same was done for the 1985 Chile Earthquake.  Figures 4.1-19 through 4.1-22 

show the show the spectral acceleration and the modified and bracketed time histories for 

the Chile E-W and N-S records.  These modified earthquakes account for two of the 

earthquakes in the suite of ten.  The time histories from the unscaled acceleration spectra 

for both earthquakes were also used to account for two more of the earthquakes in the 

suite. 

 

 

Figure 4.1-14 Acceleration Spectra Developed from Attenuation Relationships 
(Stapleton 2004) 
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Figure 4.1-15 E-W Peru Spectral Acceleration (Stapleton 2004) 

 

Figure 4.1-16 Modified Peru Earthquake, E-W Time History (Stapleton 2004) 
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Figure 4.1-17 N-S Peru Spectral Acceleration (Stapleton 2004) 

 

Figure 4.1-18 Modified Peru Earthquake, N-S Time History (Stapleton 2004) 
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Figure 4.1-19 E-W Chile Spectral Acceleration adapted from Stapleton (2004) 

 

Figure 4.1-20 Modified Chile Earthquake, E-W Time History (Stapleton 2004) 
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Figure 4.1-21 N-S Chile Spectral Acceleration (Stapleton 2004) 

 

Figure 4.1-22 Modified Chile Earthquake, N-S Time History (Stapleton 2004
 

) 
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Figures 4.1-23, 4.1-24, and 4.1-25 show the target acceleration spectrum used in th

study compared with spectra from Frankel et al (1996) for Seattle, Olympia, and Gre

Harbor, WA.  The target spectrum is compared

is 

y’s 

 with different return period ground 

otions.  The fundamental period of the bridges used in this study are approximately one 

 

 

m

second. 

 

Figure 4.1-23 5% Damped Spectral Accelerations for Seattle, WA  
(Frankel, 1996) 
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Figure 4.1-24 5% Damped Spectral Accelerations for Olympia, WA  

 
(Frankel, 1996) 

 

(Frankel, 1996) 
Figure 4.1-25 5% Damped Spectral Accelerations for Grey’s Harbor, WA 
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The Washington State Department of Transportation (WSDOT) supplied the last six 

earthquake time histories.  All six of these time histories were modified to fit an 

acceleration spectrum representative of the Seattle area.  The six time histories come 

from three different earthquakes.  Each earthquake has time histories that have been 

scaled for a 475 and a 950 year return period, respectively. 

The first of these three earthquakes was a long-duration earthquake from the 1985 

exico City Earthquake.  The last two are short-duration earthquake from the 1995 Kobe 

arthquake and the 1949 Olympia Earthquake.  All of the time histories for these 

earthquakes can be found in Appendix A. 

 

4.2 WSDOT Bridge 5/826 

A second bridge was chosen for this study to help understand the effects of long 

duration earthquakes on lightly reinforced concrete bridges.  The bridge is WSDOT 

Bridge 5/826 and it was modeled in much the same way as the previous bridge. 

 

4.2.1 Introduction 

 The bridge shown in Figure 4.2-1 is located at milepost 261.51 on Smith Road in 

King County of Washington State.  It was constructed in 1972 to carry Smith Road over 

Int e 

plastic hinge region. 

 

 

M

E

erstate 5.  This bridge is also a lightly reinforced bridge as well as having splices in th
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Figure 4.2-1 Bridge 5/826 

 

4.2.2 Description of the Bridge 

 The plan and elevation of the bridge are shown in Figures 4.2-2 and 4.2-3.  The 

bridge is 369 feet long and has four spans.  The two middle spans are both 121 feet long, 

wh

deck, which provides the main transverse stiffness of the super structure, is continuous at 

all interior supports.  It is 40 feet wide and has a thickness of 7.0 inches.  The deck is 

su

irders are spaced at 7 feet 4 inches on center.  The I-girders rest on the abutments on top 

 

ile the two end spans are 57 and 70 feet long, respectively.  The reinforced concrete 

pported by six prestressed concrete I-girders that are 6 feet 1.5 inches deep.  These I-

g

of a grout pad topped with a 2.5 inch laminated elastomeric bearing pad.  At the 

intermediate piers, the I-girders are cast into the crossbeam, which provides a very stiff

superstructure.  The provided superstructure is then much stiffer than the supporting 

columns. 
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Figure 4. iew of Bridge 5/826
 

 

2-2 Plan V  

 

Figure 4.2-3 Elevation View of Bridge 5/826 
 

The crossbeam was cast monolithically with the three columns at each bent.  The 

crossbeam has a total length of 50 feet 2.25 inches, a width of 48 inches, and a depth of 6 

feet 11 inches.  See Figure 4.2-4.  The crossbeams at piers No. two and four are 

reinforced with ten No. 10 bars at the top and eight No. 8 bars in the bottom.  Pier No. 3 

is reinforced with ten No. 10 bars in the top and eight No. 9 bars in the bottom.  All piers 

also have eight No. 6 reinforcing bars along each side of the crossbeam.  An inner and 
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outer reinforcing hoop provided confinement.  The hoops are No. 5 reinforcing bars at 

varying spacing along the length of the crossbeam to account for shear. 

 All nine of the columns at the interior bents are supported on pile caps placed on 

top of driven piles.  The columns have clear heights of 23.5 feet at pier No. 2, 22 feet at 

pier No. 3, and 24.5 feet at pier No. 4.  They have a centerline spacing of 19.5 feet in the 

lateral direction.  Compacted fill surrounds the columns to a height of approximately 4 

feet.  All of the columns are circular with diameters of 36 inches.  They are reinforced 

longitudinally with seventeen No. 11 reinforcing bars that are evenly spaced around the 

cross-section perimeter with a clear cover of 1.5 inches.  The longitudinal bars extend 

into the crossbeam without a splice. 

 

 

Figure 4.2-4 Cross Section of Cross Beam of Bridge 5/826 

hes 

 

 The columns have a longitudinal reinforcement of 2.6%.  Lap splices of 63 inches 

were used at the base of the columns.  The columns are reinforced in the transverse 

direction with No. 4 bars spaced every 6 inches.  The hoops have an overlap of 24 inc
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and have no hooks.  The transverse reinforcement ratio is 0.4%.  All column details are 

shown in Figure 4.2-5.  

 

 

Figure 4.2-5 Column Cross Section of Bridge 5/826 

 

view and 3 feet 6 inches thick. The pile caps at Pier No. 3 are supported on 16 treated 

 

 

  Each column is on a separate foundation consisting of a pile cap that is cast 

monolithically with the column.  The pile caps are all 12 feet 9 inches square in the plan
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timber piles.  There are four rows of four piles with centerline spacings of 3 feet 3 inc

The pile caps at piers 2 and 4 are supported on 14 driven piles.  There are four rows with 

hes.  

ree piles in the first and fourth rows and four piles in the middle two rows.  See Figure 

4.2-6. 

The pile caps contain two mats of steel placed in the top and bottom of the 

 

he mat 

th

 

elevation.  The mat at the top consists of No. 5 bars running in both directions, spaced 

every 6 inches for the pile caps at all piers.  The mat in the bottom of the pile caps at piers

2 and 4 consists of No. 8 bars running in both directions, spaced every 6 inches.  T

in the bottom of the pile caps at pier No. 3 consists of No. 9 bars running in both 

directions, spaced every 6 inches. 

 

 

Figure 4.2 mn Foot lans for Bridge 5/826 

 

-6 Colu ing P
 

The abutments are set on driven piles.  The pile caps at the abutments are 6 feet 3 

inches by 56 feet 6.5 inches in the plan view, and they are 2 feet thick.  The pile caps are 
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supported on 20 treated timber driven piles.  There are 10 rows of two piles each, along 

the length of the abutment.  See Figure 4.2-7 for the abutment details. 

The pile cap has two mats of steel located at the top and bottom with clear covers 

of 2 inches at the top and 2.5 inches at the bottom.  The steel mats consist of No. 6 bars 

nning in both directions, spaced at 12 inches.  The abutment pile caps are cast 

 

ru

monolithically with the abutment walls and have two No. 5 bars spaced every foot, 

running up into the wall. 

 

 

 
Figure 4.2-7 Abutment Footing Plan for Bridge 5/826 

 

 

 The concrete e ca tmen SDO  mix 

with a essive stren f’c = 3000 ll other co e used in th ge, 

besides that used for the prestressed girders, is a WSDOT  AX mix w

pressive strength of f’c = 4000 psi.  The reinforcing steel used in this bridge is Grade 

fy = 40,000 psi. 

 used in the pil ps and abu t walls is a W T Class B

compr gth of psi.  A ncret e brid

Class ith a 

com

40 with a yield strength of 
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4.2.3 Structural Model 

 A drawing of the bridge model used in this study is shown in Figure 4.2-8.  The 

longitudinal deck beams and the crossbeams are modeled as very stiff beams.  Like 

Bridge 5/518, the longitudinal beam can be considered almost rigid because of the 

composite action of the deck and I-girders.  Because the crossbeam is much stiffer than

the columns, it can be considered almost rigid as well.  The columns are modeled with 

nonlinear beam-column elements and are given an appropria

 

te cross sectional area and 

ass density.  A summary of the structural properties of the longitudinal deck beam, 

crossbeams, and columns is shown in Table 4.2-1 and Table 4.2-2. 

Figure 4.2-8 Structural Model of Bridge 5/826 

m
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Table 4.2-1 Structural Properties for Columns and Crossbeams 

 Young’s 
Modulus 

(ksi) 

Poisson 
Ratio 

Unit 
Weight 

(kips / in3) 

Axial 
Area 
(in2) 

Shear 
Area 
(in2) 

Bending 
Inertia 
(in4) 

Torsional 
Inertia 
(in4) 

Columns 3604 0.18 2.224E-5 1018 1018 20000 164900 

Crossbeam 360400 0.18 2.224E-5 3984 3984 412200 1.537E+6

Deck Beam 360400 0.18 2.224E-5 8423 8423 1.000E+8 1.000E+8

 

M  (k – in) P  (kips) P  / P a a a a3

 

Table 4.2-2 Yield Function Constants for the Columns 
z0 0 t 0 0 1 2

14110 6107 0.1895 1.0 -4.248 -5.404 -.1561 

 

 Boundary springs are used to consider the influence of soil-structure interaction.  

 

X Y Z X Y 
n 

Z 

The soil stiffness properties for the six degrees of freedom are listed in Table 4.2-3.  

Springs were attached at all columns and the two abutments.  The soil stiffness properties

were obtained using the WSDOT Bridge Design Manual (WSDOT, 2002). 

 

Table 4.2-3 Stiffness Properties for Soil Springs (k/in) 
Location Translation Translation Translation Rotation Rotation Rotatio

West 
Abutment 

1049 1049 5280 1.00E+7 1.00E+7 1.00E+8 

Pier 1 1442 1442 2639 3440000 4444000 1.00E+8 

Pier 2 1690 1690 3016 5734000 5734000 1.00E+8 

Pier 3 1129 1129 2639 3440000 4444000 1.00E+8 

East 
Abutment 

1172 1172 5808 1.00E+7 1.00E+7 1.00E+8 
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Rayleigh damping was used for this bridge model and coefficient values were 

assigned as was previously explained in section 4.1.3.  Because the deck of this bridge is 

continuous, expansion joints were only needed at the two abutments.   Each abutment 

expansion joint was idealized with one expansion joint element.  The expansion joint 

lement accounted for the stiffness in all six degrees of freedom.  The expansion joint 

lement allows for a 1.5 inch seat gap and has an impact spring that accounts for the 

increased stiffness when the gap closes.  This impact spring was assumed to have the 

same axial stiffness as the longitudinal deck beam.  The nonlinear properties of the 

ex

 

Table 4.2-4 Input Parameters for Expansion Joints 
 Support Impacting Hinge 

e

e

pansion joints are tabulated in Table 4.2-4. 

Bearing Type Bearing Pad NA 
Element Width (in.), d 440.20 440.20 

Skew (degrees) 0.00 0.00 
Impacting Spring Stiffness (kips/in.), kI 1.00 2.21 x 104

Bearing Friction Stiffness (kips/in.), kF 1.00 1.00 
Coefficient of Friction of Bearing, cF 0.02 0.00 

Stiffness of Tie Bar (kips/in.), kT NA NA 
Tie Bar Yield Force (kips), YT NA NA 

Tie Bar Gap (in.), GT NA NA 
Seat Gap (in.), GS 0.00 1.50 

Number of Tie Bars 0 0 
Vertical Stiffness (kips/in.), k3, k6 1.00 x 107 0.00 

Longitudinal Stiffness (kips/in.), k1, k4 123.30 0.00 
Transverse Stiffness (kips/in.), k2 123.30 0.00 
Rotational Stiffness (kips/in.), k5 0.00 0.00 

 

4.2.4 Seismic Excitation 

 

/518. 

The same seismic excitation was used for this bridge as was used on Bridge 

5
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Chapter 5 

Analytical Results and Interpretation 

5.1 Introduction 

 Presented in this chapter are selected time history analysis results from the 

nonlinear finite element analysis of WSDOT Bridges 5/518 and 5/826. The results 

include the displacement at the top of the piers, the plastic rotation of the plastic hinges at 

the top of the columns, the damage corresponding to the plastic rotation found in the 

plastic hinges, column moment, column shear, and displacement of the expansion joints. 

 

 The results from analyses using the modified Peru and modified Chile 

earthquakes and the model of Bridge 5/518 are presented here.  These two cases were 

chosen because they are the two extreme cases, and they show the most information 

about t

Figures 5.2-1 through 5.2-3 show the total displacement time histories at the top 

f the intermediate piers, where relative displacement is the difference between 

ent 

was found by taking the square root of the sum of the squares of the longitudinal and 

transverse displacem .  The figures show that the total relative disp ents at the 

center pier are mu larger than tho uter piers.  This can be seen by looking at 

the displacement envelope shown in Figure 5.2-4, where the maxim ive transverse 

5.2 Bridge 5/518 

he response of the bridge with respect to the new damage model. 

 

5.2.1 Modified Peru Earthquake 

 

o

displacement at the top versus that at the column base.  The total relative displacem

ents lacem

ch se of the o

um relat
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displacements at each pier are plotted.  The greater displacement at the center pier is not 

surprising since the abutments provi estraint in the transverse direction.  The 

figure also shows t most of the d nt is in the transverse direction.  This is 

because the period of the bridge in the transverse direction is much greater than it is in 

the lon .  The longitudinal displacements are similar for all three piers 

because

de some r

tha isplaceme

gitudinal direction

 the deck is virtually rigid compared to the columns. 

 

 

-6.00

6.00

-4.00

-2.00

0.00

4.00

0 10 20 30 40 50 60 70 80 90

Time (sec)

D
is

pl
ac

em
en

t (
in

.)

 

Figure 5.2-1 Total Relative Displacement at Pier 1, Modified Peru Earthquake 
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Figure 5.2-2 Total Relative Displacement at Pier 2, Modified Peru Earthquake 
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Figure 5.2-3 Total Relative Displacement at Intermediate Pier 3, Modified Peru 
Earthquake 
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Figure 5.2-4 Transverse Displacement Envelope of Bridge Deck, Modified Peru 

 

 

 

 

 

Earthquake 
 

Because the foundation springs at the bottom of every column allowed for slight 

rotations, the plastic rotation was confined to plastic hinges at the top of the columns.  

Table 5.2-1 shows the maximum moments at the top and bottom of all of the columns.  It 

should be noted that yielding limits the amount of moment that can be developed in the 

columns, and the yield level depends on the level of axial force. 
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Table 5.2-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns,  
        Modified Peru Earthquake 

  Moment 

Pier No. Column Top Bottom 

1 16505.3 6238.4 
2 15250.7 6614.5 

 
1 

3 17633.1 6953.7 
1 16851.3 10623.2 
2 16070.4 10370.0 

 
2 

3 18220.6 10447.8 
1 15732.8 6942.7 
2 14892.5 6761.1 

 
3 

3 15811.3 6671.8 
 

iers, the plastic rotations in the pla n in 

ld 

 

Because the displacements at the center pier were larger then those at the outer 

stic hinges found in that pier were larger, as showp

Figure 5.2-5.  Pier 1 and Pier 3 are the outer piers, and the center pier is Pier 2.  It shou

also be noted that the columns in the center pier have many more plastic rotation cycles

then the columns of the other piers. 
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 ue to the t that the ns in the center pier experienced larger plastic 

rotations and more plastic rotation cycles than of the o s, the co s in the 

enter pier also accumulated more damage, as shown in Figure 5.2-6.  The levels of 

amage in the columns at Pier 1 are less than those of the columns at Pier 3.  This is due 

D  fac  colum

those uter pier lumn

c

d

to the fact that the span that connects to Pier 1 is the shorter of the two end spans, and 

therefore allows for less displacement. 
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Figure 5.2-6 Damage at the Top of the Columns, Modified Peru Earthquake 

that localized spalling would not occur.  By looking at the shear versus displacement 

hysteresis plots, as shown in Figures 5.2-7 and 5.2-8, it can also be seen that the demand 

 

 The damage coefficients for the columns at the center pier ranged in value 

between 0.14 and 0.23, which would indicate that there is light cracking throughout the 

column section.  The damage coefficients in the columns at the other piers are at or below 

0.05, which would suggest only minor cracking.  The indicated damage is small enough 
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on the columns is not very large.  In the longitudinal direction, the hysteresis loops only 

open slightly, which would suggest that there was only minor yielding.  The hysteresis 

ng, 

resis loops opened, the stiffness was reduced. 

loops for the transverse direction open more, but they also show little significant yieldi

which is consistent with the accumulated damage.  Figure 5.2-8 also shows that, as the 

damage accumulated and the hyste
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Figure 5.2-7 Longitudinal Hysteresis Plot for the Center Column of Pier 2, Mod
Peru Earthquake 
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Figure 5.2-8 Transverse Hysteresis Plot for the Center Column of Pier 2, Modified 
Peru Earthquake 

 

 The maximum shear values at the top and bottom of the columns are shown in 

Table 5.2-2.  The shear values are different at the top and bottom because the soil spring 

at the base of the column allows for some column rotation, which causes a variation in 

local force components.  The shear capacity of the columns was  based solely on the 

concrete for simplicity and was determined according to Kowalsky and Priestley (2000): 

 

 

where Ae is taken as 80% of the gross area of the column and f’c was taken as 6000 psi.  

The specification for the bridge requires f’c = 4000 psi, but Priestley (1996) recommends 

using 1.5* f’c as being more representative of the actual concrete strength in older 

bridges.  This gives a final shear capacity of 171.6 kips for the columns.  Since the 

maximum shear in the columns was 128 kips, the shear capacity was not exceeded.  

ec AcfV *'8.2=
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Co

investigated further. 

 

Table 5.2-2 Maximum Shear (kips) in the Columns, Modified Peru Earthquake 

lumns with smaller aspect ratios than those that are found in this bridge should be 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/
Capacity 

 

1 87.27 0.51 93.90 0.55 
2 92.49 0.54 98.36 0.57 

 

3 102.04 0.59 112.25 0.65 

1 

1 114.79 0.67 123.03 0.72 
2 104.13 0.61 118.73 0.69 

 
2 

3 116.11 0.68 127.76 0.75 
1 92.52 0.54 91.52 0.53 
2 76.07 0.46 99.86 0.58 

 
3 

3 95.75 0.56 101.32 0.59 
 

 axim ent forces in the transverse and longitudinal directions are 

found in Table 5.2-3.  The shear cap ents was determ ing to 

the A HTO Brid  Design Specif inal shear 

streng alculated by: 

 

 

here Acv is the area of the concrete engaged in shear transfer.  The value of Acv in the 

ngitudinal direction for this bridge is 3744 in2, which incorporates the cross section of 

tion of the abutment wall.  This gives a nominal shear capacity of 3370 

ips.  The shear forces in the abutments in the longitudinal direction were not near the 

Af '2

The m um abutm

acity of the abutm ined accord

AS ge ications (AASHTO, 1998), where the nom

th is c

nV .0≤ cvc

w

lo

the thinnest por

k
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capacity limit, therefore the abutment is considered capable of resisting the seismic 

emands. 

 The value of Acv in the transverse direction for this bridge is 1620 in2, which 

incorporates the cross section of the girder stops along the crossbeam.  This gives a 

nominal shear capacity of 1458 kips.  This is also much greater than the actual force seen 

by the abutment in the analysis. 

 

Table 5.2-3 Maximum Shear (kips) at the Abutments, Modified Peru Earthquake 
Shear 

d

 
Abutment Longitudinal Demand/ 

Capacity 
Transverse Demand/ 

Capacity 
West 1840 0.55 245 0.17 

East 1470 0.44 196 0.13 

 

 By looking at the relative lo ent of the expansion joints, it can 

be determ

ceme ent.  It should be noted that when 

lative displa

nt.  

nt, as well.  The plots for the 

other abutment and piers can be found in Appendix C.  It was within the scope of this 

project to determine if pounding occurs but not to quantify the damage due to pounding.  

urther research should be done to determine those effects. 

 

 

ngitudinal displacem

ined if there will be pounding at the abutments and piers.  Figure 5.2-9 shows 

nt at the West abutmthe relative longitudinal displa

the re cement is negative, the expansion joint is closing.  The expansion joint 

has a gap of 1.5 inches, so it can be seen that pounding occurs at the West abutme

Pounding occurs at all of the piers and at the other abutme

F
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Figu  5.2-9 Re ve Long l Displac t at the butmen dified 
eru Eart e 

 

  

The maximum displacement that the bearing p n withst  determ y the 

equation (Priestley, 1996): 

 

ssumed 

riestley, 1996), and the thickness of the bearing pad is 1.25 inches.  This gives an 

-1.00

-0.

1.00

2.50

3.00

50

0.00
0 10 20 30 40 50 60 70 8

e (sec)

re lati itudina emen West A t, Mo
P hquak

ads ca and was ined b

sb hx γ=

where h is the thickness of the bearing pad and γs is the allowable shear strain.  The 

maximum shear strain, γs, is taken conservatively as: 

 

 

where εtu is the failure tensile strain.  An average εtu value of 5.75 was a

tus εγ 2.0=

(P
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allowable displacement of 1.44 inches while the actual displacement is predicted to be 

2.72 hou  co valu  used ply 

that a f of the beari  could 

  such a larg quake, the e appears to be in good condition.  The 

olumns do not accumulate excessive damage and they are capable of resisting the shear 

emand

.2.2 Modified Chile Earthquake 

Figures 5.2-10 through 5.2-12 show the relative displacement time histories at the 

p of the intermediate piers.  The figures show that the total relative displacements at the 

enter pier are much larger than those of the outer piers.  This can be seen by looking at 

e transverse displacement envelope shown in Figure 5.2-13.  The figure also shows that 

most of the displacement is in the transverse direction.  This is because the period of the 

bridge in the transverse direction is much greater than it is in the longitudinal direction. 

 

 

 

 inches.  It s ld be noted that nservative es have been , but they im

ailure ng pad occur. 

After e earth  bridg

c

d s.  The abutments are also able to resist the shear demands in both the 

longitudinal and transverse directions.  The two main concerns would be the pounding of 

the expansion joints that occurs at the abutments and piers and a possible failure of the 

bearing pads. 

 

5

 

to

c

th
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Figure 5.2-10 Total Relative Displacement at Pier 1, Modified Chile Earthquake 
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Figure 5.2-11 Total Relative Displacement at Pier 2, Modified Chile Earthquake 
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Figure 5.2-12 Total Relative Displacement at Pier 3, Modified Chile Earthquake  
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Figure 5.2-13 Transverse Relative Displacement Envelope of Bridge Deck, Modified 
Chile Earthquake 
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Because the foundation springs at the base of every column allow for slight 

rotations, the plastic rotation was confined to es at the top of the columns.  

Table 5.2-4 shows the maximum moments at the top and bottom of all the columns. 

 

 

Table 5.2-4 Maximum Moment (kip-in) at the Top and Bottoms of Columns,  
        Modified Chile Earthquake 

  Moment 

 the plastic hing

Pier No. Column Top Bottom 

1 12985.0 6265.1 
2 15277.5 6150.9 

 
1 

3 11544.9 6118.8 
1 17242.5 10705.8 
2 15090.2 10699.9 

 
2 

3 16654.8 10303.6 
1 17404.0 4970.1 
2 14914.9 5524.5 

 
3 

3 15949.7 6113.1 
 

 

 were larger then those at the oBecause the displacements at the cen uter 

wn in 

Figure 5.2-1 ier also  plastic rotation cycles than 

do the other piers, which causes more ge. 

 

ter pier

piers, the plastic rotations in the plastic hinges found in that pier were larger, as sho

4.  The columns in the center p have more

 dama
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Figure 5.2-14 Plastic Rotations at the Top of the Columns, Modified Chile 
Earthquake 

 

Due to the fact that the columns in the center pier experienced larger plastic 

tations and more plastic rotation cycles, the columns in the center pier accumulated the 

ost damage as shown in Figure 5.2-15. 

 

 

 

 

ro
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Figure 5.2-15 Damage at the Top of the Columns, Modified Chile Earthquake 
 

  at 

Pier 3 ranged in value between 0.167 and 0.094, which indicates that there is anywhere 

amage est 

e 

alized spalling would not occur. Figure 5.2-16 shows the 

stimated damage that would be seen in the columns.  This picture was taken after the 

done by Stapleton (2004).  It shows very little dam

 

 

The damage coefficients for the columns at the center pier and an outer column

from localized minor cracking to light cracking throughout the column section.  The 

d  coefficients in all of the other columns are at or below 0.03, which would sugg

negligible cracking.  It should be noted that all columns had damage, although the figur

only shows traces for eight of the nine columns.  The center column of Pier 1 plots 

underneath other columns, with damage levels of about 0.02.  All indicated damage 

levels are small enough that loc

e

modified Chile displacement record was applied to the test specimen from the testing 

age. 
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Figure 5.2-16 Final State of Damage in Column 
 

By looking at the shear versus displacement hysteresis plots, as shown in Figure 

5.2-17 and 5.2-18, it can also be seen that the demand on the columns is not very large.  

In th nal d ste only , whi ggest 

that th inor yielding.  The esis loops 

more, b w significan ing, which is consistent with

ccumulated damage. 

e longitudi irection, the hy resis loops  open slightly ch would su

ere was only m hyster for the transverse direction open 

ut they also sho  little t yield  the 

a
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Figure 5.2-17 Longitudinal Hysteresis Plot for the Center Column of Pier 2, 
Modified Chile Earthquake 
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Figure 5.2-18 Transverse Hysteresis Plot for the Center Column of Pier 2, Modified
Chile Earthquake 
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 The maximum shear values at the top and bottom of the columns are shown in 

Table 5.2-5.  The shear capacity of the column due only to the concrete is 171.6 kips.  

ince the maximum shear in the columns was 131 kips, the shear capacity was not 

xceeded.  Columns with smaller aspect ratios than those that are found in this bridge 

  Shear 

S

e

should be investigated further. 

 

Table 5.2-5 Maximum Shear (kips) in the Columns, Modified Chile Earthquake 

Pier No. Column Top Demand/ Bottom Demand/ 
Capacity Capacity 

1 80.42 0.47 81.47 0.48 
2 87.33 0.51 101.56 0.59 

 
1 

3 73.36 0.43 73.80 0.43 
1 115.73 0.67 130.14 0.76 
2 109.33 0.64 120.23 0.70 

 
2 

3 117.29 0.68 131.19 0.77 
1 94.03 0.55 115.90 0.68 
2 84.82 0.49 110.36 0.64 

 

3 82.09 

3 

0.48 100.95 0.59 
 

 

 The maximum abutment forces in the transverse and longitudinal directions are 

und in Table 5.2-6.  The shear capacity of the abutments in the transverse and 

ngitudinal directions is 3370 kips and 1458 kips, respectively.  With a maximum 

emand of only 1440 kips and 414 kips, respectively, the abutments are considered 

apable of resisting the seismic demands. 

fo

lo

d

c
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Table 5.2-6 Maximum Shear (kips) at the Abutments, Modified Chile Earthquake 
Shear  

Abutment Longitudinal Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 1360 0.41 414 0.28 

East 1440 0.43 248 0.17 

 

 

 By looking at the relative longitudinal displacement of the expansion joints, it can 

be determined if there will be pounding at the abutments and piers.  Figure 5.2-19 shows 

the isplacem  abutment.  It can be seen in this plot 

that pounding does occur at the West ent.  Pounding occurs at all of the piers and 

both abutm he plots for the abutments and other piers can be found in Appendix C. 
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Figure 5.2-19 Relative Longitudinal Displacement at the West Abutment, Modified 
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 The allowable displacement of the bearing pads is conservatively 1.44 inches, 

hile the actual maximum displacement is predicted to be 2.78 inches.  This implies that 

 bearing pad failure could occur. 

After this earthquake, the bridge remains in good condition.  The columns do not 

the shear demands.  The 

abutments are also able to resis s in both the longitudinal and transverse 

directions.  Again, the two mai e the pounding of the expansion joints 

that occurs at the abutments and piers, and failure of the bearing pads. 

 

5

 nalyses using the modified Peru and modified Chile 

earthquakes and the model of Brid presen wo c

ch e two extr es, and they sh  most inform  

about the response of the bridge with respect to the new damage model. 

 

5.3.1 Mod eru Earthquak

 ough 5.3-3 show the total displacement time histories at the top 

of the s.  The fi e total displace  the piers 

is virt his is due to the t that the bridge deck ereby 

acting as a iff, nearly rigid beam his can be seen by looking at he transverse 

displa  shown in Figure 5.3-4. 

w

a

 

accumulate excessive damage and they are capable of resisting 

t the shear demand

n conc ould berns w

.3 Bridge 5/826 

The results from a

ge 5/826 are ted here.  These t ases were 

osen because they are th eme cas ow the ation

ified P e 

Figures 5.3-1 thr

 intermediate pier gures show that th ment at all of

ually the same.  T  fac  is continuous, th

 very st .  T  t

cement envelope
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Figure 5.3-1 Total Relative Displacement at Pier 1, Modified Peru Earthquake 
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Figure 5.3-2 Total Relative Displacement at Pier 2, Modified Peru Earthquake 
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Figure 5.3-3 Total Relative Displacement at Pier 3, Modified Peru Earthquake 
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Figure 5.3-4 Transverse Relative Displacement Envelope of Bridge Deck, 
Modified Peru Earthquake 
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Table 5.3-1 shows the maximum moments at the top and bottom of all the 

olumns.  Because of the relatively high transverse reinforcement ratio found in this 

ridge, the yield moment is also relatively high and, therefore, only slight yielding 

ccurred in the columns.  There was no accumulated damage because there was not a 

oking at the shear 

versus displacement hysteresis Figure 5.3-5 and 5.3-6, it can be seen 

that only slight yielding occurred. 

 

Table 5.3-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns,  
   ied Peru Ear

  Momen

c

b

o

reversal of the plastic rotation which would denote a cycle.  By lo

plots as shown in 

     Modif thquake 
t 

P Top Bottom ier No. Column 

1 17970.8 15310.8 
2 1.2 17951.5 1531

 
1 

1  15281.7 3 7892.8
1 14510.6 13070.8 
2 14471.5 13051.25 

 
2 

3 .2 13002.0 14383  
1 .1 116421 14 71.06 
2 401.7 16 14171.38 

 
3 

3 322.6 14131.7 16
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Figure 5.3-5 Longitudinal Hysteresis Plot for the Center Column of Pie
quake
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Figure 5.3-6 Transverse Hysteresis plot for the Center Column of Pier 2, Modified 
Peru Earthquake 
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 The maximum shear values at the top and bottom of the columns are shown in 

able 5.3-2.  The shear capacity of the columns based solely on the concrete was 

etermined according to Kowalsky and Priestley (2000): 

 

where f’
c w n as 6000 psi.  The value of 3.4 has changed from the previous bridge, 

wh  this value is dependent on the ductility demand of the column.  

This give hear capacity ince the maximu e columns 

was only 127 kips, the shear capacity was not exceeded. 

 

T ear (kips) arthquake 
Shear 

T

d

ecc fV 4.3 '= A*

as take

ere it was 2.8, because

s a final s  of 214.5 kips.  S m shear in th

able 5.3-2 Maximum Sh  in the Columns, Modified Peru E
  

Pier No lumn Top Demand/ Bottom Demand/ 
aci

. Co
Capacity Cap ty 

1 9113.91 0.53 126.50 0.5  
2 113.81  59 0.53 126.40 0.

 
1 

3 113.32 0 1 .59 .53 126.0 0
1 79.40 0.37 93.73 0.44 
2 79.22 0.37 93.52 0.44 

 
2 

3 7 7 93. 4 8.73 0.3 04 0.4
1 98.68 0.46 111  .90 0.52
2 98.58 0.46 111  .81 0.52

 
3 

3 98.07 0.46 111.31 0.52 
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The maximum abutment forces in the transverse and longitudinal directions are 

und in Table 5.3-3.  The value of Acv in the longitudinal direction for this bridge is 5760 

2, which incorporates the cross section of the thinnest portion of the abutment wall.  

his gives a nominal shear capacity of 5184 kips.  None of the shear forces in the 

ent is considered capable 

of resisting the seismic demand  in the transverse direction for this 

bridge is 6 pacity of 5443 kips. 

 

Table 5.3-3 Maximum Shear (kips) at the Abutments, Modified Peru Earthquake 
Shear 

fo

in

T

longitudinal direction were near this value, therefore the abutm

s.  The value of Acv

ear ca047 in2, which gives a nominal sh

 
Abutment Longitudinal nd/ 

Capacity 
Transverse Demand/ 

Capacity 
Dema

West 1230 0.21 1490 0.27 

Ea 2580 0.26 st 0.45 1410 

 

 By looking at the relative longitudinal displacement of the expansion joints, it can 

be determ re will b the a ts. - e  

longitudinal displacement at the abutment  expan int h p of 1

inches, so it can be seen that there is pounding at the West abutment.  Pounding also 

occurs at the East abutment, as can b ure 5.3-8. 

 

 

 

 

 

ined if the e pounding at butmen  Figure 5.3 7 shows th  relative

West .  The sion jo as a ga .5 

e seen in Fig
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Figure 5.3-7 Relative Longitudinal Displacement at the West Abutment, Modified 
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1.00

Peru Earthqu

Gap Closed
0

-2.00

-1.5

0.00

1.00

2.00

2.50

20 30 50

Time

D
is

pl
ac

em
en

t (
in

.)

 

Figure 5.3-8 Relative Longitudinal Displace
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  pads, an averag  value of 5.75 was assumed, and the thickness 

of the .5 inches.  This gives an allowable displacement of 2.88 inches, 

while th  displac .1 d b

conservative values have been used, but this would imply that a possible failure of the 

 The bridge appears to b n after such a large event.  The columns 

did not acc e any damage and they are capable of resisting the sh r demands.  The 

abutments so able to resist the  demands in the longitudina and transverse 

directions.  Again, the two main concerns would be the pounding at the abutments and 

the possible failure of the bearing pad

 

5.3.2 Modified Chile Earthquak

 gh 5.3-11 show the total displace ime histories at the top 

of the inte  piers.  The figures show that the total d splacement at all of the piers 

is virtua .  This c  by  at r

envelope s n Figure 5.3-12

 

 

 

 

 

For the bearing e εtu

bearing pad is 2

e maximum ement is predicted to be 3 inches.  It shoul e noted that 

bearing pad could occur. 

e in good conditio

umulat ea

 were al  shear l 

s. 

e 

Figures 5.3-9 throu ment t

rmediate i

lly the same an also be seen looking the transve se displacement 

hown i . 

 118



-4.00

-3.00

-2.00

-1.00

1.00

2.00

3.00

4.00

10 40 50 60

Time (sec.)

D
is

pl
ac

em
en

t (
in

.)

 

Figure 5.3-9 Total Relative Displacement at Pier 1, Modified Chile E  
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Figure 5.3-10 Total Relative Displacement at Pier 2, Modified Chile Earthquake 
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Figure 5.3-11 Total Relative Displacement at Pie ile E e 
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Figure 5.3-12 Transverse Displacement Envelope of Bridge Deck, Modified Chile 
Earthquake 
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able 5.3-4 Maximum Moment (kip-in) at the Top and Bottoms of Columns,  
        Modified Chile Earthquake 

  Moment 

T

Pier No. Column Top Bottom 

1 15810.6 13441.0 
2 15791.2 13431.4 

 

13391.83 

1 

3 15702.3 
1 12780.3 11470.9 
2 12741.1 11451.4 

 
2 

3 12780.0 11470.0 
1 14440.6 12441.0 
2 14510.1 12470.1 

 
3 

3 14520.0 12480.0 
 

 

  le 5.3-4 shows  mome  botto

co s only sligh ing in the columns.  By looking at the shear 

fo hysteresis plots as shown in Figure 5.3-13 and 5.3-14, it can be 

seen that slight yielding occu

 

 

 

 

 

 

 

Tab  the maximum nt at the top and m of all 

lumns.  Again, there wa t yield

rce versus displacement 

rred. 
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 The maximum shear values at the top and bottom of the columns are shown in 

able 5.3-5.  The shear capacity of the column due only to the concrete is 214.5 kips.  

ince the maximum shear in the columns was 111 kips, the shear capacity was not 

xceeded.  Columns with smaller aspect ratios than those that are found in this bridge 

 

Table 5.3- mum Shear arthquake 
  Shear 

T

S

e

should be investigated further. 

5 Maxi  (kips) in the Columns, Modified Chile E

Pier No lumn Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

. Co

1 10 47 110. 52 0.70 0. 91 0.
2 100.61 0.47 110.81 0.52 

 
1 

100.21 0.47 110.42 0.52 3 
1 70.59 0.33 82.27 0.38 
2 70. .33 34 0 82.07 0.38 

 
2 

 70. .33 3 14 0 81.66 0.38 
1 87.34 0.41  0.46 98.16
2 87.38 0.41 98.07 0.46 

 
3 

3 87.49 0.41 97.87 0.46 
 

 The mum abutment forces in the rse a itud rections are 

found in Ta .3-6.  The shear city of the abutment in the longitudinal direction is 

5184  n is so large th be a factor.  

With r demand of only 2060 kips, the abutments are considered capable 

of resisting the seism c demands. 

 

 

 maxi transve n gd lon inal di

ble 5  capa

 kips.  The capacity in the transverse directio at it will not 

a maximum shea

i
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Table 5.3-6 Maximum Shear (kips) at the Abutments, Modified Chile Earthquake 
Shear  

Abutment Longitudinal Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 1930 0.37 1980 0.36 

East 2060 0.40 1870 0.34 

 

 By looking at the relativ lacement of the ints, it can 

be determi ere will be pounding at the abutments.  Figures 5.3-15 and 5.3-16 

show the relative longitudinal displac  at the West and East abutm nts, respectively.  

It c  that po to occur a  both 

 

e longitudinal disp  expansion jo

ned if th

ement e

an be is plotseen in th unding is likely t abutments. 
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Figure 5.3-15 Relative Longitudinal Displacement at the West Abutment, Modified 
Chile Earthquake 
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Figure 5.3-16 Relative Longitudinal Displacement at the East Abutment, Modified 
Chile Earthquake 

 

 

 The allowable displacement of the bearing pads is conservatively 2.88 inches, 

while the actual maximum displacement is predicted to be 2.75 inches.  This is very close 

to the failure threshold and implies that a possible failure of the bearing pad could occur. 

 The bridge seems to be in good condition after such a large event.  The columns 

did not accumulate any damage and they are capable of resisting the shear demands.  The 

abutments were also able to resist the shear demands in the longitudinal and transverse 

directions.  Again, the two main concerns would be the pounding at the abutments and 

the possible failure of the bearing pads. 
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5.4 Summary of all other Earthquak

  

ent spine models of WSDOT Bridges 5/518 and 5/826.  All 

 

es 

Presented in this section are the summaries of the time history analysis results

from the nonlinear finite elem

of the time history plots and tables for these analyses can be found in Appendix C. 

 

5.4.1 Bridge 5/518 

 The summaries of the results using the unmodified Peru, unmodified Chile, 

Mexico City 475 and 950, Olympia 475 and 950, and the Kobe 475 and 950 earthquakes 

applied to the model of Bridge 5/518 are presented here.  The summaries of the results 

can be found in Tables 5.4-1 through 5.4-8. 
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Table 5.4-1 Results from the Unmodified Peru Earthquake 
Displacements  

Pier Comments: Max. Transverse 
Displacement (in.) 

Pier 1 2.63  
Pier 2 4.77  
Pier 3 2.12  

Maximum Damage  
Column Damage Level Comments: 

Pier 2 – Center Column 0.019 Light Cracking 
Maximum Column 

Shear  

C ear city (kips): city olumn Sh (kips) Capa Demand/ 
Capa

Pier 2 – Center Colum 100.8 214n .5 0.47 
Maximum Abutmen

S  t 
hear 

Abu tudinal 
 (kips) 

Lon
Capacity 

(kip
Capacity  tment Longi

Shear

Transverse 
Shear 
(kips) 

g. Trans. Failure

s) (kips) (Y/N) 

W 294 3370 1458 N est 103 
E 9 N ast 29 75 3370 1458 

Expans nts  ion Joi
Expan unding (Y/N Cosion Joint Po ) mments: 
West Abutment N  
East Abutment N  

Pier 1 Y Only at one edge 
P N ier 2  
Pier 3 N  

Bearing Pads  

Pier Max. isplacement 
Allowable 

Displa
(i

 D (in.) cement Failure (Y/N)
n.) 

West A nt 1.31 1butme .44 N 
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T ble 5
Displacements  

a .4-2 Results from the Unmodified Chile Earthquake 

Pier Comments: Max. Transverse 
Displacement (in.) 

Pier 1 2.59  
Pier 2 4.38  
Pier 3 2.10  

Maximum Damage  
Column Damage Level Comments: 

Pier 2 – Center Column 0.031 Light Cracking 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 2 – Center Column 113.0 214.5 0.53 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) Shear Capacity Capacity Failure 

(Y/N) 

Transverse 

(kips) 

Long. 

(kips) 

Trans. 

(kips) 
West 433 114 3370 1458 N 
East 489 133 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y One edge only 
East Abutment Y One edge only 

Pier 1 Y One edge only 
Pier 2 N  
Pier 3 Y One edge only 

Bearing Pads  

Pier Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

West Abutment 1.51 1.44 Y 
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Table 5.4-3 Results from the Mexico City 475-Year Earthquake 
Displacements  

Pier Displacement (in.) Comments: Max. Transverse 

Pier 1 2.08  
Pier 2 2.57  
Pier 3 1.78  

Maximum Damage  
Column Damage Level Comments: 

N/A N/A No damage in columns 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 2 – Center Column 69.6 214.5 0.32 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear 
(kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

West 219 51 3370 1458 N 
East 171 66 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N  
East Abutment N  

Pier 1 N  
Pier 2 N  
Pier 3 N  

Bearing Pads  

Pier Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

Pier 3 0.88 1.44 N 
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Table 5.4-4 Results from the Mexico City 950-Year Earthquake 
Displacements  

Pier Max. Transverse 
Displacement (in.) Comments: 

Pier 1 2.72  
Pier 2 3.52  
Pier 3 2.33  

Maximum Damage  
Column Damage Level Comments: 

Pier 2 – Outer Column 0.019 Light Cracking 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 2 – outer Column 110.26 214.5 0.52 
Maximum Abutment  Shear 

Abutment Longitudinal 
Shear (kips) Shear 

(kips) 
Capacity 

(kips) 
Capacity 

(kips) 

Failure 
(Y/N) 

Transverse Long. Trans. 

West 344 98.3 3370 1458 N 
East 289 124 3370 1458 N 

Expansion Joints  
Expansion Joint Comments: Pounding (Y/N) 
West Abutment Y One edge only 
East Abutment N  

Pier 1 N  
Pier 2 N  
Pier 3 N  

Bearing Pads  

Pier Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

Pier 3 1.50 1.44 Y 
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Table 5.4-5 Results from the Olympia 475-Year Earthquake 
Displacements  

Pier Max se 
Displ n.) C : . Transver

acement (i omments

Pier 1 2.08  
Pier 2 2.85  
Pier 3 1.72  

Maximum Damage  
Column Damage Level Comments: 

N/A N/A No damage in columns 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 2 - Outer 73.3 214.5 0.34 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) Shear Capacity Capacity Failur

(Y/N

Transverse 

(kips) 

Long. 

(kips) 

Trans. 

(kips) 

e 
) 

West 231 80 3370 1458 N 
East 188 90 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N  
East Abutment N  

Pier 1 N  
Pier 2 N  
Pier 3 N  

Bearing Pads  

Pier Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

West Abutment 1.02 1.44 N 
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Table 5.4-6 Results from the Olympia 950-Year Earthquake 
Displacements  

Pier Max. Transverse 
Displacement (in.) Comments: 

Pier 1 2.96  
Pier 2 4.20  
Pier 3 2.53  

Maximum Damage  
Column Damage Level Comments: 

Pier 2 – Outer Column 0.017 Light Cracking 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 2 – Outer Column 108.8 214.5 0.51 
Maximum Abutment  Shear 

Abutment Lo
Shear (kips) (kips) (kips) 

Capacity 
(kips) 

Failure 
(Y/N) 

ngitudinal Transverse 
Shear 

Long. 
Capacity 

Trans. 

West 449 148 3370 1458 N 
East 3370 1458 N 336 196 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y One edge only 
East Abutment N  

Pier 1 Y  
Pier 2 N  
Pier 3 Y  

Bearing Pads  

Pier Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

Pier 3 1.57 1.44 Y 
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Table 5.4-7 Results from the Kobe 475-Year Earthquake 
Displacements  

Pier Displaceme  Comments: Max. Transverse 
nt (in.)

Pier 1 2.24  
Pier 2 3.51  
Pier 3 1.94  

Maximum Damage  
Column Damage Level Comments: 

N/A N/A No damage in columns 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 2 – Outer Column 83.4 214.5 0.39 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear 
(kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

West 326 74 3370 1458 N 
East 240 78 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y One edge only 
East Abutment N  

Pier 1 Y One edge only 
Pier 2 N  
Pier 3 Y One edge only 

Bearing Pads  

Pier Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

West Abutment 1.51 1.44 Y 
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Table 5.4-8 Results from the Kobe 950-Year Earthquake 
Displacements  

Pier Max. Transverse 
Displacement (in.) Comments: 

Pier 1 2.88  
Pier 2 4.91  
Pier 3 2.52  

Maximum Damage  
Column Comments: Damage Level 

Pier 2 – Outer Column 0.020 Light Cracking 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 2 – Outer Column 118 214.5 0.55 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear 
(kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

West 563 156 3370 1458 N 
East 673 121 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y One edge only 
East Abutment Y One edge only 

Pier 1 Y One edge only 
Pier 2 N  
Pier 3 Y One edge only 

Bearing Pads  

Pier Max. Displacement (in.)
Allowable 

Displacement Failure (Y/N) 
(in.) 

Pier 3 1.65 1.44 Y 
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5.4.2 idge 5/82

 he summ s of the sing the dified Peru, unmodified Chile, 

Mexic ity 475 a  950, Ol 5 and 95  the Ko nd 950 uakes 

pplied to the model of Bridge 5/826 are presented here.  The summaries of the results 

an be found in Tables 5.4-9 through 5.4-16. 

Displacements  

Br 6 

T arie  results u unmo

o C nd ympia 47 0, and be 475 a  earthq

a

c

 

Table 5.4-9 Results from the Unmodified Peru Earthquake 

Pier Max. Transverse Comments: Displacement (in.) 
Pier 1 0.70  
Pier 2 0.70  
Pier 3 0.64  

Maximum Damage  
Column Damage Level Comments: 

N/A N/A No damage in columns 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 1 – Outer Column 74.8 214.5 0.35 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear 
(kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

West 68.6 74.8 5184 5443 N 
East 80.6 71.3 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y  
East Abutment Y  
Bearing Pads  

Abutment Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

East 1.81 2.88 N 
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Table 5.4-10 Results from the Unmodified Chile Earthquake 
Displacements  

Pier Max. Transverse 
Displacement (in.) Comments: 

Pier 1 0.93  
Pier 2 0.92  
Pier 3 0.84  

Maximum Damage  
Column Damage Level Comments: 

N/A N/A No damage in columns 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 3 – Center Column 64.5 214.5 0.30 
Maximum Abutment  Shear 

Abutment Lo
Shear (kips) (kips) (kips) 

Capacity 
(kips) 

Failure 
(Y/N) 

ngitudinal Transverse 
Shear 

Long. 
Capacity 

Trans. 

West 373 998 5184 5443 N 
East 484 939 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N  
East Abutment Y  
Bearing Pads  

Abutment Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

West 1.58 2.88 N 
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Table 5.4-11 Results from the Mexico City 475-Year Earthquake 
Displacements  

Pier CMax. Transverse 
Displac  (in.) ement omments: 

Pier 1 1  .80 
Pier 2 1  .81 
Pier 3 1  .78 

Maximum Damage  
Column Damage mments: Level Co

N/A N ge/A N ao dam  in columns 
Maximum Column 

Shear  

Column hea pac ps)S r (kips) Ca ity (ki : Demand/ 
Capacity 

Pier 1 – Outer Column 6 20.8 14.5 0.28 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) 

 
Shear 
(kips) 

L
Capacity 

(kips) 
Capacity 

(kips) 

 
(Y/N) 

Transverse ong. Trans. Failure

West 367 688 5184 5443 N 
East 377 656 5184 5443 N 

Expansion Joints  
E Pounding (Y/N) Comments: xpansion Joint 
West Abutment Y  
East Abutment N  
Bearing Pads  

A nt Max. isplacement .) Displacement 
) 

lure  butme D (in
Allowable 

(in.
Fai (Y/N)

West 3.07 2.88 Y 
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Table 5.4-12 Results from the Mexico City 950-Year Earthquake 
Displacements  

Pier Comments: Max. Transverse 
Displacement (in.) 

Pier 1 2.36  
Pier 2 2.38  
Pier 3 2.34  

Maximum Damage  
Column Damage Level Comments: 

N/A N/A No damage in columns 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 1 – Outer Column 80.6 214.5 0.38 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) Shear Capacity Capacity 

Transverse 

(kips) 

Long. 

(kips) 

Trans. 

(kips) 

Failure 
(Y/N) 

West 748 1400 5184 5443 N 
East 952 1290 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y  
East Abutment Y  
Bearing Pads  

Abutment Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

West 1.91 2.88 N 
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Table 5.4-13 Results from the Olympia 475-Year Earthquake 
Displacements  

Pier CMax. Transverse 
Displac  (in.) ement omments: 

Pier 1 1  .93 
Pier 2 1  .95 
Pier 3 1  .93 

Maximum Damage  
Column Damage mments: Level Co

N/A N age in/A N mo da  columns 
Maximum Column 

Shear  

Column hea pac ps):ity (ki Demand/ 
Capacity r (kips) CaS

 
Pier 1 – Outer Column 264.9 14.5 0.30 

Maximum Abutment 
Shear  

nt Longitudinal 
Shear (kips) 

Transverse 
Shear 

Long. 
Capacity 

kips) 

Trans. 
Capacity Failure 

(Y/N) Abutme
(kips) ( (kips) 

West 365 1030 5184 5443 N 
East 542 974 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y  
East Abutment N  
Bearing Pads  

A nt Max. butme Displacement ) Displacement 
(in.) 

lure (Y ) (in.
Allowable 

Fai /N

West 2.71 2.88 N 
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Table 5.4-14 Results from the Olympia 950-Year Earthquake 
Displacements  

Pier Comments: Max. Transverse 
Displacement (in.) 

Pier 1 2.26  
Pier 2 2.28  
Pier 3 2.25  

Maximum Damage  
Column Damage Level Comments: 

N/A N/A No damage in columns 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 1 – Outer Column 77.0 214.5 0.36 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) Shear Capacity Capacity Failure

(Y/N) 

Transverse 

(kips) 

Long. 

(kips) 

Trans. 

(kips) 

 

West 701 1450 5184 5443 N 
East 871 1340 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y  
East Abutment N  
Bearing Pads  

Abutment Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

West 3.08 2.88 Y 
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Table 5.4-15 Results from the Kobe 475-Year Earthquake 
Displacements  

Pier CMax. Transverse 
Displac  (in.) omments: ement

Pier 1 2  .21 
Pier 2 2  .23 
Pier 3 2  .18 

Maximum Damage  
Column Damage mments: Level Co

N/A N age in/A N mo da  columns 
Maximum Column 

Shear  

Column hea pac ps): Demand/ r (kips) Ca ity (kiS Capacity 
Pier 1 – Outer Column 71 2.69 14.5 0.33 
Maximum Abutment 

Shear  

Abutment Longitudinal 
Shear (kips) Shear 

(kips) 

Long. 
Capacity 

(kips) 

Tr
Capacity 

(kips) 

e 
(Y/N) 

Transverse ans. Failur

West 648 1060 5184 5443 N 
East 566 1010 5184 5443 N 

Expansion Joints  
E Pounding (Y/N) Comments: xpansion Joint 
West Abutment Y  
East Abutment Y  
Bearing Pads  

A nt Max. isplacement .) Displacement 
) 

lure (Y ) butme D (in
Allowable 

(in.
Fai /N

West 3.07 2.88 Y 
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Table 5.4-16 Results from the Kobe 950-Year Earthquake 
Displacements  

Pier Comments: Max. Transverse 
Displacement (in.) 

Pier 1 3.00  
Pier 2 3.02  
Pier 3 2.96  

Maximum Damage  
Column Damage Level Comments: 

N/A N/A No damage in columns 
Maximum Column 

Shear  

Column Shear (kips) Capacity (kips): Demand/ 
Capacity 

Pier 1 – Center Column 97.8 214.5 0.46 
Maximum Abutment  Shear 

Abutment Longitudinal 
Shear (kips) Shear Capacity Capacity Failur

(Y/N) 

Transverse 

(kips) 

Long. 

(kips) 

Trans. 

(kips) 

e 

West 1440 1420 5184 5443 N 
East 1140 1260 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y  
East Abutment Y  
Bearing Pads  

Abutment Max. Displacement (in.)
Allowable 

Displacement 
(in.) 

Failure (Y/N) 

West 3.07 2.88 Y 
 

 These summaries show that the bridges are in good condition.  The columns 

ulated very little damage and were capable of resisting the shear demands.  The 

ents were also capable of resisting the shear demand in the longitudinal and 

irections.  The two main concerns for all of the bridges were pounding and 

earing pads. 

accum

abutm

transverse d

possible failures of the b
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Chapter 6 

Soi ucture Pa ent Model on 

6.1 Introduction 

 The purpose of this study was to determine the effects that the stif ess of the 

column il springs abutm gs h e res

bridge model.  Many times, ear t ses rforme d 

models with xed column b d ro ents.  Therefore, analyses were 

performed to determine how ary the se of t  

bent model was also constru  see if tively l one o

piers. 

 chapter are selected time history nalysis results from the 

nonlinea ent sp SD /826, .  

The main portion of the study was performed using Bridge 5/518 and the modified Peru 

eart s include the displacement at the top of the piers, the plastic 

rotation tic hing n e th

correspon  the plastic ro  found in lastic hi olum ent, co

shear, and behavior of the expansion joints. 

 

6.2 Soil-Structure Parametric Study Protocol 

 The analysis protocol for this study was centered on the response of Bridge 5/518 

to the earthquake.  Six dif rent analyses were performed using this 

bridge, for which the stiffnes g, the spri th 

were re analysis proto listed in Table 6.2-1, where the initia

l-Str rametric Study and B  Comparis

fn

footing so  and the ent soil sprin ave on th ponse of the 

 nonlin ime history analy are pe d on simplifie

 fi ases an llers at the abutm

 bound conditions affect respon he bridge.  A

cted to it could effec  mode f the bridge 

Presented in this  a

r finite elem ine model of W OT 5/518 and 5  and the bent model

hquake.  The result

 of the plas es at the top a d bottom of th  columns, e damage 

ding to tation the p nges, c n mom lumn 

 modified Peru fe

s of the column soil sprin  abutment soil ng, or bo

 varied.  The enti col is l 
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stiffness values of the column base and abutment soil springs were taken from the bridge 

model used in Chapter 5.  To evaluate the effect of a different earthquake, the 

combination of foundation spring stiffness values that resulted in the highest level of 

column damage was determined from the previous six cases.  These were applied to 

Bridge 5/518, and it was re-analyzed with the modified Chile earthquake. 

 

Table 6.2-1 Analysis Protocol 

No. Bridge Earthquake Run Column Base Soil 
Spring Stiffness 

Abutment Soil Spring 
Stiffness 

1 5/518 Modified 
Peru Fixed Roller – Both Directions

2 5/518 Modified 
Peru Fixed Roller – Longitudina

Only 
l 

3 5/518 Modified 
Peru Unchanged Increase by a factor of 

10 

4 5/518 Modified 
Peru Unchanged Roller – Longitudinal 

Only 

5 5/518 Modified 
Peru 

Decrease by a factor 
of 10 Unchanged 

6 5/518 Modified 
Peru Fixed Unchanged 

7 5/518 Modified 
Chile Fixed Roller –Both Directions 

8 5/826 Modified 
Peru Fixed Roller – Longitudinal 

Only 

9 5/826 Modified 
Peru Fixed Roller – Both Directions

10 5/518 Olympia  
950-Year Fixed Roller – Both Directions

11 5/518 Kobe 
950-Year Fixed Roller – Both Directions

12 5/826 Olympia  
950-Year Fixed Roller – Both Directions

13 5/826 Kobe 
950-Year Fixed Roller – Both Directions

 

 

 144



 The response of Bridge 5/826 to the modified Peru earthquake was also analyzed 

for the case in which the colum  were used at the abutments.  

Two cases were investigated; the first ich only allowed for rollers in the 

longitudi tion.  The other case allowed for rollers in both directio .  The last four 

anal dge m here the Olympia 950-year and Kobe 950-year 

earthquakes ere applied.  I ur of  co re 

and the abu nts had rolle th di

 

6.3 Results d Interpreta

 The results from the es usin d Per od

ea es 5/518 and 5/826 are presented here.  These results 

are com e results spec ound 

 

6.3.

  from t B  w l ro

the abutm odifi eru eart  are p d here

Figures 6. rough 6.3-3 s e total rel displace ime histories at th p 

of th rs.  The to ement levels did

signi placements in the positive direction are slightly larg r and the 

displacem  the negative direction slightly less than those found in the base case.  

The greatest difference is the residual displacement of three inches that was not there in 

the base ca he bridge de  show ver

displacement at the piers is actually 2 to 3 inches less.  Because tal displacement did 

n bases were fixed and rollers

of wh

nal direc ns

yses used both bri odels w

 all fo w n  these cases, the lumns we fixed at their bases 

tme rs in bo rections. 

 an tion 

analys g the modifie u and m ified Chile 

rthquakes and the models of Bridg

pared to th  from their re tive base cases f in Chapter 5. 

1 Run No. 1 

The results he response of ridge 5/518, ith fixed co

hquake

umns and 

resente

llers at 

ents in both directions, to the m ed P .  

3-1 th how th ative ment t e to

e intermediate pie tal relative displac  not change 

ficantly.  The dis e

ents in are 

se.  T ck displacement envelope s that the trans

 the to

se 
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not change substantially, but the transverse displacements decreased by 2-3 inches, there

was a significant increase in the longitudinal displacement. 
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Figure 6.3-2 Total Displacement at Pier 2, Modified Peru Earthquake, Bridge 5/518 
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Figure 6.3-3 Total Displacement at Pier 3, Modified Peru Earthquake, Bridge 5/518 
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Earthquake, Bridge 5/518 
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 Table 6.3-1 shows the maximum moments at the top and bottom of all the 

columns.  It should be noted that yielding limits the amount of moment that can be 

developed in the columns, and the yield level depends on the level of axial load. 

 

Table 6.3-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns,  
        Modified Peru Earthquake, Bridge 5/518 

  Moment 

Pier No. Column Top Bottom 

1 10434.6 13706.6 
2 10684.1 12864.4 

 

.3 

1 

3 11957.7 13316
1 17360.1 15453.7 
2 15560.9 13611.4 

 
2

3 16275.5 14950.9 
 

1 16016.7 13753.0 
2 14864.0 12805.8 

 
3 

3 17355.7 15236.7 
 

 Because the columns have been fixed at their base, yielding occurs there first as 

own by the plastic rotation plot in Figure 6.3-5.  Yielding also occurs at the top of the 

 as shown in Figure 6.3-6.  This is much different than the results of the 

e 

 cracking throughout the column section.  The damage coefficients 

r the top of the center columns ranged in value between 0.073 and 0.022, which 

ggests minor cracking. 

sh

columns at Pier 2

base case, in which yielding only occurred at the top of the column. 

There is more accumulated damage in the columns then there was for the base 

case, as shown in Figures 6.3-7 and 6.3-8.  The damage coefficients for the bottom of th

columns at the center pier ranged in value between 0.188 and 0.146, which insinuates 

minor cracking to light

fo

su
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Figure 6.3-7 Damage at the Bottom of the Columns, Modified Peru Earthquake, 
Bridge 5/518 
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Figure 6.3-8 Damage at the Top of the Columns, Modified Peru Earthquake, Bridge 
5/518 
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 By looking at the shear versus displacement hysteresis plots, as shown in Figures 

6.3-9 and 6.3-10, m

the base c is can be seen in the g of the hysteresis loops.  It is also 

interesting to note the residual displac  found in the longitudinal hysteresis loops. 

 

uch more plasticity is shown occurring at the plastic hinges than for 

ase.  Th openin

ement

-25.00

-20.00

-15.00

-10.00

20.00

-4.00 -2.00 4.0

Displacement (in.)

Sh
ea

r (
k)

 

Figure itudin Pl enter Column  M  
q  5/518 

 

 

 

 

 

 

 

-5.00

0.00
0.00

5.00

10.00

15.00

25.00

2.00 0 6.00 8.00

 6.3-9 Long al Hysteresis 
Peru Earth

ot for the C
uake, Bridge

 of Pier 2, odified

 151



-150.00

-100.00

-50.00

0.00

50.00

150.00

-6.00 -4.00 -2.00 0.00 2.00 4.00

Sh
ea

r
100.00

6.00

 (k
)

ed 

he shear capacity of the columns is 171.6 kips, and the maximum actual 

ear found in the columns was 178 kips.  This would suggest that there could be a 

ossible shear failure in at least one of the columns.  The shear values in the columns 

creased from those found in the base case. 

Displacement (in.)
 

Figure 6.3-10 Transverse Hysteresis plot for the Center Column of Pier 2, Modifi
Peru Earthquake, Bridge 5/518 

 

 The maximum shear values at the top and bottom of the columns are shown in 

Table 6.3-2.  T

sh

p

in
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Table 6.3-2 Maximum Shear (kips) in the Columns, Modified Peru Earthquake,  
8 

  hear 
        Bridge 5/51

S

Pier N olumn Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

o. C

1 93.39 0.54 94.72 0.55 
2 98.91 0.58 92.87 0.54 

 

3 107.23  0.64 

1 

0.63 109.61
1 31 0.86 145. 0.85 147.51 
2 127.60 0.74 0 131.6 0.77 

 
2 

3 07 143.49 138. 0.80 0.84 
1 04 3 156. 0.91 143.4 0.84 
2 1  139.7 0.81 142.01 0.83 

 
3 

3 164.10  0.96 177.74 1.04 
 

 

  relative longitudinal displacement of the expansion joints, it can 

be dete e will t th .3-11

longitud cement at Pier 1.  It was found that pounding occurs at all three piers.  

How eased displacement at the abutments, the pounding at the piers has 

been reduced. 

 

 

 

 

 

 

 

 

By looking at the

r er

inal displa

mined if th  be pounding a e piers.  Figure 6  shows the relative 

ever, with the incr
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The maximum displacement that the bearing pads can withstand is 1.44 inches.  

he actual maximum displacement is predicted to be 1.89 inches, which would suggest a 

ossible bearing pad failure.  The maximum displacements of the expansion joints are 

ss than those of the base case, which would suggest that there would be fewer bearing 

ad failures. 

.2.2 Run No. 2 

The results from the response of Bridge 5/518, with fixed columns and rollers in 

e longitudinal direction only, to the modified Peru earthquake are presented here.  

able 6.3-3 summarizes the results from this time history analysis.  All of the time 

istory plots and tables for this analysis can be found in Appendix D. 
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Table 6.3-3 Results from the Modified Peru Earthquake, Bridge 5/518, Run No. 2 
Max. Displacement  

Pier Total Displacement (in.) Comments: 
Pier 1 7.04  
Pier 2 6.99  
Pier 3 6.55  

Damage Levels  
Max at 

Top Comments: Max at 
Bottom Column Comments: 

1 0.014 Minor Cracking Minor Cracking .034 
2 0.011 Minor Cracking Minor Cracking .012 
3 0.007 Minor Cracking Minor Cracking .063 
4 0.085 Minor Cracking .212 Medium Cracking 
5 0.116 M .124 M  edium Cracking edium Cracking
6 Medium Cracking 0.070 Minor Cracking .182 
7 N/A No Damage .013 Minor Cracking 
8 N/A No Damage .007 Minor Cracking 
9 N/A No Damage .036 Minor Cracking 

Maximum Column 
Shear  

Column Shear (kips) Capacity (kips) Demand/Capacity 
Pier 2 – Outer 

Column 150.1 171.6 0.87 

Maximum 
Abutment Shear  

Abutment Transverse 
Shear (kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Longitudinal 
Shear (kips) 

Failure 
(Y/N) 

West N/A N/A 3370 1458 N/A 
East N/A N/A 3370 1458 N/A 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N/A  
East Abutment N/A  

Pier 1 N  
Pier 2 N  
Pier 3 N  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

Pier 2 0.88 1.44 N 
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 The total relative displacements are larger than those of the base case because the 

roller allows for much more displacement in the longitudinal direction.  However, the 

displacements in the transverse direction actually decrease by over two inches.  This is 

the reason why the total relative displacements at the piers are virtually the same value. 

 It is interesting to note that, unlike the base case, for which damage only occurred 

at the top of the columns, damage occurred at the bottom of the columns and also at the 

top of the columns.  The total accumulated damage in the columns increased from those 

seen in the base case.  The shear in the columns also increased by up to 30% compared to 

those of the base case. 

 more displacement in the abutments, the pounding at the piers was 

limina

e 

. 3 

 The results from the response of Bridge 5/518, where the column base soil 

stiffness was left unchanged from the base case and the abutment soil spring stiffness was 

creased by a factor of ten, to the modified Peru earthquake are presented here.  Table 

.3-4 summarizes the results from this time history analysis.  All of the time history plots 

nd tables for this analysis can be found in Appendix D. 

 

 By allowing

e ted.  With the corresponding decrease in the relative displacement at the 

expansion joints, the analysis indicates that the bearing pads will be able to withstand th

displacements. 

 

6.3.3 Run No

in

6

a
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Table 6.3-4 Results from the Modified Peru Earthquake, Bridge 5/518, Run No. 3 
Max. Displacement  

Pier Total Displacement (in.) Comments: 
Pier 1 4.63  
Pier 2 7.02  
Pier 3 3.53  

Damage Levels  

Column Max at 
Top Comments: Max at 

Bottom Comments: 

1 0.019 Minor cracking N/A No damage 
2 0.015 Minor cracking N/A No damage 
3 0.008 Minor cracking N/A No damage 
4 0.118 Medium cracking N/A No damage 
5 0.095 Minor cracking N/A No damage 
6 0.193 Me g No damage dium crackin N/A 
7 N/A No damage N/A No damage 
8 N/A No damage N/A No damage 
9 N/A No damage N/A No damage 

Maximum Column 
Shear  

Column Shear (kips) Capacity (kips) Demand/Capacity 
Pier 2 – Outer 

Column 124.30 171.6 0.72 

Maximum 
Abutment Shear  

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear (kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

West 1230 205 3370 1458 N 
East 1280 318 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y  
East Abutment Y  

Pier 1 Y  
Pier 2 Y  
Pier 3 Y  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

West Abutment 2.37 1.44 Y 
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 at 

e 

s is decreased slightly.  

The columns in Pier 3 accumulate no damage and the columns at Pier 2 have damage 

ow 0.193.  It is also necessary to note that the columns that do have 

amage

 

d by 

 joints.  With the increased stiffness of the abutments, the pounding there 

ecreased.  Therefore,  the shear-force maximum values decreased, overall. 

.3.4 Run No. 4 

 The results from the response of Bridge 5/518, for which the column base soil 

iffness was left unchanged from the base case and the abutments were changed to 

rollers in the longitudinal direction only, to the modified Peru earthquake are presented 

ere.  Table 6.3-5 summarizes the results from this time history analysis.  All of the time 

istory plots and tables for this analysis can be found in Appendix D. 

By increasing the soil stiffness at the abutments, the total relative displacements 

the piers decreased by half an inch.  This is expected because the stiffer soil spring at the 

abutments provides more restraint in the longitudinal and transverse directions.  With th

reduction of displacement, the damage that occurs in the column

coefficients at or bel

d  only have damage at the top. 

 The shear in the columns was slightly reduced by making these changes, as well. 

The shear in the abutments shows that overall, the shear decreases.  But this is cause

the fact that these maximum values are due to spikes in force created from pounding at 

the expansion

d

 

6

st

h

h
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Table 6.3-5 Results from the Modified Peru Earthquake, Bridge 5/518, Run No. 4 
Max. Displacement  

Pier Total Displacement (in.) Comments: 
Pier 1 5.48  
Pier 2 7.47  
Pier 3 5.17  

Damage Levels  

Column Max at 
Top Comments: Max at 

Bottom Comments: 

1 0.037 Minor cracking N/A No damage 
2 0.029 Minor cracking N/A No damage 
3 0.015 Minor cracking N/A No damage 
4 0.123 Minor cracking N/A No damage 
5 0.154 Minor cracking N/A No damage 
6 0.154 Minor cracking N/A No damage 
7 N/A No damage N/A No damage 
8 N/A No damage N/A No damage 
9 0.009 Minor cracking N/A No damage 

Maximum Column 
Shear  

Column Shear (kips) Capacity (kips) Demand/Capacity 
Pier 2 – Outer 

Column 133.94 171.6 0.78 

Maximum 
Abutment Shear  

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear (kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

West N/A N/A 3370 1458 N 
East N/A N/A 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N/A  
East Abutment N/A  

Pier 1 N  
Pier 2 N  
Pier 3 Y One edge only 

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

Pier 2 1.41 1.44 N 
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By allowing a roller at the abutments, the total relative displacements at the piers 

increased slightly.  This is expected because the rollers at the abutments do not restrain 

the bridge in the longitudinal direction.  The columns in Pier 2 have the most damage a

the damage coefficients range between 0.154 and 0.123.  It is necessary to note that th

c s only have damage at their tops.  The shear in the columns stayed virtually the 

same as the base case.  With the rollers at the abutments, the longitudinal displacement 

the expansion joints decreased greatly.  The model shows only one occurrence of an 

expansion joint closing. 

 

6.3.5 Run No

 The results from the response of Bridge 5/518, for which the column base so

stiffness was decreased by a factor of ten from the base case and the abutment soil sp

stiffness was unchanged, to the modified Peru earthquake are presented here.  Table 6.3-6

summarizes the results from this time history analysis.  All of the time history plots and

tables for this analysis can be found in Appendix D. 
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Table 6.3-6 Results from the Modified Peru Earthquake, Bridge 5/518, Run No. 
Max. Displacement 

5 
 

Pier Total Displacement (in.) Comments: 
Pier 1 6.86  
Pier 2 9.24  
Pier 3 4.54  

Damage Levels  

Column Top Comments: Bottom Comments: Max at Max at 

1 0.021 Minor cracking N/A No damage 
2 0.033 Minor cracking N/A No damage 
3 0.024 Minor cracking N/A No damage 
4 0.062 Minor cracking N/A No damage 
5 0.072 Minor cracking N/A No damage 
6 0.070 Minor cracking N/A No damage 
7 N/A No damage N/A No damage 
8 N/A No damage N/A No damage 
9 N/A No damage N/A No damage 

Maximum Column 
Shear  

Column Shear (kips) Capacity (kips) Demand/Capacity 
Pier 2 – Outer 

Column 104.23 171.6 0.61 

Maximum 
Abutment Shear  

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear (kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

West 1950 309 3370 1458 N 
East 1730 188 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y  
East Abutment Y  

Pier 1 Y  
Pier 2 Y  
Pier 3 Y  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement Failure 
(Y/N) (in.) 

West Abutment 2.55 1.44 Y 
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 By decreasing the soil stiffness at the columns, the total relative displacements at 

the piers increased by up to two inches.  There is also considerable residual displacemen

which did not appear in the base case.  This is expected because the decreased stiffness 

does not provide as much restraint.  Therefore, the rotations at the column bases are 

increased.  By allowing increased displacement in the structure, the damage in the 

columns decreased.  The damage coefficients at Pier 2 for the base case ranged from

0.223 and 0.139, while, for this case they ranged from 0.072 and 0.062.  The damage in 

the columns 

t, 

 

was confined to the top. 

The shear in the columns was reduced considerably, and in some columns it was 

duced by up to 50%.  The shear in the abutments increased by up to 30% with this 

hange.  Pounding occurs at the all of the abutments and piers, which is the same as the 

ase case. 

6.3 o

  resul rom the response of Bridge 5/518, where the co ses were fixed 

and the abutment soil spring stiffness was unchanged, to the modified Peru earthquake 

are ed her Table 6.3-7 sum  the results from this tim ry analysis.  

ll of the time history plots and tables for 

 

re

c

b

 

.6 Run N . 6 

The ts f lumn ba

 present e.  marizes e histo

A this analysis can be found in Appendix D. 
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Table 6.3-7 Results from the Modified Peru Earthquake, Bridge 5/518, Run No. 6
Max. Displacement 

 
 

Pier Total Displacement (in.) Comments: 
Pier 1 3.62  
Pier 2 4.97  
Pier 3 3.27  

Damage Levels  

Column Max at 
Top Comments: Max at 

Bottom Comments: 

1 0.037 Minor cracking 0.020 Minor cracking 
2 0.024 Minor cracking 0.038 Minor cracking 
3 0.026 Minor cracking 0.030 Minor cracking 
4 0.097 Minor cracking 0.214 Medium cracking 
5 0.071 Minor cracking 0.175 Medium cracking 
6 0.013 Minor cracking 0.156 Medium cracking 
7 N/A No damage 0.018 Minor cracking 
8 N/A No damage 0.030 Minor cracking 
9 N/A No damage 0.030 Minor cracking 

Maximum Column 
Shear  

Column Shear (kips) Capacity (kips) Demand/Capacity 
Pier 1 – Outer 

Column 152.5 171.6 0.90 

Maximum  Abutment Shear 

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear (kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

West 1800 202 3370 1458 N 
East 1740 147 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment Y  
East Abutment Y  

Pier 1 Y One edge only 
Pier 2 Y One edge only 
Pier 3 Y One edge only 

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

Pier 3 2.68 1.44 Y 
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 By fixing the columns at their bases, the total relative displacements at the piers 

decreased by almost two inches.  This is expected because the fixed foundations provide 

increased restraint in the transverse and longitudinal directions.  Although this effect 

decreases displacements, it increases the forces in the columns and therefore the total 

accumulated damage in the columns increases.  It should be noted that it also causes 

damage to occur at both the top and the bottom of the columns.  So, overall, the columns 

are damaged much more than in the base case. 

 The shear in the columns was increased by up to 35%, while the shear in the 

abutments was decreased slightly by this change.  The frequency of pounding at the 

ab

 

.3.7 Ru

 The results from the response of Bridge 5/518, where the “worst case” 

combination of support properties was used, to the modified Chile earthquake are 

presented here.  The “worst case” combination was found to be fixed column bases and 

rollers in both directions at the abutments.  Table 6.3-8 summarizes the results from this 

time history analysis.  All of the time history plots and tables for this analysis can be 

found in Appendix D. 

 

 

 

 

utments and piers decreased with this change, but it still occurs. 

6 n No. 7 
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Table . 7 
Max. Displacement  

6.3-8 Results from the Modified Chile Earthquake, Bridge 5/518, Run No

Pier Total Displacement (in.) Comments: 
Pier 1 4.72  
Pier 2 5.39  
Pier 3 4.70  

Damage Levels  

Column Max at 
Top Comments: Max at 

Bottom Comments: 

1 N/A No damage 0.082 Minor cracking 
2 N/A No damage 0.045 Minor cracking 
3 N/A No damage 0.045 Minor cracking 
4 0.013 Minor cracking 0.185 Medium cracking 
5 0.017 Minor cracking 0.133 Medium cracking 
6 0.032 Minor cracking 0.133 Medium cracking 
7 N/A No damage 0.069 Minor Cracking 
8 N/A No damage 0.069 Minor cracking 
9 N/A No damage 0.074 Minor cracking 

Maximum Column 
Shear  

Column Shear Capacity (kips) (kips) Demand/Capacity 
Pier 2 – Outer 

Column 148.06 171.6 0.86 

Maximum 
Abutment Shear  

Abutment Shear (kips) Shear (kips) Capacity 
ips) 

Capacity
(kips) 

Longitudinal Transverse Long. Trans. 
 Failure 

(Y/N) (k
We N/A 370 1458 st N/A 3 N 
Eas 1458  t N/A N/A 3370 N

Expansion Joints  
Expansion Jo t nding ( Commein Pou Y/N) nts: 
West Abutm t N/A  en
East Abutment N/A  

Pier 1 N  
Pier 2 N  
Pier 3 N  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

Pier 3 2.43 1.44 Y 
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 By fixing the column bases, the total relative displacements at the piers are 

decreased from those of the base case.  The total displacements are decreased the most at 

Pier 2, but only slightly at the other piers.  The transverse displacements are decreased by 

up to three inches.  This happens because there is more displacement in the longitudinal 

direction because of the rollers at the abutments. 

 It is interesting to note that unlike the base case, for which damage only occurred 

at the top of the columns, damage occurred at both the bottom of the columns and the top 

of the columns.  The damage levels at the ends of the columns also increased from those 

in the base case.  The shear in the columns also increased by up to 30%. 

 By allowing more displacement in the abutments, the pounding at the piers was 

reduced.  Pounding occurs at only one of the three piers, but it has been reduced 

considerably.  The analysis indicated that there would still be a possible failure of the 

bearing pads, however. 

 

 

6.3.8 Run No. 8 

 The results from the response of Bridge 5/826, for which the column bases were 

fixed and the abutments were changed to rollers in the longitudinal direction only, to the 

modified Peru earthquake are presented here.  Table 6.3-9 summarizes the results from 

this time history analysis.  All of the time history plots and tables for this analysis can be 

found in Appendix D. 
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Table 6.3-9 Results from the Modified Peru Earthquake, Bridge 5/826, Run No. 8 
Max. Displacement  

Pier Comments: Total Displacement (in.) 
Pier 1 4.49  
Pier 2 4.50  
Pier 3 4.50  

Damage Levels  

Column Max at Comments: Max at Comments: Top Bottom 
1 N/A No damage 0.047 Minor cracking 
2 0.048 Minor cracking 0.058 Minor cracking 
3 0.032 Minor cracking 0.056 Minor cracking 
4 0.010 Minor cracking 0.012 Minor cracking 
5 0.008 Minor cracking N/A No damage 
6 0.008 Minor cracking 0.011 Minor cracking 
7 0.026 Minor cracking 0.018 Minor cracking 
8 0.042 Minor cracking 0.042 Minor cracking 
9 0.018 Minor cracking 0.040 Minor cracking 

Maximum Column 
Shear  

Column Shear (kips) Capacity (kips) Demand/Capacity 
Pier 1 – Center 

Column 184.70 171.6 1.07 

Maximum 
Abutment Shear  

Abutment Longitudinal 
Shear (kips) 

Transverse 
Shear (kips) Capacity Capacity Failure 

(Y/N) 

Long. 

(kips) 

Trans. 

(kips) 
West N/A N/A 5184 5443 N 
East N/A N/A 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N/A  
East Abutment N/A  

Pier 1 N/A  
Pier 2 N/A  
Pier 3 N/A  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

N/A N/A 2.88 N 
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 By fixing the columns at their bases and allowing a roller at the abutments, the 

e the 

e 

 

 l e re e of Br 26, e column bases were 

fixed and the abutments were changed to oth , to the modified Peru 

earthq are pre summarizes the results from e 

history analysis.  All of the time history plots and tables for this analysis can be found in 

Appendix D. 

 

 

 

 

 

 

total relative displacement increased by around an inch.  This is expected becaus

abutment is not there to provide restraint.  Because of this increased displacement and th

fact that the columns were fixed at their bases, damage occurred at the top and bottom of

certain columns.  The base case did not have any damage in any of the columns. Also, 

with this change, the shear in the columns increased drastically, and at least two of the 

columns would possibly fail in shear. 

 

6.3.9 Run No. 9 

The resu ts from th spons idge 5/8 for which th

 directionsrollers in b

uake sented here.  Table 6.3-10  this tim
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Table 6.3-10 Results from the Modified Peru Earthquake, Bridge 5/826, Run No. 9 
Max. Displacement  

Pier Total Displacement (in.) Comments: 
Pier 1 7.21  
Pier 2 7.25  
Pier 3 7.80  

Damage Levels  

Column Comments: Comments: Max at 
Top 

Max at 
Bottom 

1 N/A No damage N/A Minor cracking 
2 0.030 Minor cracking 0.063 Minor cracking 
3 0.029 Minor cracking 0.034 Minor cracking 
4 0.077 Minor cracking 0.039 Minor cracking 
5 0.017 Minor cracking 0.016 Minor cracking 
6 0.057 Minor cracking 0.045 Minor cracking 
7 0.071 Minor cracking 0.057 Minor cracking 
8 0.070 Minor cracking 0.086 Minor cracking 
9 0.073 Minor cracking 0.079 Minor cracking 

Maximum Column  Shear 
Column Shear (kips) Capacity (kips) Demand/Capacity 

Pier 1 – Outer 
Column 161.43 171.6 0.94 

Maximum 
utment Shear  Ab

Abutment Longitudinal Transverse Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failur
Shear (kips) Shear (kips) 

e 
(Y/N) 

West N/A N/A 5184 5443 N 
East N/A N/A 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N/A  
East Abutment N/A  

Pier 1 N/A  
Pier 2 N/A  
Pier 3 N/A  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

N/A N/A 2.88 N 
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 By allowing rollers in both directions at the abutments, the total relative 

displacements increased considerably over those in the base case.  There were also 

residual displacements of up to four inches at Pier 1 and two inches at Pier 2.  With this 

increase in displacement, there is now damage at both ends of the columns, where there 

was no damage in any of the columns in the base case.  The shear in the columns 

increased by up to 30%, but not to a level of failure. 

me 

ound in 

 

 

 

 

 

 

 

 

 

6.3.10 Run No. 10 

 The results from the response of Bridge 5/518, for which the column bases were 

fixed and the abutment were changed to rollers in both directions, to the Olympia 950-

year earthquake are presented here.  Table 6.3-11 summarizes the results from this ti

history analysis.  All of the time history plots and tables for this analysis can be f

Appendix D. 
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Table 6.3-11 Results from the Olympia 950-Year EQ, Bridge 5/518, Run No. 10 
Max. Displacem  ent 

Pier Total Displac ) : ement (in. C tsommen
Pier 1 2.6  1 
Pier 2 4.10  
Pier 3 2.20  

Damage Lev  els 

Column M
T Co nts: Max at 

Bottom Commenax at 
op mme ts: 

1 N No age  o dama/A  dam N/A N ge 
2 N/A No da age mage m N/A No da
3 N No age  o dama/A  dam N/A N ge 
4 0.013 Minor cracking 0.042 Minor cracking 
5 0.008 Minor cracking 3 or crac g 0.01 Min kin
6 0.016 Minor cracking 0.071 Minor cracking 
7 N/A No age  o dama dam N/A N ge 
8 N/A No da age mage m N/A No da
9 N No age  o dama/A  dam N/A N ge 

M  Col
ear  aximum umn 

Sh
Column Shear ips) city (kip Demand/Capaci(k Capa s) ty 

Pier 2 – Outer 
Column 147.8 171.6 0.86 

Maximum 
Abutment Shear  

Abutment Shear (kips) 
ransverse 

Shear (kips) 

Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
(Y/N) 

Longitudinal T

West N/A N/A 3370 1458 N 
East N/A N/A 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N/A  
East Abutment N/A  

Pier 1 N  
Pier 2 N  
Pier 3 N  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

Pier 3 0.83 1.44 N 
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 By allowing rollers at the abutments the total relative displacement did not change 

sig ntl  s umn o 37%.  By ore 

displacement at the abutm  pounding a rs was e

displacemen  piers ced enough  bearing pads are predicted to be 

able to withs e dem

 

6.3.11 Run No. 11 

 The results from se of Bridg , for which the c  were 
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earthquake are presented here.  Table 6.3-12 su zes the results from this time 

histo  analy ll of story plots a es for this analysis can be found in 

App ix D
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Table 6.3-12 Results from the Kobe 950-Year EQ, Bridge 5/518, Run No. 11 
Max. Displacement  

Pier lace in.) s: Total Disp ment ( Comment
Pier 1 2.59  
Pier 2 3.73  
Pier 3 2.21  

Da age Levm els  

Column Ma
T Co ents: ax at 

ttom Comments: x at 
op mm M

Bo
1 N No age /A No dama/A  dam N ge 
2 N N age /A No dama/A o dam N ge 
3 N No damage /A No damage /A N
4 0.020 Minor cracking 019 inor cracking 0. M
5 0. Minor cracking 035 Minor cracking 036 0.
6 0.040 Minor cracking Minor cracking 0.027 
7 N/A No damage N/A No damage 
8 N/A No damage N/A No damage 
9 N/A No damage N/A No damage 

Maximum Column 
Shear  

Column Shear ) (kips) a(kips Capacity Demand/C pacity 
Pier 2 – O

Column . 0.83 uter 143.0 171 6 

Maximum 
Abutment Shear  

Abutment Longitudinal 
She s) 

Transverse 
Shear (kips) 

g. 
city 
s) 

Trans. 
ity 

s) 

Failure 
(Y/N) ar (kip

Lon
Capa Capac

(kip (kip
West N/A N/A 3370 1458 N 
East N/A N/A 3370 1458 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N/A  
East Abutment N/A  

Pier 1 N  
Pier 2 N  
Pier 3 N  

Bearing Pads   

Pier Max. Displacement (in.) Displacement 
(in.) 

Failure 
(Y/N) 

Allowable 

Pier 3 0.98 1.44 N 
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 By allowing rollers at the abutments, the total relative displacement did not 

change significantly, but the shear in the columns increased by up to 99% at Pier 1.  T

shear force in the columns at Pier 2 and 3 increased by only 20%.  The damage now 

occurs at the top and bottom of the columns and the accumulated damage increased from

the base case.  Even with the great increase in shear force in the column of Pier 1, non

the columns are predicted to

he 

 

e of 

 fail in shear.  Because the rollers at the abutments allow for 

the 

ere 

e 

 

more displacement, the pounding at the piers was eliminated.  The bearing pads at 

piers are predicted to be able to withstand the seismic demands. 

 

6.3.12 Run No. 12 

 The results from the response of Bridge 5/826, for which the column bases w

fixed and the abutment were changed to rollers in both directions, to the Olympia 950-

year earthquake are presented here.  Table 6.3-13 summarizes the results from this tim

history analysis.  All of the time history plots and tables for this analysis can be found in

Appendix D. 
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Table 6.3-13 Results from the Olympia 950-Year EQ, Bridge 5/826, Run No. 12 
Max. Displacement  

Pier Total Displacement (in.) Comments: 
Pier 1 3.36  
Pier 2 3.44  
Pier 3 3.56  

Damage Levels  

Column Comments: Comments: Max at 
Top 

Max at 
Bottom 

1 0.017 Minor cracking N/A No damage 
2 0.016 Minor cracking N/A No damage 
3 0.017 Minor cracking 0.057 Minor cracking 
4 N/A No damage N/A No damage 
5 N/A No damage N/A No damage 
6 N/A No damage N/A No damage 
7 N/A No damage N/A No damage 
8 N/A No damage N/A No damage 
9 N/A No damage N/A No damage 

Maximum Column  Shear 
Column Shear (kips) Capacity (kips) Demand/Capacity 

Pier 1 – Outer 
Column 143.3 171.6 0.84 

Maximum 
utment Shear  Ab

Abutment Longitudinal Transverse Long. 
Capacity 

(kips) 

Trans. 
Capacity 

(kips) 

Failure 
Shear (kips) Shear (kips) (Y/N) 

West N/A N/A 5184 5443 N 
East N/A N/A 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N/A  
East Abutment N/A  

Pier 1 N/A  
Pier 2 N/A  
Pier 3 N/A  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

N/A N/A 2.88 N/A 
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With rollers at the abutments, the total relative displacement increased by up

one inch.  The shear force in the colum

 to 

ns was increased by up to 86%, but not to a level 

or 

 The results from the response of Bridge 5/826, for which the column bases were 

fixed and the abutment were changed to rollers in both directions, to the Kobe 950-year 

earthquake are presented here.  Table 6.3-14 summarizes the results from this time 

history analysis.  All of the time history plots and tables for this analysis can be found in 

Appendix D. 

 

 

 

 

 

 

 

 

 

 

 

 

that would cause failure.  The damage in the columns is at levels that cause only min

damage, whereas the base case did not have any damage at all. 

 

6.3.13 Run No. 13 
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Table 6.3-14 Results from the Kobe 950-Year EQ, Bridge 5/826, Run No. 13 
Max. Displacement  

Pier Total Displacement (in.) Comments: 
Pier 1 4.10  
Pier 2 4.04  
Pier 3 3.98  

Damage Levels  

Column Comments: Comments: Max at Max at 
Top Bottom 

1 0.014 Minor cracking 0.015 Minor cracking 
2 N/A No damage 0.027 Minor cracking 
3 N/A No damage 0.013 Minor cracking 
4 N/A No damage N/A No damage 
5 N/A No damage N/A No damage 
6 N/A No damage N/A No damage 
7 N/A No damage 0.009 Minor cracking 
8 N/A No damage 0.007 Minor cracking 
9 0.015 Minor cracking 0.017 Minor cracking 

Maximum Column  Shear 
Column Shear (kips) Capacity (kips) Demand/Capacity 

Pier 1 – Outer 
Column 144.7 171.6 0.84 

Maximum 
Shear  Abutment 

Abutment Longitudinal Transverse Long. 
Capacity 

Trans. 
Capacity Failure

Shear (kips) Shear (kips) 
 

(Y/N) (kips) (kips) 
West N/A N/A 5184 5443 N 
East N/A N/A 5184 5443 N 

Expansion Joints  
Expansion Joint Pounding (Y/N) Comments: 
West Abutment N/A  
East Abutment N/A  

Pier 1 N/A  
Pier 2 N/A  
Pier 3 N/A  

Bearing Pads   

Pier Max. Displacement (in.) 
Allowable 

Displacement 
(in.) 

Failure 
(Y/N) 

N/A N/A 2.88 N/A 
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The total relative displacement was increased by up to one inch.  The shear force 

y up to 48%.  This does not increase it to a level that would 

l. 

 In this study it is seen that besides increasing the damage, fixing the column bases 

ller cases 

ould 

 This study also showed that a variation in the abutment stiffness, while the 

 and occurrences of bearing 

n 

age and 

odel was constructed to model the center pier of Bridge 5/518.  This 

model was then analyzed to determine if a bent model can accurately model the response 

 entire bridge model is necessary.  If a bent model could be used, it 

ould drastically cut down the time it takes to construct and execute the model.  This 

in the columns is increased b

cause a shear failure in the columns, however.  The damage in the columns is at levels 

that cause only minor damage, whereas the base case did not have any damage at al

caused the damage to occur at the top and bottom of the columns, whereas the damage 

occurred at the top of the columns when soil springs were used.  The fixed-ro

also increased the level of shear in the columns to a point at which some of them c

possibly fail.  It is also predicted that pounding will occur and that there could be bearing 

pad failures. 

column base stiffnesses were left unchanged, affected the pounding and bearing pad 

behavior.  By allowing a roller at the abutment, the pounding

pad failures decreased.  When the abutment stiffness is left unchanged and the colum

base stiffnesses were varied, there was a greater variation in the column dam

shear force in the columns. 

 

6.4 Bent Model Comparison 

 A bent m

of the bridge, or if the

w
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would allow for the use of probabilistic studies to be conducted to determine if long-

duration earthquakes are truly more damaging. 

 Two models were used for this study, the first was fixed at the base of the 

Peru 

l 

 

peak 

displacements of the bent model are less than those of the bridge pier. 

columns and the second had soil springs at the base of the columns.  The modified 

earthquake was used in this study, with accelerations in the transverse and vertica

directions only. 

 Figure 6.4-1 shows the relative transverse displacement at the top of the center 

pier of the bridge model.  Figure 6.4-2 shows the relative transverse displacement of the

bent model.  The comparison of the two figures shows that the relative 
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Figure 6.4-1 Relative Transverse Displacement of Bridge Pier 
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Figure 6.4-2 Relative Transverse Displacement of Bent Model 
 

 The most noticeable difference in the displac

the bent model has a residual displacement of around one-inch.  The displacement time-

history of the bridge pier shows a residual displacement that is so small it is negligible

The maximum moment at the t

can be seen that the moment levels in the pier of the bridge model are greater than tho

of the bent model in every case.  It should be noted that yielding limits the level of 

moment

axial force. 
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Table 6.4-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
Moment Model Column 

Top Bottom 
1 16851 10623 
2 16070 10370 

Bridge 
Pier 

3 18220 10447 
1 12170 8877 
2 14600 11040 

Bent 
Model 

3 13610 11280 
 

 Figures 6.4-3 and 6.4-4 show the plastic rotation that occurred in the columns of 

w the plastic rotation that 

 This is also reflected in the plots of the damage as 

 

ere was not a reversal in the 

the center pier of the bridge model.  Figures 6.4-5 and 6.4-6 sho

occurred in the columns of the bent model.  The plots show significant differences in the 

plastic behavior of the two models. 

shown in Figures 6.4-7 through 6.4-9.  There was no calculated damage at the bottom of

the columns of the pier from the bridge model because th

plastic rotation, which would denote a cycle. 
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Figure 6.4-3 Plastic Rotations at the Top of the Columns for the Bridge Pier 
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Figure 6.4-5 Plastic Rotations at the Top of the Columns for the Bent Model 
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Figure 6.4-6 Plastic Rotations at the Bottom of the Columns for the Bent Model 
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Figure 6.4-7 Damage at the Top of the Columns for the Bridge Pier 
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Figure 6.4-8 Damage at the Top of the Columns for the Bent Model 
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Figure 6.4-9 Damage at the Bottom of the Columns for the Bent Model 

The damage in the bent model is at nearly the same level as the bridge pier, but 

the biggest difference is that the bent model only shows damage in one of the outer 

columns.  The major portion of the damage in the bent model was at the bottom of the 
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column, but it  in damage 

and the fact that the other columns of the bent model do not accumulate damage, is most 

likely attributed to the fact that the bent model does not incorporate ground accelerations 

in the longitudinal direction. 

 The maximum shear values at the top and bottom of the columns are shown in 

Table 6.4-2.  The shear values compare fairly closely for the two different cases.  The 

shear in the columns of the pier from the bridge model are slightly higher than those of 

the bent model, but none of them are at the level of failure. 

 

 

Table 6.4-2 Maximum Shear (kips) at the Top and Bottoms of Columns 
Shear 

 was at the top of the column in the bridge pier.  The differences

Model Column Demand/ Demand/ 
acity Top Capacity Bottom Cap

1 114.79 0.67 123.03 0.72 
2 104.14 0.61 118.73 0.69 

Bridge 
Pier 

3 116.11 0.68 127.76 0.74 
1 96.69 0.56 99.67 0.58 
2 118.80 0.69 118.7 0.69 

Bent 
Model 

3 105.7 0.62 90.96 0.53 
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Chapter 7 

Summary and Conclusions 

The computer program WSU–NEABS (WSU-Nonlinear Earthquake Analysis of 

Bridge Systems) was modified to allow for damage accumulation in the columns based 

solely on cycles of plastic rotation.  The new damage model was calibrated from testing 

done by Stapleton (2004) and then implemented into the program.  The modified program 

with the new damage model was then tested using models created to simulate actual test 

specimens from the work of Stapleton (2004) and Kunnath (1997). 

 Two existing highway bridges were modeled using finite element spine models 

and then analyzed with the modified version of the nonlinear analysis program.  The 

analyses were done in two stages, the first of which included a suite of ten earthquakes.  

The ten earthquakes were applied to the two bridge models, while the soil stiffness at the 

column b stant.  

The second stage of the analyses involved a p metric study, in which the soil properties 

at the colum ridge 

was then compared to that of the base case in the first stage. 

 A single bent model was also constructed to model the center pier of Bridge 

5/518.  This model was then analyzed to determine if a bent model can be used to 

approximate the response of the bridge or if the entire bridge model is necessary. 

 

7.1 Summary 

ases and the abutments, based on existing soil conditions, were held con

ara

n bases and abutments were varied.  In each case, the response of the b
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7.2 Analyses with Constant Soil Stiffness 

 Table 7.2-1 shows a summary of the response of Bridge 5/518 to all ten 

earthquakes.  The modified Peru earthquake caused the most damage, but it is only at a 

level that would cause light cracking throughout the column section.  It is interesting to 

note that, besides the two modified earthquakes, which are extreme cases, damage only 

occurs in the center pier or does not occur at all.  This would suggest that the center pier 

would be the most important pier to retrofit. 

 

Table 7.2-1 Summary of Results for Bridge 5/518 

Earthquake 
Max. 

Damage  
Level 

Piers 
Damaged 

Max. Column 
Shear 

Demand/ 
Capacity 

Max. 
Abutment 
Demand/
Capacity 

Pounding 
(Y/N) 

Bearing 
Pad 

Failure 
(Y/N) 

Modified 
Per 0.229 1,2,3 0.75 0.55 Y Y u 

Unmod
Peru 0.019 2 0.47 0.09 Y N ified 

Modified 
Chil Y e 0.167 1,2,3 0.77 0.43 Y 

Unmodified 0.031 Chile 2 0.53 0.15 Y Y 

Mexico City - 
475 0.000 N/A 0.32 0.06 N N 

Mexico City- 
950 0.019 2 0.52 0.10 Y Y 

Olympia - 
475 0.000 N/A 0.34 0.07 N N 

Olympia - 
950 0.017 2 0.51 0.13 Y Y 

Kobe –  
475 0.000 N/A 0.39 0.10 Y Y 

Kobe –  
950 0.020 2 0.55 0.20 Y Y 

 

 Although the damage in the columns is at a level that would only cause minor 

damage, there are two other issues that are of concern.  Pounding occurs in almost every 
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case and possible bearing pad failures could occur during the majority of the earthquakes.  

This suggests that retrofitting of the expansion joints is needed. 

 The shear levels in the columns and the abutments are all below their capacities.  

Under the loading of the more extreme modified earthquakes, the shear in the columns 

reaches a level that would cause problems for those that have smaller aspect ratios.  The 

levels of shear in the abutments are all well below their capacity, and this type of failure 

does not seem to be of much concern. 

 With one of the major issues of this research being long-duration earthquakes, it 

should be noted that for the cases for which long-duration events were applied, there was 

more accumulated damage than for those in which a short-duration event was applied.  

However, this is not all due to the fact that it is a long-duration event.  It seems that the 

more important issue is the amplitude of the ground motion and the duration of strong 

motion that a

 Long-duration events in the Puget Sound region of Washington State have many 

more loading cycles, but most of those cycles are not at levels that cause yielding and, 

hence, do not affect damage.  Therefore, it is necessary to do a more in-depth study of the 

general behavior of long and short-duration earthquakes.  This should be done to 

determine if it is a general trend for long-duration events to have greater amplitudes and 

longer strong motion durations that cause yielding.  If this is true, then it can be stated 

that long-duration earthquakes are truly more damaging then short-duration earthquakes.  

It should also be noted that typically, as the magnitude of the earthquake increases, the 

duration of the event increases as well. 

ctually causes yielding. 
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 Bette necessary 

to determine if long-duration events are more damaging.  Research should be performed 

retic action that occurs when the damaged columns are 

acting elastically.  If there is hysteretic action in this situation, then long-duration events 

would have more damage than short-duration earthquakes, and this would need to be 

included in the damage model. 

 Table 7.2-2 shows a summary of the response of Bridge 5/826 to all ten 

earthquakes.  It is seen that none of the earthquakes cause damage in the columns, and 

only in the cases of the modified earthquakes was there slight yielding.  This is due to the 

fact that this bridge has a higher transverse reinforcement ratio in the plastic hinge region 

of the columns.  The bridge also has a continuous deck, which provides much more 

restraint in the transverse direction.  Coupled with the fact that there are not any 

expansion joints at the intermediate piers to allow more longitudinal displacement, the 

total relative displacements of the columns decreased considerably from those of Bridge

5/518. 

 Wit  at the 

abutments is increased in all cases, compared to that of Bridge 5/518, except those of the 

modified earthquakes.  Although the shear demands in the abutments are increased, they 

are still well below their capacity.  Conversely, the decrease in displacement reduced the 

shear level in the columns.  This is dependent on the stiffness of the abutment because, as 

the stiffness increases, the abutment provides more restraint and the displacements 

decrease.  It should be noted that there is pounding at the abutments in every case, and 

most of them could have bearing pad failures. 

r understanding of damaged columns under elastic loading is also 

to determine if there is any hyste

 

h this reduction in displacement, it can be seen that the shear demand
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Table 7.2-2 Summary of Results for Bridge 5/826 

Earthquake 
Max. 

Damage 
Level 

Piers 
Damaged 

Max. Column 
Shear 

Demand/ 
Capacity 

Max. 
Abutment 
Demand/
Capacity 

Pounding 
(Y/N) 

Bearing 
Pad 

Failure 
(Y/N) 

Modified 
Peru 0.000 N/A 0.59 0.45 Y Y 

Unmodified 
Peru 0.000 N/A 0.35 0.16 Y N 

Modified 
Chile 0.000 N/A 0.52 0.40 Y Y 

Unmodified 
Chile 0.000 N/A 0.30 0.18 Y N 

Mexico City - 
475 0.000 N/A 0.28 0.13 Y Y 

Mexico City- 
950 0.000 N/A 0.38 0.26 Y N 

Olympia - 
475 0.000 N/A 0.30 0.19 Y N 

Olympia - 
950 0.000 N/A 0.36 0.27 Y Y 

Kobe – 
475 0.000 N/A 0.33 0.19 Y Y 

Kobe 
950 0 Y – 0.000 N/A 6 0.28 Y .4

 

 

7.3 Analyses with Varying Soil Stiffness 

 Table 7.3-1 shows the analysis protocol for this stage of the study.  Tables 7.3-2 

and 7.3-3 show summaries of the responses of the two bridges to the variation in support 

properties.  It can be seen that, for these bridges, the cases with the most damage are 

those for which the columns were fixed and rollers were applied to the abutments.  Even 

with this change, however, the damage is only at a level that would result in light to 

medium damage, but shear failures would occur. 
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Table 7.3-1 Analysis Protocol 
Run 
No. Bridge Earthquake Column Base Soil 

Spring Stiffness 
Abutment Soil Spring 

Stiffness 

1 5/518 Peru 
Modified Fixed Roller – Both Directions

2 5/518 Modified 
Peru Fixed Roller – Longitudinal 

Only 

3 5/518 Modified Unchanged Increase by a factor of 
Peru 10 

4 5/518 Unchanged Modified Roller – Longitudinal 
Peru Only 

5 5/518 Unchanged Modified Decrease by a factor 
Peru of 10 

6 5/518 Fixed Unchanged Modified 
Peru 

7 5/518 Fixed Roller –Both DireModified 
Chile ctions 

8 5/826 Fixed Modified Roller – Longitud
Peru Only 

inal 

9 5/826 Fixed Roller – Both DireModified 
Peru ctions

10 5/518 Olympia  Fixed Roller – Both Dire950-Year ctions

11 5/518 Kobe Fixed Roller – Both Dire950-Year ctions

12 5/826 Olympia  Fixed Roller – Both Dire950-Year ctions

13 5/826 950-Year Fixed Roller – Both DireKobe ctions
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Table 7.3-2 Summary of Results for Bridge 5/518 

Run No. Damage at Top or Shear 
Max. Damage  Piers Column Pounding 

Level Bottom Demand/Damaged (Y/N) Fa

Max. 

Capacity (

Bearing 
Pad 
ilure 

Y/N) 

1 0.188 Both 1,2,3 1.04 Y Y 
2 0.212 Both 1,2,3 0.87 N N 
3 0.193 Top 1,2 0.72 Y N 
4 0.154 Top 1,2,3 0.78 Y N 
5 0.072 Top 1,2 0.61 Y Y 
6 0.214 Both 1,2,3 0.90 Y Y 
7 0.185 Both 1,2,3 0.86 N Y 
10 0.071 Both 2 0.86 N N 
11 0.040 Both 2 0.83 N N 

 

 

Table 7.3-3 Summary of Results for Bridge 5/826 

Run No. Damage at Top or Shear 
Max. Damage Piers Column Pounding 

Level Bottom Demand/Damaged (Y/N) Fa

Max. Be

Capacity (

aring 
Pad 
ilure 

Y/N) 

8 0.058 Both 1,2,3 1.07 N/A N/A 
9 0.086 Both 1,2,3 0.94 N/A N/A 
12 0.057 Both 1 0.84 N/A N/A 
13 0.027 Both 1,3 0.84 N/A N/A 

 

 Besides increasing the damage, fixing the column bases caused the damage to 

ly at 

ler cases also increased 

 be bearing pad 

occur at both the top and bottom of the columns, whereas the damage occurred on

the top of the columns when soil springs were used.  The fixed-rol

the level of shear in the columns to a point at which some of them would likely fail.  

Predictions also show that pounding will occur and that there could

failures. 
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 This study also showed that a variation in the abutment stiffness, while the 

earing 

he 

to the 

e model 

 one of 

column base stiffnesses were left unchanged, affected the pounding and bearing pad 

behavior.  By allowing a roller at the abutment, the pounding and occurrences of b

pad failures decreased.  When the abutment stiffness is left unchanged and the column 

base stiffnesses were varied, there was a greater variation in the column damage and 

shear force in the columns. 

 Using soil springs when modeling is more realistic than using fixed bases, 

although these results show that using fixed conditions at columns with roller conditions 

at abutments is a conservative estimate as far as the damage and shear in the columns is 

concerned.  However, the model with soil springs applied at the columns and abutments 

better predicts pounding and possible bearing pad failure.  Therefore, this should be 

investigated further to determine if retrofitting is necessary.  In general, the use of spring 

supports to simulate soil conditions involves little extra effort, yet leads to increased 

accuracy in the results.  Therefore, the use of springs to represent the supporting soil is 

recommended. 

 

7.4 Bent Model Comparison 

 The bent model showed smaller relative transverse displacements than those from 

the center pier of the full bridge model.  It also had residual displacement, while t

residual displacement in the pier of the bridge model was negligible.  This is due 

fact that the bent model does not have any restraint from abutments like the bridg

does.  The damage found in the bent model was comparable to the bridge pier but it 

occurred at the bottom of the column rather than the top.  The damage occurred in
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the outer columns of the bent model, but in the full bridge model, there was considerable 

y has 

e 

unt, the 

ridge 

 found 

 with a 

el to 

uld be 

ould be 

e to be 

g cycles 

has 

t damage is 

s cause 

 the 

e 

damage in all of the columns. 

Most of these differences are likely due to the fact that the bent model onl

ground accelerations in the transverse and vertical directions.  The effects from th

longitudinal response are totally ignored.  Taking all of these differences into acco

bent model does a somewhat unsatisfactory job of capturing the response of the b

pier. 

 

7.5 Recommendations for Future Work 

 Further investigation into the bent model should be done.  If the results are

to be satisfactory, then it could be utilized in a probabilistic study.  A formulation

variation of short and long-duration earthquakes could be applied to the bent mod

help determine if long duration earthquakes are more damaging. 

 Work should also be done to determine what the effects of aftershocks wo

to the model.  It would be helpful to understand what the response of the model w

if an aftershock event followed a large damaging event.  Further study would hav

done to develop an accurate aftershock record. 

 More research needs to be done to determine the effects that elastic loadin

have after large damaging cycles have already occurred.  The damage model that 

been added to this program does not take this into account due to the fact tha

only accumulated if inelastic behavior occurs.  If it is found that elastic cycle

damage after large inelastic cycles have occurred, this would need to be added to

current damage model.  This issue has been brought up by other researchers, but th
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study by Stapleton (2004) does not show that this is a major issue, although further 

e 

h a 

ction is 

research should be done to verify this. 

 This study also shows that soil-structure interaction has a large effect on th

overall response of the bridge models.  This should also be researched further wit

more in-depth study.  This study would be important because soil-structure intera

one of the more random aspects of bridge modeling. 
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Appendix A 

 

Additional Time Histories Used in Study 
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1985 Mexico City Earthquake 
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Figure A-7: 950 Year Mexico City Earthquake, E-W Time His
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Figure A-8: 950 Year Mexico City Earthquake, N-S Time His
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1996 Kobe Earthquake 
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Figure A-9: 475 Year Kobe Earthquake, E-W Time Histor
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Figure A-10: 475 Year Kobe Earthquake, N-S Time History 
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Figure A-11: 950 Year Kobe Earthquake, E-W Time History
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Figure A-12: 950 Year Kobe Earthquake, N-S Time History 
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1949 Olympia Earthquake 
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Figure A-13: 475 Year Olympia Earthquake. E-W Time History 
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Figure A-14: 475 Year Olympia Earthquake, N-S Time History 
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Figure A-15: 950 Year Olympia Earthquake, E-W Time History 
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Figure A-16: 950 Year Olympia Earthquake, N-S Time History 
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Appendix B 

 

Example WSU-NEABS Analysis 

 

Bridge 5/518 Structural Model and Analysis Control Input File, “INPUT” 

    0    0 .6090E+03 .0000E+00 .0000E+00                
   15    0    0    0    0    0    0 .9015E+03 .0000E+00 .0000E+00                
   16    0    0    0    0    0    0 .1217E+04 .0000E+00 .0000E+00                

 17    0    0    0    0    0    0 .1219E+04 .0000E+00 .0000E+00                
 .1368E+04 .0000E+00 .0000E+00                

0 .1518E+04 .0000E+00 .0000E+00                
 .1668E+04 .0000E+00 .0000E+00                

0000E+00                
         

          
   
   
   

   27    0    0    0    0    0    0-.1218E+04-.1620E+03 .0000E+00                
   

    
000E+00 .0000E+00 .0000E+00                

0000E+00-.1357E+03 .0000E+00                
0000E+00-.1620E+03 .0000E+00                
1218E+04 .1620E+03 .0000E+00                
1218E+04 .1357E+03 .0000E+00                
1218E+04 .0000E+00 .0000E+00                
1218E+04-.1357E+03 .0000E+00                
1218E+04-.1620E+03 .0000E+00                
2058E+04 .0000E+00-.2340E+02                
1830E+04 .0000E+00-.2340E+02                
1218E+04 .1357E+03-.2000E+03                
1218E+04 .0000E+00-.2000E+03                
1218E+04-.1357E+03-.2000E+03                

.1218E+04 .1357E+03-.2184E+03                
  0-.1218E+04 .0000E+00-.2184E+03                

 45    0    0    0    0    0    0-.1218E+04-.1357E+03-.2184E+03                
.1218E+04 .1357E+03-.2665E+03                

-.1218E+04 .0000E+00-.2665E+03                
.1218E+04-.1357E+03-.2665E+03                

-.1218E+04 .1357E+03-.2825E+03                
.1218E+04 .0000E+00-.2825E+03                

825E+03                
         

SpineBridge1                                                                     
  118    3  106    3    2 9205   20 .5692E+00 .4392E-02                          
    1    0    0    0    0    0    0-.2058E+04 .0000E+00 .0000E+00                
    2    0    0    0    0    0    0-.2046E+04 .0000E+00 .0000E+00                
    3    0    0    0    0    0    0-.1839E+04 .0000E+00 .0000E+00                
    4    0    0    0    0    0    0-.1632E+04 .0000E+00 .0000E+00                
    5    0    0    0    0    0    0-.1425E+04 .0000E+00 .0000E+00                
    6    0    0    0    0    0    0-.1219E+04 .0000E+00 .0000E+00                
    7    0    0    0    0    0    0-.1217E+04 .0000E+00 .0000E+00                
    8    0    0    0    0    0    0-.9015E+03 .0000E+00 .0000E+00                
    9    0    0    0    0    0    0-.6090E+03 .0000E+00 .0000E+00                
   10    0    0    0    0    0    0-.3045E+03 .0000E+00 .0000E+00                
   11    0    0    0    0    0    0-.7500E+00 .0000E+00 .0000E+00                
   12    0    0    0    0    0    0 .7500E+00 .0000E+00 .0000E+00                

   0    0 .3045E+03 .0000E+00 .0000E+00                   13    0    0    0    0 
 14    0    0    0    0  

  
   18    0    0    0    0    0    0

 19    0    0    0    0    0      
   20    0    0    0    0    0    0
   21    0    0    0    0    0    0 .1818E+04 .0000E+00 .
   22    0    0    0    0    0    0 .1830E+04 .0000E+00 .0000E+00       

 23    0    0    0    0    0    0-.1218E+04 .1620E+03 .0000E+00        
   24    0    0    0    0    0    0-.1218E+04 .1357E+03 .0000E+00             
   25    0    0    0    0    0    0-.1218E+04 .0000E+00 .0000E+00             
   26    0    0    0    0    0    0-.1218E+04-.1357E+03 .0000E+00             

   28    0    0    0    0    0    0 .0000E+00 .1620E+03 .0000E+00             
0000E+00 .1357E+03 .0000E+00               29    0    0    0    0    0    0 .

   30    0    0    0    0    0    0 .0
 31    0    0    0    0    0    0 .  

   32    0    0    0    0    0    0 .
   33    0    0    0    0    0    0 .
   34    0    0    0    0    0    0 .
   35    0    0    0    0    0    0 .
   36    0    0    0    0    0    0 .
   37    0    0    0    0    0    0 .
   38    0    0    0    0    0    1-.
   39    0    0    0    0    0    1 .
   40    0    0    0    0    0    0-.
   41    0    0    0    0    0    0-.
   42    0    0    0    0    0    0-.

 0-   43    0    0    0    0    0   
 44    0    0    0    0    0    

  
   46    0    0    0    0    0    0-

 47    0    0    0    0    0    0  
   48    0    0    0    0    0    0-

 49    0    0    0    0    0    0  
   50    0    0    0    0    0    0-
   51    0    0    0    0    0    0-.1218E+04-.1357E+03-.2
   52    0    0    0    0    0    1-.1218E+04 .1357E+03-.3185E+03       
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   53    0    0    0    0    0    1-.1218E+04 .0000E+00-.3185E+03            
   54    0    0    0    0    0    1-.1218E+04-.1357E+03-.3185E+03             

    
   
   

    
3-.1000E+03                

 63    0    0    0    0    0    0 .0000E+00-.1357E+03-.2666E+03                
 64    0    0    0    0    0    0 .0000E+00 .1357E+03-.2826E+03                
 65    0    0    0    0    0    0 .0000E+00 .0000E+00-.2826E+03                

   0    0    0 .0000E+00-.1357E+03-.2826E+03                
  0    0    0 .0000E+00 .1357E+03-.3186E+03                

   0    0    0 .0000E+00 .0000E+00-.3186E+03                

E+03                

03                
03                

+03                
 75    0    0    0    0    0    0 .1218E+04-.1357E+03-.1900E+03                
 76    0    0    0    0    0    0 .1218E+04 .1357E+03-.2377E+03                

 .1218E+04 .0000E+00-.2377E+03                
.1218E+04-.1357E+03-.2377E+03                

.1800E+03-.3185E+03                
 95    1    1    1    1    1    1-.1210E+04 .1357E+03-.3185E+03                
 96    1    1    1    1    1    1-.1210E+04 .0000E+00-.3185E+03                
 97    1    1    1    1    1    1-.1210E+04-.1357E+03-.3185E+03                

         
        
        

         
          
          

  106    1    1    1    1    1    1-.2058E+04 .1000E+02-.2340E+02                
          
          

          
            
          

          
          

   55    0    0    0    0    0    0 .0000E+00 .1357E+03-.1000E+03             
-.1000E+03               56    0    0    0    0    0    0 .0000E+00 .0000E+00

 57    0    0    0    0    0    0 .0000E+00-.1357E+0  
   58    0    0    0    0    0    0 .0000E+00 .1357E+03-.2184E+03                
   59    0    0    0    0    0    0 .0000E+00 .0000E+00-.2184E+03                
   60    0    0    0    0    0    0 .0000E+00-.1357E+03-.2184E+03                
   61    0    0    0    0    0    0 .0000E+00 .1357E+03-.2666E+03                
   62    0    0    0    0    0    0 .0000E+00 .0000E+00-.2666E+03                
  
  
  
   66    0    0    0 
   67    0    0    0  

 68    0    0    0   
   69    0    0    0    0    0    0 .0000E+00-.1357E+03-.3186E+03                
   70    0    0    0    0    0    0 .1218E+04 .1357E+03-.1000
   71    0    0    0    0    0    0 .1218E+04 .0000E+00-.1000E+03                
   72    0    0    0    0    0    0 .1218E+04-.1357E+03-.1000E+
   73    0    0    0    0    0    0 .1218E+04 .1357E+03-.1900E+

 74    0    0    0    0    0    0 .1218E+04 .0000E+00-.1900E  
  
  
   77    0    0    0    0    0    0
   78    0    0    0    0    0    0 
   79    0    0    0    0    0    0 .1218E+04 .1357E+03-.2525E+03                
   80    0    0    0    0    0    0 .1218E+04 .0000E+00-.2525E+03                
   81    0    0    0    0    0    0 .1218E+04-.1357E+03-.2525E+03                
   82    0    0    0    0    0    0 .1218E+04 .1357E+03-.2885E+03               
   83    0    0    0    0    0    0 .1218E+04 .0000E+00-.2885E+03                
   84    0    0    0    0    0    0 .1218E+04-.1357E+03-.2885E+03                
   85    1    1    1    1    1    1-.2058E+04 .2000E+03 .0000E+00                
   86    1    1    1    1    1    1-.1219E+04 .2000E+03 .0000E+00                
   87    1    1    1    1    1    1-.7500E+00 .2000E+03 .0000E+00                
   88    1    1    1    1    1    1 .1217E+04 .2000E+03 .0000E+00                
   89    1    1    1    1    1    1 .1830E+04 .2000E+03 .0000E+00                
   90    1    1    1    1    1    1 .1830E+04-.2000E+03 .0000E+00                
   91    1    1    1    1    1    1-.1218E+04 .2000E+03 .0000E+00                
   92    1    1    1    1    1    1 .0000E+00 .2000E+03 .0000E+00                
   93    1    1    1    1    1    1 .1218E+04 .2000E+03 .0000E+00                
   94    1    1    1    1    1    1-.1218E+04 
  
  
  
   98    1    1    1    1    1    1 .0000E+00 .1800E+03-.3185E+03                
   99    1    1    1    1    1    1 .8000E+01 .1357E+03-.3185E+03       
  100    1    1    1    1    1    1 .8000E+01 .0000E+00-.3185E+03        
  101    1    1    1    1    1    1 .8000E+01-.1357E+03-.3185E+03        
  102    1    1    1    1    1    1 .1218E+04 .1800E+03-.2885E+03                
  103    1    1    1    1    1    1 .1224E+04 .1357E+03-.2885E+03       
  104    1    1    1    1    1    1 .1224E+04 .0000E+00-.2885E+03      
  105    1    1    1    1    1    1 .1224E+04-.1357E+03-.2885E+03      

  107    1    1    1    1    1    1-.2050E+04 .0000E+00-.2340E+02      
  108    1    1    1    1    1    1 .1830E+04 .1000E+02-.2340E+02      
  109    1    1    1    1    1    1 .1838E+04 .0000E+00-.2340E+02 
  110    0    0    0    0    0    0-.1218E+04 .1357E+03-.5200E+02 
  111    0    0    0    0    0    0-.1218E+04 .0000E+00-.5200E+02 
  112    0    0    0    0    0    0-.1218E+04-.1357E+03-.5200E+02 
  113    0    0    0    0    0    0 .0000E+00 .1357E+03-.5200E+02 
  114    0    0    0    0    0    0 .0000E+00 .0000E+00-.5200E+02 
  115    0    0    0    0    0    0 .0000E+00-.1357E+03-.5200E+02 
  116    0    0    0    0    0    0 .1218E+04 .1357E+03-.5200E+02 
  117    0    0    0    0    0    0 .1218E+04 .0000E+00-.5200E+02 
  118    0    0    0    0    0    0 .1218E+04-.1357E+03-.5200E+02      
    2   84    6    0    3   15                                         
    1 .1000E+07 .1800E+00 .0000E+00                                    
    2 .3604E+04 .1800E+00 .2240E-06 
    3 .3604E+06 .1800E+00 .2240E-06                                    
    1 .1018E+04 .8553E+03 .8553E+03 .1649E+06 .8245E+05 .8245E+05      
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    2 .7134E+04
  3 .1872E+0

 .7134E+04 .7134E+04 .1101E+06 .4257E+07 .1193E+09                
4 .1872E+04 .1872E+04 .1114E+08 .6161E+09 .4977E+09                

  4 .1872E+04 .1872E+04 .1872E+04 .1207E+08 .6532E+09 .5537E+09                
  5 .1872E+04 .1872E+04 .1872E+04 .1072E+08 .5868E+09 .4852E+09                
  6 .1018E+04 .1018E+04 .1018E+04 .1649E+06 .2000E+05 .2000E+05                               
0000E+00 .0000E+00 .0000E+00 .0000E+00                                         

 .0000E+00                                         
0 .0000E+00                                         

.1014E+00                                    
+01 .1000E+01-.7881E+01-.1024E+02-.1356E+01 

E+02 .9000E+02 .6000E+00 .1796E+02 .3870E-01                    
1014E+00                                    

1000E+01-.7880E+01-.1024E+02-.1360E+01 .1000E+01-.7880E+01-.1024E+02-.1360E+01 
5000E+02 .9000E+02 .8000E+00 .5000E+02 .9000E+02 .8000E+00 .1796E+02 .3870E-01                             
  3 .1111E+04 .1493E+05 .1258E+05 .1014E+00                                    

-.7880E+01-.1024E+02-.1360E+01 
.8000E+00 .1796E+02 .3870E-01                             

                               

 .8200E+00 .1796E+02 .3870E-01                             
                                

1000E+01-.8461E+01-.1335E+02-.3888E+01 .1000E+01-.8461E+01-.1335E+02-.3888E+01 
700E+00 .1796E+02 .3870E-01                             

                             
1000E+01-.8461E+01-.1335E+02-.3888E+01 .1000E+01-.8461E+01-.1335E+02-.3888E+01 

.1335E+02-.3888E+01 .1000E+01-.8461E+01-.1335E+02-.3888E+01 
7300E+00 .3626E-01 .2614E+00 .7300E+00 .1796E+02 .3870E-01                             

E+04 .9673E+04 .1600E+00                                    
1000E+01-.8461E+01-.1335E+02-.3888E+01 .1000E+01-.8461E+01-.1335E+02-.3888E+01 

 .3626E-01 .2614E+00 .8300E+00 .3626E-01 .2614E+00 .8300E+00 .1796E+02 .3870E-01                            

                          

 .3626E-01 .2614E+00 .8200E+00 .3626E-01 .2614E+00 .8200E+00 .1796E+02 .3870E-01                             
   11 .6107E+04 .1215E+05 .1215E+05 .1609E+00                                     

                          

                         

                          

                         

 .1000E+01-.6336E+01-.9664E+01-.2328E+01 .1000E+01-.6336E+01-.9664E+01-.2328E+01 
 .3626E-01 .2614E+00 .7900E+00 .3626E-01 .2614E+00 .7900E+00 .1796E+02 .3870E-01                             

   13   17   18   85    3    2    0    0    0    0000000000000            0      

  
  
  
  
 .
 .0000E+00 .0000E+00 .0000E+00

3864E+03 .0000E+00 .0000E+0-.
    1 .1111E+04 .1580E+05 .1327E+05 
 .1000E+01-.7881E+01-.1024E+02-.1356E
 .5000E+02 .9000E+02 .8000E+00 .5000
    2 .1111E+04 .1687E+05 .1426E+05 .
 .
 .
  
 .1000E+01-.7880E+01-.1024E+02-.1360E+01 .1000E+01
 .5000E+02 .9000E+02 .8000E+00 .5000E+02 .9000E+02 

  4 .6107E+04 .9673E+04 .9673E+04 .1600E+00       
 .1000E+01-.8461E+01-.1335E+02-.3888E+01 .1000E+01-.8461E+01-.1335E+02-.3888E+01 
 .3626E-01 .2614E+00 .8200E+00 .3626E-01 .2614E+00

  5 .6107E+04 .9673E+04 .9673E+04 .1600E+00      
 .
 .3626E-01 .2614E+00 .7700E+00 .3626E-01 .2614E+00 .7

1600E+00           6 .6107E+04 .9673E+04 .9673E+04 .
 .
 .3626E-01 .2614E+00 .7700E+00 .3626E-01 .2614E+00 .7700E+00 .1796E+02 .3870E-01                             
    7 .6107E+04 .9673E+04 .9673E+04 .1600E+00                                    
 .1000E+01-.8461E+01-
 .3626E-01 .2614E+00 .

  8 .6107E+04 .9673  
 .

    9 .6107E+04 .9673E+04 .9673E+04 .1600E+00                                    
 .1000E+01-.8461E+01-.1335E+02-.3888E+01 .1000E+01-.8461E+01-.1335E+02-.3888E+01 
 .3626E-01 .2614E+00 .7900E+00 .3626E-01 .2614E+00 .7900E+00 .1796E+02 .3870E-01   
   10 .6107E+04 .1215E+05 .1215E+05 .1609E+00                                    
 .1000E+01-.6336E+01-.9664E+01-.2328E+01 .1000E+01-.6336E+01-.9664E+01-.2328E+01 

 .1000E+01-.6336E+01-.9664E+01-.2328E+01 .1000E+01-.6336E+01-.9664E+01-.2328E+01 
 .3626E-01 .2614E+00 .7700E+00 .3626E-01 .2614E+00 .7700E+00 .1796E+02 .3870E-01   
   12 .6107E+04 .1215E+05 .1215E+05 .1609E+00                                    
 .1000E+01-.6336E+01-.9664E+01-.2328E+01 .1000E+01-.6336E+01-.9664E+01-.2328E+01 
 .3626E-01 .2614E+00 .7700E+00 .3626E-01 .2614E+00 .7700E+00 .1796E+02 .3870E-01    
   13 .6107E+04 .1215E+05 .1215E+05 .1609E+00                                    
 .1000E+01-.6336E+01-.9664E+01-.2328E+01 .1000E+01-.6336E+01-.9664E+01-.2328E+01 
 .3626E-01 .2614E+00 .7700E+00 .3626E-01 .2614E+00 .7700E+00 .1796E+02 .3870E-01   
   14 .6107E+04 .1215E+05 .1215E+05 .1609E+00                                    
 .1000E+01-.6336E+01-.9664E+01-.2328E+01 .1000E+01-.6336E+01-.9664E+01-.2328E+01 
 .3626E-01 .2614E+00 .8300E+00 .3626E-01 .2614E+00 .8300E+00 .1796E+02 .3870E-01    
   15 .6107E+04 .1215E+05 .1215E+05 .1609E+00                                    

    1    2    3   85    3    2    0    0    0    0000000000000            0      
    2    3    4   85    3    2    0    0    0    0000000000000            0      
    3    4    5   85    3    2    0    0    0    0000000000000            0      
    4    5    6   85    3    2    0    0    0    0000000000000            0        
    5    7    8   85    3    2    0    0    0    0000000000000            0      
    6    8    9   85    3    2    0    0    0    0000000000000            0      
    7    9   10   85    3    2    0    0    0    0000000000000            0      
    8   10   11   85    3    2    0    0    0    0000000000000            0      
    9   12   13   85    3    2    0    0    0    0000000000000            0      
   10   13   14   85    3    2    0    0    0    0000000000000            0      
   11   14   15   85    3    2    0    0    0    0000000000000            0      
   12   15   16   85    3    2    0    0    0    0000000000000            0      

   14   18   19   85    3    2    0    0    0    0000000000000            0      
   15   19   20   85    3    2    0    0    0    0000000000000            0      
   16   20   21   85    3    2    0    0    0    0000000000000            0      
   17   23   24    2    3    3    0    0    0    0000000000000            0      
   18   24   25    2    3    3    0    0    0    0000000000000            0      
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   19   25   26    2    3    3    0    0    0    0000000000000            0      
   20   26   27    2    3    3    0    0    0    0000000000000            0      
   21   28   29    2    3    4    0    0    0    0000000000000            0      
   22   29   30    2    3    4    0    0    0    0000000000000            0      
   23   30   31    2    3    4    0    0    0    0000000000000            0      
   24   31   32    2    3    4    0    0    0    0000000000000            0       
   25   33   34    2    3    5    0    0    0    0000000000000            0      
   26   34   35    2    3    5    0    0    0    0000000000000            0      
   27   35   36    2    3    5    0    0    0    0000000000000            0      

   41   25  111   30    1    1    0    0    0    0000000000000            0      
   42   26  112   31    1    1    0    0    0    0000000000000            0      

   49   46   49   29    2    6    0    0    0    0000000000000            0      

   

  63   26    2    6    0    0    0    0000000000000            7      
   61   61   64   24    2    6    0    0    0    0000000000000            0      

   73   76   79   29    2    6    0    0    0    0000000000000            0      
   74   77   80   30    2    6    0    0    0    0000000000000            0      

   83  117   71   30    2    6    0    0    0    0000000000000           14 

   28   36   37    2    3    5    0    0    0    0000000000000            0      
   29    1   38    3    1    1    0    0    0    0000000000000            0      
   30   49   52   55    1    1    0    0    0    0000000000000            0      
   31   50   53   56    1    1    0    0    0    0000000000000            0      
   32   51   54   57    1    1    0    0    0    0000000000000            0      
   33   64   67   69    1    1    0    0    0    0000000000000            0      
   34   65   68   71    1    1    0    0    0    0000000000000            0      
   35   66   69   72    1    1    0    0    0    0000000000000            0      
   36   79   82   67    1    1    0    0    0    0000000000000            0      
   37   80   83   65    1    1    0    0    0    0000000000000            0      
   38   81   84   66    1    1    0    0    0    0000000000000            0      
   39   22   39   35    1    1    0    0    0    0000000000000            0      
   40   24  110   55    1    1    0    0    0    0000000000000            0      

   43   40   43   29    2    6    0    0    0    0000000000000            0      
   44   41   44   30    2    6    0    0    0    0000000000000            0      
   45   42   45   31    2    6    0    0    0    0000000000000            0      
   46   43   46   29    2    6    0    0    0    0000000000000            5      
   47   44   47   30    2    6    0    0    0    0000000000000            4      
   48   45   48   31    2    6    0    0    0    0000000000000            5      

   50   47   50   30    2    6    0    0    0    0000000000000            0      
   51   48   51   31    2    6    0    0    0    0000000000000            0      
   52   29  113   24    1    1    0    0    0    0000000000000            0      
   53   30  114   25    1    1    0    0    0    0000000000000            0      
   54   31  115   26    1    1    0    0    0    0000000000000            0      
   55   55   58   40    2    6    0    0    0    0000000000000            0      
   56   56   59   41    2    6    0    0    0    0000000000000            0        
   57   57   60   42    2    6    0    0    0    0000000000000            0      
   58   58   61   40    2    6    0    0    0    0000000000000            7      
   59   59   62   25    2    6    0    0    0    0000000000000            6      
   60   60 

   62   62   65   25    2    6    0    0    0    0000000000000            0      
   63   63   66   26    2    6    0    0    0    0000000000000            0      
   64   34  116   29    1    1    0    0    0    0000000000000            0      
   65   35  117   30    1    1    0    0    0    0000000000000            0      
   66   36  118   31    1    1    0    0    0    0000000000000            0      
   67   70   73   29    2    6    0    0    0    0000000000000            0      
   68   71   74   30    2    6    0    0    0    0000000000000            0     
   69   72   75   31    2    6    0    0    0    0000000000000            0      
   70   73   76   29    2    6    0    0    0    0000000000000            9      
   71   74   77   30    2    6    0    0    0    0000000000000            8      
   72   75   78   31    2    6    0    0    0    0000000000000            9      

   75   78   81   31    2    6    0    0    0    0000000000000            0 
   76  110   40   55    2    6    0    0    0    0000000000000           11 
   77  111   41   30    2    6    0    0    0    0000000000000           10 
   78  112   42   31    2    6    0    0    0    0000000000000           11 
   79  113   55   24    2    6    0    0    0    0000000000000           13 
   80  114   56   25    2    6    0    0    0    0000000000000           12 
   81  115   57   26    2    6    0    0    0    0000000000000           13 
   82  116   70   29    2    6    0    0    0    0000000000000           15 

   84  118   72   31    2    6    0    0    0    0000000000000           15     
    4   11    5    0                                                             
    1 .8364E+03 .1111E+03 .2532E+05 .1000E+08 .1000E+08 .1748E+07                
    2 .7120E+04 .7120E+04 .3047E+05 .5746E+06 .9320E+06 .1286E+06                 
    3 .7474E+04 .7474E+04 .3184E+05 .7278E+06 .1015E+07 .1405E+06                
    4 .6736E+04 .6736E+04 .2896E+05 .4409E+06 .8588E+06 .1171E+06                
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    5 .8364E+03 .1111E+03 .2532E+05 .1000E+08 .1000E+08 .1748E+07                
    1   38  107  106    1    0                                                   
    2   52   95   94    2    0                                                   
    3   53   96   94    2    0                                                   
    4   54   97   94    2    0                                                   
    5   67   99   98    3    0                                                   

    2 .1236E+03 .1236E+03 .1000E+08 .1236E+03 .1000E+08 .1000E+08                
    1 .2000E-01 .1000E+01 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .1000E+01    0 
 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00                     

    4   11   30   87   35    545535   -1    2    1 .3240E+03 .0000E+00 .2000E+08 
    5   30   12   92   35    545535    1    2    1 .3240E+03 .0000E+00 .2000E+08 
    6   16   35   88   22    545535   -1    2    1 .3240E+03 .0000E+00 .2000E+08 

 .1000E+01 .0000E+00 .0000E+00 .0000E+00                                         
 .1000E-01    0                                                                  

    4 

   31    1    2    3    4    5    6 

                        

                         

   65    1    2    3    4    5    6 

                         

                         
                          

  111    1    2    3    4    5    6 

                         

                         
                          

    6   68  100   98    3    0                                                   
    7   69  101   98    3    0                                                   
    8   82  103  102    4    0                                                   
    9   83  104  102    4    0                                                   
   10   84  105  102    4    0                                                   
   11   39  109  108    5    0                                               
    5   11    2    3                                                             
    1 .1000E+01 .1000E+01 .1000E+01 .1000E+01 .1000E+01 .1000E+01                

    2 .0000E+00 .1000E+01 .1500E+01 .0000E+00 .0000E+00 .0000E+00 .2210E+05    0 
 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 
    3 .2000E-01 .1000E+01 .1500E+01 .0000E+00 .0000E+00 .0000E+00 .2210E+05    0 
 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00                      
    1    1    2   85   25    545535    1    2    3 .3240E+03 .0000E+00 .2000E+08 
    2    6   25   86   30    545535   -1    2    1 .3240E+03 .0000E+00 .2000E+08 
    3   25    7   91   30    545535    1    2    1 .3240E+03 .0000E+00 .2000E+08 

    7   35   17   93   22    545535    1    2    1 .3240E+03 .0000E+00 .2000E+08 
    8   22   21   90   35    545535    1    2    3 .3240E+03 .0000E+00 .2000E+08 
    9    6    7   86   30    545535    1    1    2 .3240E+03 .0000E+00 .1000E+01 
   10   11   12   87   35    545535    1    1    2 .3240E+03 .0000E+00 .1000E+01 
   11   16   17   88   22    545535    1    1    2 .3240E+03 .0000E+00 .1000E+01 
                                                                                 
                                                                                 

   20 .5000E-01                                                                  
  200    1 .1000E-01 .5000E-02                                                   
    1    2    3 .5000E+00 .5000E+00 .5000E+00                                    
                                                                                 

    1    1    2    3    4    5    6 
    2    1    2    3    4    5    6 
   21    1    2    3    4    5    6 
   22    1    2    3    4    5    6 
   28    1    2    3    4    5    6 
   29    1    2    3    4    5    6 
   30    1    2    3    4    5    6 

   32    1    2    3    4    5    6 
   52    1    2    3    4    5    6                                                 
   53    1    2    3    4    5    6 
   54    1    2    3    4    5    6 
   56    1    2    3    4    5    6 
   59    1    2    3    4    5    6                                                 
   62    1    2    3    4    5    6 

   67    1    2    3    4    5    6                                                                          
   68    1    2    3    4    5    6 
   69    1    2    3    4    5    6                                                                         
   82    1    2    3    4    5    6                                                 
   83    1    2    3    4    5    6 
   84    1    2    3    4    5    6                                                
  110    1    2    3    4    5    6                                                

  112    1    2    3    4    5    6                                                                         
  113    1    2    3    4    5    6                                                 
  114    1    2    3    4    5    6 
  115    1    2    3    4    5    6                                                
  116    1    2    3    4    5    6                                                
  117    1    2    3    4    5    6 

 216



  118    1    2    3    4    5    6                                                
           

                         

                         

   1    2    3    4    5    6    7    8    9   10   11   12 
    2   71    1    2    3    4    5    6    7    8    9   10   11   12 

    2   78    1    2    3    4    5    6    7    8    9   10   11   12 

T” 

                                 

 11    0    0    0    0    0    0 .4428E+04 .0000E+00 .1694E+03 

                                                                      
    4 
    2   46    1    2    3    4    5    6    7    8    9   10   11   12 
    2   47    1    2    3    4    5    6    7    8    9   10   11   12 
    2   48    1    2    3    4    5    6    7    8    9   10   11   12 
    2   58    1    2    3    4    5    6    7    8    9   10   11   12              
    2   59    1    2    3    4    5    6    7    8    9   10   11   12 
    2   60    1    2    3    4    5    6    7    8    9   10   11   12 
    2   70 

    2   72    1    2    3    4    5    6    7    8    9   10   11   12 
    2   76    1    2    3    4    5    6    7    8    9   10   11   12 
    2   77    1    2    3    4    5    6    7    8    9   10   11   12 

    2   79    1    2    3    4    5    6    7    8    9   10   11   12 
    2   80    1    2    3    4    5    6    7    8    9   10   11   12 
    2   81    1    2    3    4    5    6    7    8    9   10   11   12 
    2   82    1    2    3    4    5    6    7    8    9   10   11   12 
    2   83    1    2    3    4    5    6    7    8    9   10   11   12 
    2   84    1    2    3    4    5    6    7    8    9   10   11   12 
    4    1    1    2    3    4    5    6    7    8    9   10   11   12 
    4   11    1    2    3    4    5    6    7    8    9   10   11   12 
    5    1    1    2    3    4    5    6    7    8    9   10   11   12 
    5    2    1    2    3    4    5    6    7    8    9   10   11   12 
    5    3    1    2    3    4    5    6    7    8    9   10   11   12 
    5    4    1    2    3    4    5    6    7    8    9   10   11   12 
    5    5    1    2    3    4    5    6    7    8    9   10   11   12 
    5    6    1    2    3    4    5    6    7    8    9   10   11   12 
    5    7    1    2    3    4    5    6    7    8    9   10   11   12     
    5    8    1    2    3    4    5    6    7    8    9   10   11   12 
    5    9    1    2    3    4    5    6    7    8    9   10   11   12 
    5   10    1    2    3    4    5    6    7    8    9   10   11   12 
    5   11    1    2    3    4    5    6    7    8    9   10   11   12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bridge 5/826 Structural Model and Analysis Control Input File, “INPU

 

SpineBridge2                            
   92    3   82    3    2 9205   20 .5692E+00 .4392E-02 
    1    0    0    0    0    0    0 .0000E+00 .0000E+00 .0000E+00 
    2    0    0    0    0    0    0 .3420E+03 .0000E+00 .1638E+02 
    3    0    0    0    0    0    0 .6840E+03 .0000E+00 .3276E+02 
   4    0    0    0    0    0    0 .1168E+04 .0000E+00 .5464E+02  

    5    0    0    0    0    0    0 .1652E+04 .0000E+00 .7652E+02 
    6    0    0    0    0    0    0 .2136E+04 .0000E+00 .9840E+02 
   7    0    0    0    0    0    0 .2620E+04 .0000E+00 .1150E+03  

    8    0    0    0    0    0    0 .3104E+04 .0000E+00 .1316E+03 
    9    0    0    0    0    0    0 .3588E+04 .0000E+00 .1482E+03 
   10    0    0    0    0    0    0 .4008E+04 .0000E+00 .1588E+03 
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   12    0    0    0    0    0    0 .5058E+03 .2201E+03 .3276E+02 
   13    0    0    0    0    0    0 .5368E+03 .1818E+03 .3276E+02 

 14    1    1    1    1    1    1 .6840E+03 .0000E+00 .3276E+02   
   15    0    0    0    0    0    0 .8312E+03-.1818E+03 .3276E+02 
   16    0    0    0    0    0    0 .8622E+03-.2201E+03 .3276E+02 

 17    0    0    0    0    0    0 .1958E+04 .2201E+03 .9840E+02   
   18    0    0    0    0    0    0 .1989E+04 .1818E+03 .9840E+02 
   19    1    1    1    1    1    1 .2136E+04 .0000E+00 .9840E+02 
   20    0    0    0    0    0    0 .2283E+04-.1818E+03 .9840E+02 
   21    0    0    0    0    0    0 .2314E+04-.2201E+03 .9840E+02 
   22    0    0    0    0    0    0 .3410E+04 .2201E+03 .1482E+03 

   29    0    0    0    0    0    0 .5368E+03 .1818E+03-.2270E+03 

   51    0    0    0    0    0    0 .2136E+04 .0000E+00-.2604E+03 

   23    0    0    0    0    0    0 .3441E+04 .1818E+03 .1482E+03 
   24    1    1    1    1    1    1 .3588E+04 .0000E+00 .1482E+03 
   25    0    0    0    0    0    0 .3735E+04-.1818E+03 .1482E+03 
   26    0    0    0    0    0    0 .3766E+04-.2201E+03 .1482E+03 
   27    0    0    0    0    0    0 .5368E+03 .1818E+03-.7990E+01 
   28    0    0    0    0    0    0 .5368E+03 .1818E+03-.5809E+02 

   30    0    0    0    0    0    0 .5368E+03 .1818E+03-.2799E+03 
   31    0    0    0    0    0    0 .5368E+03 .1818E+03-.2899E+03 

 32    0    0    0    0    0    0 .6840E+03 .0000E+00-.7990E+01   
   33    0    0    0    0    0    0 .6840E+03 .0000E+00-.5809E+02 
   34    0    0    0    0    0    0 .6840E+03 .0000E+00-.2270E+03 

 35    0    0    0    0    0    0 .6840E+03 .0000E+00-.2799E+03   
   36    0    0    0    0    0    0 .6840E+03 .0000E+00-.2899E+03 
   37    0    0    0    0    0    0 .8312E+03-.1818E+03-.7990E+01 
   38    0    0    0    0    0    0 .8312E+03-.1818E+03-.5809E+02 
   39    0    0    0    0    0    0 .8312E+03-.1818E+03-.2270E+03 
   40    0    0    0    0    0    0 .8312E+03-.1818E+03-.2799E+03 
   41    0    0    0    0    0    0 .8312E+03-.1818E+03-.2899E+03 
   42    0    0    0    0    0    0 .1989E+04 .1818E+03 .5765E+02 
   43    0    0    0    0    0    0 .1989E+04 .1818E+03 .7550E+01 
   44    0    0    0    0    0    0 .1989E+04 .1818E+03-.1974E+03 
   45    0    0    0    0    0    0 .1989E+04 .1818E+03-.2503E+03 
   46    0    0    0    0    0    0 .1989E+04 .1818E+03-.2604E+03 

 47    0    0    0    0    0    0 .2136E+04 .0000E+00 .5765E+02   
   48    0    0    0    0    0    0 .2136E+04 .0000E+00 .7550E+01 
   49    0    0    0    0    0    0 .2136E+04 .0000E+00-.1974E+03 

 50    0    0    0    0    0    0 .2136E+04 .0000E+00-.2503E+03   

   52    0    0    0    0    0    0 .2283E+04-.1818E+03 .5765E+02 
   53    0    0    0    0    0    0 .2283E+04-.1818E+03 .7550E+01 
   54    0    0    0    0    0    0 .2283E+04-.1818E+03-.1974E+03 
   55    0    0    0    0    0    0 .2283E+04-.1818E+03-.2503E+03 
   56    0    0    0    0    0    0 .2283E+04-.1818E+03-.2604E+03 
   57    0    0    0    0    0    0 .3441E+04 .1818E+03 .1075E+03 
   58    0    0    0    0    0    0 .3441E+04 .1818E+03 .5735E+02 
   59    0    0    0    0    0    0 .3441E+04 .1818E+03-.1236E+03 
   60    0    0    0    0    0    0 .3441E+04 .1818E+03-.1765E+03 
   61    0    0    0    0    0    0 .3441E+04 .1818E+03-.1866E+03 
   62    0    0    0    0    0    0 .3588E+04 .0000E+00 .1075E+03 
   63    0    0    0    0    0    0 .3588E+04 .0000E+00 .5735E+02 
   64    0    0    0    0    0    0 .3588E+04 .0000E+00-.1236E+03 

 65    0    0    0    0    0    0 .3588E+04 .0000E+00-.1765E+03   
   66    0    0    0    0    0    0 .3588E+04 .0000E+00-.1866E+03 
   67    0    0    0    0    0    0 .3735E+04-.1818E+03 .1075E+03 
   68    0    0    0    0    0    0 .3735E+04-.1818E+03 .5735E+02 
   69    0    0    0    0    0    0 .3735E+04-.1818E+03-.1236E+03 
   70    0    0    0    0    0    0 .3735E+04-.1818E+03-.1765E+03 
   71    0    0    0    0    0    0 .3735E+04-.1818E+03-.1866E+03 
   72    1    1    1    1    1    1-.1944E+03 .2401E+03 .0000E+00 
   73    1    1    1    1    1    1 .3635E+04 .2401E+03 .1588E+03 
   74    0    0    0    0    0    0-.5000E+01 .0000E+00 .0000E+00 
   75    0    0    0    0    0    0-.5000E+01 .0000E+00-.2000E+02 
   76    0    0    0    0    0    0 .4433E+04 .0000E+00 .1694E+03 
   77    0    0    0    0    0    0 .4433E+04 .0000E+00 .1494E+03 
   78    1    1    1    1    1    1 .5318E+03 .1818E+03-.2899E+03 
   79    1    1    1    1    1    1 .6790E+03 .0000E+00-.2899E+03 

 80    1    1    1    1    1    1 .8262E+03-.1818E+03-.2899E+03   
   81    1    1    1    1    1    1-.1472E+03 .1818E+03 .0000E+00 
   82    1    1    1    1    1    1 .2131E+04 .0000E+00-.2604E+03 
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   83    1    1    1    1    1    1 .2278E+04-.1818E+03-.2604E+03 
   84    1    1    1    1    1    1 .3436E+04 .1818E+03-.1866E+03 
   85    1    1    1    1    1    1 .3583E+04 .0000E+00-.1866E+03 
   86    1    1    1    1    1    1 .3730E+04-.1818E+03-.1866E+03 
   87    1    1    1    1    1    1-.1000E+02 .0000E+04-.2000E+02 
   88    1    1    1    1    1    1 .4438E+04 .0000E+00 .1494E+03 

 89    1    1    1    1    1    1-.5000E+01-.5000E+01-.2000E+02   
   90    1    1    1    1    1    1 .4433E+04-.5000E+01 .1494E+03 
   91    1    1    1    1    1    1 .1984E+04 .1818E+03-.2604E+03 
   92    1    1    1    1    1    1 .4281E+04 .1818E+03 .1694E+03 
    2   69    4    0    3   12 
    1 .1000E+08 .1800E+00 .0000E+00 
    2 .3604E+06 .1800E+00 .2240E-06 
    3 .3604E+04 .1800E+00 .2240E-06 
    1 .1440E+05 .1440E+05 .1440E+05 .1000E+09 .1000E+09 .1000E+09 
    2 .8423E+04 .8423E+04 .8423E+04 .1000E+09 .1000E+09 .1000E+09 
    3 .3984E+04 .3984E+04 .3984E+04 .1530E+07 .4122E+06 .3334E+06 
    4 .1018E+04 .1018E+04 .1018E+04 .1649E+06 .2000E+05 .2000E+05  
 .0000E+00 .0000E+00 .0000E+00 
 .0000E+00 .0000E+00 .0000E+00 
-.3864E+03 .0000E+00 .0000E+00 

  1 .6107E+04 .1590E+05 .1590E+05 .2218E+00   
 .1000E+01-.3568E+01-.4298E+01 .2693E+00 .1000E+01-.3568E+01-.4298E+01 .2693E+00 
 .3626E-01 .2614E+00 .7600E+00 .3626E-01 .2614E+00 .7600E+00 .2044E+02 .3870E-01 

 .1000E+01-.3568E+01-.4298E+01 .2693E+00 .1000E+01-.3568E+01-.4298E+01 .2693E+00 

  1    1    2   72    2    2    0    0    0    0000000000000            0     

    2 .6107E+04 .1590E+05 .1590E+05 .2218E+00 
 .1000E+01-.3568E+01-.4298E+01 .2693E+00 .1000E+01-.3568E+01-.4298E+01 .2693E+00 
 .3626E-01 .2614E+00 .7900E+00 .3626E-01 .2614E+00 .7900E+00 .2044E+02 .3870E-01 
    3 .6107E+04 .1590E+05 .1590E+05 .2218E+00 
 .1000E+01-.3568E+01-.4298E+01 .2693E+00 .1000E+01-.3568E+01-.4298E+01 .2693E+00 
 .3626E-01 .2614E+00 .7100E+00 .3626E-01 .2614E+00 .7100E+00 .2044E+02 .3870E-01 
    4 .6107E+04 .1590E+05 .1590E+05 .2218E+00 
 .1000E+01-.3568E+01-.4298E+01 .2693E+00 .1000E+01-.3568E+01-.4298E+01 .2693E+00 
 .3626E-01 .2614E+00 .7400E+00 .3626E-01 .2614E+00 .7400E+00 .2044E+02 .3870E-01 
    5 .6107E+04 .1590E+05 .1590E+05 .2218E+00 
 .1000E+01-.3568E+01-.4298E+01 .2693E+00 .1000E+01-.3568E+01-.4298E+01 .2693E+00 
 .3626E-01 .2614E+00 .7500E+00 .3626E-01 .2614E+00 .7500E+00 .2044E+02 .3870E-01 

  6 .6107E+04 .1590E+05 .1590E+05 .2218E+00   

 .3626E-01 .2614E+00 .7800E+00 .3626E-01 .2614E+00 .7800E+00 .2044E+02 .3870E-01 
  7 .6107E+04 .1411E+05 .1411E+05 .1895E+00   

 .1000E+01-.4248E+01-.5404E+01-.1561E+00 .1000E+01-.4248E+01-.5404E+01-.1561E+00 
 .3626E-01 .2614E+00 .7600E+00 .3626E-01 .2614E+00 .7600E+00 .2044E+02 .3870E-01 
    8 .6107E+04 .1411E+05 .1411E+05 .1895E+00 
 .1000E+01-.4248E+01-.5404E+01-.1561E+00 .1000E+01-.4248E+01-.5404E+01-.1561E+00 
 .3626E-01 .2614E+00 .7900E+00 .3626E-01 .2614E+00 .7900E+00 .2044E+02 .3870E-01 
    9 .6107E+04 .1411E+05 .1411E+05 .1895E+00 
 .1000E+01-.4248E+01-.5404E+01-.1561E+00 .1000E+01-.4248E+01-.5404E+01-.1561E+00 
 .3626E-01 .2614E+00 .7100E+00 .3626E-01 .2614E+00 .7100E+00 .2044E+02 .3870E-01 
   10 .6107E+04 .1411E+05 .1411E+05 .1895E+00 
 .1000E+01-.4248E+01-.5404E+01-.1561E+00 .1000E+01-.4248E+01-.5404E+01-.1561E+00 
 .3626E-01 .2614E+00 .7400E+00 .3626E-01 .2614E+00 .7400E+00 .2044E+02 .3870E-01 
   11 .6107E+04 .1411E+05 .1411E+05 .1895E+00 
 .1000E+01-.4248E+01-.5404E+01-.1561E+00 .1000E+01-.4248E+01-.5404E+01-.1561E+00 
 .3626E-01 .2614E+00 .7400E+00 .3626E-01 .2614E+00 .7400E+00 .2044E+02 .3870E-01 

 12 .6107E+04 .1411E+05 .1411E+05 .1895E+00   
 .1000E+01-.4248E+01-.5404E+01-.1561E+00 .1000E+01-.4248E+01-.5404E+01-.1561E+00 
 .3626E-01 .2614E+00 .7800E+00 .3626E-01 .2614E+00 .7800E+00 .2044E+02 .3870E-01 
  
    2    2    3   72    2    2    0    0    0    0000000000000            0  
    3    3    4   12    2    2    0    0    0    0000000000000            0 
    4    4    5   12    2    2    0    0    0    0000000000000            0 
    5    5    6   17    2    2    0    0    0    0000000000000            0 
    6    6    7   17    2    2    0    0    0    0000000000000            0 
    7    7    8   17    2    2    0    0    0    0000000000000            0 
    8    8    9   22    2    2    0    0    0    0000000000000            0 
    9    9   10   22    2    2    0    0    0    0000000000000            0 

 10   10   11   22    2    2    0    0    0    0000000000000            0   
   11   12   13    1    2    3    0    0    0    0000000000000            0 
   12   13    3    1    2    3    0    0    0    0000000000000            0 

 13    3   15    1    2    3    0    0    0    0000000000000            0   
   14   15   16    1    2    3    0    0    0    0000000000000            0 
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   15   17   18   42    2    3    0    0    0    0000000000000            0 
   16   18    6   42    2    3    0    0    0    0000000000000            0 
   17    6   20   42    2    3    0    0    0    0000000000000            0 
   18   20   21   42    2    3    0    0    0    0000000000000            0 

 19   22   23    8    2    3    0    0    0    0000000000000            0   
   20   23    9    8    2    3    0    0    0    0000000000000            0 
   21    9   25    8    2    3    0    0    0    0000000000000            0 
   22   25   26    8    2    3    0    0    0    0000000000000            0 

   34   37   38   55    3    4    0    0    0    0000000000000            2 

   38   18   42   30    1    4    0    0    0    0000000000000            0 

   52   55   56   40    3    4    0    0    0    0000000000000            0 

 55   58   59   45    3    4    0    0    0    0000000000000            0 

   68   76   77   10    1    2    0    0    0    0000000000000            0 

   23   13   27   42    1    4    0    0    0    0000000000000            0       
   24   27   28   42    3    4    0    0    0    0000000000000            2 
   25   28   29   42    3    4    0    0    0    0000000000000            0 
   26   29   30   42    3    4    0    0    0    0000000000000            8 
   27   30   31   42    3    4    0    0    0    0000000000000            0 
   28    3   32   50    1    4    0    0    0    0000000000000            0 
   29   32   33   50    3    4    0    0    0    0000000000000            1 
   30   33   34   50    3    4    0    0    0    0000000000000            0 
   31   34   35   50    3    4    0    0    0    0000000000000            7 
   32   35   36   50    3    4    0    0    0    0000000000000            0 
   33   15   37   55    1    4    0    0    0    0000000000000            0 

   35   38   39   55    3    4    0    0    0    0000000000000            0  
   36   39   40   55    3    4    0    0    0    0000000000000            8 

 37   40   41   55    3    4    0    0    0    0000000000000            0   

   39   42   43   30    3    4    0    0    0    0000000000000            4 
   40   43   44   30    3    4    0    0    0    0000000000000            0 
   41   44   45   30    3    4    0    0    0    0000000000000           10 
   42   45   46   30    3    4    0    0    0    0000000000000            0 
   43    6   47   35    1    4    0    0    0    0000000000000            0 
   44   47   48   35    3    4    0    0    0    0000000000000            3 
   45   48   49   35    3    4    0    0    0    0000000000000            0 
   46   49   50   35    3    4    0    0    0    0000000000000            9 
   47   50   51   35    3    4    0    0    0    0000000000000            0 
   48   20   52   40    1    4    0    0    0    0000000000000            0 
   49   52   53   40    3    4    0    0    0    0000000000000            4 
   50   53   54   40    3    4    0    0    0    0000000000000            0 
   51   54   55   40    3    4    0    0    0    0000000000000           10 

   53   23   57   45    1    4    0    0    0    0000000000000            0 
   54   57   58   45    3    4    0    0    0    0000000000000            6 
  
   56   59   60   45    3    4    0    0    0    0000000000000           12 
   57   60   61   45    3    4    0    0    0    0000000000000            0 
   58    9   62   50    1    4    0    0    0    0000000000000            0 
   59   62   63   50    3    4    0    0    0    0000000000000            4 
   60   63   64   50    3    4    0    0    0    0000000000000            0 
   61   64   65   50    3    4    0    0    0    0000000000000           11 
   62   65   66   50    3    4    0    0    0    0000000000000            0 
   63   25   67   55    1    4    0    0    0    0000000000000            0 
   64   67   68   55    3    4    0    0    0    0000000000000            6 
   65   68   69   55    3    4    0    0    0    0000000000000            0 
   66   69   70   55    3    4    0    0    0    0000000000000           12 

 67   70   71   55    3    4    0    0    0    0000000000000            0   

   69   74   75   14    1    2    0    0    0    0000000000000            0 
  4   11    5    0   

    1 .1049E+04 .1049E+04 .5280E+04 .1000E+08 .1000E+08 .1000E+09  
    2 .1442E+04 .1442E+04 .2639E+04 .3440E+07 .4444E+07 .1000E+09 
    3 .1690E+04 .1690E+04 .3016E+04 .5734E+07 .5734E+07 .1000E+09 
    4 .1129E+04 .1129E+04 .2639E+04 .3440E+07 .4444E+07 .1000E+09 
    5 .1172E+04 .1172E+04 .5808E+04 .1000E+08 .1000E+08 .1000E+09                
    1   75   87   89    1    0 
    2   77   88   90    5    0 
    3   31   78   36    2    0 
    4   36   79   41    2    0 
    5   41   80   36    2    0 
    6   46   91   51    3    0 
    7   51   82   56    3    0 
    8   56   83   51    3    0 
    9   61   84   66    4    0 

 10   66   85   71    4    0   
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   11   71   86   66    4    0 
    5    2    1    1 
    1 .1236E+03 .1236E+03 .1000E+08 .1236E+03 .1000E+08 .1000E+08 
    1 .2000E-01 .1000E+01 .1500E+01 .0000E+00 .0000E+00 .0000E+00 .2210E+05    0 
 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00               

  1    1   74   81    3    545545   -1    1    1 .4402E+03 .0000E+00 .2000E+08   
    2   11   76   92   10    545545   -1    1    1 .4402E+03 .0000E+00 .2000E+08 
     
     
 .1000E+01 .0000E+00 .0000E+00 .0000E+00 
 .1000E-01    0 
   20 .7000E-01 
  200    1 .5000E-01 .2500E-01 
    1    2    3 .1000E+01 .1000E+01 .1000E+01 
     
    4 
    1    1    2    3    4    5    6 
   11    1    2    3    4    5    6 
   27    1    2    3    4    5    6 
   31    1    2    3    4    5    6 

 32    1    2    3    4    5    6   
   36    1    2    3    4    5    6 
   37    1    2    3    4    5    6 

 41    1    2    3    4    5    6   
   42    1    2    3    4    5    6 
   46    1    2    3    4    5    6 
   47    1    2    3    4    5    6 
   51    1    2    3    4    5    6 
   52    1    2    3    4    5    6 

 5    6    56    1    2    3    4   
   57    1    2    3    4    5    6 
   61    1    2    3    4    5    6 

    
    4 

   7    8    9   10   11   12 
  7    8    9   10   11   12 

 

   62    1    2    3    4    5    6 
   66    1    2    3    4    5    6 
   67    1    2    3    4    5    6 
   71    1    2    3    4    5    6 
   74    1    2    3    4    5    6 
   76    1    2    3    4    5    6 

    2   24    1    2    3    4    5    6    7    8    9   10   11   12 
    2   26    1    2    3    4    5    6    7    8    9   10   11   12 
    2   29    1    2    3    4    5    6    7    8    9   10   11   12 
    2   31    1    2    3    4    5    6    7    8    9   10   11   12 
    2   34    1    2    3    4    5    6    7    8    9   10   11   12 
    2   36    1    2    3    4    5    6    7    8    9   10   11   12 
    2   39    1    2    3    4    5    6    7    8    9   10   11   12 

4    5    6    7    8    9   10   11   12     2   41    1    2    3    
    2   44    1    2    3    4    5    6 
    2   46    1    2    3    4    5    6  
    2   49    1    2    3    4    5    6    7    8    9   10   11   12 
    2   51    1    2    3    4    5    6    7    8    9   10   11   12 
    2   54    1    2    3    4    5    6    7    8    9   10   11   12 
    2   56    1    2    3    4    5    6    7    8    9   10   11   12 
    2   59    1    2    3    4    5    6    7    8    9   10   11   12 

  2   61    1    2    3    4    5    6    7    8    9   10   11   12   
    2   64    1    2    3    4    5    6    7    8    9   10   11   12 
    2   66    1    2    3    4    5    6    7    8    9   10   11   12 
    4    1    1    2    3    4    5    6    7    8    9   10   11   12 
    4    2    1    2    3    4    5    6    7    8    9   10   11   12 
    5    1    1    2    3    4    5    6    7    8    9   10   11   12 
    5    2    1    2    3    4    5    6    7    8    9   10   11   12 
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Applied Seismic Excitation File, “RECORD” 

 

tory 

.005837 -.001819  .003384  .006731 
004188  .005538  .007639  .008326 

.005725  .000309 -.005087 -.007682 -.007088 -.005406 -.004966 -.006097 
1406  .000066 -.001667 -.002383 
770 -.004991 -.003951 -.002197 

.009443 -.006851 -.003696 -.001347 
000030 -.006118 -.010971 -.012778 

.007611 -.004496 -.002100 -.001970 
019246  .018331  .012367  .007140 

.002171  .006083  .014614  .022454 
018844  .016041  .013909  .014316 

.016593  .017764  .015826  .011773  .008004  .005345  .002653 -.000958 

.016093 -.016735 -.013491 -.006570  .000941  .004994  .004063  .000451 

.002040 -.001844 -.000778 -.001651 -.004958 -.008329 -.009091 -.007219 

.005455 -.006604 -.010654 -.014738 -.015765 -.013090 -.008573 -.004548 
09120 -.008232 -.006433 
1405  .005149  .005297 

.010869  .003219 -.003281 -.003339 
012138  .005327 -.000241 -.004477 

 -.007422 -.004468  .000858 
-.012510 -.010927 -.006835 

 -.010998 -.004413 -.000537 
1595 -.004557 -.005768 
196 -.006172 -.006287 

.005886 -.004045 -.001470 -.000158 -.000496  .000276  .005520  .014733 

4127  .007201  .010516 
9012  .001521 
315 -.004799 

94 -.004384 -.000014  .005152 
.008973  .009344  .005212 -.002142 -.008688 -.009978 -.005058  .001878 
.004905  .001958 -.003166 -.004877 -.001443  .003726  .006154  .004589 

15013 -.012950 -.010054 
3249 -.009914 -.008595 

636  .001572 
455  .014772 

.009168  .008250  .011301  .014358  .014178  .010903  .007308  .005982 
  .007460  .010319  .012470  .012449  .010458  .008537  .009294  .013424 

.005128 -.013355 -.018672 -.016603 -.008143  .001394  .006708  .005541 
12356 -.006574 -.005147 -.009032 

573 -.007139 -.008526 -.008764 
64 -.008269 -.006257 -.002250 

065 -.007371  .001323  .008557 
82  .004584  .002872 -.001028 

 -.003973 -.004793 -.004373 -.003482 -.001708  .001168  .003897  .004706 

.018124  .018908  .017638  .016193  .016051  .017314  .018931  .019784 
565  .009475  .007164  .004938 
492 -.001397 -.006681 -.012642 

.015196 -.014855 -.015538 -.018808 -.021332 -.019367 -.014182 -.010975 

.017035 -.013866 -.011942 -.010477 -.007734 -.004477 -.003330 -.004998 

* This is only the first 20 Seconds of the E-W Time His

 

Peru EW                                                  
 9200  386.4000     .0100     .0000 
 -.010120 -.005035  .000818  .003828  .002401 -.001776 -.005401 -.006466 
 -.005354 -.003804 -.003465 -.005294 -.008987 -.012532 -.013099 -.009684 
 -.004743 -.002261 -.003630 -.006124 -
  .007421  .006536  .005276  .004274  .
  
 -.006959 -.005674 -.002422  .000601  .00
-.002173 -.002040 -.002610 -.003733 -.004 

 -.001380 -.002994 -.006514 -.009411 -
  .000699  .003178  .005132  .004375  .
 -.012196 -.011090 -.010447 -.009658 -
 -.003012 -.001714  .004399  .013267  .
  .006255  .007690  .007136  .003894  
  .025530  .024426  .022312  .020741  .
  
 -.004465 -.006145 -.005749 -.004873 -.005195 -.007111 -.010029 -.013310 
 -
 -
 -
 -.002104 -.001334 -.002254 -.004748 -.007668 -.0
 -.006114 -.007937 -.009782 -.008806 -.004319  .00
  .002802  .000106 -.000606  .001284  .004644  .007409  .008170  .007410 
  .007274  .009457  .013024  .014478  
 .003756  .013254  .018927  .017926  . 

 -.007715 -.009603 -.009828 -.009123 -.008446
  .006234  .007965  .004304 -.002892 -.009592 
 -.003739 -.004579 -.009345 -.014484 -.015470
 -.000904 -.002776 -.002782 -.000868  .000146 -.00
 -.004377 -.002483 -.002387 -.004058 -.005682 -.006
 -
  .022600  .023299  .015946  .005446 -.001806 -.002835  .000895  .005922 
  .009459  .010216  .008318  .005235  .003305  .00
  .012819  .014779  .017588  .020565  .021025  .016825  .00
 -.001800 -.000152  .003900  .006591  .005737  .001936 -.002
 -.005180 -.004872 -.005289 -.006336 -.0064
  
  
  .001145 -.002017 -.004952 -.009037 -.014591 -.020062 -.023309 -.023408 
 -.021179 -.018415 -.016557 -.015937 -.015794 -.0
-.007797 -.007832 -.010475 -.013903 -.015235 -.01 

 -.010237 -.011927 -.009773 -.003269  .003886  .007252  .005
 -.001181 -.000137  .005187  .013296  .020935  .024250  .021
  

  .018298  .019499  .014699  .006213 -.000609 -.002218 -.000272 -.000069 
 -
 -.001061 -.009828 -.016356 -.017145 -.0
 -.013778 -.014400 -.010612 -.006531 -.005
 -.009110 -.010402 -.011538 -.011208 -.0097
  .003116  .005903  .002617 -.004958 -.010
  .008686  .003200 -.001535 -.001259  .0023

  .003565  .002595  .003904  .007234  .010394  .011861  .012452  .013911 
  .016289  .017356  .015055  .010124  .005943  .005595  .009295  .014473 
  
  .019666  .018979  .017796  .015654  .012
 .001573 -.002384 -.004347 -.002905 -.000 

 -
 -.012400 -.015383 -.015364 -.012349 -.010677 -.013171 -.017459 -.019134 
 -
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 -.006745 -.005757 -.002955 -.002191 -.005467 -.010244 -.012126 -.009745 
-.005355 -.002829 -.000299 
.005569 -.004337  .000872 

 .005362  .005171  .007526 
.010797  .013542  .015894  .018908  .022773  .026013  .026798  .024625 

 -.009660 -.019876 -.025513 -.021988 -.011858 -.002770 -.000935 -.006322 
 -.013896 -.019035 -.020877 -.020707 -.018622 -.013651 -.006805 -.001975 
 -.001986 -.004612 -.004480  .000307  .005157  .004000 -.003110 -.009162 

 .029322  .028490  .024132  .018016 
.006093  .006504  .011112  .017438 
.026678  .030499  .026072  .015492 

75  .011159  .013062  .009983  .001846 
98 -.026006 -.028677 -.026768 -.022152 
1 -.021891 -.022854 -.026423 -.029317 
0 -.026120 -.026338 -.021091 -.014907 
5 -.008373 -.008803 -.012395 -.014511 

8  .001156  .006594  .010748  .009940 
4  .001764  .006928  .005218  .001915 
5  .020570  .024658  .028203  .028036 
3  .030916  .024743  .018163  .015695 
6  .016737  .018409  .019528  .020048 
6  .001406 -.006181 -.009461 -.010475 

14376 -.018045 -.021820 -.020861 
002347  .001141  .005890  .007888 
20327  .022375  .022751  .022944 

007648  .007763  .006254  .003390 
04918 -.009247 -.020942 -.025902 

031968 -.024735 -.016104 -.010326 
3 -.034106 -.035068 -.032050 -.027476 
0 -.009997 -.003155  .002394  .004989 
8  .015522  .025048  .033538  .036840 
5  .019648  .023982  .020259  .008288 
6 -.001462 -.013113 -.027680 -.036206 
3 -.046294 -.046764 -.041284 -.032473 

 -.022004 -.009889  .002694  .012034  .014951  .012503  .009354  .009096 
7  .018455  .025077  .030116  .030406 
3  .012373  .007928  .004133  .003369 
4  .016702  .016181  .011746  .003885 
5  .006544 -.002165 -.012181 -.015605 
4 -.007909 -.008480 -.008047 -.009832 

0  .013222  .017035  .015055  .007983 
9  .014616  .018279  .019407  .017481 
8  .028368  .028017  .023354  .017484 
6  .007095  .008085  .002779 -.007670 
6 -.015435 -.025169 -.033622 -.036351 

.034653 -.025192 -.022305 -.025386 -.027368 -.024268 
-.011634  .004626  .019261  .030237 
.034271  .029191  .034323  .040648 
.021283  .024258  .013012 -.007148 

-.031154 -.030808 -.028584 -.028114 
436  .012376  .021131  .024880 

 -.005975 -.004462 -.005760 -.007461 -.007316 
  .002437  .004781  .005009  .002061 -.002581 -

.007456  .012366  .013811  .011840  .008191   
  
  .020496  .015588  .010511  .005879  .002881  .002271  .002983  .002573 
 -.000244 -.004067 -.006329 -.006229 -.005180 -.004358 -.002828  .000776 
  .005323  .007354  .005032  .000935 -.000132  .003792  .009922  .014023 
  .014878  .014732  .015932  .018019  .018348  .014635  .006698 -.003576 
 -.012920 -.017854 -.016572 -.010844 -.005507 -.004985 -.009567 -.015407 
 -.018374 -.017844 -.016442 -.016646 -.018312 -.019785 -.020400 -.021028 
 -.022133 -.022481 -.020404 -.016034 -.011336 -.007958 -.005646 -.003296 
 -.000850  .000521  .000139 -.001140 -.001737 -.000745  .001979  .006309 
  .011566  .015821  .016926  .015013  .013345  .015184  .019740  .022274 
  .019208  .012409  .007384  .007138  .009060  .008248  .003051 -.003850 
 -.009122 -.011912 -.012712 -.010982 -.005771  .001284  .005769  .004593 
 -.000210 -.003224 -.001237  .003654  .006809  .005918  .002668  .000220 
  .000276  .002321  .004651  .005428  .003713  .000549 -.001048  .001398 
  .006589  .009259  .004633 -.006518 -.017654 -.022007 -.018284 -.010974 
 -.005420 -.003356 -.002852 -.001456  .001631  .005705  .009457  .011067 
  .008526  .001203 -.008380 -.015241 -.015412 -.009573 -.003197 -.002591 

 -.007168  .003108  .015903  .025342 
  .012744  .010099  .009237  .007932  
  .020608  .019146  .017286  .020048  
  .006552  .004725  .008139  .010735  .009495  .007120  .007762  .011452 
  .014161  .012959  .009744  .0087
 -.007071 -.013144 -.016914 -.0210
 -.019203 -.019939 -.022092 -.02263
 -.027840 -.023017 -.020026 -.02207
 -.012786 -.014269 -.014677 -.01169
 -.012247 -.007528 -.003570 -.000306  .004707  .011290  .015173  .012558 
  .004919 -.002311 -.005058 -.00327
  .002421 -.007652 -.012254 -.00748
  .003216  .009074  .014808  .01794
  .025162  .024289  .027707  .03172
  .016807  .017831  .017053  .01608
  .020953  .021473  .018765  .01124
 -.011978 -.013939 -.014486 -.013713 -.0
 -.014151 -.006258 -.002347 -.002518 -.
  .006691  .006073  .009322  .015329  .0
  .022116  .018590  .013120  .008841  .
  .002986  .007433  .013365  .013742  .0

4 -. -.026536 -.027893 -.031518 -.03417
 -.009571 -.013680 -.020957 -.02876
 -.023777 -.021582 -.019546 -.01588
  .004825  .003807  .004367  .00816
  .032662  .023363  .015427  .01442
 -.004378 -.009299 -.005218  .00044
 -.036211 -.033298 -.034386 -.04044

  .011180  .012777  .013011  .01411
  .026432  .021412  .017889  .01551
  .005889  .009706  .012922  .01520
 -.003029 -.003940  .001519  .00739
 -.010958 -.004187 -.001867 -.00462
 -.012944 -.012493 -.005597  .004241  .010257  .009304  .004430  .000627 
 -.000178  .000868  .003102  .00737
  .001114 -.000649  .003078  .00913
  .013992  .012727  .016453  .02336
  .012051  .007207  .004002  .00420
 -.016584 -.018267 -.014062 -.01121
 -.035900 -.038345 -.045542 -.052401 -.052704 -.046838 -.041653 -.042188 
 -.045275 -.043471 -
 -.020020 -.020295 -.023669 -.022367 
  .040444  .049931  .053049  .045918  
  .036823  .023106  .011693  .012479  

.023956 -.030785 -.030806 -.030338  -
 -.032607 -.038886 -.038455 -.025902 -.005
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  .032849  .047992  .062519  .065860  .056508  .044195  .040020  .045621 
3422  .048245  .038474 
023 -.011578 -.015679 
035 -.021172 -.024730 
341 -.039513 -.045200 
632 -.017083 -.013210 
154 -.003743 -.008290 
987  .010790  .014798 
749  .005349  .002423 
204  .018309  .012060 
258 -.025421 -.021899 
657  .022514  .022447 
778  .041830  .045638 
521 -.010819 -.017189 
909 -.041239 -.045172 
362 -.017165 -.007483 
713  .006446  .001876 
276  .018622  .026260 
279 -.016247 -.027410 
139 -.028428 -.016936 
039  .065854  .070195 
346  .055750  .061788 
126  .033001  .021211 

  .013873  .012603  .015635  .018695  .018117  .013091  .005273 -.003410 
905 -.041370 -.040052 
248 -.102507 -.118464 
659 -.074078 -.047737 
361  .032629  .020224 
827  .027294  .034578 
263  .088593  .091004 
633  .048781  .032922 
112 -.053981 -.059314 
412 -.040386 -.024002 

6033  .031429  .027509 
.025262  .021584  .012083 -.003766 -.020952 -.033706 -.041477 -.048556 

 -.057594 -.033077 -.002914  .021201  .036472  .047115  .056879  .065594 
  .071863  .075681  .077170  .074830  .067850  .059606  .056003  .058693 
  .061835  .057752  .045284  .029862  .014928 -.003843 -.032896 -.070491 
 -.105343 -.127021 -.135631 -.139443 -.144250 -.148175 -.147024 -.141357 
 -.135007 -.127740 -.112993 -.084951 -.046092 -.005410  .030909  .064828 
  .101683  .141465  .176969  .200643  .212143  .218270  .226187  .237090 
  .245929  .245914  .233257  .208897  .177620  .145788  .118407  .095753 
  .071881  .037716 -.011600 -.071154 -.128572 -.173320 -.203906 -.226134 
 -.245467 -.263243 -.279830 -.297991 -.319378 -.338423 -.343354 -.326135 
 -.290175 -.246516 -.202588 -.157062 -.105205 -.046499  .015768  .079753 
  .146503  .213640  .271117  .307312  .316847  .305580  .281794  .255786 
  .233524  .221094  .218273  .214981  .195949  .152489  .092165  .033189 
 -.010864 -.040776 -.065748 -.090511 -.110229 -.118022 -.114296 -.106718 
 -.101369 -.096579 -.086804 -.071711 -.060441 -.063173 -.078592 -.094560 
 -.100980 -.096372 -.089345 -.089446 -.097589 -.106806 -.110086 -.106849 
 -.102354 -.099516 -.096879 -.092740 -.088029 -.084015 -.077298 -.060464 
 -.029101  .012054  .051745  .081075  .099825  .113841  .126933  .136723 
  .139845  .137256  .134624  .139499  .149849  .157484  .155714  .145787 
  .137313  .136668  .137440  .124761  .090988  .045798  .008919 -.007671 
 -.009210 -.010730 -.022518 -.044144 -.069665 -.094199 -.114253 -.126062 
 -.128338 -.126701 -.130616 -.142631 -.151980 -.143012 -.111391 -.070192 
 -.037920 -.021397 -.012135  .000934  .018329  .031139  .033555  .031078 
  .035636  .054045  .082374  .110039  .127463  .130103  .118289  .095877 
  .069167  .044631  .025751  .011673 -.000187 -.010247 -.015944 -.015068 
 -.008712  .000086  .010202  .022695  .035999  .042238  .031929  .004371 
 -.027772 -.047571 -.049245 -.043822 -.047713 -.065690 -.086296 -.094513 
 -.087023 -.073237 -.062183 -.052074 -.035069 -.010497  .011293  .020302 
  .019824  .023971  .041464  .064352  .075315  .065290  .041932  .020840 
  .011429  .012713  .020158  .032002  .047806  .064071  .075019  .077482 
  .072615  .062012  .044708  .020031 -.007553 -.029386 -.039285 -.038189 
 -.031689 -.024844 -.020670 -.021847 -.029981 -.042146 -.050887 -.051006 
 -.046114 -.046163 -.057369 -.075979 -.092686 -.101728 -.103695 -.100516 
 -.090864 -.072474 -.047332 -.021804 -.000491  .018778  .042615  .074501 
  .109903  .138665  .152174  .148727  .133312  .113144  .093714  .078241 
  .069480  .069912  .078894  .089825  .092304  .079410  .053892  .026151 

  .053317  .055792  .053528  .051908  .053147  .05
  .029519  .024994  .022828  .018003  .008404 -.003
 -.017969 -.021884 -.027424 -.030916 -.029213 -.024
 -.032302 -.036937 -.034371 -.027911 -.025218 -.030
 -.043574 -.037416 -.031950 -.029184 -.026903 -.022
 -.012383 -.012574 -.010564 -.005721 -.001005 -.000
 -.009324 -.005594  .000028  .003838  .005289  .006
  .015351  .011671  .007272  .005926  .007298  .007
  .002587  .006363  .011147  .014771  .017377  .019
  .000771 -.011637 -.020907 -.025742 -.027418 -.027
 -.017238 -.011793 -.004973  .003660  .012794  .019
  .022320  .023978  .026982  .029994  .032895  .036
  .044371  .035996  .022530  .008844 -.000964 -.006
 -.026196 -.035146 -.040377 -.040597 -.038323 -.037
 -.043923 -.035110 -.023199 -.015899 -.016295 -.019
  .003962  .009948  .009278  .006750  .006576  .007
 -.002801 -.004309 -.002620  .000364  .004222  .010
  .029267  .026322  .019515  .011709  .003810 -.005
 -.035330 -.037834 -.036328 -.034633 -.034735 -.034
 -.004589  .003159  .007087  .014122  .029556  .050
  .065301  .058961  .056312  .056276  .055623  .054
  .069989  .075369  .074737  .068385  .058333  .046

 -.012217 -.021277 -.030247 -.037758 -.042148 -.042
 -.040978 -.044660 -.050598 -.058783 -.070146 -.085
 -.130040 -.136366 -.137806 -.133617 -.121542 -.100
 -.025731 -.007391  .010348  .027616  .039729  .041
  .012166  .011490  .015230  .018827  .020758  .022
  .043527  .052673  .061025  .068321  .075179  .082
  .086840  .077630  .069012  .065384  .064827  .060
  .020767  .015412  .011590  .001200 -.017827 -.039
 -.059034 -.058967 -.061179 -.063186 -.061211 -.053

.006310  .010658  .024864  .034355  .037914  .03 -
  
 -.057094 -.062603 -.058786 -.046959 -.037779 -.041234 -.054998 -.064849 
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  .004826 -.01106
 -.103914 -.10285

6 -.029870 -.057044 -.087676 -.110108 -.116797 -.111198 
3 -.107181 -.110102 -.106579 -.098651 -.093661 -.097078 

 -.105996 -.109867 -.099135 -.074695 -.048301 -.032175 -.027518 -.024258 
049238  .060873  .071436  .070639 
002754 -.002406 -.014515 -.023076 

  .004397  .004946  .001094 -.013786 -.034940 -.049702 -.049122 -.035677 
.019240 -.007095  .000821  .007953  .015677  .023086  .030328  .039123 
.049454  .057456  .058287  .050726  .038343  .026499  .019327  .018878 

  .024754  .032598  .034402  .023712  .002708 -.017260 -.024724 -.018770 
 -.009447 -.006874 -.010987 -.013690 -.010318 -.006353 -.011167 -.026688 
 -.044545 -.054697 -.054816 -.050270 -.046350 -.042832 -.036000 -.024100 
 -.009498  .003398  .011029  .011822  .006535 -.001329 -.005836 -.000972 

  .114914  .108608  .091912  .073973  .055961  .033854  .007318 -.018180 

 -.172412 -.124053 -.092147 -.087572 -.099273 -.105397 -.093703 -.069614 

  .318675  .304630  .294036  .288929  .286523  .283156  .277741  .270934 

 -.269178 -.295762 -.321550 -.341580 -.350767 -.348232 -.341038 -.335326 
543 -.266896 -.231458 -.181678 -.120651 
833  .039705  .041973  .045210  .050560 

  .058323  .068509  .080335  .092405  .104189  .114455  .123437  .128873 
.126339  .113948  .095412  .079758  .073929  .075272  .072822  .057948 
.033500  .012175  .006209  .016969  .037638  .061784  .086275  .107063 

  .117876  .112199  .087823  .049079  .004833 -.034724 -.061080 -.070523 
032454 -.022428 -.015251 -.016948 
045526 -.047467 -.051303 -.049567 

 -.035310 -.008523  .022582  .045800  .051805  .039389  .016074 -.006480 
.019096 -.019277 -.010282  .003064  .017986  .034033  .050700  .064825 
.070633  .063416  .044965  .025430  .017667  .026704  .044124  .054407 

  .048791  .032843  .019742  .016383  .017589  .013888  .002673 -.010799 
.022297 -.034613 -.052082 -.071335 -.081965 -.078327 -.067840 -.064217 
.072487 -.084017 -.087742 -.084046 -.084276 -.096957 -.117597 -.134020 

 -.139773 -.139460 -.140589 -.142954 -.138090 -.118625 -.086127 -.049482 
.017162  .007293  .023257  .029495  .025303  .014856  .007867  .012992 
.029903  .049075  .060944  .065049  .069292  .080078  .094659  .103986 

  .102207  .091583  .078348  .065978  .054403  .044317  .038878  .039151 
.039628  .031419  .011566 -.011858 -.025375 -.021566 -.005129  .011371 
.016962  .008414 -.009883 -.029722 -.042934 -.044354 -.033609 -.015023 

  .004996  .021413  .032461  .038805  .041502  .040796  .036752  .030527 
.024546  .020651  .018034  .013810  .007068  .002223  .006611  .022754 
.043487  .056971  .058241  .054642  .057863  .070130  .080127  .073844 

 This is only Selected Portions of the OUTPUT 

SpineBridge1                                                             

  number of nodal points     =  118 
 
  number of element typ
 
  number of total elements   =  106 
 
  number of time functions   =    3 
 

 -.012419  .007479  .026702  .039556  .
  .053222  .027423  .008271  .002498  .
 -.016592  .005859  .033714  .053213  .056255  .043921  .024829  .009733 

 -
  

  .016068  .042685  .071243  .091930  .097729  .089377  .076254  .070012 
  .074588  .082053  .080543  .067684  .055196  .057995  .078510  .103117 

 -.037892 -.052763 -.065371 -.073439 -.072266 -.065555 -.069979 -.103254 
 -.165052 -.232126 -.275747 -.285197 -.272967 -.257155 -.241497 -.215415 

 -.045156 -.023422  .003786  .043522  .089890  .126722  .142325  .140903 
  .139380  .153686  .188165  .234396  .279037  .312039  .328699  .329290 

  .262185  .249154  .230249  .205792  .175475  .135870  .083524  .021716 
 -.037560 -.081461 -.107243 -.124739 -.146866 -.177691 -.211732 -.242501 

 -.330634 -.323101 -.309763 -.291
 -.059244 -.009980  .020656  .034

  
  

 -.066209 -.056198 -.047335 -.040496 -.
 -.027595 -.040170 -.047030 -.047043 -.

 -
  

 -
 -

 -
  

  
  

  
  
  .048847  .016338 -.010242 -.026503 -.036237 -.042160 -.041255 -.030536 
 
 

Analysis Results File, “OUTPUT” 

 

*

 

 
 

es    =    3 
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  ground motion input code   =    2 
 
  number of time steps (dt)  = 9205 
 
  dt multiplier for output   =   20 
 
  damping factor alpha       =   5.692E-01 
 
  damping factor beta        =   4.392E-03 
 
 
1nodal point data as input..... 
 
 
0node      boundary condition codes             nodal point coordinates 
 number  x    y    z   xx   yy   zz            x            y            z 
 
    1    0    0    0    0    0    0    -2058.000        0.000        0.000    0 
    2    0    0    0    0    0    0    -2046.000        0.000        0.000    0 
    3    0    0    0    0    0    0    -1839.000        0.000        0.000    0 
    4    0    0    0    0    0    0    -1632.000        0.000        0.000    0 
    5    0    0    0    0    0    0    -1425.000        0.000        0.000    0 
    6    0    0    0    0    0    0    -1219.000        0.000        0.000    0 
    7    0    0    0    0    0    0    -1217.000        0.000        0.000    0 
    8    0    0    0    0    0    0     -901.500        0.000        0.000    0 
    9    0    0    0    0    0    0     -609.000        0.000        0.000    0 
   10    0    0    0    0    0    0     -304.500        0.000        0.000    0 
   11    0    0    0    0    0    0       -0.750        0.000        0.000    0 
   12    0    0    0    0    0    0        0.750        0.000        0.000    0 
   13    0    0    0    0    0    0      304.500        0.000        0.000    0 
   14    0    0    0    0    0    0      609.000        0.000        0.000    0 
   15    0    0    0    0    0    0      901.500        0.000        0.000    0 
   16    0 
   17    0 
   18    0    0    0    0    0    0     1368.000        0.000        0.000    0 
   19    0    0    0    0    0    0     1518.000        0.000        0.000    0 
   20    0    0    0    0    0    0     1668.000        0.000        0.000    0 
   21    0    0    0    0    0    0     1818.000        0.000        0.000    0 
   22    0    0    0    0    0    0     1830.000        0.000        0.000    0 
   23    0    0    0    0    0    0    -1218.000      162.000        0.000    0 
   24    0    0    0    0    0    0    -1218.000      135.700        0.000    0 
   25    0    0    0    0    0    0    -1218.000        0.000        0.000    0 
   26    0    0    0    0    0    0    -1218.000     -135.700        0.000    0 
   27    0    0    0    0    0    0    -1218.000     -162.000        0.000    0 
   28    0    0    0    0    0    0        0.000      162.000        0.000    0 
   29    0    0    0    0    0    0        0.000      135.700        0.000    0 
   30    0    0    0    0    0    0        0.000        0.000        0.000    0 
   31    0    0    0    0    0    0        0.000     -135.700        0.000    0 
   32    0    0    0    0    0    0        0.000     -162.000        0.000    0 
   33    0    0    0    0    0    0     1218.000      162.000        0.000    0 
   34    0    0    0    0    0    0     1218.000      135.700        0.000    0 
   35    0    0    0    0    0    0     1218.000        0.000        0.000    0 
   36    0    0    0    0    0    0     1218.000     -135.700        0.000    0 
   37    0    0    0    0    0    0     1218.000     -162.000        0.000    0 
   38    0    0    0    0    0    1    -2058.000        0.000      -23.400    0 
   39    0    0    0    0    0    1     1830.000        0.000      -23.400    0 
   40    0    0    0    0    0    0    -1218.000      135.700     -200.000    0 
   41    0    0    0    0    0    0    -1218.000        0.000     -200.000    0 
   42    0    0    0    0    0    0    -1218.000     -135.700     -200.000    0 
   43    0    0    0    0    0    0    -1218.000      135.700     -218.400    0 
   44    0    0    0    0    0    0    -1218.000        0.000     -218.400    0 
   45    0    0    0    0    0    0    -1218.000     -135.700     -218.400    0 
   46    0    0    0    0    0    0    -1218.000      135.700     -266.500    0 
   47    0    0    0    0    0    0    -1218.000        0.000     -266.500    0 
   48    0    0    0    0    0    0    -1218.000     -135.700     -266.500    0 
   49    0    0    0    0    0    0    -1218.000      135.700     -282.500    0 
   50    0    0    0    0    0    0    -1218.000        0.000     -282.500    0 
   51    0    0    0    0    0    0    -1218.000     -135.700     -282.500    0 
   52    0    0    0    0    0    1    -1218.000      135.700     -318.500    0 
   53    0    0    0    0    0    1    -1218.000        0.000     -318.500    0 
   54    0    0    0    0    0    1    -1218.000     -135.700     -318.500    0 

   0    0    0    0    0     1217.000        0.000        0.000    0 
   0    0    0    0    0     1219.000        0.000        0.000    0 
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   55    0    0    0    0    0    0        0.000      135.700     -100.000    0 
   56    0    0    0    0    0    0        0.000        0.000     -100.000    0 
   57    0    0    0    0    0    0        0.000     -135.700     -100.000    0 
   58    0    0    0    0    0    0        0.000      135.700     -218.400    0 
   59    0    0    0    0    0    0        0.000        0.000     -218.400    0 
   60    0    0    0    0    0    0        0.000     -135.700     -218.400    0 
   61    0    0    0    0    0    0        0.000      135.700     -266.600    0 
   62    0    0    0    0    0    0        0.000        0.000     -266.600    0 
   63    0    0    0    0    0    0        0.000     -135.700     -266.600    0 
   64    0    0    0    0    0    0        0.000      135.700     -282.600    0 
   65    0    0    0    0    0    0        0.000        0.000     -282.600    0 
   66    0    0    0    0    0    0        0.000     -135.700     -282.600    0 
   67    0    0    0    0    0    0        0.000      135.700     -318.600    0 
   68    0    0    0    0    0    0        0.000        0.000     -318.600    0 
   69    0    0    0    0    0    0        0.000     -135.700     -318.600    0 
   70    0    0    0    0    0    0     1218.000      135.700     -100.000    0 
   71    0    0    0    0    0    0     1218.000        0.000     -100.000    0 
   72    0    0    0    0    0    0     1218.000     -135.700     -100.000    0 
   73    0    0    0    0    0    0     1218.000      135.700     -190.000    0 
   74    0    0    0    0    0    0     1218.000        0.000     -190.000    0 
   75    0    0    0    0    0    0     1218.000     -135.700     -190.000    0 
   76    0    0    0    0    0    0     1218.000      135.700     -237.700    0 
   77    0    0    0    0    0    0     1218.000        0.000     -237.700    0 
   78    0    0    0    0    0    0     1218.000     -135.700     -237.700    0 
   79    0    0    0    0    0    0     1218.000      135.700     -252.500    0 
   80    0    0    0    0    0    0     1218.000        0.000     -252.500    0 
   81    0    0    0    0    0    0     1218.000     -135.700     -252.500    0 
   82    0    0    0    0    0    0     1218.000      135.700     -288.500    0 
   83    0    0    0    0    0    0     1218.000        0.000     -288.500    0 
   84    0    0    0    0    0    0     1218.000     -135.700     -288.500    0 

 85    1    1    1    1    1    1    -2058.000      200.000        0.000    0 
 86    1    1    1    1    1    1    -1219.000      200.000        0.000    0 

   87    1    1    1    1    1    1       -0.750      200.000        0.000    0 
   88    1    1    1    1    1    1     1217.000      200.000        0.000    0 
   89    1    1    1    1    1    1     1830.000      200.000        0.000    0 
   90    1    1    1    1    1    1     1830.000     -200.000        0.000    0 
   91    1    1    1    1    1    1    -1218.000      200.000        0.000    0 
   92    1    1    1    1    1    1        0.000      200.000        0.000    0 
   93    1    1    1    1    1    1     1218.000      200.000        0.000    0 
   94    1    1    1    1    1    1    -1218.000      180.000     -318.500    0 
   95    1    1    1    1    1    1    -1210.000      135.700     -318.500    0 
   96    1    1    1    1    1    1    -1210.000        0.000     -318.500    0 
   97    1    1    1    1    1    1    -1210.000     -135.700     -318.500    0 
   98    1    1    1    1    1    1        0.000      180.000     -318.500    0 
   99    1    1    1    1    1    1        8.000      135.700     -318.500    0 
  100    1    1    1    1    1    1        8.000        0.000     -318.500    0 
  101    1    1    1    1    1    1        8.000     -135.700     -318.500    0 
  102    1    1    1    1    1    1     1218.000      180.000     -288.500    0 
  103    1    1    1    1    1    1     1224.000      135.700     -288.500    0 
  104    1    1    1    1    1    1     1224.000        0.000     -288.500    0 
  105    1    1    1    1    1    1     1224.000     -135.700     -288.500    0 
  106    1    1    1    1    1    1    -2058.000       10.000      -23.400    0 
  107    1    1    1    1    1    1    -2050.000        0.000      -23.400    0 
  108    1    1    1    1    1    1     1830.000       10.000      -23.400    0 
  109    1    1    1    1    1    1     1838.000        0.000      -23.400    0 
  110    0    0    0    0    0    0    -1218.000      135.700      -52.000    0 
  111    0    0    0    0    0    0    -1218.000        0.000      -52.000    0 

113    0    0    0    0    0    0        0.000      135.700      -52.000    0 
114    0    0    0    0    0    0        0.000        0.000      -52.000    0 
115    0    0    0    0    0    0        0.000     -135.700      -52.000    0 

  116    0    0    0    0    0    0     1218.000      135.700      -52.000    0 
  117    0    0    0    0    0    0     1218.000        0.000      -52.000    0 
  118    0    0    0    0    0    0     1218.000     -135.700      -52.000    0 
1complete nodal point data..... 
 
 
0node      boundary condition codes             nodal point coordinates 
 number  x    y    z   xx   yy   zz            x            y            z 
 
    1    0    0    0    0    0    0    -2058.000        0.000        0.000 

  
  

  112    0    0    0    0    0    0    -1218.000     -135.700      -52.000    0 
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    2    0    0    0    0    0    0    -2046.000        0.000        0.000 
    3    0    0    0    0    0    0    -1839.000        0.000        0.000 
    4    0    0    0    0    0    0    -1632.000        0.000        0.000 
    5    0    0    0    0    0    0    -1425.000        0.000        0.000 
    6    0    0    0    0    0    0    -1219.000        0.000        0.000 
    7    0    0    0    0    0    0    -1217.000        0.000        0.000 
    8    0    0    0    0    0    0     -901.500        0.000        0.000 
    9    0    0    0    0    0    0     -609.000        0.000        0.000 
   10    0    0    0    0    0    0     -304.500        0.000        0.000 
   11    0    0    0    0    0    0       -0.750        0.000        0.000 
   12    0    0    0    0    0    0        0.750        0.000        0.000 
   13    0    0    0    0    0    0      304.500        0.000        0.000 
   14    0    0    0    0    0    0      609.000        0.000        0.000 
   15    0    0    0    0    0    0      901.500        0.000        0.000 

 16    0    0    0    0    0    0     1217.000        0.000        0.000 
 17    0    0    0    0    0    0     1219. 00        0.000        0.000 

   18    0    0    0    0    0    0     1368.000        0.000        0.000 
000        0.000 
000        0.000 

   21    0    0    0    0    0    0     1818.000        0.000        0.000 
   22    0    0    0    0    0    0     1830.000        0.000        0.000 
   2    0        
   2    0        
   25    0    0    0    0    0    0          0.000        
   26  0    0    0    0       -1        
   27  0    0    0    0    -1 0     -1        0.
   28    0    0    0    0    0    0        0.000      162.000        0.000 
   29   0    0    0    0      0      13         0.
   30   0    0    0    0      0                0.
   31    0    0    0    0    0    0        0.000     -135.700        0.000 

 32    0    0    0    0    0    0        0.000     -162.000        0.000 
 33    0    0    0    0    0    0     1218.000      162.000        0.000 

   34    0    0    0    0    0    0     1218.000      135.700        0.000 
 35    0    0    0    0    0    0     1218.000        0.000        0.000 
 36    0    0    0    0    0    0     1218.000     -135.700        0.000 

   37    0    0    0    0    0    0     1218.000     -162.000        0.000 
   38    0    0    0    0    0    1    -2058.000        0.000      -23.400 
   39    0    0    0    0    0    1     1830.000        0.000      -23.400 
   40    0    0    0    0    0    0    -1218.000      135.700     -200.000 
   41    0    0    0    0    0    0    -1218.000        0.000     -200.000 
   42    0    0    0    0    0    0    -1218.000     -135.700     -200.000 
   43    0    0    0    0    0    0    -1218.000      135.700     -218.400 
   44    0    0    0    0    0    0    -1218.000        0.000     -218.400 
   45    0    0    0    0    0    0    -1218.000     -135.700     -218.400 
   46    0    0    0    0    0    0    -1218.000      135.700     -266.500 
   47    0    0    0    0    0    0    -1218.000        0.000     -266.500 
   48    0    0    0    0    0    0    -1218.000     -135.700     -266.500 
   49    0    0    0    0    0    0    -1218.000      135.700     -282.500 
   50    0    0    0    0    0    0    -1218.000        0.000     -282.500 
   51    0    0    0    0    0    0    -1218.000     -135.700     -282.500 
   52    0    0    0    0    0    1    -1218.000      135.700     -318.500 
   53    0    0    0    0    0    1    -1218.000        0.000     -318.500 
   54    0    0    0    0    0    1    -1218.000     -135.700     -318.500 
   55    0    0    0    0    0    0        0.000      135.700     -100.000 
   56    0    0    0    0    0    0        0.000        0.000     -100.000 
   57    0    0    0    0    0    0        0.000     -135.700     -100.000 
   58    0    0    0    0    0    0        0.000      135.700     -218.400 
   59    0    0    0    0    0    0        0.000        0.000     -218.400 
   60    0    0    0    0    0    0        0.000     -135.700     -218.400 
   61    0    0    0    0    0    0        0.000      135.700     -266.600 
   62    0    0    0    0    0    0        0.000        0.000     -266.600 
   63    0    0    0    0    0    0        0.000     -135.700     -266.600 
   64    0    0    0    0    0    0        0.000      135.700     -282.600 
   65    0    0    0    0    0    0        0.000        0.000     -282.600 
   66    0    0    0    0    0    0        0.000     -135.700     -282.600 
   67    0    0    0    0    0    0        0.000      135.700     -318.600 
   68    0    0    0    0    0    0        0.000        0.000     -318.600 
   69    0    0    0    0    0    0        0.000     -135.700     -318.600 
   70    0    0    0    0    0    0     1218.000      135.700     -100.000 
   71    0    0    0    0    0    0     1218.000        0.000     -100.000 
   72    0    0    0    0    0    0     1218.000     -135.700     -100.000 

  
  0

   19    0    0    0    0    0    0     1518.000        0.
   20    0    0    0    0    0    0     1668.000        0.

3    0    0 
4    0    0 

    0    0    0 
    0    0    0 

 -1218.000 
 -1218.000 

  162.000     
  135.700     

 0.000 
 0.000 

 -1218.000 
 -1 00 

0.000 
0.0  0    

  0    
    0 
    0 

218.0
218.00

35.700 
62.000 

00 
000 

  0   
  0   

    0 
    0 

  0.00
  0.00

5.700
0.000

000 
000 
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   73    0    0    0    0    0    0     1218.000      135.700     -190.000 
   74    0    0    0    0    0    0     1218.000        0.000     -190.000 
   75    0    0    0    0    0    0     1218.000     -135.700     -190.000 
   76    0    0    0    0    0    0     1218.000      135.700     -237.700 
   77    0    0    0    0    0    0     1218.000        0.000     -237.700 
   78    0    0    0    0    0    0     1218.000     -135.700     -237.700 
   79    0    0    0    0    0    0     1218.000      135.700     -252.500 
   80    0    0    0    0    0    0     1218.000        0.000     -252.500 
   81    0    0    0    0    0    0     1218.000     -135.700     -252.500 
   82    0    0    0    0    0    0     1218.000      135.700     -288.500 
   83    0    0    0    0    0    0     1218.000        0.000     -288.500 
   84    0    0    0    0    0    0     1218.000     -135.700     -288.500 
   85    1    1    1    1    1    1    -2058.000      200.000        0.000 
   86    1    1    1    1    1    1    -1219.000      200.000        0.000 
   87    1    1    1    1    1    1       -0.750      200.000        0.000 
   88    1    1    1    1    1    1     1217.000      200.000        0.000 
   89    1    1    1    1    1    1     1830.000      200.000        0.000 
   90    1    1    1    1    1    1     1830.000     -200.000        0.000 
   91    1    1    1    1    1    1    -1218.000      200.000        0.000 
   92    1    1    1    1    1    1        0.000      200.000        0.000 
   93    1    1    1    1    1    1     1218.000      200.000        0.000 
   94    1    1    1    1    1    1    -1218.000      180.000     -318.500 
   95    1    1    1    1    1    1    -1210.000      135.700     -318.500 
   96    1    1    1    1    1    1    -1210.000        0.000     -318.500 
   97    1    1    1    1    1    1    -1210.000     -135.700     -318.500 
   98    1    1    1    1    1    1        0.000      180.000     -318.500 
   99    1    1    1    1    1    1        8.000      135.700     -318.500 
  100    1    1    1    1    1    1        8.000        0.000     -318.500 
  101    1    1    1    1    1    1        8.000     -135.700     -318.500 
  102    1    1    1    1    1    1     1218.000      180.000     -288.500 
  103    1  

-135.700     -288.500 
  10.000      -23.400 

  107    1    1    1    1    1    1    -2050.000        0.000      -23.400 
108    1    1    1    1    1    1     1830.000       10.000      -23.400 
109    1    1    1    1    1    1     1838.000        0.000      -23.400 

  110    0    0    0    0    0    0    -1218.000      135.700      -52.000 
111    0    0    0    0    0    0    -1218.000        0.000      -52.000 
112    0    0    0    0    0    0    -1218.000     -135.700      -52.000 

  113    0    0    0    0    0    0        0.000      135.700      -52.000 
114    0    0    0    0    0    0        0.000        0.000      -52.000 
115    0    0    0    0    0    0        0.000     -135.700      -52.000 

  116    0    0    0    0    0    0     1218.000      135.700      -52.000 
117    0    0    0    0    0    0     1218.000        0.000      -52.000 
118    0    0    0    0    0    0     1218.000     -135.700      -52.000 

1equation number of nodal degrees of freedom.... 

0node          equation number             node          equation number 
umber  x    y    z   xx   yy   zz       number  x    y    z   xx   yy   zz 

    1    1    2    3    4    5    6          2    7    8    9   10   11   12 
  3   13   14   15   16   17   18          4   19   20   21   22   23   24 
  5   25   26   27   28   29   30          6   31   32   33   34   35   36 

    7   37   38   39   40   41   42          8   43   44   45   46   47   48 
  9   49   50   51   52   53   54         10   55   56   57   58   59   60 
 11   61   62   63   64   65   66         12   67   68   69   70   71   72 

   13   73   74   75   76   77   78         14   79   80   81   82   83   84 
 15   85   86   87   88   89   90         16   91   92   93   94   95   96 
 17   97   98   99  100  101  102         18  103  104  105  106  107  108 

   19  109  110  111  112  113  114         20  115  116  117  118  119  120 
 21  121  122  123  124  125  126         22  127  128  129  130  131  132 
 23  133  134  135  136  137  138         24  139  140  141  142  143  144 

   25  145  146  147  148  149  150         26  151  152  153  154  155  156 
 27  157  158  159  160  161  162         28  163  164  165  166  167  168 
 29  169  170  171  172  173  174         30  175  176  177  178  179  180 

   31  181  182  183  184  185  186         32  187  188  189  190  191  192 
 33  193  194  195  196  197  198         34  199  200  201  202  203  204 
 35  205  206  207  208  209  210         36  211  212  213  214  215  216 

   37  217  218  219  220  221  222         38  223  224  225  226  227    0 

  1    1    1    1    1     1224.000      135.700     -288.500 
  1    1    1    1    1     1224.000        0.000     -288.500   104    1  

  105    1    1    1    1    1    1     1224.000     
  106    1    1    1    1    1    1    -2058.000     

  
  

  
  

  
  

  
  

 
 

 n
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 39  228  229  230  231  232    0         40  233  234  235  236  237  238 
 41  239  240  241  242  243  244         42  245  246  247  248  249  250 

   43  251  252  253  254  255  256         44  257  258  259  260  261  262 
 45  263  264  265  266  267  268         46  269  270  271  272  273  274 
 47  275  276  277  278  279  280         48  281  282  283  284  285  286 

   49  287  288  289  290  291  292         50  293  294  295  296  297  298 
 51  299  300  301  302  303  304         52  305  306  307  308  309    0 
 53  310  311  312  313  314    0         54  315  316  317  318  319    0 

   55  320  321  322  323  324  325         56  326  327  328  329  330  331 
 57  332  333  334  335  336  337         58  338  339  340  341  342  343 
 59  344  345  346  347  348  349         60  350  351  352  353  354  355 

   61  356  357  358  359  360  361         62  362  363  364  365  366  367 
 63  368  369  370  371  372  373         64  374  375  376  377  378  379 
 65  380  381  382  383  384  385         66  386  387  388  389  390  391 

   67  392  393  394  395  396  397         68  398  399  400  401  402  403 
 69  404  405  406  407  408  409         70  410  411  412  413  414  415 
 71  416  417  418  419  420  421         72  422  423  424  425  426  427 

   73  428  429  430  431  432  433         74  434  435  436  437  438  439 
 75  440  441  442  443  444  445         76  446  447  448  449  450  451 
 77  452  453  454  455  456  457         78  458  459  460  461  462  463 

   79  464  465  466  467  468  469         80  470  471  472  473  474  475 
 81  476  477  478  479  480  481         82  482  483  484  485  486  487 
 83  488  489  490  491  492  493         84  494  495  496  497  498  499 

   85    0    0    0    0    0    0         86    0    0    0    0    0    0 
   87    0    0    0    0    0    0         88    0    0    0    0    0    0 

 91    0    0    0    0    0    0         92    0    0    0    0    0    0 

 97    0    0    0    0    0    0         98    0    0    0    0    0    0 
 99    0    0    0    0    0    0        100    0    0    0    0    0    0 

  101    0    0    0    0    0    0        102    0    0    0    0    0    0 
  103    0    0    0    0    0    0        104    0    0    0    0    0    0 
  105    0    0    0    0    0    0        106    0    0    0    0    0    0 
  107    0    0    0    0    0    0        108    0    0    0    0    0    0 
  109    0    0    0    0    0    0        110  500  501  502  503  504  505 
  111  506 
  113  518 
  115  530  531  532  533  534  535        116  536  537  538  539  540  541 
  117  542  543  544  545  546  547        118  548  549  550  551  552  553 
1.......three dimensional beam elements 
 
 
  number of beams                  =   84 
 
  number of geometric property sets=    6 
 
  number of fixed end force sets   =    0 
 
  number of materials              =    3 
 
  number of beam n/l property sets =   15 
1material properties.... 
 
 
 material   young's     poisson's           mass       
  number    modulus       ratio           density      
 
     1       1000000.       0.18000       0.00000 
     2          3604.       0.18000       0.00000 
     3        360400.       0.18000       0.00000 
 
 
 
 
 beam geometric properties.... 
 
 element      area        area        area       inertia     inertia     inertia                            
  type          x           y           z           x           y           z  
     1      1018.000     855.300     855.300  164900.000   82450.000   82450.000 
     2      7134.000    7134.000    7134.000  110100.000 4257000.000************ 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

   89    0    0    0    0    0    0         90    0    0    0    0    0    0 
  
   93    0    0    0    0    0    0         94    0    0    0    0    0    0 
   95    0    0    0    0    0    0         96    0    0    0    0    0    0 
  
  

 507  508  509  510  511        112  512  513  514  515  516  517 
 519  520  521  522  523        114  524  525  526  527  528  529 
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     3      1872.000    1872.000    1872.00011140000.000************************ 
     4      1872.000    1872.000    1872.00012070000.000************************ 
     5      1872.000    1872.000    1872.00010720000.000************************ 
     6      1018.000    1018.000    1018.000  164900.000   20000.000   20000.000 
 
 
 
 element load multipliers..... 
            a              b              c              d 
 x-dir   0.000000E+00   0.000000E+00   0.000000E+00   0.000000E+00 
 y-dir   0.000000E+00   0.000000E+00   0.000000E+00   0.000000E+00 
 z-dir  -0.386400E+03   0.000000E+00   0.000000E+00   0.000000E+00 
 
1 
                              beam element nonlinear parameters 
 
   npar     axial       moment      moment       axial                      yield 
function constants 
    no        pu         mu/y        mu/z         tu        a0      a1      a2      a3      
b0      b1      b2      b3 
 
    1      0.111E+04   0.158E+05   0.133E+05   0.101E+00   1.000  -7.881 -10.240  -1.356   
1.000  -7.881 -10.240  -1.356 
    2      0.111E+04   0.169E+05   0.143E+05   0.101E+00   1.000  -7.880 -10.240  -1.360   
1.000  -7.880 -10.240  -1.360 
    3      0.111E+04   0.149E+05   0.126E+05   0.101E+00   1.000  -7.880 -10.240  -1.360   
1.000  -7.880 -10.240  -1.360 
    4      0.611E+04   0.967E+04   0.967E+04   0.160E+00   1.000  -8.461 -13.350  -3.888   
1.000  -8.461 -13.350  -3.888 
    5      0.611E+04   0.967E+04   0.967E+04   0.160E+00   1.000  -8.461 -13.350  -3.888   
1.000  -8.461 -13.350  -3.888 
    6      0.611E+04   0.967E+04   0.967E+04   0.160E+00   1.000  -8.461 -13.350  -3.888   
1.000  -8.461 -13.350  -3.888 
    7      0.611E+04   0.967E+04   0.967E+04   0.160E+00   1.000  -8.461 -13.350  -3.888   
1.000  -8.461 -13.350  -3.888 
   8      0.611E+04   0.967E+04   0.967E+04   0.160E+00   1.000  -8.461 -13.350  -3.888   
.000  -8.461 -13.350  -3.888 

    9      0.611E+04   0.967E+04   0.967E+04   0.160E+00   1.000  -8.461 -13.350  -3.888   
1.000  -8.46

 10      0 4  -2.328   
000  -6.336  -9.664  -2.328 

   11      0.611E+04   0.122E+05   0.122E+05   0.161E+00   1.000  -6.336  -9.664  -2.328   
000  -6.336  -9.664  -2.328 
 12      0.611E+04   0.122E+05   0.122E+05   0.161E+00   1.000  -6.336  -9.664  -2.328   

1.000  -6.336  -9.664  -2.328 
E+0 2.328   

   14      0.611E+04   0.122E+05   0.122E+05   0.161E+00   1.000  -6.336  -9.664  -2.328   
1.000  -6.336  -9.664  -2.328 
   15      0.611E+04   0.122E+05   0.122E+05   0.161E+00   1.000  -6.336  -9.664  -2.328   
1.000  -6.336  -9.664  -2.328 
 
 
 npar  cri. curv.  max. curv.  max. damage coeffi. at i end  cri. curv.  max. curv.  max. 
damage coeffi. at j end 
  1    0.500E+02   0.900E+02       0.800E+00                 0.500E+02   0.900E+02       
0.600E+00 
  2    0.500E+02   0.900E+02       0.800E+00                 0.500E+02   0.900E+02       
0.800E+00 
  3    0.500E+02   0.900E+02       0.800E+00                 0.500E+02   0.900E+02       
0.800E+00 
  4    0.363E-01   0.261E+00       0.820E+00                 0.363E-01   0.261E+00       
0.820E+00 
  5    0.363E-01   0.261E+00       0.770E+00                 0.363E-01   0.261E+00       
0.770E+00 
  6    0.363E-01   0.261E+00       0.770E+00                 0.363E-01   0.261E+00       
0.770E+00 
  7    0.363E-01   0.261E+00       0.730E+00                 0.363E-01   0.261E+00       
0.730E+00 
  8    0.363E-01   0.261E+00       0.830E+00                 0.363E-01   0.261E+00       
0.830E+00 

 
1

1 -13.350  -3.888 
.611E+04   0.122E+05   0.122E+05   0.161E+00   1.000  -6.336  -9.66  

1.

1.
  

   13      0.611E+04   0.122E+05   0.122 5   0.161E+00   1.000  -6.336  -9.664  -
1.000  -6.336  -9.664  -2.328 
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  9    0.363E-01   0.261E+00       0.790E+00            
0.790E+00 

     0.363E-01   0.261E+00       

 10    0.363E-01   0.261E+00       0.820E+00                 0.363E-01   0.261E+00       
0.820E+00 
 11    0.363E-01   0.261E+00       0.770E+00                 0.363E-01   0.261E+00       
0.
 12    0.363E-01   0.261E+00       0.770E+00                 0.363E-01   0.261E+00       
0.770E+00 
 13    0.363E-01   0.261E+00       0.770E+00                 0.363E-01   0.261E+00       
0.770E+00 
 14    0.363E-01   0.261E+00       0.830E+00                 0.363E-01   0.261E+00       
0.830E+00 
 15    0.363E-01   0.261E+00       0.790E+00                 0.363E-01   0.261E+00       
0.790E+00 
1beam element data..... 
 
0beam     nodes   matl geom m loads         e        
  no     i    j    no   no  b    c        i j      
    1   2    3      3    2  0    0        0  0      
    2 3    4      3    2  0    0        0  0      
    3 4    5      3    2  0    0        0  0      
    4  5    6      3    2  0    0        0  0      
    5    7    8      3    2  0    0        0  0      
    6    8    9      3    2  0    0        0  0      
    7    9   10   85    3    2    0    0    0    0         0         0         0 

 0         0         0 
 0         0         0 

   10   13   14   85    3    2    0    0    0    0         0         0         0 
   11   14   15   85    3    2    0    0    0    0         0         0         0 
   12   15   16   85    3    2    0    0    0    0         0         0         0 
   13   17   18   85    3    2    0    0    0    0         0         0         0 
   14   18   19   85    3    2    0    0    0    0         0         0         0 
   15   19   20   85    3    2    0    0    0    0         0         0         0 
   16   20   21   85    3    2    0    0    0    0         0         0         0 
   17   23   24    2    3    3    0    0    0    0         0         0         0 
   18   24   25    2    3    3    0    0    0    0         0         0         0 
   19   25   26    2    3    3    0    0    0    0         0         0         0 
   20   26   27    2    3    3    0    0    0    0         0         0         0 

 21   28   29    2    3    4    0    0    0    0         0         0         0 
 22   29   30    2    3    4    0    0    0    0         0         0         0 

   23   30   31    2    3    4    0    0    0    0         0         0         0 
 24   31   32    2    3    4    0    0    0    0         0         0         0 
 25   33   34    2    3    5    0    0    0    0         0         0         0 

   26   34   35    2    3    5    0    0    0    0         0         0         0 
   27   35   36    2    3    5    0    0    0    0         0         0         0 
   28   36   37    2    3    5    0    0    0    0         0         0         0 
   29    1   38    3    1    1    0    0    0    0         0         0         0 
   30   49   52   55    1    1    0    0    0    0         0         0         0 
   31   50   53   56    1    1    0    0    0    0         0         0         0 
   32   51   54   57    1    1    0    0    0    0         0         0         0 
   33   64   67   69    1    1    0    0    0    0         0         0         0 
   34   65   68   71    1    1    0    0    0    0         0         0         0 
   35   66   69   72    1    1    0    0    0    0         0         0         0 
   36   79   82   67    1    1    0    0    0    0         0         0         0 
   37   80   83   65    1    1    0    0    0    0         0         0         0 
   38   81   84   66    1    1    0    0    0    0         0         0         0 
   39   22   39   35    1    1    0    0    0    0         0         0         0 
   40   24  110   55    1    1    0    0    0    0         0         0         0 
   41   25  111   30    1    1    0    0    0    0         0         0         0 
   42   26  112   31    1    1    0    0    0    0         0         0         0 
   43   40   43   29    2    6    0    0    0    0         0         0         0 
   44   41   44   30    2    6    0    0    0    0         0         0         0 
   45   42   45   31    2    6    0    0    0    0         0         0         0 
   46   43   46   29    2    6    0    0    0    0         0         0         5 
   47   44   47   30    2    6    0    0    0    0         0         0         4 
   48   45   48   31    2    6    0    0    0    0         0         0         5 
   49   46   49   29    2    6    0    0    0    0         0         0         0 
   50   47   50   30    2    6    0    0    0    0         0         0         0 
   51   48   51   31    2    6    0    0    0    0         0         0         0 
   52   29  113   24    1    1    0    0    0    0         0         0         0 
   53   30  114   25    1    1    0    0    0    0         0         0         0 

770E+00 

   
 k 

     ele
    a   

      
  d   

nd codes
        

 l/nl 
 ind 

 85 
85 

    0   
    0   

  0   
  0   

       
       

   0 
   0    

   
  

85 
85 

    0   
    0   

  0   
  0   

       
       

   0 
   0 

85 
85 

    0   
    0   

  0   
  0   

       
       

   0 
   0  

    8   10   11   85    3    2    0    0    0    0        
    9   12   13   85    3    2    0    0    0    0        
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   54   31  115   26    1    1    0    0    0    0         0         0         0 
   55   55   58   40    2    6    0    0    0    0         0         0         0 
   56   56   59   41    2    6    0    0    0    0         0         0         0 
   57   57   60   42    2    6    0    0    0    0         0         0         0 
   58   58   61   40    2    6    0    0    0    0         0         0         7 
   59   59   62   25    2    6    0    0    0    0         0         0         6 
   60   60   63   26    2    6    0    0    0    0         0         0         7 
   61   61   64   24    2    6    0    0    0    0         0         0         0 
   62   62   65   25    2    6    0    0    0    0         0         0         0 
   63   63   66   26    2    6    0    0    0    0         0         0         0 
   64   34  116   29    1    1    0    0    0    0         0         0         0 
   65   35  117   30    1    1    0    0    0    0         0         0         0 
   66   36  118   31    1    1    0    0    0    0         0         0         0 
   67   70   73   29    2    6    0    0    0    0         0         0         0 
   68   71   74   30    2    6    0    0    0    0         0         0         0 
   69   72   75   31    2    6    0    0    0    0         0         0         0 
   70   73   76   29    2    6    0    0    0    0         0         0         9 
   71   74   77   30    2    6    0    0    0    0         0         0         8 
   72   75   78   31    2    6    0    0    0    0         0         0         9 
   73   76   79   29    2    6    0    0    0    0         0         0         0 
   74   77   80   30    2    6    0    0    0    0         0         0         0 
   75   78   81   31    2    6    0    0    0    0         0         0         0 
   76  110   40   55    2    6    0    0    0    0         0         0        11 
   77  111   41   30    2    6    0    0    0    0         0         0        10 
   78  112   42   31    2    6    0    0    0    0         0         0        11 
   79  113   55   24    2    6    0    0    0    0         0         0        13 
   80  114   56   25    2    6    0    0    0    0         0         0        12 
   81  115   57   26    2    6    0    0    0    0         0         0        13 
   82  116   70   29    2    6    0    0    0    0         0         0        15 
   83  117   71   30    2    6    0    0    0    0         0         0        14 
   84  118   72   31    2    6    0    0    0    0         0         0        15 
1......boundary elements 
 
 
 number of elements        =   11 
 

umber of stiffness sets  =    5 

umber of n/l par. sets   =    0 
et                    stiffnesses of boundary springs 

 no     r1          r2          r3          m1          m2          m3 

 1   0.836E+03   0.111E+03   0.253E+05   0.100E+08   0.100E+08   0.175E+07 
   2   0.712E+04   0.712E+04   0.305E+05   0.575E+06   0.932E+06   0.129E+06 
   3   0.747E

 4   0.674E
 5   0.836E+03   0.111E+03   0.253E+05   0.100E+08   0.100E+08   0.175E+07 

1ele.     nodes      matl      nind 

  3   53   96   94    2         0 

  6   68  100   98    3         0 

  9   83  104  102    4         0 

....expansion joint elements  

umber of elements         =   11 

 number of stiffness sets   =    2 

umber of n/l par. sets    =    3 
1set                    stiffnesses of expansion springs 
  no    r1          r2          r3          m1          m2          m3 

 n
 
 n
1s

 
  

+04   0.747E+04   0.318E+05   0.728E+06   0.102E+07   0.140E+06 
+04   0.674E+04   0.290E+05   0.441E+06   0.859E+06   0.117E+06   

  

  no     i    j,    k  no        no  
 
    1   38  107  106    1         0 
    2   52   95   94    2         0 
  
    4   54   97   94    2         0 
    5   67   99   98    3         0 
  
    7   69  101   98    3         0 
    8   82  103  102    4         0 
  
   10   84  105  102    4         0 
   11   39  109  108    5         0 
1.
 
 
 n
 

 
 n
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   1   0.100E+01   0.100E+01   0.100E+01   0.100E+01   0.100E+01   0.100E+01 
   2   0.124E+03   0.124E+03   0.100E+08   0.124E+03   0.100E+08   0.100E+08 

onlinear parameters of expansion joint elements.... 

npar      friction    friction     seat       tie       tie        tie yield      impact 
.       coeff.      stiffness    gap        gap        stiff      force          spring 
  1   0.200E-01   0.100E+01   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.100E+01 

    2   0.000E+00   0.100E+01   0.150E+01   0.000E+00   0.000E+00   0.000E+00   0.221E+05 
  3   0.200E-01   0.100E+01   0.150E+01   0.000E+00   0.000E+00   0.000E+00   0.221E+05 

 

 joint tie bars..... 

par  number     tie positions relative to joint center 
  no.  of ties   1       2       3       4       5       6  

  1    0      0.000   0.000   0.000   0.000   0.000   0.000 
  2    0      0.000   0.000   0.000   0.000   0.000   0.000 

    3    0      0.000   0.000   0.000   0.000   0.000   0.000 

 

xpansion joint element data..... 
 

lem        node           ,joint   joint   spring  n/l   joint    skew   joint 
no.    i    j    k    l    code     sign   set no  ind   width    angle  stiffness 

 
  1    1    2   85   25    545535       1     2     3  324.000    0.000   0.200E+08 
  2    6   25   86   30    545535      -1     2     1  324.000    0.000   0.200E+08 

    3   25    7   91   30    545535       1     2     1  324.000    0.000   0.200E+08 
  4   11   30   87   35    545535      -1     2     1  324.000    0.000   0.200E+08 
  5   30   12   92   35    545535       1     2     1  324.000    0.000   0.200E+08 

    6   16   35   88   22    545535      -1     2     1  324.000    0.000   0.200E+08 
  7   35   17   93   22    545535       1     2     1  324.000    0.000   0.200E+08 
  8   22   21   90   35    545535       1     2     3  324.000    0.000   0.200E+08 

    9    6    7   86   30    545535       1     1     2  324.000    0.000   0.100E+01 
   10   11   12   87   35    545535       1     1     2  324.000    0.000   0.100E+01 
   11   16   17   88   22    545535       1     1     2  324.000    0.000   0.100E+01 

otal number of nonlinear elements   =   29 

 

lement type of l/nl indicator..... 
 
   element ind   element ind   element ind   element ind   element ind  
   number  type  number  type  number  type  number  type  number  type 
 
       1    -2       2    -2       3    -2       4    -2       5    -2 
      6    -2       7    -2       8    -2       9    -2      10    -2 
     11    -2      12    -2      13    -2      14    -2      15    -2 
     16    -2      17    -2      18    -2      19    -2      20    -2 
     21    -2      22    -2      23    -2      24    -2      25    -2 
     26    -2      27    -2      28    -2      29    -2      30    -2 
     31    -2      32    -2      33    -2      34    -2      35    -2 
     36    -2      37    -2      38    -2      39    -2      40    -2 
     41    -2      42    -2      43    -2      44    -2      45    -2 
     46     2      47     2      48     2      49    -2      50    -2 
     51    -2      52    -2      53    -2      54    -2      55    -2 
     56    -2      57    -2      58     2      59     2      60     2 
     61    -2      62    -2      63    -2      64    -2      65    -2 
     66    -2      67    -2      68    -2      69    -2      70     2 
     71     2      72     2      73    -2      74    -2      75    -2 
     76     2      77     2      78     2      79     2      80     2 
     81     2      82     2      83     2      84     2      85    -4 
     86    -4      87    -4      88    -4      89    -4      90    -4 
     91    -4      92    -4      93    -4      94    -4      95    -4 
     96     5      97     5      98     5      99     5     100     5 
    101     5     102     5     103     5     104     5     105     5 

1n
 

no
  

  
 

 
 

 
 n

  
  

 
 

 
 e

 e
  

  
  

  
  

  
  

1t
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    106     5 
 
 
 
 
 
 system setup information... 
 
 
 total number of equations   =  553 
 
 band width                  =  367 
 
 
 
 
 element load multiplier for static analysis..... 
 
 structure       element load multiplier 
 load case       a         b         c         d 
 
 
     1          1.000     0.000     0.000     0.000 
1print of static displacements..... 
 
 
      node     node,           x           y           z          xx          yy          
zz 
       no.      type 
 
 
        1             -2.737E-06  -1.614E-07  -1.010E-02   6.566E-09  -5.126E-09  -
8.593E-12 
        2             -1.158E-05  -1.614E-07  -1.011E-02   6.566E-09   2.534E-05  -
3.964E-09 
        3             -1.158E-05  -9.820E-07  -1.518E-02   7.374E-09   2.236E-05  -
3.964E-09 
        4             -1.158E-05  -1.803E-06  -1.917E-02   8.183E-09   1.582E-05  -
3.964E-09 
        5             -1.158E-05  -2.623E-06  -2.173E-02   8.991E-09   9.271E-06  -
3.964E-09 
        6             -1.158E-05  -3.444E-06  -2.321E-02   9.799E-09   6.297E-06  -
3.964E-09 
        7             -3.008E-05  -3.444E-06  -2.322E-02   9.799E-09   3.306E-05  -
1.796E-08 
        8             -3.008E-05  -9.111E-06  -3.261E-02   6.264E-09   2.298E-05  -
1.796E-08 
        9             -3.008E-05  -1.436E-05  -3.654E-02   2.987E-09   2.871E-06  -
1.796E-08 
       10             -3.008E-05  -1.983E-05  -3.408E-02  -4.246E-10  -1.793E-05  -
1.796E-08 
       11             -3.008E-05  -2.530E-05  -2.666E-02  -3.836E-09  -2.739E-05  -
1.796E-08 
       12             -2.987E-05  -2.530E-05  -2.666E-02  -3.837E-09   2.425E-05   
1.896E-08 
       13             -2.987E-05  -1.953E-05  -3.312E-02  -2.580E-09   1.479E-05   
1.896E-08 
       14             -2.987E-05  -1.376E-05  -3.462E-02  -1.324E-09  -6.015E-06   
1.896E-08 
       15             -2.987E-05  -8.213E-06  -2.978E-02  -1.169E-10  -2.612E-05   
1.896E-08 
       16             -2.987E-05  -2.232E-06  -1.939E-02   1.185E-09  -3.620E-05   
1.896E-08 
       17             -1.128E-05  -2.232E-06  -1.938E-02   1.185E-09  -1.675E-05   
4.067E-09 
       18             -1.127E-05  -1.626E-06  -1.685E-02   1.104E-09  -1.786E-05   
4.067E-09 
       19             -1.127E-05  -1.020E-06  -1.402E-02   1.023E-09  -2.030E-05   
4.067E-09 
       20             -1.127E-05  -4.140E-07  -1.080E-02   9.426E-10  -2.274E-05   
4.067E-09 
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       21             -1.127E-05   1.919E-07  -7.281E-03   8.619E-10  -2.385E-05   
4.067E-09 
       22             -2.665E-06   1.919E-07  -7.271E-03   8.618E-10  -4.991E-09   

7.633E-09 
       24             -1.924E-05  -3.444E-06  -2.309E-02   1.872E-08  -8.343E-08  -
7.
       25             -2.027E-05  -3.444E-06  -2.320E-02   9.800E-09  -8.344E-08  -
7.633E-09 
       26             -2.131E-05  -3.444E-06  -2.310E-02   8.751E-10  -8.344E-08  -
7.633E-09 
       27             -2.151E-05  -3.444E-06  -2.310E-02   8.773E-10  -8.344E-08  -
7.633E-09 
       28             -3.981E-05  -2.530E-05  -2.653E-02   6.139E-09   1.368E-06  -
4.014E-10 
       29             -3.983E-05  -2.530E-05  -2.653E-02   6.141E-09   1.368E-06  -
4.014E-10 
       30             -3.988E-05  -2.530E-05  -2.665E-02  -3.837E-09   1.368E-06  -
4.014E-10 
       31             -3.993E-05  -2.530E-05  -2.652E-02  -1.381E-08   1.368E-06  -
4.015E-10 
       32             -3.994E-05  -2.530E-05  -2.652E-02  -1.381E-08   1.368E-06  -
4.015E-10 
       33             -2.144E-05  -2.232E-06  -1.928E-02   9.511E-09  -8.797E-08   
1.008E-08 
       34             -2.117E-05  -2.232E-06  -1.928E-02   9.513E-09  -8.797E-08   

   1.185E-09  -8.797E-08   
1.008E-08 
       36             -1.844E-05  -2.232E-06  -1.928E-02  -7.143E-09  -8.797E-08   
1.
    817E-0 232E-06   -7 -8.7
1.008E-08 
       8           -2.617E-0 996E-09    6.5   -5.1
0.000E+00 
       39             -2.548E-06   2.120E-07  -7.267E-03   8.593E-10  -4.984E-09   
0.000E+00 
       40             -4.496E-06  -5.862E-07  -1.364E-02   7.634E-09  -5.380E-08  -
2.732E-09 
       41             -5.031E-06  -1.206E-06  -1.370E-02   1.193E-08  -5.893E-08  -
2.732E-09 
       42             -5.565E-06  -1.824E-06  -1.364E-02   1.620E-08  -6.407E-08  -
2.732E-09 
       43             -3.552E-06  -4.554E-07  -1.243E-02   6.617E-09  -4.875E-08  -
2.124E-09 
       44             -3.991E-06  -9.902E-07  -1.248E-02   1.151E-08  -5.385E-08  -
2.124E-09 
       45             -4.431E-06  -1.523E-06  -1.243E-02   1.639E-08  -5.895E-08  -
2.124E-09 
       46             -1.549E-06  -1.947E-07  -9.223E-03   4.335E-09  -3.411E-08  -
5.334E-10 

 1.509E-08  -4.274E-08  -
5.334E-10
       49             -1.045E-06  -1.307E-07  -8.145E-03   3.697E-09  -2.878E-08  -
4.29
       50             -1.187E-06  -3.248E-07  -8.180E-03   8.899E-09  -3.261E-08  -
4.290E-12 
       51             -1.329E-06  -5.182E-07  -8.146E-03   1.408E-08  -3.644E-08  -
4.290E-
       52             -9.045E-09   2.385E-09  -8.136E-03   3.696E-09  -2.877E-08   
0.000E+
       53             -1.347E-08  -4.502E-09  -8.172E-03   8.897E-09  -3.259E-08   

000E+00 
     54             -1.790E-08  -1.136E-08  -8.137E-03   1.408E-08  -3.642E-08   

     55             -1.749E-04  -2.745E-05  -2.298E-02  -1.010E-07   1.286E-06  -
522E-10 

8.816E-12 
       23             -1.904E-05  -3.444E-06  -2.309E-02   1.872E-08  -8.343E-08  -

633E-09 

1.008E-08 
       35             -1.981E-05  -2.232E-06  -1.937E-02

008E-08 
     37           -1. 5  -2.   -1.928E-02 .141E-09  97E-08   

3   6  -7.   -1.010E-02 47E-09 18E-09   

       47             -1.757E-06  -4.743E-07  -9.263E-03   9.723E-09  -3.842E-08  -
5.334E-10 
       48            -1.965E-06  -7.528E-07  - 03   

 
9.224E-

0E-12 

12 

00 

0.
  
0.000E+00 
  
3.
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       56             -1.751E-04  -2.505E-05  -2.309E-02   2.094E-08   1.290E-06  -
4.804E-10 
       57             -1.750E-04  -2.542E-05  -2.298E-02   3.548E-08   1.285E-06  -
5.042E-10 
       58             -3.054E-04  -4.793E-05  -1.404E-02  -2.057E-07   8.644E-07  -
2.316E-10 
       59             -3.064E-04  -2.058E-05  -1.411E-02   4.559E-08   8.722E-07  -
6.745E-10 
       60             -3.054E-04  -1.719E-05  -1.404E-02   8.598E-08   8.638E-07  -
7.565E-10 
       61             -3.410E-04  -5.750E-05  -1.031E-02  -1.836E-07   6.043E-07  -
1.826E-10 
       62             -3.424E-04  -1.845E-05  -1.035E-02   4.080E-08   6.108E-07  -
7.535E-10 
       63             -3.411E-04  -1.316E-05  -1.031E-02   7.761E-08   6.038E-07  -
8.592E-10 
       64             -3.500E-04  -6.033E-05  -9.056E-03  -1.680E-07   5.066E-07  -
1.663E-10 
       65             -3.514E-04  -1.782E-05  -9.096E-03   3.731E-08   5.123E-07  -
7.798E-10 
       66             -3.500E-04  -1.197E-05  -9.056E-03   7.114E-08   5.062E-07  -
8.933E-10 
       67             -3.682E-04  -6.638E-05  -9.046E-03  -1.679E-07   5.064E-07  -
1.661E-10 
       68             -3.698E-04  -1.648E-05  -9.086E-03   3.730E-08   5.121E-07  -
7.800E-10 
       69             -3.682E-04  -9.405E-06  -9.046E-03   7.112E-08   5.060E-07  -
8.935E-10 
       70             -1.239E-05  -1.296E-06  -1.658E-02   8.823E-09  -8.638E-08   
9.868E-09 
       71             -1.113E-05  -1.974E-06  -1.665E-02   6.558E-09  -8.211E-08   
9.868E-09 
       72             -9.875E-06  -2.652E-06  -1.658E-02   4.298E-09  -7.783E-08   
9.868E-09 
       73             -5.255E-06  -5.788E-07  -1.138E-02   6.993E-09  -6.866E-08   
9.483E-09 
       74             -4.580E-06  -1.111E-06  -1.143E-02   1.141E-08  -6.113E-08   
9.483E-09 
       75             -3.906E-06  -1.643E-06  -1.138E-02   1.583E-08  -5.360E-08   
9.483E-09 
       76             -2.363E-06  -2.741E-07  -8.544E-03   5.743E-09  -5.148E-08   
9.278E-09 
       77             -2.038E-06  -5.615E-07  -8.583E-03   1.124E-08  -4.473E-08   
9.278E-09 
       78             -1.712E-06  -8.485E-07  -8.544E-03   1.673E-08  -3.798E-08   
9.278E-09 
       79             -1.647E-06  -1.922E-07  -7.653E-03   5.315E-09  -4.505E-08   
9.215E-09 
       80             -1.417E-06  -3.976E-07  -7.688E-03   1.080E-08  -3.890E-08   
9.215E-09 
       81             -1.188E-06  -6.028E-07  -7.653E-03   1.627E-08  -3.275E-08   
9.215E-09 
       82             -2.531E-08  -9.066E-10  -7.645E-03   5.314E-09  -4.503E-08   
9.214E-09 
       83             -1.715E-08  -8.945E-09  -7.680E-03   1.080E-08  -3.888E-08   
9.214E-09 
       84             -8.987E-09  -1.697E-08  -7.646E-03   1.627E-08  -3.273E-08   
9.214E-09 
       85      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
0.000E+00 
       86      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
0.000E+00 
       87      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
0.000E+00 
       88      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
0.000E+00 
       89      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
0.000E+00 
       90      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
0.000E+00 
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       91      fixed   0.000E+00   0.000E+00   0.000E+00  
0.000E+00 

 0.000E+00   0.000E+00   

       92      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 
     93      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   

0.000E+00 
     94      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 

       95      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 
     96      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   

0.000E+00 
     97      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 

       98      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 
     99      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   

0.000E+00 
    100      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 

      101      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 
    102      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   

0.000E+00 
    103      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 

      104      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 
    105      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   

0.000E+00 
    106      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 

      107      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 
    108      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   

0.000E+00 
    109      fixed   0.000E+00   0.000E+00   0.000E+00   0.000E+00   0.000E+00   
000E+00 

      110             -1.490E-05  -2.470E-06  -2.308E-02   1.871E-08  -8.343E-08  -
626E-09 
    111             -1.593E-05  -2.935E-06  -2.319E-02   9.766E-09  -8.343E-08  -

7.626E-09 
    112             -1.697E-05  -3.398E-06  -2.309E-02   8.644E-10  -8.344E-08  -
626E-09 

      113             -1.110E-04  -2.499E-05  -2.651E-02   5.961E-09   1.368E-06  -
010E-10 
    114             -1.110E-04  -2.550E-05  -2.663E-02  -3.812E-09   1.368E-06  -

4.017E-10 
    115             -1.111E-04  -2.602E-05  -2.651E-02  -1.375E-08   1.368E-06  -
019E-10 

    117             -1.523E-05  -2.170E-06  -1.936E-02   1.195E-09  -8.797E-08   

007E-08 

....straight beam forces and moments 

0beam load     axial       shear       shear     torsion     bending     bending 
  no.  no.        r1          r2          r3          m1          m2          m3 

  1   1  2.184E-03   4.  2.552E-02 
        -2.184E-03  -4.833E-07  -1.278E+02   6.566E-02  -3.969E+04  -2.553E-02 

 
  2   1  2.194E-03   3.947E-07   1.278E+02  -6.566E-02   3.969E+04   2.541E-02 
        -2.194E-03  -3.947E-07  -1.196E-03   6.566E-02  -5.292E+04  -2.535E-02 

 
  3   1  2.188E-03   1.210E-06   9.803E-04  -6.566E-02   5.292E+04   2.515E-02 
        -2.188E-03  -1.210E-06   1.278E+02   6.566E-02  -3.969E+04  -2.506E-02 

 

0.
  

  
0.

0.
  

  
0.

0.
  

  
0.

0.
  

  
0.

0.
  

  
0.

0.
  

  
0.

7.
  

  
7.

4.
  

  
4.
      116             -1.660E-05  -1.737E-06  -1.927E-02   9.516E-09  -8.798E-08   
1.007E-08 
  
1.007E-08 
      118             -1.386E-05  -2.603E-06  -1.927E-02  -7.115E-09  -8.796E-08   
1.
1 static stress output..... 
 
0 
 

  
  

833E-07   2.556E+02  -6.566E-02  -4.671E-02  
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    4   1  2.197E-03   2.436E-06  -1.278E+02  -6.566E-02   3.969E+04   2.485E-02 
          -2.197E-03  -2.436E-06   2.556E+02   6.566E-02  -1.062E-01  -2.444E-02 
 
    5   1  2.474E-03   1.511E-04   3.757E+02   1.884E-01   2.537E-01   6.824E-02 
         
 
    6   1  2.439E-03   1.499E-04   1.809E+02   1.884E-01   8.781E+04   2.061E-02 
          -2.439E-03  -1.499E-04  -3.076E-01  -1.884E-01  -1.143E+05   2.319E-02 
 
    7   1  2.426E-03   1.598E-04   3.070E-01   1.884E-01   1.143E+05  -2.248E-02 
          -2.426E-03  -1.598E-04   1.877E+02  -1.884E-01  -8.578E+04   7.037E-02 
 
    8   1  2.427E-03   1.510E-04  -1.877E+02   1.884E-01   8.578E+04  -7.032E-02 
          -2.427E-03  -1.510E-04   3.757E+02  -1.884E-01  -3.618E-02   1.159E-01 
 
    9   1 -2.474E-03  -1.477E-04   3.757E+02  -6.937E-02  -1.601E-01  -1.276E-01 
           2.474E-03   1.477E-04  -1.877E+02   6.937E-02  -8.578E+04   8.154E-02 
 
   10   1 -2.474E-03  -1.581E-04   1.877E+02  -6.937E-02   8.578E+04  -8.184E-02 
           2.474E-03   1.581E-04   3.073E-01   6.937E-02  -1.143E+05   3.305E-02 
 
   11   1 -2.518E-03  -1.525E-04  -3.062E-01  -6.937E-02   1.143E+05  -3.425E-02 
           2.518E-03   1.525E-04   1.809E+02   6.937E-02  -8.781E+04  -9.980E-03 
 
   12   1 -2.523E-03  -1.535E-04  -1.809E+02  -6.937E-02   8.781E+04   1.029E-02 
           2.523E-03   1.535E-04   3.757E+02   6.937E-02  -2.017E-01  -5.853E-02 
 
   13   1 -2.135E-03   2.365E-05   1.840E+02   9.115E-03  -3.148E-01   3.984E-02 
           2.135E-03  -2.365E-05  -9.201E+01  -9.115E-03  -2.056E+04  -3.640E-02 
 
   14   1 -2.134E-03   2.326E-05   9.200E+01   9.115E-03   2.056E+04   3.639E-02 
           2.134E-03  -2.326E-05   6.482E-04  -9.115E-03  -2.742E+04  -3.306E-02 
 
   15   1 -2.132E-03   2.267E-05   1.364E-03   9.115E-03   2.742E+04   3.305E-02 
           2.132E-03  -2.267E-05   9.200E+01  -9.115E-03  -2.056E+04  -2.974E-02 
 
   16   1 -2.130E-03   2.309E-05  -9.200E+01   9.115E-03   2.056E+04   2.976E-02 
           2.130E-03  -2.309E-05   1.840E+02  -9.115E-03  -7.667E-02  -2.642E-02 
 
   17   1  3.635E-06  -1.275E-05  -7.639E-03   2.190E-05   5.403E-03   2.409E-04 
          -3.635E-06   1.275E-05  -4.258E+00  -2.190E-05  -5.617E+01   1.835E-04 
 
   18   1  4.244E-06  -6.496E-05  -2.234E+02  -6.649E-03   5.592E+01  -1.150E-02 
          -4.244E-06   6.496E-05   2.014E+02   6.649E-03   2.876E+04   1.172E-03 
 
   19   1  1.090E-04   1.357E-04   2.014E+02  -6.560E-03  -2.876E+04   3.464E-02 
          -1.090E-04  -1.357E-04  -2.234E+02   6.560E-03  -5.590E+01  -1.703E-02 
 
   20   1  1.874E-05   1.702E-05  -4.243E+00  -1.584E-04   5.589E+01   1.374E-02 

        -1.874E-0 .338E-02 

   21   1 -7.278E-06  -3.713E-06   1.791E-02  -3.290E-03  -3.416E-01  -3.452E-04 
           7.278E-06   3.713E-06  -4.268E+00   3.290E-03  -5.612E+01   8.884E-05 
 
   22   1  1.116E-03   1.605E-03  -2.633E+02   4.334E-03   5.633E+01  -1.810E-04 
          -1.116E-03  -1.605E-03   2.413E+02  -4.334E-03   3.418E+04   2.172E-01 
 
   23   1  6.260E-04  -1.646E-03   2.413E+02   1.972E-03  -3.418E+04  -2.283E-01 
          -6.260E-04   1.646E-03  -2.633E+02  -1.972E-03  -5.583E+01   5.586E-03 
 
   24   1 -6.697E-05  -7.537E-05  -4.257E+00  -1.064E-02   5.669E+01  -2.562E-03 
           6.697E-05   7.537E-05  -2.391E-02   1.064E-02  -7.054E-01   2.151E-03 
 
   25   1  3.203E-07  -1.231E-05  -1.466E-03   2.125E-04   1.217E-01  -1.185E-03 
          -3.203E-07   1.231E-05  -4.264E+00  -2.125E-04  -5.623E+01  -5.085E-03 
 
   26   1 -2.030E-05  -1.772E-04  -1.995E+02   1.030E-02   5.622E+01   1.802E-03 
           2.030E-05   1.772E-04   1.775E+02  -1.030E-02   2.552E+04  -2.527E-02 
 
   27   1  1.150E-04   7.345E-05   1.775E+02   1.033E-02  -2.552E+04   6.844E-03 
          -1.150E-04  -7.345E-05  -1.995E+02  -1.033E-02  -5.669E+01   3.853E-03 

 -2.474E-03  -1.511E-04  -1.809E+02  -1.884E-01  -8.781E+04  -2.025E-02 

  
 

5  -1.702E-05  -6.595E-03   1.584E-04  -8.241E-02  -1
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   28   1  9.843E-06   2.954E-06  -4.242E+00  -5.268E-04   5.614E+01   9.246E-03 
          -9.843E-06  -2.954E-06  -8.178E-03   5.268E-04  -4.340E-01  -1.557E-02 
 
   29   1  2.556E+02  -2.189E-03   4.319E-07   2.566E-02   6.553E-02  -2.759E-05 
          -2.556E+02   2.189E-03  -4.319E-07  -2.566E-02  -6.554E-02  -5.121E-02 
 
   30   1  2.479E+02  -6.447E-05  -1.700E-05   8.327E-03   2.739E-03   2.453E-02 
          -2.479E+02   6.447E-05   1.700E-05  -8.327E-03  -2.124E-03  -2.680E-02 

 31   1  2.490E+02  -9.627E-05   3.229E-05   8.327E-03   3.963E-03   2.694E-02 
          -2.490E+02   9.627E-05  -3.229E-05  -8.327E-03  -5.114E-03  -3.036E-02 
 
   32   1  2.479E+02  -1.271E-04   8.078E-05   8.327E-03   5.198E-03   2.940E-02 
          -2.479E+02   1.271E-04  -8.078E-05  -8.327E-03  -8.085E-03  -3.394E-02 
 

   34   1  2.892E+02   1.693E-03   2.495E-04  -4.130E-04   1.791E-02  -4.583E-01 
          -2.892E+02  -1.693E-03  -2.495E-04   4.130E-04  -2.711E-02   5.206E-01 
 
   35   1  2.879E+02   1.718E-03   5.130E-04  -5.367E-04   3.320E-02  -4.527E-01 
          -2.879E+02  -1.718E-03  -5.130E-04   5.367E-04  -5.180E-02   5.171E-01 
 
   36   1  2.214E+02   1.709E-04  -6.002E-06  -1.079E-03  -2.131E-03  -3.257E-02 
          -2.214E+02  -1.709E-04   6.002E-06   1.079E-03   2.343E-03   3.871E-02 
 
   37   1  2.224E+02   1.152E-04  -6.054E-05  -1.078E-03  -2.596E-03  -2.929E-02 
          -2.224E+02  -1.152E-04   6.054E-05   1.078E-03   4.764E-03   3.339E-02 
 
   38   1  2.214E+02   6.035E-05  -1.145E-04  -1.079E-03  -3.070E-03  -2.597E-02 
          -2.214E+02  -6.035E-05   1.145E-04   1.079E-03   7.176E-03   2.812E-02 
 
   39   1  1.840E+02   2.133E-03   2.350E-05  -2.633E-02  -9.102E-03   3.314E-06 
          -1.840E+02  -2.133E-03  -2.350E-05   2.633E-02   8.553E-03   4.982E-02 
 
   40   1  2.276E+02  -6.766E-05  -1.226E-05   8.346E-03   2.128E-02   6.003E-03 
          -2.276E+02   6.766E-05   1.226E-05  -8.346E-03  -2.067E-02  -9.569E-03 
 
   41   1  2.287E+02  -1.057E-04   3.267E-05   8.368E-03   5.197E-02  -3.068E-04 

  -5.367E-02  -4.799E-03 

   42   1  2.277E+02  -1.416E-04   8.717E-05   8.345E-03   1.476E-02  -6.995E-03 
          -2.277E+02   1.416E-04  -8.717E-05  -8.345E-03  -1.923E-02  -2.906E-04 
 
  406E+02  -6.451E-0 697E-05    4  1.9
          -2.423E+02   6.451E-05   1.697E-05   -3.827E-03  -2.0
 
   44   1  2.417E+02  -9.601E-05   3.208E-05   8.327E-03   1.322E-03   1.904E-02 
          -2.433E+02   9.601E-05  -3.208E-05  -8.327E-03  -1.912E-03  -2.081E-02 
 
   45   1  2.407E+  -1.276E- 93E-05   -03  -1.    1.888
          -2.423E+   1.276E- 93E-05  - -03  -6.   -2.122
 
   46   2.423E+  -6.450E- 97E-05   -03   3.827E-03   2.039
       -2.465E+   6.451E- 97E-05  - -03  -3.011E-03  -2.349
 
   47   1  2.433E+02  -9.604E-05   3.208E-05   8.327E-03   1.912E-03   2.081E-02 
         -2.476E+02   9.605E- 08E-05  - -03  -3.456E-03  -2.543
 
   48   2.423E+  -1.276E- 93E-05   -03   6.    2.122
       -2.465E+   1.276E- 93E-05  - -03  -3.   -2.736
 
   49   1  2.465E+  -6.451E- 97E-05   8.327E-03   3.    2.349
          -2.479E+02   6.451E-05   1.697E-05  -8.327E-03  -2.739E-03  -2.452E-02 
 
   50   1  2.476E+02  -9.605E-05   3.208E-05   8.327E-03   3.456E-03   2.543E-02 
          -2.490E+02   9.605E-05  -3.208E-05  -8.327E-03  -3.969E-03  -2.696E-02 
 
   51   1  2.465E+02  -1.276E-04   8.092E-05   8.327E-03   3.899E-03   2.736E-02 

 
  

   33   1  2.879E+02  -1.185E-03  -1.792E-03   2.564E-04  -4.568E-01   8.032E-02 
          -2.879E+02   1.185E-03   1.792E-03  -2.564E-04   5.141E-01  -1.222E-01 
 

          -2.287E+02   1.057E-04  -3.267E-05  -8.368E-03
 

 43   1  2. 5  -1.    8.327E-03
  -8.327E-03

.139E-03  20E-02 
39E-02 

02 
02 

04   8.0
04  -8.0

8.327E
8.327E

483E-03
609E-06

E-02 
E-02 

  1
   

02 
02 

05  -1.6
05   1.6

8.327E
8.327E

E-02 
E-02 

 05  -3.2 8.327E E-02 

  1
   

02 
02 

04   8.0
04  -8.0

8.327E
8.327E

546E-06
899E-03

E-02 
E-02 

02 05  -1.6 011E-03 E-02 
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          -2.479E+02   1.276E-04  -8.092E-05  -8.327E-03  -5.194E-03  -2.940E-02 
 
   52   1  2.676E+02  -1.618E-03   1.180E-03   4.282E-04  -3.153E-01   3.402E-03 
          -2.676E+02   1.618E-03  -1.180E-03  -4.282E-04   2.541E-01  -8.682E-02 
 
   53   1  2.688E+02  -1.613E-03  -2.581E-04  -3.438E-04   4.623E-02  -6.726E-03 
          -2.688E+02   1.613E-03   2.581E-04   3.438E-04  -3.280E-02  -7.821E-02 
 
   54   1  2.675E+02  -1.579E-03  -5.112E-04  -5.575E-04   1.125E-01   4.745E-03 
          -2.675E+02   1.579E-03   5.112E-04   5.575E-04  -8.583E-02  -8.682E-02 
 

        -2.822E+02   1.590E-03  -1.163E-03  -2.564E-04  -5.072E-03  -3.506E-01 

   56   1  2.731E+02  -1.640E-03  -2.663E-04  -4.129E-04   3.077E-02   1.573E-01 
          -2.835E+02   1.640E-03   2.663E-04   4.129E-04   7.518E-04  -3.514E-01 
 
   57   1  2.718E+02  -1.586E-03  -5.191E-04  -5.365E-04   6.147E-02   1.628E-01 
          -2.822E+02   1.586E-03   5.191E-04   5.365E-04  -7.481E-06  -3.506E-01 
 
   58   1  2.822E+02  -1.590E-03   1.163E-03   2.564E-04   5.071E-03   3.506E-01 
          -2.865E+02   1.590E-03  -1.163E-03  -2.564E-04  -6.114E-02  -4.272E-01 
 
   59   1  2.835E+02  -1.639E-03  -2.662E-04  -4.129E-04  -7.520E-04   3.514E-01 
          -2.877E+02   1.639E-03   2.662E-04   4.129E-04   1.359E-02  -4.304E-01 
 
   60   1  2.822E+02  -1.586E-03  -5.191E-04  -5.365E-04   7.438E-06   3.506E-01 
          -2.865E+02   1.586E-03   5.191E-04   5.365E-04   2.501E-02  -4.270E-01 
 
   61   1  2.865E+02  -1.591E-03   1.164E-03   2.564E-04   6.114E-02   4.272E-01 
          -2.879E+02   1.591E-03  -1.164E-03  -2.564E-04  -7.975E-02  -4.527E-01 
 
   62   1  2.877E+02  -1.640E-03  -2.663E-04  -4.129E-04  -1.358E-02   4.304E-01 
          -2.892E+02   1.640E-03   2.663E-04   4.129E-04   1.784E-02  -4.567E-01 
 
   63   1  2.865E+02  -1.586E-03  -5.192E-04  -5.365E-04  -2.501E-02   4.270E-01 
          -2.879E+02   1.586E-03   5.192E-04   5.365E-04   3.332E-02  -4.524E-01 
 
   64   1  2.037E+02   1.670E-04  -1.414E-05  -1.068E-03   4.013E-03   1.045E-02 
          -2.037E+02  -1.670E-04   1.414E-05   1.068E-03  -3.264E-03  -1.783E-03 
 
   65   1  2.047E+02   1.174E-04  -5.759E-05  -1.077E-03   1.746E-02   1.194E-04 
          -2.047E+02  -1.174E-04   5.759E-05   1.077E-03  -1.448E-02   5.942E-03 
 
   66   1  2.037E+02   6.803E-05  -1.294E-04  -1.060E-03   4.886E-02  -1.043E-02 
          -2.037E+02  -6.803E-05   1.294E-04   1.060E-03  -4.212E-02   1.370E-02 
 
   67   1  2.080E+02   1.709E-04  -6.153E-06  -1.080E-03  -1.189E-03  -6.502E-03 
          -2.159E+02  -1.709E-04   6.153E-06   1.080E-03   1.742E-03   2.188E-02 
 
   68   1  2.090E+02   1.159E-04  -6.035E-05  -1.080E-03   6.605E-03  -1.159E-02 
          -2.169E+02  -1.159E-04   6.035E-05   1.080E-03  -1.174E-03   2.202E-02 
 
   69   1  2.080E+02   6.086E-05  -1.145E-04  -1.080E-03   1.439E-02  -1.667E-02 
          -2.159E+02  -6.086E-05   1.145E-04   1.080E-03  -4.086E-03   2.215E-02 
 
   70   1  2.159E+02   1.709E-04  -6.153E-06  -1.080E-03  -1.742E-03  -2.188E-02 
          -2.201E+02  -1.709E-04   6.153E-06   1.080E-03   2.036E-03   3.004E-02 
 
   71   1  2.169E+02   1.159E-04  -6.035E-05  -1.080E-03   1.174E-03  -2.202E-02 
          -2.211E+02  -1.158E-04   6.035E-05   1.080E-03   1.705E-03   2.754E-02 
 
   72   1  2.159E+02   6.086E-05  -1.145E-04  -1.080E-03   4.086E-03  -2.215E-02 
          -2.201E+02  -6.081E-05   1.145E-04   1.080E-03   1.375E-03   2.505E-02 
 
   73   1  2.201E+02   1.709E-04  -6.155E-06  -1.080E-03  -2.036E-03  -3.004E-02 
          -2.214E+02  -1.709E-04   6.155E-06   1.080E-03   2.127E-03   3.257E-02 
 
   74   1  2.211E+02   1.159E-04  -6.036E-05  -1.080E-03  -1.705E-03  -2.754E-02 
          -2.224E+02  -1.159E-04   6.036E-05   1.080E-03   2.598E-03   2.926E-02 
 

   55   1  2.718E+02  -1.590E-03   1.163E-03   2.564E-04  -1.326E-01   1.624E-01 
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   75   1  2.201E+02   6.082E-05  -1.145E-04  -1.080E-03  -1.375E-03  -2.505E-02 
          -2.214E+02  -6.082E-05   1.145E-04   1.080E-03   3.069E-03   2.595E-02 
 
   76   1  2.276E+02  -6.449E-05  -1.697E-05   8.327E-03   6.650E-03   9.658E-03 
          -2.406E+02   6.449E-05   1.697E-05  -8.327E-03  -4.139E-03  -1.920E-02 
 
   77   1  2.287E+02  -9.604E-05   3.208E-05   8.327E-03  -3.427E-03   4.826E-03 
          -2.417E+02   9.604E-05  -3.208E-05  -8.327E-03  -1.322E-03  -1.904E-02 
 
   78   1  2.276E+02  -1.276E-04   8.093E-05   8.327E-03  -1.346E-02  -6.247E-06 
          -2.407E+02   1.276E-04  -8.093E-05  -8.327E-03   1.482E-03  -1.888E-02 
 
   79   1  2.676E+02  -1.590E-03   1.163E-03   2.564E-04  -1.885E-01   8.607E-02 

1 

        -2.731E+02   1.640E-03   2.662E-04   4.129E-04  -3.077E-02  -1.573E-01 

 81   1  2.676E+02  -1.586E-03  -5.191E-04  -5.365E-04   8.639E-02   8.663E-02 
        -2.718E+02   1.586E-03   5.191E-04   5.365E-04  -6.147E-02  -1.628E-01 

   82   1  2.037E+02   1.709E-04  -6.153E-06  -1.080E-03  -8.933E-04   1.702E-03 

 83   1  2.048E+02   1.159E-04  -6.035E-05  -1.080E-03   9.502E-03  -6.024E-03 
        -2.090E+02  -1.159E-04   6.035E-05   1.080E-03  -6.605E-03   1.159E-02 

 84   1  2.037E+02   6.086E-05  -1.145E-04  -1.080E-03   1.989E-02  -1.375E-02 
        -2.080E+02  -6.086E-05   1.145E-04   1.080E-03  -1.439E-02   1.667E-02 

static stress output..... 

....boundary spring forces and moments 

bd. load     axial       shear       shear     torsion     bending     bending 
no   no         r1          r2          r3          m1          m2          m3 
  1   1 -2.189E-03  -8.884E-07  -2.556E+02   6.547E-02  -5.118E-02   0.000E+00 
  2   1 -6.440E-05   1.698E-05  -2.479E+02   2.124E-03  -2.681E-02   0.000E+00 
  3   1 -9.593E-05  -3.205E-05  -2.490E+02   5.112E-03  -3.038E-02   0.000E+00 

    5   1 -3.597E+00  -6.486E-01  -2.879E+02  -1.222E-01   5.140E-01   1.109E-04 
  6   1 -3.613E+00  -1.609E-01  -2.891E+02   2.714E-02   5.198E-01  -2.151E-04 
  7   1 -3.597E+00  -9.169E-02  -2.879E+02   5.175E-02   5.136E-01  -2.730E-04 
  8   1 -1.705E-04  -6.107E-06  -2.214E+02   2.343E-03  -3.868E-02   1.079E-03 
  9   1 -1.155E-04  -6.026E-05  -2.224E+02   4.760E-03  -3.339E-02   1.079E-03 

   11   1 -2.131E-03   2.356E-05  -1.840E+02   8.593E-03  -4.984E-02   0.000E+00 
static stress output..... 

....expansion joint forces and moments 

jt. load     axial       shear       shear       axial     bending       shear 
no.  no.        r1          r2          r3          r4          r5          r6 
  1   1  1.172E-03   7.348E-07   1.278E+02   1.014E-03   0.000E+00   1.278E+02 
        -1.172E-03  -7.348E-07  -1.278E+02  -1.014E-03   0.000E+00  -1.278E+02 

 
    2   1  1.148E-03   5.928E-06  -1.278E+02   1.001E-03   0.000E+00  -1.278E+02 
          -1.148E-03  -5.928E-06   1.278E+02  -1.001E-03   0.000E+00   1.278E+02 
 
    3   1  1.418E-03   1.529E-04   1.878E+02   1.005E-03   0.000E+00   1.878E+02 
          -1.418E-03  -1.529E-04  -1.878E+02  -1.005E-03   0.000E+00  -1.878E+02 
 
    4   1  8.600E-04   5.937E-05  -1.878E+02   1.563E-03   0.000E+00  -1.878E+02 
          -8.600E-04  -5.937E-05   1.878E+02  -1.563E-03   0.000E+00   1.878E+02 
 
    5   1 -1.625E-03  -1.472E-04   1.879E+02  -8.498E-04   0.000E+00   1.879E+02 
           1.625E-03   1.472E-04  -1.879E+02   8.498E-04   0.000E+00  -1.879E+02 
 
    6   1 -1.066E-03  -1.536E-04  -1.879E+02  -1.421E-03   0.000E+00  -1.878E+02 
           1.066E-03   1.536E-04   1.879E+02   1.421E-03   0.000E+00   1.878E+02 
 

          -2.718E+02   1.590E-03  -1.163E-03  -2.564E-
 
   80   1  2.688E+02  -1.640E-03  -2.662E-04  -4.129E-04   4.355E-02   7.856E-02 

04   1.326E-01  -1.624E-0

  
 
  
  
 

          -2.080E+02  -1.709E-04   6.153E-06   1.080E-03   1.189E-03   6.502E-03 
 
  
  
 
  
  
 
1 
 
0 
 
0 
  
  
  
  
    4   1 -1.275E-04  -8.088E-05  -2.479E+02   8.089E-03  -3.395E-02   0.000E+00 

  
  
  
  
   10   1 -6.053E-05  -1.143E-04  -2.214E+02   7.174E-03  -2.811E-02   1.079E-03 

1 
 
0 
 
0 
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    7   1 -9.340E-04   2.176E-05   9.199E+01  -1.175E-03   0.000E+00   9.199E+01 
           9.340E-04  -2.176E-05  -9.199E+01   1.175E-03   0.000E+00  -9.199E+01 
 
    8   1 -1.145E-03   2.267E-05   9.201E+01  -9.829E-04   0.000E+00   9.200E+01 
           1.145E-03  -2.267E-05  -9.201E+01   9.829E-04   0.000E+00  -9.200E+01 
 
    9   1  2.076E-05   7.958E-12   6.004E-06   1.623E-05   0.000E+00   6.003E-06 
          -2.076E-05  -7.958E-12  -6.004E-06  -1.623E-05   0.000E+00  -6.003E-06 
 
   10   1 -6.190E-06  -3.638E-12   2.471E-09   5.771E-06   0.000E+00   1.254E-09 
           6.190E-06   3.638E-12  -2.471E-09  -5.771E-06   0.000E+00  -1.254E-09 
 
   11   1 -1.618E-05  -6.594E-12  -9.585E-06  -2.100E-05   0.000E+00  -9.585E-06 
           1.618E-05   6.594E-12   9.585E-06   2.100E-05   0.000E+00   9.585E-06 
 
1dynamic load input control data..... 
 
 
  time increment dt  (sec)     =   0.010 
 
  total number of time steps   = 9205 
 
  output interval              =   20 
 
  number of time functions     =    3 
 
 
 
 
 
 
 step-by-step dynamic analysis control data..... 
 
 
  integration indicator        =    0 
 
  damping factor  alpha        =   5.692E-01 
 
  damping factor  beta         =   4.392E-03 
1subdivision of time increment control data ..... 
 
 
  number of subdivision                   =   20 
 
  relative tolerance of subdivision       =  0.5000000E-01 
1equilibrium iteration control data ..... 
 
 
  maximum number of iteration             =  200 
 
  type of iteration                       =    1 
 
  relative tolerance to use iteration     =  0.1000000E-01 
 
  relative tolerance for convergence      =  0.5000000E-02 
1ground motion input key...... 
 
 
                              direction 
                        x       y       z 
 
  function number...    1       2       3 
 
  scale factor......   1.000   1.000   1.000 
1time history no.  1.....  eru                                                                    
 
 
      number of data point        = 9200 
 
      scaling factor              =  386.4000 
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      time increment of data (sec)=  0.010000
 
      zero correction             =    0.0000 
 
 
       1         -3.910       -1.946        0.316        1.479        0.928       -0.686       

.087       -2.498 
     2         -2.069       -1.470       -1.339       -2.046       -3.473       -4.842       
.061       -3.742 
     3         -1.833       -0.874       -1.403       -2.366       -2.255       -0.703        
308       

       4          2.867        2.526        2.039        1.651        1.618        2.140        
2.952        3.217 
       5          2.212        0.119       -1.966       -2.968       -2.739       -2.089       
-1.919      -2.356
       6         -2.689       -2.192       -0.936        0.232        0.543        0.026       
-0.644       -0
       7         -0.840       -0.788       -1.009       -1.442       -1.843       -1.929       
-1.527      -0.84
       8         -0.533       -1.157       -2.517       -3.636       -3.649       -2.647       
-1.428       -0.520 
       9          0.270        1.228        1.983        1.691        0.012       -2.364       
-4.239       -4.93
      ***************************************** File Cut Here *************************** 
 
1displacement  components  for which 
 output time history is required.... 
 
 node    displacement components 
 
    1       1   2   3   4   5   6 
    2       1   2   3   4   5   6 
   21       1   2   3   4   5   6 
   22       1   2   3   4   5   6 
   28       1   2   3   4   5   6 
   29       1   2   3   4   5   6 

   52       1   2   3   4   5   6 
   52       6    fixed dof...no output 
       5  
   53       6    fixed dof...no output 
   54       1   2   3   4   5   6 
   54       6    fixed dof...no output 
   56    1   2    4   5 
   59    1   2    4   5 
   62       1   2    4   5 
   65       1   2    4   5 
   67       1   2   3   4   5   6 
   68       1   2   3   4   5   6 
   69    1   2    4   5 
   82    1   2    4   5 
   83       1   2    4   5 
   84      1   2    4   5 
  110      1   2    4   5 
  111       1   2   3   4   5   6 
  112       1   2   3   4   5 
  113       1   2    4   5 
  114       1   2    4   5 
  115       1   2   3   4   5   6 

 
 output type.... 4 
 plot spacing... 0 
1element stress components for which 
 output time history is required.... 
 
  element      desired stress components 

 

-2
  
-5
  
1.  2.601 

  

.921 

 9 

7 

   30       1   2   3   4   5   6 
   31       1   2   3   4   5   6 
   32       1   2   3   4   5   6 

 53       1  2   3   4  6 

   
   

  3   6 
  3
  3

  6 
  6 

  3   6 

   
   

  3
  3

  6 
  6 

  3
  3

  6 
  6  

   3   6 

  6 
  3
  3

  6 
  6 

  116       1   2   3   4   5   6 
  117       1   2   3   4   5   6 
  118       1   2   3   4   5   6 
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 type  
 
   2  46       1  2  3  4  5  6  7  8  9 10 11 12 
   2  47       1  2  3  4  5  6  7  8  9 10 11 12 
   2  48       1  2  3  4  5  6  7  8  9 10 11 12 
   2  58       1  2  3  4  5  6  7  8  9 10 11 12 
   2  59       1  2  3  4  5  6  7  8  9 10 11 12 
   2  60       1  2  3  4  5  6  7  8  9 10 11 12 
   2  70       1  2  3  4  5  6  7  8  9 10 11 12 
   2  71       1  2  3  4  5  6  7  8  9 10 11 12 
   2  72       1  2  3  4  5  6  7  8  9 10 11 12 
   2  76       1  2  3  4  5  6  7  8  9 10 11 12 
   2  77       1  2  3  4  5  6  7  8  9 10 11 12 
   2  78       1  2  3  4  5  6  7  8  9 10 11 12 
   2  79       1  2  3  4  5  6  7  8  9 10 11 12 
   2  80       1  2  3  4  5  6  7  8  9 10 11 12 
   2  81       1  2  3  4  5  6  7  8  9 10 11 12 
   2  82       1  2  3  4  5  6  7  8  9 10 11 12 
   2  83       1  2  3  4  5  6  7  8  9 10 11 12 
   2  84       1  2  3  4  5  6  7  8  9 10 11 12 
   4   1       1  2  3  4  5  6  7  8  9 10 11 12 
   4  11       1  2  3  4  5  6  7  8  9 10 11 12 
   5   1       1  2  3  4  5  6  7  8  9 10 11 12 
   5   2       1  2  3  4  5  6  7  8  9 10 11 12 
   5   3       1  2  3  4  5  6  7  8  9 10 11 12 
   5   4       1  2  3  4  5  6  7  8  9 10 11 12 
   5   5       1  2  3  4  5  6  7  8  9 10 11 12 
   5   6       1  2  3  4  5  6  7  8  9 10 11 12 
   5   7       1  2  3  4  5  6  7  8  9 10 11 12 
   5   8       1  2  3  4  5  6  7  8  9 10 11 12 
   5   9       1  2  3  4  5  6  7  8  9 10 11 12 
   5  10       1  2  3  4  5  6  7  8  9 10 11 12 
   5  11       1  2  3  4  5  6  7  8  9 10 11 12 
 
 

no. 
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Appendix C 

Additional Output from Study 

 

C.1 Introduction 

 This append ts the additional plots and tables for th ults from 

hapter 5.  The plots and tables are from the analyses of Bridges 5/518 and 5/826 using 

e unmodified Peru earthquake, unmodified Chile earthquake, Mexico City 475-year and 

50-year earthquakes, Olympia 475-year and 950-year earthquakes, and the Kobe 475-

ear and 950-year earthquakes. 

.2 Bridge 5/518; Unmodified Peru 

 

 

 

 

 

Figure C.2-1 Total Displacement at Piers 
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Figure C.2-2 Transverse Displacement Envelope of Bridge Deck 
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Figure C.2-3 Plastic Rotations at the Top of the Columns 
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Figure C.2-4 Damage at the Top of the Columns 
 

 

 

 

Figure C.2-5 Hysteresis Plots for enter C of Pier
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Table C.2-1 Maximum Moment (kip-in) at the Top and Bottoms of Colu
 oment 

mns 
 M

Pier No. Column Top ottom B

1 10519.4 3159.5 
2 10512.3 3204.5 

 

3 10547.5 3423.7 

1 

1 14389.2 7106.0 
2 1 7073.4  4465.0 

 
2 

3 13960.1 6868.1 
1 9191.0 3216.3 
2 913 3062.8 1.2 

 
3

3 9161.7 3117.8 

 

 
 
Table C.2-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ Bottom Demand/ 
Capacity Capacity 

1 62.41 0.29 64.54 0.30 
2 62.00 0.29 64.17 0.30 

 
1 

3 61.90 0.29 64.07 0.30 
1 95.68 0.45 96.20 0.45 
2 93.72 0.44 100.80 0.47 

 
2 

3 85.80 0.40 82.15 0.38 
1 54.98 0.26 58.27 0.27 
2 54.87 0.26 58.12 0.27 

 
3 

3 55.50 0.26 58.75 0.27 
 

 
Table C.2-3 Maximum Shear (kips) at the Abutments 

Shear  
Abutment Longitudinal Demand/ 

Capacity 
Transverse Demand/ 

Capacity 
West 294 0.09 1030 0.71 

East 299 0.09 751 0.52 
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Figure C.2-6 Longitudinal Displacement of Expansion Joints 
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C.3 Bridge 5/518; Unmodified Chile Earthquake 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.3-1 Total Displacement at Piers 
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Figure C.3-2 Transverse Displacement Envelope of Bridge Deck 
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Figure C.3-3 Plastic Rotations at the Top of the Columns 
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Table C.3-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 10709.8 3499.0 
2 10680.0 3477.1 

 
1 

3 10708.1 3539.3 
1 17021.9 6283.2 
2 14860.1 6333.3 

 
2 

3 16472.1 6548.2 
1 7816.8 3712.5 
2 7793.1 3704.5 

 
3 

3 7787.7 3745.9 
 

Table C.3-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top Demand/ Bottom Demand/ 
Capacity Capacity 

1 63.25 0.30 64.78 0.30 
2 63.07 0.30 64.54 0.30 

 
1 

3 63.29 0.30 64.72 0.30 
1 91.48 0.43 111.31 0.52 
2 86.78 0.41 101.00 0.47 

 
2 

3 103.12 0.49 113.00 0.53 
1 46.71 0.22 49.78 0.23 
2 46.72 0.22 49.98 0.23 

 
3 

3 47.09 0.22 50.35 0.23 
 

Table C.3-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 433 0.13 114 0.08 

East 489 0.15 133 0.09 
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Figure C.3-6 Longitudinal displacement of Expansion Joints 
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.4 Bridge 5/518; Mexico City 475-Year Earthquake 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.4-1 Total Displacement at Piers 
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Figure C.4-2 Transverse Displacement Envelope of Bridge Deck 

Figure C.4-3 Hysteresis Plots for the Center Column of Pier 2 
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Table C.4-1 Maximum Moment (kip-in) at the Top and Bottoms of Colu
oment 

mns 
  M

Pier No. Column Top ttom Bo

1 7979.1 431.1 2
2 7956.4 2499.3 

 

952.8 

1 

3 7 2577.5 
1 10950.3 3846.7 
2 10950.7 3827.2 

 
2 

3809.5 3 10954.8 
1 7988.6 2281.9 
2 7985.0 2121.0  

 

3 8026.4 1983.2 

3 

 
Table C.4-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 46.78 0.27 48.74 0.28 
2 46.93 0.27 48.88 0.28 

 
1 

3 47.23 0.27 49.19 0.28 
1 66.74 0.39 69.59 0.41 
2 66.65 0.39 69.53 0.41 

 
2 

3 66.59 0.39 69.48 0.41 
1 48.42 0.28 51.85 0.30 
2 47.82 0.28 51.25 0.30 

 
3 

3 47.57 0.28 51.05 0.30 
 

Table C.4-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 219 0.06 50.6 0.03 

East 171 0.05 66.1 0.03 
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Figure C.4-4 Longitudinal Displacement of Expansion Joints 
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C.5 Bridge 5/518; Mexico City 950-Year Earthquake 

 

 

 

 

 

 

 

 

 

 

 

Figure C.5-1 Total Displacement at Piers 
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Figure C.5-2 Transverse Displacement Envelope of the Bridge Deck 
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Figure C.5-3 Plastic Rotation at the Top of the Columns 
 

 261



0.00E+00

2.00E-03

4.00E-03

6.00E-03

8.00E-03

1.00E-02

1.20E-02

1.40E-02

1.60E-02

1.80E-02

2.00E-02

0 10 20 30 40 50 60 70 80 9

Time (sec.)

D
am

ag
e

0

Pier 1 - Outer Pier 1 - Center Pier 1 - Outer Pier 2 - Outer Pier 2 - Center
Pier 2 - Outer Pier 3 - Outer Pier 3 - Center Pier 3 - Outer

 

 

Figure C.5-4 Damage at the Top of the Columns 
 

 

 

Figure C.5-5 Hysteresis Plots f
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Table C.5-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 10389.2 3261.5 
2 10366.8 3409.8 

 
1 

3 10360.0 3559.9 
1 16210.1 5408.6 
2 1524.0 5364.3 

 
2 

3 17094.3 5321.4 
1 10388.6 3270.8 
2 10387.6 2991.2 

 
3 

3 10450.8 3093.3 
 

Table C.5-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 60.79 0.35 63.85 0.37 
2 61.01 0.35 64.02 0.37 

 
1 

3 61.32 0.35 64.30 0.37 
1 96.19 0.56 99.86 0.58 
2 86.77 0.51 100.90 0.59 

 
2 

3 95.70 0.56 110.26 0.65 
1 63.16 0.37 67.54 0.39 
2 62.30 0.36 66.72 0.39 

 
3 

3 61.97 0.36 66.42 0.39 
 

able C.5-3 Maximum Shear (kips) at the Abutments 
Shear 

T
 

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 344 0.10 98.3 0.67 

East 289 0.86 124 0.85 

 

 

 

 263



 
 
 
 
 
 
 
 

West Abutment - South Side

Gap Closed
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

0 10 20 30 40 50 60

Time (sec)

D
is

pl
ac

em
en

t (
in

.)

West Abutment - North Side

Gap Closed
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

0 10 20 30 40 50 60

Time (sec)

D
is

pl
ac

em
en

t (
in

.)

 
 
 
 
 
 
 
 
 

East Abutment - South Side

Gap Closed
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

0 10 20 30 40 50 60

Time (sec)

Di
sp

la
ce

m
en

t (
in

.)

East Abutment - North Side

Gap Closed
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

0 10 20 30 40 50 60

Time (sec)

D
is

pl
ac

em
en

t (
in

.)
 
 
 
 
 
 
 
 
 

Pier 1  - South Side

Gap Closed
-2.00

-1.50
-1.00

-0.50
0.00

0.50

1.00
1.50

2.00

0 10 20 30 40 50 60

Time (sec)

D
is

pl
ac

em
en

t (
in

.)

Pier 1 - North Side

Gap Closed
-2.00

-1.50
-1.00

-0.50
0.00

0.50

1.00
1.50

2.00

0 10 20 30 40 50 60

Time (sec)

D
is

pl
ac

em
en

t (
in

.)

 
 
 
 
 
 
 
 
 

Pier 2 - South Side

Gap Closed
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

0 10 20 30 40 50 60

Time (sec)

D
is

pl
ac

em
en

t (
in

.0

Pier 2 - North Side

Gap Closed
-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

0 10 20 30 40 50 60

Time (sec)

D
is

pl
ac

em
en

t (
in

.)

 
 
 
 
 
 
 

 264

 
Figure C.5-6 Longitudinal Displacement of Expansion Joints 
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Figure C.6-1 Total Dis lacement at Piers 

 5/518; Olympia 475-Year Earthquake 
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Figure C.6-2 Transverse Displacement Envelope of Bridge Deck 

 
 
 

Figure C.6-3 Hysteresis Plots for the Center Column of Pier 2 

l
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Table C.6-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 8217.7 2519.7 
2 8205.2 2639.6 

 
1 

3 8224.8 2770.7 
1 11560.0 4365.2 
2 11562.0 4329.3 

 
2 

3 11567.2 4292.7 
1 8269.6 2192.3 
2 8240.1 2221.1 

 
3 

3 8262.9 2285.2 
 

able C.6-2 Maximum Shear (kips) in the Columns 
  Shear 

T

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 48.82 0.28 49.58 0.29 
2 48.62 0.28 49.36 0.29 

 
1 

3 48.66 0.28 49.42 0.29 
1 70.54 0.41 73.34 0.43 
2 70.46 0.41 73.26 0.43 

 
2 

3 70.42 0.41 73.20 0.43 
1 49.50 0.29 52.69 0.31 
2 49.31 0.29 52.46 0.31 

 
3 

3 49.55 0.29 52.66 0.31 
 

 at the Abutments 
Shear 

Table C.6-3 Maximum Shear (kips)
 

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 0.06 231 0.07 80.3 

East 188 0.06 89.6 0.06 
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Figure C.6-4 Longitudinal Displacement of Expansion Joints 
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Figure C.7-1 Total Displacement at Piers 
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Figure C.7-2 Transverse Displacement Envelope of Bridge Deck 
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Figure C.7-3 Plastic Rotations at the Top of the Columns 
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Figure C.7-4 Damage at the Top of the Columns 

 
 
 
 
 
 
 
 

Figure C.7-5 Hysteresis Plots for the Center Column of Pier 2 
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Table C.7-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 10726.2 3856.1 
2 10677.7 3773.5 

 
1 

3 10673.8 3927.8 
1 16700.5 6425.6 
2 15162.3 6345.1 

 
2 

3 17222.9 6247.0 
1 11360.1 3353.4 
2 11340.0 3378.4 

 
3 

3 11357.0 3404.4 
 

Table C.7-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 63.29 0.37 64.49 0.38 
2 63.75 0.37 64.95 0.38 

 
1 

8 3 64.53 0.37 65.78 0.3
1 98.64 0.57 108.80 0.64 
2 93.82 0.55 98.48 0.57 

 
2 

3 94.71 0.56 106.43 0.62 
1 67.07 0.39 73.17 0.42 
2 66.88 0.39 72.90 0.42  

 
3 

3 66.95 0.39 72.97 0.42  
 

Table .7-3 Max m Shear (kips Abutments 
Shear 

 C imu ) at the 
 

Abutment 

l 
d/ 
ty 

Transverse Demand/ 
ity 

Longitudina Deman
Capaci Capac

West 449 148  0.13 0.10

East 337 195  0.10 0.13
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Figure C.7-6 Longitudinal Displacement of Expansion Joints 
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C.8 Bridge 5/518; Kobe 475-Year Earthquake 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.8-1 Total Displacement at Piers 
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Figure C.8-2 Transverse Displacement Envelope of Bridge Deck 
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Figure C.8-3 Plastic Rotation at the Top of the Columns 
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Figure C.8-4 Hysteresis Plots for enter C  of Pier
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Table C.8-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 8169.4 3247.1 
2 8168.5 3112.6 

 
1 

3 8218.5 2981.1 
1 12710.9 5323.9 
2 12700.7 5377.4 

 
2 

3 12693.9 5428.6 
1 8487.1 2442.8 
2 8463.9 2681.4 

 
3 

3 8456.1 2923.6 
 

Table C.8-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top 
apacity 

Bottom Demand/ 
Capacity 

Demand/ 
C

1 49.05 0.29 50.77 0.30 
2 48.37 0.29 50.08 0.30 

 
1 

3 48.04 0.29 49.77 0.30 
1 76.81 0.45 82.93 0.48 
2 76.81 0.45 83.17 0.48 

 
2 

3 76.90 0.45 83.41 0.48 
1 50.62 0.30 54.27 0.32 
2 50.91 0.30 54.57 0.32 

 
3 

3 51.32 0.30 54.98 0.32 
 

Table C.8-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudinal Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 326 0.10 739 0.51 

East 240 0.07 776 0.53 
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Figure C.8-5 Longitudinal Displacement of Expansion Joints 
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C.9 Bridge 5/518; Kobe 950-Year Earthquake 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.9-1 Total Displacement at Piers 
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Figure C.9-3 Plastic Rotations at the Top of the Columns 
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Figure C.9-4 Damage at the Top of the Columns 
 

Figure C.9-5 Hysteresis Plots for the Center Column of Pier 2 
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Table C.9- s 
Moment 

1 Maximum Moment (kip-in) at the Top and Bottoms of Column
  

Pier No. Column Top Bottom 

1 9645.5 4229.4 
2 9658.6 3866.9 

 
1 

3 9725.1 3626.6 
1 17010.4 7378.3 
2 15087.3 7447.5 

 
2 

3 17160.5 7511.7 
1 11433.6 3571.8 
2 11414.8 3956.6 

 
3 

3 11410.2 4341.6 
 

Table C.9-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 58.58 0.34 60.32 0.35 
2 57.61 0.34 59.46 0.35 

 
1 

3 57.04 0.34 58.88 0.35 
1 103.64 0.61 114.64 0.67 
2 94.64 0.55 108.66 0.63 

 
2 

3 112.12 0.65 117.54 0.69 
1 68.12 0.40 72.94 0.43 
2 68.31 0.40 73.21 0.43 

 
3 

3 68.61 0.40 73.55 0.43 
 

able C.9-3 Maximum Shear (kips) at the Abutments 
Shear 

T
 

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 563 0.17 156 0.11 

East 0.08 673 0.20 121 
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Figure C.9-6 Longitudinal Displacement of the Expansion joints 
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C.10 B idge 5/826; Unmodified Peru Earthquake

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.10-1 Total Displacement at Piers 
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Figure C.10-2 Transverse Displacement Envelope of the Bridge Deck 

 

 

 

Figure C.10-3 Hysteresis Plots for the Center Column of Pier 2 
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Table C.10-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 10808.4 9116.9 
2 10798.8 9118.2 

 
1 

3 10732.1 9089.4 
1 8759.4 7795.6 
2 8722.7 7773.5 

 
2 

3 8646.8 7731.9 
1 9873.5 8437.8 
2 9835.7 8410.6 

 
3 

3 9753.8 8360.8 
 

Table C.10-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top Demand/ Bottom Demand/ 
Capacity Capacity 

1 69.66 0.33 74.83 0.35 
2 69.57 0.33 74.80 0.35 

 
1 

3 69.20 0.33 74.47 0.35 
1 49.33 0.23 55.31 0.26 
2 49.13 0.23 55.11 0.26 

 
2 

3 48.75 0.23 54.72 0.26 
1 60.59 0.28 66.06 0.31 
2 60.30 0.28 65.82 0.31 

 
3 

3 59.87 0.28 65.37 0.31 
 

Table C.10-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 686 0.13 748 0.14 

East 806 0.16 713 0.13 
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Figure C.10-4 Longitudinal Displacement of the Expansion Joints 
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C.11 Bridge 5/826; Unmodified Chile Earthquake 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.11-1 Total Displacement at Piers 
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Figure C.11-2 Transverse Displacement Envelope of the Bridge Deck 

 

Figure C.11-3 Hysteresis Plots for the Center Column of Pier 2 
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Table C.11-1 Maximum Moment (kip-in) 
  Moment 

at the Top and Bottoms of Columns 

Pier No. Column Top Bottom 

1 9340.5 7851.9 
2 9314.2 7838.6 

 
1 

3 9240.3 7802.5 
1 7571.3 6693.63 
2 7520.0 6670.6 

 
2 

3 7443.3 6632.7 
1 8510.7 7243.9 
2 8487.7 7237.6 

 
3 

3 8434.3 7212.6 
 

able C.11-2 Maximum Shear (kips) in the Columns 
Shear 

T
  

Pier No. Column Top Demand/ Bottom Demand/ 
Capacity Capacity 

1 60.50 0.35 64.50 0.38 
2 60.44 0.35 64.35 0.38 

 

3 60.00 0.35 63.94 0.38 

1 

1 43.17 0.25 47.64 0.28 
2 42.89 0.25 47.41 0.28 

 
2 

3 42.49 0.25 47.06 0.28 
1 52.62 0.31 56.82 0.33 
2 52.50 0.31 56.73 0.33 

 
3 

3 52.25 0.31 56.46 0.33 
 

able C.11-3 Maximum Shear (kips) at the Abutments 
Shear 

T
 

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 373 0.07 998 0.18 

East 484 0.09 939 0.17 
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Figure C.11-4 Longitudinal Displacement of Expansion Joints 
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C.12 Bridge 5/826; Mexico City 475-Year Earthquake 

 

 

 

Figure C.12-1 Total Displacement at Piers 
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Figure C.12-2 Transverse Displacement Envelope of the Bridge Deck 

Figure C.12-3 Hysteresis Plots for the Center Column of Pier 2 
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Table C.12-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 8901.4 7452.1 
2 8856.9 7432.1 

 
1 

3 8777.7 7395.3 
1 7210.7 6353.5 
2 7147.4 6324.9 

 
2 

3 7069.4 6289.1 
1 8035.5 6805.5 
2 8013.9 6808.2 

 
3 

3 7974.2 6799.9 
 

Table C.12-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 57.49 0.34 60.76 0.35 
2 57.32 0.34 60.50 0.35 

 
1 

3 56.83 0.34 60.06 0.35 
1 40.92 0.24 44.52 0.26 
2 40.65 0.24 44.22 0.26 

 
2 

3 40.25 0.24 43.83 0.26 
1 49.62 0.29 52.79 0.31 
2 49.51 0.29 52.74 0.31 

 
3 

3 49.31 0.29 52.57 0.31 
 

Table C.12-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudina
l 

Demand/ 
y 

Transverse Demand/ 
ty Capacit Capaci

West 367 688 0.07 0.13 

East 377 656 0.72 0.12 
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Figure C.12-4 Longitudinal Displacement of Expansion Joints 
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C.13 Bridge 5/826; Mexico City 950-Year Earthquake 
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Figure C.13-1 Total Displacement at Piers 
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Figure C.13-2 Transverse Displacement Envelope of the Bridge Deck 

 

 

 

Figure C.13-3 Hysteresis Plots for the Center Column of Pier 2 
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Table C.13-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 11589.3 9789.0 
2 11542.8 9770.0 

 
1 

3 11459.8 9731.1 
1 9369.3 8358.8 
2 9307.6 8332.8 

 
2 

3 9229.8 8296.9 
1 1047.1 8969.5 
2 10467.6 8977.8 

 
3 

3 10422.7 8972.5 
 

Table C.13-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No
Capacity 

nd/ 
Capacity 

. Column Top Demand/ Bottom Dema

1 74.17 0.43 80.65 0.47 
2 74.04 0.43 80.41 0.47 

 
1 

3 73.55 0.43 79.97 0.47 
1 52.41 0.31 59.67 0.35 
2 52.08 0.31 59.38 0.35 

 
2 

3 51.74 0.31 58.99 0.35 
1 63.98 0.37 70.57 0.41 
2 63.88 0.37 70.56 0.41 

 
3 

3 63.60 0.37 70.42 0.41 
 

Table C.13-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudinal Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 748 0.14 1400 0.26 

East 952 0.18 1290 0.24 
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Figure C.13-4 Longitudinal Di t of Expansion Jo
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C.14 B idge 5/826 lympia ar Earthquake 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.14-1 Total Displacement at Piers 
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Figure C.14-3 Hysteresis Plots for the Center Column of Pier 2 
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Table C.14-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 9608.9 8021.6 
2 9585.9 8015.2 

 
1 

3 9517.3 7984.8 
1 7792.6 6820.7 
2 7748.8 6799.6 

 
2 

3 7678.0 6763.8 
1 8772.1 7407.9 
2 8748.0 7397.5 

 
3 

3 8694.3 7369.1 
 

able C.14-2 Maximum Shear (kips) in the Columns 
  

T
Shear 

Pier No. Column 
Capacity 

Top Demand/ Bottom Demand/ 
Capacity 

1 62.57 0.36 64.91 0.38 
2 62.36 0.36 64.79 0.38 

 
1 

3 61.94 0.36 64.45 0.38 
1 44.61 0.26 47.24 0.28 
2 44.36 0.26 47.03 0.28 

 
2 

3 44.03 0.26 46.69 0.28 
1 54.43 0.32 56.96 0.33 
2 54.29 0.32 56.86 0.33 

 
3 

3 54.07 0.32 56.56 0.33 
 

Table C.14-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 365 0.07 1030 0.19 

East 542 0.10 974 0.18 
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Figure C.14-4 Longitudinal Displacement of Expansion Joints 
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C.15 Bridge 5/826; Olympia 950-Year Earthquake 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.15-1 Total Displacement at Piers 
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Figure 5-2 Transverse Displace  Envelop ridge D

 

 

Figure C.15-3 Hysteresis Plots for the Center Column of Pier 2 
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Table C.15-1 Maximum Moment (kip-in) 
  Moment 

at the Top and Bottoms of Columns 

Pier No. Column Top Bottom 

1 11142.0 9396.5 
2 11119.2 9384.5 

 
1 

3 11045.8 9346.9 
1 9022.9 8005.4 
2 8976.9 7983.5 

 
2 

3 8906.4 7943.8 
1 10167.1 8669.7 
2 10143.9 8665.8 

 
3 

3 10100.8 8641.3 
 

Table C.15-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top Demand/ Bottom Demand/ 
Capacity Capacity 

1 71.73 0.42 77.01 0.45 
2 71.64 0.42 76.86 0.45 

 
1 

3 71.23 0.42 76.46 0.45 
1 50.74 0.30 56.70 0.33 
2 50.56 0.30 56.47 0.33 

 
2 

3 50.37 0.30 56.07 0.33 
1 62.32 0.36 67.76 0.39 
2 62.21 0.36 67.69 0.39 

 
3 

39 3 62.14 0.36 67.42 0.
 

Table C.15-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 701 0.14 1450 0.27 

East 871 0.17 1340 0.25 
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Figure C.15-4 Longitudinal Displacement of Expansion Joints 
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C.16 Bridge 5

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.16-1 Total Displacement at Piers 
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Figure C.16-2 Transverse Displacement Envelope of Bridge Deck 

Figure C.16-3 Hysteresis Plots for the Center Column of Pier 2 
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T 1  Mom kip-in)  and  of C
  ent 

able C.16- Maximum ent (  at the Top  Bottoms olumns 
Mom

Pier No. Column Top ottom B

1 10307.3 8776.4 
2 10342.1 8794.6 

 

335.3 

1 

3 10 8789.2 
1 8399.8 7546.6 
2 8417.7 7544.7 

 
2 

398.1 3 8 7526.2 
1 9497.6 8145.1 
2 9487.1 8114.7 

 
3 

3 9424.9 8062.2 
 

Table C.16-2 Maximum Shear (kips) in the C s 
 

olumn
 Shear 

Pier No. Column Top and/ 
apacity 

Bottom Demand/ 
pacity 

Dem
C Ca

1 66.26 0.39 71.47 0.42 
2 66.39 0.39 71.69 0.42 

 
1

3 66.39 0.39 71.65 0.42 

 

1 47.02 0.27 52.98 0.31 
2 47.07 0.27 53.03 0.31 

 
2 

3 46.89 0.27 52.90 0.31 
1 57.94 0.34 63.41 0.37 
2 57.91 0.34 63.23 0.37 

 
3 

3 57.51 0.34 62.82 0.37 
 

Table C.16-3 Maximum Shear (kips) at the Abutments 
Shear  

Abutment Longitudina
l 

Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 648 0.13 1060 0.19 

East 566 0.11 1010 0.19 
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Figure C.16-4 Longitudinal Displacement of Expansion Joints 
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C.17 Bridge 5/826; Kobe 950-Year Earthquake 

 

 

 

 

 

 

Figure C.17-1 Total Displacement at Piers 
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Figure C.17-2 Transverse Displacement Envelope of Bridge Deck 

Figure C.17-3 Hysteresis Plots for the Center Column of Pier 2 
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Table C.17-1 Maxim  of Columns 
  Moment 

um Moment (kip-in) at the Top and Bottoms

Pier No. Column Top Bottom 

1 14042.6 11980.5 
2 14075.8 11990.5 

 
1 

3 14037.9 11973.4 
1 11392.0 10264.3 
2 11407.2 10250.3 

 
2 

3 11375.6 10213.6 
1 12887.1 11085.0 
2 12858.0 11026.3 

 
3 

3 12778.7 10951.4 
 

Table C.17-2 Maximum Shear (kips) in the Columns 
  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 89.41 0.52 97.59 0.57 
2 89.55 0.52 97.75 0.57 

 
1 

7 3 89.18 0.52 97.57 0.5
1 62.58 0.36 71.96 0.42 
2 62.73 0.36 71.94 0.42 

 

0.36 71.70 0.42 
2 

3 62.66 
1 77.81 0.45 86.26 0.50 
2 77.73 0.45 85.89 0.50 

 
3 

3 77.46 0.45 85.24 0.50  
 

Table C.17-3 Maximum Shear (ki  Abutments 
Shear 

ps) at the
 

Abutment 

l 
d/ 
y 

Transverse Demand/ 
ty 

Longitudina Deman
Capacit Capaci

West 1440 1420 0.28 0.26 

East 1140 1260 0.22 0.23 
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Figure C.17-4 Longitudinal Displacement of Expansion Joints 
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Appendix D 

Additional Output from Soil-Structure Study 

 

D.1 Introduction 

 This appendix presents the additional plots and tables for the analysis results from 

Chapter 6.  The plots and tables are from the analyses of Bridges 5/518 and 5/826 using 

the study protocol as defined in the chapter. 

 

D.2 Run No. 1 

 The additional plots for the response  Bridge 5/518, with fixed columns and 

rollers at the abutments in both directions, to he modified Peru earthquake are presented 

here. 
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Figure D.2-1 Longitudinal Displacement of Expansion Joints 
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D.3 Run No. 2

 The plots and tables for the response of Bridge 5/518, with fixed columns and 

rollers at the abutments in the longitudinal direction only, to the modified Peru 

earthquake are presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.3-1 Total Relative Displacement at Piers 
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igure D.3-2 Transverse Displacement Envelope of Bridge Deck
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Figure D.3-3 Plastic Rotations at th f the Columns 
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Figure D.3-4 Plastic Rotations at the Bottom of the Columns 
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Figure D.3-5 Damage at Top of Columns 
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Figure D.3-6 Damage at Bottom of Columns 

 

 
 
 

Figure D.3-7 Hysteresis Plots for the Center Column of Pier 2 
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Table D.3-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 16863.4 15141.5 
2 14210.9 12833.6 

 
1 

3 15898.9 13902.0 
1 17331.3 15428.1 
2 15571.6 13631.0 

 
2 

3 16042.1 15174.5 
1 13502.4 12802.9 
2 12900.0 12601.9 

 
3 

.4 3 12768.4 12560
 
Table D.3-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ Bottom Demand/ 
ity Capacity Capac

1 150.07 0.87 146.15 0.85 
2 123.91 0.72 127.61 0.74 

 
1 

3 137.33 0.80 139.15 0.81 
1 142.14 0.83 145.12 0.85 
2 124.80 0.73 129.90 0.76 

 
2 

3 140.22 0.82 142.04 0.83 
1 133.32 0.78 140.42 0.82 
2 126.00 0.74 133.10 0.78 

 
3 

3 131.54 0.77 135.40 0.79 
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Figure D.3-8 Longitudinal Displacement of Expansion Joints 
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D.4 Run No. 3 

st he eft unchanged and the soil spring stiffnes utments 

increased by a factor of ten, to the m eru earthquake are presented here. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure D.4-1 Total Relative Displacement at Piers 
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Figure D.4-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.4-3 Plastic Rotations at Top of Columns 
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Figure D.4-4 Damage at Top of Columns 
 

 
 
 
 
 
 
 

 
 

 

Figure D.4-5 Hysteresis Plots f
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Table D.4-1 Maxim  Columns 
  Moment 

um Moment (kip-in) at the Top and Bottoms of

Pier No. Column Top Bottom 

1 16042.4 5696.6 
2 15260.2 5593.5 

 
1 

3 16910.9 5508.9 
1 16112.2 9330.2 
2 15971.5 10043.9 

 
2 

3 18191.3 10083.9 
1 16154.7 4329.3 
2 14891.2 4048.3 

 
3 

3 17124.7 3829.4 
 
Table D.4-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 91.42 0.54 94.81 0.56 
2 90.54 0.53 95.95 0.56 

 
1 

3 99.57 0.58 103.39 0.61 
1 103.45 0.60 118.63 0.69 
2 110.22 0.64 113.83 0.66 

 
2 

3 119.07 0.69 124.30 0.73 
1 91.16 0.53 98.35 0.57 
2 75.81 0.44 100.93 0.59 

 
3 

3 101.77 0.59 109.68 0.64 
 

 
Table D.4-3 Maximum Shear (kips) at the Abutments 

Shear  
Abutment Longitudina

l 
Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 1230 0.36 205 0.14 

East 1280 0.38 318 0.22 

 
 
 
 

 327



 328

Figure D.4-6 Longitudinal Displacement of Expansion Joints 
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D.5 Run No. 4 

 The plots and tables for the response of Bridge 5/518, with the soil spring 

stiffness of the columns left unchanged and rollers at the abutments in the longitudina

direction only, to

l 

 the modified Peru earthquake are presented here. 

 

 

 

 
Figure D.5-1 Total Relative Displacement at Piers 
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Figure D.5-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.5-3 Plastic Rotations at Top of Columns 
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Figure D.5-4 Plastic Rotations at Bottom of Column 
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Figure D.5-5 e at Top of Columns
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Figure D.5-7 Hysteresis Plots for the Center Column of Pier 2 
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Table D.5-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 15349.9 8232.6 
2 15252.1 8649.9 

 
1 

3 16854.0 8971.5 
1 16532.7 11411.3 
2 15950.7 10945.7 

 
2 

3 18180.9 10487.5 
1 12447.8 9650.6 
2 14890.4 9164.0 

 
3 

3 17085.9 8709.7 
 
Table D.5-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 84.17 0.49 86.85 0.51 
2 90.76 0.53 95.87 0.56 

 
1 

3 98.63 0.58 102.36 0.60 
1 114.43 0.67 133.94 0.78 
2 104.74 0.61 120.94 0.70 

 
2 

3 115.55 0.67 124.44 0.73 
1 79.17 0.46 89.71 0.52 
2 74.11 0.44 101.53 0.59 

 
3 

3 101.20 0.59 111.71 0.65 
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Figure D.5-8 Longitudinal Displacement of Expansion Joints 
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D.6 Run No. 

 The plots and tables for the response of Bridge 5/518, with the soil spring 

stiffness of the columns decreased by a factor of ten and the soil spring stiffness at the 

abutments was left unchanged, to the modified Peru earthquake are presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.6-1 Total Relative Displacement at Piers 
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Figure D.6-2 Plastic Rotations at the Top of the Columns 
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Figure D.6-3  at Top of Columns
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Figure D.6-4 Hysteresis Plots for the Center Column of Pier 2 
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Table D.6-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 16011.9 2058.4 
2 14190.2 1738.2 

 
1 

3 13901.1 1491.7 
1 17341.8 1992.4 
2 15580.0 2116.2 

 
2 

3 16507.9 2415.2 
1 15541.3 2642.5 
2 14980.7 2531.5 

 
3 

3 13550.5 2747.5 
 
Table D.6-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 66.53 0.39 62.50 0.36 
2 59.72 0.35 56.00 0.33 

 
1 

3 58.01 0.34 58.29 0.34 
1 70.80 0.41 78.55 0.46 
2 104.23 0.61 80.88 0.47 

 
2 

3 68.30 0.40 77.86 0.45 
1 67.32 0.39 72.08 0.42 
2 62.25 0.36 69.79 0.41 

 
3 

3 57.49 0.34 62.36 0.36 
 

 
Table D.6-3 Maximum Shear (kips) at the Abutments 

Shear  
Abutment Longitudina

l 
Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 2180 0.65 189 0.04 

East 2170 0.64 207 0.06 
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Figure D.6-5 Longitudinal Displacement of Expansion Joints 
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D.7 Run N

 The plots and tables for the response of Bridge 5/518, with columns fixed at their 

bases and the soil spring stiffness at the abutments was left unchanged, to the modified 

eru earthquake are presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.7-1 Total Relative Displacement at Piers 
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Figure D.7-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.7-3 Plastic Rotations at the Top of Columns 
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Figure D.7-5 Damage at Top of Columns 
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Figure D.7-6 Damage at Bottom of Columns 

Figure D.7-7 Hysteresis Plots for the Center Column of Pier 2 
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Table D.7-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 17314.9 15444.9 
2 14807.4 12875.2 

 
1 

3 17008.7 15428.4 
1 16913.0 12974.3 
2 15570.1 13613.2 

 
2 

3 16522.9 14880.2 
1 12514.7 10307.9 
2 12995.7 12666.6 

 
3 

3 11754.0 10316.8 
 
Table D.7-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 151.19 0.88 132.10 0.77 
2 127.67 0.74 127.61 0.74 

 
1 

3 150.75 0.88 152.49 0.89 
1 126.31 0.83 127.13 0.86 
2 125.81 0.74 128.56 0.74 

 
2 

3 139.62 0.81 144.34 0.84 
1 107.34 0.62 104.50 0.61 
2 130.09 0.76 135.82 0.79 

 
3 

3 103.87 0.61 104.66 0.61 
 

 
Table D.7-3 Maximum Shear (kips) at the Abutments 

Shear  
Abutment Longitudina

l 
Demand/ 
Capacity 

Transverse Demand/ 
Capacity 

West 1800 0.53 202 0.14 

East 1740 0.52 147 0.10 
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Figure D.7-8 Longitudinal Displacement of Expansion Joints 

 345



D.8 Run No. 7 

 The plots and tables for the response of Bridge 5/518, with columns fixed at their 

ba e a have a roller in the expansion joint in the tions, to the 

modified Chile earthquake are presented here. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.8-1 Total Relative Displacement at Piers 
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Figure D.8-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.8-3 Plastic Rotations at the Top of the Columns 
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Figure D.8-4 Plastic Rotations at the Bottom of the Columns 
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Figure D.8-5 Damage at the Top of Columns 
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Figure D.8-6 Damage at Bottom of Columns 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.8-7 Hysteresis Plots of the Center Column at Pier 2 
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Table D.8-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 11507.7 12562.3 
2 13125.7 13116.2 

 
1 

3 13744.4 14563.7 
1 17515.0 15137.3 
2 15731.3 13460.2 

 
2 

3 16928.8 14919.8 
1 12659.2 13763.8 
2 15195.5 13475.6 

 
3 

3 15919.2 14278.3 
 
Table D.8-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 96.78 0.56 95.84 0.56 
2 109.87 0.64 109.54 0.64 

 
1 

3 111.63 0.65 112.05 0.66 
1 145.91 0.85 139.74 0.81 
2 125.19 0.73 128.60 0.75 

 
2 

3 142.26 0.83 136.65 0.80 
1 119.25 0.69 121.48 0.71 
2 128.40 0.75 129.81 0.76 

 
3 

3 148.06 0.86 137.49 0.80 
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Figure D.8-8 Longitudinal Displacement of Expansion Joints 
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D.9 Run No. 8 

 The plots and tables for the response of Bridge 5/826, with columns fixed at their 

bases and the abutments have a roller in the longitudinal direction only, to the modified 

Peru earthquake are presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.9-1 Total Relative Displacement at Piers 
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Figure D.9-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.9-3 Plastic Rotations at the Top of the Columns 
 



 354

-0.0100

-0.0050

0.0000

0.0050

0.0100

0.0150

0 10 20 30 40 50 60 70 80 90 100

Time (sec.)

Pl
as

tic
 R

ot
at

io
n 

(r
ad

.)
Pier 1 - Outer Pier 1 - Center Pier 1 - Outer Pier 2 - Outer Pier 2 - Center
Pier 2 - Outer Pier 3 - Outer Pier 3 - Center Pier 3 - Outer

 
Figure D.9-4 Plastic Rotations at the Bottom of the Columns 
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Figure D.9-5 Damage at the Top of Columns 
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Figure D.9-6 Damage at the Bottom of Columns 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.9-7 Hysteresis Plots for the Center Column of Pier 2 
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Table D.9-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 23141.4 22540.4 
2 24870.0 23590.1 

 
1 

3 15600.4 20300.5 
1 17660.2 16440.2 
2 17760.0 16360.0 

 
2 

3 16940.2 15980.5 
1 19400.2 17750.0 
2 20280.0 19010.0 

 
3 

3 19100.2 17690.3 
 
Table D.9-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 174.01 1.01 176.70 1.03 
2 182.20 1.06 184.70 1.07 

 
1 

3 136.60 0.80 139.10 0.81 
1 114.20 0.67 116.80 0.68 
2 110.50 0.64 109.30 0.64 

 
2 

3 109.50 0.64 112.31 0.65 
1 131.51 0.77 134.40 0.78 
2 142.40 0.83 145.40 0.85 

 
3 

3 134.90 0.79 137.50 0.80 
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D.10 Run No. 9 

 The plots and tables for the response of Bridge 5/826, with columns fixed at their 

bases and the abutments have rollers in both directions, to the modified Peru earthquake 

are presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.10-1 Total Relative Displacement at Piers 
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Figure D.10-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.10-3 Plastic Rotations at the Top of the Columns 
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Figure D.10-4 Plastic Rotations at the Bottom of the Columns 
 

0.000

0.010

0.020

0.030

0.040

0.050

0.060

0.070

0.080

0.090

0.100

0 10 20 30 40 50 60 70 80 90 100

Time (sec.)

D
am

ag
e

Pier 1 - Outer Pier 1 - Center Pier 1 - Outer Pier 2 - Outer Pier 2 - Center
Pier 2 - Outer Pier 3 - Outer Pier 3 - Center Pier 3 - Outer

 

Figure D.10-5 Damage at the Top of Columns 
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Figure D.10-6 Damage at the Bottom of Columns 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.10-7 Hysteresis Plots for the Center Column of Pier 2 

Longitudinal
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Table D.10-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 20539.9 21518.4 
2 17080.9 24003.2 

 
1 

3 17666.6 15897.3 
1 17931.8 17027.0 
2 18206.4 17040.5 

 
2 

3 17982.5 17015.3 
1 19191.0 17827.9 
2 21043.8 19849.2 

 
3 

3 20245.1 18649.9 
 
Table D.10-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 157.78 0.92 161.43 0.94 
2 152.20 0.89 151.76 0.88 

 
1 

3 124.24 0.72 123.38 0.72 
1 110.20 0.64 114.82 0.67 
2 110.47 0.64 115.09 0.67 

 
2 

3 110.26 0.64 114.97 0.67 
1 133.11 0.78 133.10 0.78 
2 149.75 0.88 149.73 0.88 

 
3 

3 142.10 0.84 142.16 0.84 
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D.11 Run No. 10 

 The plots and tables for the response of Bridge 5/518, with columns fixed at their 

bases and the abutments have rollers in both directions, to the Olympia 950-year are 

presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.11-1 Total Relative Displacement at Piers 
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Figure D.11-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.11-3 Plastic Rotations at the Top of the Columns 
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Figure D.11-4 Plastic Rotations at the Bottom of the Columns 
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Figure D.11-5 Damage at the Top of the Columns 
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Figure D.11-6 Damage at the Bottom of Columns 

 

 

 

 

 

 

 

 

 

 

 

Figure D.11-7 Hysteresis Plots for the Center Column of Pier 2 
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Table D.11-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 9255.9 10898.7 
2 9304.1 10896.6 

 
1 

3 9557.1 10895.1 
1 1710.22 15765.8 
2 15388.2 13282.3 

 
2 

3 17314.9 15027.6 
1 9808.1 10520.7 
2 9799.2 10125.1 

 
3 

3 9826.9 9731.8 
 
Table D.11-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 85.83 0.50 89.88 0.52 
2 83.54 0.49 87.51 0.51 

 
1 

3 81.83 0.48 84.73 0.49 
1 147.83 0.86 149.33 0.87 
2 127.69 0.74 128.92 0.75 

 
2 

3 142.73 0.83 149.21 0.87 
1 96.67 0.56 100.67 0.59 
2 96.34 0.56 100.41 0.59 

 
3 

3 96.38 0.56 100.48 0.59 
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Figure D.11-8 Longitudinal Displacement of Expansion Joints 
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D.12 Run No. 11 

 The plots and tables for the response of Bridge 5/518, with columns fixed at their 

bases and the abutments have rollers in both directions, to the Kobe 950-year are 

presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.12-1 Total Relative Displacement at Piers 
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Figure D.12-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.12-3 Plastic Rotations at the Top of the Columns 
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Figure D.12-4 Plastic Rotations at the Bottom of the Columns 
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Figure D.12-5 Damage at the Top of the Columns 
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Figure D.12-6 Damage at the Bottom of Columns 
 

 

 

 

 

 

 

 

 

 

 

Figure D.12-7 Hysteresis Plots for the Center Column of Pier 2 
 

Longitudinal

-30.00

-20.00

-10.00

0.00

10.00

20.00

30.00

-3.00 -2.00 -1.00 0.00 1.00 2.00 3.00

Displacement (in.)

Sh
ea

r (
k)

Transverse

-150.00

-100.00

-50.00

0.00

50.00

100.00

150.00

-2.00 -1.00 0.00 1.00 2.00 3.00 4.00

Displacement (in.)

Sh
ea

r (
k)



 372

Table D.12-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 11948.9 13856.3 
2 11974.2 13760.1 

 
1 

3 10605.2 12412.0 
1 16058.63 17981.3 
2 13360.4 15380.0 

 
2 

3 15189.9 17138.2 
1 10055.8 7680.1 
2 10155.5 7679.5 

 
3 

3 11231.2 8047.3 
 
Table D.12-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 119.99 0.70 120.70 0.70 
2 119.66 0.70 120.36 0.70 

 
1 

3 106.11 0.62 105.72 0.62 
1 125.94 0.73 135.42 0.80 
2 114.45 0.67 119.45 0.69 

 
2 

3 139.57 0.82 142.97 0.83 
1 82.06 0.48 86.25 0.50 
2 76.13 0.44 80.92 0.47 

 
3 

3 76.11 0.44 78.67 0.46 
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Figure D.12-8 Longitudinal Displacement of Expansion Joints 
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D.13 Run No. 12 

 The plots and tables for the response of Bridge 5/826, with columns fixed at their 

bases and the abutments have rollers in both directions, to the Olympia 950-year are 

presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.13-1 Total Relative Displacement at Piers 
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Figure D.13-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.13-3 Plastic Rotations at the Top of the Columns 
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Figure D.13-4 Plastic Rotations at the Bottom of the Columns 
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Figure D.13-5 Damage at the Top of the Columns 
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Figure D.13-6 Damage at the Bottom of Columns 
 

 

 

 

 

 

 

 

 

 

 

Figure D.13-7 Hysteresis Plots for the Center Column of Pier 2 
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Table D.13-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 20215.6 18714.3 
2 20063.7 18326.6 

 
1 

3 18411.9 17770.8 
1 13917.8 13164.3 
2 14050.8 13279.9 

 
2 

3 14125.4 13367.8 
1 14701.4 13399.6 
2 15838.2 15537.2 

 
3 

3 16984.8 16651.1 
 
Table D.13-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 141.08 0.82 143.34 0.84 
2 139.13 0.81 141.32 0.82 

 
1 

3 131.10 0.76 133.18 0.78 
1 85.61 0.50 88.33 0.51 
2 86.52 0.50 89.15 0.52 

 
2 

3 86.98 0.50 89.67 0.52 
1 95.79 0.56 97.81 0.57 
2 108.98 0.64 110.38 0.64 

 
3 

3 117.01 0.68 118.27 0.69 
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D.14 Run No. 13 

 The plots and tables for the response of Bridge 5/826, with columns fixed at their 

bases and the abutments have rollers in both directions, to the Kobe 950-year are 

presented here. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D.14-1 Total Relative Displacement at Piers 
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Figure D.14-2 Transverse Displacement Envelope of Bridge Deck 
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Figure D.14-3 Plastic Rotations at the Top of the Columns 
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Figure D.14-4 Plastic Rotations at the Bottom of the Columns 
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Figure D.14-5 Damage at the Top of the Columns 
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Figure D.14-6 Damage at the Bottom of Columns 
 

 

 

 

 

 

 

 

 

 

 

Figure D.14-7 Hysteresis Plots for the Center Column of Pier 2 
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Table D.14-1 Maximum Moment (kip-in) at the Top and Bottoms of Columns 
  Moment 

Pier No. Column Top Bottom 

1 19100.7 17679.5 
2 19731.0 18388.7 

 
1 

3 18952.8 17313.2 
1 17034.7 16125.8 
2 17156.8 16194.7 

 
2 

3 17207.6 16221.1 
1 17595.4 16048.6 
2 18436.9 16921.4 

 
3 

3 17469.7 16046.9 
 
Table D.14-2 Maximum Shear (kips) in the Columns 

  Shear 

Pier No. Column Top Demand/ 
Capacity 

Bottom Demand/ 
Capacity 

1 134.03 0.78 135.98 0.79 
2 137.57 0.81 143.71 0.84 

 
1 

3 131.40 0.77 133.83 0.78 
1 105.68 0.62 108.87 0.64 
2 106.30 0.62 109.49 0.64 

 
2 

3 106.61 0.62 109.76 0.64 
1 114.93 0.67 113.24 0.66 
2 121.56 0.71 125.21 0.73 

 
3 

3 114.58 0.67 113.83 0.67 
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