University of Mississippi

eGrove

Electronic Theses and Dissertations Graduate School

1-1-2021

EFFECTIVENESS OF SEISMIC BEARINGS ON A TYPICAL
ISOLATED TWO-COLUMN RC BRIDGE PIER LOCATED IN NORTH
MISSISSIPPI

Hemant Raj Joshi
University of Mississippi

Follow this and additional works at: https://egrove.olemiss.edu/etd

6‘ Part of the Civil Engineering Commons

Recommended Citation

Joshi, Hemant Raj, "EFFECTIVENESS OF SEISMIC BEARINGS ON A TYPICAL ISOLATED TWO-COLUMN RC
BRIDGE PIER LOCATED IN NORTH MISSISSIPPI" (2021). Electronic Theses and Dissertations. 2018.
https://egrove.olemiss.edu/etd/2018

This Thesis is brought to you for free and open access by the Graduate School at eGrove. It has been accepted for
inclusion in Electronic Theses and Dissertations by an authorized administrator of eGrove. For more information,
please contact egrove@olemiss.edu.


https://egrove.olemiss.edu/
https://egrove.olemiss.edu/etd
https://egrove.olemiss.edu/gradschool
https://egrove.olemiss.edu/etd?utm_source=egrove.olemiss.edu%2Fetd%2F2018&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/252?utm_source=egrove.olemiss.edu%2Fetd%2F2018&utm_medium=PDF&utm_campaign=PDFCoverPages
https://egrove.olemiss.edu/etd/2018?utm_source=egrove.olemiss.edu%2Fetd%2F2018&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:egrove@olemiss.edu

EFFECTIVENESS OF SEISMIC BEARINGS ON A TYPICAL ISOLATED TWO-COLUMN

RC BRIDGE PIER LOCATED IN NORTH MISSISSIPPI

A Thesis
Presented for the Degree
Master of Science in Engineering Science with Emphasis in Civil Engineering

The University of Mississippi

Hemant Raj Joshi

May, 2021



Copyright © Hemant Joshi 2021

All rights reserved



ABSTRACT

The 2020 ASCE infrastructure report card has assigned a letter grade of D- for bridges in
Mississippi based on poor to fair condition ratings with many approaching the end of their useful
service lives. Bridges in northern Mississippi lie up to 100 miles from the New Madrid Fault and
fall into the Region 3 Seismic Performance Category defined by AASHTO. The primary
objective of this study is to evaluate the performance of commercially available bridge bearings
on a common bridge pier type used in northern MS under the combined action of superstructure
gravity and lateral seismic loads. The use of bearings as seismic isolation devices to limit the
inelastic deformations in bridge substructures is a common practice in high seismic regions
(Region 4) but their benefits in moderate ones (Region 3) have not been fully explored in MS.
Analytical formulations under lateral load at the bearing levels are first used in the study to
characterize modal characteristics and response of the bearing/pier subsystem idealized as a
2DOF oscillator. Effective linear properties of the bearing/pier system defined based on
AASHTO provisions are used to determine expected overall behavior.

Non-linear pushover analysis is then performed of an existing two-column pier recently
designed to satisty AASHTO criteria. The pier is modeled as a frame using beam and link
elements available in a commercial finite element software (SAP2000). The analysis is used to
capture the plastic hinge formation sequence, damage limit states in potential hinge locations,
and the overall frame response up to the formation of a collapse mechanism. Lastly, non-linear
time history analysis is performed using the software to obtain lateral deck/pier displacement

histories in the transverse direction. The effectiveness of two common isolation bearings
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(laminated rubber and disc type) in isolating the pier from the deck motion and reducing the base

shear is then demonstrated.
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CHAPTERI1

INTRODUCTION

1.1.Background, Motivation, and Objectives

There has been an extensive study on bridge bearings; their performance as the load
transferring mechanism and the seismic isolation devices. The early studies on bearings were
experimental investigations leading to numerical analysis and finite element analysis (FEA) in
recent years. The modern progress in computational power has enhanced the simulation-driven
contemporary research on bridge bearings. The primary objective of this study is to simplify the
simulation procedure to evaluate the performance of commercially used bridge bearings under
the superstructure loads and the seismic loads. The results from the simplified model can be
validated with an example from the literature. The simplified model not only expedites the
simulation but also yields and checks the critical displacement-based parameters in the dead load
and seismic load transfer mechanism from the superstructure to the substructure.

The field investigation after the 2011 Great East Japan Earthquake identified the damage
of bearings as the causes of the most bridge failures, second only after the subsidence of backfill
soil of abutments as the bridges were also hit by the Tsunami. The excessive movement of
bearings and the breakage of side blocks of steel bearings were seen often in the damage scene.
The advantage of the elastomeric bearing as compared to conventional steel bearings is due to its
relatively greater cross-sectional area which supports the girder even after losing the lateral

resisting capacity (Takahashi, 2012).



1.1.1. Seismic Vulnerability of Bridges in Mississippi

The infrastructure report card published by ASCE in 2020 has assigned a letter grade of
D- for the bridges in Mississippi established on their poor to fair conditions; many of which are
approaching the end of their life service. A strong risk of failure is accessed based on the
deteriorated condition and reduced capacity. According to the Federal Highway Agency
(FHWA) report, there are a total of 17,071 bridges in Mississippi in 2018. About 9% (1603) of
these bridges are in poor condition and 28% (4757) of those are in fair conditions. (Black et al.,

2021) The spatial map of all the major bridges in Mississippi is shown in Figure 1.
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Figure 1: Major Bridges in Mississippi



The northern Mississippi is not more than 100 miles away from the New Madrid Fault
Line. The New Madrid Seismic Zone is defined as Region 3 for the seismic loading and seismic
design purpose by AASHTO. The AASHTO LRFD Bridge Design Specification recommends
the earthquake ground motions that have a 7% probability of exceedance in 75 years at a period
of 1.0-second(AASHTO, 2010). The USGS Seismic Hazard Map (2014) shown in Figure 2
provides the color contour of the horizontal peak ground acceleration (PGA) values for 0.2- and
1.0-second periods with probabilities of excedence of 10% in 50 years and 2% in 50 years.

The use of the USGS Seismic Hazard Map is a relevant and conservative approach for
design against Maximum Considered Earthquake (MCER) ground motions when compared to the
ASSHTO recommendation. A simulated M7.7 earthquake using the software made available by
the United States Geological Survey (USGS) that generates peak ground acceleration (PGA)
value has been previously used for the study of “Seismic vulnerability of critical bridges in North
Mississippi” (Mullen, 2011). The Little Tallahatchie River Bridge (Lat. 34°32'31" Long.
89°29'67") lies within the New Madrid Seismic Zone. Therefore the color contour map for the
multi-state region defined around the New Madrid Seismic Zone for use in the state of
emergency management plans has been used to interpolate PGA values. The time history
function from the aforementioned study has been scaled using USGS guidelines and the Seismo
Signal tool generates the time history function applicable at the site of Little Tallahatchie River
Bridge. The Seismic Design Maps tool developed by the Structural Engineers Association of
California (SEAOC) is first verified and utilized to obtain all the seismic design parameters

including site factors and response coefficients based on the ASCE7-16 design standard.
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1.2.Literature Review

Steel-concrete composite structures are widely used in a variety of structural systems,
from buildings to bridges. A numerical model to simulate the non-linear behavior of composite
structures under vertical load, and horizontal earthquake action uses the suitable material
constitutive models. This experimentally and numerically validated model captures the
interaction between the reinforcement steel and the concrete in circular CFST analogous to the
circular concrete pier in bridges. (Qiang et al., 2018)

A parametric study emphasized the performance of bearing in a typically isolated bridge
under seismic loading outlines a three-dimensional finite element model (FEM) where the piers
are modeled by linear elastic frame elements with cracked effective stiffness properties. The
effective cracked stiffness is 50% of the gross stiffness and it is described in the model by
reducing the second moment of area of the transverse pier section. (Tubaldi et al., 2016)

An equivalent SDOF system for the pier to evaluate the structural behavior can be
modeled as a cantilever having a distributed mass along with the height and lumped mass,
equivalent to the mass of the pier cap and the deck, at the top. The application point of the mass
depends on the direction of analysis (transverse or longitudinal). The analysis can be simplified
by neglecting the interaction between the superstructure, and the foundation with an assumption
that the pier is fully restrained at the base. (Raffaele et al., 2014)

The period of vibration is longer in a transverse direction because the rigidity of the
superstructure is much smaller in the transverse direction than longitudinal direction. In a
SAP2000 model of the bridge structure, the piers can be modeled using 3D frame elements with
mass lumped at discrete points, and elastomeric bearings using elastic link elements. The first

phase in the study of the seismic response of a bridge is the evaluation of its dynamic



characteristics under free vibrations followed by the linear time history analysis including the
elastomeric bearings. (Ghosh et al., 2011)

Seismic isolation is based on the principle of decoupling the motion of the ground from
the structure by the application of a horizontal disconnection between a fixed substructure and a
superstructure; allowing the transfer of vertical load through isolation bearing with high vertical
stiffness. The natural period of the structure and the damping capacity required to reduce the
seismic effects on the superstructure are computed for the design of the isolation system;
followed by the evaluation of the dynamic behavior of the whole structure. The goal of the
seismic isolation is to reduce the shear forces and to limit the seismic displacements using the
isolators with high damping, low horizontal stiffness, and hysteretic cycle with high energy
dissipation. The commonly used isolators exhibit the non-linear behavior making their effective
secant horizontal stiffness a function of displacement. In an initial or a retrofitting seismic
isolation design, the most efficient design approach would be through the simplified single-
degree-of-freedom (SDOF) model. The SDOF model offers flexibility and the possibility to
manage the main parameters. (Lo Monte et al., 2018)

An isolated bridge system can be treated as SDOF if the displacements are checked
within a prescribed magnitude. This SDOF consideration for the preliminary design of seismic
isolation requires the computation of the key parameters such as loadings and dynamics of
structures. The foremost step is the calculation of the weight (the permanent dead load) of the
bridge per unit length according to the code provisions. The selection of type and number per
support of bearings used as seismic isolation device based on its cross-section, total height and
shear modulus of elastomer is a sequential task. The subsequent steps are calculations of the total

effective stiffness of the isolated system, the effective period of the bridge (using the total mass),



and the seismic displacement of the deck in the direction of seismic excitation. The knowledge-
based decision-making system for the design of seismically isolated bridges extracts the user
input relevant data: bearings, bridge structure, and seismic hazard. The database compiled based
on the available literature and experimentally tested elastomeric bearings is the reference for the
bearings’ properties like shear stiffness, shape, rubber and steel plate thickness, height and width,
overall dimensions, and area. The bridge structure system is characterized by the total length,
length of middle and central span, the mass per unit length, and the initial configuration of the
bearings based on the preliminary design. The design seismic acceleration, soil type, and the
importance factor of the bridge are the parameter that designates the seismic hazard. This
analysis is based on the assumption that the rigid deck model has a mass of piers less than 20%
of the total mass of the system. The analysis is also limited to the bridges that are straight or have
small curvature in the plan, small longitudinal inclination, and have bearings with effective
damping not larger than 6%. (George C. Manos et al., 2012)

The experimental investigation of elastomeric bridge bearings, designed for thermal
expansion, under seismic loadings conditions shows that they perform beyond the 50% limit
proposed by current design guidelines for non-seismic conditions. The experimental results

demonstrate that the shear strain at the failure exceeds 400% while the allowable shear strain by

AASHTO is only 50%, making the provisions excessively conservative. The formula Ky = i—A is

r

used to calculate the horizontal stiffness of bonded bearings where G is the shear modulus, A is
the plan area of the bearing, and t,. is the total thickness of the rubber. (Konstantinidis et al.,
2009)

The value of the effective damping ratio (g‘e f f) for low damping bearings is less than 6%

and that for high damping bearings is between 10% and 20%.(Naeim & Kelly, 1999)



The isolation system allows the decoupling of the superstructure motion from the piers motion
during seismic events. It decreases the inertial forces, the energy is dissipated in the isolators,
and thus acceleration transmitted to the superstructure is reduced. The experimental study
demonstrates that the increment in the compressive stress level decreases effective shear stiffness
decreases but increases the effective damping ratio value. (G. C. Manos et al., 2007)

The horizontal shear stiffness of an elastomeric bearing depends on the total thickness of
the rubber, and the larger vertical shear stiffness depends on the close spacing of the intermediate
shim plates. The vertical stiffness of elastomeric bearings at a given lateral displacement can be

empirically derived using the two-spring model proposed by Koh and Kelly (1987).

P P
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Figure 4: Two-spring model in undeformed and deformed configurations

The two-spring model for predicting vertical stiffness of elastomeric bearings developed
by Koh and Kelly (1987) in the undeformed and deformed configuration is shown in Figure 4.
The model has a total height of (h) supported by two friction-less rollers, and a rigid tee
supported by a pin. The two springs in the system are: linear spring with the stiffness (Ky) and
the rotational spring with the stiffness (Ky). The effects of lateral load (F) and the axial load
(P) are the lateral displacements at the top (4), rotation about the pin (8), reduction in height

(6,), and deformation of linear spring (s). The initial vertical deformation under axial load as



well as the reduction in height due to combined axial load and lateral deformation contribute to

the total vertical displacement.
The relations between the local deformations (s and 8) and the global deformation

(A and §,,) based on the compatibility and the geometry are defined by Equation 1.2.1 and

Equation 1.2.2.

A=s+ho Equation 1.2.1
ho?
6, =s0 + >

Equation 1.2.2

The vertical stiffness (K,,) incorporates the integration of the vertical displacement and
the mechanical properties (Shear modulus G, and Compression modulusE ) of an elastomeric
bearing subjected to combined lateral and vertical loading.

The normalized vertical stiffness (K, /K,,,) depends on the lateral displacement and the
radius (R) of the bearing as shown in Equation 1.2.3.

K, 1

Kyo 12 (A\?
[1 toz (ﬁ) ] Equation 1.2.3

The normalized form can be simplified to the expression shown in Equation 1.2.4 using
the concept based on a column with a reduced area where A, is the overlapping area, and A4, is

the bonded rubber area.

Equation 1.2.4



The normalized form can be defined as a linear function assuming that the vertical
stiffness decreases linearly with increasing lateral displacement up to A = 2R and then remains
constant as shown in Equation 1.2.5.

A
Ky _ {1 — 0.4 (E) for A\R <2
Kyo 0.2 for A\R > 2 Equation 1.2.5

The empirical formulation and the experimental validation for the influence of lateral
displacement on the vertical stiffness of elastomeric bearing conclude that the vertical stiffness
of the low damping rubber (LDR) bearing decreased with increasing lateral displacement. (Warn
et al., 2007)

A mechanical model, aiming to improvise the two-spring model by incorporating the
effects of varying vertical load on a bearing under seismic loading, comprises shear and axial
springs, and two series of axial springs at the top and bottom boundaries. The comparison of
results with the experimental and the simulation output validates that this mechanical can
successfully predict a variety of complex bearing force-displacement relationships under a wide
range of vertical load conditions. This model also simplifies the nonlinear time-history analysis
of isolated structures where the vertical loads are expected to vary due to overturning forces
during seismic loads. (Yamamoto et al., 2009)

The linear two-spring model is usually extended to include non-linear behavior also
representing the axial-load effects in lead-rubber bearings. The response of isolation bearings is
affected by the axial forces which are correlated with the lateral stiffness. The non-linearity can
be accounted for in the two-spring model by incorporating various constitutive models: (i)

Coupled linear model with linear shear spring, (ii) Coupled nonlinear constant strength model

10



with a shear spring that shows bilinear force-deformation behavior, and (ii1) Coupled nonlinear
variable-strength model with varying yield strength. (Ryan et al., 2005)

The reduction in horizontal stiffness under increasing axial load and increasing lateral
displacements causes instability in elastomeric bearings. The stability performance of bearing
involves an evaluation of the critical load capacity under combined loading. The dynamic
stability tests demonstrate that elastomeric bearings can perform well and recover from
excursions beyond the stability limit without vivid negative impacts on the structural system.
(Sanchez et al., 2013)

The new mathematical models of LDR and LR bearings considering the effects of lateral
displacement and cyclic vertical and horizontal loadings extend the study to shear and
compression. The variation of critical buckling load capacity with lateral displacement is
evaluated using the bilinear area reduction method. A bidirectional hysteretic model in horizontal
shear for the elastomeric bearing is shown in Figure 5. This mathematical model is based on the
Bouc-Wen model extended for the analysis of seismic isolators under bidirectional motion. The
basic parameters in this force vs. displacement curve comprise of initial elastic stiffness (K,;),

characteristic strength (Q,), yield strength (Fy), yield displacement (Y), and post-elastic stiffness

(Ka)-

Force 0\

Q

”
L/ | ¥ Displacement

Figure 5: Mathematical Model in Shear
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The force vs. displacement curve in shear is idealized in Figure 6. The guidelines and
equations from the AASHTO Guide Specifications for Seismic Isolation Design and ASCE 7-10
are used to compute the effective period (T sf), stiffness (K,rs), and damping (§.5f) of IS due to
seismic loading using the following equations where D is the horizontal displacement, and EDC

is the energy dissipated per cycle at displacement (D).

N\
Force

F, — 4

/Zf
N
7~

Displacement

Figure 6: Idealized behavior in shear

w
Terr = 2m Equation 1.2.6
eff Keffg
Kepr = Kq + & Equation 1.2.7
D
1| EDC )
Seff = o W Equation 1.2.8
s
Qa2 5% $epr X Kg X D Equation 1.2.9

The displacement (D) estimated using simplified analysis and assumed nominal damping
(Serf) between 2% and 4% are used to calculate the characteristic strength (Q4) of LDR
bearing. The shear modulus (G) is assumed to be a constant in most numerical models however,
its value varies with strain and axial loads. The experimental value of G incorporates the effects

of axial load, thus can be used for horizontal stiffness of LDR bearings, and post-elastic stiffness
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of LR bearings. The effect of lateral displacement on vertical stiffness becomes significant only
after lateral strain exceeds 100%. (Kumar et al., 2014)

The polyether urethane rotational element in disk bearing provides advantages such as a
low profile, reduced plan area, excellent durability, and a wide working temperature range
(94 to 250°F). The rotation in the unconfined disk is accommodated by the differential
deflection of the elastomeric element. The series of experimental studies and tests on the material
properties of polyether urethane show that the material does not undergo plastic deformation
until a pressure of 20 times the AASHTO maximum allowable pressure of 5000 psi. The usage
of this element provides a huge factor of safety in vertical load transmission through a shear
restriction mechanism. (Watson, 2014)
1.3.Scope of Work

The plan and profile report published by the MDOT for the MS7 Little Tallahatchie River
Bridge is referred, to obtain the geometric and material detailing. Chapter II outlines the
procedures and provisions being used for the pier design, modeling, and analyses from AASHTO
Guide Specifications for LRFD Seismic Bridge Design, AASHTO LRFD Bridge Design
Specifications, and other relevant design guides. The spatial coordinates of the Little
Tallahatchie River Bridge, the Risk Category II, and the Site Class D are the input for the tool to
obtain the seismic design parameters. The hand calculations are performed to get the dynamic
characteristics of the 2DOF system in Chapter III. The linear elastic analysis is performed
according to AASHTO provisions for the 2DOF system. The bilinear bearing isolation
parameters are evaluated for the seismic isolation system by hand calculations. Chapter IV
presents the results of pushover analyses and the time-history analyses to evaluate the time

histories of the deck displacement and the pier cap displacement in transverse direction using
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SAP2000(CSI, 2009). These analyses have only been performed to assess the effectiveness of

seismic isolation for the force-based displacement capabilities.
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CHAPTER 1T

AASHTO LRFD RECOMMENDED DESIGN AND MODELING PROCEDURE

2.1. Geometry, Classification, and Function of a Pier

The superstructure of a bridge is supported by the abutments at the extremities, and by
the piers at intermediate points. The main function of a pier is to sustain and transfer the
superstructure loads including the dead loads, live loads, and lateral loads to the foundation. As
the expansion of the highway system continues, the piers are not merely constructed over a river
or such natural barriers but also in a land over grade-separated highways or underpasses to allow
the free flow of traffic. The geometry of design has to thus incorporate the aesthetic aspect on top
of the strength and the economic parameters. The most used material in the construction of piers
is reinforced concrete(Tonias & Zhao, 1995). However, timber has also been used in the
construction of piers in the older bridges. The steel piers and the prestressed concrete piers are
also sometimes used in special bridges.

The structural distinction of a pier from a simple column is based on the resistance
against lateral forces; a column resists lateral force by flexure action but a pier uses a shear
mechanism. The pier can be classified on a different basis: the connection to the superstructure
or its cross-sectional shape or framing configuration. The superstructure rests on the bridge seat
which is supported by the column(s) or the wall which in turn are connected to the pier
foundation (footings or piles or a combination of both). The selection of piers for any bridge

depends on functional, structural, and geometric requirements.
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A steel-girder superstructure is usually supported with a cantilevered pier while the CIP
concrete superstructures are supported by monolithic bents. The location of intermediate piers
dictates the framing configuration: solid wall piers are usually used in the water crossings
whereas hammerhead or column bent piers are used for overpasses or land viaducts especially in
modern highways to save space and aesthetically pleasing shapes(Chen & Duan, 2003).

Some of the frequently used types of piers based on the typical cross-sectional shapes are

shown in Figure 7(Chen & Duan, 2014):
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(a) Solid Wall (c) Hammerhead pier (b) Column bent pier

Figure 7: Typical pier types for steel bridges

The provisions for the selection and structural design of piers are laid out in Sections 5, 6,

7, and 8 of the AASHTO LRFD Bridge Design Specification.
2.2. Loading and Design Criteria

The design loads and load combinations for a pier are specified in the AASHTO LRFD
Bridge Design Specification Section 3. The minimum requirements for loads, limit states, load
factors, and load combinations for the design of new bridges as well as the analysis of existing
bridges are covered in this section. The Load and Resistance Factor Design (LRFD) approach
accounts for the variability in the loads on structure (Q) and the resistance (R) offered by the

structure.
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The LRFD design philosophy is consistent with other design specifications such as ACI
and AASHTO while ensuring safety in different limit states and bridge types. The different limit
states (LS) for the design consideration are Service Limit State, Strength Limit State, and
Extreme Event Limit State.

The Service II LS is related only to the steel structures to control yielding and slip of slip-
critical connection due to vehicular live load. The Strength I LS is related to providing enough
strength or resistance to the basic load combination during normal vehicular use of the bridge
without wind load. The earthquake loads (EQ) are evaluated using the Extreme Event I LS. The
possibility of a major flood and an earthquake at the same time is negligible. Therefore, the

elimination of water load is acceptable. The live-load factor (ygg) is determined on a project-
specific basis. The possibility of partial live-load i.e. ygo < 1.0 is suggested, and ygo = 0 is also

acceptable(Chen & Duan, 2014).

2.2.1. Seismic Load and Seismic Design Procedures

The AASHTO Guide Specifications for LRFD Seismic Bridge Design is applicable to
the design and construction of conventional bridges to resist the effects of horizontal motions
[A3.10.1]. The AASHTO provisions require all the bridges to be checked against seismic loads;
depending on the location of the bridge site, the seismic load may govern the design of the lateral
load resistance system. The seismic design procedure involves the six sequential steps:
1. Preliminary Design: The seismic design procedure depends on the type of bridge, the number
of spans, the height of the piers, a typical roadway cross-section, horizontal alignment, type of
foundations, and subsurface conditions. The load transfer mechanism such as the connection of
the deck to the girders, girders to the columns, presence of number and type of bearings, and

columns to the foundations also influence the seismic response of the structure.
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2. Seismic Design Parameters: The key seismic design parameters such as the peak ground
acceleration (PGA) as a percent of gravity, short-period spectral acceleration (Ss), and the one-
second spectral acceleration (S1) are determined using USGS contour maps and software tools
that use several building codes and specifications.
3. Site Coefficients: The site coefficients such as Fpga, Fa, and Fy that incorporate the
geotechnical characteristics of the site such as the soil type are determined to adjust the spectral
accelerations.
4. Operational Category: The operational category of the bridge is assigned based on the routes it
serves and the essence of its serviceability during or after a seismic event. The operational
category of a bridge might change if the bridge undergoes any deformation due to seismic
activity.
5. Seismic Performance Zone: The seismic zones are the geographical regions defined on the US
maps based on the value of the seismic design value. The greater value of acceleration or the
design value corresponds to the greater risks in the region which demands the greater seismic
performance requirements.
6. Response Modification Factors: These factors (R) are used in the elastic analysis of the bridge
system to reduce the seismic force allowing to incorporate the energy dissipation through
inelastic deformation (hinging) in the substructure.

These design steps provide the basis for determining the design forces, the design
displacement requirements, and the level of seismic analysis. Based on the seismic zone, the
geometry, and importance factor; the multiple-span bridge requires a single-mode or a

multimode spectral analysis. A time history analysis is required for the critical bridges.
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The two load cases are defined in two perpendicular horizontal directions, the
longitudinal and the transverse axes of the bridge, because of the directional uncertainty of

earthquake motions.

2.3. Structural Analysis and Modeling

The structural analysis can broadly be classified as static analysis and dynamic analysis.
The basic difference is the time-dependency of the loads being applied in the structure. A
dynamic analysis of a bridge under an earthquake incorporates time-dependent characteristics
such as peak ground acceleration (PGA), duration, and frequency content. The magnitude of the
force that the bridge and its components are subjected to depends on the intensity of the ground
motion which is represented by the PGA. The longer duration of a seismic motion imparts larger
energy to the bridge. An artificially generated time history including the magnitude, frequency,
and duration at the bridge site is usually considered for the analysis.

There are several methods for the dynamic analysis of bridges depending on the
geometry, seismic zone, structural type and material, and importance of the bridge being
analyzed. The model created for the dynamic analysis must include the relevant characteristics
such as distribution mass, stiffness, and damping of structural components(AASHTO, 2011).
The required number of natural frequencies and the reliability of the expected mode shapes are
the basis for selecting the minimum degree of freedom (DOF). A condensation procedure is
recommended to reduce the number of DOF. Generally, the number of DOF should be double
the number of frequencies required. The mass distribution in a model can be lumped mass or
consistent mass, which is a function of the system and response being evaluated; the lumped
mass model is preferred for the translational degree of freedom. The seismic analysis model

should consider the non-linear effects such as inelastic deformation and cracking which decrease
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the stiffness. The cracked section property with a moment of inertia equal to one-half that of the
uncracked section can be used while modeling the reinforced concreted columns in seismic
zones 2, 3, and 4. The energy dissipation can be represented by equivalent viscous damping that
can be neglected in the calculation of natural frequencies and associated nodal displacements.
The transient response can only be obtained considering the effects of damping; about 2% for the

concrete structures.

2.3.1. Dynamic Analysis

Single-Mode Spectral Method: This method is based on the fundamental mode of vibration

assuming that seismic load acts as an equivalent static horizontal force in either the longitudinal
or transverse direction.

Single Degree of Freedom (SDOF) System: The corresponding deformed shape of the single-
degree-of-freedom (SDOF) model gives the natural period. This method is suitable for structures
having evenly distributed mass and stiffness. The damping in the SDOF dynamic model is
represented with a massless viscous damper. A simple mass-spring system is used as a reference
to develop an SDOF dynamic model for the bridge. The mass of the superstructure is the
concentrated mass, the stiffness of the column allowed to move in one direction is the spring, and
the internal energy absorption in the concrete frame acts as viscous damping in the SDOF model

of the bridge in Figure 8.
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(a) Idealized damped SDOF mass-spring (b) Multiple-span bridge supported by
system two-columns as SDOF structure

Figure 8: Idealization of bridge structure as SDOF model

The response of each SDOF system depends on the mass (m), stiffness (k), damping (c),

and external force (p(t)) or displacement (u).
The damping (c) is neglected to compute the natural frequency (f), and the equations of

motion are applied in the inverted oscillator like the SDOF model of the bridge shown in Figure

9.

—> Uy
Figure 9: Earthquake-induced motion of an SDOF bridge model (without damping)

The total displacement of the mass relative to the ground (uy) is the sum of the
displacement at the ground level (ug) and the displacement of the mass with respect to its
centerline (u).

U =uU+u, Equation 2.3.1

The natural circular frequency of the undamped mass-spring system is:

W, = E Equation 2.3.2
m

Therefore, the natural cyclic frequency is:
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fo= On _ i E Equation 2.3.3
2r 2mm

And, the natural period of vibration is:

T, = 2”\/% Equation 2.3.4

The response of the structures like the maximum displacement, moment, and shear can be
determined based on the dynamic characteristics (T,, and w,,) of the SDOF system(Naeim,
1989).

The graphical relationship between these response parameters and the dynamic
characteristics of the system gives the response spectrum. Such a spectrum defined for an elastic
structural system is called elastic response spectrum. The bridge structure is expected to
experience inelastic behavior during the strong ground motion. Therefore, the inelastic response
spectrum is pertinent. The inelastic behavior occurs during a major earthquake when the seismic
energy experienced by the bridge is dissipated by viscous damping and yielding.

Multiple Degree of Freedom (MDOF) System: The SDOF model is not applicable for the
analysis when the complexity arises from the multi-level frame structure, several support
conditions, or the presence of bearings between superstructure and substructure. The MDOF
system is defined for the response where the structure is discretized into several lumped masses
and associated displacements. The equation of motion is similar to the SDOF system, but the
mass (m), the stiffness (k), and the damping (c) are represented with matrices(Chopra, 2017).

[M]{u} + [CH{u} + [K{u} = —[M]{B}yy, Equation 2.3.5
The vector {B} is a displacement transformation vector used to define the degree of

freedom under the application of seismic load.
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The first approach to understand the response of the MDOF system with N-DOF is to
analyze the system under free vibration without damping such that [C] and 1, are zero in
Equation 2.3.5.

[M]{ii} + [K[{u} =0 Equation 2.3.6

The rearrangement of the above equation and solving for the solutions gives the N natural
frequencies of the dynamic system.
[[K] — w2 [M]]{p,} =0 Equation 2.3.7

Where, {¢,} is deflected shape matrices or eigenvectors

The eigenvectors represent only the deflected shape corresponding to the natural
frequency, the matrix is normalized to get the actual deflection magnitude.
The modal analysis equation of the MDOF system under the earthquake expressed in
terms of displacement as natural mode shapes and normalized matrices would be:
[MI{Y} + [C*{Y} + [K*1{Y} = —[¢]"[M][B]u, Equation 2.3.8
The term L is called the modal participation factor in the n mode. This equation when

divided by M,, yields the generalized modal equation comparable to the SDOF system as:
" . 5 Lo\ .. )
Y, +2&w,Y, + wnY, = (W) Uy Equation 2.3.9
n
The solution to the above equation gives the value of Y, that can be used to calculate the

displacement in the n'" mode u, as:

Up(t) = P Yn(t) Equation 2.3.10

The total displacement can be determined by the superposition of all the modal
displacements as:

u(t) = XY (t) Equation 2.3.11
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2.3.2. Nonlinear Analysis

A bridge shows non-linear behavior during seismic loading because of many factors such
as material non-elasticity, geometric or second-order effects, non-linear soil-structure interaction
(SSI), time-dependent effects like concrete creep and shrinkage, etc. The inelastic structural
behavior of the bridge is assessed using the analysis of the non-linear bridge with appropriate
modeling. The formulation of member stiffness matrices should account for the geometric non-
linearities. The material non-linearity is accounted into the analysis based on the non-linear
stress-strain relationship for the steel structure, and compression stress-strain relationship for
concrete.

A non-linear section analysis is performed based on the assumptions that the plane
sections do not deform under bending action i.e. plane section remains plane, stress-strain curves
for concrete and steel are defined, and the bond between concrete and rebars is perfect in
reinforced concrete(AASHTO, 2011). Also, the deformations under shear and torsion are
negligible so neglected. The compatibility equations and the equilibrium equations are used for
mathematical formulations.

The non-linear frame analysis is performed as elastic-plastic hinge formation. The elastic-
plastic hinge analysis assumes the formation of “zero-length” plastic hinges about which the
member reaches plastic moment capacity and rotates freely.

Static Push-Over Analysis

The displacement-based seismic design approach uses displacements as the limit states
under the specified seismic loads rather than conventional forces in strength-based design. A
static non-linear push-over analysis can be used to assess the performance of a new or existing

bridge under displacement capacity. The collapse mechanism in an analytical frame model under
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incremental lateral loads is analyzed. A simplified fixed-fixed or fixed-pin column model
ignoring the foundation flexibility of pile footing for pile cap is proposed for the two-
dimensional pushover analysis(AASHTO, 2011). This model incorporates the effect of the

seismic load path on the column axial load.

[ ——

@ @

Figure 10: Plastic hinge sequence for rigid bent cap and rigid foundation

Capacity Design Requirement

The capacity design provisions ensure that the columns undergo plastic hinging/inelastic
deformation to protect the secondary structure such as the cap beam or foundation(AASHTO,
2011). These provisions can be neglected if the seismic isolations (IS) system is used or the
ductile diaphragm is used in the transverse direction of multi-column pier bent. The overstrength
moment capacity of the reinforced concrete column resisting the seismic loads, and allowing the
formation of plastic hinges is calculated using Equation 2.3.12.

My, = AmoM,
Where, M,, = plastic moment capacity of column (kip-in) Equation 2.3.12
Amo = overstrength factor taken as 1.2 or 1.4 [Article 8.5]
The analytical plastic hinge length of a reinforced concrete column is calculated using the

following equation:
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L,(in) = 0.08L + 0.15f,.dp;, = 0.3f,cdy, Equation 2.3.13

L= length of the column from point of a maximum moment to
the point of moment contra flexure (in)

fye = expected yield strength of longitudinal column

Where, reinforcing steel bars (ksi)

dp; = nominal diameter of longitudinal column reinforcing bars
(in)
The plastic hinge region in a reinforced concrete column is however taken as the

maximum value of’

1.5 times the gross CS dimension

L,, = MAX {region where moment demand > 75%M, Ezqgta]tilon
L 3.
p

c.g of superstructure

| v cg. of cap beam
T /o
TR HT
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\ Plastic Hinge Zone

Figure 11: Transverse response of a dual column pier for Capacity Design

Time History Analysis:

The modal analysis is not applicable in the nonlinear range where the bridge structure
shows non-classical damping properties. A numerical integration method called time-history

analysis that captures the response by dividing the time-scale into a finite number of small steps

26



is used. The equation of motion at an i interval of time that satisfies the response using time

history analysis is:

[M1{2i,} + [C1{ni,} + [K1{us} = —[M]{B}, Equation 2.3.15

2.4. Influence of Bridge Bearings

Bearings are the devices that allow the load transfer from the superstructure to the

substructure and accommodate the relative movements: translations and rotations in both

longitudinal and transverse directions. The selection of bearings depends based on load and

displacement demand, site conditions, cost benefits, and geometric requirements. The main types

of bridge bearings in the market are:

1.

Sliding Bearings: This bearing has sliding metal plates sometimes sandwiching a layer of
PTFE (poly-tetra-fluoro-ethylene) to accommodate the translational motions. It is
commonly used in bridges where the rotational motions are negligible, more often as a
component of other bearings.

Rocker and Pin Bearings: A rocker bearing is an expansion bearing facilitating the
rotations as well as translations. However, the pin bearing is a fixed bearing that allows
only rotations. These rocker and pin bearings are commonly used in steel bridges.
Elastomeric Bearings: These bearings have been extensively used recently as they can
accommodate both translational and rotational movements, have no moving parts thus
require low maintenance, and are economical (Konstantinidis et al., 2009). Among
different types, the steel-reinforced elastomeric bearings are manufactured by vulcanizing

elastomers to thin steel plates.
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4. Disk Bearings: In a disk bearing the vertical loads are supported by a hard elastomeric
disk made up of polyether urethane, and the horizontal movements are accommodated via
the elastomer deformations.

The elastomeric bearings and the disc bearings have been used under seismic loading
conditions. The mechanical behavior, the numerical analysis procedure, and the modeling
approaches have been extensively discussed in the literature review section. The
requirements for the design and selection of bearings are included in Section 14 of LRFD
Bridge Design Specifications. The elastomeric bearings can be modeled as elastic link
elements in SAP2000 (Ghosh et al., 2011). The usage of bearings as seismic isolation
devices to reduce the seismic forces to limit the inelastic deformations in bridge
structures has become a common practice in seismic regions. The working principle of
seismic isolation is the decoupling of the superstructure and substructure (pier) while
allowing the load to transfer vertically. This is generally ensured with high vertical
stiffness of the isolation bearings, and designed horizontal stiffness just enough to allow
the horizontal displacement (limited by an expansion joint) that prevents the hammering
of adjacent decks(Tubaldi et al., 2016).

A representation of a bridge structure simplified to analyze during the seismic

event as a 2DOF system is shown in Figure 12.
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Figure 12: 2DOF system in transverse direction

2.5. Case Study: Little Tallahatchie River Bridge

The Little Tallahatchie River Bridge has been newly constructed to replace MS SR7
Bridge located across the Tallahatchie River in Lafayette County. The total length of the bridge
is 2212.29 ft (0.419 miles). The bridge has 11 spans; supported by the abutments at the end and
10 intermediate two-column bent piers. The deck has been supported by the five 760 ft (approx.
240-300-240 ft) long continuous welded plate girder run from bent 2 to bent 5 and bent 5 to bent
8. The rest of the spans are supported by the seven 72 deep prestressed concrete bulb tee girders
each having a span length of approximately 130 ft. The clear roadway spacing is 44’ with an
extension of 1’5 on each side to support the barriers. The barriers have a base thickness of 1°5”,
a height of 2’8 5/16”, and top width of 10” approximately. The typical depth of the deck is
approximately 9” which varies along the length of the bridge. The intermediate bents are two-
column supporting a pier cap, and foundation supported by the extended drilled shafts (piles with
permanent casing). The transition between columns (piers) and the drilled shafts (piles) is

supported by typical shear keys (2°6"x2'6”x4”). The dimensions of a typical pier cap are 5’ —
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6"x6" — 9"x46" — 0”. The columns are circular in cross-section with a diameter of 6°. The
detailed dimensions, plans, and distribution, and material properties of all the components and
elements of the bridges are shown in the calculation sheet and bridge plan layout attached in the
appendices. The geometry has been simplified according to the applicable design guides to
estimate the dead load contribution from each frame or element. These calculations and
assumptions have been shown in the appendix.

The dead load is calculated using the geometric details and the material properties of each
element. The whole 780 ft long span, extending from Pier 5 to Pier 8, has been used to calculate

the linear weight distribution of the superstructure.
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Figure 13: 780 ft long continuous welded plate girder span in a long view
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Figure 14: Elevation view of the span supported by Pier 7
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Pier 7 is selected that supports half of the weight from 300 ft span (between Pier 6 and 7)
and that from 240 ft span (between Pier 6 and 7). Pier 7 supports the weight from 270 ft long

span on either side as shown in the schematic plan view in Figure 15.
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Figure 15: Plan View of the deck supported by Pier 7

The load is then linearly distributed in the transverse direction (A-A) as shown in Figure
16. The total load from the superstructure including the girders is 50.24 klf. The linear dead load

distribution in the pier cap is 8.64 klf and that on each column is 4.40 klf.

50.24 kif
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1.5 A 10.96 A 10.96 A 10.96 A 10.96 A 1.5
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Figure 16: Schematic Weight distribution in transverse section (A-A) at Pier 7



The geometric configuration and the load distribution is used to calculate the center of
masses for the superstructure (m,) and the substructure (m,) at height h, and h; from the base
of the columns. The effective stiffness of the pier is k; and that of the bearings is k,. The
damping in the pier and the bearings are &; and &, respectively. A 2DOF system as a mass-

spring is developed using these parameters.

Figure 17: Idealization of the bridge as 2DOF system

The dead load and the 2DOF configuration are analyzed to get the dynamic properties of
the bridge. After the first analysis, the system will be analyzed under seismic excitation. The
spatial coordinates of the Little Tallahatchie River Bridge, the Risk Category II, and the Site
Class D are the input for the tool to obtain the seismic design parameters as shown in 7Table 1.
The peak ground acceleration (PGA) value at the site is 0.246g. The time history obtained for the
M?7.7 earthquake is scaled using this value of PGA as an input in a USGS tool. The non-linear

time-history analysis is performed based on this time-history function.

33



Table 1: Seismic Design Parameters for Little Tallahatchie River Bridge

Description of Parameter Parameter Symbol Value
MCER ground motion. (for 0.2 second period) Ss 0.456
MCER ground motion. (for 1.0s period) S1 0.194
Site-modified spectral acceleration value Swms 0.664
Site-modified spectral acceleration value Swmi 0.429
Numeric seismic design value at 0.2 second SA Sps 0.443
Numeric seismic design value at 1.0 second SA Spi 0.286
Seismic design category SDC D

Site amplification factor at 0.2 second Fa 1.428
Site amplification factor at 1.0 second Fy 2.213
MCEGg peak ground acceleration PGA 0.246
Site amplification factor at PGA Frca 1.354
Site modified peak ground acceleration PGAwMm 0.333
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CHAPTER III

TWO DEGREE OF FREEDOM (2DOF) MODAL ANALYSIS OF TWO COLUMN PIER

3.1. Formulation and 2DOF Solution

The 2DOF model of the bridge is first analyzed without any forcing function to get the

dynamic characteristics. The mass matrix is formed based on the total mass of the superstructure
(m,) and the substructure (m;) lumped at the center of masses. The mass of the superstructure
based on the weight of all the components such as cross frames, lateral bracings, girders, deck,
topping, barrier, and the major reinforcement steel is 6.089 kip — s2/in. Similarly, the weight of
the reinforcement steel and the concrete used in the pier cap and the two columns is used to
calculate the mass of the substructure, 1.518 kip — s2/in. The weight distributions in all of the
key elements are accounted for to calculate the center of masses. The mass of the superstructure
and that of the substructure are located at heights h; = 20.74 ft and h, = 35.22 ft from the

base of the columns.

m; 0] _71.518 0 .

[ 0 mz] = [ 0 6.089] Equation 3.1.1
kl + kz _kz .
[ _k, k, ] Equation 3.1.2

The stiffness matrix for the 2DOF system is a 2x2 matrix that includes the stiffness of

two columns in parallel (k;) and the stiffness of the bearing (k,). The stiffness value in the
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matrix represents the effective stiffness accounted for the configuration and location of five
bearings in parallel that link the superstructure to the substructure.

The geometric properties and the material properties have been used to calculate the
stiffness of the bearings. These geometric properties have either been directly taken from the
MDOT report and drawings, and the material properties have been retrieved from the database
provided by the manufacturer of the bearings (R J Watson Inc.). The two types of bearings that
are being investigated for their effectiveness in this study are laminated neoprene pad (LP1) and
unidirectional fixed disc bearing (FB1). The bilinear properties of these bearings are listed in
Table 2. The total heights of the rubber in each of LP1 and FB1 bearings are 4 in and 6.25 in
respectively. The maximum horizontal displacement (1,4, ) that the bearing can undergo
without deforming in the transverse direction is accounted for the seismic movement under
extreme event limit state. The characteristic strength (Q,) is based on the maximum transverse
load under the service limit state. The post elastic stiffness (K,;) and the elastic stiffness (K,,) are
in a ratio of 1:10 as commonly practiced (Feng & Zhang, 2020).

Table 2: Bearing Isolation Parameters

Fy U.y Fmax Winax Ku Kd Qd
Type (kip) (in.) (kip) (in.) (kip/in.)  (kip/in.) (kip)
LPI 43.33 0.10 262.63 5.22 428.41 42.84 39
FB1 127.78 0.17 516.57 5.22 769.20 76.93 115

The dynamic properties of the undamped 2DOF system: the natural period (w,) and the
period (T) using elastic stiffness, post-elastic stiffness, and the effective stiffness of each type of

bearings are calculated. The 2DOF system has two characteristics phenomena; two natural
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frequencies, and two-mode shapes. The concept of computational matrix theory for the 2DOF
system i.e. the concepts of eigenvectors and eigenvalues are employed to determine the natural
frequencies and the mode shapes respectively. The 2DOF system is solved by hand calculations
and also verified by a simple MatLab routine.

The results shown in Table 3 demonstrate that the first modes of vibration (both masses
moving in the same direction) have larger periods in each case as expected. The period
drastically increases when the system shifts from elastic stiffness to the post-elastic stiffness
bands especially in the first mode of vibration. The period is very low in the second mode
(antagonistic direction of motion) as compared to the first mode in each case and does not
significantly change moving from elastic stiffness to the post-elastic stiffness phase. The results
also show that effective stiffness (K, ) yields the frequencies and the periods numerically
comparable to the post-elastic stiffness. Therefore, this parameter is not applicable to analyze the
structure under seismic or other dynamic loadings where the bearing is expected to deform and

lose stiffness at the loading stage beyond yielding force (F,).

Table 3: Natural frequencies and period for different mode shapes of 2DOF system

K, Kgy Kesr
Type Wy T wy, T w,, T
(rad/s) (s) (rad/s) (s) (rad/s) (s)
Mode 1 7.88 0.7972 2.63 2.3841 2.85 2.2024
LP1
Mode 2 49.49 0.1262 47.08 0.1334 47.14 0.1333
Mode 1 10.08 0.6232 3.51 1.7882 3.97 1.5818
FB1

Mode 2 52.15 0.1205 47.32 0.1382 47.47 0.1323
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The maximum acceleration in the transverse direction from the time history is
64.41 in/s? . This maximum ground acceleration when multiplied by the product of mass gives
the response to the earthquake loading (Duhamel integral). The displacements of each mass in
the 2DOF system can be conveniently calculated using the natural frequencies and the effective
earthquake forces. The horizontal forces, which are the effective inertial forces as a result of two
different modal contributions, being acted at the center of masses of the superstructure and the
pier (cap and columns) are 392.2 kips and 97.77 kips respectively. The deflections when two
different kinds of bearings have been used are shown in Table 4.

Table 4: Maximum deflection at peak pseudo-acceleration

LP1 FB1
Uty Uza Uty Uzq
(in) (in) (in) (in)
my 0.029 0.029 0.029 0.029
m, 1.03 9.27 0.63 5.22

The isolation of the superstructure and the substructure due to the introduction of the
isolation bearing (both LP1 and FB1) is evident from the displacement values of the center of
masses. The use of both bearings limits the deflection of the pier to 0.029 in in horizontal
direction. The displacement of the superstructure is dependent on the elastic and post-elastic
stiffness values of each bearing. In the elastic stiffness range of LP1 and FB1 bearings, the
maximum horizontal displacements of the superstructure are 1.03 in and 0.63 in respectively.
After exceeding the elastic stiffness limit, these displacements significantly increase to 9.27 in

and 5.22 in. The higher value of post elastic stiffness in FB1 limits the horizontal displacement
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within the acceptable range. Even if the decoupling of superstructure and substructure under
seismic isolation is desirable to allow the deformation of the superstructure over sub-structural
elements, it is expected to limit the horizontal displacement to avoid the pounding of the large

super structural decks in the longitudinal direction or falling off in the transverse direction.

3.2. Equivalent SDOF solution neglecting bearings

The system is then analyzed as a single degree of freedom (SDOF) system with total
mass lumped at the centroid of the pier cap without accounting for the stiffness provided by any
of the bearings. This system without bearings can be treated as a fixed system (FS) which is
similar to an inverted oscillator under simple harmonic motion. The stiffness of the two columns
is high, and there is no energy dissipation mechanism available without the presence of bearings.
The maximum displacement of this fixed system (FS) is calculated to 0.15 in the horizontal
direction which is large as compared to the 0.029 in the displacement of the pier in an isolated
system (IS).

Table 5: Maximum deflection without any functional bearings (SDOF)

M P K u Wy,
(kip — s?/in) (kip) (kip/in) (in) (rad/s)
7.61 489.97 3322.98 0.15 20.90

3.3. Linear Elastic Analysis: Comparison based on Demand-to-Capacity (D/C) ratios
This force-based approach also requires the evaluation of the strength capabilities such as
shear and moment capabilities in the critical elements of the structure. The preliminary analysis
is a linear elastic analysis of the two-column bent pier. The AASHTO LRFD Section 5.7

provisions, the resistance factors, and the axial-flexural capacity interaction diagrams are the
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guides used in computing the nominal flexural strength in the bending axis. Similarly, the
nominal shear capacity of each column in the pier is calculated using the provisions from
AASHTO LRFD design specification Section 5.8.3.3. The required or demand shear and flexural
strength are calculated based on the forces acting at the maximum displacement of the structure
and thus produced secondary effects.

The nominal capacities (subscripted n) computed using AASHTO guides, and the
required capacities (subscripted r) obtained by linear elastic analysis are presented in Table 6.
The D/C ratios of less than 1.0 ensure the safety of the structure without substantial damages.

Table 6. Demand-to-Capacity (D/C) ratios of the fixed system (FS) and isolated system (1S)

|74 v M, M, D/C D/C

(kip) (kip) (kip—ft) (kip—ft) (Shear) (flexure)
FS 599.79 489.97 8846.97 5267.18 0.82 0.60
LP1 599.79 97.77 8846.97 3845.24 0.16 0.43
FB1 599.79 97.77 8846.97 3051.19 0.16 0.34

The recently constructed bridge has been analyzed, therefore the D/C ratios are less than
1.0 in both shear and flexural strength capacities as expected. The results confirm that the
bearings are more effective in reducing the D/C capacities in both shear and flexure. In the
transverse direction, the use of both LP1 and FB1 isolators lowers the D/C ratio to 0.16 as
compared to the fixed system with a D/C ratio of 0.82. Also, the flexural D/C values are lowered
to 0.43 and 0.34 by the LP1 and the FB1 isolators from 0.60 in the fixed system. These results
from the linear elastic analysis demonstrating the reduction in the D/C ratios with the usage of

bearings as isolation devices confirm the simplified procedure to evaluate seismic vulnerabilities
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CHAPTER 1V

FIXED BASE FRAME ANALYSIS OF TWO-COLUMN PIER

4.1.Static Pushover Analysis

The non-linear pushover analysis is performed to estimate the sequence and the pattern of
plastic hinge formation, and evaluate the hinge status. The pushover analysis in SAP2000
involves the sequential steps: definition of lateral loads, the definition of hinge properties, and
assignment of hinges, analysis, checking pushover curve, and target displacement, and checking
hinge status for global and local deformation. The AASHTO LRFD seismic bridge design
specification Section 4 and Section 5 are used to develop the model for pushover analysis. The
cap beam is defined as a rigid beam element that does not allow the formation of any hinges. The
translational displacements of four joints 17 and 18 at the base columns, and joints 40 and 47 at
the top of the columns in the horizontal direction (U1) are monitored to allow a maximum
magnitude of 5.22 in. The lateral non-linear load case (PUSHXx) is defined and then assigned at
Joint 40 and Joint 47 with a magnitude of 0.5 kips at each joint. The hinges are defined as ‘auto
hinge type’ ASCE 41-13 Table 10-8 (concrete columns) with P-M2-M3 degree of freedom. The
flexure/shear failure condition is selected.

The hinges are assigned at an offset location of 30 in from the joints. The auto hinges
assigned at Joint 17, Joint 18, Joint 40, and Joint 47 are 15H1, 16H1, 15H2, and 16H2
respectively as shown in Figure 18: 2D pier model for pushover analysis: (a) Joint ID and (b)
Hinge assignments. The model is then allowed to run the Gravity and PUSHx load cases. The

hinge formation sequence and pattern were checked until the ‘collapse
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prevention (CP)’ hinge status was displayed. The linear response under the lateral force is
observed at top of columns in both the hinges 15H2 and 16H2 up to Step 7, and also at the

bottom of the columns in the hinges 15H1 and 16H1 up to Step 8. The non-linear ‘CP’ hinges are

formed at Step 9 at the top of the columns.

(b) Column Plastic Hinge Location

(a) Joint ID
Figure 18: 2D pier model for pushover analysis: (a) Joint ID and (b) Hinge assignments

(c) Step 9: Initiation of Non-

(b) Step 8: In Initiation of
linear ‘Collapse Prevention

(a) Step 7: Initiation of
Inelastic Response at top of  Inelastic Response bottom of
columns columns (CP)’ hinge at the top

Figure 19: Hinges formation at different steps of pushover analysis

The response is linear until the hinge starts the form at the top of the pier at (step 7) and
the bottom of the pier (step 8). The response follows the non-linear path until the fully plastic
hinges are formed at step 55. The results and plots for all the four hinges in the linear response

are displayed in Figure 20. The moments (M2) in both Hinges 15H1and 16H1 are 8855.54 kip-ft

at Steps 7 and 8. The moments (M2) at Step 7 in the Hinges 15H2 and 16H2 are -8657.65 kip-ft.
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The maximum moment at the location of 15H2 (30 in from Joint 17) is 8651.36 kip-ft, which is

established to be the maximum moment capacity of the column from the pushover analysis.
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Figure 20: Hinges data and results at Step 7 of pushover analysis

The pushover curve is evaluated at Step 7 to get the maximum base shear (V4. ) and
maximum horizontal displacement in the linear zone (U4, ) as shown in 7able 7: Maximum

base shear, moment, and deflection .
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Table 7: Maximum base shear, moment, and deflection at different hinge stage

First Yield Fully- plastic

meax Mmax uy meax M, p up

(kip)  (kip—ft)  (in) (kip) (kip — ft)  (in)

2497.73 8651.36 0.365 2681.95 9725.04 2.82

The pushover curve showing the base shear at different displacements is shown in Figure

21.
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Figure 21: Pushover curve for displacement monitored analysis
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Figure 22: Base shear and capacity spectrum plot

Figure 22 shows the comparison of the capacity curve (green) with the demand spectrum
(red).

The blue line represents the single demand spectrum with variable damping. The
comparison shows that the capacity curve is significantly greater than the demand spectrum
based on the response spectra. The performance point is the intersection point of the demand and
the capacity curve. The pushover analysis is used to predict the potential weak areas of the
structure estimating the strength capacity up to the post-elastic or ultimate limit and tracking the
progressive damages through hinge formation. The formation of hinges under displacement-
controlled pushover analysis estimates the high flexural or shear displacements that are expected
to crack or yield at high intensity. The assessment of the hinge formation at the performance
point shows that there is no local deformation. Therefore, the flexural or shear displacement
value of the top of the column at the initial stage of hinge formation is compared against the

displacements in further dynamic analyses.
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4.2 Non-linear Time History Analysis
The dynamic analysis is performed to evaluate the time histories of the deck
displacement and the pier cap displacement in the transverse direction. These relative

displacements have been analyzed under different linking conditions between the superstructure

and the substructure.
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Figure 23: Ground acceleration time history scaled to MCE spectrum

The time history function for the Maximum Considered Earthquake (MCE) dominated by
the motions in the transverse direction (1.0EQ, + 0.3EQ,,) under the site-specific conditions is
shown in Figure 23. All the seismic design parameters are calculated using the ASCE 7-16

Seismic Hazard tool, and the corresponding site-specific response spectrum for damping of 5% is

shown in Figure 24.
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Figure 24: Site-specific response spectrum curve

The three different load cases are defined for the 2D model of the SAP2000 model:
modal case, dead load case, and time history load case. As the superstructure is linked to the
substructure using joint link elements, the dead load being applied should be defined as the non-
linear time-history load. A ramp function with a ramp time of 5 seconds and an amplitude of 1
unit is defined. The slow ramp function is set as a time-history function to apply the dead load as
dynamic load with high modal damping of 99% to limit the dynamic excitation of the system.
The modal load case is modified to generate a maximum of 20 modes starting with the
acceleration in x-direction as load vector. The dead load pattern and the built-in deformation
modes for the joint links are also added in this load case. The fast non-linear analysis (FNA) load
case is set up to start after the dead load case. The scaled MCE time history record in the

transverse direction is the load applied in this load case. The time step data are defined to get the

47




response for 40 seconds with the time steps size 0.001 second. The modal damping constant in
this case is chosen as 5%.

The first analysis is run as a fixed system (FS) with a rigid link between the
superstructure and the substructure at the position of the bearings. The relative displacements and

the accelerations of both the deck and the pier cap overlap as shown in the plot functions in

Figure 25.
Relative Displacement of Deck and Column
without isolation
0.3 -
£ 0.2 -
= 0.1 1
g 0-
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Joint4 ——Joint 47

Figure 25: Displacement and pseudo-acceleration (PSA) plots in FS

The maximum displacements of the pier cap and the deck in the horizontal direction are
0.216 in and 0.217 in respectively. The displacement at the top of the column is equal to that of
the pier cap as these are modeled as rigid elements. The maximum value of displacement from
FNA does not exceed the displacement limit of 0.365 at the beginning of the hinge formation as
observed in pushover analysis.

The response curve for the pseudo spectral accelerations at various levels of damping is
shown in Figure 26. The graph shows that increasing the damping decreases the PSA at Joint 40

which is at the top of the column.
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Figure 26: Response spectrum curve for the displacement of Joint 40 in FS

4.3. Influence of bearings in the isolation system
The bearing properties for two types of bearings are defined in the Link/Support Property
command in SAP2000. The bearings are drawn as one joint link element as the multilinear
plastic-type. The bearings are assumed to have a kinematic hysteresis curve obtained by plotting
multilinear force-deformation values. The hysteresis sketch and the multilinear force-
deformation parameters for the LP1 bearings are shown in Figure 27. Similarly, the parameters

are defined for the FB1 in the separate model.
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Figure 27: Definition of multi-linear plastic link: LP1

All three load cases are run after assigning the joint link as LP1 and FB1 successively at
the location of bearings in the pier-cap beam element. The deformed shapes under the time-
history load case are displayed at multiple time steps; the table for the relative displacements of
the Joints is taken as output to obtain the maximum values of displacements at Joint 4 (in the
superstructure) and Joint 47 (top of the right column). The displacement plots of relative joint
displacement vs. time-period of loadings in both cases with LP1 and FB1 demonstrate that the
superstructure is isolated from the substructure as shown in Figure 28 and Figure 29

respectively.
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Figure 28: Relative displacement plots for Joint 4 and Joint 47 in LP1

The joint displacement in the deck (Joint 4) is greater than the joint displacement at top of

the right column (Joint 47) as expected in isolated systems (IS).

Relative Displacement of Deck and Column using FB1
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Figure 29: Relative displacement plots for Joint 4 and Joint 47 in FB1

The relative joint displacements in each scenario of link assignments are tabulated in
Table 8. The relative displacements decrease at Joint 47 (top of the column) and increase at Joint

4 (deck) as compared to the FS case with the application of both LP1 and FBI1 in the system. The
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relative joint displacement decreases to 0.011 in in FB1 system as compared to 0.075 in Joint 47.
And, the relative joint displacements in the deck (Joint 4) increases from 0.213 in LP1case to
2.701 in in FB1 case. These values of relative displacements confirm that the FB1 allows the
displacements of the superstructure more than that of the LP1 system, and this horizontal
displacement is still in the range of maximum allowable displacement in the bridge system. The
lower value of horizontal displacement at the top of the column ensures the risks of damages in
the sub-structural system. The ductility demand (¢, < 6.0) for a two-column pier has been
calculated for each case according to the AASHTO provision. The ductility demand (up)

decreases by 23.89% while using LP1. Similarly, it decreases by 35.22% while using FB1.

Table 8: Relative displacement in a column under time history analysis

Uy7 Uy HUp T; w4

(in) (in) (pier) (s) (rad/s)
FS 0.216 0.217 1.59 0.22 27.97
LP1 0.075 0.231 1.21 0.27 22.54
FB1 0.011 2.701 1.03 0.25 24.19

As all of the values of the joint displacements in the columns are smaller than the critical
value obtained from pushover analysis and the joint displacements in the deck are smaller than
the maximum allowable due to bridge system constraints, the time history analyses confirm the
effectiveness of bearings as isolation devices in this bridge model. The time-history analyses
have only been performed for the force-based displacement capabilities, and the strength

capabilities have not been investigated.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1. Summary and Conclusions

The 2DOF model of the bridge is first analyzed without any forcing function to get the
dynamic characteristics. The dynamic properties of the undamped 2DOF system: the natural
period (w,,) and the period (T) are calculated using elastic stiffness, post-elastic stiffness, and the
effective stiffness of each type of bearings. The displacements of each mass in the 2DOF system
can be conveniently calculated using the natural frequencies and the effective earthquake forces
(Duhamel integral). The isolation of the superstructure and the substructure due to the
introduction of the isolation bearing (both LP1 and FB1) is evident from the displacement values
of the center of masses. The system is then analyzed as a single degree of freedom (SDOF)
system with total mass lumped at the centroid of the pier cap without accounting for the stiffness
provided by any of the bearings. The maximum displacement of this fixed system (FS) is
calculated to 0.15 in the horizontal direction which is large as compared to the 0.029 in the
displacement of the pier in an isolated system (IS).

The non-linear pushover analysis is performed to estimate the sequence and the pattern of
plastic hinge formation, and evaluate the hinges status. The inelastic linear response under the
lateral force is observed first at top of columns in both the hinges 15H2 and 16H2 at Step 7, and
also at the bottom of the columns in the hinges 15H1 and 16H1 at next Step 8. The non-linear

‘CP’ hinges are formed at Step 9 at the top of the columns.
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The pushover curve is evaluated at Step 7 to get the maximum base shear (Vy, 0 =
2144.85 kip) and maximum horizontal displacement (i, = 0.313 in). The assessment of the
hinge formation at the performance point shows that there is no local deformation. The dynamic
analysis is performed to evaluate the time histories of the deck displacement and the pier cap
displacement in the transverse direction. The fast non-linear analysis (FNA) load case is set up to
start after the dead load case. The displacement plots of relative joint displacement vs. time-
period of loadings in both cases with LP1 and FB1 demonstrate that the superstructure is isolated
from the substructure. These values of relative displacements confirm that the FB1 (2.701 in)
allows the displacements of superstructure more than that of the LP1 (0.231 in) system, and this
horizontal displacement is still in the range of maximum allowable displacement (5.22 in) in the
bridge system.

5.2. Recommendation for Future Work

The scope of this work is limited to the analysis of one pier out of three piers supporting
the 780 ft long girders. These static and dynamic analyses provide quick results on the
effectiveness of different types of bearings as isolation devices. However, the following
recommendations are made for more accurate and reliable analyses to design or analyze the
isolation system in newly planned bridges or the bridges that require retrofitting.

1. Instead of modeling the fixed-base of columns; use the soil-structure interaction (SSI)
approach

2. Account for the eccentricity of the bearings based on their attachment in the pier cap, and
analyze the deformations in the link elements representing the bearings

3. Incorporate the deck stiffness in the transverse direction

4. Evaluate the strength capabilities, not merely the displacement capabilities.

54



BIBLIOGRAPHY

55



AASHTO. (2010). AASHTO LRFD Bridge Design Specifications. In Chemistry &amp, Fourth
edition with 2008 interim revisions. Washington, D.C. : American Association of State
Highway and Transportation Officials, [2008] ©2007.
https://search.library.wisc.edu/catalog/9910071548102121

AASHTO. (2011). AASHTO guide specifications for LRFD seismic bridge design. In
Transportation (Issue May). AASHTO.
https://searchworks.stanford.edu/view/11842518%0Ahttps://bookstore.transportation.org/ite
m_details.aspx?ID=1915

Black, W., Freyne, S., Cummins, J., Stacy, B., Strange, C., Crittle, M., & Chapin, G. (2021).
2020 Mississippi Infrastructure Report Card. https://infrastructurereportcard.org/state-
item/mississippi/

Chen, W.-F., & Duan, L. (2003). Bridge engineering: substructure design. CRC Press.

Chen, W.-F., & Duan, L. (2014). Bridge engineering handbook: construction and maintenance.
CRC press.

Chopra, A. K. (2017). Dynamics of structures. theory and applications to. Earthquake
Engineering.

CSI. (2009). S4P2000: Integrated software for structural analysis and design (21.0.2).
Computers and Structures Inc. https://www.csiamerica.com/

Feng, D., & Zhang, F. (2020). Seismic Isolation Retrofitting of Typical Multi-Span Steel Girder
Bridges in New York State. Transportation Research Record, 2674(8), 785—798.

https://do1.0rg/10.1177/0361198120924665

56



Ghosh, G., Singh, Y., & Thakkar, S. K. (2011). Seismic response of a continuous bridge with
bearing protection devices. Engineering Structures, 33(4), 1149—-1156.
https://doi.org/10.1016/j.engstruct.2010.12.033

Konstantinidis, D., Kelly, J. M., & Makris, N. (2009). Experimental investigation on the seismic
response of bridge bearings. International Conference on Advances in Experimental
Structural Engineering, 2009-Octob(October).

Kumar, M., Whittaker, A. S., & Constantinou, M. C. (2014). An advanced numerical model of
elastomeric seismic isolation bearings. Earthquake Engineering and Structural Dynamics,
43(13), 1955—-1974. https://doi.org/10.1002/eqe.2431

Lo Monte, F., Pozzuoli, C., Mola, E., & Mola, F. (2018). Seismic Vulnerability Assessment and
Retrofitting Design of a Multispan Highway Bridge: Case Study. Journal of Bridge
Engineering, 23(2), 05017016. https://doi.org/10.1061/(asce)be.1943-5592.0001148

Manos, G. C., Mitoulis, S., Kourtidis, V., Sextos, A., & Tegos, 1. (2007). Study of the behavior
of Steel Laminated Rubber Bearings under prescribed loads. 10th World Conference on
Seismic Isolation, Energy Dissipation and Active Vibrations Control of Structures,
2(December), 12.

Manos, George C., Mitoulis, S. A., & Sextos, A. G. (2012). A knowledge-based software for the
preliminary design of seismically isolated bridges. Bulletin of Earthquake Engineering,
10(3), 1029—-1047. https://doi.org/10.1007/s10518-011-9320-0

Mullen, C. L. (2011). SEISMIC VULNERABILITY OF CRITICAL BRIDGES.

Naeim, F. (1989). The seismic design handbook. Springer Science & Business Media.

Naeim, F., & Kelly, J. M. (1999). Design of Seismic Isolated Structures: From Theory to

Practice. In John Wiley & Sons, Inc. (Vol. 16, Issue 3). https://doi.org/10.1193/1.1586135

57



Qiang, Z., Yaozhuang, L., & Kolozvari, K. (2018). Numerical modeling of steel-concrete
composite structures. Structural Concrete, 19(6), 1727-1739.
https://doi.org/10.1002/suco.201700094

Raffaele, D., Porco, F., Fiore, A., & Uva, G. (2014). Simplified vulnerability assessment of
reinforced concrete circular piers in multi-span simply supported bridges. In Structure and
Infrastructure Engineering (Vol. 10, Issue 8, pp. 950-962). Taylor & Francis.
https://doi.org/10.1080/15732479.2013.772642

Ryan, K. L., Kelly, J. M., & Chopra, A. K. (2005). Nonlinear Model for Lead—Rubber Bearings
Including Axial-Load Effects. Journal of Engineering Mechanics, 131(12), 1270-1278.
https://doi.org/10.1061/(asce)0733-9399(2005)131:12(1270)

Sanchez, J., Masroor, A., Mosqueda, G., & Ryan, K. (2013). Static and Dynamic Stability of
Elastomeric Bearings for Seismic Protection of Structures. Journal of Structural
Engineering, 139(7), 1149—1159. https://doi.org/10.1061/(asce)st.1943-541x.0000660

Takahashi, Y. (2012). Damage of Rubber Bearings and Dambers of Bridges in 2011 Great East
Japan Earthquake. 1333—1342.

Tonias, D. E., & Zhao, J. J. (1995). Bridge engineering: design, rehabilitation, and maintenance
of modern highway bridges. McGraw-Hill.

Tubaldi, E., Mitoulis, S. A., Ahmadi, H., & Muhr, A. (2016). A parametric study on the axial
behaviour of elastomeric isolators in multi-span bridges subjected to horizontal seismic
excitations. Bulletin of Earthquake Engineering, 14(4), 1285-1310.
https://doi.org/10.1007/s10518-016-9876-9

Warn, G. P., Whittaker, A. S., & Constantinou, M. C. (2007). Vertical Stiffness of Elastomeric

and Lead—Rubber Seismic Isolation Bearings. Journal of Structural Engineering, 133(9),

58



1227-1236. https://doi.org/10.1061/(asce)0733-9445(2007)133:9(1227)

Watson, R. J. (2014). High Load Multirotational Disk Bearings for Civil Engineering Structures.
Istanbul Bridge Conference.

Yamamoto, S., Kikuchi, M., Ueda, M., & Aiken, I. D. (2009). A mechanical model for
elastomeric seismic isolation bearings including the influence of axial load. Earthquake

Engineering and Structural Dynamics, 38(2), 157-180. https://doi.org/10.1002/eqe.847

59



LIST OF APPENDICES

60



Al. MDOT Relevant Bridge Drawings

A1l.1. Overall Bridge and Elevation

TS e | et |
STATE OF MISSISSIPPL o | s mooncnesn| 1 |

MISSISSIPPI DI OF ATION

PLAN AND PROFILE OF PROPOSED
STATE HIGHWAY
FEDERAL AID PROJECT NO. BR-0019-02(044)

FMS CONSTR. 102454301000

e N
65w = orem e

EQUATIONS

sTA B = Z14485.857 K (54700
h K+ S207+6T.53 AH (-16.04T)

LENGTH DATA

s o rosemss 7372334 s ow
o o s 217798 it

o w pr e
L ¢ ] "

i e o Tswi.cas TEEm

Image A 1: Location and Project Outline of Little Tallahatchie River Bridge

61



STATE | PRCJECT w0

MISE. | DR-0013-021044)
-
Fon IOLAZ \
- [ N
AvE Sta B¢ 000 -
e s L B
0/"’ e
Tatel L onpth o Briigpe \ 2240-3"
! @ et Ll et
“300 7407 Canbiusss Wakad Piafa Grdar Span
Continsoun Waitod Per Deltaits Gr Sheet Nes, 4967
Finte G
e Diaas .
 boohder Epansi int?
e s, s Sew Sheat Mo 58 For Delads
EL 3 ® 8 a0
#
el a § ¥ g 3 3 rag
H 53 i o
=l HE n —30 Fear N
. bl GEH - = .ﬁ o
22, @& @ Gk | B )5 e
o0 X —a i ‘) I 1 T I I I I I I I I I I I I I T I I - L 1 I T I
250, k\l__l, 7 e
A0 u B —‘__L a9
S Fap 2 Skartt L
22 L) i re - /— Tnn oF Shat? P AT P TI |
Elew SR IR
oy - \ |z
=) - Aiura e
e ==
£ | g
2201 b= Frmanen? Caniy | Fermameat Casig S A— £
-1 | s
2 Sn SEE Eies, A020 Eiew, S020 e
A —————— e e R | Y S -
90 =Fragmcled J00 Fesr Jesuwe Liw . 95
fetfom OF Coviy |
s B T = Fiew. FEAD | | oz
o |~—a‘-o’m Drsfee! Shat? D— 450" B
Batran O Star? D"_""a‘"""“"" e Cataih G Shans s, 73 4 ey eliem O Starr Ded Shott
Lo FiAS Low a4 :"/ﬂ x)aw: /-‘\
Mo + Awraoen?
P et 2 D = @ Joa'a - = TN 6"
£ 5% 7 A (=) \_/ 0] 7l
Aiter B 1 1 | - | L L L
iR PiaFe00 2t B0 P00 218800 ] o
o Beal Mo 5 ol ot M &
For Dty G Shoe? Nes. 54 & FE-38 Fer Bty Gy Sdoe? s, 53 & 565 5| MISSISSIFPI DEFARTMENT OF TRANSPORTATION
L4 s 2 - 5 Diter Shatts BRIDGE & 5TA. 2185+158.88

)
(£} = Expamaion Lot

(£ o+ ivedt B

e

SR T ACROSS TALLAHATCHIE RIVER

PROJECT BR-0019-02(044)
| 02454,/301000

Image A 2: Beginning of 780 ft steel-girder supported over Piers 5, 6 and 7

LAFAYETTE COUNTY | "4 of &3
" cereus WA o GWT | SEET RN |
e 11 e e

62



STATE PROECT WO,
P St 2022000 wlbailal]
Fien 508, 2500
Fartieal Curve
A Eta PS80 Asoom o —-—
T TR, _— —
Y - — — —
— e
e
Totat {eiptt of Supe = P40-3"
mﬂ?«)'— s e i ;o et . o e N R
ol reetie . Pirle Gordler Frealreased Loncrele Bl Tee Some Freafreased Comcrele Bl Tee Soe Presiresaed Lecrele
e Derosty o Sheol Mos AP o indler Srpansan e ——= Foe Lefeds O Shoer Abs FP0R Ao Defods o Steer Nos #5-45 Bl Tew Spas
Zew Sapst w8 For REE s Fre Crtw on
L ) N Deleir § . 3 M#M: gq e
i E ¥ : § 7 5 |20
|
e 2|2 g d 5 =30 Foar g § s
. ala ?
22| GLE (GEING) (GEH | B @D 2o
: T T I I I T T I T T I - NI I T I I I L I —— T I T T L I .
ol ) I r; i
= | f 0
e = | e
Tar o St Fan o St
e Fw. PETAT Fiew, £E2 SR ool o o sy ez
\ = - 2
At
il e e
TR | e 2daa PR——-
g | Pz
I e "é‘—--—_________ Flev. 2FRO r
el = Fevmmeent Corey T e 20
I [ Fermanenr Cavge A ¢ Cosnr = —————————— —
& T -}
| _--—*""—ria Sartm G Chivge || Salloer O i s
Con. P2 — =TT “Mroacted 10 Fear Seoar Loe Een 2iaT . Eon 2100
'« e T E " D D Sha¥ | o
a8
L fetipm OF Cacig 4 D MD— Grikns’ Shart 5
x"’fﬁfﬂ - Flw SARD - Eiew. I7IC
- " _— &
I-.-— gt ] infiprioe Seat
Gotipm OF JhfT G s Gt lj-—a'-c'meWr For Deteds Ge Shoet Abn 34-03
Siww, (LT [ F v 659 Srdier Shalts
s 1240 e Prmasenr Cavig
LS Meiore FE S o m L2 A gt Sfe T
S 7 Z [
e A8 e L L w WE
Ercg-od =] Enaso0 L
Bt dnteriar el Mo & 5| MISSISSIPPI DEPARTMENT OF TRANSPORTATION
Foe Deteis Oe Sheed M 23 4 J659 fe Sefais o Sheef Abs, 25:29
Rl e e e RIDGE & S5TA. Z185+18.88
e Prrmpacal Carig (- & - e B
ot e s SR T ACROSS5 TALLAHATCHIE RIVER
\_a = Frnpel Enr
MOTE Jeste: £ taEE " PROJECT BR-0019-02(044)
Sea Deek pinis AP Gest Mo Ped7 102454/301000 rvemeosr
e Dpfals O Shavt M oL LAFAYETTE COUNTY 5 of 83
H e P e TR CHT TEET e |
3 oacs, [ —— 8008

Image A 3: End of 780 ft steel-girder supported over Piers 7 and 8

63



A1.2. Pier Details

GENERAL NOTES: -
AY Concrefe fn Cap 4 Shud Shadt Be Ciass AAT
Chamior A5 Cornars J° tiess Oftereise Mfee

[t e Pucty Davssiass Fram Rustuveig Stovi To
r R rote Satacns e Gl Ssarans,

AT
For Secion G Ba Beeiny Oeiwin Top OF Cgp £
AN H Siret Peiiarcey Oeiais, See Svet Mo, R

A e Avcder
i A ] S (Typt ® For Sections A, B8 C-C 4 Fad OF Bent Cap
b1 5P7 i Rendorcng Detad See Shoes My 2T
‘e Brarige Arvambip FES For Detass On

Sheat! Mo G0 See Gecwcs' Mofes

For Cilons Ao’ Drilied Sha? Meinfurcim, Sew Shee!
o 28

i Bars e |'I a [ . T i tig . * O TRLCTHON MOTE
| .
I

a [ Elevatoor O Fop OF Cap dod 1] Avcher Salt
| o 5 ey €1 (I s 8L Sociyy Far Dive Beaciggs dew Fae Firinabiy
4 - { infy dve' e Mo Dimanziser
iz + Ly o 4" OF e Seorny dasembly A3 Defermeed By Do Adovciochirer.
* 4 - H . o Bl Brigpe £
1 T Shap Srawggs OF e Sesrsp disesdie To Be L,
} } T

& fus 40 ‘

2 Bars 55— d

DM Sy A7

g )
it P

P A H
Shear Koy (Tyad A
al II--n.— g e TASLE OF VARMS ES
e - =¥ a‘ "{w 5‘: A Lo £ e AT o s
| A Aas &7 ] D ) PRI ~—
s e e —. -t e pat [R5 0] |

i L= PER LIPS 198"
it ey W .
E—— L

\«Qil\.g

PILASES AEQAIAES ftel
T ¥ 2 drd Ear (D)

5| MISSISSIPP] DEPARTMENT OF TRANSPORTATION
BRIDGE & 5TA. 2185+18.88

e 200 A The Meae!
& Fhe Grotbed’ Shadr, Far e
i Duwonsioes, Sew Droed moven?
Shart Lodnis Ov Sheel f R consy
e

INT. BENT NOS. 3, 4, 6, & 7

PROJECT BR-0019-02(044)
102454/301000
LAFAYETTE COUNTY

i LLLVA TN
Lovisy Lhbslation

WO
23 of B3

BTN T YR SEET Rl
oearn__H [T . 806

Image A 4: Dimensions and details of Bent No. 7

64



£F s Ar —

L2 g ariat

FPNE o AT -’L :
I i3
! o)
A T Y P '
s o s a5t — (e —t
Gl Barx AT b
SELTIY A-A
Bt Mox. J, 4 & &
- &.a°
1s
= 222122228 L EB
SENE x AT
25 . AEET k

EES P L _
L I -

b:‘\s_|+13‘+++|

(F Pt Spares
e

O Bors A4

Fower Ao, I

s
Tt

L=

=]

I Fge S

=q
=g
s
=

PR R R Y
Smaran

- AT e

1F
s

P . §E—
#F ars 81
ptrg s axtet

FP-"F ¢ AF-ET

R
AP g 45—

Variws - A5 dda

FE-TH 5 P —

2 Bars A
14710 x a5

S . A

ST AT “\
AR g A

.
I

Vireri - 207 M

.

e e

& en
[

FROECT M0,

RR-001 3021044

& Baes wr ] ol e wdw £

# 5 Sew

v v b LA & - i

H e Bkl

[}
& fwes WP %
P o

]
R IR EE
o« b 1
A Bars QF—
EMD OF BENT LR RENFORGING
[y

65

5| MISSISSIFFI DEPARTMENT OF TRANSPORTATION
BRIDGE & 5TA. 2185+18.88

INT. BENT NOS, 3-7 DETAILS

i

PROJECT BR-0018-02(044)
102454/301000 e
LAFAYETTE COUNTY | 27 of €3
TSR] wnaen |

¢l _BWE s PN GWT
W ccarn. PH s BB . | 8030

Image A 5: Cross-sectional details of Bent 7




2 e bl F — e
» e # g om M i S @8t b 0 gaa Y if dom ® 8 - \ & Gos ® 3" >
” T8t fara AT F 0 | T80 fars A7 | | T | | T # T | FEE T y
Barr EF £ Baer 43 A Hars A3 Bar EF
i
i 7] =
i £ Cgo 473"
k2 I___ = T 1T SEEEEEESEEEEEDS SEE EE S e e e e .
-r : 5
d T
| = 1 =e |
r——f Cokewr d Dhied Shof? ] 12 Baes 87 [ Cree d Deded Shel? E Bars L7
| rga Al ! £ ! et
I 45087 P
ﬁim OF e Cap Diectiy I- —I l- -]
Shswiy AWASeap Thee B e Lhgpican Shall flaww ( ) ( J
et Moa. A Sears Fraweled Pt
Bars B7-"10 Bars 82-*11
FEO" Mis, 15 S 1807 s, (11
. . — T '\_"'9' R — g R . -a” 2
5 2 gow # 5 4 o IR Y ipa # Soa & # s g o
DB fars A7 # 70 TEL fars A5 TeE DU Bara A7 = -
fars P £ s A7 i $ S BT
Fat
i : or &
. T —— 4 T T
o 3=z A i 8" ar
; —E Cw IR T &5 F W
R | '
LY
Wl - k] 207 Min ™ 80" Ala Bl
o ¥ 1 & L8 0o R B
[ - |
—— Gk d Driled That? el 1# Bars 81 £ Ol £ Lrced Shal? - T
195" 13" i £355" i et Bfars A6 75 fars AF-AS -6 Bars €5 a5 G
T i, 4 5
£ AP
i
AN OF CAP Dkwpasioes Are OoF To OuF
Showey Meviarcny Siewl do Tog O Cap And Coboma Spocry P
A B 87 o B it
2 dos 00 FTTTTTITTT T | 4
=1
e J-a° 9 oeres & 6° 35t I e _avaaiaaaii s
i Feidarvosmeant \ = T Bars AF 1 yry T ~ T
ErAar N i —n i
o === o= B 40 Tt
. © 5 3
:,: : . = : e .; .
Y Y | G e nw - - B — o B8 4 PEO" ki
: ’ HHH H H 11 = is 5| MISSISSIPPI DEPARTMENT OF TRANSPORTATION
5 ¥ B - - k. BRIDGE & STA. 2185+18.88
i = i = =2
1t : 1 INT. BENT NOS. 2-8 DETAILS
€ Cntoma —=) . s Bas 27 = Ot e T i
= e - H
pawsapd LLLLLLLLLLLT| % PROJECT BR-0019-02(044)
o : P 102454/301000 e s ]
* 2T M Lap Sotew ’ £ s 3 LAFATYETTE COUNTY

Showiy Recalarcg Steel Jo Ton OF Stat

28 of &3
e e |

_ BWE ervemes WM e DT
e w—

Image A 6: Plan view and reinforcement distribution in Bent 7

66



ADDENDUM

GFEY

Shear Fap dnd Can Siges
At Shosm Far Slecify

h A
AT
i )s 8
i i
.
&
o
H
3
g w|
N g
2 2
e i
i
i
a
B 2l
wur
:
i & s 13
L7

o
Lonts of S OO
]

i)
A
o R
Ll <

Growied Futal, Shear Lap
Bar DUf Gtied For Claritys

LI LR LA T

Lower
Cmanirur i
e

MOTES
el Fiiel Thesr Koy &
Bar 5D Ometfed For Gty

A fgomr Cinas fruc i
oy T

o

LELLLI:

TRl

&8 Croferigg Droces
L

TARLE OF VARIMBES .
P P Er A s SRS
oy " 'l ‘
> A J Fev-loc Burches
K] JI5 -0 far
4 g | jas
] ot | et L
£ g | 8 Tl fuaotiar
r w5 | s1%a”
Il 4ra’ | reta”
— Fog & Groied! Shal?
8 |
I Gk 48 . -~
WU A Cemderiy reipes —
M“l"""‘" 25 Apory Spocws
A Cries
[l s St Fpinorcpmear Ar ropt as &0
By & Damvior
iy — Fecassast Steel Caiity 448
S EL I o AP . [ T e fwcteess ST B8
dn s i Borvies e
s
N B W AR
A Diwprncow O Spored
! o Cate Faedlat,
ek Mechoocs’ Sobcws,
2 Sen SARE MOTE

¥, B Sar QRELED SNAFT AOTES
Go Sdewt M [ For Furftar
Hrgun pep s

B o Sebeiifulisen Far Ficiners
& Lhipngter W Be Ppsitted

Bboheicnl S Jukies Sond B Che OF Toe Fodomip Pravvess O

A Approves Epoat

A “G-Tesl” Rak Be A3 Mookl B Bor Sekee
Fravicts, be Depfos @

A Baefoct” mmx,w.rwayafﬂmmw
Clnptag, O

£ “Lectar Steccerd :-ph'] Shatt Be Au Mesciechures By
ERACD O Seion, G

B A Conposnels OF Mo Mechoscs! Sabeng Spstem Shal Bo feitaled

Far T Elewatioas, See
Fdeed Mos 25

A Bdric? Accerdace  Wotk e Msofaciurer’s Directhions,

A & Apereiative O e Ml
Fime fa duvre hat fhe anfactar [ Frosery
s tode oo O Mecharecel Sidces,

4 # 5 The Comtracter’s Respmesdity To Adja! Fhe Omewsiss OF
Sealarcoy o Fhe Fraer Lot Accovdag 8 WG Mechencst
wive i e Berdw Ceandruriin

furor MsS Bo Froceal For M’r.-l.'
Smhmninr

A -2

IAKE MITE:

Gobeap OF Lopiatnn G Serel Beaferceaest Shet Mot
Hsaiarcamant

Ba Parmiitted fo Splce Joma & {aqpiludon’
p Be Adehunicelly Spded Ay Sen b Detadt A"

Witae Joive Jave & Cwie b Me Mes Two Secsbesol

Reeaforcement Mol Se 4 Wekabie Srace OF 457

PROJECT W
OR-0013- 0200441

ey 8

Oenmanin OF Jora

A Ol gt
&
o

ALAN OF SERAY

ELAN OF SRR

[ e Ao "

JLe

AL - T
ORLLED SHAFT

Wimie' Closure
T Fap 4 Brms —

%

Tt Fure A’ &°

Wedied Chonre

.‘."wMF

fr,p ﬁp £

s

| %

“*—.' .fua-rd

Flm MJM
o Furn dad £
Medted Cheaure

2
B ot

L LAV EORAL BTN

wn

g (]

MIS3155PPI DEFARTMENT OF TRANSPORTATION

AT (- ASTAF ASIS Or AVDE Aiatige Tha

Argueraments ¥ ANELAWS S6 -7 And' Be drwete 63
Aparprrament, Smp Defad 8% Foe Weisd Spbee Defan.
M dge dptcar OF Logterian! O Spral Beiforcement i

Fpemitioe,

e
P o et
s

BRIDGE & S5TA. 2185+18.88

INT. BENT NOS. 2-8 DETAILS

PROJECT BR DOI'Q 02(044)

LAFAYETTE COUNTY | 25 ot 63
[T mm__m_'_m.n_'ua_...n_c_ B
L e ——r 8032

Image A 7: Dimensions and reinforcements in columns in Bent 7

67
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A1.5. Barrier and Railing Details
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Image A 17: Barrier details
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A2. Annotated Excel and MatLab Calculations

Crossframe "A"

Crossframe "B1"

Holes not deducted/bolts not added

Total Weight= 41.12 kip

Holes not deducted/bolts not added

Total Weight= 2.42 kip

Number Unit Wt Number Unit Wt
6 490 18 490
pcf pcf
Elements Numbers Dimensions Elements Numbers Dimensions
Length  Width Thickness Area Volume Linear Wt Wt/ele  Total Wt Length ~ Width  Thickness Area Volume Linear Wt Wt/ele  Total Wt
in in in in"2 in3 Ib/ft Ib Ib in in in in"2 in"3 Ib/ft Ib Ib
Gusset Plates | 5.00 18.00 16.00 0.50  288.00 144 40.83 204.1667 Gusset Plates | 8.00 18.00 16.00 0.50  288.00 144 40.83  326.67
Gusset Plates || 4.00 22.00 7.00 0.50  154.00 77 21.83 87.33796 Gusset Plates II 2.00 10.00 7.00 0.50 70.00 35 9.92 19.85
Gusset Plates Il 4.00 10.00 10.00 0.50  100.00 50 14.18 56.71296 L5x5x1/2 4.00 88.00 0.50 16.2  118.80  475.20
W12x40 2.00  106.00 40  353.33 706.6667 WT5x15 400 99.00 15 123.75  495.00
L5x5x1/2 400  88.00 0.50 16.2  118.80  475.2 P5/8x8 4.00  102.00 0.63 8 6800 272.00
WT5x15 2.00 115.00 15 143.75 287.5 1588.72
P5/8x8 4.00 102.00 0.63 8 68.00 272 Holes not deducted/bolts not added
2089.584 . :
Holes not deducted/bolts not added Total Weight= 28.60 kip
Total Weight= 12.54 kip
Crossframe "B2" Crossframe "C"
Number Unit Wt Number Unit Wt
14 490 ! 490
pcf
pcf
Elements Numbers Dimensions Weight
Elements Numbers Dimensions Length  Width Thickness Area Volume Linear Wt Wt/ele  Total Wt
Length Width Thickness Area Volume Linear Wt Wt/ele  Total Wt in in in in~2 in"3 Ib/ft Ib b
in in in inA2 inA3 Ib/ft Ib b Gusset Plates | 5.00 18.00  16.00 0.50  288.00 144 40.83 204.1667
Gusset Plates | 8.00 23.00 25.00 0.50  575.00 287.5 81.52 652,20 | GussetPlatesll 4.00  22.00 7.00 0.50  154.00 77 21.83 87.33796
Gusset Plates Il 4.00 800 1000 050  80.00 40 1134 4537 | Swerfaresll A% 000 1000 050 10000 * T T
X o 5 5 3
WT7x37 4.00 106.25 37| 327.62| 131047 L5x5x1/2 400  83.50 0.50 16.2 11273 450.9
WT5x15 4.00 87.00 15 108.75 435.00 WTSx15 200 115.00 15 143.75 287.5
P1-1/4x11-5/8 5.00 102.00 1.25 11.625 98.81  494.06 P1-1/4x11-5/8 400  102.00 125 11.625  98.81  395.25
2937.10 2418.201

Image A 18: Weight calculations from cross-frames
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Lateral Bracings

Element Numbers Unit Wt Length Total Wt
WT8x33.5 44 33.5 22.3 32850.51 32.85
Ib/ft ft Ib kip
"Girders"
Length Web Bottom Flange Top Flange CS Area Volume  Unit wt Total Wt
width depth width depth width depth
ft in in in in in in in"2 ftr2 ftA3 pcf Ib kip plf
780 0.6875 102 24 1.5 24 1.25 136.125 0.945313 737.3438 490 361298.4 361.30 463.20
Weight of 5 girders is 1806.5 kips.

903.25 tonnes.

"Barriers"
Number Length CS Area Volume Unitwt  Wt/barrier Wt/side Totalwt Linearwt
37 20 281.33 1.954 39.07 150 5861.1 216.86  433.72 293.1

ft in?2 ftn2 ftr3 pcf Ib kip kip plf

Longitudinal Reinforcement

#bar d b As InCS Volume/side  Unit Wt Wt/barrier Wt/side
11 0.5 0.19635 2.16 19179.42 490 147.0 7.35 5.44
in in"2 in"2 in"3 pcf b plf kip

BarR (#4 @ 7")

Length CS Spacing #/barrier Vol/barrier Vol/side Wt/barrier Wt/side
68.46 7 35 470.48 10.07 133.41 6.67 4.94

in in in"2 ftr3 Ib plf kip

Bar D included in slab wt

Total weight of Barriers (both sides)
454.47 614.2 plf
kip 454.47 kip

Image A 19: Weight calculations from lateral bracings, girders, and barriers
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Deck

Slab thickness  Width Length Volume  Unit wt Weight
0.708 46.83 780.000 25875.42 150 3881313 3881.313 4.98
ft ft ft ftr3 pcf b kip kIf
Reinforcement Unit wt 490 pcf
Total Length Area Volume Wt Total Wt
240 ft ft in"2 ftr2 ftr3 Ib kip
Top #4 bars 5747.25 3349.00 3349.00  3238.50 3238.50 2839.00 2697.33 24458.58  0.1963 0.001364 33.35022 16341.61 16.34
#6 47.58 42.58 40.00 6508.33 0.4418 0.003068 19.96732 9783.985 9.78
n#6 50.00 50.00 50.00
Bottom #5 bars 59.17 33.42 33.42' 32.17 32.17 42.17 38.67 271.17 0.3068 0.002131 0.577728 283.0869 0.28
31238.08 0.006562 53.89526 26408.68 26.41 52.82
150 ft
Top #4 bars 2697.33 2839.00 3238.50 3238.50 3349.00 15362.33 0.1963 0.001364 20.94713 10264.09 10.26
#6 40.00 42.58 47.58 6508.33 0.4418 0.003068 19.96732 9783.985 9.78
n#6 50.00 50.00 50.00
Bottom #5 bars 39.67 42.17 32.17 32.17 33.42 179.58 0.3068 0.002131 0.382607 187.4777 0.19
22050.25 41.29706 20235.56 20.24 40.47
93.29 kips
Columns
Concrete
Length Diameter Area Volume  Unit Wt Total Wt
ft ft ft ftr3 pcf Ib kip kIf
21.5 6 28.27  607.90 150 91184.73 91.18 4.24
Reinforcement Unit Weight 490 pcf
Longitudinal Bar
Designation Number Length Total Lengd_b Area Volume Wt
ft ft in in"2 ftr2 ftr3 Ib kip
#11 40 29.5 1180.00 1.375 1.484893 0.010312 12.16788  5962.3 6.0
Spiral
H p n C Length d_b (#6) Area Volume Wt
ft in ft ft in in"2 ftr2 ftA3 b kip
Bar CF 8 3 32 18.85 610.78 0.75 0.441786 0.003068  1.8738  918.18 0.92
BarCM 13 3 52 18.85  992.51 0.75 0.441786 0.003068  3.0450 1492.05 1.49
Bar CB 8.5 3 34 18.85  648.95 0.75 0.441786 0.003068  1.9910  975.57 0.98
Total 3385.80 3.39

Image A 20: Weight calculations from deck and columns
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Pier Cap

Concrete
Length Width Depth Volume Unit Wt
ft ft ft ftA3 pcf

46 7 8 2576 150
Reinforcement Unit Wt

490 pcf
Designation Number Length  Total Length d_b
ft ft in

#4 12 9.5 114.00 0.5
#10 12 45.333 544.00 1.25
#6 22 45.667 1004.67 r 0.75
#10 12 45.667 548.00 1.25
#10 12 45.667 548.00 0.75
AL1(#6) 10 25.167 251.67 0.75
C1(#5) 5  28.667 143.33"  0.625
A2(#6) 12 20.500 246.00 0.75
A3(#6) 12 21.667 260.00 0.75
AL(#6) 11 25.167 276.83 0.75
A2(#6) 12 20.500 246.00 0.75
A3(#6) 12 21.667 260.00 0.75
C1(#5) 5 28.667 143.337 0.625
Al(#6) 10 25.167 251.67 0.75
E1(#5) 12 17.333 208.00 0.625
H1(#5) 12 19.083 229.00 0.625
D1(#5) 22 17.083 375.83 0.625

Ib
386400

Total Wt
kip
386.4

Area

in"2

0.19635
1.227185
0.441786
1.227185
0.441786
0.441786
0.306796
0.441786
0.441786
0.441786
0.441786
0.441786
0.306796
0.441786
0.306796
0.306796
0.306796

ftr2
0.001364
0.008522
0.003068
0.008522
0.003068
0.003068
0.002131
0.003068
0.003068
0.003068
0.003068
0.003068
0.002131
0.003068
0.002131
0.002131
0.002131

kIf
8.4

Volume
ftr3
0.155443
4.636031
3.082279
4.670119
1.681243
0.772104
0.305376
0.754719
0.79767
0.849314
0.754719
0.79767
0.305376
0.772104
0.44315
0.487891
0.800724

plf
kIf

Image A 21: Weight calculations from pier cap
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Wt

76.2
2271.7
1510.3
2288.4

823.8
378.3
149.6
369.8
390.9
416.2
369.8
390.9
149.6
378.3
217.1
239.1
392.4
10812.3

235.05
0.24

kip
0.076167
2.271655
1.510317
2.288358
0.823809
0.378331
0.149634
0.369812
0.390858
0.416164
0.369812
0.390858
0.149634
0.378331
0.217144
0.239067
0.392355
10.81231



Weight Distribution

1 Exterior Girder

Slab

Slab Steel "240"
Slab Steel "150"
Barrier Concrete/side
Barrier Steel/side
Girder
Crossframe A
Crossframe B1
Crossframe B2
Crossframe C
Lateral Bracings

780

kip

3881.31
26.41
20.24
216.86
10.37
361.30
12.54
28.60
41.12
2.42
32.85

Total

Image A 22: Weight distribution in 270 ft long span supported by pier 7

270
15
kip KIf (A-A) 5.48
200.21 4.28
1.97 0.04
151 0.03 oo
75.07 1.60
3.59 0.08
125.06 2.67
4.34 0.09 10.96
9.90 0.21
14.23 0.30
0.84 0.02
11.37 0.24
448.09 9.57
ft
0.708333
8.729167
1
8
39.9375

21.5

e

150
270

kip-sec?/ft
73.07

120

Image A 23: Mass distribution in the transverse direction

46.83

43.83

1 Interior Girder

Slab

Slab Steel "240"
Slab Steel "150"
Girder
Crossframe A
Crossframe B1
Crossframe B2
Crossframe C
Lateral Bracings
Total

35.22

20.74

kip

314.37
3.09
2.37
125.06
4.34
9.90
14.23
0.84
11.37

485.57

KIf (A-A)
6.71
0.07
0.05
2.67
0.09
0.21
0.30
0.02
0.24

10.37
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tr

G L w 1st 2nd 3rd total Amax  Q_d1 Q_d2
ksi in in in in in in 5.22 39

0.175 23 10 0.257 3.5 0.25 4 in kip kip
K_H= 10.0625 k/in
K_eff= 50.3125 k/in (parallel)
Fmax K.d K_u Ay, Fy

262.63 42.84 428.41 0.10 43.33
kip kip/in kip/in in kip
FB
G D tr A
ksi in in inA2

0.175 30 6.25 706.8583
K_H= 19.79 k/in
K_eff= 98.96 k/in
F_max K. K_u A, Fy

516.57 76.93 769.30 0.17 127.78
kip kip/in kip/in in kip

Image A 24: Calculations for bearings stiffness
ft ft in"4 in"4 ksi k/in k/in
Image A 25: Calculations for column stiffness
beta theta b_v d_v f'c A_v 3 fy
2 45 72 66 4000 0.44 3 60
in in psi in"2 in ksi
V_c V_s
18.99 580.8

kip kip
V_n V_n M_n

599.79 4752 8846.966
kip kip

Image A 26: Shear and moment calculations based on AASHTO C5.8.2.9
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MatLab Code for solving 2DOF mass-spring system:
clc;
clear all;
%Enter M and K
M1=18.22/12; %Unit: k-s"2/in
M2=73.07/12;
K1=3322.98; %Unit: k/in
K2=98.96;
%Mass and Stiffness matrices
M=[M1 0;
0 M2];
K=[K1+K2 -K2;
-K2 K2J;
fprintf('The Mass Matrix is\n")
disp(M)
fprintf('The Stiffness Matrix is\n')
disp(K)
%Eigenvalue and eigenvector calculations
[v.d]=eig(K,M);
w=sqrt(d);
%natural frequency and time period
fprintf("The natural frequencies are (rad/s)\n")
wl=w(1,1);
w2=w(2,2);
disp([w1;w2])
fprintf("The natural time period are (s)\n")
T1=2*pi)/w(1,1);
T2=(2*pi)/w(2,2);
disp([T1;T2])
%normalization of mode shape vectors
for i=1:2
v(L1)=v(,1)/v(2,0);
end
%Modal shape Matrix
fprintf('The normalized modal matrix is \n')
disp(v);
%Mode shapes plots
H=[0;248.88;422.64];
for i=1:2
subplot(1,2,1)
plot([0;v(:,1)],H);
ylabel('Location of center of masses (in)','FontSize',12);
title(['Mode Shape',num2str(i)],'FontSize',18)
end
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A3. Seismic Design Data and Tools

3/23/2021

U.S. Seismic Design Maps

Little Tallahatchie River Bridge

Latitude, Longitude: 34.54319835, -89.49178712

Google

Date

Design Code Reference Document

Risk Category

Site Class
Type
Ss

3y

sDC

SsRT

SsUH

S1RT
S1UH
S1D
PGAd
Crs

Cr1

Value

0.465

0.194

0.429

0.443

0.286

Value

1428

2213

0.246

1354

0333

12

0465

0.536

1.5

0.194

0224

06

0.5

0.869

0.864

https://seismicmaps.org

Description

MCEg ground motion. (for 0.2 second period)

MCEg ground motion. (for 1.0s period)
Site-modified spectral acceleration value

Site-modified spectral acceleration value

Numeric seismic design value at 0.2 second SA

MNumeric seismic design value at 1.0 second SA

Description

Seismic design category

Site amplification factor at 0.2 second
Site amplification factor at 1.0 second
MCEg peak ground acceleration

Site amplification factor at PGA

Site dified peak ground leration

Long-period transition period in seconds

Probabilistic risk-targeted ground motion. (0.2 second)

3/23/2021, 10:32:26 AM
ASCET-16
I

D - Default (See Section 11.4.3)

Factored uniform-hazard (2% probability of exceedance in 50 years) spectral acceleration

Factored deterministic acceleration value. (0.2 second)

Probabilistic risk-targeted ground motion. (1.0 second)

Factored uniform-hazard (2% probability of exceedance in 50 years) spectral acceleration.

Factored deterministic acceleration value. (1.0 second)

Factored deterministic acceleration value. (Peak Ground Acceleration)

Mapped value of the risk coefficient at short periods

Mapped value of the risk coefficient at a period of 1 s

OSHPD

Map data ©2021

12

Image A27: Seismic design parameters obtained from ASCE 7-16 Hazard tool
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Acceleration [g]
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Image A 28: Time history in transverse direction scaled for the location of MS7 Bridge (PGA

Acceleration [g]

-0.024
-0.044
-0.06+
-0.08

-0.124
-0.144
-0.16
-0.184

0.224
0.2+
0.18+
0.164
0.144
0.124
0.14
0.08+
0.064
0.044
0.024
04

-0.14

-0.24

0.246g)

T T T T T T T T T T T T T T T T T T T T T T T T
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 20 30 31 32 33 34
Time [sec]

Image A 29: Time history at the location of Goodman Rd Bridge (PGA 0.35g)
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A4. AASHTO Provisions

Table 9: Soil Profiles for seismic analysis (AASHTO Table 3.10.3.1-1)

Type Description
A Hard rock (ﬁ)ga, F,.and F, are less than one, 0.8 is typical)
B Rock (the base case upon which the spectral acceleration require no site adjustment; F,,, F,. and F, are equal to one)
C Dense soil and rock (£, F,, and F), are greater than one)
D Stiff soil
E 10 ft or more of soft clay
F Very loose soil (peat, highly plastic, etc.) These require a detailed site investigation.
Table 10: Operational Classification of bridges (AASHTO A3.10.5, C3.10.5)
Operational Category Description
Critical bridges Must remain open to all traffic after the design earthquake (1000-year return period event) and
open to emergency vehicles after a large earthquake (2500-year return period event).
Essential bridges Must be open to emergency vehicles after the design earthquake.
Other bridges May be closed for repair after a large earthquake.

Table 11: Seismic Performance Zone based upon AASHTO Table 3.10.6-1

Acceleration Coefficient Seismic Zone
Sp; <0.15 1
0.15<8,;<0.30 2
0.30< 8,,;<0.50 3

~

0.50< 5,

Table 12: Response Modification Factors—Substructures (AASHTO Table 3.10.7.1-1)

Operational Category

Substructure Other Essential Critical
Wall-type piers—Ilarger dimension 2.0 1.5 1.5
Reinforced concrete pile bents

(a) Vertical piles only 3.0 2.0 1.5

(b) One or more batter piles 2.0 1.5 1.5
Single columns 3.0 2.0 1.5
Steel or composite steel and concrete pile bents

(a) Vertical piles only 5.0 35 1.5

(b) One or more batter piles 3.0 2.0 1.5
Multiple column bents 5.0 35 1.5

Table 13: Minimum Analysis Requirements for Seismic Effects (AASHTO Table 4.7.4.3.1)

Multispan Bridges

Other Bridges Essential Bridges Critical Bridges
Seismic Zone Single-Span Bridges Regular Irregular Regular Irregular Regular Irregular
1 None“ None None None None None None
2 None SM/UL? SM SM/UL MM MM MM
3 None SM/UL MM* MM MM MM TH
4 None SM/UL MM MM MM TH? TH

“None = no seismic analysis is required.

PSM/UL = single-mode or uniform-load elastic method.
‘MM = multimode elastic method.

4TH = time—history method.
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The Load and Resistance Factor Design (LRFD) approach accounts for the variability in the
loads on structure (Q) and the resistance (R) offered by the structure. The statistically
determined load factors () and resistance factors (¢p) are used in the inequality equation to

ensure that the effect of the load is smaller than the total resistance.

$R, = effect of Xy Q;
Where, < 1.0andy > 1.0

All the design limit states are expected to satisfy the following load and resistance inequality,

XNiYiQi < $R,
Where,n; is load modification factor

The load modifier factor (n;) incorporates the ductility factor (1), redundancy factor (nz), and
operational importance factor (1;). The ductility and redundancy factor are related to the strength

of the bridge and the operational importance factor relates to the consequences after the damage

to the bridge.
Fory; maximum, n; = Npngrn; = 0.95
For y; minimum, n; = 1/npngn; < 1.0

The prescribed values of ¢, 1;,nr & np is 1.0 for all the non-strength limit-states.
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Table 14: Load Combinations and Load Factors (AASHTO -Table 3.4.1-1)

DC Use One of These at a Time
DD
Dw
EH
EV LL
ES M
EL CE
Load PS BR
Combination CR PL
Limit State SH LS WA WS | WL FR TU TG | SE EQ BL Ic cT cV
Strength I Yp 1.75 | 100 | — — 1.00 | 0.50/1.20 | vre | vse — — — — —
(unless noted)
Strength 11 Y, 1.35 | 1.00 | — — 1.00 S01.20 ) yig | vse — — — — —
Strength 111 Yp — 1.00 | 14 — 1.00 50/1.20 | yrg | vse — — — — —
0
Strength IV Y, — 1.00 — — 1.00 50/1.20 | — — — — — — —
Strength V v, | 135 | 1.00 | 04 | 1.0 | 1.00 | 0501120 | vre | vse | — | — | — | — | —
0
Extreme v, | YEQ | 100 | — | — | 1.00 — — [ =100 — | — [ — [ =
Event |
Extreme Yp 0.50 1.00 — — 1.00 — — — — 1.00 1.00 1.00 | 1.00
Event 11
Service [ 1.000 | 1.00 1.00 | 03 1.0 1.00 | 1.00/1.20 | yre | vyse — — — — —
0
Service 11 1.00 1.30 1.00 — — 1.00 | 1.00/1.20 | — — — — — — —
Service [11 1.00 | 0.80 1.00 — — 1.00 | 1.00/1.20 | yre | vse — — — — —
Service [V 1.00 1.00 | 0.7 — 1.00 | L.00/1.20 | — 1.0 — — — — —
0
Fatigue I— — 1.50 — — — — — — — — — — — —
LL, IM & CE
only
Fatigue 11— — 0.75 — — — — — — — — — — — —
LL, IM & CE
only
For circular members, such as reinforced concrete
columns or prestressed concrete piles, d, can be l b, |
determined from Eq. C5.8.2.9-1 provided that M, is ’T|ﬁ ‘ —cC
calculated ignoring the effects of axial load and that the D2 T
reinforcement areas, A, and A,, are taken as the
reinforcement in one-half of the section. Alternatively, _l_ d d
d, can be taken as 0.94., where: b J -
D,Ir
il I A
A
dr = 24_3 s
2 =n (C5.8.2.9-2)
where
D external diameter of the circular member (in.)
D, = diameter of the circle passing through the

centers of the longitudinal reinforcement (in.)

reinforcement

Figure C5.8.2.9-2—Illustration of Terms b,, d,, and d, for
Circular Sections

Circular members usually have the longitudinal
uniformly  distributed
perimeter of the section. When the member cracks, the
highest shear stresses typically occur near the middepth
of the section. This is also true when the section is not
cracked. It is for this reason that the effective web width
can be taken as the diameter of the section.

around the

Image A 30: AASHTO provisions to determine effective dimensions of circular sections
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AS. SAP2000: Models and Output

K Rectangular Section

Section Name Display Color .

Section Notes Modify/Show Notes...

Dimensions Section

Depth (13} a5£36 i ¢
Width (12) s |

Properties

Section Properties.

Material Property Modifiers

+ | |4000Psi i Set Modifiers... Time Dependent Properties. ..

Concrete Reinforcement

Image A 31: Rectangular section defined for the superstructure to represent total weight

¥ Rectangular Section X
Section Name Pier Cap Display Color Bl
Section Notes Modify/Show Notes...

Dimensions Section

Dot (12) ;
width (12) aaas g

3 -

Properties
IMaterial Property Modifiers. Section Properties.. |
G 4000Psi e Set Modifiers... Time Dependent Properties...
Concrete Reinforcement...
oK Cancel

Image A 32: Cross-section defined for pier cap
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€ Circle Section X

Section Name Column Display Color -
Section Notes Modify/Show Notes.
Dimensions Section
Diameter (13 )

Properties

Material Property Modifiers Section Properties.

+ | | 4000Psi e Set Modifiers. .. Time Dependent Properties...

I Concrete Reinforcement... I

oK Cancel

Image A 33: Circular cross-section including major defined for columns

350,67
560,63
550 63
550 63
350 67

Image A 34: The load from superstructure applied at the location of bearings in the fixed two-
column frame
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Pushover Analysis

x Auto Hinge Assignment Data x

Auto Hinge Type

|From Tables in AsCE 4113 v
Select a Hinge Table

| Table 10-8 (Concrete Columns) -
Degree of Freedom P and V' Values From
(@) T O P2 O Parametric P-M2-M3 @ Case/Combo

M3 P-M3
O O O User Value
O mz-m3 ®) P-M2-M3
W2 V3
Concrete Column Failure Condition Shear Reinforcing Ratio p=Av / (bw * 5)
(O) Condition i - Flexure (O) Ccondition iv - Development (®) From Current Design
(®) Condition ii - Flexure/Shear (O User Value
() Condition iii - Shear
Deformation Controlied Hinge Load Carrying Capacity
O Drops Load After Point E
(®) Is Extrapolated After Point £
oKk | | cancel

Image A 35: Hinges definition and assignment

x Load Case Data - Nonlinear Static K Additional Controlled Displacements
Load Case Name MNotes.
Monitored Displacement Information
[Pushx | | setefiiame | I
; . i i Monitored Displacement |JDinl 40, DOF U1
x Load Application Control for Nonlinear Static Analy X
Displacement Type |Trar|slat|nna\
Load Application Control
Additional Translational Controlled Joint Displacements
) FullLoad
(® Displacement Control Joint | DOF
47 ~|n
Control Displacement 17 U1
O Use Conjugate Displacement 18 1
(® Use Monitored Displacement
Load to a Monitored Displacement Magnitude of
Monitored Displacement splacements
® DoF u e at Joint Selected Generalized Displacements
General splacement ~
Additional Controlled Displacements UE}
3 Joints. Modify/Show. L

Jr

Image A 36: Displacement controlled load case set up for pushover analysis
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B HingeResults

B¢ Hinge Results

File  Select File  Select
Selecthinge Hinge Location and Benavior unts. Select Hinge Hinge Location and Behavior Units.
| 15H2 (Auto P-H2-M3) >| Frame Object B 16H (Auto P-H2-M3) v Frame Object 5 [kin, 8. F |
Show Hing Reltive Distance [o8ee Show Hing i Reiative Distance [08e4 : :
‘Show Hinge Property Dafinfion. Hinge Benavior Deformation Controlled Show Hinge Property Definition. ] Fige et [Deformation Controlled
Hinge Resulis Hinge Resutis
Can Plastic Rotation (radians) Seloot Load Case Gt ‘Plastic Rotation (radians) Select Load Case )
1 [Pushc vl 1 PUSHx -
o L R = o s b
L =
o c Data 4 Current Hinge Data
Hinge DOF u2 < Hinge DOF
2 —_—
H mz [ees7.65 H w2
o i i B i Pastic Rz
% H Plastic R2Max |0 H Plastic RZ Max
E PlasticRZNin | 273504 F PesticR2ln | 273504
i 3
FER e | 3 e 5= N
- Hinge Status | CP | | Hinge Status | 7CP
B/ Plot Control Parameters Plot Cantrol Parameters
Show Hinge Backoore [l Show tinge Backoone I
B [] Seale for FullBackbone [] Scale for Full Backbane
A R O O R T - [ Add Lett and Right Borders R e 3 [ Add Lett and Right Borders
225 200 .75 5. .25 .10, 2§ -5 25 0.x10 - 225 200 .78 5. .28 0. 2§ 5 25 0.x10 -
5 [ Ada Top and Bottom Borders = & (] Add Top and Bottom Borders
Wouse Pointer Location Horiz |-0.0233 Vert [710288 Wouse Pointer Location Horiz [ 2148603 Vert [478.0887
Done Done
D€ Hinge Results € Hinge Results
File  Select File  Select
Select Hinge Hinge Location and Behavior Units Select Hinge g¢ Location and Behavior Units.
[ 151 (auto P2-1z) Frame Object 1 X 1611 (Auto P4i2-13) v Frame Obiect [16 P
Show Hinges on Selected Frames 0 Relative Distance [0416 Show Hinges on Se anh Relaive Distance [o118
[ Show Hinge Property Defintion. I Hinge Behavior [Deformation Contralied | Show Hinge Property Definition... | Hinge Benavior [Deformation Controled
Hinge Resuts Hinge Resuts
x10 3 Plastic Rotation (radians) petectlontcany) B x10 3 Plastic Rotation {radians) Select Load Case.
10: " PUSHx ~ 10 I | Pustix v|
| — — - - — ~—
> ] s [EN— =
— Step = — L =
8 Current Hinge Data Current Hinge Data
Hinge DOF v Hinge DOF nz v/
l z - : o jormrze
G i Plastic R2 8 ; Plastic R2 one
5] H Plastic RZ Max 57 H PlasticR2Max | 0018
2 H PlasticRzMin |0 H PlasticR2Min | 0-
4
2 tigeState  [Bto<C il 2 wngese  [Btoc [l
37 Hinge Status L5to<=CP 3 Hingestatus | LSt <=CP
2 r Plot Cantrol Parameters 2 E PlotC
Show Hinge Backbane | | Shows Hinge Backbone. ]
i L] scale for Full Backbone i [] Seale for Ful Backbone
L , O ssaienanargn sorsers e s e S s b , [ ado Lettanc Ront orcers
o U R e el e e e e R M- Sl S 0 Al M5 0 7 M 2 s (S ———
House Fointer Location Horiz [3676E-03 vert [8671.3628 House Pointer Location Horiz [0.0246 Vert [7331.1899
oone | [ oone |

Image A 37: Hinges data and results at fully plastic hinge state (Step 54) of pushover analysis
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x Diagrams for Frame Object 15 (Celumn) *
End Length Offset Display Options.
Case  PUSHx o | (ombon) g @ Scrol for Values
=] ; 0.t
step |7 = | Display | e ) Show Max
tems ‘ Minor (V3 and M2) || Stepped V| # ﬂ‘m Location
s '
Equivalent Loads - Free Body Diagram (Concentrated Forces in Kip, Concentrated Moments in Kip-ft)
Dist Load (3-dir)
11272.98 1127298
0. Kip/ft
1 D at25ft
| 1048 65 Positive in -3 direction
RESUILEIL SHEEr
Shear V3
1048.649 Kip
at25ft
Resultant Moment
Moment M2
B8651.3558 Kip-ft
at25ft
Deflections
Deflection (3-dir})
/_\ 0.001977 i
\ at25f
\_/ Postlive in -3 direction
() Absolute (' Relative to Beam Minimum (®) Relative to Beam Ends
Reset to Infial Units s |Kip, BF v

Image A 38: Shear, moment, and deflection at the beginning of hinge formation in the right

column
€ Load Case Data - Nonlinear Modal History (FNA) (FNA) ®
Load Case Name Notes. Load Case Type
[pEaD | | setpefname | | Modityishow... | | Time History || Design.. |
Initial Cenditions. Analysis Type Solution Type
(@ Zero Initial Conditions - Start from Unstressed State () Linear (® Modal
O Continue from State at End of Modal History @ Nonlinear O Direct Integration
Important Note: Loads from this previous case are included in the current case History Type
@® Transient

Modal Load Case

| MODAL

Use Modes from Case V|
Loads Applied Mass Source
Load Type Load Hame Function Scale Factor | Frevious (MSSSRC1)

[[] Show Advanced Load Parameters

Time Step Data

Number of Output Time Steps

‘Output Time Step Size

I

Other Paramsters

Cancel |

\Modal Damping ‘ Constant at 0.993

Nonlinear Parameters ‘ Default

Modify/Show.

Image A 39: Non-linear dead load pattern defined for time history analyses
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M Load Case Data - Modal

Load Case Name
[MopaL

Set Def Name

Stiffness to Use

@ Zero Initial Conditions - Unstressed State

Number of Modes

Maximum Number of Modes

Minimum Number of Modes

Notes Load Case Type

Wodify/Show: Wodal

Design.
Type of Modes
O Eigen Vectors

© Ritz Wectors.

Mass Source

| msssRC1

Loads Applied
Target Dynamic
Participation
Load Type Load Name Cycks _ Ratios (%)
|Accel UK
el e |0
Link All
Load Pattern DEAD
Add Modify Delete

Cancel

Image A 40: Modal load case defined for time history analyses

x Load Case Data - Nonlinear Medal History (FMNA) (FMA)

Load Case Name

Notes. Load Case Type
[Fua | | setpefname Modify/Showr.. Time History ~| Design.
Initial Conditions. Analysis Type Solution Type
O Zero Initial Conditions - Start from Unstressed State O Linear @ Modal
@ Continue from State at End of Modal Higtory DEAD St @ Nonlinear O Direct Integration
Important Note: Loads from this previous case are included in the current cass History Type
@ Transient
Modal Load Case
Use Modes from Case MODAL ¥
Loads Applied Mass Source
Load Type Load Name  Function Scale Factor i Frevious {MSSSRC1T)
| Accel U ~ | THis w |386.4
lAceal __Ju1 ] Add
 Modify
" Delete

[] show Advanced Load Parameters

Time Step Data

Number of Output Time Steps
Output Time Step Size

Other Parameters

Wodal Damping ﬁﬁﬁt;{dﬁi

Nonlingar Parameters | Default

3000

0.02

Modify/Show.

Modify/Show...

Cancel

Image A 41: Non-linear time-history load case defined after dead load case
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