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ABSTRACT

Seismic analysis and design of bridges has developed

very rapidly during the last few years resulting in equiva

lent static methods. These methods, however, are not recom-

mended for curved bridges. Therefore, it is the intention

of this dissertation to present the results of a comprehen

sive study of the seismic response of curved steel box-girder

bridges. One, two, three, four, and five-span bridges are

analyzed. Geometry and section properties of both the

super-structure and columns are based on a current bridge

survey of all existing curved box-girder bridges.

El Centro earthquake ground motion acceleration record

and its corresponding response spectrum are used as dynamic

input and the SAP IV computer program, which is a finite

element program for static and dynamic response of linear

structures, was modified and used in the analysis.

The bridge is modeled using 3-D space frame elements

in which special elements are introduced to account for

the curved geometry and boundary conditions. Different

parameters of the bridge model and the seismic loading

are examined for each case. Both response history and

response spectrum techniques are performed and results are

compared. The simultanious application of the three compo

nents of the earthquake' is also discussed. The effects of

damping, non-composite section, rotational inertia, and

column height are studied, and a comparison with rigid

column models and closed form solutions is made.

• I
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Parametric analysis is made to study the effects of

the number of spans I span length. span ratio, curvature,

column height, deck and column stiffnesses, and the weight

of the superstructure on the max~ dynamic responses.

Ground motion acceleration records in the three global

directions are applied simultaneously to the structure.

Max~ actions at the attachments and max~ stresses at

the critical sections for both the superstructure and the

columns are obtained. The maximum dynamic responses are

correlated with static analysis of the bridge, and equiva

lent loads are obtained and design curves are developed.

A design criteria is proposed and several detailed

examples are discussed. A comparison between computer

dynamic analysis and the proposed design criteria shows

good correlation.
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CHAPTER I

INTRODUCTION

Although dynamic loadings acting on bridge structures

may result from any of several different source mechanisms,

including wind or wave action and vehicular motions, the

type of dynamic input which is of greatest importance to the

structural engineer undoubtedly is that produced by earth

quakes [9]. The significance of the earthquake problem stems

from the terrible consequences of major earthquakes due to

the destructive forces they induce in bridge structures.

With the advent of the 1964 Alaskan earthquake (magni

tude 8.4), the 1971 San Fernando earthquake (magnitude 6.6)

which caused approximately $6.5 million damage to bridges

[31], and more recently the 1978 Santa Barbara earthquake

[43], bridge structures in the USA have undergone considerable

destructive forces. These earthquakes have caused the bridge

professionals to reassess the design techniques that have

been applied, up until that time, for seismic design.

Bridge damages due to earthquakes result from two differ

ent types -of effects; a) non-vibrational effect, and b) seis

mically induced vibrational effects. Most of the damage

observed worldwide before the San Fernando earthquake was

non-vibrational, caused by permanent ground displacement

which resulted in [10]:

1



1) Tilting, s"ettlement and overturning of substruc

tures.

2) Displacement of supports and anchor bolt breakage.

3) Settlement of approach fills and wingwall damage.

Bridge damages sustained during the Alaskan earthquake are

examples of t.~is tY1'e of failure, as shown in Fig\U'e 1.1

[39 J . In San Fernando, however, a significant aInOmlt of

damage due to vibrational effects, such as inelastic column

failures, were observed in addition to ehe non-vibrational

effects [18 J as shown in Figure 1. 2 •

1.1 Status of the Problem

As a result of the San Fernando earthquake, there has

been a recognition of the need to design highway bridges

that are more resistant to the damaging effects of seismic

forces induced by ground vibration. This has been reflected

in the present 1977 AASHTO bridge code [51J, which suggests

an equivalent static force method for simple structures.

This method considers the relationship of the site to active

faults, the seismic response of the soils at the site, and

the dynamic response characteristics of the bridge. This

technique, however,isnot totally satisfactory because i1:

produces accurate results for only a limited number of

bridge types [34J. For complex structures, the code suggests

that a response spectrum dynamic approach should be used for

seismic analysis.
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In 1977, the Federal Highway Administration (FHWA)

sponsored a research program directed by Applied Technology

Council (ATC) to reassess the AASHTO code for seismic design

of bridges [50]. The work of this council, in part, is to

prepare a new specification [15,49J. These new proposed

guidelines, however, exclude bridges with curvature less

than 500 feet. Although this code will be an improvement

over the past criteria, there are major areas of research

still requiring investigation. These areas include [16]:

1. "Developing a user-oriented computer program

specifically for the dynamic analysis of bridges

using segments of existing programs." Initial

consideration should be given to linear dynamic

analysis capabilities.

2. "Performing dynamic analysis of curved bridges,"

as it has been found that the response spectrum

technique yields unreliable results for bridges

having a high degree of curvature.

"Developing a rational method for designers to

combine the effects of earthquake loading in three

orthogonal directions," as bridges with curved

alignments have coupling between the component

directions within each mode of vibration.

4. "Conducting parametric studies for the seismic

response of common types of bridges to determine

the effects of geometry and constraint on overall

3
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seismic. response." Parameters should include

a) span length

b) curvature

c) column height and stiffness

d) materials

5. Development of simple design criteria for curved

bridges, because computer progr~ for dynamic

analysis may not be available to many bridge

designers,nor are they amenable for direct

design [34].

It is these areas of research that will encompass this study

which will involve curved steel box-girder bridges [23].

1.2 Research Objectives

The specific objectives of this research are as follows:

a) Modifying the SAP IV computer program [3 ] •

which is a finite element program for static and dynamic

response of linear structures, to be used for analyzing

curved steel box-girder bridges. The bridge will be modeled

using 3-D space frame elements. Structural details of both

the superstructure and the columns will be considered.

Induced actions and the corresponding steel and concrete

stresses time history in both bridge deck and columns will

be determined.

b) Comparing the response history and the response

spectrum techniques in analyzing curved steel box-girder

bridges. Special attention will be paid to the coupling

4-
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effects and the simultaneous application of earthquake

loadings in the three global directions.

c) Parametric analysis will be made to study the

effects of the bridge geometry and materials on the seismic

response. The parameters include the number of spans, span

length, span ratio, curvature, column height, deck and

column stiffnesses, and the weight of the superstructure

per unit length.

d) Based on the parametric analysis, a design criteria

will be developed by correlating the maximum dynamic responses

with the static analysis of the bridge to develop equivalent

loads for both actions at the attachments and maximum stresses

at the critical sections.

1.3 Summary

To accomplish the above objectives a comprehensive

research program was carried out. One, two, three, four,

and five span curved steel box-girder bridges were analyzed.

Both geometry and structural details of the superstructure

and the columns are based on a current bridge survey of all

existing curved box-girder bridges. The El Centro earthquake

ground motion acceleration record and its corresponding

response spectrum are used as dynamic input.

The bridge is modeled using 3-D space frame elements,

and different elements of the model were examined. Both

response history and response spectrum methods were used

and the results were compared. Three direction simultaneous

application of the seismic loadings was also studied.

5



Parametric analysis was made using the response history

technique, simultaneously applying the three components of

El Centro seismogram. Maximum dynamic responses at the

cricical sections were correlated with static analysis of

the bridge and equivalent loads were developed.

A s.implified design criteria was proposed based on the

results of the parametric analysis, taking into account the

relationship of the site to active faults.

In this research, Chapter II presents an overview of

current analytical methods for seismic design of bridges.

Both the equivalent static force methods and the response

spectrum technique are discussed.

Chapter III summarizes the cheory of seismic response

of structures. Equations of motion and their solutions

are derived for both single degree of freedom (SDOF) and

mulci degrees of freedom (MDOF) systems. Applying the

theory to'bridge structures is also discussed.

In Chapter IV seismic analysis of curved steel box

girder bridges is presented. Both the bridge structure

and the seismic loading are discussed in detail. Modifica

tion of SAP IV computer program is also discussed and a

description of input data is included. Bridge modeling and

an illustrative example are also presented.

Results of the seismic analysis are given in Chapter V.

Different parameters of the bridge model and the dynamic

input loading are examined. A comparison between response

history and response spectrum techniques is made. Other

6
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factors influencing the seismic response are studied;

including damping effects, non-composite sections, rotational

inertia, and column height. A comparison with rigid-column

models and closed form solutions is also made.

Chapter VI presents the results of the parametric

analysis. Seismic responses at the critical sections are

discussed, and the method of correlating these results

with equivalent static loads is presented and design curves

are developed.

In Chapter VII a simplified design criteria is proposed

and several detailed design examples are discussed comparing

the design criteria with the computer solution.

Chapter VIII summarizes the findings of this research

and draws conclusions regarding these findings.

7
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!.. Figure 1.1 Non Vibrational Type Damage, Alaskan Earthquake 1964 [39]
(a) Buckling of Bridge Deck Due to Inward Movement of

Abutments
(b) Differential Settlement of Steel-Rail-Bent Piers
(c) Bridge 605: Snow River 3, Post Earthquake View
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Figure 1.2 San Fernando Column Damage - Bridge
Number 53-1990R (18]
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CHAPTER II

CURRENT BRIDGE SEISMIC DESIGN METHODOLOGY

The analytical procedures used in bridge seismic design

practice can be divided into two main categories:

1. Equivalent static force methods

2. The response spectrum technique

While the first group is used for simple bridge structures

and employs several simplifying assumptions, the response

spectrum method requires computer facilities and is recom

mended for more complex types of bridges.

2.1 Eguivalent Static Force Methods

The development of a realistic simplified equivalent

static load approach for the dynamic analysis of bridgesl

that would suffice for the final design of simple bridges

and could even be used for preliminary design of the more

complex bridges, is desirable for the following reasons [31]:

1. Simple extensions of what is currently used and

would be easy to implement

2. Does not require a computer

3. Quick and easy to apply

The determination of seismic response by the equivalent

static force method basically involves three steps:

1. Calculating the period of the first mode of vibra

tion in the direction under consideration.

2. Obtaining the corresponding response coefficient

"C" .

10



3. Distributing the resulting equivalent static force

to the superstructure elemen~s.

2.1.1 Lollipop Method

This method was widely used prior to the San Fernando

Earthquake of 1971. The bridge bents were assumed to act

independent of one another as single-degree-of-freedom (SDOF)

oscillators with a lumped mass equivalent to the tributory

deck mass as shown in Figure 2.1 . Both structure period

and load distribution were generally determined using this

approach. Applying this -method implied the following simpli

fying assumptions about the dynamic behavio~ of a bridge:

1. Each bent vibrates in its own natural period, inde

pendent of the other bents.

2. The transverse bending and torsional stiffness of

the superstructure do not contribute to the stiff

ness of the system.

These over-simplified assumptions made the obtained results

unreliable.

2.1.2 Uniform Load Method

To overcome the deficiencies in the Lollipop method,

an emperical approach, called the uDiform load method, was

devised. In this method, the continuity of the superstructure

is maintained when determini~g the natural period of the

system, and the earthquake force is distributed to all of the

participating elements of the bridge. It can be summarized

II
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as follows:

1. Apply a uniform horizontal load q to the struc-

ture in the direction of vibration as shown in

Figure 2.2(a), and calculate the resulting maxi

mum displacement. Adjust q to obtain a maximum

displacement of 1 inch.

2. Calculate the stiffness of the structure by multiplying

the adjusted uniform load by 'the total length, hence

compute the fundamental transverse period of the

bridge using the total dead load of the structure WT .

3. The response coefficient C can be determined from

the response curves. These curves, shown in Figure

2.3, vary according to depths of alluvium to

rock-like material, and depend on the maximum ex

pected acceleration at bedrock at the site, A

A can be obtained from the seismic risk map of the

United States, shown in Figure 2.4, as follows:

where g is the gravitational acceleration.

4. Determine the total earthquake force acting on the

structure by combining the response coefficient with

the framing factor and the total dead load. The

framing factor"is 1.0 for structures where single

columns or piers resist the horizontal forces, and

is equal to 0.8 where continuous "frames resist these

forces.

I
J

I

Zone I
Zone II
Zone III

A = .09 g
A = .22 g
A = .50 g

12



5. Convert this force into an equivalent uniform load,

and then calculate the forces in the members.

Imbsen et al. [32] performed several case studies to

evaluate the accuracy and limitations of this method. They

concluded that the uniform load method can yield accurate

results only for continuous, straight, non-sk~ed bridges,

provided that the stiffness index, which is the ratio ,of the

transverse stiffness of the entire structure to the stiffness

of the superstructure alone (Figure 2.2(b)), is less or equal

to 2 For curved bridges, the results were not satisfactory.

This method is adopted by the present 1977 Standard

Specifications for Highway Bridges (AASHTO) [51].

2.1.3 Generalized Coordinate Method

This method is based on applying the energy principles

to a generalized single degree of freedom system. The shape

of the vibrating structure can be assumed and represented by

a shape function which can be expressed mathematically in

terms of a single generalized coordinate taken as'the ampli

tude at the point of max~ displacement. The longitudinal

and transverse modes of vibration can be separated into two

classes of generalized SDOF systems [34].

For longitudinal mode of vibration, the structural dis

placement is characterized by the behavior of a rigid deck,

limiting all the columns m equal longitudinal displacements

as shown in Figure 2.5(a). The transverse mode of vibration

is more co~lex in that the transverse displacement of the

13
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columns are not all equal but rather are functions of their

positions along the superstructure as shown in Figure 2.5(b).

In addition to this, the continuous superstructure will

undergo bending and will thus make a contribution to the

potential energy of the system.

The reliability of this method depends on the ability

to predict and define the structure's mode shape. The

effective application of this technique also requires that

one mode dominates in each direction.

The overall procedure essentially consists of the

following steps:

1. Calculate the period of vibration for the assumed

mode in terms of the generalized mass and the

generalized stiffness using the virtual work principle.

2. Determine the corresponding seismic response coef-

ficient. Cs This can be obtained from the AASHTO

Specifications [51] (Figure 2.3),or using the follow

ing emperical formula [49]:

J c = 1.2 A S
s

T2/ 3 (2.1)

J

where: A = the acceleration coefficient (Figure 2.6)

S = the dimensionless coefficient for the

soil profile characteristics of the site

(this will be discussed in Chapter VII)

T = the fundamental period of the bridge

3. Determine the maximum generalized displacement due

14



to the seismic loading, using the earthquake excita

tion factor and the generalized mass.

4. Calculate the component forces co~responding to the

maximum displacement using the assumed mode shape

displacment function.

A detailed discussion of the previous s.teps is given in
,"
references [11] and [49], and numerical examples are discussed

in references [11]. [31], and [49].

Imbsen et ale [34] stated some limitations to this

approach, and did not recommend it for curved bridges.

This method is adopted by the proposed guidelines for

highway bridge seismic design criteria [15,49], and is called

the single mode spectral method (SMSM).

2.1.4 Seismic Coefficient Method (SCM)

This method does not require the calculation of the

structure period and is limited to simple structures located

in areas with a low seismic hazard. It specifies a lateral

static force equals to some fraction of the bridge weight,

and is applied along the center of mass of the superstructure.

The seismic load, WL ' is given by (151:

(2.2)

where: WT = total gravity load of the bridge

15
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C = the seismic design coefficient which cans

be determined in accordance with some

emperical formulas [15].

This procedure may generally be used for preliminary

design purposes.

2.2 The Response Spect.rum Technique

The response spectrum dynamic analysis procedure is an

improvement over the equivalent static force methods. For

bridges having complex geometry, each mode of vibration has

coupling in three global coordinate directions that makes

it difficult to categorize the modes into simple longitudinal

or transverse ones. In addition, several modes of vibration

will in general contribute to the total response of the

structure. Hence, the response spectrum technique, which is

also called the multimode spectral method (MMSM), is considered

to bea satisfactory approach in handling these types of

structures.

2.2.1 Definition

The response spectrum is a graphical representation of

the maximum response of all possible single-degree-of-freedom

elastic systems to earthquake ground motions versus the periods

or frequencies of the systems. The most usual measures of

response are maximum re~ative displacement, maximum pseudo

relative velocity, and maximum absolute acceleration.

16



2.2.2 Analysis

To apply the response spectrum technique, the frequen

cies and the corresponding modes of vibration for the bridge

shoul~ be obtained first, using a space frame linear dynamic

analysis computer program. The modal responses for a specific

earthquake loading can be determined from the response '

spectrum plot, considering the participation factors for

each mode. Thesemcdal responses. however, are max:i.mums and

generally will not occur simultaneously. !t is therefore

necessary to combine the various modal responses in some

statistical manner in order to obtain a realistic value of

the actual maximum response of the total structure at a given

location. The proposed seismic design guidelines for high-

way bridges [15,49] relate the seismic response coefficient

Cs for each mode to a design response spectrum. A detailed

discussion of the theory of constructing and using the response

spectrum will follow in Chapter !II.

2.2.3 Limitations of the Method

There are mainly tiJo shortcomings that limit the appli

cability- of the response spectrum approach. The first one is

that the time domain has been removed, hence a_statistical

combination of modal responses, such as root mean square (~~),

has to be used in order to obtain realistic design loads. The

actual combination of modal responses depends on several

factors related to the type or the structure and the nature of

the actual ground motion. Therefore, the use of a statistical

17
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approach to replace, the effects of the removed time domain

may yield unrealistic resul ts [34]. Imbsen et al. [33]

concluded that the root mean square combination of modal

contributions is in error for bridges having two modes of

vibration with approximately equal periods. For such cases

they suggested a "peak plus root mean square of the remaining"

combination (PRMS).

The second deficiency in the response spectrum is that

the duration of shaking is not accounted for by the spec

trum. The major effect of duration will be on stiffness

degradation and strength loss once the member begins yielding.

2.3 Evaluation of Bridge Seismic Analysis and Design Methods

In the last few years the area of seismic analysis and

design of highway bridge structures has received extensive

amount of research work. Analytical, experimental, and

theoretical types of research were performed to evaluate

the current state-of-the-art.

Imbsen et al. [32] performed several case studies on

various highway bridges, and concluded that the uniform load

method is limited to simple types of bridges, and is not

recommended for. curved girders. A comparison between the

different static force methods [31] showed that the Lollipop

method yields unreliable results, while the uniform load

approach is more conservative than the generalized coordinate

method. Imbsen et al. [34], however, discussed several limi

tations of the generalized approach and did not recommend it

18



for curved bridges.. Ca.se studies using the seismic coefi

cient method resulted in very conservative design values

especially in the longitudinal direct~on, therefore, this

method was excluded from the final seismic design guidelines

for highway bridges [49].

Eighteen case studies wera conducted by Imbsen et al.

[33] to compare u~e response spect~ technique with both

linear and nonlinear time history approaches. For some

cases, the response spectrum results were in error because

of using the root mean square combination of the modal contri

butions. Moreover. recent parameter studies an curved high

way bridges [16] indicated that the response spectrum method

yields unreliable results for bridges having high degree of

curvature.

A difficult step in all the above design methods is to

accurately evaluate the natural frequency or the bridge.

Heins and Sahin [27] developed a simplified criteria to

calculate the vertical nacuxal frequency of steel box girder

bridges. Heins and Lin [26] simulated the continuous curved

bridge, restrained by equivalent springs, to evaluate the

natural frequencies that were utilized, in conjunction with

response spectrum curves, to obtain equivalent seismic forces.

It is to be noted that the different design methods pre

sented herein are a combination of the highway Department for

the State of California (CALTRANS) and New. Zealand "farce

design" approaches. Those are discussed in detail in refer

.ences [6] J [18] I and [46].

19
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Experimental model studies had been conducted by Williams

and Godden [57,58,59,60] on a series of curved bridges to

study the effects of both linear and nonlinear dynamic behavior.

They concluded that long curved bridges are very stiff in

resisting seismic forces compared with similar straight bridges.

Godden [19] performed a shaking table study on the seismic

behavior of long span curved highway bridges, while Douglas [13]

conducted full scale dynamic tests on straight bridges. Results

of Douglas! analysis indicated that the seismic forces pre

scribed by the equivalent force method were too lDw. Kawashima

and Penzien [36,37] correlated the experimental and theoretical

dynamic behavior of a curved model bridge structure, emphasi

zing on the discontinuous behavior of expansion joints.

Extensive theoretical researches were conducted to refine

the methods of analysis and design of highway bridges. Johnson

and Galletly [35], and Werner et al. [55] studied the effects

of traveling seismic waves on the response of highway bridges.

A comparison between a uniform ground shock and a moving

ground excitation showed that the second type of dynamic input

results in higher responses which are more significant when

the number of supports increases. A nonlinear analytical modal

for simulating the dynamic behavior of expansion joints, in

case of concrete bridges, was formulated by Tseng and Penzien

[52,53]. The problem of soil-structure interaction of highway

bridges is discussed in references [7 ]. [39], and [48], and

results are compared with equivalent seismic force methods.

20



2.4 Summary

From the above discussion. it can be concluded that both

the equivalent static force methods ~d the response spectrum

technique have some limitations and shortcomings when applied

to curved bridges. Therefore. it is the intention of this

dissertation to investigate the seismic analysis of curved

steel box-girder bridges. and to develop possib.le relationship

between the seismic response and equivalent force criteria.

21
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(a)

6 Max =1"

Stiffness Index :I

(b)

Figure 2.2 Uniform Load Method [31J: (a) Idealization
(b) Definition of Stiffness

Index
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Figure 2.4 Seismic Risk Map of the United States [51]
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(Mass of Deck)
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(a)
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Deflected Shape of Deck
(Sine Wave)
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~Deck (Pl~n View) Generalized

-+~- ...--...~ Stiffness

Deflected
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Assumed Mode Shape Generalized
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(b)

Figure 2.5 Generalized Coordinate Approach [34]
(a) Longitudinal Mode
(b) Transverse Mode (Continuous Deck)
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CHAPTER III

SEISMIC RESPONSE OF STRUCTURES

Although structural damage may result from several basi

cally different effects of an earthquake such as foundation

failure due to loss of soil strength by liquefaction,

foundation displacements associated with fault break or

landslide movements, or wave forces during tsunamis, the

principal loading mechanism is the response to the earthquake

ground motions applied at the base of the structure [56].

This Chapter summarizes the theory of structural dynamics as

it applies to the calculation of such vibrating response, with

emphasis on bridge structures. The problem is completely

defined by the physical properties of the structural system,

i.e., by its mass, stiffness, and damping characteristics, and

by the ground motion acceleration time history introduced at

its foundation support points. To have a better understanding

of that type of dynamic input, characteristics of earthquakes

will be briefly discussed.

3.1 Characteristics of Earthquakes

3.1.1 Causes of Earthquakes

Earthquakes maybe classified, on the basis. of cause J

as [1]:

1. Tectonic j which are related to deformation processes

in the crustal rocks due to plate movements. This

28



is based on the plate tectonic theory which envisions

the earth surface as broken-into rigid plates con

stantly jostling one another. Most desructive

earthquakes are. of this type.

2. Volcanic; which are triggered by the subterranean

movement of molten rocks (magma) or gas explosions.

These earthquakes are small in size, and have only

local effects near volcanoes.

3. Collapse; which can be caused by failure of rock

surrounding cavities or by avalanches. These earth

quakes also occur on a localized scale.

4. Explosive; which can be caused by underground

cavity formation due to nuclear and other explosions.

5. Reservoir induced seismicity; which are localized

earthquakes that can be caused by t?e impoundment

o'f large reservoirs behind high dams. They can also

be caused by the productional/reinjection of petro

leum reservoirs.

3.1.2 Tectonic Earthquake Mechanism

The basic cause of tectonic earthquakes is strain in

duced by fault slipping which is in turn caused by plate

motion. This strain is released in the form of seismic waves

propagating in the earth. This mechanism can be illustrated

according to the elastic rebound theory, which prOVides the

most satisfactory explanation for that type of earthquakes.
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It postulates that the two crustal blocks on both sides of the

fault move in opposite directions due to plate motion, but

instead of slipping along the fault, the blocks are deformed

in the vicinity of the fault. As the rock is strained,

elastic energy is stored in it. With the continuing defor

mation of the crustal structure, the strain builds up until

the frictional bond that locks the fault can no longer hold

at some point on the fault. The blocks will suddenly slip

at this point from shear-type rupture. Once the rupture is

initiated, it will propagate rapidly throughout the length

of the highly strained material. The accumulated strain

energy will then be released in the form of elastic seismic

waves propagating in the crustal rocks and in the interior

of the earth.

Two general types of elastic seismic waves are generated

by earthquakes:

1. Body waves, which travel through the Earth's interior.

There are two types of body waves: (i) dilatation

waves (called P-waves), and (ii) shear waves

30

(called S-waves).

complete discussion of these types of seismic waves, their

face waves can occur: (i) Rayleigh waves (R-waves),

and (ii) love waves (L-wave) .

Two types of sur-the Earth's near crustal rocks.

2.· Surface waves, which are generated at and confined

to propogation paths along the surface and within

r
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propagation, reflection and refraction, and attenuation can

be found in references [1], [44], and [56].

3.1.3 Earthquake Magnitude

The amounc of strain energy released at the source is

a measure of the size of the earthquake. This is indicated

quantitatively as. the magnitude. Richter's magnitude scales

are used universally. By definition, magnitude is the

logarithm (base 10) of the maximum amplitude, measured in

micrometers, of the earthquake record obtained by a Wood

Anderson seismograph, corrected to a distance of 100 km.

This magnitude rating has been related empirically to the

amount of earthquake energy released, E by the formula

Log E = 11.8 + 1.5 M

where M is the magnitude.

(3.1)

3.1.4 Earthquake Intensity

This is a measure of the severity of the ground motions

observed at any point. It diminishes generally with distance

from the source. The standard meas-ure of intensity is the

Modified Mercalli (MM) scale, which is a 12-point scale

ranging from I (not felt by anyone) to XII (total

destruction). This scale, however, does not provide a design

criteria for earthquake-resistant structures. A bettar

evaluation of the intensity became possible after the develop

ment of the strong-motion -recording accelerographs. The

31



1

I
I
L
!
L

amplitude. the frequency content, and the duration of the

ground motion record can be used to describe the intensity

of the earthquake. A more precise measure of the intensity

of a given ground motion can be evaluated from its response

spectrum, and is called the spectral intensity [45,56].

3.2 Earthquake Response of SDOF Systems

3.2.1 Equation of Motion for Lumpe-d Mass System

A simplified model of the earthquake excitation problem

is shown in Figure 3.1 , in which m is the mass of the

structure, k is the stiffness, and c is the viscous

damping coefficient. The total displacement of the mass,

v t van be expressed as

v t = v + vg (3.2)

where: v = ground displacement
g

v = relative displacement

As shown in Figure 3.l(b). equilibrium of forces for

this system may be written as

in which f I inertia force .. t= = m v

f D damping force .= = c v

f S = elastic force = k v

Substituting Equation (3.4) into (3.3) g~ves

.. t + c V + k v 0m v =

32
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and using Equation. (3.2) yields

mv+cv+kv
..= -m v g - Peff (3.6)

in which Pef£ denotes the effective support excita.tion

loading.

Defining the undamped natural frequency W , the

damping ratio ~, and the damped frequency wD as:

W
2 = k

m

= c
'Ziii{;

11WD = W
_. ~2

and substituting in Equation (3.6) will give

(3.7)

(3.8)

(3.9)

--vg (3.10)

The general solution of this differential equa.tion of

motion can be expressed by means of the Duhamel Integral

[9,14,47,56] as:

vet) = .:lwD

t
! V (-r) EXP[-~ W (t-T)]o g

sin Wn(t-T) dT (3. 11)

Once the displacement time history vet) is obtained, then

the elastic force f S can be calculated, and the columns

shears and moments can be determined.

It is to be noted that in computer programs, the response

vet) is accual1y calculated by step-by-step integration
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technique to solve the differential equation (3.10) rather

than evaluating the Duhamel Integral numerically.

3.2.2 Response Spectrum Analysis

For a specific earthquake ground-motion-acceleration

record vg(t), a corresponding response spectrum can be

constructed. The relative displacement v(t) = v(t,;,w) can

be obtained from Equation (3.11). Differentiating (3.11)

with respect to time will give the relative velocity

v (t,;,w), and by differentiating it twice, or from Equation

(3.5), we can obtain the absolute acceleration vt(t,;,w).

The maximum absolute values of these quantities, for various

damping ratios, can be evaluated for a full range of frequen

cies. A plot showing these relationships is called the earth

quake response spectrum.

Neglecting the slight difference between the damped and

undamped frequencies, and noting that the negative sign has

no significance in an earthquake excitation, Equation (3.11)

becomes

v(t,;,w) = 1- V(t,;'w)w (3.12)

where V(t,;,w) is the response function defined as

V(t,;,w) = cit Vg(T)

sin w

EXP [-; w (t-T)]

(t-T) dT (3.13)

For a specific value of damping ratio ; and natural

frequency w , the response time history'v(t,;,w) due to
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the ground motion v (t)
g can be obtained. The maximum

absolute value of v is called the spectral relative

displacement Sd-

Sd(~'~) = max fv(t,~,~)
t

The spectral pseudo-velocicy Sv is defined as

(3.14)

- max·
t

IV(t,~,~) I (3.15)

and is related to the spectral displacement by the relationship

Sv
Sd = ~-.. (3.16)

As indicated by Equation (3.15) , Sv depends not only on

the ground motion history, but also on the frequency and the

damping ratio. Thus for any given earthquake record, by

assuming a specific value of damping in the structure it is

possible to calculate values of Sv for a full range of

frequencies. A graph shOWing these spectral pseudo-velocity

response values plotted as a function of frequency (or period)

is called a pseudo-velocity response spectrum of the earth

quake motion. Such spectrum is generally computed for several

different damping ratios, and all plotted on a single graph as

shown in Figure 3.2(b) for the acceleration record of Figure

3.2(a).

It is to be noted that the spectral pseudo-velocity does

not actually represent the maximum velocity of the oscillator

v ,but it provides a direct means of evaluating the true

maximum relative displacement Sd'



)

J
The spectral acceleration S ,which is the maximum

a

absolute value of the total acceleration vt(t,~,w) ,can

also be defined as:

(3. 17)

~ .

I
Plots of the spectral displacement and acceleration

could be constructed in a form similar to the pseudo-velocity

spectrum of Figure 3.2(b), but simple relationships existing

becween these three quantities make it more convient to

present them all in a single plot on four-way log paper as

shown in Figure 3.2(c) for the same earthquake record.

Now for a SDOF lumped mass system, "the maximum elastic.

force in the system can be obtained, using the response

spectrum, from

f Smax
= = = m (3.18)

3.3 Multi-Degrees-Of-Freedom Systems (}IDOF)

3.3.1 Equations of Motion

The. formulation of the earthquake-response analysis of

a lumped MODF system can be carried out in matrix notation

in a manner entirely analogous to the previous development

of the lumped SDOF equation [9]. Thus the equations of mo-

tion can be written as:

[m] {v t } + [c] {v} + [kl {v} = {a}
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where [m] = mass matrix

[c] =- damping matrix

[k] • stiffness matrix

{vel = total absolute acceleration vector

{v} =- relative velocity vector

{v} = relative displacement vector

Formation of these matrices is discussed in references [9 ],

[ 17], [31], [47l, and [56].

The total displacement {vt} can be expressed in terms

of the relative displacement {v} and the ground displace-

ment vg This relationship depends on the type of sup-

port displacement which has been applied, as well as the

structural configuration. For purpose of discussion a sim

ple relationship, which is used in analyzing multistory

buildings, is considered, and application to bridge struc

tures will follow in Section 3.4. This may be written as:

(3.20)

in which {l} represents a column of ones. Substituting in

Equation (3.19) yields

[m] {v} + [c] {v} + [k] {v} • -[mHl} v (3.21)g

These coupled equations of motion can be directly solved

by numerical integration schemes, which will be a large com

putational problem. However, a good approximation of the
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actual response can be obtained by considering only the fewer

lower modes of vibration [9,47,56].

3.3.2 Modal Analysis

To apply this technique, the natural frequencies and

the mode shapes of the system should be first obtained by

solving the equations of motion for a freely vibrating un

damped system

[m] {v} + [k] {v} = {OJ (3.22)

This equation can be transformed into an eigenvalue problem

[9,41,47,56] :

(3.23)

This eigenvalue problem can be solved [2,9 ,40] to obtainI·

I the eigenvalues , which are the natural frequencies of

the system, and the eigenvectors { ~} which are the modes'+'n

of vibration. These eigenvectors are orthogonal with respect

to both the mass and the stiffness matrices.

The displacement vector {v} can be expressed in terms

of the mode shapes as

(3.24)

where: [~] = mode shape matrix (NxN)

{Y} = generalized coordinate vector (Nxl)

N = number of degress of freedom (or num

ber of mode shapes)
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Due to the orthogonality of the mode shapes, the system

of N coupled simultaneous differential equations (3.21)

can be transformed into a system of N decoupled equations

as follows:

[~]'! em] (~] Ci} + (~]'! [cl [~] Cl} + [~]1' (k] (~] {Y}:a

( ~] l' (m] {l} vg ( 3. 25)

And assuming that the same orthogonality characteristics

apply to the damping matrix (9 .47.56], Equation (3.25) reduces

to a set of N decoupled differential equations each of

which represents a modal equation in the form

(3.26)

where Yn is the amplitude of the nth mode. The generalized

mass Mn . the generalized damping Cn • the generalized

stiffness Kn . and the earthquake participation factor rn
can be obtained from

=

Cn = {q, }1" (c] { q,n}n
(3.27)

K = {q, }'! [k] { q,n}n n

rn ::a {q,. }T em] { l}
n

Equation (3.26) can be simplified by utilizing the relation

between the generalized damping and stiffness and the general

ized·mass to yield

Y 2 ~ y + w2 Y = rn ..n + ~n wn n n n -g- v gl: n
3'1

(3.28)



where ~n is the damping ratio for the nth mode.

Equation (3.28) shows that the equation of motion for

the th mode of the MDOF system is similar to equation (3.10)n

for SDOF systems. Thus, the response of the nth mode

at any time may be obtained by evaluating the Duhamel Intergal

expression for the given earthquake motion:

(3.29)

where Vn(t) is the response function for the nth mode de

fined as

t
= ! v (1")o g

The relative displacement of the structure at time t

is then obtained by superposing the contribution of all modes

evaluated at this time [Equation (3.24)]. Once {v} is ob

tained the elastic forces can be calculated, and hence all

internal forces can be determined.

In computer programs, the modal response vector {Y}

is actually calculated using a step-by-step integration scheme

to solve the set of the decoupled differential equations (3.28).

An important advantage of the mode superposition proce

dure is that an approximate solution may be obtained by con

sidering only the contribution of the fewer lower modes. This

wi 11 sharp 1y reduce the tremendous amount of computations

associated with systems having large number of degrees of

freedom.
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There are several methods to obtain the lowest p

frequencies and corresponding mode shapes, for an eigenvalue

problem [2,40]. One of the most efficient methods is the

subspace iteration, in which the eigenvalue problem with

matrices of order NxN is transformed into a smaller size

eigenvalue problem with matrices of order pxp. It incor

porates a sweeping technique, Rayleigh-Ritz analysis, and

Jacobi method in an iterative process.

Having obtained the first p frequencies and mode shapes,

Equation (3.24) reducesto

(3.31)

and we will have p decoupled differential equations of the

form (3.28) whi,ch can be solved to obtain the modal response

vector {Y}pxl Hence the relative displacement vector

{v} and consequently the elastic forces in the system can be

determined.

!he p decoupled differential equations (3.28) are

solved using a step-by-step integration method which employs

an unconditionally stable numerical scheme such as Newmark

implicit scheme or the Wilson-8 linear acceleration scheme

[ 2,40 ].

3.3.3 Response Spectrum Technique

The entire displacement response history of any MDOF

system is completely defined by Equations (3.24) or (3.31)

after the modal response amplitudes have been determined
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from Equation (3.29). Hence the maximum response of the

system can be obtained. Alternatively, the response spectrum

technique used for SDOF systems in Section 3.2.2 can be

app lied here.

For each individual mode of the structure, the maxi-

mum response can be obtained directly from the response spec

trum taking into account the earthquake participation factor.

Considering Equation (3.29), the maximum resp.onse can be de-

termined as

(3.32)

where Sdn(~n,wn) is the spectral displacement corresponding

to the damping and frequency of the nth mode. Then the dis-

tribution of maximum displacements in this mode is given by

{v }={¢>}Y =nmax n nmax
Sdn (3.33)

\,

I.

I

'{
f'.

However, the maximum total response cannot be obtained,

in general, by merely adding the modal maxima because these

maxima usually do not occur at the same time. A number of

different formulas have been proposed to obtain a reasonable

estimate of the maximum response from the spectral values.

The simplest and most popular of these is the square root

of the sum of the squares of the modal responses. Thus if

the maximum modal displacements are given by Equation (3.33),

the maximum total displacement is approximated by
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{ Vmax } = (3.34)

where the terms under the radical sign represent vectors of

the modal displacements squared. A simi.lar approach can be

followed to obtain the maximum elastic forces in the system.

By this procedure- it is possible to get a good a.pproxi

mation of the earthquake response of any MDOF system by

working directly with the earthquake response spectrum, with

out the necessity of carrying out the complete. response

history analysis. A comparison between the ~~o techniques

rNill be discussed in Chapter V.

3.4 Application to Bridge Structures

Dynamic analysis of bridges ,which are highly complicated

distributed par~etersystems,is generally performed using

the finite element method (11,15,31,33,34,49] . The structure

is discretized into finite elements and the analysis is

carried out in matrix form [2,12,61]. The matrix equations

for the seismic response analysis of finite element systems

are identical in form to the MOOF lumped mass equations

described in Section 3.3.

The bridge is modeled using 3 -D space fr~e elements,

with six degrees of freedom at each node, three translational

and three rotational [47,54]. While the stiffness matrix

should consider the six degrees of freedom, the structural

mass is lumped at the nodes in the three translational

directions. This type of idealization can yield reliable
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results for bridge structures I3l]. The concept of viscous

damping, which proved to yield satisfactory results compared

with full scale testing in case of multistory buildings,

is extended to bridge structures.

3.4.1 Ground Motion Excitation

In practice, the seismic waves tend to excite the bridge

supports in the three global directions. Moreover, due to

the structure configuration the relationship between the

total and relative motions will not take the simple form of

Equation (3.20). Hence the ground acceleration vector can

be written as

(3.35)

I
)

1

J

I
I
1
~..

in which vgX ' Vgy , vgZ are the ground acceleration components

in X, Y, and Z directions, and {rX} is an influence coeffi-

cient vector in X-direction, which is a null vector except

that these elements which correspond to the X-translational

degrees of freedom are equal to one. The influence coeffi

cient vectors {ry } and {rZ} are analogous to {rX} in Y and

Z directions respectively.

The modal analysis will be identical to that discussed

in Section 3.3.2 except for the right hand side of Equation

(3.26) which becomes

(3.36 )
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where f nX = {q, }T (m] { r X}
0

fny = (q, }T (m] (r } (3. 37)
0 y

f nZ ~ {q, }T' Em] {r' }
n Z

f nX • fnY' f nZ are the earthquake modal participation

factors for mode 0 in X. Y, and Z directions respectively.

The vector of the modal earthquake participation factors

for mode n {fn} can be obtained as

(3.38)

where Er] is the influence coefficient matrix or the rigid

body matrix relating the motion at each node to the support

motion, defined as

(3.39)

The earthquake modal participation factors matrix for the

entire structure can then be obtained from

[n :s E~] T [m] [r]
Nx3

The modal equation (3.28) will then reduce to

(3.40)

Yn + 2 ;n w Y +w 2 Yn = f nX v + f nY·· +
n n n -(~ gX ~ vgY

45
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and the modal response will be

(3.42 )

(3.43)

where YnX is the amplitude of the nth mode due to ground

acceleration in the X-direction, which can be obtained from

rnX 1
Yn.X(t) = w- - Vn.X(t)

n wn

where VnX(t) is the response function for the nth mode due

to ground acceleration in the X-direction, defined as

.
)..

t
!o

EXP [- ~ W (t-i)]n n

sin w (t-i) din (3.44)

I

I

}

I
I
r
!

I
I

similarly for Yny and YnZ .

It is to be noted that step-by-step integration scheme

is used in the computer programs to solve Equations (3.41)

The response spectrum analysis for bridge structures does

not consider the simultaneous application of the three direc

tional earthquake excitation. Only one component at a tim~

may be considered, hence the analysis is identical to that

discussed in Section 3.3.3 except that r n and vg will be

replaced by rni and vgi ' where i denotes the direction of the

earthquake excitation.loading.
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CHAPTER IV

SEISMIC ANALYSIS OF STEEL BOX-GIRDER BRIDGES

In order to perform seismic analysis of bridges, both

the bridge structure and the seismic input loading have to

be defined. Geometry and structural details of both the

superstructure and the columns will be presented, and the

seismic loading which it applied to the structure will be

discussed in detail. The finite element computer program

SAP IV which is used in the analysis, and the subroutines

that were developed to adjust it to the dynamic analysis of

steel box girder bridges will also be discussed. Bridge

modeling, taking into account the curved geometry and

boundary conditions, and an illustrative example for a three

span bridge are also presented.

4.1 Bridge Structures

The number of curved steel box-girder bridges constructed

has been increasing in recent years due to more stringent

route requirements and a de~ire for a greater sense of

esthetics. Based on a survey conducted by Heins et al.

[20,24,25,26] on such types of bridges, the fo11owingparameters

will be considered:

1.

2.

3.

Number of spans, NS

Span length, L
L 1Span ratio, n = r
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4. Radius of ·curvature, R

5. Number of girders and girder spacing

6. The struccural details of che deck cross-section

7. Column geometry and stiffness

Each of the above parameters will be briefly discussed.

4.1.1 Number of Spans

Single, ~O, three, four, and five span bridges will be

considered for the seismic analysis.

4.1.2 Span Length and Span Ratio

The span length ranges frcrm 50 feee up to 220 feee,

while the span ratio ranges berween 1.0 and 1.5

4.1.3 Radius of Curvature

Both straight bridges (R==) and curved bridges with

curvacure up to 1/200 (fe- 1) are considered. It is to be

noted that the ratio ~ is always greater than 3. ,and

bridges are considered straight for ~ ~ 16

4.1.4 Number of Girders and Girder Spacing

Most bridges consist of 2 or 3 girders~ although some

single span bridges have up to 5 girders. Girder spacing

depends on the bridge width or the number of traffic lanes which

ranges from one lane for single span bridges up to five lanes

for multiple-span bridges. While the number of girders

mainly affects the stiffness of the bridge in case of static

analysis, it has more influence on the inertia forces, or the

mass ·of the structure per unit length, for the dynamic analysis.
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L 4.1. 5 Struc.tural Details of the Deck Cross-Section

A typical cross-section of a steel box-girder bridge

deck is shown in Figure 4.1 . Thicknesses of top and bottom

flanges range between 1/2 in. and 2~ in. J while web

thickness ranges between 1/2 in. and 1. in.• The minimum

width of the top flange is 12. in., and the maximum width

is 32. in.. The width of the bottom flange depends on the

bridge width and the number of girders, and the web depth is

approximately 1/25 of the span length. The web angle ranges

between O. and 14. degrees. It is to be noted that the

bridge cross-section over the piers, which is approximately

20% of the span length on each side, is stiffer than that at

the middle of the span.

4.1.6 Column Geometry and Stiffness

For a three-lane bridge, which dominates most of the

steel box-girder bridges, a three-column bent is generally

used. Such column bents are directed radially, and they

generally have the following details for round concrete columns:

Diameter 2.5' '" 3.0'

Steel Bars 12 '" 20 4/l1

Moment of inertia 2.8 '" 6.0 (ft4)

Column height 10 ' '" IS' and up to 30'

Column spacing IS' '" 18'

4.2 Seismic Loading

El Centro earthquake accelerogram of May 18, 1940 (mag

nitude 7.1) will be used as a dynamic input in this study.

This accelerogram is a good recording of the ground motion in
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the epicentral region of a damaging earthquake. In general

it may be stated that the El Centro excitation contains

energy over a broad range of frequencies and has a relatively

long total duration and duration of intense shaking. [8].

The maximum peak acceleration of this record is .35g, where

g is the gravitational acceleration.

Figures 4.2 to 4.4 show the three components of El Centro

acce1erogr~ [29]. The N-S component (SOOE) is shawn in

Figure 4.2, while the E-W component (S90W) and the vertical

component (VERT) are presented in Figures 4.3 and 4.4 respec

tively. The corresponding response spectra for each component

are presented in Figures 4.5 to 4.7 [30].

It is to be noted that El Centro earthquake record is

one of the best records obtained to date in the United States

for strong ground shaking, and is usually used in seismic

analysis [56]. Intensity of ground motion and site effects

for different parts of the United States will be discussed

later in Chapter VII.

4.3 Seismic Responses

Displacements, actions, and stresses at cha critical points

of the bridge will be studied. The following responses will

be considered:

1. Attachments:

(i) Tangential displacement at the abutment

(ii) Tangential force, radial force and vertical

moment at the abutment
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(iii) Radial force at the pier-superstructure roller

connection

It is to be noted that the tangential and radial directions

are related to the horizontal alignment of the super-

structure.

2. Superstructure:

(i) Steel and concrete normal stresses at the

abutment

(ii) Steel and concrete normal stresses at the

(iii) Steel and concrete normal stresses over the

middle of the span length

f
I

3.

pier

Columns:

(i) Concrete normal stress at the column base

\
I

r
I

\
I ,

Shear stresses will also be studied for both the super-

structure and columns critical sections.

4.4 The Computer Program

The finite element program SAP IV for the static and

dynamic response of linear systems is used in the analysis

[3]. The original program is written in FORTRAN language

and consists of 113 subroutines (about 15.000 cards), and is

organized in a standard Fortran overlay structure to reduce

the required high speed storage for program execution. A

double precision arithmetic version of the program was adjusted

to the University of Maryland UNIVAC 1100 system, and was

successfully checked using several examples. Seven subroutines
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had to be modified. two were developed, and four disk file

elements were created to account for the program compilation.

mapping, and the restart capabilities.

The progr~ performs both static and dynamic analysis

for linear systems. Four types of dynamic analysis can be

can:ied out:

1. Determination of system mode shapes and frequencies

only

2. Frequency calculations followed by response history

analysis using mode superposition

3. Frequency calculations followed by response spectrum

analysis

4. Response history analysis by direct integration

It is to be noted that in the program once the frequencies

and mode shapes are obtained they are written on low speed

storage, and utilizing the restart capabilities a variety of

response history and response spectrum analyses can be

carried out with relatively ~all additional cost.

The element library of SAP IV consists of nine different

element types, which can be used in either static or dynamic

analysis. Since both the bridge superstructure and columns

will be modeled using 3-D space frame elements, that type

of element will be discussed in more detail. A typical 3-D

beam element is shown in Figure 4.8 . This el~ent, which is

prismatic, considers torsion, bending about two axes, axial

and shearing deformations. A plane which defines the principal

bending axis of the beam is specified by the plane i, j. k,
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where i and j are the two nodes of the element, and point

k will always be taken as the center of curvature of the

superstructure. It is to be noted that forces (axial and

shear) and moments (torsion and bending) are calculated in

the beam local coordinate system 1, 2,and 3 .

4.4.1 Modification of the Program

A computer program was developed to calculate the

properties of the bridge deck cross section shown in Figure

4.1. The section structural details are introduced as an

input to the program, and the cross sectional area, moments

of inertia, product of inertia, torsional inertia, and section

moduli are calculated. Four types of lateral bracings may

be used as shown in Figure 4.9 [21]. Both composite and non

composite sections are considered, where in case of composite

sections, the properties of an equivalent steel cross section

are obtained. Equivalent unit weight and mass"which are used

to evaluate the dead load and the mass of the superstructure,

are calculated for both composite and non-composite sections

considering the concrete slab in both cases. The program can

also compute the normal stresses due to bending for both steel

and' concrete at the critical points of the cross section [5].

Shear stresses due to both bending and torsion are also

calculated utilizing simplified assumptions [21].

This program was introduced into SAP IV program as a

set of subroutines to generate the section and material

properties for the superstructure, and to. calculate the normal

and shearing stresses due to seismic ground-motion-acceleration
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input loading. Another group of'subroutines ~ere developed

to compute the column stresses. Three options are available

for printing the seismic stress response: 1) print histories

and maxima, 2) printer plot of histories and recovery of

maxima, or 3) recover maxima only. A total of ten subroutines

were created, and eleven were modified to develop the final

version of the progr~. A partial listing of the new sub

routines is presented in Reference (62).

The capacity of the progr~ is mainly controlled by the

number of nodal points of the structural system, number of

frequencies considered, number of seismic input loadings, and

the total number of solution time steps. Hence, several versions

of the program were developed ~ith different capacities or

sizes to optimize the cost of executing the program.

4.4.2 Description of Input Data

A complete discussion of input data for SAP IV is

presented in reference [3]. This section will discuss only

the new input data for the modified version of the program,

and how they are related to the original input. A sample of

a complete input data is presented in Reference (62).

This set of new data is introduced in. the element data

section of SAP IV original input, right after the control

card. It is to be noted that the number of element property

(NUMETP) and the number of material property (N'TRoft;f..AT) , ~hich

are specified in the control card, should be the same.
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(i) Material properties [2 cards]

Sunerstructure.!
i

I

i."

(I)

Card Format Variable Entry

1 (4F10.O)

2 (4F10.O)

EST
PRST
UTMSST
UTWTST

EC
PRC
UTMSC
UTWTC

Young's modulus for steel
Poisson's ratio for steel
Steel mass density
Steel weight density

Young's modulus for concrete
Poisson's ratio for concrete
Concrete mass density
Concrete weight density

(ii) Bridge parameters [5 cards] (refer to Figures 4.1

and 4.9)

1 (I5,2F1O.O) NG1RDR
GSPACE
BRDGWD

2 (15,2F1O.O) 1BRACE
S
AD

I 3 (3F1O.O) TS, .
ALS
DR

4 (2F1O.O) SMISC
CM1SC

5 (2l5,F10.O) NUMXSB

NUMXSC
SPAN

I"
j

Card Format Variable Entry

Number of girders
Girder spacing (center to center)
Bridge width

Bracing type (refer to Figure 4.9)
Diaphragm spacing
Cross sectional area of bracing

Concrete slab thickness
Angle between slab and horizontal
Depth of haunch

Percentage of miscellaneous steel
Percentage of miscellaneous concrete,

Number of bridge deck cross
sections

Number of column cross sec~ions

Span length

(iii) Structural details [NUMXSB sets of 4 cards each]

(refer to Figure 4.1)

Card Format Variable Entry

1 (215) NSEC
ICm"IF

57

Section number (from 1 to NUMXSB)
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Card Format Variable Entry

2 (6FIO.O)

3 (6FlO.O)

TFWL
TF1'L
TFW"R
TF1'R
BFW
BIT

WEDL
WEn
ALL

WEDR
WETR
ALB.

Width of left top flange
Thickness of left top flange
Width of right top flange
Thickness of right top flange
Bottom flange width .
Bottom flange thickness.

Depth of, left web
Thickness of left web
Angle between left '.Jeb and

vertical
Depth of right web
Thickness of right web
Angle between right web and

vertical

YSTF

4 (I5,3FlO.O) NSTF

ASTF

USn"

Number of bottom flange
stiffeners

Cross sectional area of each
stiffener

Moment of inertia of each
stiffener about a horizontal
axis

Distance b~~Neen centroid of
stiffeners and the bottom
flange

It is to be noted that the units used for this set of data (I)

are kips, inches, and degrees.

(II) Supporting elements

Material and cross sectional properties input data of the

bridge columns and other special elements will immediately

follow the set of data described above in (I). They are intro

duced in accordance with the original input data for SAP IV,

starting with the columns properties numbered as (NUMXSB + 1).

The units which are used in this section, as well as ~~e rest

of the input data, are kips, feet, and degrees.

(III) Output options

The modified progr~ can calculate bach normal and shear
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stresses at different cross sections for both the super

structure and the columns due to a ground-motion-accelera

tion dynamic input. In order to compute these stresses

for some element cross sec,tion, the six action components

(axial force, two shearing forces, torsional moment, and

two bending moments) at that section have to be specified

in the "output definition cards" input section [3]. It

should also be noted that the option specified for printing

these actions will consequently apply -to the stresses.

4.5 Bridge Modeling

The bridge is modeled using 3-D space frame elemnts,

with nodes selected to realistically model the stiffness

and inertia effects of the structure. Masses in the deck

should be lumped at least at the quarter points, while

column masses may be lumped at the third points [15,31,33,49].

In both the superstructure and the columns, only the

translational degrees of freedom at each node will be

considered for the inertia effects. The program automatically

generates a lumped mass matrix, with only translational mass

coefficients, using elements geometry and material density.

Figure 4.10 shows a typical model for a three span

curved bridge. Nodes and elements are numbered from left

to right for the superstructure, and from bottom to top for

the columns. For the ·deck elements, node i should always

be less in number than node j , while for all bridge

elements node k should be taken as the. center of curvature

for the superstructure.
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The X-axis is taken in a direction parallel to the

chord connecting the abutments. This direction will be

called the longicudinal direction. ·The transverse dir.ection,

or the Z-axis, is perpendicular to the chord in a horizontal

plane, and the Y-axis is vertical.

4.5.1 Curved Geometry and Boundary Conditions

To model the freedom of movement at the abutments,

appropriate member releases in short elements at these

locations are used. At one abutment, all degrees of freedom

will be restrained except the radial rotation, while at the

other one, both radial rotation and tangential translation

are allowed. These short elements also insure that the

superstructure mass is properly lumped, and no inertia

effects are lost. The element length will be taken as

i% of the adjacent element length.

The roller supports attaching the superstruceuxe and

the bents are modeled using short vertical massless elements

having neither torsional nor bendings stiffness in the

radial direction. These elements, which are assumed to be

0.5 ft long, have a relati.vely lar.ge area to minimize the

relative vertical deformations at those connections.

The three-column bents are modeled using only two

columns haVing equivalent properties, and the base of each

column is assumed to be fixed at the footing. A comparison

with three-column models will be presented in Chapter V.

4.6 Illustrative Examule
h

A three equal spans curved steel box girder bridge will
&0



!1 .

be analyzed. The bridge span length is 100' , and the

radius of curvature is 800' . The superstructure consists

of 3 girders 170" apart, and the bridge width is 42.5'

(3 lanes). A horizontal concrete slab of 811 thickness is

considered, with haunches of 3" depth.

The superstructure has two cross sections XS l and

XS 2 ' with the second one covering 16% of the span length

on each side of the bents. These cross-sections are

symmetrical, "and have the following- properties:

top flange width =
top flange thickness =
bottom flange width =
bottom flange thickness =
web depth =
web thickness =

XS
1

(in.)

12.0
1.0

85.0
0.75

50.0
0.5

XS 2 (in.)

16.0
1.5

85.0
1.0

50.0
0.5

I, .

Both cross sections have inclined webs (14 degrees with

vertical) and no bottom flange stiffners, and they will

be considered as composite sections.

The bridge has three-column bents with round columns

having the following properties:

height
spacing
area
stiffness

= 15'
= 16'
= 6 ft 2

= 4.5 ft 4

The bridge is modeled as shown in Figure 4.10, and will

be first analyzed to obtain the system frequencies and mode

shapes (considering. 15 frequencies). A listing of input

data is presented in Reference (62) .Utilizing the restart

capabilities, the N-S component of El Centro earthquake

record and its response spectrum will'be applied to the
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structure in the transverse direction.

For the response history analysis, the first 10

seconds of the seismogr~ will be considered, and a 5%

damping ratio is assumed. The seismic loading data is

given in mmVsee2 (adjusted to ft/see 2) at equally

spaced intervals of 0.02 second. Maximum displac~ents

?t the abutment, and maximum actions and stresses at the

abutments, mid span, column base, and at the superstructure

cross section over the pier will be considered. Maximum

actions at the pier-deck roller attachments will also be

obtained. A partial listing of the input data is included

in Reference (62).

For the response spectrum analysis, El Centro N-S com

ponent spectrum, assuming 5% damping ratio, will be used. The

spectrum units are g (the gravitational acceleration), and

will be adjusted to ft/sec 2. A listing of input data is

included in Reference (62).

The two disk file elements used for the restart

technique are listed in Reference (62). The element RESTRTO

is added with the ,first run for computing the system

frequencies and mode shapes, while the element RESTRTl is

added with each successive run for the response history or

the response spectrum analyses. It is to be noted that

the filesTAPEl., TAPE2 ., TAPE 7 ., TAPES., TAPE9., and

TAPEl2. are permanent disk files that should be assigned

prior to the progr~ execution.

A partial listing of the computer program output is

included in Reference (62). It is to be noted chat the



I.

I
w
I.

1-

actions components are computed in the element local

coordinate system (Figure 4.8), while the displacements are

calculated in the global coordinate system. Output units are

kips and feet for both actions and displacements, and

kips/in2 (ksi) for stresses.
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CHAPTER V

RESULTS OF THE SEISMIC ANALYSIS

In this Chapter the results of the seismic analysis of

steel box-girder bridges are presented and discussed. Typi

cal steel box-girder bridges with up to five spans are con

sidered, and different elements of the bridge model and the

seismic loading are examined for each case. A comparison

between the response spectrum and the response history tech

niques is made, and the simultaneous application of the three

components of the earthquake is discussed. Other factors

influencing the seismic response are studied, including damp

ing effects, composite and non-composite deck cross-sections,

rotational inertia, and column height. A comparison with

rigid-column models and closed form solutions is also made,

and static analysis results due to dead loads are presented.

5.1 Case Studies

Typical single to five span steel box-girder bridges

are analyzed, assuming the following properties:

(I) Bridge geometry

Span length = 100. I

Span ratio = 1.0
Radius of curvature = 800. ,

Number of girders = 3
Girder spacing = 170. "
Bridge width 42.5' (3 lanes)

Concrete slab thickness = 8. "
Haunch depth = 3. "
Bracing type = 3
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(II) Structural d~tails

The superstructure has two cross sections XS I and XS Z'

with the second one covering 16% to 20% of the span length

on each side of the bents. These cross sections are symmet

rical, and have the follo~g properties:

XSl(in.) XS z(in.)

Top flange width ::II 12.0 16.0
Top flange thickness = 1.0 1.5
Bottom flange width ::II 85.0 85.0
Bottom flange thickness ::II 0.75 1.·0
Web depth ::II 50.0 50.0
Web thicknes s • 0.5 0.5

Both cross sections have inclined webs (14 degrees with

vertical) and no bottom flange sti.ffeners, and they will

be considered as composite sections.

(III) Bent geometry

Three-column bents are considered, with round columns

having the. following properties:

Height •
Spacing =
AIea ::II

Stiifness ::II

15 '
16'

6 ft Z
4.5 ft 4

It is to be noted that a 5% damping 'ratio is assumed for all

bridges.

5.1.1 Sei~ic Responses

El Centro earthquake different components are applied

to the bridge structures in the three global directions.

The longitudinal shock is applied in the X-axis dir.ec tion

which is parallel to the chord connecting the abutments,
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while the transverse excitation is in the Z-axis direction

perpendicular to that chord. The vertical shock is directed

along the Y-axis.

Displacements, actions, and stresses at the critical

points of the bridge are studied. Locations of these criti

cal sections are shown in the corresponding Figures for each

case. The following responses are considered:

DT The tangential displacement at the abutment

PI The tangential force at the abutment or the axial

force at the column base

V2 The radial shearing force at the abutment or at

the pier-superstructure attachment

V3 The vertical shearing force at the superstructure

MI The twisting moment

M2 The radial moment

M3 The vertical moment at the abutments or the tangen

tial moment at the column base.

It is to be noted that the tangential and radial directions

are related to the horizontal alignment of the superstructure.

Maximum normal and shear stresses for both steel and

concrete at the critical sections are also tabulated and ~

discussed.

5.2 The Bridge Model

5.2.1 Supporting Elements

Both 2-column and 3-column bents are generally used to

support steel box-girder bridges. All bents are modeled
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using only ewo columns having equivalent properties .. The

intermediate column pro~erties are equally distributed be

eween the ewo exterior columns, and the concrete cap stiff

ness is increased to minimize the resulting deformations.

A comparison betWeen 2-column and 3-column straight models,

using the eSOOE) component, is presented. The response spectnml

(R.S.) is applied in the longitudinal direction, while the

grotmd motion acceleration time history (T.H.) is applied in.

the transverse direction.

5.2.2 End Boundary Conditions

The freedom of movement at the abutments is modeled

using short elements with appropriate member releases. Radi

al moments at both abutments are released, while axial force

is released only at one end. This modified end-boundary

conditions model is analyzed, considering a straight bridge

and using the eSOOE) component, and results are compared with

the 2-column straight model with corresponding end supports

restraints.

5.2.3 Number of Elements

The superstructure is modeled using 6 finite elements

for each span length (10 elements in case of single span

bridges). A comparison with a lO-elementcurved model (20

element curved model for single span bridges), applying the

eSOOE) component, is discussed.

5.2.4 Structure Periods and Participation Factors

The structure periods for the first modes of vibration
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are tabulated, and the corresponding mode shapes are includ-

ed in Appendix B.l The. earthquake participation factors,

defined by Equation (3.40), are also tabulated. These factors

are useful in determining the coupling effects and the rela

tive participation of each mode for a shock in a given direc

tion.

5.2.5 Number of Mode Shapes

The mode superposition procedure yields good approximate

results by considering only the contribution of the fewer low

er modes. A comparison between 10, 15, and 20 mode shapes con

tributions is presented. The (SOOE) component is applied in

dividually in the three global directions, one at a time, and

the corresponding responses are tabulated. A 3-direction

shock, consisting of the three components of El Centro earth

quake, is also considered.

5.2.6 Solution Time Step (~t)

The computer program performs a step-by-step integration

of the equations of motion using a scheme which is uncondi

tionally stable with respect to time step ~t. The participa

tion of the higher modes is filtered from the predicted re

sponse when large time step is used [3]. A comparison be

tween three time steps; O. 0100, 0.0050, and a.0025 seconds is

made, applying the (SOOE) component.

5.3 The Seismic Loading

Although the total duration of El Centro earthquake is

more than 50 seconds, the intense ground shaking occurs in
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5.4

5.4.1

the first 10 to 15 .seconds of the record. Since this study

is considering only linear analysis, the duration of intense

shaking is of more interest. A comp~rison of 10 and 15

seconds shock durations is made applying both the (SOOE) and

the (S90W) components individually.

Methods of Analysis

Response Spectrum Technique (R.S.)

The (SOOE) component response spectrum, assuming 5% damp

ing ratio, is applied to the bridge struc~e in the three

global directions, one at a time. For each case, the contri

bution of 10, 15, and 20 mode shapes is studied. The (S90W)

component and the (VERI) component response spectra are also

applied to the structure in the longitudinal and vertical

. directions respectively, and the results are tabulated. It

is to be noted that the seismic responses obtained are maxi

mum absolute values, which do not neccessarily occur at the

same time, hence realistic values of normal and shear stres-

ses may not be computed.

5.4.2 Time History Analysis (T.H.)

The first 10 seconds of the (SCOE) component record is

applied to the structure in the longitudinal, transverse,

and vertical directions, one at a time. A solution time step

~t of 0.0050 seconds is considered, and a 5% damping ratio is

assumed. The contribution of 10 and 15 mode shapes is studi

ed in each case, and a comparison with the response spectrum

technique results is presented. Similar analysis is made

using the (S90W) and the (VERT) components.
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5.4.3 Simultaneous Application of the Earthquake Components
(3-Direction Shock)

The first 10 seconds of each component is applied simul

taneously to the bridge structure in the three global direc-

tions, considering the first 15 frequencies. Two cases are

studied; first the (SOOE) component is applied in the longi

tudinal direction while the (S9~ component is directed in

the transverse direction and the (VERT) component is in the

vertical direction. In the second case, the directions of

the two horizontal components are interchanged. Seismic dis

placements, actions, and stresses in each case are compared

with the responses obtained by applying each component indi

vidually. The time at which each maximum response occurs is

also tabulated.

5.5 Damping, Stiffness, and Inertia Effects

The physical properties of the bridge structure, i.e., its

mass, stiffness, and damping characteristics are examined.

The contribution of the first 15 mode shapes is considered,

and a 3-direction shock is applied to the structure. Damping

ratios of 2%, 5%, and 10% are assumed and results are compared.

Non-composite deck cross sections are considered, and the

structure periods and participation factors and the resulting

seismic responses are tabulated.

The computer program automatically forms a lumped mass

matrix, containing only translational mass coefficients, using

the element geometry and the material density. The effect of

the bridge width is studied by introducing rotational inertia

coefficients in the X-direction, and the corresponding actions
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and stresses are tabulated.·

Another important parameter that influence the seis~c

response is the height of the columns.. A long-column model,

with column height equals to 45' and column spacing equals

to 10', is analyzed and results are compared with the short

column model case .

..
5.6 Rigid-Column Model and Exact Solution

Rigid column bents will ultimately behave as roller sup

ports, and the bridge may be considered as a continuous beam.

A rigid-column straight model is analyzed, and the structure

periods are compared with closed form solutions for continu

ous beams [4 1. A 3-direction shock is applied to the struc

ture, and the resulting seis~c responses are compared with

the 2-column model case.

5.7 Static Analysis

Each bridge is analyzed under the effect of its own

weight. !he maximum stresses in the bridge deck and columns

due to dead load are computed and compared with the dynamic

responses.

5.8 Results of the Analysis

5.8.1 Single Span Bridges

A single span curved bridge model is shown in Figure 5.1 .

A comparison between a straight and a modified end-boundary

conditions model is presented in Tables Al.l to Al.3. Re

sults show a very good agreement between the CWo models.

Analysis of 10-element and 20-element models is summarized in

s<1



Tables Al.4 to Al.6 , and the results indicate that increas

ing the number of elements does not have a significant effect

on the seismic responses. The first 10 mode shapes for the

10-element model are shown in Figure Bl.l. The difference in

seismic responses using 0..0050 and 0.0025 seconds time steps is

less than 1% as shown in Tables Al.7 and Al.S ,which suggests

choosing the first time step to minimize the cost of excuting

the computer program.

A comparison between response spectrum and time history

analysis, presented in Tables Al.9 and Al.10 I shows that the

first method yields much higher seismic responses which are

in error. The contribution of higher modes of vibration,

with relatively high frequencies, is the main reason for the

failure of the response spectrum method for this model. Tables

Al.ll to Al.14 present the results of the simultaneous applica

tion of the earthquake components, which show that the seismic

responses due to a 3-direction schock are generally higher

than individually applying each component in one direction.

The seismic responses decrease with an increase in the

damping ratio as shown in Tables Al.15 and Al.16 , while the

non-composite deck model, which is less stiff than the com

posite deck model, yields lower frequencies and higher stres

ses as shown in Tables AL 17 to Al.19 .

The structure periods obtained using the finite element

program are in good agreement with the exact solution as

shown in Table Al.20 ,and both steel and concrete normal

stresses due to dead loads are presented" in Table Al.2l .
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5.8.2 2-Span and 3-Span Bridges

The. 2-column and 3-column models are shown in Figures 5.2

and 5.5 , and a comparison between the two models is presented

in Tab les A2.l to A2. 3 and A.3. 1 to AJ.3. Results show that

the 2-column model yields conservative responses range from

1% for the superstructure to 15% for the column stresses,

hence the 2-column model will be used throughout this study.

Structure periods and seismic responses for the modified

end-bo~dary-conditionsstraight models are presented in

Tables A2.4 to A2. 6 and AJ.4 to A3. 6. The good agreement be

tween these results and the 2-column model case with end sup

port restraints justifies the use of the short elements with

member releases.

Figures 5.3 and 5.6 show 2-span and 3-span 6-element

models. The slight difference in results between the 6-ele

ment and la-element models, as presented in Tables A2.7 to
J

A2.9 and A3: 7 to A3.9, suggests the use of the first model to

minimize the probl~ size, and hence the program rxcution CPU

time.

The structure periods and the participation factors for

the first modes of vibration are included in Tables AZ.10 and

A.3.10 , and plots of the first 10 mode shapes for both 2-span

and 3-span curved bridges are shown in Figures Bl.2 and Bl.3

respectively. The participation factors together with the

mode shape plots indicate that there is a coupling in the two

horizontal directions due to the curved alignment o£ the

bridges.

A camparison between different mode shapes contribution



I',

~" t . T

to the final response for the time history technique, pre

sented in Tables A2.ll , A2.l2 , AJ.ll , and A3.l2 , show

that increasing 'the number of vibration modes result in

less than 4% change of the final responses.

The effect of different time steps, shown in Tables

A2.l3 , A2.l4 , A3.l3 , and AJ.14 , indicates that the re

sults are converging with the decrease in the solution time

step, hence a 0.0050 seconds step will be used for the re

sponse history analysis.

The comparison between 10 and 15 seconds shock durations,

presented in Tables A2.l5 , A2.16 , A3.l5 , and AJ.16 , shows

that the seismic responses have not been affected. Therefore,

the 10 seconds shock, which includes the intense ground shak

ing, will yield satisfactory results.

Results of the response spectrum and response history

analyses are presented in Tables A2.l7 , A2.l8 for the 2

span bridges considering the contribution of the first 15

modes of vibration, and in Tables AJ.17 to A3.20 for the

3-span case considering different mode shapes. Seismic re

sponses obtained using both techniques are in agreement when

only the lower modes contribution is considered. The re

sponse spectrum method fails when higher modes are included,

as a result of filtering high frequency data (greater than

25 Hz) from the earthquake record [28,42].

The 3-direction shock responses, presented in Tables

A2.l9 to A2.22 and A3.2l to A3.24 , are higher than the in

dividual excitations results. Maximum tangential displacement
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and forces in the superstructure correspond to a 3-direction

shock with the (SaOE) camponen~ in the longitudinal direc

tion. while maximum radial forces and vertical moments occur

when that component is directed in the transverse direction.

This happens because the (SaaE) component ground accelera

tions are more intense than the (S90W) component.

Tables A2.23 , A2.24 , AJ.25 . and A3.26 show the de

crease in seismic responses when the damping ratio increases.

while Tables A2.25 to A2. 27 and AJ. 27 to AJ.29 pres.ent the

results of the non-composite deck, rotational inertia, and

long-column models. The less stiff non~camposite deck

model generally produces lower frequencies and deck actions.

but higher displacements, column moments, and deck and column

stresses, while including the rotational inertia coefficients

in the mass matr~ results only in an increase in the deck

twisting moments. In long-column models, a significant in

crease in tangential displacements, vertical moments, and

deck stresses is realized. On the other hand, column stress

es are much less than the short columns case, which agrees

with observed results after the San Fernando earthquake

that evident fractures on the short columns were absent in

the tall slender columns [18]·

Rigid-column straight models for 2-span and 3-span

bridges are shown in Figures 5.4 and 5.7 respectively, and

the frequency analysis results are in good agreement with

exact solutions as shown in Tables A2.28 and AJ.30. A com

parrson between the 2-column and the rigid-column models,
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presented in Tables A2.29 , A2.30 , AJ.31 , and A3.32 , in

dicates that the second model yields much less seismic re

sponses.

Both deck and column stresses due to dead loads are

presented in Tables A2.3l and AJ.33 for the 2-span and the

3-span cases, respectively.

5.8.3 4-Span and 5-Span Bridges

Figures 5.8 and 5.9 show typical models for the 4-span

and 5-span curved bridges, while seismic analysis results

are included in Appendices A.4 and A.5. Coupling in mode

shapes in the two horizontal directions is more evident here

(Figures Bl.4 and Bl.5 ), and the contribution of 15 modes

of vibrations yields acceptable results.

The response spectrum method does no.t fail for these

models because the structure frequencies are relatively low,

but results are still apart from the response history analy

sis, and the 3-direction shock continues to yield the most

satisfactory results. It can be realized from Tables A4.8

and AS.S that both of the horizontal components have a sig

nificant contribution to the deck displacement. and axial

forces, while only the transverse excitation dominates radi

al forces and vertical moments. The vertical component main

ly affects vertical shears and radial moments for the super

structure, and axial forces in the columns.

Damping, stiffness, and rotational inertia effects are

similar to the 2-span and 3-span cases,while long-column

models are subjected to much higher actions and stresses.
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Static analysis results are included in Tables A4.15 and

AS.IS

5.9 S1Jnvnary

Based on the above seismic analysis of typical curved

steel box-girder oridges, the follow1ng conclusions can be

derived:

(I) Bridge model and seismic loading

1. A 2-column 6-element curved model ha~g end short

elements with appropriate member releases can yield

satisfactory seismic responses.

2. Modes of vibration are coupled in the ewo horizontal

directions due to the curved geometry of the bridge.

3. The contribution of the first 15 mode" shapes (10

modes for single span bridges), and a solution time

step of 0.0050 seco~ds will be considered in the

response history analysis.

4. The first 10 seconds of El Centro earthquake record,

which include the intense ground shaking, excite

the bridge model to its maximum seismic responses.

5. Rigid-column models generally yield much less seismic

responses than the 2-column models.

(II) Methods of analysis

1. The response spectrum technique fails when higher

modes are considered because high frequency data

(greater than 25 Hz), which is considered contami

nated with erroneous noise, has been filtered out

of the earthquake record [28,~2] .
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2. Seismic responses obtained using the response

spectrum analysis are maximum absolute values

that do not necessar{ly occur at the same time,

therefore, realistic normal and shear stresses

may not be computed.

3. The use of a statistical approach to replace the

effects of the removed time domain in the response

spectrum method may yield unrealistic results,

therefore the response history technique is con

sidered to be the most sophisticated type of anal

ysis [33J .

4. Coupling effects due to the curved alignment of

the bridges suggest that the 3-direction shock

will yield the most satisfactory results.

(III) Damping, stiffness, and intertia effects

1. Seismic response$ decrease with an increase in

the damping ratio, and a 5% damping ratio will be

considered for all bridges.

2. Non-composite deck models generally produce higher

deck and column stresses.

3. Considering the rotational inertia coefficients
."

in the mass matrix does not have a significant ef

fect on the seismic responses.

4. A significant increase in tangential displacements,

vertical moments, and deck stresses is realized in

long-column models, while column stresses are much

less than the short columns case.
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It is to be noted that static analysis results are al

most the same for all of the above case studies, while seis

mic responses generally increase with an increase in the

number of spans.
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CHAPTER VI

PARAMETRIC ANALYSIS

Results of the parametric analysis of curved steel box

girder bridges under seismic loadings are presented in this

Chapter. Bridge parameters are discussed, and the bridge

model as well as the method of analysis are presented. Maxi

mum seismic responses for both the superstructure and the

columns are obtained, and the method of correlating these

results with equivalent static loads is discussed, and de

sign curves are developed. The influence of each parameter

on the seismic responses is briefly discussed.

6.1 Bridge Parameters

The effects of several parameters on the seismic re

sponse of curved steel box-girder bridges are studied.

These parameters include:

l. Number of spans, NS

2. Span length, L

3. Radius of curvature, R

4. Span ratio, n

5. Column height, hc
6. Column stiffness, I c
7. Weight of the bridge per unit length, W

Data for the above parClIIle ters are assumed based on a survey

conducted by Heins et al. [ 20 ,24, 25, 26] on such types of

bridges, as discussed before in Chapter IV. An outline of

the analysis will be presented in the following Sections.
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6.1.1 Number of Spans

Single, ewo, three, four, and five span bridges are

studied. For each case, other par~eters are varied and

the seismic responses are obtained and design curves for the

equ~valent static loadings are developed. These curves are

included in Appendix 3.2 .

6.1. 2 Span Length and Radius of Curvature

Four different span lengths are studied: 50, 100, 150,

and 200 feet. The 50 ft. case is considered only for single

span bridges. The radii of curvature for each case are sum

marized in Table 6.1, and detailed sketches for both L and

R par~eters are included in Figures 6.1 to 6.4

The central angle subtended by each span, 9 ranges from

14 degrees (~ =4) for highly curved bridges to less than

3.6 degrees (~ ~ 16) where curvature effects can be neglect

ed and bridges are assumed to be straight~ Higher values of

e were considered for single. span bridges.

Values of Land R parameters are chosen such that they

cover a wide range of practical data, and provide 3 to 5

points to construct each design curve.

6.1.3 Geometry of the Deck Cross-Section

Symmetrical 3-girder cross-sections are assumed with

girder spacing of 170" and bridge width of 42.5' (3 lanes).

Cross-sections with·one and ewo.girders will be discussed L~

Section 6.1.7 . A horizontal concrete slab of 8" thickness

is considered, with haunches of 3" depch.
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The cross-section geometry is generally a function of

the span length. Tables 6.2 and 6.3 summarize the struc

tural details of the deck cross-sections which are consider

ed for the analysis. For single span bridges only one sec

tion is used, while multiple-span bridges have two cross

sections XS 1 and XS 2 , with the second one covering 16% of

the span length on each side of the bents. All cross-sections

have inclined webs (14 degrees with vertical) and no bottom

flange stiffeners, and they will be considered as composite

sections. A 10% miscellaneous steel and concrete are also

assumed.

6.1. 4 Span Ratio

The span ratio n, which is the ratio between the in

terior span length Ll and the exterior span length L, is

assumed to be 1.0, i.e. equal span bridges are considered.

The 3-span bridges are also analyzed-for a span ratio of

1.2 It is to be noted that unequal 2-span bridges are not

a common occurrence for steel box-girder highway bridges

[20] .

6.1. 5 CC;)lumn Height

Three-column bents are considered, with round columns

of 15' height spacing at 16'. The 2-span and 3-span bridges

are also analyzed using columns of 30' height.

6.1. 6 Column Stiffness

Three different columns are -conside~ed; Cl , C2 and C3
with the following properties (ft) :
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Area = 5. a
Moment of inertia, I c = 2.5

· Cz
6.0
4.5

7.0
6.5

Column Cz is used throughout the analysis, where columns Cl
and C3 are used to study the effect of column stiffness on

the seismic response. for selected cases presented in Table

6.4 . It is to be noted that the ratio R/L is equal to 8,

and n is taken as 1.0 for those case s.tudies.

6.1.7 Bridge Weight Per Unit Length

As mentioned in Section 6.1.3 , 3-girder 3-lane cross-

sections are considered for the parametric analysis. The

effect of the unit weight of the bridge is studied by analyz

ing 2-girder 2-lane and one-girder one-lane bridges for the

'same cases presented in Table 6.4. A 2-column bent is used

for both cases with column properties CZ' It is to be noted

that the number of girders affects both the stiffness and

the mass of the bridge.

6.2 Bridge Model

To perform the parametric analysis for multiple-span

bridges, 2-column 6-element models having end short elements

with appropriate member releases are utilized. The contribu

tion of the first 15 -modes o·f- vibration is considered for

each case. For single span bridges, la-element models are

used considering the first 10 mode shapes. It is to be not

ed that w~e rotational inertia effects are neglected for all

bridges.
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6.3 Method of Analysis

The response history technique is used for the para

metric analysis. The first 10 seconds of El Centro earth

quake record is. applied to the bridge as a 3-direction shock.

A solution time step of 0.0050 seconds is used, and a 5% damp

ing ratio is assumed for all bridges.

For each case, frequency analysis is first performed

to obtain the structure periods and the corresponding mode

shapes. Utilizing the restart capabilities, two cases are

studied. First a 3-direction shock is applied to the bridge,

with the (SOOE) component directing along the x-axis while

the (S90W) and (VERT) components are applied in the trans

verse and vertical directions respectively. In the second

case, the directions of the two horizontal components are

interchanged. Maximum seismic responses are obtained for

both cases, and the larger values are considered. The re

sponse spectrum of the (SOOE) component is also applied to

the structure in the longitudinal direction and both the

participation factors and the seismic responses are studied.

It is to be noted that for medium-to-large size models,

the frequency analysis is quite costly when compared to the

forced response calculations [3]. Table 6.5 summarizes the

average computer memory time required for each run for dif

ferent types of analysis. Higher values are required for

the frequency analysis when studying the effects of column

stiffness and the bridge unit weight.
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6.4 Seismic Responses

For design purposes, forces and moments at the attach

ments becween the superstructure and ~he supporting el~ents,

as well as stresses in both steel and concrete at the criti-

cal sections of the bridge deck and columns have to be check

ed. The following responses are considered:
,- 1. Attachments

Ma Vertical moment at the abucnents

Va Radial force at the abutments

Pa Tangential force at the abutment

Vp Radial force at the pier-superstructure

roller connections

It is to be noted that the radial and tangential directions

are related to the horizontal alignment of the superstruc

ture. Figure 6.5 shows the directions of the above actions

for a 3-span bridge.

2. Superstructure

Maximum normal stress in steel at the

abutments

crca Max~ normal stress in concrete at

the abuonents

0sm Maximum normal stress in steel at the

mid-spans cross-sections

Vcm Maximum normal stress in concrete at

the mid-spans cross--sections

Maximum normal stress in steel at the

cross-sections over the piers
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cr Maximum normal stress in concrete atcp
the cross-sections over the piers

3. Columns

cr Maximum normal stress in concrete atcc
the columns bases

Locations of the above critical sections are shown also in

Figure 6.5

It is to be noted that all the above seismic responses

are time absolute maximums that do not necessarily occur with

in the bridge at the same time.

6.5 Correlation With Static Analysis

To obtain equivalent static loads that produce the same

maximum seism~c responses at both the superstructure and the

columns, the bridge is analyzed as a continuous straight beam

with fixed end supports, subjected to a uniform load we in t..~e

transverse direction as shown in Figure 6.6 for a 3-span bridge.

The same span lengths and deck stiffness of the original

bridge are assumed. It has been found that the difference

in static results when considering the actual change in the

deck cross-section is less than 2% when assuming only one sec

tion XS I for the entire bridge. Hence, the deck stiffness is

computed using the .section geometry of XS l , assuming a con

stant composite section.

Two equivalent loads for computing the actions at the

attachments, and another two loads for computing the normal

stresses at the critical sections can be. obtained by correlat

ing the static results with the maximum dynamic responses as

follows:



w
k1 5s ( cr-sa)

s =. :-z
L max

w =
k1 5c mr (cr-ca)c I! max.

(6.1)

(6. Z)

(6.3)

(6.4)

where ~, Wv = equivalent static loads which induce the

max~ seismic vertical coment and radi-

al force, respectively, at the abutments

ws ' we = equivalent static loads which induce the

maximum seismic normal stresses in steel

and concrete, respectively, at the abut-

ments

(Ma)max' (Va) max =max~ values of the seismic

vertical moment and radial force, re

spectively, at either abutments

(osa) ,Coca) = max~ values of the maxi-
max max

mmn seismic normal stresses in steel and

concrete, respectively, at either abut-

ments

L = exterior span length

5s ' 5c = section modulii for steel and concrete,

respectively, about a vertical axis

/06



Es= modular ratio =
~

Es,Ec = Young's modulii for steel and concrete,

respectively

kl ,k2 = constants depend on the span ratio;

For single span or equal multiple-span

bridges:

k l = 12

k2 = 2

For 3-span bridges with span ratio n:

k
l

= 12 (1 + 2n)
(1 + 3n - n 3)

4 (1 + 2n)k2 = -
(2 + Sn - n 3

)

For other unequal multiple-span bridges,

kl and k2 can be calculated using any

classical method for solving statically

indeterminate beams such as the three-

moment equation [22,38].

It should be noted that the equivalent static loads are

uniformly distributed, and they are applied to the structure

in the transverse direction.

6.6 Design Curves

For each case study, the maximum seismic responses are

obtained, and the corresponding equivalent static loads are

computed utilizing Equations (6.1) to (6.4) . A graph
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showing these equivalent loads plotted as a function of

R/L is called a design curve. Such curves are developed

for different span lengths, span ra~ios, and column heights,

for single to five-span bridges, and ~hey are included in

Appendix B.2. It should be noted that: these design curves

are developed assuming 3-girder 3-lane bridges with support

ing columns C2 .

Other seismi.c actions at the attachments are normalized

with respect to (Va) max , and similarly seismic normal stres-

ses at other critical sections are related to (cr a) and
s max

(crca) ,and the resulting factors are also plotted versus
max

R/L on the design curves for each case. These factors can

be defined as follows:

kp = (Pa) / (Va) (6.5)
max. max

ltv = (Vp) / (Va) (6.6)
max max

ksm = (crsm) / (crsa) (6.7)
max max

ksp = (crsp ) / (crsa) (6.8)
max max

k = ( crcm) / (crca) (6.9)em max max

kcp = (crcp ) / (crca) (6.10)
max max

kcc = (crcc) /(crca)· (6.11)
max max

where kp, kV = factors used to obtain the max~ seismic

tangential force at the abutment, and radi

al force at the pier-superstructure roller

connections, respectively
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k k = factors used to obtain the maximum seismicsm' sp
normal stresses in steel at the mid-spans

cross-sections and at the cross-sections over

the piers, respectively

kcm,kcp,kcc = factors used to obtain the maximum seismic

normal stresses- in concrete at the mid-spans

cross-sections, at the cross-sections over the

piers, and at the columns bases, respectively

(Pa) = maximum value of the seismic tangential force
max

at the abutment

(V) = maximum value of the seismic radial force at
p max

any of the pier-superstructure roller connec-

tions

(a sm) , (a sp) = maximum values of the maximum seismic
max max

normal stresses in steel at any of the mid-

spans cross-sections and at any of the cross-

sections over the piers, respectively

(acm) '(O'cp) ,(ace) = maximum values of the maximum
max max max

seismic normal stresses in concrete at any of

the mid-spans cross-sections, at any of the

cross-sections over the piers, and at any of

the columns bases, respectively.

The design curves are arranged in Appendix B.2 in five

sets corresponding to the number of spans of the bridges.

Within each set, curves for different span lengths, span ra-

tios, and column heights, according to Section 6.1, are present-

ed.
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6.7 Results. of the Parametric Analysis

The effects of the span length, curvature, span ratio,

and the column height on the equivalent loads and factors,

for bridges with different number of spans, are shown in the

design curves of Appendix B.2. On the other hand, the column

stiffness and the bridge unit ·weight results are summarized

in Table 6.6 .

For each case, it can generally be realized that ~ is

greater than wv ' while Wc is greater than ws ' Also, the equiv

alent loads which induce stresses are higher than those which

produce actions. For the ratio factors, kp is greater than

kv' while k and k sp are slightly higher than k and k cp 'sm C!I1

respectively. The value of k cc is always higher than those

for the other stresses ratio factors.

The influence of each of the bridge parameters on the

equivalent loads and factors will be briefly discussed in the

following Sections.

6.7.1 Effect of the Number of Spans

In general, higher values of equivalent loads are ob

tained when the number of spans increases. Similar behavior

can be realized for kp ' ~-, and k ,while other stresses-v cc
ratio factors are not affected by NS. The reason for the

increase in the equivalent static loads, and consequently

in the dynamic. responses, is that the bridge becomes more

flexible, especially in the transverse direction, when the

number of spans increases, hence the values of the trans

verse frequencies decrease and the corresponding participa

tion factors increase resulting in higher seismic responses.
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6.7.2 Effect of the Span Length and the Radius of Curvature

The equivalent loads are generally affected by the

ratio R/L, especially for highly curved bridges, where

a sharp decrease can be realized when the radius of cur

vature increases. This is a result of the absence of coupl

ing in the CWo horizontal directions within the modes of

vibration for less curved bridges. On the other hand, the

value of the tangential force at the abutment Pa is higher

for straight than for curved bridges because the dominant

earthquake component (SOOE) will be applied in the tangenti

al direction. Other ratio factors show a slight change in

their values when the radius of curvature of the bridge in

creases, but they are generally affected by the span length

as will be discussed later in Chapter VII.

6.7.3 Effect of the Span Ratio

Figures B23.l3 to B23.24 show the different design

curves for a span ratio n = 1.2 for the 3-span bridges.

A comparison with equal-span bridges indicates that the

equivalent loads increase for higher values of n. On the

other hand, the ratio factors are generally not affected

by the span ratio.

6.7.4 Effect of the Column Height

A significant increase in the values of the equivalent

loads, as a result of higher actions and stresses in the

superstructure, can be realized for long-column models.

Bridges with such type of columns are more flexible in the
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transverse direction, which results in an increase in the

corresponding earthquake participation factors and con

sequently in the superstructure seismic responses. While

the values of V and the column stress a c show a si~ifi-. p c 0-

cant decrease when the column height increases, the tangen-

tial force at the abu~nt Pa as well as the other stresses

ratio factors are slightly affected by the column height.

6.7.5 Effect of the Column Stiffness

Ten cases, presented in Table 6.4, are analyzed to

study the effect of the column stiffness on the seismic

responses. Results of case 3 and case 8 are summarized

in Table 6.6 for 2-span and 3-span bridges. ,Both seismic

actions and stresses, except for Vp ' decrease when the

bridge columns become more stiff, and consequently smal

ler values for the equivalent loads are obtained when'

using column C3 as shown in Table 6.6. On the other

hand, the ratio factors for actions increase for column

C3 , while those for stresses show a slight change for

the different column sizes. A 3-lane 3-girder (3L,3G)

cross-section is considered for all cases.

6.7.6 Effect of the Bridge Weight Per unit Length

This parameter has a great influence on the actions

at the attachments, where a sharp decrease in their values

can be realized for light weight bridges (lL,lG). Ac

cordingly, the actions equivalent loads decrease, while

thei·r ratio factors increase as shown in Table 6.6 .
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Although no pattern for the deck stresses variations can

be concluded, the stresses equivalent loads sharply de

crease, and the stresses ratio factors generally increase

when the bridge weight decreases. It should be noted that

although the number of girders affects both the stiffness

and the weight of the bridge, the var~ation in the seismic

actions generally follows that of the bridge weight.

6.8 Summary

A comprehensive parametric analysis of curved steel

box-girder bridges subjected to seismic excitations was pre

sented. Maximum seismic responses were correlated with

static analysis of the bridge, and equivalent loads and

ratio factors were obtained and design curves were develop- .

ed. The effects of the bridge parameters on the seismic

responses were briefly discussed. It can generally be con

cluded that both the equivalent loads and the actions ratio

factors are influenced by all parameters, while the deck

stresses ratio factors are mainly affected by the span

length and the bridge weight. A detailed analysis of the

influence of each parameter will be presented in the follow

ing Chapter.
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Table 6.3 Structural Details of the Deck Cross-Sections For
Different Span Lengths: Multiple-Span Bridges, (in.)

Span Length L (ft)

Parameter 100 150 200

XS 1 XS 2 XS1 XS 2 XS 1 XS 2

t-' Top flange width 12.0 16.0 12.0 16.0 24.0 32.0
t-'
(J'I

Top flange thickness 1.0 1.5 1.0 1.5 1.5 1.5

Bottom flange width 85.0 85.0 85.0 85.0 85.0 85.0

Bottom flange thickness 0.75 1.0 0.75 1.0 1.5 2.5

Web depth 50.0 50.0 75.0 75.0 100.0 100.0

Web thickness 0.5 0.5 0.5 0.5 0.75 0.75



Table 6.4 Cases Considered to Study the Effects of Column
Stiffness and Bridge Weight on the Seismic Responses

Number of Spans Case L (ft) R (ft) he (ft)Number

1 1 100 800

2 1.50 1200

2 3 100 800 15

4 150 1200 15

5 150 1200 30

3 6 100 800 15

7 150 1200 15

8 150 1200 30

4 9 100 800 15

10 150 1200 15

11 7
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Table 6.5 Average Computer Memory Time Required For Each
Run For Different Types of Analysis, (min)

Number of Spans
Type of Analysis

41 2 3 5

Frequency 1.3 6.5 22.0 41.6 42.0

Response history (3-direction shock) 3.5 4.5 5.3 5.5 6.0

Response spectrum 0.8 1.6 2.5 3.0 3.8



Table 6.6 Effects of the Column Stiffness and the Bridge Weight Per Unit Length on the Seismic
Responses For 2-Span and 3-Span Bridges
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CHAPTER VII

DESIGN CRITERIA

Results of the parametric analysis are studied to deter

mine the influence of the bridge parameters on the seismic

responses. In this Chapter, design equations for both of

the equivalent loads and the ratio factors are derived, and

the equivalent static analysis for bridges is presented.

Practical seismic design considerations are discussed, in

cluding the intensity of ground shaking, the soil profile

characteristics of the site, and the response modification

factors for both the superstructure and the supporting ele

ments. Several examples are presented, and the computer dy

namic analysis is compared with the design criteria.

7.1 Parameters Influencing the Seismic Responses

The effects of the bridge parameters on the seismic re

sponses were briefly discussed in Chapter VI. These para

meters include:

l. Number of spans, NS

2. Span length, L

3. Radius of curvature, R

4. Span ratio, n

5. Column height, hc

6. Column stiffness, I c

7. Bridge weight per unit length, W

Analysis of the influence of each parameter on both of the
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equivalent loads and the ratio factors will be discussed in

the following Sections.

7.2 Design Equations

Based on the results of the parametric analysis, de

sign equations for both of the equivalent loads and the

ratio factors are derived. The derivation of the design
.-

equation for the equivalent load WM will be discussed in

details. Other equations have been derived in a similar

manner, and they will be presented and briefly discussed.

It should be noted that the units of all the parameters

used in the design equations are kips and feet.

7.2.1 Equivalent. Load ~

Tables 7.1 and 7.2 summarize the results of the equiva

lent load ~ for all the cases considered in the paramettic

analysis. In Table 7.1 the average values for each sub

column are shown between parenthesis. It can be realized

that for multiple-span bridges, the values of wM are af

fected by all the parameters, while only the bridge weight

W has a significant effect in case of single span bridges.

Therefore, each case will be studied separately.

7.2.1.1 Multiple-Span Bridges

i) Effect of NS

For bridges with R/L ~ 8, n • 1.0, and hc • 15', a linear

relationship becween ~ and NS can be constructed in the

form



(a)

where Cl and C2 are constants which can be obtained by sub

stituting the average values of ~ which correspond to NS = 2

and NS = 4, respectively, in equation (a), and solving the re

sulting two equations simultaneously. This will yield

wM = 4.5 NS + 4 (i)

ii) Effect of R/L

Since no trends for ~ are observed when the span length

L varies, the effect of R/L is studied by averaging the val

ues of WM for different span lengths in each sub-solumn in

Table 7.1. For R/L ~ 8 the values of ~ do not show a sig

nificant change when R/L increases, therefore, equation (i)

is valid. On the other hand, the values of wM increase by

approximately 10% when R/L = 4. A linear relationship is

assumed in the form

f 1 = C3 (R/L) + C4 (b)

where f l is a modifying factor that accounts for the effects

of R/L, and C3 and C4 are constahts which can be obtained by

considering the conditions

and

which yield

when

when
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(ii)

This factor will be multiplied by equation (i) to obtain

values of WM for R/L ~ 8

iii) effect ofe_.n. _

For the 3-span bridges which have been analyzed for

n:::ll 1.2 ,an increase in the values of ~ of approximately the

same percentage of increase in n can be observed in Table

7.1. Therefore, equation (i) will be multiplied by n to

account for that effect.

iv) Effect of hc
The values of ~ are approximately doubled when the

column height increases from 15' to 30' as shown in Table

7.1. Therefore, a factor f 2 :::II hc/15, where hc is in feet,

will be multiplied by equation (i) to account for the column

height.

v) Effect of I c
The effects of the column stiffness an the equivalent

load ~ are presented in Table 7.2. In general, smaller

values of 'i:1 are obtained when using s1:if£ columns. The

column stiffness has more influence an the column stresses

rather than the equivalent loads, therefore, this factor

will be considered when analyzing the ratio factor kcc '

vi) Effect of W

While all the cases presented in Table 7.1 consider

3-lane 3-girder (3L ,3G) bridges, Table 7.2 presents the

values of ~ for (2L, 2G) and (IL JIG) bridges. It can be
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realized that these values decrease with an average ratio of

1.0 : 0.5 : 0.2 when the bridge weight decreases. Table 7.3

shows the bridge weights per unit length W and the deck

moments of inertia about a vertical axis In for different

cross-sections XS1 . It can be concluded that the variation

in the values of WM generally follows that of the bridge

weight. Average values for W are computed for different

span lengths. and a linear relationship is assumed in the

form

(c)

where f 3 is a factor which accounts for the influence of W.

and the constants C5 and C6 can be determined from the con

ditions

f 3 = 1.0 when W = 6.5 k/ft

and f 3 = 0.2 when W = 2.2k/ft

which yield

f 3 = W 0.2 (iii)n -

where the units of Ware· k/ft. This factor will be multip

lied by equation (i) to obtain values of wM corresponding

to different bridge weights W.

vii) The design eguation

Based on the above analysis, a final design equation

for WM can be obtained by multiplying equation (i) by the
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factors which correspond to the different parameters. Since

all these factors were derived to obtain conservative values

for ~I a 10% reduction ~ the results of the design equation

will be considered. This will yield the final design equa

tions:

For R/L. < 8

- h
~ "" (4.5 NS+4) (L2--W) (n) (rl') (~-o.18)

For R/L > 8

h
wM "" (4.5 NS+4) (n) (U) (~.18)

(7.1. a)

(7.1.b)

It should be noted that all the units are kips and feet.

7.2.1.2 Single Span Bridges

It can be concluded fram Table 7.1 that the values of

WM is slightly affected by RIL, therefore an average value

of ~ "" 2.5 k/ft will be considered. The effect of TN is

analyzed in the same manner considered for multiple-span

bridges, yielding the final design equation:

(7.1.c)

7.2.2 Equivalent Load Wv
The following design equations for Wv have been- derived

in a way similar to the equivalent load wM derivation, where

both loads are ~luenced by all parameters in the same

pattern:
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i) Multiple-span bridges

For R/L ~ 8:

For R/L > 8:

(7.2.b)

ii) Single span bridges

(7.2.c)

7.2.3 Equivalent Loads Ws and Wc
The results of the stresses equivalent loads were com

pared to wM' and direct relationships have been concluded in

the form:

(7.3)

and

(7.4)

'7.2.4 Ratio Factor k p

i) Multiple-span bridges

For R/L ~ 12:

k p =.(1.5 NS - 0.5) e¥ff + 0.6) eft) (1. 9-i;) (7.S.a)
c .
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For R/L > 12:

kp = (1.5 NS - 0.5) (~)(1:9 - fz)
c .

ii) Single span bridges

kp = 2.6

(7.S.b)

(7.5.c)

It can be realized from the above Equations that higher

values for k p are obtained for straight bridges, while long

column models induce lower values for that factor.

7.2.5 Ratio Factor kV

While this factor is not affected by the radius of

curvature R, it sharply decreases for short-span bridges

and long-column models. On the other hand, light weight

bridges have higher values for kv as can be seen from the

following Equation:

L ~ wkv = (NS - 1.5) Erfu- - O. 6)(n)(1. 8 - ra:9) (4.4 - !) (7.6)

7.2.6 Deck Stresses Ratio Factors

These factors are mainly affected by the span length

and the bridge weight as shown in the following Equations:

a) Ratio factor ksm
i) Multiple-span bridges

ksm = (0. 67) (n) ( 1. 76 - h)
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ii) Single span bridges

ksm = (7000 ) (0 . 24 + W )Lr:3 F:O

b)· Ratio factor k cm
i) Multiple-span bridges

k cm = (0.67) (n) (1. 76 - ~)

(7.7.b)

(7.S.a)

For 2-span bridges, 50% reduct~on in the above

Equation should be considered.

ii) Single span bridges

k
cm

= (2000)(0.24+ W)
~ n

c) Ratio factor k sp
i) . 2-span bridges

k sp = (0. S) (2.2 - rh) (1. 76 - it;)

ii) Bridges with 3 or more spans

. ksp = (0. 55) (1. 6-~ ) (1. 76 - 6 )

d) Ratio factor kcp
i) 2-span bridges

w= (0.55) (0.55+~)
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ii) Bridges wich 3 or more spans

(7.10.b)

7.2.7 Racio Factor kcc
This factor is mainly influenced by the column h~igh'C

and stiffness, as ,well as the number of spans and the span

length, as can be ~ealized from the following Equation:

(7. 11)

7.3 Equivalent Static Analysis

In the p~evious Section, the equivalent loads and

factors which induce the max~ seismic responses at the

critical sections of the b~idge have been obtained. To

compute those responses, the bridge is analyzed as a con

tinuous straight beam with fixed endsuppor~s, subjected

to a uniform load we a 1.0 k/ft in the transverse direc-

tion as shown before in Figure 6.6 The same span lengths

and deck stiffness, assuming a constant composite section

XS1 , of the original bridge are considered. Reactions and

stressea at the end suppo~~ are calculate~ as follows:

L
V1- K2

L2 1
as ~ l<lS;
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(7.15)

where M1,Vl = vertical moment and transverse shear.

respectively. at the end support

0s.Oc = maximum normal stresses in steel and

concrete, respectively, at the end support

Other parameters have been previously defined in Section 6.5

Seismic forces and moments at the attachments becween

the superstructure and the suporting elements, as well as

seismic stresses in both steel and concrete at the critical

sections of the bridge deck and columns can be computed as

follows:

1. Attachments:

Ma = wM M1

Va = Wv Vl

Pa = k p Va

Vp = kv Va

2. Superstructure

°sa = W Oss

°ca = Wc °c

°sm = .ksm ° sa

oem = kcm °ca

(7.16)

(7.17)

(7.18)

(7.19)

(7.20)

(7.21)

(7.22)

(7.23)
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asp = ksp a sa

a~ = kcp a ca

3 . Columns

acc • kcc qca

(7.24)

(7.25)

(7.26)

7.4.1

It should be noted that the seismic responses obtained

from Equations (7.16) to (7.26) are absolute maximum values

that do not necessarily occur within the bridge at the same

time. These maximum responses are assumed to occur at all

the corresponding locations shown in Figure 6.5 .

7.4 Seismic Design Considerations

Seismic responses, and consequently the corresponding

design equations, which have been obtained throughout this

study are based on El Centro earthquake excitation as a dy

namic input. Intensity of ground motion and site effects

for different parts of the United States are discussed in

this Section. Moreover, bridges will be divided into dif

ferent categories, and response modification factors for

both the superstructure and the supporting elements will be

presented. The follo~g Sections are extracted from the

Seismic Design Guidlines For Highway Bridges [49] I with

appropriate modifications.

Intensity of Ground Motion

The Guidelines present a contour map (Figure 2.6) for

.an acceleration coefficient that account for the design
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earthquake ground motion. The development of this map is

mainly based on the seismic risk map of the United States

(Figure 2.4) , where the high contour lines correspond to

Zone 3 The maximum ground accelerations associated with

the different zones are presented in Table 7.4 [56]· Since El

Cen tro earthquake (peak acceleration = 0.35 g) has occurred

in Zone 3 corresponding to contour line 0.40 , the contour

map has been modified by diViding the contour values by 0.40

to obtain modified acceleration coefficients Am' as shown in

Figure 7.1. These coefficients will be multiplied by the

seismic responses which were obtained from the equivalent

static analysis, presented in Section 7.3 , to account for

the intensity of ground motion for different parts of the

United States. It should be noted that the severity of the

ground shaking is characterized by the size and shape of the

pulses, i.e., the maximum accelerations and the number of

zero crossings per second [56] .

7.4.2 Site Effects

The effects of site conditions on bridge response are

determined from a site coefficient S based on soil profile

types defined as follows~

i) Soil profile type I is a profile with either

1. Rock of any characteristic, either shale

like or crystalline in nature (shear wave

velocity > 2500 ftl sec); or

138



2. Stiff soil conditions where the soil depth

is less than 200 ft and the soil types over

lying rock are stable deposites of sands,

gravels, or stiff clays.

ii) Soil profile type II is a profile with stiff clay

or deep cohesionless conditions where the soil

depth exceeds 200 ft and the soil types overly

ing rock are stable deposites of sands, gravels,

or stiff clays.

iii) Soil profile type III is a profile with soft to

medium-stiff clays and sands, characterized by

30 ft or more of soft to medium-stiff clays with

or without intervening layers of sand or other

cohesionless soils.

In locations where the soil properties are not known

in sufficient detail to determine the soil profile type,

or where the profile does not fit any of the three types,

the site coefficient for soil profile type II should be

used.

The site coefficient S, which is given in Table 7.5

will be multiplied by the computed seismic responses to

approximate the effects of the site conditions.

7.4.3 Importance Classification

An importance classification IC shall be assigned for

all bridges with Am > 0.72 for the purpose of determining

the seismic performance category in Section 7.4.4 as follows:
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1. Essential bridges - IC = I

2. Other bridges - IC = II

Bridges shall be classified on the basis of social/

survival and security/defence requirements, guidelines for

which are given in reference (49] .

7.4.4 Seismic Performance Categories

Each bridge shall be assigned to one of four seismic

performance categories SPC, A through D, based on the modi

fied acceleration coefficient Am and the importance classi-

fication IC, as shown in Table 7.6 Minimum design re-

quirements are governed by the SPC as discussed in details

in the Guidelines (49] .

7.4.5 Response Modification Factors

Seismic responses for individual members and connec

tions of bridges classified as SPC B, C, and D shall be di

vided by the appropriate response modification factor Rm
which accounts for the ductility and nonlinearity require

ments. The response modification factors for the various

components are given in Table 7.7 , and a detailed discus

sion concerning this factor is included in the Guidelines [49]·

7.5 Design Procedures

Seismic analysis and design of steel box-girder bridges

can be performed as follows:

1. Geometry and cross-sections for both the bridge

deck and columns are assumed
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2. Calculate che equivalent loads and racio factors

(Equations (7.1) to (7.11))

3. Perform equivalent static analysis of the bridge

(Equations (7.12) to (7.15))

4. Compute the seismi.c responses for both the super

st~eure and the suppor~ing el~ents (Equations

(7.16) to (7.26))

5. Multiply the compu~ed seismic responses by the

modifying factor AmS/Rm(Section 7.4)

6. Calculate the dead load stresses. Also calculate

stresses due to earth pressure, buoyancy, and

stremn flow pressure, when applicable

7. The combined stresses [Step 5 + Step 6] should

not exceed 1.50 the allowable stresses for struc

eural steel, and 1.33 for reinforced concrete [49]

8. If stresses in Step 7 are not safe, change geo

metry and/or cross-sections and redesign.

7.6 Examoles

Several examples have been studied to check the propos

ed design criteria. Actual steel box-girder bridges are

considered, where the geometry and structural details for

che superstructure are obtained from reference [20]. and

appropriate bent geometry is assumed. Seismic responses

are computed using the equivalent static analysis (steps

2 to 4 in Section 7.5) , and they are compared with the

computer dynamic analysis results. Bridges are also
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analyzed under the effect of their own weights and the dead

load stresses are tabulated.

Single, two, three, and four-span bridges are analyzed,

with different span lengths, span ratios, and radii of curva

ture. Various deck cross-sections are considered, including

(2L , 2G), (3L ,3G), (4L ,4G), and (3L , 2G) bridges, where

the girder spacing is greater for the last cross-section,

and the section properties for XSI are computed. Tables 7.8

and 7.9 present the bridge geometry and the section proper

ties, respectively, for the eight case studies.

Equivalent loads and ratio factors are calculated,

utilizing Equations (7.1) to (7.11) , and they are given

in Table 7.10 Equivalent static analysis "results for

we = 1.0 klft are included in Table 7.11 , and seismic re

sponses for both the superstructure and the supporting ele

ments are computed (Equations (7.16) to (7.26)) , and they

are presented in Table 7.12 .

Computer dynamic analysis was performed using the

modified SAP IV program. A 2-column 6-element model is

used, and the first 10 seconds of El Centro earthquake

record is applied to the bridge as a 3-direction shock.

Results of the computer analysis are included in Table

7.12. A comparison between the equivalent static analy

sis and the computer solution shows good correlation.

The modified program was also used to perform static

analysis of the bridges under the effect of their own

weights. Both composite sections XS I and non-composite
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sections XS z are considered, and straining actions at the

critical sections for both the superstructure and the columns

are obtained. Dead load stresses are computed and presented

in Table 7.13

To complete the analysis, the seismic responses in

Table 7.12 can be modified, as discussed before in Section

7.~ , and the combined dead load and sei~c stresses should

noe exceed 1.50 the allowable stresses for structural steel,

and 1.33 for reinforced concrete.
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Table 7.2 Equivalent Load wM (k/ft); Effects of I c and W

NS 1 2 3 4

L (ft) 100 150 100 150 150 100 150 150 100 150
-

hc(ft) 15 15 30 15 15 30 15 15

Column Deck

C1 3L,3G 13.19 11.72 18.51 23.52 27.32 38.81 38.44 19.41

C2 3L,3G 12.16 11.15 18.10 20.54 14.78 32.31 25.25 13.75
..
~ C3 3L,3G 11. 23 12.67 17.91 22.37 11.71 27.16 19.53 10.29n

........

~ C2 3L,3G 2.01 2.31 12.16 11.15 18.10 20.54 14.78 32.31 25.25 13.75

C2 2L,2G 1. 36 2.18 6.67 4.78 12.28 7.31 4.33 14.26 6.73 . 5.20

C2 1L,lG 0.83 1.15 2.58 2.20 4.76 1.44 1. 74 2.66 1. 40 1. 92



Table 7.3 Bridge Weight and Deck Stiffness, (k,ft)

Single Span Multiple-Span

Deck L=lOO' L=150' L=lOO' L=150'

W I D W I D W I D W I D

3L,3G 6.3 1011. 6.7 1143. 6.2 985. 6.5 1090.

2L,2G 4.2 306. 4.5 355. 4.2 298. 4.3 337.

.~
1L,lG 2.1 48. 2.2 61. 2.1 46. 2.2 58.

~



Table 7.4 Maximum" Ground Accelerations (56], (g)

.Zone Maximum Acceleration

3
2

1
o

0.33 '" 0.50
0.16
0.08
0.04

Table 7.5 5ite Coefficient, 5 [491

50il Profile Type

5

I

1.0
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II

1.2

III

1.5



Table 7.6 Seismic Performance Category, SPC [49)

Modified Acceleration Coefficient Importance Classification, IC

A I IIm

A < 0.22 A A
m -

t-' 0.22 < A < 0.47 B B
g; m

0.47 < A < 0.72 C Cm

O. 72 < A D C
m



Table 7.7 Response Modification Factor. ~ (49)

t-'

~

Substructure

- Wall-type pier

- Reinforced concrete pile bents
a) vertical piles only
b) one or more batter piles

- Single columns

- Steel or composite steel and
concrete pile bents

a) vertical piles only
b) one or more batter piles

- Multiple-column bent

R
m

2

3
2

3

5
3

5

Connections

- Superstructure to abutment

- Expansion joints within a span
of the superstructure

- Columns. piers. or pile bents
to cap beam or superstructure

- Columns or piers to foundations

Rm

0.8

0.8

1.0

1.0



Table 7.8 Examples: Bridge Geometry, (ft)

Case NS L n R R/L h* I c
Deck

**c Cross-Section

1 1 140 600 4.29 4L,4G

2 2 120 1. 00 700 5.83 15 4.5 3L,3G

3 2 120 1. 00 4000 33.33 15 4.5 3L,3G

4 2 174 1. 00 1000 5.75 15 5.5 3L,2G

5 3 172 1.14 760 4.42 20 5.0 3L,3G

6 3 172 1.14 5000 29.07 20 5.0 3L,3G

7 3 116 1.13 600 5.17 15 3.5 2L,2G

8 4 120 1.00 700 5.83 15 4.5 3L,3G

* 3-Co1umn bents are assumed for all bridges
** Structural details for the deck cross-sections are included

in reference [20]
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Table 7.9 Examples: Section Properties For XS 1 (Composite).
(k, ft)

Case Area Mass W ID S ScDensity g

.. 1 13.23 .02413 11. 83 3936. 147.8 141.4

2 5.53 .03328 5.93 865. 46.1 39.3

3 5.53 .03328 5.93 865. 46.1 39.3

4 4.74 .03470 5.30 550. 35.7 28.9

5 9.58 .02570 7.93 1415. 75.1 66.6

6 9.58 .02570 7.93 1415. 75.1 66.6

7 3.65 .03724 4.38 296. 24.2 17.9

8 6.62 .02972 6.34 973. 53.4 45.8
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Table 7.10 Equivalent Loads and Ratio Factors

-
Equivalent Loads (k/ft) Ratio Factors

Case
wM Wv W W kp kV k k ksp k ks c am cm cp cc

1 5.08 4.08 6.86 9.14 2.60 6.80 3.20

t-' 2 11.08 4:93 14.96 19.94 2.40 0.43 0.72 0.36 1. 06 0.53 2.17
lJl
tv

3 10.51 4.45 14.19 18.92 3.23 0.43 0.72 0.36 1.06 0.53 2.17

4 9.66 4.30 13.04 17.39 2.58 1.00 0.77 0.39 0.74 0.51 3.39

5 33.08 12.27 44.66 59.54 1. 96 0.62 0.64 0.64 0.42 0.22 4.55

-6 30.37 10.41 41.00 54.67 2.88 0.62 0.64 0.64 0.42 0.22 4.55

7 11. 65 4.26 15.73 20.97 4.43 2.10 0.94 0.94 0.78 0.49 3.83

8 20.33 ·6.32 27.45 36.59 5.00 1. 85 0.69 0.69 0.63 0.34 5.10



Table 7.11 Equivalent Static Analysis Results, we ~ 1. 0 k/f~

case k1 k2
M1 V1 cr cr *s c

(k. ft) (k) (ksi) (ksi)

1 12. 2. 1633. 70. 0.077 0.010

2 12. 2. 1200. 60. 0.181 0.027

3 12. 2. 1200. 60. 0.181 0.027

4 12. 2. 2523. 87. 0.491 0.076

5 13.39 2.11 2209. 81. 5 0.204 0.029

6 13.39 2.11 2209. 81. 5 0.204 0.029

7 13.27 2.10 1014. 55.2 0.291 0.049

8 12. 2. 1200. 60. 0.156 0.023

* m = 8r .
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Table 7.13 Dead Load Stresses, (ksi)

Case 0' sm O'cm O'sp O'ee

1 4.51 0.38

2 7.24- 0.38 9.60 1.11
( 3 7.23 0.38 9.48 1.10

4 13.74· 0.67 17.70 1.16

5 8.01 0.72 13.13 1. 69

6 8.00 0.72 12.86 1. 68

7 8.65 0.39 11.10 0.78

8 5.65 0.38 8.54 1. 08
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CHAPTER VI I I

SUMMARY AND CONCLUSIONS

In this research a comprehensive study of the seismic

response of curved steel box-girder bridges was presented.

Single. ewo, three. four, and five-span bridges were con

sidered. where the geometry and the structural details of

the superstructure and the supporting elements were based

on a current bridge survey of all existing box-girder bridges.

El Centro earthquake accelerogram and its corresponding

response spectrum were used as a dynamic input. and maximum

actions at the attachments and maximum stresses at the criti

cal sections for both the superstructure and the columns

were obtained. The finite element program SAP IV for static

and dynamic responses of linear systems was modified and

used in the analysis. and bridges were modeled using 3-D

space frame elements.

Seismic analysis of typical curved steel box-girder

bridges was performed. and different elements of the bridge

model and the seismic loading were examined. 2-Column and

3-column models were compared. and the bridge curved geometry

and boundary conditions were studied. Both the number of

elements and the number of modes of vibration were optimized.

and the solution time step as well as the seismic load dura

tion were studied.

A comparison beeween the response spectrum and the re

spons.e history techniques in analyzing curved steel box-
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girder bridges was made, and the simultaneous application of

the earthquake loadings in the threeglohal directions ~o'1as

discussed.

Other factors influencing the seismic response were

studied, including damping effects, composite and non-com

posite deck cross-sections, rotational inert±a, and column

height. A comparison with r~gid-column models and closed

form solutions was also made.

Parametric analysis was made to study the effects of

the bridge geometry and materials on the seismic responses.

The parameters included. the number of spans, span length, .

span ratio, curvature, column height, deck and column stiff

nesses, and the bridge weight per unit length. The response

history technique was used,. and the three components of El

Centro earthquake were applied to the bridge structures as

a 3-direction shock. Maximum dynamic responses .at the criti

cal sections were correlated with stacie analysis of the

bridge, and equivalent loads and ratio factors were obtain

ed and design curves were developed. The influence of each

parameter on the seis~c responses was also discussed.

A design criteria was proposed based on the results of

the parametric analysis. Design equations for both of the

equivalent loads and the ratio factors were derived, and the

equivalent static analysis for bridges was presented. Prac

tical seismic design considerations were discussed, includ

ing the intensity of ground motion, the soil profile charac

teristics of the site, and the response modification factors

158



for both the superstructure and the supporting elements.

Several examples were presented, and the computer dynamic

analysis was compared with the design criteria.

Based on the results of this study the following con

clusions have been drawn:

(I) Bridge model and seismic loading

A 2-column 6-element curved model having end short

elements with appropriate member releases can yield

satisfactory seismic responses.

Modes of vibrations are coupled in the two horizontal

directions due to the curved geometry of the bridge.

The contribution of the first 15 mode shapes, and

a solution time step of 0.0050 seconds can be con

sidered in the response history analysis.

Seismic responses decrease with an increase in the

damping ratio, and a 5% damping ratio is generally

assumed.

Non-composite deck models produce higher deck and

column stresses.

Considering the rotational inertia coefficients in

the mass matrix does not have a significant effect

on the seismic responses.

A significant increase in tangential displacements,

vertical moments, and deck stresses is realized in

long-column ~odels, while column stresses are much

less than the short columns case.
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Rigid-column models generally yield much less seismic

responses than the 2-column models.

Steel box-girder- bridges undergo relatively small

displacements when subjected to seismic loading.

The first 10 seconds of El Centro earthquake record,

which include the intense groUlld shaking,' excite the

bridge model to its maximum seismic responses.

(II) COmDuter program and methods of analysis

The modified version of the finite element progr~

SAP IV, which was developed in this study, is a

po~rful tool for the seismic analysis of curved

steel box-girder bridges.

The response spectrum technique fails when higher

modes are considered because high frequency data

(greater than 25 Hz), which is considered contaminat

ed with erroneous noise, has been filtered out of

the ear'thquake record.

Seismic responses obtained using the response spec

trum analysis are maximum absolute values that do not

necessarily occur at the same time, therefore, real

istic normal and shear stresses can not be computed.

Combining the effects of ear'thquake loadings in the

three orthogonal directions usmg the response spec

trum technique will yield very conservative results.

The use of a statistical approach to replace the ef

fects of the removed time domain in the response

spectrum method may yield unrealistic results.
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Therefore, the response history technique is con

sidered to be the most sophisticated type of analysis.

Coupling effects due to the curved alignment of the

bridges suggest that the 3-direction shock will

yield the most satisfactory results.

(III) Parametric analysis and design criteria

The most influential parameters on the seismic re

sponses of steel box-girder bridges are the number

of spans, the column height, and the bridge weight.

The equivalent loads and the actions ratio factors

are influenced by all parameters, while the deck

stresses ratio factors are mainly affected by the

span length and the bridge weight.

Seismic actions and stresses for curved bridges are

higher than straight bridges except for the tan

gential forces at the abutments.

The design curves, which were developed in this

study, can be used to obtain the equivalent loads

and the ratio factors for different steel box-

girder bridges.

The proposed design criteria, which is based on

the results of the parametric analysis, eliminates

the need t~ perform computer dynamic analysis for
-

steel box-girder bridges.

The modifying factor AmS/Rm acounts for the inten

sity of ground motion and the site effects, as well

as the ductility and nonlinearity requirements.
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A comparison beeween computer dynamic analysis and

the proposed design criteria shows good correlation.

While the results of this seudy provided a new simpli

fied technique for the seismic analysis of steel box-girder

bridges, several important recommendations have been develop

; ed that should be pursued in future research. These are:

1) Nonlinear analysis should be considered especially

when the bridge columns are subjected to higher

stresses.

2) Seismic responses of long bridges under the effects

of traveling seismic waves should be studied.

3) Additional research needs to be carried out to

investigate the soil-structure interaction probl~

for bridges subjected to seismic excitations.

4) Experimental model seudies, as well as dynamic

tests of full-scale bridges should be conducted

to support the theoretical analysis.
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APPENDIX A

TABLES

SHOWING THE RESULTS OF THE SEISMIC ANALYSIS
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A.1 Single Span Curved Bridgee

T~ble Al.1 Structure Period and Participation Factore For Straight and Modified
End-Boundary-Conditione ModelB

Mode Straight Modified End-Boundary-Conditione
--

Period Frequency Participation Factor Period Frequency Participation Factor
(sec) (liz) X Y Z (sec) (liz) X Y Z

-..
~ 1 .265 3.77 o. -3.93 O. .265 3.77 O. -3.93 O.-0

2 .066 15.09 O. O. o. •066 15.09 O. O. O.

3 .033 29.93 -3.96 O. O. .033 29.95 -3.95 o. o.

4 .029 33.95 O. 1.23 o. .029 33.95 O. 1.23 O.

5 .019 52.77 O. O. 3.66 .019 52.77 O. O. 3.66

6 .017 60.26 O. O. O. .017 60.26 O. O. o.



~~ \~ "(!'
.:,

Table Al. 2 ~ Actions and Displacements at the Attachments
For Straight and Modified End-Boundary-Conditions
Models, . (k,ft)

Location Component Straight Mod. End-Bound.-Cond.

Abut. 1 P1 124. 124.

V2 75. 75.

V3 75. 75.

M3 1,619. 1,619.

Abut. 2 V2 75. 75.

M3 1,619. 1,619.

DT .00028 .00028

Tab1eAl.3 Maximum Stresses in Bridge Deck For Straight and Modified
End-Boundary-Conditions Models, (ksi)

Location

Abut. 1

Span 1

Material

Steel

Cone.

Steel

Cone.
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Straight

0.27

0.05

2.13

0.15

Mod. End Bound Condo

0.27

0.05

2.13

0.15



Table Al.4 Structure Period and Participation Factors
For 10-Element and 20-Element Models

Mode 10-Element 20-Element

Period Frequency Participation Factor fertod Frequency Participation Factor

(sec) (Hz) X Y Z (sec) (Hz) X Y Z

.-
I.:::! 1 .266 3.76 O. -3.93 O. .266 3.76 O. -3.95 O.

2 .066 15.09 O. O. O. .066 15.09 O. O. O.

3 •033 29.89 -3.94 O. 0.27 .033 29.91 -3.95 o. 0.27 .

4 .029 33.96 O. 1.23 O. .029 33.96 O. 1.30 . O.

5 .019 52.83 0.27 O. 3.65 .019 52.83 0.27 O• 3.65

6 . OU 60.28 O. O. O. .017 60.39 O. O. O.

7 .011 89.16 -1.30 O. 0.02 •011 89.78 -1.31 .0 • 0.02

8 .010 93.15 O. -0.63 O. .010 94.31 O. -0.15 O.

9 .001 133.5 O. O. O. .007 135.9 O. O. O.

10 .006 144.0 -0.42 O. O. .006 144.8 0.23 O. O.



Table A1.5 Maximum Actions and Displacements at the Attachments
For 10-E1ement and 20-E1ement Models, (k,ft)

Location Component Excitation
Direction

10-Element 20-E1ement

Abut. 1 P1 Long. (R.S.) 7,461- 7,485.

V2 Trans. (T.R.) 99. 99.

M3 Trans • (T.R.) 2,126. 2,126.

Abut. 2 V2 Trans. (T.H.) 99. 99.

M3 Trans. (T.R. ) 2,119. 2,118.

DT Long. (R. S.) .0172 .0172

Table Al.6 Maximum Stresses in Bridge Deck for 10-Element and
20-Element Models, (k.si)

Location

Abut. 1

Span 1

Material

Steel

Cone.

Steel

Cone.

Excitation
Direction

Trans. (T. H•)

Trans. (T.H.)

Trans. (T .H.)

Trans. (T .H.)
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lO-Element

0.31

0.06

0.20

0.04

20-Element

0.31

0.06

0.20

0.04



Table AI.7 Maximum Actions at the Attachments
For Different Time Steps (~t). (k.ft)

Location Component Long. Shock ('f. II . ) Trans. Shock (T.II.) Vert. Shock (T .11.)

.0100 .0050 .0025 .0100 .0050 .0025 .0100 .0050 .0025

Abut. 1 PI 215. 201. 199 6.8 6.6 6.2 o. o. o.
t-'....... V2 10.3 10.2 9.7 79. 75. 75. o. o. o.w

V3 o. o. o. o. o. o. 212. 217. 217.

M] 225. 219. 213. 1.692 • 1.622. 1.627. o. o. o.

Abut. 2 V2 7.1 6.6 6.8 18. 75. 15. o. o. o.

M] 84. 78. ·81. 1.684. 1.614. 1.620. o. o. o.



Table A1.8 Maximum Stresses in Bridge Deck
For Different Time Steps (At), (ksi)

Long. Shock (T .H.) Trans. Shock (T.H.) Vert. Shock (T.".)
Location Material

.0100 .0050 .0025 .0100 .0050 .0025 .0100 .0050 .0025
t-'
-....J
+'

Abut. 1 Steel 0.26 0.24 0.24 0.25 0.24 0.24 o. o. o.

Cone. 0.04 0.03 0.03 0.05 0.05 0.05 o. o. o.
-':';

~-.,~-:;

Span 1 Steel 0.16 0.15 0.14 0.16 0.15 0.16 6.13 6.21 6.25 ~, ',.

Cone. 0.02 0.02 0.02 0.03 0.03 0.03 0.41 0.42 0.42



Table AI. 9 Maximum Actions and Displacements at the Attachments Due to El Centro Earthquake
(SOOE) Component.(R.S. & T.ll. Analysis), (k.ft)



""/

Table Al.IO Maximum Actions and Displacements at the Attachments
Due to E1 Centro Earthquake (S9OW) and (VERT)
Components, (R. S. & T.R. Analysis), (k,ft)
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Table A1.11 Maxiwulll Actions at the Attachmenta Due to El Centro
Earthquake Different Components. (k.ft)

).ong.Shock(SOOE) Trana.Shock(S90W) Vert.Shock(VERT) 3-Direction Shock
Location Component

Response Time(aec) Response Time(sec) Reaponae Time(sec) Reaponae Time(aec)

Abut. 1 PI 199. 2.122 4. 4.150 O. 0.985 200. 2.122
t-'....... V2 9.7 2.450 4!. 1.905 o. 0.985. 42. 2.865-...J

V3 o. 2.460 o. 4.145 75. 3.365 75. 3.365

HI o. 2.460 o. 4.145 92. 3.372 92. 3.372

M3 213. 2.450 883. 1.905 o. 0.985 900. 2.865

Abut. 2 V2 6.8 2.450 4!. 1.905 o. 0.985 4!. 2.865

H3 81. 2.450 881. 1.905 o. 0.985 875. 1.905

Span 1 H2 o. 2.440 o. 4.145 2.337. 3.375 2.337. 3.375



Table Al.12 Maximum Stresses in Bridge Deck Due to El Centro
Earthquake Different Components. (ksi)

Long.Shock(SOOE) Trans. Shock(S90W) Vert.Shock(VERT) 3-Direction Shock
Location Material

Stress Time(sec) Stress Time(sec) Stress Time(sec) Stress Time(sec)
t-'
-...J
00

Abut. 1 Steel 0.24 2.122 0.13 1.905 O. 0.985 0.29 2.447

Cone. O.OJ 2.122 0.03 1.905 o. 0.985 0.04 2.447 ,_1&

Span 1 Steel 0.14 2.450 0.08 1.905 2.10 3.375 2.10 3.J72 -o-~

-.-::t,!,9

Cone. 0.02 2.450 0.02 1.905 0.14 3.375 0.15 J.377 >



Table Al.l3 Maximum Actions at the Attachments Due to El Centro
Earthquake Different Components. (k.ft)

Location Coulponent
Long. Shock(S90W) Trans. Shock(SOOE) Vert. Shock(VERT) 3-Direction Shock

Response Time(sec) Response Time (sec) Response Time(sec) Response Time (sec)

Abut. 1 PI 132. 4.147 6.2 3.347 o. 0.985 133. 4.147
........
'J V2 7.5 4.147 76. 2.122 O. 0.985 77. 2.122
~

V3 o. 1.905 o. 2.122 75. 3.365 75. 3.365

HI o. 4.160 o. 2.122 92. 3.372 92. 3.372

H3 160. 4.147 1.627. 2.122 O. 0.985 1.662. 2.122

Abut. 2 V2 4.7 4.150 75. 2.122 o. 0.985 77. 2.122

H3 55. 4.150 1.620. 2.122 O. 0.985 1.632. 2.122

Span I H2 o. 4.145 o. 2.447 2.337. 3.375 2.337. ].375



Table Al.14 Maximum Stresses in Bridge Deck Due to El Centro
Earthquake Different Components, (ksi)

Long.Shock(S90W) Trans.Shock(SOOE) Vert. Shock(VERT) 3-Direction Shock
Location Material

t-' Stress Time(sec) Stress Time(sec) Stress Time(sec) Stress Time(sec)ex>
0

-.",;-='

Abut. 1 Steel 0.17 4.147 0.24 2.122 O. 0.985 0.29 2.087

Cone. 0.02 4.147 0.05 2.122 O. 0.985 0.05 2.122
:~~~4

,._c~~

Span 1 Steel 0.10 4.147 0.16 2.122 2.10 3.375 2.14 3.375

Cone. 0.01 4.147 0.03 2.122 0.14 3.375 0.15 3.367

"



Table li.U Maximum Actions at the ~ttachments For
Different Damping Ratios, (k,ft)

Location Component 2% 5% 10%

Abut. 1 Pl. 136. 133. 127.

V2 78. 77. 76.

V3 101. 75. 57.

M! 125. 92. 69.

M3 1,670. 1,662. 1.657.

Abut:. 2 V2 77. 77. 76.

M3 1,636. 1,632. 1,629.

Span 1 M2 3,.201. 2,337. 1,745.

Table li.16 Maximum Stresses in Bridge Deck For
Different Damping Ratios, (ksi)

Location

Abut. 1

Span 1

. Materta.l

Steel

Cone.

Steel

Cone.
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2%

0.29

0.05

2.91

0.20

5%

0.29

0.05

2.14

0.15

10%

0.28

0.05

1.60

O.ll



Table A1.l7 Structure Period For Composite and
Non-Composite Deck Models

Composite Deck Non-Composite Deck
Mode

Period Frequency Mode Shape Period Frequency Mode Shape
(sec) (Hz) Direction (sec) (Hz) Direction

1 .266 3.76 Y .459 2.18 y

2 .066 15.09 Y .114 8.75 Y

3 .033 29.89 X .051 19.69 Y

4 .029 33.96 y .050 20.06 X

5 .019 52.83 Z .029 34.59 Z

6 .017 60.28 y .028 34.95 y

7 .011 89.16 X .018 54.36 y

8 .010 93.75 y .017 59.83 X

9 .007 133.50 y .013 77 .38 y

10 .006 144.00 Z & X .011 94.85 Z & X
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Table Al.18 Maximum Actions at the Att~chments For Composite
and Non-Composite Deck Models, (k,ft)

Location Component Composite Deck Non-Composite Deck

Abut.. 1 Pl 133. 140.

V2 77. 80.

V3 75. 40.

Ml 92. 48.

M3 1,662. 1, as.
Abut. 2 V2 77. 79.

M3 1,632. 1,672.

Span 1 M2 2,331. 1,255.

Table Al.19 Maximum Stresses in Bridge Deck For Composite
and Non-Composite Deck Models, (ksi)

Location

Abut. 1

Span 1

Material

Steel

Cone.

Steel

Cone.
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Composite Deck

0.29

0.05

2.14

0.1.5

Non-Composite Deck

0.7l

O.

2.76

o.



Table Al.21 Maximum Stresses in Bridge Deck
Due to Dead Load, (ksi)

Location

Span 1

Material

Steel

Cone.
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Stress

7.1

0.44



A.2 2-Span Curved Bridges

Table A2.1

~

Structure Period and Participation Factors
For 2-Column and 3-Column ModelB

Mode 2-Column 3-Coluwn

feriod
(Bee)

Frequency
(liz)

Participation Factor
X y Z

Period
(Bee)

Frequency
(lIz)

Participation Factor
X y Z

1 .265 3.78 o. o. o. .265 3.78 o. o. o.

2 .188 5.33 o. -5.76 o. .170 5.87 Q. -5.44 o.
t-'

12.64 1.21 o. .074 13.49 o. 5.4400 3 . 079 o. o.
Ln

" .074 13.45 o. o. 5.44 .073 13.59 O. o. O.

5 .069 14.52 o. o. O. .068 14.70 5~86 o. o.

6 . 068 14.70 5.86 o. o. .066 15.14 -0.09. o. o.

7 .066 15.14 -0.09 o. o. .059 16.97 O. 1.40 o.

8 .042 23.62 -0.13 o. o. .042 23.71 -1.58 o. o.

9 .040 24.94 o. 1.50 o. .034 29.78 o. -2.36 o.

10 . 029 34.01 o. o. o. .029 34.01 o. o. o.



Table A2. 2 Maximum Actions and Displacements at the Attachments
For 2-Co1umn and 3-Co1umn Models, (k,ft)

Location Component Excitation
Direction

2-Co1umn 3-Column

Abut. 1 PI Long. (R. S.) 511. 510.

V2 Trans. (T.H.) 176. 175.

M3 Trans. (T.H.) 7472. 7409.

Bent 2 V2 Trans. (T .H.) 11. 13.

Abut. 3 V2 Trans. (T .H.) 176. 175.

M3 Trans. (T .H.) 7472. ·7409.

DT Long. (R. S.) .00225 .00225

Table A2.3 Maximum Stresses in Bridge Deck and Columns
For 2-Co1umn and 3-Column Models, (ksi)

Location Hateria1 Excitation 2-Column 3-Co1umn
Direction

Deck:
Abut. 1 Steel Trans. (T .R.) 1.10 1. 09

Cone. Trans. (T •R. ) 0.22 0.22

Span 1 Steel Trans. (T .H.) 0.13 0.13

Cone. Trans. (T .H.) 0.03 0.03

Bent 2 Steel Trans. (T. H.) 0.62 0.62

Cone. Trans. (ToH. ) 0.12 0.12
Column Base:
Bent 2 Cone. Trans. (T .·H.) 0.32 0.27

186



Table A2.4 Structure Period and Par~icipation Factors
For the Modified End-Boundary-Conditions Model

Mode Period
(sec)

Frequency
(Hz)

Participation Factor
X y Z

1 .265 3.78 O. o. O.

2 .188 5.33 O. -5.76 O.

J .079 l2.6~ O. 1.21 O.

4 .074 13.45 O. O. 5.44

5 .069 14.52 O. O. O.

6 .068 14.71 5.86 O. O.

7 .066 15.14 -0.09 o. o.

8 .042 23.62 0.13 o. O.

9 . 040 24.94 o. 1. 50 O.

10 .029 34.01 O. O. O.
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Table Al.S Maximum Actions and Displacements at the Attachments
For the Modified End-Boundary-Conditions Model • (k.ft)

Location Component Excitation
Direction

Response

Abut. 1 PI Long. (R. S.) 511.

V2 Trans. (T .H.) 176.

M3 Trans. (T .H.) 7472.

Bent 2 V2 Trans. (T .H.) 11.

Abut. 3 V2 Trans. (T. H.) 176.

M3 Trans. (T .H.) 7472.

DT Long. (R. S.) .00224

Table A2. 6 Maximum Stresses in Bridge Deck and Columns
For the Modified End-Boundary-Conditions Model. (ksi)

Location Material Excitation Stress
Direction

Deck:
(T. H.)iUSUt. 1 Steel Trans. 1.10

Cone. Trans. (T .H.) 0.22

Span 1 Steel Trans. (T.H. ) 0.13

Cone. Trans. (T .H.) 0.03

Bent 2 Steel Trans. (T.H. ) 0.62

Cone. Trans. (T.H. ) 0.12
Co1unm Base:

Bent 2 Cone. Trans. (T .H.) 0.32
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Table A2. 7 Structure Period and Participation Factors
For 6-Element and 10-Element Models

Mode 6-Element 10-Element

Period Frequency Participation Factor Period Frequency Participation Factor
(sec) (Hil:) X Y Z (sec) (Hil:) X y Z

.
1 . 265 3.77 o. O. O. .265 3.77 o. O. O.

2 •168 5.33 O. 5.76 O. .168 5.33 O. 5.80 O.

t-'
3 .019 12.64 0.01 1.21 -0.01 .079 12.6't -0.01 -1.16 0.02

00
\0

4 .078 12.86 2.90 O. -4.80 .078 12.85 2.89 o. ~4.80

5 . 069 14.52 O. O. o. .069 14.52 o. o. o.

6 .066 15.15 0.19 o. 0.10 .066 15.25 0.45 Q. 0.23

7 .065 15.33 -5.07 o. -2.58 .065 15.32 -5.06 o.. -2.56

8 .042 23.63 -0.15 o. -0.11 .042 23.63 0.15 O. 0.11

9 .040 24.97 O. -1.50 o. .040 24.78 O. -1.59 o.

10 .029 34.06 o. o. O. .029 34.26 o. O. o.



Table A2.8

'" ,

Maximum Actions and Displacements at the Attachments
For 6-Element and 10-Element Models. (k.ft)

Location Component Excitation
Direction

6-Element 10-Element

Abut. 1 PI Long. (R. S. ) 438. 438.

V2 Trans. (T .H.) 175. 175.

M3 Trans. (T .H.) 7373. 7388.

Bent 2 V2 Trans. (T .R.) 12. 12.

Abut. 3 V2 Trans. (T.H.) 172. 172.

M3 Trans. (T. H.) 7230 .. 7244.

DT Long. (R. S.) .00185 .00185

Table A2.9 Maximum Stresses in Bridge Deck and Columns
For 6-Element and 10-Element Models. (ksi)

Location Material Excitation 6-Element 10-Element
Direction

Deck:
Abut. 1 Steel Trans. (T. H.) 1.14 1.14

Cone. Trans. (T .H.) 0.22 0.22

. Span 1 Steel Trans. (T. H.) 0.19 0.19

Cone. Trans. (T.H.) 0.03 0.03

Bent 2 Steel Trans. (T. H.) 0.66 0.66

Column Base: Cone. Trans . (T .H.) 0.12 0.12 .

Bent 2 Cone. Trans. (T .H. ) 0.32 0.32
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Table A2.10 Structure Period and Participation Factors
(The Lowest Fifteen F~equencies)

Mode Period
(sec)

F~equency

(Hz)
Participation Facto~

x y z

1 .265 3.77 O. o. o.

2 .188 5.33 O. 5.76 o.

3 . 079 12.64 0.01 loll -0.01

4 .078 12.86 2.90 o. -4.80

5 .069 14.52 o. O. O.

6 .066 13.13 0.19 O. 0.10

7 .065 13.33 -5.07 o. -2.58

8 .042 23.63 -0.15 O. -O.ll

9 . 040 24.97 o. -1.50 o.

10 . 029 34.06 O. o. o.

II .028 36.27 -0.48 O. -0.01

12 .022 45.29 -1. 70 O. -0.16

13 . 021 45.85 O. 0.37 O•

14 . 017 59.10 O. o. O.

15 . 016 64.12- 0.40 O. -0.02
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Table A2.11 Maximum Actions at the Attachments and Column Base, (k,ft)
(10 and 15 Frequencies)

Location Component Long. Shock (T . H.) Trans. Shock (T .H.)

10 15 10 15

Abut. 1 Pl 522. 542. 79. 78.

V2 57. 63. 216. 216.

M3 2055. 2140. 9155. 9155.

Bent 2 V2 8. 8. 14. 14.

Abut. 3 V2 42. 41. 215. 215.

M3 1690. 1660. 9050. 9048.

Column Base:

Bent 2 M2 99. 99. 18. 18.

M3 45. 45. 221. 221.

Table A2.12 Maximum Stresses in Bridge Deck and Columns, (ksi)
(10 and 15 Frequencies)

Location Material Long. Shock (T.H.) Trans. Shock (T.H.)

10 15 10 15

Deck: .-

Abut. 1 Steel 0.83 0.87 1.37 1. 37

Cone. 0.12 0.13 0.27 0.27

Span 1 Steel 0.57 0.59 0.20 0.20

Cone. 0.07 0.08 0.04 0.04

Bent 2 Steel 0.46 0.45 0.80 0.80

Cone. 0.06 0.06 0.15 0.15
Column Base:

Bent 2 Cone. 0.17 0.17 0.40 0.40
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Tahle A2.1.3 Maximum Ac~1ons a~ che Ac~achments

For Diiferent Time SCells (Il~) • (k. ft)

Location Component Long . Shock (T. H.)

•0100 .0050 .0025

Abut. 1
....- - --"-- . ,., ..

498.Pi 325. 553.

V2 83. 85. 9l.

M3 3072. 3467. 3702.

Bent 2 112 9. 9. 9.

Abut. 3 V2 59. 78. 84.

M3 2343. 3250. 3525.

Table A2.14 Maximum Stresses in Bridge Deck and Columns
For Different Time Steps (ill:) • (ksi)

Location Material Long. Shock (T. H.)

.0100 .0050 .0025

~:

Abut. 1 Steel 0.89 0.93 0.88

Cone. 0.14 0.14 0.1.3

Span 1 Steel .0.55 0.58 0.60

Cone. 0.07 C.08 0.08

Bent 2 Steel 0.50 0.52 0.48

Cone. 0.08 0.07 0.07

Column Base:

Bent 2 Cone. 0.18 0.19 0.19
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Table A2.15 Maximum Actions at the Attachments For 10 and 15 sec.
Shock Durations, (k,ft)

Location Component Longitudinal Shock Longitudinal Shock
(SOOE) (S90W)

10 sec. 15 sec. 10 sec. 15 sec.

Abut. 1 Pl 542. 542. 295. 295.

V2 63. 63. 41. 41.

M3 2140. 2140. 1533. 1533.

Bent 2 V2 8. 8. 5. 5.

Abut. 3 V2 41. 41. 28. 28.

M3 1660. 1660. 1195. 1195.

Tab1eA2.16 Maximum Stresses in Bridge Deck and Columns For 10 and
15 sec. Shock Durations, (ksi)

Location Material Longitudinal Shock Longitudinal Shock
(SOOE) (S90W)

10 sec. 15 sec. 10 sec. 15 sec.

Deck:

Abut. 1 Steel 0.87 0.87 0.49 0.49

Cone. 0.13 0.13 0.08 0.08

Span 1 Steel 0.59 0.59 0.32 0.32

Cone. 0.08 0.08 0.04 0.04

Bent 2 Steel 0.45 0.45 0.27 0.27

Cone. 0.06 0.06 0.04 0.04

Column Base:

Bent 2 Cone. 0.17 0.17 0.10 0.10
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Table A2.17 Maximum Actions and Displacements at the Attachments and COlUWl Base
Due to El Centro Earthquake (SOOE) Component.
(R.S. & T.ll. Analysis). (k.ft)

Location Component Longitudinal Shock Transverse Shock Vertical Shock

R. S. T. II. R. S. T. II. R. S. T. 11.

Abut. 1 PI . 1409. 514. 337. 122. 0.2 O.

V2 390. 84. 194. 222. 0.2 O.

V3 3. O. 1. O. 335. 121.
t-'
'-0
lJ1 Ml ]. 1. 4. 5. 122. 103.

M] 11000. 3083. BOU. 9372. 9. 1.

Bent 2 V2 17. 9. 14. 15. 0.2 p.

M2 (Deck) 9. 2. 3. 1. 7174. 4903.

Abut. ] V2 402. 59. 184. 219. Q.2 O.

M] 11360. 2337. 7686. 9222. 9. 1.

DT .0029 .0023 .0017 .0010 O. O.

Column Base:

Bent 2 PI 8. 4. 12. 13. ]27. 227.

M2 127. 95. 63. 26. O. O.

M3 140. 66. 191. 226. 30]. 209.



Table A2.18 Maximum Actions and Displacements at the Attachments Due Io
E1 Centro Earthquake (S90W) and (VERT) Component:s,
eR.S. &I.H. Analysis).(k •. ft)

Location Component Longitudinal Shock Vert:ical Shock
(S90W) (VERT)

R. S. T. H. R. S. I. H.

Abut: . 1 P1 1420. 295. 0.3 O.

V2 374. 4l. 0.2 o.

V3 2. o. 317. 55.

M1 2. 0.7 75. 49.

M3 9897. 1533. 10. I.

Bent 2 V2 16. 5. 0.2 o.

V3 (Deck) 2. o. 195. 10l.

M2 (Deck) 8. I. 5477 . 2430.

Abut. 3 V2 384. 28. 0.2 o.

M3 10210. 1195. 9. l.

DI .0025 . 0013 o. o.

Column Base:

Bent 2 PI 4. 2. 250. 108.

M2 105. 54. O. O.

M3 75. 33. 232. 100.
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Table A2.19 Max:uuum Actions and Displacements at the Attachments and Column Base Due To
El Centro Earthquake Different Components. (k.ft)

Location Component Longitudinal Shock Transverse Shock Vertical Shock 3-Dlrection Shock
(SOOE) (S90W) (VERT)

Response Time (sec) Response Time (sec) Response Time (sec) ~eBponse Time (sec)

Abut. 1 PI 514. 2.46 58. 4.30 O. 1.17 538. 2.46

V2 84. 2.47 123. 4.17 O. 1. 25 14"'. 4.16

V3 O•. 2:45 o. 4.67 55. 0.88 55. 0.88

HI 1. 4.98 3. 4.17 49. 0.89 50. - 0.89
t-'
w M3 3083. 2.47 5186. 4.17 1. 1.25 5910. 4.16---J

Bent 2 V2 9. 2.47 8. 4.17 O. 1.00 U. 2.46

V3 (Deck) Q. 2.56 O. 4.67 101. 0.89 101. 0.89

M2 (Deck) 2. 2.46 1. 4.16 2430. 0.89 2430. 0.89

Abut. 3 V2 59. 2.47 121. 4.17 O. 1.25 136. 4.16

H3 2337. 2.47 5083. 4.17 1. 1. 25 5750. 4.16

DT .0023 2.46 .0005 4.17 O. 1.26 .0025 2.46
Column Base;

Bent 2 PI 4. 2.47 7. 4.17 108. 0.88 108. 0.88

H2 95. 2.46 14. 4.30 O. 1.26 1.01. 2.46

H3 66. 2.47 125. 4.17 100. 0.88 175. 4.16



Table A2.20 Maximum Stresses in Bridge Deck and Columns
Due to El Centro Earthquake Different Components. (ksi)

Location Material Longitudinal Shock Transverse Shock Vertical Shock 3-Direction Shock
(SOOE) (S90W) (VERT)

Stress Time (sec) Stress Time (sec) Stress Time (sec) Stress Time (sec)

Abut. 1 Steel 0.90 2.46 0.80 4.17 O. 1.26 1.17 2.46

Cone. 0.15 2.47 0.16 4.17 O. 1. 25 0.19 2.46

t-'
\0 Span 1 Steel 0.57 2.46 0.14 4.17 1. 26 0.89 1. 34 0.8900

Cone. 0.07 2.46 0.02 4.17 0.09 0.89 0.10 3.36

Bent 2 Steel 0.50 2.47 0.47 4.17 1. 75 0.89 1. 74 0.89

Cone. 0.08 2.47 0.09 4.17 0.13 0.89 0.15 0.89

Column Base:

Bent 2 Cone. 0.18 2.47 0.22 4.17 0.26 0.88 0.34 4.16



Table A2.21 HaxiulUm Actions and D1splaceOlents at the Attachments and Colwlln Rase Due to
El Centro Earthquake Different Components. (k.ft)

Location Component Longitudinal Shock Transverse Shock Vertical Shock 3-Direction Shoc~

(S90W) (SOOE) (VERT)

Response Time (sec) Response Time (sec) Response Time (sec) Response Time (sec)

Abut. 1 PI 295. 4.16 122. 2.52 O. 1.17 335. 4.16

V2 41. 4.30 222. 2.46 O. 1.25 241. 2.46

V3 O. 4.22 O. 2.65 55. 0.88 55. 0.88

HI 0.7 4.30 5. 2.46 49. 0.89 49. 0.89
t-'
\D H] 15]3. 4.30 9372. 2.46 1. 1.25 10063. 2.46\0

Bent 2 V2 5. 4.17 15. 2.47 O. 1.00 16. 2.46

V3 (Peck) O. 1.02 O. 2.66 101. 0.89 101. 0.89

H2 (Deck) 1. 4.16 1. 2.46 24]0. 0.89 2430. 0.89

Abut. 3 V2 28. 4.30 219. 2.46 O. 1. 2 5 231. 2.46

H3 1195. 4.]0 9222. 2.46 1. 1. 25 9726. 2.46

DT .0013 4.16 .0010 2.47 O. 1.26 .0015 4.16
Colu/lln Base:
Bent 2 PI 2. 4.30 13. 2.46 108. 0.88 UO. 0.88

H2 54. 4.16 26. 4.98 O. 1. 26 63. 4.16

M3 33. 4.30 226. 2.46 100. 0.88 256. 2.46



Table A2.22 Maximum Stresses in Bridge Deck and Columns Due to
El Centro Earthquake Different Components, (ksi)

Location Material Longitudinal Shock Transverse Shock Vertical Shock 3-Direction Shock
(S90W) (SOOE) (VERT)

Stress Time (sec) Stress Time (sec) Stress Time (sec) Stress Time (sec)

Abut. l' Steel 0.49 4.17 1.46 2.47 O. 1. 26 1.61 2.46

Cone. 0.08 4.17 0.28 2.47 o. 1. 25 0.31 2.46
N
0 Span 1 Steel 0.32 4.16 0.28 2.47 1. 26 0.89 1. 24 0.890

Cone. 0.04 4.16 0.05 2.47 0.09 0.89 0.09 0.89

Bent 2 Steel 0.27 4.17 0.85 2.47 1. 75 0.89 1.83 0.89

Cone. 0.04 4.17 0.16 2.47 0.13 0.89 0.18 2.21

Column Base:

Bent 2 Cone. 0.10 4.17 0.40 2.46 0.26 0.88 0.47 2.46



Table A2.2.J Maximum Actiona and Displacements at the Attachments
and Column Base for D1£ferentDamping Ratios, (k, f1:)

Location C01IJl)onent 2? 5:"- 10%

Abut. 1 Pl 344. 335. 309.

V2 268. 241- 210.

V3 71. 55. 41-

Ml. 62. 49. 37.

M3 11164. 10063. 8798.

Bent 2 V2 18. 16. 14.

M2 (Deck) 3020. 2430. 1875.

Abut. 3 V2 256. 23l. 202.

M3 1076l. 9726. 8510.

DT .0016 .0015 .0014
Column Base:

Bent 2 Pl 138. 110. 85.

M2 64. 63. 57.

M3 305. 256. 218.

201



Table A2.24 Maximum Stresses in Bridge Deck and Columns
For Different Damping Ratios, (ksi)

Location Material 2% 5% 10%

Deck:

Abut. 1 Steel 1.80 1. 61 1.40

Cone. 0.35 0.31 0.27

Span 1 Steel 1.55 1.24 1.03

Cone. 0.11 0.09 0.08

Bent 2 Steel 2.25 1.83 1.43

Cone. 0.22 0.18 0.16

Column Base:

Bent 2 Cone. 0.58 0.47 0.39
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Table A2.25 Structure Period For Composite Deck, Non-Colnposite Deck,
Rotational Inertia, and Long ColulDOs Modela

Mode Composite Deck Non-Composite Deck Rotational Inertia Long Columns

Period Frequency Mode Shape Period Frequency Mode Shape Period Frequency Mode Shape Period Frequency Mode Shape
(sec) (Hz) Direction (sec) (liz) Direction (sec) (Hz) Direction (aee) (liz) Direction

1 .265 3.77 y .457 2.19 y .266 3.76 y .265 3.77 y

2 .188 5.33 Y .286 3.50 Y .188 5.31 Y .175 5.76 -y

3 .079 12.64 y .113 8.87 y .164 6.11 X[Rot. ] .125 7.99 X(Co1. )

4 .076 12.86 Z&X .109 9.18 Z&X .149 6.13 X[Rot.) .103 9.74 X(Col.)

5 .069 14.52 X(001. ) .104 9.60 y .084 11.87 X[Rot.] .086 11.65 Z

6 .066 15.15 Y .094 10.66 X&Z .079 12.70 Y .071 14.18 Z(Co1.)

7 .065 15.33 X&Z .069 14.52 X(Co!.) .078 12.87 Z&X .070 14.21 X

8 .042 23.63 X(Co1. ) .060 16.77 y .077 12.88 X[Rot. ] .066 15.15 Y
.

9 .040 24.97 Y .050 20.07 Y .069 14.52 . X(Co!.) .064 15.56 X&Z

10 .029 34.06 Y .044 22.91 X(Co!. ) .066 15.17 Y .063 15.85 y

11 .028 36.27 Z .042 23.91 X(CoL ) .065 15.33 X&Z .057 17 .53 X(Co1. )

12 .022 45.29 X .036 28.00 y .058 17.23 X[Rot. ] .037 27.22 Y

13 .021 45.85 y .032 31.17 X .055 18.25 X[Rot. ] .036 27.83 X(Co1. )

14 .017 59.10 Y .029 34.91 y .046 2!.56 X[Rot. ] .031 32.42 Z(Co1. )

15 .016 64.12 X(Oo!. ) .023 42.83 y .045 22.24 X[Rot. ] .030 33.23 Z(Col. )



, ',

Table A2.26 Maximum Actions and Displacements at the Attachments and
Column Base For Composite Deck, Non-Composite Deck,
Rotational Inertia, and Long Columns Models, (k,ft)

Location Component Composite Deck Non-Composite Rotational Long Columns
Deck Inertia

Abut. 1 Pl 335. 354. 326. 323.

V2 24l. 218. 239. 244.

V3 55. 52. 55. 62.

M1 49. 37. 259. 55.

M3 10063. 8811. 10009. 1046l.

Bent 2 V2 16. 72. 17. 47.

M2(Deck) 2430. 2139. 2400. 2579.

Abut. 3 V2 231. 211. 232. 238.

M3 9726. 854l. 9743. 10211.

DT .0015 .0039 .0015 .0016

Column Base:

Bent 2 Pl 110. 102. 117. 103.

M2 63. 108. 64. 118.

M3 256. 459. 255. 186.
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Table A2.27 Maximum Stresses in Bridge Deck and Columns
For Composite Deck, Nou-Composite Deck,
Rotational Inertia, and Long Columns Models, (ksi)

Location Material Composite Deck Non~omposite Rotational Long Columns
Deck Inertia

Deck:
~t.l Steel 1.61 3.39 L59 1.64

Cone. 0.31 O. 0.31 0.32

Steel(T) 0.94 2.27 0.92 0.97

Cone. (T) 0.04 O. 0.04 0.04

Span 1 Steel 1.24 2.22 1.19 1.33

Cone. 0.09 O. 0.09 0.09

Bent Z Steel 1. 83 3.30 1. 81 1. 89

Cone. 0.18 O. 0.18 0.20
Column Base:

Bent 2 Cone. 0.47 0.82 0.47 0.33

Cone. (T) 0.04 0.06 0.04 0.02

205



Table A2.28 Structure Period For 2-Co1umn and Rigid-Column Straight Models

......

2-Co1ulUll Rigid-Column Exact Solution
Mode

Period Frequency Mode Shape Period Frequency Mode Shape Period Frequency Mode Shape
(sec) (Hz) Direction (sec) (Hz) Direction (6ec) (Hz) Direction

1 .265 3.77 y .265 3.77 y .265 3.77 y

2 .191 5.23 y .170 5.89 y .170 5.89 y
N
0

3 .078(J\ 12.78 y .067 14.97 X

4 .074 13.47 z .066 15.08 Y .066 15.0B y

5 .069 14.52 X(Co1.) .052 19.07 Y .052 19.10 Y

6 .068 14.65 X .030 33.7J y .029 33.95 y

7 .066 15.08 y .02B 36.36 Z .027 36.37 z

8 .042 23.59 X(Col. ) .025 39.33 y .025 39.85 y

9 .040 24.B1 y .022 44.66 X

10 .030 33.73 y .019 52.7S Z .019 52.77 Z



Table A2.29 Maximum Actions at the Attachments For
2-Column and Rigid-Column S~raight Models, (k. ft)

Location Com'Oonent 2-Column Rigid-Column

Abut. 1 Pl 296. 282.

V2 228. 78.

V3 57. 63.

Ml 5. O.

M3 9754. 1683.

Bent 2 M2(Deck) 2380. 2442

Abut. 3 V2 228. 78.

M3 9754. 1683.

Table Al.30 Maximum S~resses in Bridge Deck For
2-Column and Rigid-Column S~raight Models, (ksi)

Location Material 2-Column Rigid-Column

Abut. 1 S~eel 1.49 0.37

Cone. 0.29 0.06

Span 1 S~eel 1.34 1.38

Cone. 0.10 0.09

Bent 2 St:eel 2.22 2.19

Cone. 0.19 0.15
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Table A2.3l Maximum Stresses in Bridge Deck and Columns
Due to Dead Load, (ksi)

Location Material Stresses

Deck:
Span 1 Steel 4.47

Cone. 0.28

Bent 2 Steel 7.93
Column Base:

Bent 2 Cone. 0.95
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A.J ~J-Span Curved Bridges
~

farticipation Factor

Table A3.l Structure Period and Participation Factors For
2-Column and 3-Column Models

Mode 2-Column 3-Column

Period Frequency Participation Factor Period Frequency

(aec) (Hz) X Y Z (aee) (Hz) x y z

1 . 265 3.78 o. 2.24 o. .265 3.78 o. 2.24 o.

N 2 .217 4.61 o. o. O. .206 4.65 o. o. o.
a
\,()

3 •167 5.96 o. 6.66 O. .144 6.95 o. 6.33 o.

4 .138 7.25 O. o. 6.76 .136 7.33 o. o. -6.76

5 .101 9.94 7.24 o. o. .101 9.94 7.24 O. O.

6 •083 12.08 o. o. o. .066 15.15 o. O• o.

7 .074 13.48 O. -1.35 o. .062 16.18 O. -1.56 o.

8 •066 15.15 O. O. O. .057 17 .63 O• O. O.

9 .045 22.38 0.22 -1.83 o. .044 22.54 -1.14 0.01 O.

10 .044 22.48 1.11 0.38 O. .042 23.67 -0.28 o. O.



Table A3.2 Maximum Actions and Displacements at the Attachments
For 2-Column and 3-Column Models. (k,ft)

Location Component Excitation
Direction

2-Column 3-Column

Abut. 1 P1 Long. (R. S.) 908. 907.

V2 Trans. (T .H.) 219. 212.

M3 Trans. (T .B.) 13770. 13376.

Bent 2 V2 Trans. (T .H.) 115. 119.

Abut. 4 V2 Trans. (T-.H. ) 219. 212.

M3 Trans. (T .H.) 13770. 13376.

DT Long. (R. S.) .0060 .0060

Table A3.3 Maximum Stresses in Bridge Deck and Columns For
2-Column and 3-Co1umn Models, (ksi)

Location Material Excitation 2-Column 3-Column
Direction

Deck:

Abut. 1 Steel Trans. (T .B.) 2.02 1.96

Cone. Trans. (T .B.) 0.41 0.39

Span 1 Steel Trans. (T.H.) 0.46 0.44

Cone. Trans. (T.H.) 0.09 0.09

Bent 2 Steel Trans. (T .H.) 0.58 0.56

Cone. Trans. (T.B. ) 0.11 0.11

Span 2 Steel Trans. (T. H.) 1.39 1.36

Cone. Trans. (T. H.) 0.28 0.27
Column Base:

Bent 2 Cone. Trans. (T. H. ) 1.03 0.86
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Table AJ.4 Structure Period and Participation Factors
For the ~~d1fied End-Boundary-Couditions Model

Mode Period Frequency Participation Factor
(sec) (Hz) X Y Z

1 . 265 3.78 O. 2.24 O•

2 .217 4.61 O. O. O.

3 .167 5.98 O. 6.88 O.

4 .138 7.25 O. O. 6.77

5 .101 9.95 7.24 O. O.

6 .083 12.08 O. O. O.

7 .074 13.48 O. 1.35 O.

8 .066 15.15 O. O. O.

9 .045 22.38 -0.22 1.83 O.

10 .044 22.49 loll 0.38 O.
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Table AJ.5

Location

Abut. 1

Bent 2

Abut. 4

Maximum Actions and Displacements at the Attachments
For The Modified End-Boundary-Conditions Model, (k,ft)

Component Excitation Response
Direction

Pl Long. (R. S.) 907.

V2 Trans. (T.R.) 218.

M3 Trans. (T .H.) 13770.

V2 Trans. (T .R.) 115.

n Trans. (T .H.) 218.

M3 Trans. (T .H.) 13770.

DT Long. '(R. S.) .0060

Table A3.6 Maximum Stresses in Bridge Deck and Columns For The
Modified End-Boundary-Conditions Model, (ksi)

Location Material Excitation Stress
Direction

Deck:

Abut. 1 Steel Trans. (T .R.) 2.02

Cone. Trans. (T .R.) 0.40

Span 1 Steel Trans. (T .R.) 0.46

Cone. Trans. (T .H.) 0.09

Bent 2 Steel Trans. (T .H.) 0.58

Cone. Trans. (T.H.) 0.11

Span 2 Steel Trans. (T .H.) 1.39

Cone. Trans. (T •R.) 0.28
Column Base:

Bent 2 Cone. Trans. (T.H.) 1.03
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Table A3.7 Structure Period and Participation Factors
For 6-E1ement and 10~E1ement Models

Mode 6-E1ement 10-Element

Period
(sec)

Frequency
(Hz)

Participation Factor
X y Z

Period
(sec)

Frequency Participation Factor
(Hz) X Y Z

1 . 265 3.77 O. 2.24 o. .265 3.77 O. 2.28 O.

2 . 217 4.60 o. o. O. .217 4.60 O. O. O.

N 3 .167 5.98 O. 6.87 O. .167 5.9B o. 6.89 O.
f-'
W

4 .144 6.95 -2.39 O. 6.48 .144 6.95 -2.39 O. 6.48

5 .097 10.30 6.81 O. 1.99 .097 10.30 -6.81 O. -1.99

6 . 083 12.08 O. O. O. .083 12.10 O. O. O.

7 .074 13.49 O. 1. 35 O. . 074 13.51 O• -1. 32 O.

8 .069 14.52 O. O. O. .069 14.52 O. O. O.

9 . 066 15.16 O. O. O. .069 14.52 O. O. O.

10 .062 16.10 0.57 O. -0.03 .065 15.30 O. O. O.



Table AJ. 8 Maximum Actions and Dis~lacaments At the Attachments
For 6-E1ament and 10-Element Models, (k,ft)

Location Cotn;lonent ExcitatiOn 6-E1ement lO-E1ement
Direction

Abut. 1 Pl Long. (R.S.) 765. 766.

V2 Trans • (T .R.) 244. 244.

M3 Trans. (T •H. ) 15303. 15310.

Bent 2 V2 Trans. (T .H.) 129. 130.

Abut. 4 V2 Trans. (T. R.) 240. 240.

M3 Trans. (T .H.) 14935. 14963.

DT Long. (R. S. ) .0049 .0049

Table AJ.9 Maximum Stresses in Bridge Deck and Columns For
6-Element and 10-Element Models, (ksi)

Location Material Excitation 6-Element 10-Elament
Direction

Deck:

Abut. 1 Steel Trans. (T .R.) 2.32 2.32

Conc. Trans. (T .R.) 0.46 0.46

Span 1 Steel Trans • (T. H.) 0.66 0.66

Conc. Trans. (T.H. 0.12 0.12

Bent 2 Steel Trans. (T. H.) 0.76 0.75

Conc. Trans. (T. H.) 0.14 0.13

Span 2 Steel Trans • (T. H.) 1.64 1. 63

Conc. Trans. (T.H. ) 0.32 0.32

Column Base:

Bent 2 Conc. Trans. (T.H.) 1.14 1.14
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Table A3.l0 Structure Period and Participation Factors
(The Lowest Twenty Frequencies)

Mode Period Frequency Participation Factor
(sec) (Hz) X Y Z

1 .265 J.77 O. 2.24 o.

2 . 217 4.60 o. O. O.

3 .167 5.98 o. 6.87 o.

4 . 144 6.95 -2.39 O. 6.48

5 .097 10.30 6.81 O. 1. 99

6 .083 12.08 O. O. O.

7 . 074 13.49 o. 1.35 O.

8 .069 14.52 O. o. O.

9 . 069 14.52 O. O. O.

10 .066 15.16 o. O. o.

11 .062 16.10 -0.57 O. 0.03

12 .045 22.39 -0.21 1. 83 -0.01

13 .044 22.50 1. 07 0.37 0.06

14 .042 23.58 0.31 -0.02 0.04

15 .036 27.91 -0.01 o. o.

16 .032 31.02 -1.97 o. -0.09

17 .031 31.54 -0.23 o. -2.80 ~

18 .029 34.11 0.01 0.60 o.

19 .024 41.98 O. o. o.

20 .020 50.05 -0.07 -0.18 -0.01
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Table A3.11 MaxiulIUQ Actiona at the Attachments and Column Base, (k, ft)
(10, 15, and 20 Frequencies)

Location Component Long. Shock (T.II.) Trans. Shock (T.H.) Vert. Shock (T.H.) 3-Direct1on Shock (T.H.)
10 15 10 15 10 15 15 20

Abut. 1 PI 794. 798. 313. 313. O. 0.2 518. 539.

V2 Ill. 111. 268. 268. O. O. 291. 303.

V] O. O. O. O. 107. 112. 47. 48.

M3 6344. 6347. 16220. 16220. 4. 4. 17179. 17511.

Bent 2 V2 53. 53. 136. 136. O. O. 142. 142.
tv
I-'

M2(Deck) 4. 2558.()'\ 2. 5. 5. 4607. 4551. 2557.

Abut. 4 V2 96. 97. 245. 245. O. O. 250. 262.

M3 6124. 6133. 15215. 15214. 4. 4. 15526. 15859.

Column Base:

Bent 2 l)l 16. 16. 41. 41. 226. 229. 124. 124.

M2 109. 118. 58. 57. 5. 5. 89. 85.

M3 265. 265. 664. 664. 209. 212. 699. 699.



Table A3.12 Maximum Stresses in Bridge Deck and Columns, (ksi)
(10. 15. and 20 Frequencies)

Location Material Long. Shock (T.".) Trans. Shock (T.H.) Vert. Shock (T.H.) 3-Direction Shock (T.".)
10 15 10 15 10 15 15 20

Deck:

Abut. 1 Steel 1.31 1.31 2.68 2.68 o. o. 2.96 3.01

Cone. 0.21 0.21 0.51 0.51 o. o. 0.56 0.57

Span 1 Steel 1.00 1.01 0.85 0.85 2.43 2.40 1.22 1.28
tv
t-' Cone. 0.12 0.14 0.14 0.14 0.16 0.16 0.17 0.16-...I

Bent 2 Steel 0.73 0.73 0.94 0.94 3.Jl 3.27 1.88 1.89

Cone. 0.10 0.10 0.16 0.16 0.25 0.25 0.18 0.19

Span 2 Steel 0.97 0.97 1.84 1.84 3.31 3.27 1.96 1.93

Cone. 0.15 0.15 0.35 0.35 0.22 0.22 0.36 0.36

Column Base:

Bent 2 Cone. 0.47 0.47 1.19 1.19 0.54 0.55 1.26 1. 26



Table A3.13 Maximum Actions at the Attachments
J.o'or Different Time Steps (t.t). (k. ft)

Location Component Long. Shock (T.ll.) Trans. Shock (1'.11. ) Vert . Shock (T.Il.)

.0100 '.0050 . 0025 .0100 .0050 .0025 .0100 .0050 .0025

Abut. 1 Pi 827. 798. 783. 331. lll. 301. 0.1 0.2 0.2

I',.)
V2 98. 111. 114. 262. 268. 216. o. o. o.l-'

00

V3 o. o. o. o. o. o. 116. 112. 109.

M3 6244. 6341. 6518. 15616. 16220. 16105. 5. 4. 4.

Bent 2 V2 53. 53. 51. ll1. ll6. 140. o. o. 0,.

M2(Deck) 4. 4. 4. 5. 5. 5. 4661. 4551. 4463.

Abut. 4 V2 102. 91. 93. 2]3. 245. 25]. o. o. o.

M3 6480. 6133. 5801. 14432. 15214. 15680. 4. 4. 4.



Table A].14 Maximum Stresses in Bridge Deck and Columns
For Different Time. Steps (~t). (kaf)

Location Material Long! _Sh()<:L (T.H.) Trans. Shock ('!'.H.) Vert. Shock (T.H.)

.0100 .0050 .0025 .0100 .0050 .0025 .0100 .0050 .0025

Deck:

Abut. 1 Steel 1. ]2 1.]1 1.]] 2.65 2.68 2.7J O. O. O.

Cone. 0.21 0.21 0.21 0.50 0.51 0.52 O. O. O.
tv
~
~ Span 1 Steel 0.92 1.01 0.99 0.85 0.85 0.83 2.45 2.40 2.]9

Cone. 0.12 0.14 0.14 0.14 0.14 0.14 0.17 0.16 0.16

Bent 2 Steel 0.77 0.7J 0.74 0.94 0.94 0.93 ].]5 ].27 ].20

Gone. 0.10 0.10 0.10 0.16 0.16 0.16 0.25 0.25 0.24 .

Span 2 Steel 0.91 0.97 0.97 1.81 1.84 1.88 ].38 3.27 3.26

Cone. 0.15 0.15 0.15 0.34 0.]5 0.]6 0.23 0.22 0.22

Column Base:

Bent 2 Cone. 0.48 0.47 0.47 1.13 1.19 1. 22 0.56 0.55 0.54



Table AJ.13 Max1m rm Actions at the. Attachments for 10 and 15 sec.
Shock Durations, (k.ft)

Location Component Longitudinal Shock Transverse Shock
(SOOE) (SOOE)

10see. i5 sec. 10see. 1.5 sec.

Abut. 1 Pi 825. 825. 263. 263.

V2 110. 110. 244. 244.

M3 4880. 4880. 15303. 15303.

Bent 2 V2 39. 39. 129. 129.

Abut. 4 V2 80. 80. 240. 240.

M3 4962. 4962. 14934. 14934.

Table A3.16 Maximum Stresses in Bridge Deck and Columns For
10 and 15 sec. Shock Durations, (ksi)

Location Material Longitudinal. Shock Transverse Shock
(SOOE) (SOOE)

10 sec. 15 sec. 10 sec. 15 sec.

~:

Abut. 1 Steel 1.46 1.46 2.32 2.32

Cone. 0.24 0.24 0.46 0.46

Span 1 Sl:eel 0.97 0.97 0.66 0.66

Cone. 0.13 0.13 0.12 0.12

Bent 2 Steel 0.80 0.80 0.76 0.76

Cone. 0.11 0.11 0.14 0.14

Span 2 Sl:eel 0.84 0.84 1.64 1.64

Conc. 0.14 0.14 0.32 0.32
Column Base:

Bent 2 Conc. 0.35 0.35 1.14 1.14
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Table A3.17 Maximum Actions and Displacements at the Attachments and Column Base
Due to a Longitudinal Shock (SOOE). (R.S. & T.H. Analysis). (k.ft)

Location Component 10 Frequencies 15 Frequencies 20 Frequencies

R.S. T.H. R.S. T.II. R.S.

Abut. 1 PI 765. 794. 765. 798. 2098.

V2 112. 111. 112. 111. 253.

V3 o. o. 2. o. 7.

Ml 6. 5. 6. 5. 6.
N
N M3 6743. 6344. 6743. 6347. 8602.t-'

Bent 2 V2 57. 53. 57. 53. 58.

M2 (Deck) 3. 2. 30. 4. 113.

Abut. 4 V2 115. 96. 115. 97. 210.

M3 7187. 6124. 7187. 6133. 9136.

DT .0049 .0052 .0049 .0052 .0065
Column Base:

Bent 2 PI 18. 16. 18. 16. 18.

M2 106. 109. 108. 118. 340.

M3 288. 265. 288. 265. 289.



Table Al.18 Maximum Actions and DisplacelOents at the Attachments and Column Base
Due to a Transverse Shock (SOOE). (R.S. Er T.II. Analysis), (k.ft)

Location Component 10 Freque~c!~~__ 15 Frequencies 20 Frequencies

R.S. T.II. R.S. T.II. K.S.

Abut. 1 PI 372. 311. 372. 313. 498.

V2 296. 268. 296. 268. 1840.

V3 O. o. 0.3 o. 1.

~
HI 15. 14. 15. 14. 16.

}oJl 11910. 16220. 17910. 16220. 52870.

Bent 2 ~2 150. 136. 150. 136. 181.

M2 (Deck) 6. 5. 7. 5. 19.

Abut. 4 V2 272. 245. 272. 245. 1850.

M] 16850. 15215. 16850. 15214 . 52470.

DT .0051 .0047 .0051 . 0047 .0052

Column Base;

Bent 2 PI 46. 41. 46. 41. 46.

M2 65. 58. 65. 57. 67.

M3 733. 664. 733. 664. 748.



, '

Table A3.19 Maximum Actions at the Attachments and Column Base
Due to a Vertical Shock (SOOE), (R.S. & T.R. Analysis),
(k,ft)

Location Component 10 Frequencies 15 Frequencies

R. S. T.H. R. S. T.R.

Abut. 1 PI O. O. 6. 0.2

V2 o. O. 0.3 O.

V3 103. 107. 103. 11Z.

Ml 105. 98. 105. 99.

M3 6. 4. 8. 4.

Bent 2 V2 O. O. O. O.

V3 (Deck) 171- 182. 171- 177.

M2 (Deck) 4339. 4607. 4341. 4551.

Abut. 4 V2 O. O. 0.5 O.

M3 6. 4. 19. 4.

Column Base:

Bent 2 PI 215. 226. 216. 229.

M2 6. 5. 12. 5.

M3 200. 209. 200. 21Z.

..
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Table AJ.20 M~ Actions at ~he Attachments and Column Base Due To
El Centro Ear~hquake (S90W) and (VERT) Components,
CR. S. & T.H. Analysis), (k, ft)

.Locat1on Component Longitudinal Shock Vertical Shock
(S90W) (VERT)

R. s. T. H. R. S. T. H.

Abut. 1 PI 477. 519. 7. -0.2

V2 66. 73. 0.4 O.

V3 2. O. 53. 47.

Ml 4. 3. 44. 46.

113 3969. 3725. 7. 3.

Bent 2 V2 34. 29. O. O.

V3 (Deck) 1. O. 96. 89.

M2 (Deck) 26. 2. 2585. 2558.

Abut. 4 V2 68. 44. 0.6 O.

M3 4290. 2746. 23. 3.

Column Base:

Bent 2 PI 11. 9. 129. 126.

M2 68. 73. 14. 2.

M3 171. 139. 120. 117.

224



Table A3. 21 Maximum Actions and Displacements at the Attachments and Column Base Due to
El Centro Earthquake Different Components, (k,ft)

Location Component Longitudinal Shock Transverse Shock Vertical Shock 3-Direction Shock
(SOQE) (S90W) (VERT)

Response Time (sec) Response Time (sec) Response Time (sec) Response Time (sec)

Abut. 1 PI 798. 5.00 130. 4.02 0.2 LOB 767. 5.00

V2 111. 2.65 173. 1.94 O. 0.74 207. 2.08

V3 O. 2.61 O. 2.89 47. 3.36 47. 3.36

Ml 6. 3.54 9. 1.93 46. 3.36 43. 3.36
N

~ M3 6347. 2.65 10589. 1.94 3. 0.74 12134. 1.93

Bent 2 V2 53. 3.54 89. 1.94 O. 0.82 101. 1.93

V3 (Deck) O. 2.52 O. 3.48 89. 0.64 89. 0.64

H2 (Deck) 4. 2.59 3. 1.93 2558. 0.64 2558. 0.64

Abut. 4 V2 97. 3.54 163. 1.93 O. 0.74 179. 1.93

M3 6113. 3.54 10117. 1.93 3. 0.74 11115. 1.93

DT .0052 4.90 .0026 1.94 O. 0.74 .0056 2.22
Column Base:
Bent 2 PI 16. 3.54 27. 1.94 126. 0.64 125. 0.64

H2 11B. 5.00 26. 1.94 2. 3.40 116. 4.49

H3 265. 3.54 437. 1.94 117. 0.64 490. 1.93



Table A3.22 Maximu~ St~esses in B~idge Deck and Columns Due to
~l Centro Earthquake Diffe~ent Components, (ksi)

Location Material Longitudinal Shock Transverse Shock Vertical Shock 3-Direction Shock
(SOOE) (S90W) (VERT)

St~ess Time (sec) Stress Time (sec) Stress Time (sec) Stress Time (sec)

Abut. 1 Steel 1.31 2.23 1.68 1.94 o. 0.74 2.23 2.06

Cone. 0.21 2.23 0.33 1.94 O. 0.74 0.40 2.08

~ Span 1 Steel 1.01 5.00 0.48 1.94 1.16 3.35 1.15 3.34
(J'\

Cone. 0.14 5.00 0.09 1.94 0.08 3.35 0.15 3.36

Bent 2 Steel 0.73 2.22 0.56 1.94 1.64 0.64 1.90 0.64

Cone. 0.10 2.22 0.10 1.94 0.14 0.64 0.15 0.56

Span 2 Steel 0.97 4.99 1.17 1.94 1. 76 0.64 1.89 0.56

Cone. 0.15 5.00 0.22 1.94 0.12 0.64 0.26 1.94

Column Base:

Bent 2 Cone. 0.47 3.54 0.76 1.94 0.30 0.64 0.86 1. 94





Table A3.24 Maximum Stresses in Bridge Deck and Columns Due To
El" Centro Earthquake Different Components t (kat)

Location Material Longitudinal ~lock Transverse Shock Vertical Shock 3-Direction Shock
(S90W) (SOOE) (VERT)

Stress Time (sec) Stress Time (sec) Stress Time (sec) Stress Time (sec)

Deck:

Abut. 1 Steel 0.96 4.17 2.68 3.54 o. 0.74 2.96 2.65

~ Conc. 0.15 4.17 0.51 3.54 O. 0.74 0.56 2.65
00

Span 1 Steel 0.57 4.18 0.85 3.54 1.16 3.35 1. 22 3.36

Cone. 0.07 4.18 0.14 3.54 0.08 3.35 0.17 2.65

Dent 2 Steel 0.53 4.17 0.94 3.54 1.84 0.64 1.88 0.64

Cone. 0.07 4.17 0.16 3.54 0.14 0.64 0.18 2.64

Span 2 Steel 0.54 1.93 1.84 3.54 1. 78 0.64 1.97 2.65

Conc. 0.08 4.18 0.35 2.65 0.12 0.64 0.36 2.65

Column Base:

Bent 2 Cone. 0.25 1.94 1.19 2.65 0.30 0.64 1. 26 2.65



Table A3.25 Maximum Actions and Displacements at the Attachments
and Column Base for Different Damping Ratios, (k,ft)

Location Component 2% 5% 10%

Abut. 1 Pl 684. 518. 460.

V2 360. 291. 241.

V3 59. 47. 39.

Ml 66. 49. 38.

M3 22215. 17179. 14851.

Bent 2 V2 188. 142. 125.

M2 (Deck) 3259. 2558. 1879.

Abut. 4 V2 347. 250. 229.

M3 21456. 15526. 14222.

DT .0068 .0054 .0044

Column Base:

Bent 2 P1 156. 124. 93.

M2 112. 89. 78.

M3 943. 699. 610.
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Table A3.26 Maximum Stresses in Bridge Deck and Columns
For Different Damping Ratios, (ks1)

Location Material 2% 5% 10%

Deck:

Abut. 1 Steel 3.52 2.96 2.38

Cone. 0.68 0.56 0.45

Span 1 Steel 1. 78 1. 22 1.12

Cone. 0.23 0.17 0.13

Bent 2 Steel 2.39 1.88 1.37

Cone. 0.28 0.18 0.1.5

Span 2 Steel 2.78 1.97 1. 62

Cone. 0.44 0.36 0.31

Column Base:

Bent 2 Cone. 1. 70 1. 26 1.09
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Table A3.27 Structure Period For Composite Deck, Non-Composite Deck,
Rotational Inertia. and Long Columns Models

Frequency Mode Shape
(Hz) Direction

Long Columns

Period
(sec)

Frequency Mode Shape
(Hz) Direction

Rotational Inertia

Period
(sec)

Frequency Mode Shape
(Hz) Direction

Non-Composite Deck

Period
(sec)

Frequency Mode Shape
(Hz) Direction

Composite Deck

Period
(sec)

Mode ~ ~~~=_----_=:~~=~_=___:=~~__:====~-:=-::~==-

1 .265 3.77 y .457 2.19 y .266 3.76 y .265 3.77 y

2 .217 4.60 y .349 2.86 y .218 4.58 y .208 4.80 y

3 .167 5.98 y .240 4.17 y .173 5.79 y .. 185 5.40 Z&X

4 .144 6.95 Z&X .178 5.60 Z&X .166 6.04 y .148 6.78 y

5 .097 10.30 X&Z .138 7.25 X&Z .156 6.43 X[Rot. ] .125 7.99 X&Z(Coi. )

~ 6 .083 12.08 y .112 8.90 y .148 6.77 X[Rot.] .125 7.99 X&Z(Coi. )

...... 7 .074 13.49 y .107 9.30 y .144 6.95 Z&X .107 9.39 X&Z(Coi. )

8 .069 14.52 X&Z(Coi. ) .101 9.87 y .097 10.30 X&Z .102 9.78 X&Z(Co1.)

9 .069 14.52 X&Z(Coi. ) .087 11.47 Z&X .087 11.51 X[Rot.] .095 10.56 X&Z

10 .066 15.16 y .069 14.52 X&Z(Coi. ) .082 12.12 .y .076 13.08 Z&X(Co1.)

11 .062 16.10 Z&X .069 14.52 X&Z(Col. ) .081 12.39 X[Rot. ] .072 13.86 Z&X(Col. )

12 .045 22.39 y .063 15.99 y .077 12.96 X[Rot.] .071 14.18 Z&X(Coi. )

13 .044 22.50 X&Z(Coi. ) .056 17 .98 y .074 13.51 y .070 14.19 Z&X(Coi. )

14 .042 23.58 X&Z(Coi. ) .052 19.24 X&Z .066 15.10 y .066 15.16 y

15 .036 27.91 y .049 20.23 y .062 16.10 Z&X .064 15.57 y



Table A3. 28 MaxiWlm Actions and Dis~lacements at the Actachments and
Column Base For Composite Deck, Non-Composite Deck,
Rotational Inertia and Long Columns Models, (k,ft)

Local:ion Component Composite Deck Non-Composite Rotational Long Colum:cs
D~ck Inertia

Abut. 1 P1 518. 7U. SU. 492.

V2 291. 233. 291. 551-

V3 47. 45. 49. 69.

Ml 49. 28. 193. 61.

M3 17179. 13881. 17188. 34894.

Bent 2 V2 142. 294. 142. 33.

M2(Deck) 2558. 1668. 2510. 2867.

Abut. 4 V2 250. 222. 250. 535.

M3 15526. 13311. 15528. 33878.

DT .0054 .OU2 .0054 .0074

Column Ease:
Bent 2 Pl 124. lll. 119. 126.

M2 89. 206. 78. 132.

M3 699. 1308. 694. 250.
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Table AJ.29 Maximum Stresses in Bridge Deck and Columns For
Composite Deck, Non-Composite Deck, Rotational Iner~ia

and Long Columns Models, (ksi)

Location Material Composite Deck Non-Composite Rotational Long Columns
Deck -Inertia

Deck:

Abut. 1- Steel 2.96 5.25 2.95 5.33

Cone. 0.56 o. 0.56 1.05

Steel("r) ,1.15 2.43 1.15 2.16

Cone. ("r) 0.05 o. 0.05 0.09

Span 1 Steel 1.22 2.64 1.24 1.61

Cone. 0.17 o. 0.17 0.29

Bent 2 Steel 1.88 2.70 1.84 2.26

Cone. 0.18 o. 0.18 0.39

Span 2 Steel 1.97 4.58 1. 98 3.37

Cone. 0.36 O. 0.37 0.66
Column Base:

Bent 2 Cone. 1.26 2.33 1. 24 0.46

Conc.("t') 0.10 0.18 0.10 0.02
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Table A3. 30 Structure Period For 2-Column and Rigid-Column Straight Models

2-Column 'Rigid-Column Exact Solution

Mode
Period Frequency Mode Shape Period Frequency Mode Shape Period Frequency Mode Shape

(Bee) (Hz) Direction (sec) (Hz) Direction (sec) (Hz) Direction

1 .265 3.71 y .265 3.71 y .265 3.77 y

2 .220 4.54 Y .201 4.84 y .206 4.84 .y

N 3 .171 5.85 y .142 7.06 Y .142 7.06 y

~
4 .137 7.31 z .100 9.99 X

5 .101 9.89 X .066 15.08 y .118 8.49 y

6 .082 12.25 y .058 17.18 y .058 11.19 y

7 .074 13.57 y .047 21.04 y .047 21.10 y

8 .069 14.52 X(Coi. ) .034 29.83 Z .034 29.84 z

9 .069 14.52 X(Col. ) .033 29.88 X

10 .066 15.08 y .030 33.72 y



Table A3.3l Maximum Actions at the Attachments For 2-Column and
Rigid-Column Straight Models, (k,ft)

Location Component 2-Column Rigid-Column

Abut. 1 P1 535. 524.

V2 312. o.

V3 47. 68.

M1 17. o.

M3 19852. o.

Bent 2 M2(Deck) 2303. 2861.

Abut. 4 V2 312. o.

M3 19852. O.

Table A3.32 Maximum Stresses in Bridge-Deck For 2-Column and
Rigid-Column Straight Models, (ksi)

Location Material 2-Column Rigid-Column

Abut. 1 Steel 3.06 0.56

Cone. 0.60 0.07

Span 1 Steel 1.31 1. 20 ."

Cone. 0.14 0.12

Bent 2 Steel 2.10 2.58

Cone. 0.21 0.17

Span 2 Steel. 1.99 2.05

Cone. 0.40 0.14
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Table AJ.33 Max1mum Stresses in Bridge'Deck and Columns Due
to Dead Load, (ksi)

Location Material Stress

Deck:

Span 1 Stee~ 4.80

Conc. 0.30

Bent 2 Steel. 6.80

Span 2 Steel. 2.60

Conc. 0.16

Column Base:

Bent 2 Conc. 0.88
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A.4 4-Span Curved Bridges

Table A4.1 Structure Period and Participation Factors

Mode Period Frequency Participation Factor
(sec) (Hz) X y Z

1 •266 3.76 o. o. o.

2 . 235 4.27 o. 3.00 o.

3 .190 5.26 3.31 o. -7.38

4 .188 5.32 -0.02 O. 0.05

5 •161 6.23 o. 7.89 O.

6 .126 7.96 -7.69 O. -2.69

7 .102 9.81 0.22 O. -0.24

8 . 084 11.89 o. 0.43 o.

9 •079 12.63 o. o. O.

10 . 072 13.98 O. 1.37 O.

11 . 069 14.52 O. o. O.

12 .069 14.52 o. O. O.

13 . 069 14.52 O. O. O.

14 . 066 15.14 O. O. O.

15 .057 17.61 0.14 O. 3.24

16 .049 20.53 -2.41 0.04 -0.53

17 .047 21.24 0.05 2.22 O.

18 .044 22.78 0.42 0.01 0.12

19 .042 23.57 0.45 -0.02 -0.08

20 .040 24.98 0.04 O. O.
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Table M.2 M~xiwum Actions at the Attachments and Column Base. (k.ft).(10.15. and 20 Frequencies)

Long. Shock (T.".) Trans. Shock (T.".) Vert. Shock (T.".) 3-Direction Shock (T.".)
Location Component 10 15 10 15 10 15 15 20

Abut. 1 PI 1387. 1387. 648. 647. O. O. 871. 888.

V2 201. 202. 244. 267. O. 0: 301. 302.

V3 O. O. O. O. 110. 110. 52. 49.

M3 8459. 8483. 17184. 18548. 9. 10. 21038. 210]2.

~ Bent 2 V2 95. 95. 19]. 191. O. O. 221. 221.(X)

M2(Deck) 3. 3. 6. 6. 3844. ]844. 2099. 2085.

Bent 3 V2 190. 190. 349. 351. O. O. 408. 408.

M2(Deck) 6. 6. U. 11. 4508. 4508. 3238. 3217.

Abut. 5 V2 12]. 123. 189. 236. O. O. 268. 268.

M3 10031. 10018. 15501. 16984. 8. 8. 19520. 19523.
Column Base;

Bent 2 PI 26. 26. 5]. 54. 188. 188. 119. 116.

M2 182. 182. 98. 98. 4. 4. 129. 140.

M3 423. 423. 845. 873. 174. 174. 1007. 1007.

Bent 3 PI 54. 54. 96. 95. 225. 225. 156. 157.

M2 341. 341. 2]9. 239. O. O. ]05. 310.

M3 867. 866. 1534. 1515. 208. 208. 1759. 1758.



Table M.3 Maximum Stresses in Bridge Deck and Columns. (ksi).(10.15. and 20 Frequencies)

Long.Shock (T.H.) Trans. Shock (T.H.) Vert. Shock (T.H.) 3-Direction Shock (T.M.)
Location Material

10 15 10 15 10 15 15 20

Deek:
Abut. 1 Steel 2.74 2.74 3.20 3.23 o. o. 3.93 3.95

Cone. 0.43 0.44 0.59 0.59 o. O. 0.72 0.72

Span 1 Steel 1.69 1.69 1. 59 1.58 2.83 2.83 2.06 2.08
N
w
\0 Cone. 0.24 0.24 0.27 0.26 0.19 0.19 0.34 0.35

Bent 2 Steel 1.51 1.51 0.70 0.73 2.76 2.76 1.49 1.49

Cone. 0.21 0.21 0.09 0.10 0.21 0.21 0.15 0.15

Span 2 Steel 1.69 1.69 1.94 1.93 2.25 2.25 2.45 2.46

Cone. 0.24 0.24 0.34 0.34 0.15 0.15 0.43 0.43

Bent 3 Steel 1.24 1.24 1.29 1.28 3.24 3.24 2.34 2.33

Cone. 0.18 0.18 0.22 0.21 0.24 0.24 0.25 0.24

Column Base:
Bent 2 Cone. 0.76 0.76 1.51 1.56 0.45 0.45 1.80 1.80

Bent 3 Cone. 1.55 1.55 2.75 2.71 0.54 0.54 3.15 3.15



Table A4.4 Maximum Actions and Displacemen~s at the Attachments and
Column Base Due to a Longitudinal Shock (SOOE),
(R.S. & T.H. Analysis), (k, ft)

Location Component 10 Frequencies 15 Frequencies 20 Frequencies

R.S. T.a. R.S. T.a. R.S.

Abut. 1 Pl 1249. 1387. 1249. 1387'. 1251.

172 149. 201. 149. 202. 149.

V3 O. O. O. O. 6.

Ml 8. 9. 8. 9. 8.

M3 7884. 8459. 7885. 8483. 7885.

Bent 2 172 90. 95. 90. 95. 90.

M2(Deck) 18. 3. 18. 3. 91.

Bent 3 172 173. 190. 173. 190. 173.

M2(Declc) 5. 6. 5. 6. 7.

Abut. 5 172 119. 123. 119. 123. 119.

M3 9623. 10031. 9624. 10018. 9624.

D'r .0104 .0133 .0104 .0133 .0104

Column Base:

Bent 2 Pl 25. 26. 25. 26. 26.

M2 1.59. 182. 1.59. 182. 164.

M3 397. 423. 397. 423. 397.

Bent 3 Pl 49. 54. 49. 54. 49.

M2 281. 341. 281. 341. 282.

M3 789. 867. 789. 866. 789.
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Table A4.5 Maximum Actions and Displacements at the Attachments and
Column Base Due to a Transverse Shock (SOOE),
(R.S. & T.H. Analysis), (k, ft)

Location Component 10 Frequencies 15 Frequencies 20 Frequencies

R.S. T.H. R.S. T.H. R. S.

Abut. 1 P1 614. 648. 614. 647. 615.

V2 233. 244. 244. 267. 244.

V3 l. O. l. O. 15.

M! 18. 18. 18. 19. 18.

M3 17270. 17184. 17470. 18548. 17470.

Bent 2 V2 196. 193. 196. 19l. 196.

M2(Deck) 39. 6. 39. 6. 43.

Bent 3 V2 353. 349. 353. 35l. 353.

M2:Deck) 10. 11. 10. 11. 10.

Abut. 5 V2 186. 189. 200. 236. 200.

M3 15160. 1550l. 15380. 16984. 15380.

DT .0107 .0115 .0107 .0116 .0107

Column Base:

Bent 2 P1 55. 53. 55. 54. 55.

M2 90. 98. 90. 9S. 9l.

M3 860. 845. 86l. 873. 86l.

Bent 3 P1 97. 96. 97. 95. 97.

M2 218. 239. 218. 239. 218.

M3 1547. 1534. 1548. 1515. 1548.
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Table A4. 5 Maxima Actions at the Attachments and Column Base
Due to a Vertical Shock (SOOE), eR.S. & T.a. Analysis),
(k,ft)

Location Component - 10 Frequencies 15 Frequencies

R.S. T.a. R.S. T.a.

Abut. 1 Pl O. O. O. O.

V2 O. O. o. O.

V3 98. liO. 98. 110.

Ml 104. 116. 104. 115.

M3 12. 9. 12. 10.

Bent 2 V2 O. O. O. O.

V3(Deck) 150. 177. 150. 177.

M2(Deck) 3179. 3844. 3179. 3844.

Bent 3 V2 O. o. O. O.

V3(Deck) 200. 202. 200. 202.

M2(Deck) 4495. 4508. 4495. 4508.

Abut. 5 V2 O. O. O. O.

M3 11. 8. ll. 8.

Column Base:

Bent 2 Pl 158. 188. 158. 188.

M2 5. 4. 5. 4.

M3 146. 174. 146. 174.

Bent 3 PI 223. 225. 223. 225.

M2 O. O. O. O.

M3 206. 208. 206. 208.
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Table A4.7 Maximum Actions at the Attachments and Column Base
Due to E1 Centro Earthquake (S90W) and (VERT) Components,
(R.S. & T.H. Ana1ysi~), (k.'£t)

Longitudinal Shock Vertical Shock
Location Component (S90W) (VERT)

R.S. T.H. R.S. T.H.

Abut. 1 PI 586. 626. O. O.

V2 91- 97. O. O.

V3 O. O. 46. 52.

m 6. 6. 40. 46.

M3 5797. 5958. 6. 5.

Bent 2 V2 66. 63. O. O.

V3(Deck) O. O. 85. 83.

M2(Deck) 13. 2. 2251- 2099.

Bent 3 V2 122. 109. O. O.

V3(Deck) O. O. 145. 147.

M2 (Deck) 4. 3. 3185. 3237.

Abut. 5 V2 73. 52. O. O.

M3 5912. 4292. 5. 4.

Column Base:

Bent 2 P1 19. 17. 115. 109.

M2 75. 82. 2. 2.

M3 290. 277. 106. 101.

Bent 3 PI 34. 30. 163. 164.

M2 139. 156. O. O.

M3 543. 474. 151. 152.
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Table A4.8 Maximum Actions and Displacements at the Attachments and Column Base i}ue to
El Centro Earthquake Different Components. (k.ft)

Longitudinal Shock Transverse Shock Vertical Shock )-Direction Shock
Location Component (S90W) (SOOE) (VERT)

Response Time Response Time Response Time tlesponse Time
(sec) (sec) (sec) (sec)

Abut. 1 PI 626. 1.92 647. 2.66 O. 0.95 8H. 2.66

V2 97. 1.93 267. 2.26 O. 0.86 301. 2.67

V3 O. 2.85 O. 2.88 52. 3.35 52. 3.35

M1 6. 4.61 19. 2.26 46. 3.35 43. 1.04

M3 5958. 4.60 18548. 2.26 5. 0.86 21038. 2.26

Bent 2 V2 63. 4.61 191. 2.26 O. 0.78 22l. 2.26

N V3(Deck) O. 4.83 O. 2.99 83. 3.34 83. i.34
f M2(Deck) 2. 4.84 6. 2.25 2099. 0.63 2099. 0.63

Bent 3 V2 109. 4.61 351. 2.26 O. 0.77 408. 2.26

V3(Deck) O. 4.55 O. 2.73 147. 0.63 147. 0.63

M2(Deck) 3. 4.60 11. 2.67 ]237. 0.6] 3238. 0.63

Abut. 5 V2 52. 4.61 236. 2.26 O. 0.86 268. 2.26

M] 4292. 4.61 16984. 2.26 4. 0.86 19520. 2.26

DT .0062 1.9] .0116 2.68 O. 0.95 .0144 2.67
ColuDln Base:

Bent 2 PI 17. 4.61 54. 2.26 109. 0.63 119. 3.34

M2 82. 1.92 98. 2.68 2. 0.63 129. 2.68

M] 277. 4.61 873. 2.26 101. 0.63 1007. 2.26

Bent ] PI 30. 4.61 95. 2.48 164. 0.63 156. 0.63

M2 156. 1.9] 239. 2.68 O. 0.95 ]05. 2.67

M3 474. 4.61 1515. 2.48 152. 0.63 1759. 2.26



Table A4.9 Maximum Stresses in Bridge Deck and Columns Due to El Centro Earthquake Different
Components. (ksi)

Longitudinal Shock Transverse Shock Vertical Shock 3-Direction Shock
Location Material (S90W) (SOOE) (VERT)

Stress Time Stress Time Stress Time Stresa Time
(sec) (sec) (sec) (sec)

Deck:

Abu·t. 1 Steel 1.32 1.93 3.23 2.68 O. 0.86 3.93 2.67

Cone. 0.22 4.60 0.59 2.68 O. 0.86 0.72 2.67
N
.j>
Vl Span 1 Steel 0.75 1.93 1.58 2.67 1.13 3.35 2.06 2.67

Cone. 0.10 4.60 0.26 2.67 0.08 3.35 0.34 2.67

Bent 2 Steel 0.68 1.93 0.73 2.68 1. 51 0.63 1.49 0.55

Cone. 0.09 1.93 0.10 2.68 0.11 0.63 0.15 3.47

Span 2 Steel 0.82 1.93 1.93 2.67 1.61 0.63 2.45 2.67

Cone. 0.13 4.60 0.34 2.67 0.11 0.63 0.43 2.67

Bent 3 Steel 0.49 4.60 1.28 2.67 2.32 0.63 2.34 0.63

Conc. 0.08 4.60 0.21 2.67 0.17 0.63 0.25 2.88

Column Base:

Bent 2 Cone. 0.50 4.61 1.56 2.26 0.26 0.63 1.80 2.26

Bent 3 Cone. 0.85 4.61 2.71 2.48 0.39 0.63 3.15 2.26



Table A4.l0 Maximum Actions and Displacements at the Attachments and
Column Base For Different Damping Ratios, (k,ft)

Location C~onent 2% 5% 10%

Abut. 1 PI 1147. 871. 646.

V2 389. 301. 249.

V3 67. 52. 46.

Ml 56. 43. 37.

M3 26540. 21038. 18060.

Bent 2 V2 290. 221. 19l.

M2(Deck) 2665. 2099. 1555.

Bent 3 V2 507. 408. 354.

M2(Deck 41.52. 32.38. 227.3.

Abut. 5 V2 296. 268. 2.3l.

M.3 22240. 19520. 16995.

DT .0187 .0144- .0105

Column Base:

Bent 2 PI 167. 119. 97.

M2 165. 129. 96.

M3 1289. 1007. 86.3.

Bent 3 PI 212. 1.56. Ill.

M2 393. 305. 22.3.

M3 2222. 1759. 1.527.
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Table A4.ll Maximum Stresses in Bridge Deck and Columns For
Different Damping Ratios, (ksi)

Location Material 2% 5% 10%

Deck:

Abut. 1 Steel 5.08 3.93 2.92

Cone. 0.93 0.72 0.56

Span 1 Steel 2.67 2.06 1.50

Cone. 0.45 0.34 0.25

Bent 2 Steel 2.04 1.49 1.17

Cone. 0.18 0.15 0.13

Span 2 Steel 3.12 2.45 1.81

Cone. 0.54 0.43 0.32

Bent 3 Steel 2.98 2.34 1. 65

Cone. 0.35 0.25 0.19

Column Base:

Bent 2 Cone. 2.33 1.80 1.54

Bent 3 Cone. 3.99 3.15 2.73
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Table M.12 Structure Pertod For Compostte Deck, Non-Composite Deck,
Rotational Inertia, and Long Columns Models

Mode Composite Deck Non-Composite Deck Rotational Inertia Long Columns
Period Frequency Mode Shape Period Frequency Mode Shape Period Frequency Mode Shape Period Frequency Mode Sh<f
(sec) (liz) Direction (sec) (liz) Direction (sec) (Hz) Direction (sec) (Hz) DirectiOl

1 .266 3.76 Y .457 2.19 y .267 3.75 y .327 ].06 ZIi.X

2 .235 4.27 y . ]86 2.59 y .2]6 4.24 y .266 ].76 y

~ 3 .190 5.26 Z&X .286 3.50 y .190 5.25 ZIi.X .228 4.]6 y

-{:..

~ 4 .188 5.32 y .224 4.46 y .189 5.30 y .113 5.77 y

5 .161 6.23 y .217 4.61 Z&X .174 5.76 K[Rot. ) .139 7.21 y

6 .126 7.96 X&Z .171 5.84 X&Z .162 6.18 K[Rot.) .133 7.49 X&Z

7 .102 9.81 Z .136 7.36 Z .160 6.24 y .125 7.99 K(Col. )

8 .084 11.89 Y .112 8.90 y .151 6.62 K[Rot.] .125 7.99 K(Col. )

9 .079 12.63 y .109 9.14 y .147 6.61 X(Rot. ] .125 7.99 X(Col. )

10 .072 13.98 y .104 9.63 y .126 7.96 X&Z .116 8.63 Z

11 .069 14.52 X(Col. ) .101 9.95 y .102 9.81 Z .103 9.77 K(Col. )

12 .069 14.52 K(Col. ) .080 12.48 Z .088 11.36 X[Rot.] .102 9.79 K(Col. )



Table A4.13 Maximum Actions and Displacements at the Attachments and Column Base For Composite Deck.
Non-Composite Deck. Rotational Inertia. and Long Columns Models. (k.ft)

Location Component Composite Deck Non-Composite Deck Rotational Inertia Long Columns

Abut. 1 PI 871. 1122. 870. 819.

V2 301. 222. 297. 767.

V3 52. 48. 48. 63.

M1 43. 35. 146. 69.

N M3 21038. 12375. 20249. 60917 .
.J:"
-0 Bent 2 V2 221. 290. 221. 2.

M2(Deck) 2099. 1401. 2061. 2929.

·Bent 3 V2 408. 510. 402. 9.

M2(Deck) 3238. 2070. 3194. 3644.

Abut. 5 V2 268. 154. 217. 635.

M3 19520. 9372. 17635. 53755.

DT .0144 .0291 .0144 .0287

Column Base:

Bent 2 PI 119. 81. 114. 143.

M2 129. 311. 129. 101.

M3 1007. 1217. 980. 393.

Bent 3 PI 156. 139. 148. 187.

M2 305. 637. 304. 137.

M3 1759. • 2186. 1778. 696.



Table M.14 Maximum Stresses in Bridge Deck and Columns For Composite Deck. Non-Composite Deck.
Rotational Inertia. an~ Long Columns Models. (ksi)

Location Material Composite Deck Non-Composite Deck Rotational Inertia Long COIUDUIS

Deck:

Abut. I Steel ].9] 6.80 ].90 9.81

Cone. 0.72 O. 0.11 1.89

Steel (T) 1.18 2.]2 1.22 2.97

Cone. (T) 0.05 o. 0.04 0.13

Span I Steel 2.06 ].6] 2.05 4.44

Cone. 0.]4 o. 0.]4 0.82
~

1.470 Bent 2 Steel 1.49 ].59 2.]2

Cone. 0.15 O. 0.13 0.29

Span 2 Steel 2.45 4.84 2.44 5.01

Cone. 0.4] o. 0.4] 0.94

Bent ] Steel 2.]4 ].54 2.ll 5.25

Cone. 0.25 o. 0.26 0.97

Column Base:

Bent 2 Cone. 1.80 2.17 1.77 0.73

Cone. (T) 0.14 O.-P 0.14 0.02

Bent ] Cone. ].15 3.90 ].18 1.29

Cone. (T) 0.24 0.30 0.24 0.0]



Table A4.l5 Maximum Stresses in Bridge Deck and Columns
Due to Dead Load, (ksi)

Location Material Stress

~:

Span 1 Steel 4.69

Cone. 0.29

Bent 2 Steel 7.06

Span 2 Steel 2.85

Cone. 0.18

Bent 3 Steel 5.65

Column Base:

Bent 2 Cone. 0.89

Bent 3 Cone. 0.79
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A.S 5-Soan Curved Bridges

Table AS.1 Structure Period and Participation Factors

Period Frequency Participation Factor
Mode (sec) (Hz) X y Z

1 . 266 3.76 O. 1.73 O•

2 . 244 4.10 O. O. O•

3 . 217 4.62 4.81 O• -7.87

4 .205 4.88 O. 3.13 0.01

5 .174 5.74 O. O• O.

6 .1.58 6.34 O. -8.81 O.

7 .1.51 6.62 7.83 O. 3.69

8 .137 7.28 -1. 79 O. -1.33

9 .08.5 11.81 O. O. O.

10 .084 11.84 0.41 O. 3.73

11 . 082 12.27 O. -0.61 O.

12 •076 13.11 O• O. O.

13 . 070 14.30 O. 1.35 O.

14 . 069 14.52 O. O. O.

1.5 . 069 14.52 O• O. O.

16 .066 1.5.14 0.02 O. O.

17 .058 17.24 3.11 O. 0.72

18 .054 18.63 -0.06 O. 0.20

19 . 048 20.64 O. 2.54 O.

20 .045 22.39 -0.77 -0.02 -0.21
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Table A5.2 Maximum Actions at the Attachments and Column Base, (k,ft),(10,15. and 20 Frequencies)

Long Shock (T.H.) Trans. Shock (T.H.) Vert. Shock (T.H.) 3-Direction Shock (T.H.)
Location Component

10 15 10 15 10 15 15 20

Abut. 1 PI 1130. 1130. 779. 779. O. o. 1175. 1188.

V2 196. 195. 252. 253. O. O. 290. 290.

V3 O. O. O. O. 94. 92. 52. 47.

M3 10640. 10641. 15719. 15718. 6. 7. 20506. 20651.

N Bent 2 V2 106. 106. 189. 189. o. O. 248. 248.
11I
Lv

M2(Deck) 5. 5. 7. 7. 3227. 3227. 1909. 1902.

Bent 3 V2 240. 240. 436. 436. o. o. 534. 534.

M2(Deck) 6. 6. 12. 12. 3560. 3551. 3000. 2981.

Abut. 6 V2 101. 101. 160. 160. O. O. ·183. 187.

M3 8629. 8629. 12229. 12230. 5. 5. 15613. 15692.
Column Base:

Bent 2 PI 29. 29. 49. 49. 159. 162. 95. 96.

M2 146. 146. 107. 107. 4. 4. 160. 161.

MJ 459. 459. 786. 786. 147. 150. 1077 . 1078.

Bent 3 PI 66. 66. 119. 119. 185. 185. 160. 158.

M2 302. 302. 248 248. 4. 4. 375. 375.

M3 1047. 1047. 1889. 1889. 17l. 172. 2292. 2289.



Table A5.3 Maximum Stresses in Bridge Deck an~ Columns, (ksi),(10,15, and 20 frequencies)

Long Shock (T.lI.) Trans. Shock (T.lI.) Vert. Shock (T.lI.) 3-Dt.rection Shock (T.II.)
Location Materto1

10 15 10 15 10 15 15 20

Deck:
Abut. 1 Steel 2.76 2.76 ].05 ].05 o. O. 4.15 4.15

Conc. 0.46 0.46 0.55 0.55 O. O. 0.13 0.74

Span 1 Steel 1.62 1.62 1.55 1.55 2.28 2.28 2.68 2.72

~ Conc. 0.2] 0.2] 0.26 0.26 0.15 0.15 0.39 o. ]9
.J::'-

Bent 2 Steel 1.]6 1.36 0.93 0.9] 2.]2 2.32 1.65 1.68

Conc. 0.19 0.19 0.14 0.14 0.17 0.17 0.25 0.26

Span 2 Steel 1.74 1. 74 1.59 1.59 2.24 2.21 2.33 2.41

Cone. 0.27 0.27 0.26 0.26 0.15 0.15 0.36 0.36

Bent 3 Steel 1.09 1.09 0.88 0.88 2.56 2.55 2.20 2.l9

Conc. 0.15 0.15 0.15 0.15 0.19 0.19 0.26 0.26

Span 3 Steel 1.28 1.28 2.04 2.04 2.67 2.67 2.48 2.47

Conc. 0.21 0.21 0.38 0.38 0.18 0.18 0.45 0.45

Column Base:
n~nt 2 Cone. 0.82 0.82 1.41 1.41 0.38 0.39 1.94 1.94

,
Bent 3 Cone. 1.87 1.87 ].]8 ].]8 0.44 0.44 4.11 4.11



· Table AS.4 Maximum Actions and. Displacements at the Attachments and
Column Base Due to a Longitudinal Shock (SOOE),
CR. S. & T.H. Analysis), (k,ft)

Location Component 10 Frequencies 15 Frequencies 20 Frequencies

R.S. T.H. R. S. T.H. R.S.

Abut. 1 P1 1027. 1130. 1027. 1130. 1036.

V2 209. 196. 209. 195. 210.

V3 o. o. o. o. O.

Ml ll. 10. ll. 10. 11.

M3 11440. 10640. 11440. 1064I. 11460.

Bent 2 V2 118.• 106. 118. 106. 118.

M2(Deck) 9. 5. 9. 5. 9.

Bent 3 V2 246. 240. 246. 240. 246.

M2(Deck) 4. 6. 4. 6. 4.

Abut. 6 V2 145. 10I. 145. 10l. 146.

M3 11770. 8629. 11770. 8629. 11780.

DT .0128 .0165 .0128 .0165 .0128

Column Base:

Bent 2 P1 32. 29. 32. 29. 32.

M2 132. 146. 132. 146. 137.

M3 51l. 459. 51lo 459. 51lo

Bent 3 P1 66. 66. 66. 66. 66.

M2 263. 302. 263. 302. 265.

M3 1053. 1047. 1053. 1047. 1053.
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Table AS.5 Maximum Ac~ions and Displacements at ehe Attachments and
Column Base Due to a Transverse Shock (SOOE),
(R.S. & T.R. Analysis), (k,f~)

Location ········10·· Frequencies 15 Frequencies· 20 FrequenciesComponent

R.S. T.R. R.S. T.R. R.S.

Abut. 1 Pl 789. 779. 789. 779. 790.

V2 234. 252. 234. 253. 234.

V3 O. O. O. O. O.

Ml 17. 17. 17. 17. 17.

M3 1.5930. 15719. 1.5930. 1.5718. 1.5930.

Bent 2 V2 182. 189. 182. 189. 182.

MJ:Deck) 15. 7. 15. 7. 1.5.

Bent 3 V2 393. 436. 393. 436. 393.

M2(teck} 7. 12. 7. 12. 7.

Abut. 6 V2 168. 160. 168. 160. 168.

M3 12410. 12229. 12410. 12230. U410.

DT .0168 .01.59 .0168 .0159 .0168

Column Base:

Bent 2 P1 49. 49. 49. 49. 49.

M2 108. 107. 108. 107. 109.

M3 788. 786. 788. 786. 788.

Bent 3 P1 105. 119. 105. 119. 105.

M2 258. 248. 258. 248. 258.

M3 1672. 1889. 1672. 1889. 1672.

256



Table AS.6 Maximum Actions at the Attachments and Column Base
Due to a Vertical Shock (SOOE), (R.S. & T.H. Analysis),
(k,ft)

Location Component 10 Frequencies 15 Frequencies

R.S. T.H. R.S. T.H.

Abut. 1 P1 o. o. o. o.

V2 o. o. O. O.

V3 74. 94. 75. 92.

Ml 77. 94. 77. 92.

M3 ll. 6. ll. 7.

Bent 2 V2 O. O. O. O.

V3(Deck) 120. 15l. 12l. 152.

M2(Deck) 2866. 3227. 2866. 3227.

Bent 3 V2 O. O. O. O.

V3(Deck) 171. 161. 171. 164.

M2(Deck) 3964. 3560. 3964. 3551.

.Abut. 6 V2 O. o. o. o.

M3 8. 5. 8. 5.

Column Base:

Bent 2 P1 142. 159. 142. 162.

M2 4. 4. 4. 4.

M3 131- 147. 132. 150.

Bent 3 P1 205. 185. 205. 185.

M2 4. 4. 4. 4.

M3 189. 171. 189. 172.
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Table AS. 7 Maximum Ac~io11S at the Attachments and Column Base
Due to El Centro Earthquake (S90W) and (VERT) Co~oneuts,

(R.S. & T.R. Analysis), (k 7 ft)

Longitud1nal Shock Vertical Shock
Location Component (S90W) (VERT)

R.S. T.R. R.S. T.R.

Abut: • 1 Pl 727-. 782. - o. o.

V2 1.52. 135. o. o.

V3 o. O. 40. 5l.

Ml 9. 9. 35. 46.

M3 8953. 8473. 6. 3.

Bent 2 V2 98. 98. O. O.

V3(Deck) O. O. 75. 81.

M2(Deck) 7. 5. 1993. 1909.

Bent: 3 V2 209. 208. O. O.

V3(Deck) O. O. 130. 130.

M2(Deck) 3. 3. 3019. 2999.

Abut. 6 V2 100. 75. O. O.

M3 8503. 671.5. 4. 2.

Column Base:

Bent: 2 Pl 26. 26. 102. 96.

M2 95. 99. 2. 2.

M3 420. 418. 94. 89.

Bent 3 Pl 56. 55. 1.57. 1.56.

M2 194. 196. 2. l.

M3 892. 880. 145. 144.
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Table A5.8 Maximum Actions and Displacements at the Attachments and Column Base Due to
El Centro Earthquake Different Components, (k,ft)

Longitudinal Shock Transverse Shock Vertical Shock 3-Direction Shock
Location Component (S90W) (SOOE) (VERT)

Response Time Response Time Response Time Response Time
(sec) (sec) (sec) (sec)

Abut. 1 PI 782. 1.95 ·779. 2.72 O. 0.95 1175. 2.71

V2 135. 3.35 253. 4.98 O. 0.89 290. 3.26

V3 O. 3.59 O. 3.37 51. 3.35 52. 3.35

M1 9. 2.91 17. 2.50 46. 3.35 58. 3.35

M3 8473. 2.91 15718. 4.98 3. 0.(19 20506. 2.92

Bent 2 V2 98. 2.91 189. 2.51 O. 0.70 248. 2.92

IV V3(Deck) O. 3.35 O. 3.50 81. 3.34 81. 3.34
lJl
\.0 M2(Deck) 5 3.36 7. 3.27 1909. 0.56 1909. 0.56

Bent 3 V2 208. 2.92 436. 2.51 O. 0.70 534. 2.92

V3(Deck) o. 3.58 O. 3.36 130. 0.63 130. 0.63

M2(Deck) 3. 2.91 12. 2.51 2999. 0.63 3000. 0.63

Abut. 6 V2 75. 3.58 160. 2.47 o. 1.11 183. 3.57

M3 6715. 3.58 12230. 2.08 2. 0.69 15613. 3.03

DT .0104 2.90 .0159 2.72 O. 0.98 .0239 2.71
Column Base:

Bent 2 PI 26. 2.91 49. 2.50 96. 0.63 95. 0.55

M2 99. 1.95 107. 2.72 2. 3.40 160. 2.71

M3 418. 2.91 786. 2.50 89. 0.63 1077 • 2.92

Bent 3 PI 55. 2.92 119. 2.51 156. 0.63 160. 2.93

M2 196. 1.95 248. 2.72 1. 1.11 375. 2.71

M3 ~ 880. 2.92 1889. 2.51 144. 0.63 2292. 2.92



Table A5.9 Maximum Stresses in Bridge Deck and Columns Due to El Centro Earthqua~e Different
Components t (kai)

Longitudinal Shock Transverse Shock Vertical Shock 3-Direction Shock
Location Material (S90W) (SOOE) (VERT)

Stress Time Stress Time Stress Time Stress Time
(sec) (sec) (see) (see)

Deck:

Abut. 1 Steel 1.86 2.90 3.05 4.98 O. 0.89 4.15 2.71

Cone. 0.32 2.90 0.55 4.98 O. 0.89 0.7J 2.71

N Span 1 Steel 1.06 2.90 1.55 2.72 1.10 3.35 2.68 3.35
0'\
0

Cone. 0.17 2.90 0.26 2.51 0.07 3.35 0.39 2.71.

Bent 2 Steel 0.93 4.19 0.93 4.89 1.37 0.56 1.65 3.34

Cone. 0.14 4.19 0.14 4.89 0.10 0.56 0.25 3.34

Span 2 Steel 1.17 3.35 1.59 4.98 1.35 0.55 2.33 3.34

Cone. 0.18 3.35 0.26 4.98 0.09 0.55 0.36 3.26

Bent 3 Steel 0.73 3.35 0.88 2.51 2.15 0.63 2.20 0.63

Cone. 0.10 3.35 0.15 2.51 0.16 0.63 0.26 3.34

Span 3 Steel 1.03 2.92 2.04 2.51 1. 74 0.70 2.48 2.93

Cone. 0.18 2.92 0.38 2.51 0.12 0.70 0.45 2.93

ColwUIl Base:
Bent 2 Cone. 0.75 2.91 1.41 2.50 0.23 0.63 1.94 2.92

Bent 3 Cone. 1.58 2.92 3.38 2.51 0.37 0.63 4.11 2.93



'.:

Table AS.IO Maximum Actions and Displacements at the Attachments and
Column Base For Different Damping Ratios, (k,ft)

Location Component 2% 5% 10%

Abut. 1 PI 1688. 1175. 879.

V2 458. 290. 224.

V3 59. 52. 45.

Ml. 77. 58. 43.

M3 30167. 20506. 15757.

Bent 2 V2 338. 248. 192.

M2(Deck) 2303. 1909. 1655.

Bent 3 V2 728. 534. 434.

M2(Deck) 3894. 3000. 2096.

Abut. 6 V2 316. 183. 148.

M3 26548. 15613. 11783.

DT .0323 .0239 .0173

Column Base:

Bent 2 PI 126. 95. 8l.

M2 229. 160. 120.

M3 1480. 1077 . 817.

Bent 3 PI 254. 160. 117.

M2 533. 375. 277.

M3 3150~ 2292. 1863.
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Table AS.ll Maximum Stresses in Bridge Deck and Columns For
Different Damping Ratios, (~i)

Location Material 2% 5% 10%

~:

Abut. 1 Steel 6.18 4.1.5 3.05

Cone. 1.10 0.73 0.54

Span 1 Steel 3.86 2.68 1. 75

Conc. 0.51 0.39 0.28

Bent 2 Steel 2.1.5 1.65 1.21

Conc. 0.33 0.25 0.20

Span 2 Steel 3.81 2.33 1.66

Cone. 0.58 0.36 0.27

Bene 3 Steel 2.92 2.20 1.53

Conc. 0.40 0.26 0.11

Span 3 Steel 3.45 2.48 1.93

Cone. 0.63 0.45 0.36

Column Base:

Bene 2 Cone. 2.67 1.94 1. 46

Bent 3 Conc. 5.66 4.11 3.33
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Table A5.12 Structure Period For Composite Deck. Non-Composite Deck.
Rotational Inertia. and Long Columns Models

Mode Composite Deck Non-Composite Deck Rotational Inertia Long Co1UDUls

Period Frequency Mode Shape Period Frequency Mode Shape Period Frequency Mode Shape Period Frequency Mode Shal
(sec) (Hz) Direction (sec) (Hz) Direction (sec) (Hz) Direction (sec) (Hz) Directiol

1 .266 3.76 Y .457 2.19 y .267 3.75 y .495 2.02 Z&X

2 .244 '4.10 y .408 2.45 y .246 4.07 y .266 3.76 y

3 .217 4.62 Z&X .322 3.11 y .217 4.62 Z&X .240 4.17 y

N
0\ 4 .205 4.88 y .256 3.91 y .206 4.86 y .193 5.17 y
l.U

5 .174 5.74 y .246 4.07 X&Z .176 5.69 y .183 5.46 Z&X

6 .158 6.34 y .217 4.61 y .175 5.72 X[Rot. ] .160 6.25 X&Z

7 .151 6.62 X&Z .191 5.23 Z&X .165 6.06 X[Rot.] .157 6.38 y

8 .137 7.28 Z&X .170 5.88 Z&X .158 6.35 y .135 7.43 y

9 .085 11.81 y .116 8.61 Z .156 6.40 X[Rot. ] .125 7.99 X(Col. )

10 .084 11.84 Z .112 8.91 y .151 6.62 X&Z .125 7.99 X(Col. )

11 .082 12.27 y .110 9.06 y .148 6.75 X[Rot. ] .125 7.99 X(Col. )

12 .076 13.11 y .106 9.46 y .146 6.86 X[Rot'. ] .125 7.99 X(Col. )





Table A5.14 Maximum Stresses in Bridge Deck and Columns For Composite Deck, Non-Composite Deck,
Rotational Inertia, and Long Columns Models, (ksi)

Location Material Composite Deck Non-Composite Deck Rotational Inertia Long Columns

Deck:

Abut. 1 Steel 4.15 6.11 4.02 18.79

Cone. 0.73 O. 0.71 3.68

Steel (T) 1.16 1.98 1.09 4.68

Cone. (T) 0.04 o. 0.04 0.20

Span 1 Steel 2.68 4.29 2.64 10.27

Cone. 0.39 O. 0.39 1.96

N Bent 2 Steel 1.65 2.52 1. 70 2.49
(J'\
VI Cone. 0.25 O. 0.27 0.40

Span 2 Steel 2.33 4.34 2.35 6.25

Cone. 0.36 O. 0.35 1.17

Bent 3 Steel 2.20 2.84 2.18 9.06

Cone. 0.26 O. 0.25 1.68

Span 3 Steel 2.48 5.13 2.46 11.29

Cone. 0.45 o. 0.44 2.19

Column Base:

Bent 2 Cone. 1.94 2.17 1.91 1.59

Cone. (T) 0.15 0.17 0.15 0.04

Bent 3 Cone. 4.11 4.77 4.09 3.59

Cone. (T) 0.31 0.37 0.31 0.09



Table AS.15 Maximum Stresses in Bridge Deck and Columns
Due to Dead Load, (ksi)

Location Material Stress

Deck:

Span 1 Steel 4.70

Cone. 0.29

Bent 2 Steel 7.01

Span 2 Steel 2.79

Cone. 0.17

Bent 3 Steel 5.88

Span 3 Steel 3.16

Cone. 0.20

Column Base:

Bent 2 Cone. 0.89

Bent 3 Cone. 0.81
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B.1 Mode Shapes

J_I

Mode 1 (Y)

Mode 2 (Y)

$ s s s

z

yJ-x
Mode 3 (X)

Figure B1.l Single Span Curved Bridge Mode Shapes
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Mode 4 (1)

~z
7

Mode 5 (2)

Mode 6- (Y)

Figure Bl.l Single Span Curved Bridge Mode Shapes
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Mode 7 (X)

Mode 8 (Y)

Mode 9 (Y)

Figure Bl.l Single Span Curved Bridge Mode Shapes



_~ :::::::::Z::i::::==::;::a==--ze=::=::::::Z:::::::Z::Z~

Mode 10 (Z&X)
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Fi.gure Bl.l Single Span Curved Bridge Mode Shapes
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Mode 1 (Y)

Mode 2 (Y)

ZJ-x Mode 3 (Y)

Figure Bl.2 2-Span Curved Bridge, Mode Shapes
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Mode 4 (Z&X) .

Mode 5 (X)
(Col. )

Mode 6 (Y)

Figure Bl.2 2-Span Curved Bridge Mode Shapes

2.73



Mode 7 (X&Z)

Mode 8 (X)
(Col.)

Mode 9 (Y)

Figure B1.2 2-Span Curved Bridge Mode Shapes
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Mode 10 (Y)

Figure Bl.2 2-Span Curved Bridge Mode Shapes
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Mode 3 (Z&X)
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Figure Bl.4 4-Span Curved Bridge Mode Shapes

Mode 4 (Y)



N
(X)
W

Mode 5 (Y)

Z\--x
Y
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