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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a na-
tional center of excellence in advanced technology applications that is dedicated to the 
reduction of earthquake losses nationwide. Headquartered at the University at Buffalo, 
State University of New York, the Center was originally established by the National Sci-
ence Foundation in 1986, as the National Center for Earthquake Engineering Research 
(NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions 
throughout the United States, the Center’s mission is to reduce earthquake losses 
through research and the application of advanced technologies that improve engineer-
ing, pre-earthquake planning and post-earthquake recovery strategies. Toward this 
end, the Center coordinates a nationwide program of multidisciplinary team research, 
education and outreach activities. 

MCEER’s research is conducted under the sponsorship of two major federal agencies, the 
National Science Foundation (NSF) and the Federal Highway Administration (FHWA), 
and the State of New York. Signifi cant support is also derived from the Federal Emer-
gency Management Agency (FEMA), other state governments, academic institutions, 
foreign governments and private industry.

The Center’s Highway Project develops improved seismic design, evaluation, and 
retrofi t methodologies and strategies for new and existing bridges and other highway 
structures, and for assessing the seismic performance of highway systems.  The FHWA 
has sponsored three major contracts with MCEER under the Highway Project, two of 
which were initiated in 1992 and the third in 1998.  

Of the two 1992 studies, one performed a series of tasks intended to improve seismic 
design practices for new highway bridges, tunnels, and retaining structures (MCEER 
Project 112).  The other study focused on methodologies and approaches for assessing 
and improving the seismic performance of existing “typical” highway bridges and other 
highway system components including tunnels, retaining structures, slopes, culverts, 
and pavements (MCEER Project 106).  These studies were conducted to:

• assess the seismic vulnerability of highway systems, structures, and components;
• develop concepts for retrofi tting vulnerable highway structures and components;
• develop improved design and analysis methodologies for bridges, tunnels, and retain-

ing structures, which include consideration of soil-structure interaction mechanisms 
and their infl uence on structural response; and

• develop, update, and recommend improved seismic design and performance criteria 
for new highway systems and structures.
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The 1998 study, “Seismic Vulnerability of the Highway System” (FHWA Contract 
DTFH61-98-C-00094; known as MCEER Project 094), was initiated with the objective 
of performing studies to improve the seismic performance of bridge types not covered 
under Projects 106 or 112, and to provide extensions to system performance assessments 
for highway systems.  Specifi c subjects covered under Project 094 include:

• development of formal loss estimation technologies and methodologies for highway 
systems;

• analysis, design, detailing, and retrofi tting technologies for special bridges, in-
cluding those with fl exible superstructures (e.g., trusses), those supported by steel 
tower substructures, and cable-supported bridges (e.g., suspension and cable-stayed 
bridges);

• seismic response modifi cation device technologies (e.g., hysteretic dampers, isola-
tion bearings); and

• soil behavior, foundation behavior, and ground motion studies for large bridges.

In addition, Project 094 includes a series of special studies, addressing topics that range 
from non-destructive assessment of retrofi tted bridge components to supporting studies 
intended to assist in educating the bridge engineering profession on the implementation 
of new seismic design and retrofi tting strategies.

Past earthquakes have shown that the considerable in-plane strength of most bridge superstruc-
tures is not always suffi cient to prevent damage to superstructures with steel plate girders. This 
report describes a series of cyclic and shake table experiments on a 2/5th scale model of a simply 
supported steel girder bridge superstructure, with two steel plate I-girders, a reinforced concrete 
deck slab and single angles cross frames. The experiments were conducted to determine the effect 
of transverse seismic loading on this type of bridge superstructure in regions of high seismicity. 
From the experimental results, it is shown the superstructure deforms in a fl exural-torsional 
mode with transverse seismic forces distributed along the span and resisted at the supports. At 
the supports, the loads are transferred from the deck slab into the girders through the shear studs 
located near the girder supports or through a top chord connecting the deck slab to the end cross 
frames. The transverse loads are then distributed to the base of the girders through the end cross 
frames and into the substructure through the bearings and transverse bearing restraints. Each 
of these critical components should be designed for transverse seismic loading.
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ABSTRACT

Past earthquakes have shown that the considerable in-plane strength of most bridge
superstructures is not always sufficient to prevent damage to components of steel plate
girder superstructures during moderate to large earthquake excitation.  Cyclic and shake
table experiments on a 2/5th scale model of a simply supported steel girder bridge
superstructure, with two steel plate I-girders, a reinforced concrete deck slab and single
angles cross frames are described in this report.  These experiments were conducted to
determine the effects of transverse seismic loading on this type of bridge superstructure in
high seismic regions.  From the experimental results it is shown the superstructure
deforms in a flexural-torsional mode with transverse seismic forces distributed along the
span and resisted at the supports.  At the supports, the loads are transferred from the deck
slab into the girders through the shear studs located near the girder supports or through a
top chord connecting the deck slab to the end cross frames.  The transverse loads are then
distributed to the base of the girders through the end cross frames and into the substructure
through the bearings and transverse bearing restraints.  Each of these critical components
should be designed for transverse seismic loading.
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SECTION 1
INTRODUCTION

1.1  Overview

Highway bridges with concrete superstructures generally have diaphragms at the abutments and
bents or piers which are monolithic with the deck slab and girders.  As a result, transverse
earthquake forces can be distributed from the deck slab to the substructure through the support
diaphragms. In contrast to the monolithic nature of concrete superstructures, steel plate girder
bridge superstructures consist of a number of distinct components.  The interaction and subsequent
design of the various superstructure components is generally well understood for gravity loads, but
not so well known for seismic loads.  In the past it has been assumed that seismic forces
transferred by the superstructure will be below levels that cause inelastic response of the critical
superstructure components.  However, recent moderate to large earthquakes have shown that this
assumption is invalid and damage to superstructures has been observed in steel bridges (Astaneh-
Asl, 1994; Shinozuka, 1995; Bruneau, 1996).  Consequently, it is necessary to understand the load
path through steel plate girder bridges and once the critical components have been identified then
these components can be designed accordingly.

1.2  Typical Steel Plate Girder Bridges

The focus of this study is on straight steel plate girder bridges both as a series of simply supported
spans or continuous spans.  The effect of large skews and curvature on these bridges is outside the
scope of this study, although many of the concepts will still apply.  The typical properties of steel
plate girder bridges of the type considered in this study are described below.  The deck slab is
typically constructed from insitu reinforced concrete and is connected to the steel plate girders
through shear connectors.  The shear connectors are typically stud type connectors using Nelson
Headed Studs (TRW Nelson Division, 1988).  The steel girders are usually built-up from stiffened
steel plates.  Vertically oriented cross frames or diaphragms are typically placed between the steel
girders and can be designed using a number of configurations, such as the K-brace configuration
shown in Figure 1-1.  Lateral bracing, placed between the girders and connected to the bottom
flanges in a horizontal plane, is not considered in this study.  The connection between the
superstructure and the substructure is considered to be made through some type of thermal
expansion bearing (elastomeric bearings in this study).  Integral bent caps and abutments are not
considered.

1.3  Seismic Performance of Steel Plate Girder Bridges During Previous 
Earthquakes

Steel plate girder bridges have generally suffered minor to moderate damage in past earthquakes
compared to the significant damage suffered by structural concrete bridges.  Nevertheless these
earthquakes have identified some design deficiencies in steel girder bridges.  Damage due to
movement of steel girder bridge superstructures in the longitudinal direction was generally
confined to restrainer damage and localized spalling at joints during previous earthquakes.
Complete collapse of a steel girder bridge superstructure span was rare, with the notable example
of the collapsed deck span of the San-Francisco-Oakland Bay Bridge during the 1989 Loma Prieta
earthquake.  Damage to abutments, joints and restrainers, and the required seat width to prevent
collapse of a bridge span is outside the bounds of this study.  Instead, the focus of this study is on
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the transverse response of steel plate girder bridges, which accounts for most of the damage
observed in steel plate girder bridge superstructures during past earthquakes.

In 1992 a series of three earthquakes, of magnitudes 7.0, 6.0 and 6.5 respectively, were recorded in
a 24 hour period near the town of Petrolia in Northern California (CALTRANS, 1992).  During
these earthquakes there was notable damage to two steel plate girder bridges.  In the Southbound
Van Duzen River bridge, a straight steel plate girder bridge, buckling was reported in the end cross
frames and lateral bracing.  In addition there was also spalling of concrete observed in the
connection between the reinforced concrete deck slab and the steel girders indicating insufficient
shear connectors in the region.  The South Fork Eel River bridge was also damaged during these
earthquakes.  The curved steel plate girder bridge suffered considerable damage at the hinge
locations and buckling and fracture of the end cross frames resulting in loss of service load
capacity. These earthquakes highlighted the importance of composite action between the deck slab
and the girders in the seismic load path.  They also identified the end cross frames and connected
components as critical in the transverse load path.

During the 1994 Northridge earthquake structural damage to several steel plate girder bridges was
reported (Astaneh-Asl, 1994).  Most of these bridges were located on Interstate 5 near the center of
Newhall in Southern California.  This is the region were the rupture of the hidden thrust fault
would have projected to the surface.  The nearest record at Newhall registered a peak ground
acceleration of 0.63g and 0.62g in the horizontal and vertical components respectively.  Typical
damage included failure of bearing assembly at the abutments and bent caps, as shown in Figure 1-
2.  Observed bearing damage coupled with relatively small seat widths, based on modern
standards, caused the potential for unseating of the superstructure in some of these bridges.  Other
damage in the superstructure included buckling of end cross frames or fracture of the connections
between the end cross frames, gusset plates and web stiffeners as shown in Figure 1-3.  In the case
of the Pico-Lyons over-crossing there was no positive connection between web or bearing
stiffeners and the bottom flange of the girders at the end cross frame locations.  As a result, the

FIGURE 1-1 Typical K-brace cross frame
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FIGURE 1-2 Damage to bearing assembly of Santa-Clara River bridge during 1994 
Northridge earthquake (Astaneh-Asl, 1994)

FIGURE 1-3 End cross frame gusset plate fracture in Pico-Lyons Overcrossing during 
1994 Northridge earthquake (Astaneh-Asl, 1994)
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web was damaged at the termination of the weld between the web and the stiffener as illustrated in
Figure 1-4.  For these bridges there was minimal observed damage to the columns and piles
indicating that much of the displacement demand was accommodated in the superstructure of each
of these bridges. 

The 1995 Hyogoken-Nanbu earthquake in Kobe, Japan caused a large amount of damage to steel
plate girder bridges.  The concentration of steel bridges in the area was much larger than for any
other previous earthquake and therefore the vulnerability of aspects of these bridges was
highlighted.  Damage was suffered to many steel columns, bearings, seismic restrainers, and
superstructure components (Bruneau, 1996; Chung, 1996; Shinozuka, 1995).  The assumption that
steel girder bridges, much lighter than their concrete counterparts, would be immune to
substructure failure was erased as there were numerous, sometimes non-ductile, substructure
failures.  These were similar to observed failures in past earthquakes (Priestley, 1996).  Steel
substructures were also damaged with buckling and sometimes fracture of the steel column bents.
There was also severe damage observed in the superstructure of these bridges due to bearing
failures and overload of end cross frames and diaphragms.  Figure 1-5 shows localized torsional
deformations of the girders as a result of bearing damage.  This is further illustrated in Figure 1-6
where the bearings have failed causing the whole superstructure to translate laterally except at one
exterior girder.  The resistance of one girder caused twisting of the girder and buckling of the
lateral bracing.  It was also observed that the column bent at this location had no apparent damage,
therefore, deformation in the superstructure appeared to protect the substructure.

The Kobe earthquake emphasized the importance of the end cross frames and girders in the
transverse seismic load path.  However, Figure 1-6 shows the ability for these girders to undergo

FIGURE 1-4  Bearing stiffener damage in Pico-Lyons Overcrossing during 1994 
Northridge earthquake (Astaneh-Asl, 1994)
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FIGURE 1-5 Damage to girders of Hanshin Expressway during 1995 Hyogen-Nanbu 
earthquake (Public Works Research Institute of Japan, 1995) 

FIGURE 1-6 Damage to girders and bracing of Hanshin Expressway during 1995 
Hyogen-Nanbu earthquake (Public Works Research Institute of Japan, 1995)
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large deformations.  If these deformations are limited to levels that prevent permanent damage
with the use of special ductile end cross frames, it is apparently possible to protect the substructure
of a steel bridge using these superstructure components.

Some damage to steel plate girder bridges was also observed during the 2001 Nisqually
Earthquake in Washington.  Similar damage was observed to that in Northridge and Kobe
earthquakes with damage to the end cross frames and bearing stiffeners (EERI, 2001). Examples
of damage to the Capital Arch bridge are shown in Figures 1-7 and 1-8.  Although damage was
minor and confined to a few bridges, the level of ground shaking during this earthquake was
relatively low, therefore much more damage might have been expected during a larger event. 

From these past earthquakes, the critical elements in the seismic load path for a steel plate girder
bridge superstructure identified are:

• Shear studs or connection between the deck slab and the girders;
• End cross frames or diaphragms;
• Girders and bearing stiffeners, and;
• Bearings.

FIGURE 1-7 Fractured lateral bracing and buckled cross frame in Capitol Arch bridge 
during 2001 Nisqually earthquake (WSDOT, 2001)
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1.4  Previous Research into Seismic Load Path

Previous research has given further insight into the transverse seismic load path through analytical
studies (Astaneh-Asl, 1996; Itani, 1996; Zahrai, 1998).  This research highlighted the importance
of end cross frames, particularly, in the transverse seismic response of the bridge while showing
that intermediate cross frames have a limited role.  This is consistant with the observed behavior
during recent earthquakes.

1.5  Seismic Design of Bridges

1.5.1  Specifications

The seismic design of highway bridges is still a relatively immature field.  The AASHTO LRFD
Specifications for the Design of Highway Bridges (AASHTO, 1998) specify procedures for
calculating the elastic seismic demand on a bridge then modifying the elastic demand using
response modification factors.  This is a force based design methodology. The substructure can
then be detailed to allow for the necessary ductility capacity with some minimum requirements
provided for these details.  More thorough criteria for detailing the ductile components in a bridge
in response to moderate to large magnitude earthquakes is given in the CALTRANS Seismic
Design Criteria (CALTRANS, 2001).  These criteria again assume that inelasticity will occur in
the substructure.   

FIGURE 1-8 Damaged web stiffener in Capitol Arch bridge during 2001 Nisqually 
earthquake (WSDOT, 2001)
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While a ductile substructure is allowed for, the bridge design specifications provide little guidance
for the seismic design of components in a steel plate girder bridge superstructure.  AASHTO
(1998) states that: 

“The Engineer shall demonstrate that a clear, straightforward load path to the substructure exists
and that all components and connections are capable of resisting the imposed load effects
consistent with the chosen load path.”

It goes on to identify critical components including the girders, slab-to-girder interface, end cross
frames and the bearing assembly, stating that they should be designed to remain elastic.  ATC  32
(ATC, 1996) for the design of California bridges identifies the same components as critical in the
seismic load path.  It distinguishes between deck slabs which are able to carry diaphragm action
and those that are not and therefore require intermediate cross frames and bottom flange lateral
bracing to contribute in the transverse load path.  The ATC/MCEER specifications (ATC/
MCEER, 2003) also has similar provisions for the seismic load path, although, this document
recognises that members in the superstructure can be designed to be ductile, which is a departure
from the previous specifications.

The most recent specifications in Japan have provided additional detail for the design of steel
girder bridge superstructures (PWRI/CRL, 2002), such as recommendations for the design of end
cross frames or diaphragms.  As with the AASHTO and ATC specifications, they are intended to
promote elastic response of the superstructure.  PWRI/CRL (2002) also provide considerable
guidance for evaluating the forces on the bearings and to prevent excessive bearing displacements. 

The components damaged during past earthquakes compares well to the components identified for
seismic design in these standards.  If the standards are applied appropriately damage to new
bridges should be reduced, however, there is still much uncertainty in the design practice.  This is
perhaps because the specfications are typically vague in  expressing the need to evaluate the load
path.  Consequently, typical design procedures for the critical components in the transverse load
path do not often consider seismic loading.  The typical design and current state of research for
each of the critical components is discussed in the following sections.

1.5.2  Connection between the Deck Slab and the Girders

The deck slab of a steel plate girder bridge is generally connected to the girders through shear
connectors, which can be channel type connectors, but more commonly stud type connectors are
used.  Using AASHTO (1998) the shear connectors are designed for two limit states, fatigue
during live loading, and strength based on the capacity of the deck slab.  Generally the fatigue limit
state, based on research by Slutter and Fisher (1967), governs the design. Therefore, the number of
shear connectors required for full composite action based on the strength limit state is more than
adequate.  The strength of shear studs in composite beams has been studied by many researchers
including  Slutter and Driscoll (1965), Ollgaard et al. (1971), Oehlers and Johnson (1987), Lloyd
and Wright (1990), Oehlers (1995), and others.  Consequently, the strength of shear studs is well
understood and the codes reflect much of this research.  Procedures for design of Nelson Headed
Anchor studs are also given by the manufacturers of the studs (TRW Nelson Division, 1977;
1988).
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The reversed static behavior of shear studs has also been studied (Gattesco, 1996; Seracino, 2001),
although loading was unidirectional, as for reversed static gravity loads, not fully reversed as in
earthquake loading.  These studies showed that the reversed static behavior tends to degrade the
strength and stiffness of shear connectors reducing the composite behavior of beams over time.
The seismic effects on shear studs were investigated by Hawkins and Mitchell (1984).  They
showed that the failure mode of a stud greatly affects its ductile performance.  A concrete failure
tends to be quite brittle while a failure of the steel section tends to be much more ductile.  This
paper also showed that the stiffness of the shear studs tended to degrade on application of repeated
loading.  The effect of placing a cone around shear studs in order to unconfine part of the studs and
allow it to deform in a more ductile manner was investigated by McMullin and Astaneh-Asl
(1994).  This was shown to be quite successful at improving the ductile behavior of the shear studs.

As fatigue typically governs the design, the required number of shear studs for strength limit states
in a fully composite beam are typically exceeded in new bridges.  However, many older bridges
have fewer shear connectors and are therefore are only partially composite.  For partially
composite beams the force transferred between the concrete slab and the steel beam is dependent
on the stiffness of the connection between the slab and girders.  There have been many studies into
the partial composite action in beams with details described in the following chapters.

1.5.3  Design of Cross Frames and Diaphragms

Cross frames or diaphragms are placed transversely between the girders in a steel plate girder
bridges.  While the terms cross frames and diaphragms are often used interchangeably to describe
these members, AASHTO (1998) defines cross frames as transverse truss components between the
girders, and diaphragms are defined as a transverse flexural components between the girders.
These definitions are used in this report, with members acting primarily with axial actions defined
as cross frames, while members with flexural actions are defined as diaphragms.  In general the
term cross frame is used as most components described resist transverse loading with axial actions.

End cross frames are defined as those at the end of each span including those located at
intermediate supports in a multi-span bridge.  Intermediate cross frames are defined as those
located along a span between the supports.  Typical configurations for end cross frames include X-
braces, as illustrated in Figure 1-9, and Chevron or K-braces, as illustrated at the intermediate
cross frame locations in Figure 1-1.  X-braces are generally designed with single angle diagonals,
sometimes with and without single or double angle top and bottom chords.  K-braces typically use
double angle diagonal members connected to a top chord or bottom chord.  These cross frames
resist transverse loads with axial forces in the diagonal members.  Typical diaphragms include
relatively rigid diaphragms using sections with depths similar to that of the girders, as illustrated as
part of the column bents in Figure 1-1.  Channel sections are also used and connected to the web or
bearing stiffeners of the girders.  The lateral resistance of channel diaphragms is based on framing
action with the bearing stiffeners and is therefore highly dependant on the connections and
properties of the stiffeners.

A procedure for the design of cross frames in straight steel girder bridges is not well
defined.  In Section 6.7.4.1 of AASHTO, the requirements for the design of cross frames
are summarized by:



10

• “The need for diaphragms and cross frames shall be investigated for all stages of assumed
construction procedures and the final condition.”

• “This investigation should include, but not be limited to, the following:
• Transfer of lateral wind loads from the bottom of the girder to the deck slab and from the

deck slab to the bearings, 
• Stability of the bottom flange for all loads when in compression,
• Stability of the top flange in compression prior to curing of the deck, and
• Distribution of vertical dead and live loads applied to the structure.”

• “If the permanent cross-frames or diaphragms are included in the structural model used to
determine force effects, they shall be designed for all applicable limit states for the
calculated force effects.”

In considering the above requirements, investigation of wind loads typically requires relatively
small cross frames, if any, to distribute loads from the bottom flange.  Often the exterior girder can
be efficiently designed so that they are not necessary.  The stability of the flanges is one important
consideration for cross frame design.  For stability of the bottom flange, cross frames are only
necessary in negative moment regions of continuous girders and usually require relatively small
members.  Stability of the top flange is generally only necessary during construction and for this
purpose the cross frames can be designed as temporary members.  Cross frames have also been
shown to have minimal effect in the distribution of vertical dead and live load between the girders
as the deck slab effectively plays this role.  This resulted in the Guide Specifications for
Distribution of Loads for Highway Bridges (1994), which neglect the presence of cross frames.
Using AASHTO (1998) distribution factors are calculated neglecting the presence of cross frames,
although, a check is performed assuming a rigid cross section.  These can be considered lower and
upper bounds without the size of the cross frame members being considered.  The mandatory
requirement of  cross frames spaced at 7.6 m in the Standard Specifications (AASHTO, 1996) has
been removed from the LRFD Specifcations (AASHTO, 1998). 

FIGURE 1-9 Typical X-brace cross frame shown at intermediate cross frame location
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A further role in which cross frames are important, although not included in Section 6.7.4.1 of
AASHTO, is during the event of an impact due to an over height vehicle under a bridge.  Cross
frames are able to distribute the impact loads from the bottom flange of the exterior girder to some
or all of the other girders.  The benefits of this are questionable due the trade-off between
potentially considerable damage to a single girder without cross frames or lesser damage to a
larger number of girders with cross frames.  Moreover collisions between cross frames have been
shown to result in plastic deformations while damage near cross frames has shown more brittle
fractures (Mertz, 2001).

The number of potential design requirements for cross frames, with no clearly quantified
requirement has generated much uncertainty in their design.  To clarify some issues, Mertz (2001)
provides a good discussion of the need for intermediate cross frames and subsequent design
recommendations for these.  However, there was no consideration of cross frame design for
seismic loads. During past earthquakes the end cross frames of many bridges sustained some
damage indicating their importance in the transverse seismic load path.  Itani and Rimal (1996)
showed analytically that the end cross frames transferred the majority of the transverse seismic
loading from the deck level into the substructure.  The intermediate cross frames were shown to
have minimal effect on the transverse seismic response.  These observations were confirmed by
Zahrai and Bruneau (1999).  Therefore seismic loading should be considered to be one of the
major design considerations for end cross frames of steel plate girder bridges in high seismic
zones.

1.5.4  Girders

Seismic actions are not considered in the design of the girders in a steel plate girder bridge.  In past
earthquakes such as Kobe, which resulted in damage to the girders, the damage can be attributed to
failure of other components particularly the bearings.   Therefore assuming these components are
appropriately designed for earthquake loading, the girders are likely to remain undamaged.  The
observed girder damage was shown to be concentrated at the ends of the girders.  Bearing
stiffeners at the ends of girders are generally designed for the gravity loads in order provide
sufficient shear and bearing capacity in the web.  However these are also necessary for connection
of the end cross frames and therefore play a role in the transverse seismic load path.  The Japanese
specifications have recognised this and provide 

1.5.5  Bearings

Although integral connections between the superstructure and substructure are becoming more
common to avoid the use of bearings and maintenance issues associated with bridge joints,
bearings are often required to allow for thermal effects.  These are generally placed between the
superstructure and the substructure at the column bents and abutments.  There are a range of
bearings used in steel plate girder bridges designed principally for thermal expansion.  The
different types of bearings include unreinforced and reinforced elastomeric bearings, flat and
curved polytetrafluorethylene (PTFE) sliders, pot bearings; pin and rocker bearings, roller
bearings and a few others (AISI, 1996).  All of the different types of bearings have different force
and displacement capacities associated with the different translational and rotational degrees of
freedom.  
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1.5.6  Shortcomings of Current Seismic Design Provisions

While AASHTO (1998) recognizes the importance of understanding the seismic load path through
a bridge superstructure, and various critical components have been identified, seismic design
procedures for these components is limited.  The previous section showed that past design of
superstructure elements is generally based on non-seismic criteria.  These components should be
designed based on capacity design principles so that the strength of each component is greater than
the forces at the ultimate capacity of the ductile substructure, or maximum elastic seismic demand
in the bridge. 

1.6  Objectives and Scope

The primary objective of this report is to study the transverse seismic load path through straight
steel plate girder bridges experimentally using a single span scale model of a two girder bridge
superstructure and corresponding analytical models.  By studying the load path, the critical
components are identified and seismic forces on these components quantified in order to establish
more prescriptive design procedures for each component. 

The study is limited to straight unskewed steel plate girder bridges and therefore the effect of skew
and curvature on the seismic response is not considered.  The girders are built-up I-girders.  The
response of the bridge is generally limited to excitation in the transverse direction with limited
investigation of longitudinal excitation. No consideration of vertical excitation is made.  The
response of the bridge model with ductile components in the superstructure is described in another
report (Carden, 2005).
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SECTION 2
THE BRIDGE MODEL

2.1  Introduction

This chapter describes the preliminary analysis, design and construction of a twin girder, simply
supported model of a slab-on-girder bridge superstructure, used in order to study the effects of
earthquake loads on a typical straight steel plate girder bridge.  The bridge model was based on a
prototype bridge, scaled by a factor of 2/5, as described below.

2.2  Four Girder Simply Supported Bridge Prototype

The overall geometry of the bridge model was initially derived from a prototype bridge which,
while not modeled on any particular real bridge, was designed to represent a typical straight,
unskewed, multi-span bridge of this type.  The prototype bridge was a four span, four girder
bridge, as illustrated in Figure 2-1.  The configuration and approximate section sizes for the main
girders and the deck slab were provided by the California Department of Transportation
(CALTRANS) (Duan, L., Private Communication), based on CALTRANS Bridge Design
Specifications (CALTRANS, 1993), which are similar to the Load Factor Design procedure
described in the AASHTO Standard Specifications (1996).  The prototype bridge consisted of two
40.4 m end spans and two 48.8 m intermediate spans.  The intermediate spans were supported by
single column drop bent caps.  The sizes of the main components in the composite superstructure
were checked using an analysis based on the AASHTO LRFD (1998) specifications.  Some
thickening of the girder flanges was required near the column bents to accommodate the negative
bending moments in the continuous girders.  The structure was analyzed for typical gravity and
wind loading.

Transverse earthquake loads were also considered using the CALTRANS analysis procedure
(CALTRANS, 2001), whereby the displacement demand of the structure is determined based on
an elastic analysis, which is compared to the displacement capacity of a proposed column from a
cross sectional and pushover analysis.  This resulted in 1.82 m diameter columns being proposed
for each of the single column bents. 

2.3  Two Girder Simply Supported Bridge Prototype

For both economic reasons and benefits of simplicity, it was decided that the bridge model was to
be a two girder, simply supported bridge superstructure.  The transverse response of a two girder
bridge was expected to be quite different to that of the four girder bridge as the transverse stiffness
was considerably less.  Consequently, a two girder bridge prototype was developed, as illustrated
in Figure 2-2.  The prototype was assumed to be a multispan bridge consisting of a series of simply
supported 46 m spans.  Two types of substructure were assumed.  The first consisted of 1.52 m
diameter single column bents, 7.92 m long with 1.82 m high bent caps, with properties calculated
based on the same CALTRANS analysis procedure as for the columns of the 4 girder bridge.
Alternatively a rigid substructure was also assumed, which could be in the form of abutments or
relatively short piers founded on stiff soil.
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The superstructure was assumed to consist of two steel plate girders, spaced of 3.35 m apart, with
a 219 mm thick reinforced concrete deck slab, as shown in Figure 2-3.  It was assumed that cross
frames were placed every 7.62 m along the length of the bridge, which is the specified spacing in
the AASHTO Standard Specifications (1996) and considered typical in most current bridges,
although the AASHTO LRFD (1998) specifications do not specify a minimum spacing. 

2.4  Design of Bridge Model

2.4.1  Overview

The steel plate girder bridge superstructure model used for experiments in this study is shown in
Figure 2-5.  The overall dimensions of the model were scaled down directly by a factor of 2/5 from
the two girder bridge prototype described in the previous section.  Other aspects such as the deck

FIGURE 2-1 Four span (continuous), four girder prototype bridge

FIGURE 2-2 Four span (simply supported), two girder prototype bridge
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slab reinforcing, cross frames, shear studs and bearings were designed specifically for the bridge
model, based on forces scaled from the prototype bridge.  The design of each component is
discussed in the following sections.  Further details for the design of the bridge model are
described by Garcia-Alvarez (2001).

2.4.2  Girders

The overall girder dimensions for the bridge model were scaled down from the two girder
prototype.  This resulted in 18.2 m long girders with cross sectional properties as shown in Figure
2-6.  The webs and flanges were built-up from plates which where welded with 10 mm fillet welds

FIGURE 2-3 Section through prototype bridge superstructure at end support

FIGURE 2-4 Section through prototype bridge at intermediate cross frame
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along the length of the girders.  Transverse stiffeners, 10 mm thick, were placed at 3.05 m centers
on the exterior face of the girders and 1.52 m centers on the interior face.  The web and flanges
were constructed from ASTM A709 Gr50 steel, all other components were ASTM A36.  The
girders were generally simply supported, except during a few experiments where an intermediate
support was added to the bridge resulting in two continuous spans.  The girders and other
steelwork were constructed by the local steel fabricator, Reno Iron Works.

2.4.3  Deck

The thickness of deck slab and haunch, spacing of the girders, and length of overhang were scaled
down from the prototype bridge resulting in cross sectional deck slab dimensions as shown in
Figure 2-6.  Four layers of reinforcing were placed in the deck slab consisted of #3 bars at 203 mm
centers in each of two layers in the longitudinal direction and 178 mm spacing in two transverse
layers (Fig. 2-7). This corresponded to reinforcement ratios of 0.40% and 0.45% in each layer of
the longitudinal and transverse reinforcement respectively.  The reinforcement was split equally
between the top and bottom layers and distributed evenly throughout the deck slab.  In the
transverse direction reinforcement was scaled from the CALTRANS design charts (CALTRANS,
1993).  In the longitudinal direction the most heavily reinforced section was in the bottom layer
between the girders. The required area of reinforcement in this region was calculated using the
design charts.  This amount of reinforcement was extended to the edges of the deck slab and also
used in the top layer.  This resulted in reinforcement ratios greater than the minimum specified
based on the AASHTO (1998) empirical procedure of 0.2% in the top layers and 0.3% in the
bottom layer. The deck slab was formed, poured and a curing compound added by Lucky Concrete

FIGURE 2-5 Steel slab-on-girder bridge superstructure model.
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Inc.  The specified strength of concrete for the deck slab was 28 MPa, while the average 28 day
strength calculated from cylinder tests was 29.8 MPa (Garcia-Alvarez, 2001).  

2.4.4  Shear Studs

Two rows of 10 mm diameter Nelson Headed Anchor studs (TRW Nelson Division, 1977; 1988)
were placed on each of the girders, as shown in Figure 2-7, spaced at 457 mm centers.  These studs
were not sufficient to provide full composite action to the bridge model for gravity loads and
therefore provided a partial composite section.  According to AASHTO (1998), in order to provide
full composite action using strength requirements an equivalent spacing of 127 mm, and in order
to satisfy fatigue specifications an equivalent spacing of 101 mm, would be required.  The stud
spacing was therefore representative of older bridges with partial composite sections.  The
implications of this are discussed in subsequent chapters.

2.4.5  Intermediate Cross Frames

The intermediate cross frames in the prototype bridge were spaced at 7.62 m based on the
AASHTO LRFD Specifications (1998).  After scaling the intermediate cross frames in the bridge
model were spaced 3.05 m apart.

FIGURE 2-6 Steel plate girder bridge model - girder and deck slab dimensions

FIGURE 2-7 Bridge model deck slab reinforcing
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Typical intermediate cross frames for the bridge model are shown in Figure 2-8.  These were
constructed using the same angle sections as those used in the heavy end cross frames described in
Section 2.5.2.  Compared with the end cross frames, the connection details for the intermediate
cross frames were simplified, with connections directly to the stiffeners without the use of gusset
plates, as strong connections to promote potential inelastic behavior were not necessary.  There
was a double angle bottom chord, but no top chord, as in the prototype. 

2.4.6  Bearings

For the reversed static experiments, which focused on the transverse load path and end cross
frames, the bridge model was placed on four reinforced elastomeric bearings. These are typical of
those used to accommodate temperature fluctuations in the longitudinal direction of a bridge
superstructure. They are shown to require relatively little maintenance and are a low cost option
for bridge bearings, with good resilience for extreme loading conditions (AISI, 1996).  

The elastomeric bearings consisted of three layers of elastomer sandwiched between steel shims as
shown in Figure 2-9.  The bearings were constructed from a neoprene polymer with a shear
modulus of 0.86 MPa.  They were restrained in the transverse direction with stiffened angles as
shown.  Typically in this type of bridge there is some gap between the bearing and transverse
restraint, however for the bridge model this gap was minimized using custom fitted shims in an
attempt to simplify the transverse response.  The bearings were able to allow rotation of the girder
about a longitudinal axis, seen as advantageous with the  use of ductile end cross frames which are
described in the following section.  Rotation about the vertical axis was partially restrained by the
custom fitted shims, but was generally considered unrestrained.  The properties of the elastomeric
pads are summarized in Appendix 1.  Appendix 1 summarizes the calculated axial, translational
and rotational stiffness of the bearings as well as the capacity of these bearings for axial, shear and
flexural actions.

Lead rubber seismic isolation bearings were used in the shake table experiments. The properties of
these bearings are discussed in Section 2.5.5.  They were used as isolation bearings, but were also
restrained in order to study forces in the various end cross frame configurations.  The transversely
restrained lead rubber bearings are illustrated in Figure 2-10.  These restraints were similar to
those used for the elastomeric pads, with the angles orientated in the opposite direction for
convenience of connection to the load cells. The restraints allowed rotation about the longitudinal
axis of the bridge.  As the tight-fitted shims were cut to a relatively short length of 76 mm,  and

FIGURE 2-8 Typical intermediate cross frame in bridge model
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placed at the center of the bearing, they were able to allow effectively free rotations about the
vertical axis of the bridge.  The properties of the isolation bearings are given in Appendix 2.

2.4.7  Superstructure Weight

The weight of the superstructure is critical for determining the dynamic response of the bridge.
Assuming a density of reinforced concrete of 25 kN/m3 and steel of 77 kN/m3 the weight of the
superstructure was calculated at 140 kN.  The calculated weight of additional lead required for
similitude was equal to 210 kN, 1.5 times the bridge weight. The resulting total calculated weight
of the bridge was equal to 350 kN. 

The measured weight of lead added to the bridge model was equal to 207 kN, equally distributed
in six steel frames on the deck slab of the bridge model. The total weight of the bridge including
lead, as measured from the load cells and checked using a crane scale at one end of the bridge, was
170 kN at the north end and 171 kN at the south end, summing to 341 kN.  Therefore the weight of
the bridge model alone was equal to 134 kN.  The measured weight of the bridge model was within
6% of the expected weight.   Dividing the weight equally between each of the bearings resulted in
forces of 33.5 kN per bearing for the reversed static experiments, with no added lead.  Similarly,
the force during shake table experiments, with added lead, was equal to 85.4 kN per bearing.  The
load cells confirmed that the forces were evenly distributed between all the bearings as required
for equilibrium.

FIGURE 2-9 Laminated elastomeric bearing

FIGURE 2-10  Lead rubber bearing with transverse restraints
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2.5  Design of Critical Components in the Transverse Response of the Bridge

2.5.1  Overview

Three approaches were considered to allow a ductile response of the steel girder bridge model
subjected to transverse earthquake excitation.  Along with an assumed ductile substructure
response, the ductile response was promoted using ductile end cross frames and seismic isolation
bearings.  The ductile response of these components is discussed in a subsequent report (Carden,
2005).  For the purposes of studying the transverse load path the essentially elastic response of the
components is considered in this report.  The properties of the different configurations of the
bridge are described below, with more details given in the second report (Carden, 2005).

2.5.2  “Heavy” X-Braces

The end shear was resisted by the diagonals of a single angle X-brace at the end of the bridge.
These diagonals were first designed as relatively large members, with the implication that they
would perform essentially elastically during design levels of seismic loading.  Subsequently, 45 x
45 x 6 mm. single angles were selected.  These satisfied the b/t ratio in accordance with AISC
(2002) to ensure that, if any inelastic action occurred, local buckling would be prevented.  They
also satisfied the slenderness (Kl/r) ratio in accordance with AASHTO (1998) for secondary
members, which was more limiting than the AISC provisions.  Top and bottom chords were
designed to distribute earthquake forces evenly between the girders and bearings in the event that
buckling of the diagonal members occured and uneven forces resulted in the tension and
compression diagonals.  For this 45 x 45 x 6 mm double angles were used, as illustrated in Figure
2-11.  In addition the top chord was connected to the deck slab using a built-up T-section, as
illustrated in Figure 2-12, initially at the south end and then also at the north end after the first
experiment demonstrated its influence in the transverse seismic load path.  This type of composite
connection, using WT or channel members, is typically used at abutments to minimize the effect of
wheel loading where traffic travels onto a bridge.  The T-section was connected to the deck slab
using bolts grouted into holes cored in the deck slab to facilitate removal of the member when
necessary in changing end cross frame configurations in the bridge model.  It is recognized that in
practice shear studs would be more effective than bolts in this type of connection, however
additional bolts were used to ensure failure was prevented.

Two types of connection configurations were used at different stages of experiments on the bridge
model.  The first configuration, for which the above calculations apply, had bolted connections.
The diagonal, top and bottom chords of the end cross frames were connected to gusset plates
which in turn were connected to the web stiffeners as shown in Figures 2-11 and 2-12.  Gusset
plates were used instead of connecting directly to the stiffeners in order to provide adequate
connection strength and ensure any inelasticity would occur in the members and not result in
failure of the connections.  The second configuration used welded connections.  For this
configuration, as illustrated in Figure 2-13, no gusset plates were required as the angles were
welded directly to the bearing stiffeners. In this configuration, used for shake table experiments,
isolation bearings were used with transverse restraints in order to provide an effectively pinned
connection between the girders and substructure for studying the response of the cross frames.
These restraints were later removed for experiments investigating an isolated configuration.
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2.5.3  “Light” Single Angle X-Braces

In order to reduce the elastic seismic demand in the bridge model, the end cross frames were also
designed to respond inelastically using “lighter” angle members.  As single angle X-braces are
commonly used in bridges due to their cost effective and simple design and construction, it was
considered valuable to study the potential for using these members as ductile elements.  These act
as concentric braced frames similar to those used in buildings, with more details on the inelastic
behavior of these members provided in the subsequent report (Carden, 2005).

Single angles (25 x 25 x 5 mm) were selected for the cross frames designed to yield with a strength
below the strength of the substructure, termed the “light” X-braces.  These members had sufficient

FIGURE 2-11 “Heavy” end cross frames at the north end in the bridge model
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capacity to elastically resist wind loads and also satisfied the b/t and Kl/r ratios for special
concentrically braced frames (AISC, 2002) and bracing members (AASHTO, 1998).  The bridge
model configuration with these X-braces is shown in Figure 2-14.   They were welded directly to
the bearing stiffeners, as shown, with welded connections designed to be stronger than the tensile
capacity of the members to prevent premature failure and promote the best possible inelastic
behavior.

2.5.4  Ductile End Cross Frames using Unbonded Braces - Elastic Substructure

Buckling restrained braces have been shown to provide very reliable strength, good energy
dissipation and reduce lateral storey drift in building applications compared to concentric braced

FIGURE 2-12  “Heavy” end cross frames at the south end in the bridge model
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framing systems (Black, 2002; Clark, 1999; Yamaguchi, 1998).  These were considered to provide
potential improvement in the response of steel plate girder bridges when used as ductile end cross
frames, compared to special X-braces, and hence were investigated.  As the braces have similar
properties in tension and compression a single brace was necessary.  Buckling restrained braces
constructed by Nippon Steel Corporation, called an unbonded braces, were installed in the bridge
model, as illustrated in Figure 2-15.

Nippon Steel typically design unbonded braces with fixed end connections that are capable of
carrying any moment generated in the brace.  These connections are designed to be slip critical
using the serviceability requirements of AISC (1998) for buildings. As the braces designed for the
bridge model were relatively short, there was a concern that the bending generated in the braces
due to the deformed geometry would be large with fixed end connections, which could have an
impact on the seismic performance of the brace.    The alternative was to use pinned connections to

FIGURE 2-13 “Heavy” end cross frames in the bridge model with welded connections
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prevent bending moments being induced in the brace, however the impact of this is a connection
that is not slip critical and a higher chance of buckling in the braces as the effective length was
increased.  Therefore, in order to allow testing of both configurations, the braces were designed
with pinned end connections which were later welded in order to create fixed end connections.
The top and bottom chords used for the unbonded braces were the same as those used for the
ductile X-braces. 

2.5.5  Seismic Isolation using Lead Rubber Bearings

The third approach for protecting the bridge model during earthquakes was to seismically isolate
the superstructure using lead rubber bearings.  The resulting dimensions for the lead rubber

FIGURE 2-14 “Light” end cross frames in the bridge model
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FIGURE 2-15 Unbonded brace in the bridge model
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bearings are illustrated in Figure 2-16.  The calculated properties of the bearings and design
response are given in Appendix 2.  The bearings were constructed with 10 layers of rubber with a
shear modulus of 0.43 MPa.  More details for the design and inelastic response of the isolated
bridge are provided by Carden et al. (2005).

As the combined shear force in the bearings at each end of the bridge was much lower than the
yield strength of the end cross frames, with both light X-braces or unbonded braces, experiments
were first performed on the lead rubber bearings with the light X-braces.  Bearing restraints were
later added in order to increase the transverse shear capacity of the bridge, allowing the X-braces
and unbonded braces respectively to become the weakest links in the system.

2.6  Simulation of Earthquake Loading

2.6.1  Reversed Static Transverse Loading

The first series of experiments on the bridge model simulated transverse earthquake loading of the
model using actuators at the one thirds points along the bridge as shown in the Figure 2-5.  The
center of mass of the bridge model was slightly below the centerline of the deck slab with 75% of

FIGURE 2-16 Lead rubber bearing
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the weight of the bridge model concentrated in the deck slab.  If barrier rails, wearing surface and
some live load is included the proportion of weight at and above deck slab level would have
increased further. Consequently, the actuator supports were designed to apply loads just (41 mm)
below the centreline of the deck slab.  A cross section of the bridge model at one support is
illustrated in Figure 2-17.  A hydraulic actuator support was used after the second experiment to
minimize the effect of the actuator weight on the connected side of the bridge.  The support was
designed to move vertically with the bridge but apply a constant force equal and opposite to the
weight of the actuator at the support point.  A section of the deck slab around the actuator supports
was removed to ensure that loads were transferred into the bridge without localized damage to the
deck slab.  A double angle strut was also added to resist forces induced by twisting of the bridge
during transverse loading.

The reversed static experiments investigated the effect of different end and intermediate cross
frame configurations in the bridge model.  Different configurations investigated included the
influence of heavy diagonal X-braces, light X-braces, top chords, both with and without a direct
connection to the deck slab,  bottom chords and intermediate cross frames.  Table 2-1 lists the 8
different reversed static experiments and the differences between them.  The first part of the
acronym in this table “C” stands for “reversed static” while the remainder refers to the
configuration of the end cross frames.  The first experiment (RSHXB1) had the relatively “heavy”
45 x 45 x 6 mm single angle end X-braces in the bridge model (Figs. 2-11 and 2-12).  The
configuration in the second experiment (RSHXB2) was  similar to the  first except that the
composite top chord, shown to be effective at the south end of the first experiment, was added to
the north end cross frame in the second experiment.  Some additional instrumentation such as the
load cells was also added.  In the third experiment (RSNECF) all the end cross frame components
were removed.  In the fourth experiment the top chords (RSNBC) were replaced but there was no
bottom chord.  In the fifth experiment (RSFC) the both the top and bottom chord were added but
there was no diagonal members.  These chords are considered to have fixed moment resisting
connections as there are four bolts at each end.  In the sixth experiment (RSNCF) all the
intermediate and end cross frame components were removed.  In the seventh experiment (RSPC)
the intermediate cross frames were replaced and pinned top and bottom chords were added to the
ends of the bridge model as illustrated in Figure 2-14.  In the final experiment (RSLXB) the “light”
single angle X-brace diagonals were welded into the ends, attached to the bearing stiffeners of the
bridge model.

FIGURE 2-17 Actuator connected to bridge model at 1/3 points along length of bridge
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The loading history for the first experiment followed the Applied Technology Council (ATC) 24
(1992) recommendation for testing components of steel structures.  The loading history is
illustrated in Figure 2-18.  This loading history was displacement controlled with equal
displacements in each actuator.  A problem with this type of control was that a small phase lag
between the actuators resulted in them opposing each other for short periods of time.  Different
conditions in the two ends of the bridge also resulting in very different forces in the two actuators,
as shown in Figure 2-19.  Therefore, in the second and subsequent experiments one actuator was in
displacement control while the second actuator maintained a force equal to that in the first
actuator.  In order to reduce the effects of cumulative cycles on the cracked deck slab of the bridge
model, the three cycles at each amplitude, as recommended by ATC 24, was reduced to two
cycles.   Loading histories for the reversed static experiments are given in Figures 2-19 to 2-26.
These show equal forces in the two actuators at all times for all but the first experiment.

FIGURE 2-18 Actuator displacements vs time for Experiment RSHXB

-3

-2

-1

0

1

2

3

0 500 1000 1500 2000 2500 3000
Time (s)

A
ct

ua
to

r D
is

pl
ac

em
en

t (
in

)

-76

-51

-25

0

25

51

76

A
ct

ua
to

r D
is

pl
ac

em
en

t (
m

m
)

North Actuator
South Actuator



30

FIGURE 2-19 Actuator forces vs time for Experiment RSHXB

FIGURE 2-20 Actuator forces vs time for Experiment RSHXB2
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FIGURE 2-21 Actuator forces vs time for Experiment RSNECF

FIGURE 2-22 Actuator forces vs time for Experiment RSNBC
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FIGURE 2-23 Actuator forces vs time for Experiment RSFC

FIGURE 2-24 Actuator forces vs time for Experiment RSNCF
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FIGURE 2-25 Actuator forces vs time for Experiment RSPC

FIGURE 2-26 Actuator forces vs time for Experiment RSLXB
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2.6.2  Shake Table Earthquake Simulation

Following the series of reversed static experiments on the bridge model, a series of shake table
experiments were performed.  There were several advantages of shake table experiments over the
reversed static experiments.  One was a more realistic loading as the bridge was loaded directly by
its own inertia, as in an earthquake.  Another advantage was that the actual response of the bridge
to a given level of excitation was found and not just the properties up to a specified displacement
or force.  This allowed the elastic response to be compared to the inelastic response and also the
design response for a given seismic demand.  The trade-off was a more complex system to be
analyzed.Shake table experiments utilized three 50 ton capacity shake tables.  The bridge was
attached as a simply supported span to Shake Tables 1 (north end) and 3 (south end), and also as a
two span bridge to Shake Table 2 at the midspan (Fig. 2-27).  The different series of experiments
are listed in Table 2-2.  The bridge was first investigated as an isolated bridge with lead rubber
bearings  at the ends of the bridge (STLRB), with properties as described in Section 2.5.5.  In the
second experiment lead rubber bearings were added to the midspan of the bridge in order to
achieve a two span bridge configuration (STLRB2S).  Roller isolation bearings (STRB) were then
placed in the bridge model in a simply supported configuration.  For the next series of experiments
(STLXB) the lead rubber isolation bearings in the simply supported bridge model were restrained
in the transverse direction and a series of experiments were performed in order to determine the
inelastic behavior of the “light” diagonal X-braces.  After considerable inelastic deformation in
these braces they were replaced by unbonded braces at the ends of the bridge (STUB).  An
unbonded brace was also installed at the midspan of the bridge, although this had little effect on
the response while the bridge was simply supported.   However for the next series of experiments
(STUB2S) transversely restrained bearings were placed at the midspan of the bridge in order to
determine its response with ductile unbonded braces in a two span configuration.  The unbonded
braces were then removed and earthquakes were simulated on the bridge model with no end cross
frames (STNXF) in a simply supported configuration.  “Heavy” single angle cross frames were
then installed in the bridge in order to calculated the elastic response of the bridge to compare with
the inelastic response of the ductile end cross frames.  Following on, simulations on the isolated
bridge model with the unrestrained lead rubber bearings were repeated to see if there was any
change in response with the heavier cross frames (STLRB2), and to investigate potential
degradation in the bearings.  Finally, experiments were performed on the bridge model in a single
span configuration with a ball bearing isolation system.

For each series of experiments, a number of earthquakes were simulated in the bridge model. A
complete list of earthquake simulations is given in Appendix 3.  Three earthquakes were used for
shake table experiments.  The first was from the 1940 Imperial Valley earthquake recorded at the
El Centro station.  This was selected because of its extensive use in the past for analytical and
shake table experiments.  The second record was from the 1994 Northridge earthquake recorded at
the Sylmar hospital station.  This was one of the largest recorded motions in the United States and
has been used for past shake table experimentation.  The third earthquake was from the 1995 Kobe
earthquake in Japan recorded at the KJMA station.  This has a particularly high peak ground
acceleration and velocity, comparable to the Sylmar record.  The details of each earthquake are
listed in Table 2-3.  

The earthquakes were obtained from the PEER strong motion database (PEER, 2002).  Time
histories for each earthquake are shown in Figures 2-28 to 2-30.  Coincidently, the dominant
component for each earthquake, ie. the component with largest peak acceleration, were the north-
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south (0 or 180 degree) components.  Therefore when considering only one component, unless
specifically stated otherwise, the north-south component was used.  The response spectrum for 2.0
x El Centro, as shown in Figure 2-33, compares reasonable well to the design spectra.  This level
of excitation is used for much of the analysis of the bridge model.

In addition the north-south component of El Centro was passed through a simulated soil layer
using EduShake (EduPro, 1999).  This motion assumed a 22.9 m layer of sand with a shear wave
velocity of 275 m/s and density of 19 kN/m3 corresponding to medium-stiff material  for soil type
III in AASHTO (1998). Average Seed and Idriss models (EduPro, 1999) were used for the
modulus and damping curves.  The resulting output time history at the top of the soil layer is
shown in Figure 2-31.  This motion was used to investigate the effect of differential ground motion
at the different supports of the bridge.

The earthquakes were scaled in the time domain to account for scaling of the bridge model.  The

scale factor for time was equal to  = 0.632.  Response spectra for each of the time scaled
earthquakes at 5% damping are shown in Figure 2-32.  The El Centro spectra are below both the
AASHTO LRFD (1998) and AASHTO Isolation (1999) design spectra at all periods.  In contrast,
the dominant components of the Sylmar and Kobe records exceed the design spectra up to periods
in excess of 1.0 s.   The soft soil El Centro record exhibits an amplified response of up to 3 times at
around 0.55 s compared to the original El Centro record.  

There is always some discrepancy between the achieved shake table accelerations and the
originally recorded accelerations known as the target accelerations.  Figure 2-34 shows the El

FIGURE 2-27 Bridge Model attached to three 50 ton shake tables
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Centro response spectra for the target and achieved accelerations at Shake Tables 1 and 3 for a
typical earthquake simulation.  It shows there is very good correlation between the two shake
tables with almost identical response spectral ordinates.  There was larger error between the target
spectrum and achieved spectrum with up to a 15% difference for periods between 0.1 and 0.6 s.
Figure 2-35 shows similar comparisons for the 360 component of the Sylmar record.  Again the
spectra for the two tables are very similar, however there is a larger difference (28%) between the
target and achieved spectra and an apparent frequency shift for periods between 0 and 0.5 s.  This
may be related to the particularly high peak velocity in the record.  The target north-south
component of the Kobe spectrum compares very closely to the achieved spectra as shown in
Figure 2-36.

There were also two white noise acceleration time histories generated by the shake table controller
used for system identification.  The first white noise time history was generated to achieve a
constant Fourier spectral amplitude for frequencies between 1.0 and 30 Hz with a shake table peak
acceleration of 0.25g.   The second history had frequencies of 0.3 and 50 Hz in order to better
capture low frequency response.

Several sine sweeps were also run in another attempt at system identification.  These were
generated with a constant table acceleration amplitude between frequencies of 0.3 to 30 Hz.

2.7  Instrumentation

2.7.1  Introduction

A number of instruments were placed on the bridge model in order to measure the deformations,
forces, strains and accelerations in the bridge during reversed static and shake table experiments.
A complete inventory of instruments shown graphically, with names for reference purposes, is
given in the following sections.  A convention for naming the instruments was used in order to
describe the type of instrument, location of instrument and direction of measurement.  For
example, label DK15AccVE refers to an instrument on the deck of the bridge model, 4.6 m (15 ft)
from the north end, measuring accelerations in the vertical direction on the eastern side of the
bridge model.  Not all the instruments shown were on the bridge model for every experiment,
however reference is made to them as appropriate during analysis throughout the following
chapters.

TABLE 2-3 Earthquake Data for Shake Table Experiments

Name Comp. Year Earthquake Station Direction PGA (g) PGV (in/s)

El Centro NS 1940 Imperial Valley El Centro Array #9 180 0.313 11.7

EW 270 0.215 11.9

Sylmar NS 1994 Northridge Sylmar Hospital 360 0.843 51.0

EW 090 0.604 30.8

Kobe NS 1995 Kobe KJMA 000 0.821 32.0

EW 090 0.599 29.3
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FIGURE 2-28 Acceleration time histories for a) 180 component and b) 270 component of 
El Centro
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FIGURE 2-29 Acceleration time histories for a) 360 component and b) 90 component of 
Sylmar
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FIGURE 2-30 Acceleration time histories for a) 00 component and b) 90 component of 
Kobe
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FIGURE 2-31 Acceleration time histories for El Centro 180 component through soil layer

FIGURE 2-32 Theoretical earthquake response spectra (5% damping)
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FIGURE 2-33 Earthquake response spectrum for 2.0 El Centro (5% damping)

FIGURE 2-34 STLRB - Response spectra for the target and achieved shake table 
accelerations at shake tables 1 and 3 in the longitudinal axis of the bridge model in 

response to 1.0 El Centro
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FIGURE 2-35 STLRB - Response spectra for the target and achieved shake table 
accelerations at shake tables 1 and 3 in response to 1.0 Sylmar

FIGURE 2-36 STLRB - Response spectra for the target and achieved shake table 
accelerations at shake tables 1 and 3 in response to 1.0 Kobe
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2.7.2  Load Cells

Six multi-axial load cells were designed and constructed in order to measure the forces beneath the
bearings in the bridge model.  The load cells were designed using a series of strain gage circuits
(Fig. 2-37) which were able to measure all six components of force, based on a design by
Reinhorn, Bracci and Pekhan (2001).  

The load cells were calibrated in the axial and two components of shear in order to convert the
strain gage circuit output to forces.  The apparati for the axial and shear calibrations are illustrated
in Figures 2-38 and 2-39 respectively.  For the axial calibration a 980 kN MTS actuator was
attached to a slider, designed to promote pure axial loads which in turn was attached to the load
cell in series.  Behind the load cell was a reaction frame.  The shear calibrations were performed in
a similar setup with two load cells calibrated in one direction at a time, as shown in Figure 2-39.  

Plots of applied actuator force versus axial and shear output respectively, as a voltage differential,
resulted in essentially straight lines.  Hence a linear conversion from a voltage differential to a
force for the three degrees of freedom of each load cell was calculated.  Plots of applied actuator
force versus calculated load cell force are shown in Appendix 4 for each calibrated load cell
circuit.  These plots show that there was good correlation between the measured and estimated
forces.  Although there is some hysteresis resulting in some error, this error was typically less than
5% at any given time.  As the shear forces in the lead rubber bearings were much smaller than the
maximum forces calibrated in the load cells, small amplitude cycles were applied in the shear
calibration of load cells 5 and 6 for verification at low amplitude.  Using the same calibration
factors as calculated for the large amplitude calibration, the applied load versus calculated load
cell shear forces for load cell six are shown in Figures A4.19 and A4.20.  These figures show ideal
elastic behavior in the load cells and forces which correlate to within 5%.  Therefore the load cells
were effective at measuring low amplitude forces as well as larger forces close to the maximum
calibrated forces.   

On each figure in Appendix 4 the forces for the degrees of freedom, other than that being
calibrated are also shown.  For the axial calibrations it can be seen that the shear forces were small,
although not zero.  The small shears were considered to be real shears due to small eccentricities in
the loading.  The shear calibrations show small orthogonal shear forces, which again were
considered real forces.  The shear calibrations also show relatively large axial loads, which were
again considered to be real axial loads due to the test setup in shear not being able to completely
eliminate secondary axial loads.  As the orthogonal forces were generally small compared to the
forces in the loaded direction, the interaction between applied forces and measured forces was
considered negligible.

Loading was typically applied statically at a very slow loading rate and dynamically at a frequency
of around 1 Hz during calibration of the load cells. Although 1 Hz is not a particularly high
frequency loading, the amplitudes were relatively high, therefore the strain rates were as high as
typically seen during shake table experiments.  The difference between static and dynamic slopes
was typically found to be around 2% or less, therefore dynamic effects were considered negligible.

The load cells were placed under the bearings at the ends of the bridge model and at midspan as
illustrated, for example, in Figure 2-14.  The load cells were numbered as shown in Figure 2-40.
The axes with positive orientations are shown.
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FIGURE 2-37 Multi-axial load cell during construction

FIGURE 2-38 Load cell axial calibration
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2.7.3  Displacement Transducers

Deformations in the bridge model were measured using displacement transducers attached to the
bridge at different locations.  Some transducers were attached to the bridge model and some fixed
point in the laboratory, such as those attached to the deck slab, therefore measured absolute
displacements.  Others were attached to the bridge model and fixed points relative to the shake
tables therefore measured relative displacements.  The majority of displacement transducers used
were Celesco PT100 series cable-extension transducers including the displacement transducers
along the length of the superstructure, as shown in Figure 2-41.  Celescos were also used for the
displacement transducers at the bearings, the length of the cables connecting the transducers to the
bridge model were relatively short, therefore for bi-directional motion the longitudinal and
transverse components were coupled, and corrections were made where necessary to the raw data
to allow for this coupling.  

At the end cross frames Novotechnik linear potentiometers were used to measure displacements in
the end regions.  The positions of these transducers are shown in Figures 2-42 and 2-43
respectively.  Diagonally placed transducers were used to measure the lateral deformation between
the top and bottom flanges of the girders as shown in these figures.  Additional transducers were
used to measure displacements across the yielding portions of the X-braces and unbonded braces
respectively.  At the north end transducers were also used to measure slippage in the top chord and
unbonded brace connections.   

FIGURE 2-39 Load cell calibration in shear
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FIGURE 2-40 Instrumentation - load cells
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FIGURE 2-41 Instrumentation - displacement transducers
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FIGURE 2-42 Instrumentation - typical displacement transducers for end X-braces
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FIGURE 2-43 Instrumentation - displacement transducers for unbonded braces
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FIGURE 2-44 Instrumentation - accelerometers
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2.7.4  Accelerometers

Accelerometers were situated throughout the bridge model for system identification, measurement
of modeshapes and natural frequencies, and for comparison between shake table and bridge
response.  Accelerometers were placed on the deck slab, bottom flange and on top of bearings as
shown in Figure 2-44.  Horizontal accelerometers on the deck slab were Kinemetric 
accelerometers.  Horizontal accelerometers on the bottom flange and bearings were 
accelerometers.  Vertical accelerometers were also  accelerometers and were attached to the
edges of the deck slab in order to measure vertical and rotational modes of deformation. 

2.7.5  Strain Gages

Strain gages were placed throughout the bridge model in order to measure localized strains at
critical locations on the plate girders and in the deck slab.  They were also situated on the cross
frames in an attempt to correlate strains to forces in the cross frames.  To avoid clutter, dimensions
for every strain gage are not shown however where necessary their locations can be scaled off the
drawings.  

FIGURE 2-45 Instrumentation - strain gages on end cross frames

2g±
4g±

4g±
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Eight strain gages were typically placed on the end cross frames as shown on Figure 2-45.  It was
shown from the end cross frames that the measured strains on the inside and outside of the angle
members were similar.  Therefore, the intermediate cross frames typically have four strain gages
on each set as shown in Figure 2-46.

There were are number of strain gages placed on the stiffeners at the ends of the bridge model.
Eight strain gages at each end are shown in Figure 2-45.  In addition for another set of strain gages
was placed on the bearing stiffener of the west girder, at the north end of the bridge at the edges of
the stiffeners, in order to get a better understanding of the distribution of bending strains in the
stiffener (Fig. 2-47).

A series of strain gages were also placed on the girders in order to measure the distribution of
strains along the length of the girders.  The strain gages on the east girder were distributed as
shown in Figure 2-48.  On the west girder strain gages were placed on the outside edges of the top
and bottom flanges concentrated at the north end of the bridge model (Fig. 2-49) in order to get
more detailed measurements of strain distributions at the end of a girder when there were large
transverse deformations in the girders.

FIGURE 2-46 Instrumentation - strain gages on typical intermediate cross frame

FIGURE 2-47 Instrumentation - additional strain gages on end stiffener
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FIGURE 2-48 Instrumentation - strain gages on east girder



55

FIGURE 2-49 Instrumentation - strain gages on west girder
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SECTION 3
OVERVIEW OF DEFORMATIONS AND MODAL RESPONSE OF THE BRIDGE 

MODEL DURING REVERSED STATIC AND SHAKE TABLE EXPERIMENTS

3.1  Introduction

Before discussing details of the performance of the various bridge model components it is first
necessary to examine the overall seismic response of the structure.  The superstructure was shown
to be relatively flexible due to only two girders and its relatively narrow width.  This had a
significant impact on the response of the bridge model.  The responses during reversed static and
shake table experiments are summarized in this chapter.  A detailed elastic finite element analysis
is introduced which is compared to the experimental results and later used to help determine the
properties of the bridge model.

3.2  Overview of Results from Reversed Static Experiments

A summary of the reversed static experiments performed is given in Table 2-1.  The experiments
were performed with different cross frames and with and without intermediate cross frames.  The
first experiment (RSHXB1) consisted of “heavy” 45 x 45 x 6 mm single angle diagonal X-braces
at the ends of the bridge bolted along with double angle top and bottom chords to gusset plates.
The gusset plates were bolted to the bearing stiffeners (Fig. 2-11).  As reversed static transverse
earthquake loads were applied to the bridge model, the bridge deformed laterally and rotated about
its longitudinal axis, as shown in Figure 3-1.  The rotation was attributed to an eccentricity
between the shear center of the bridge.  Cracking of the deck slab occurred almost immediately in
the first cycles of loading with transverse flexural cracking observed along the length of the bridge
propagating from the edges of the deck slab as shown in Figure 3-2.  Shear cracking was also
observed in the two end thirds of the deck slab at an angle of approximately 45% to the
longitudinal and transverse directions (Fig. 3-3).  At a total applied actuator load of around 270 kN
cracks were observed in the haunch at the north end of bridge around where the shear studs were
located.  The test was terminated when it was apparent that several rows of shear studs had failed
at the north end of the bridge (Fig. 3-4).  There was no significant damage at the south end which
is attributed to the transfer of forces between the deck slab and the end cross frames by the
composite top chord at this end (Fig. 2-12).  The end cross frames performed essentially elastically
in this experiment with the onset of buckling observed. 

For the second reversed static experiment (RSHXB2) the top chord detail for the end cross frame
at the south end was replicated at the north end.  An area of deck slab around the damaged studs
was removed (Fig. 3-5), the damaged studs were replaced and grouted into the deck slab.  As loads
were applied during the second reversed static experiment, some cracking was observed in the
grout around the repaired studs, which did not perform as well as anticipated.  Despite this
cracking the experiment was continued up to a base shear of 574 kN.  Further onset of buckling
was observed in the end cross frames as shown in Figure 3-6.  The experiment was terminated
before significant yield of the end cross frames was observed due to failure of one of the actuator
supports.  Large rotations of the bridge superstructure had resulted in bending moments due to P-
delta effects for which the supports were not designed.  This experiment gave valuable information
on the transverse load path through the bridge model.  The deformed shape of the bridge model
measured using deck slab displacements at the ends and midspan at a base shear of 133 kN, is
summarized in Table 3-1.  The end displacement was averaged between the two ends.  The



58

FIGURE 3-1 RSHXB - Deformed deck slab of bridge model during transverse loading

FIGURE 3-2 Transverse flexural cracking observed along the length of the bridge model 
propagating from the edges of the deck slab
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FIGURE 3-3 Shear cracking observed in the end thirds of the deck slab at an angle of 
approximately 45 degrees to the longitudinal and transverse directions

FIGURE 3-4 RSHXB - Failure of shear stud at north end of bridge model
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FIGURE 3-5 Removal of concrete for rehabilitation of shear studs at north end of bridge 
model

FIGURE 3-6 RSHXB2 - Onset of buckling in diagonal member of end X-brace
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flexibility coefficient, α, is defined as the ratio of the midspan superstructure displacement minus
the end displacement divided by the midspan displacement, as illustrated in the figure associated
with Table 3-1.

A more detailed representation of the deformed shape of bridge model with the “heavy” single
angle cross frames, as measured by the displacement transducers in RSHXB2, is illustrated in
Figures 3-7 and 3-8 for applied shears of negative and positive 133 kN corresponding to “pushing”
and “pulling” reversals respectively.  Each arrow on these figures have associated displacements
in inches with negative values indicating displacements in the opposite direction to the arrow.  The
rotation of the bridge shows that the shear center was at some point above the bridge deck slab
with the applied lateral force below the mid height of the deck slab.  The magnitude of relative
deformations at each end of the bridge model was quite variable due to slippage in the end cross
frames.  The slippage resulted in a variation in displacement amplitudes at the ends between 0.5
mm and 2.3 mm with an average of 1.8 mm.  When compared to the displacements of the deck
slab at midspan, the end displacements were small.  The transverse deck slab displacement at
midspan, averaged between the positive and negative cycles, was 21 mm.  Therefore, the
flexibility coefficient was 0.91.  This shows that while the cross frames were elastic the
deformation of the bridge model was dominated by the flexural-torsional deformation of the
superstructure. 

The following four reversed static experiments investigated the deformation of the bridge model
with no end cross frame diagonals, no top and bottom chords and no intermediate cross frames.
The absence of some or all of these components lowered the transverse stiffness of the bridge and
increased the end displacement relative to the overall displacement (Table 3-1).  Experiment
RSFC shows that with no diagonals but moment resisting top and bottom chords still in place, and
bolted to gusset plates and the bearing stiffeners with moment resisting connections, the end
displacement remains small as bending action in the chords limits movement in the ends.  When
the bottom chord was removed (RSNBC) there was little difference in the relative deformations.
With no diagonals or chords (RSNECF) then end displacement increased to 50% of the overall
displacement.  There was a further reduction in end stiffness when the intermediate cross frames
were removed (RSNCF), although this was relatively minor. 

The next experiment (RSPC) investigated the use of pinned top and bottom chords.  Table 3-1
showed that in the overall deformation of the bridge model using these chords at the ends was
much larger than with the fixed chord connections.  This was expected to be beneficial in
increasing the proportion of load carried by the diagonal members, making them more effective as
ductile fuses in the system while minimizing the post yield increase in strength.

The last reversed static experiment (RSLXB) used the pinned top and bottom chords in the end
cross frames along with “light” single angle diagonal members.  The elastic deformation of the
bridge model was similar to that for the “heavy” cross frames as indicated by Table 3-1.  Once the
elastic capacity of the braces was exceeded the diagonal members buckled and yielded, exhibiting
significant inelastic deformations (Fig. 3-9).

The deformation of the bridge at applied shears of positive and negative 133 kN is shown in more
detail in Figures 3-10 and 3-11 respectively.  The ends have a similar average displacement, with
the lower stiffness of the smaller diagonal members offset by the prevention of slippage using
bolted connections.   By this stage further cracking was observed in the grouted repairs around the
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shear studs resulting in a lower transverse stiffness at the north end compared to the south end. As
a result there was a relatively large displacement measured at the north end compared to the south
end.  The average deflection at midspan increased to 30 mm.  This was likely to have been due to
further cracking in the deck slab and some localized yielding of the reinforcing.  The α value,
averaged between the two ends, is calculated at 0.91.  

The displacements in the bridge model with the largest measured end cross frame displacements
are shown in Figure 3-12.  Comparison with Figure 3-11 shows that while the midspan
displacements had increased the end displacements were much larger and the average flexibility
coefficient was 0.63.  The reduction in α illustrates how the displacements were redistributed into
the ends of the bridge once the cross frames yielded.  Again there were larger displacements
measured at the north end compared to the south end due to some damage to the shear studs and
therefore lower effective stiffness at the south end.  The effect of the shear studs and composite
action is discussed further in Chapter 4, while the inelastic behavior of the cross frames is
discussed in more detail in another report (Carden, 2005).

3.3  Overview of Shake Table Experiments

The experiments performed on the bridge model using the three shake tables were used to
dynamically evaluate the performance of isolation systems and ductile end cross frames.  Each
earthquake simulation on the bridge model is listed in Appendix 3.   

TABLE 3-1 Relative End to Midspan Displacement for Different Reversed Static 
Experiments

\

Alpha

Midspan End2

12 - -

21 2 0.92

30 3 0.91

32 5 0.83

33 7 0.79

40 15 0.63

47 24 0.50

38 20 0.48

Notes: 1.  Displacements are averaged between positive and negative cycles

2.  Displacements are averaged between north and south ends

3.  No end displacements recorded

4.  Values taken at base shear of 89 kN rather than 133 kN

Expt Average Displacements (mm)1

RSHXB3

RSHXB2

RSNECF

RSNCF4

RSLXB

RSFC

RSNBC

RSPC
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FIGURE 3-7 RSHXB2 - Deformation of bridge model at +133 kN

FIGURE 3-8 RSHXB2 - Deformation of bridge model at -133 kN

FIGURE 3-9 RSLXB - Deformation of single angle X-braces at the north end



64

FIGURE 3-10 RSLXB - Deformation of bridge model at +133 kN

FIGURE 3-11 RSLXB - Deformation of bridge model at -133 kN

FIGURE 3-12 RSLXB - Deformation of bridge model at -320 kN
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The bridge model was first excited dynamically in a simply supported seismically isolated
configuration.  Appendix 3 details the different earthquakes and different amplitudes.  The
bearings performed as expected up to their design displacement.  As the bearings were relatively
slender, they were susceptible to buckling at displacements in excess of their design
displacements.  Consequently, once the design displacements were exceeded, dynamic buckling of
the bearings was observed, which is discussed further in another report (Carden, 2005).  

The deformation of the bridge model during shake table experiments was measured using both
displacement transducers and accelerometers.  The bridge model was subjected to white noise
excitations during each series of experiments.  Using a Fourier analysis to compare the shake table
input acceleration with those recorded at various locations in the bridge model it was possible to
calculate the natural frequencies and modeshapes for both longitudinal and transverse excitation.
In the Fourier analysis the acceleration records were broken up into equal length segments
incorporating 2048 points, with each segment overlapping the previous segment by half of the
length of the segment, resulting in 12 segments. The fast Fourier transforms and transfer functions
were then calculated for each segment of each acceleration record.  The segments were combined
using Hamming windowing to give an average transfer function for each accelerometer on the
bridge over the length of the white noise record.  The transfer function gives the amplification of
the response of the bridge model at different periods, indicating the effective resonant periods  of
the bridge model at the level of excitation defined by the white noise.

A summary of the dynamic natural periods for the seismically isolated bridge model are shown in
Table 3-2.  The modal properties were calculated using a white noise motion at  the beginning of
the series of experiments on the simply supported isolated bridge model, although there was little
change in the properties after many earthquake simulations.  The amplitude of the transfer function
for the accelerometers on the deck slab of the bridge plotted against period is given in Figure 3-13.
Figures 3-14 and 3-15 show similar transfer functions for the transverse accelerometers on top of
the bearings and vertical accelerometers at the deck slab level. Because the amplitude of the
motion was relatively low, with an average maximum transverse bearing displacement of 4 mm
(only 7% of the design displacement), these periods represent the properties of the bridge model as
the bearings performed essentially elastically.  Despite being essentially elastic at this low

TABLE 3-2 Natural Periods and Flexibility Coefficient for Bridge Model Isolated with 
Lead Rubber Bearings

Expt. Series No. Modeshape Comments

Mode 1 Mode 2 Mode 3  Alpha1

1 0.49 0.27 0.10 0.55 From white noise at beginning of experiment 
series. Average max. bearing displ. of 0.15 in

2 0.74 - - 0.21 Estimated from sine sweep with average bearing 
displacement of 0.84 in

Two Span 1 0.40 - - - From white noise at beginning of experiment 
series

1 0.49 0.28 0.10 0.55 From white noise at beginning of experiment 
series

Notes: 1.  Alpha given for mode 1

Natural Period (s)

Single Span             
(Series 1)

Single Span              
(Series 2)
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FIGURE 3-13 STLRB - Transfer function amplitude for transverse accelerometers at 
deck slab level

FIGURE 3-14 STLRB - Transfer function amplitude for transverse accelerometers above 
bearings
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amplitude, there was some hysteresis observed in the bearings resulting in considerable damping.
Figure 3-16 shows the mode shape for the first mode based on the relative transfer function

amplitude normalized to an ordinate equal to 1.0 at the midspan of the deck slab. This shows the
flexural torsional mode, similar to the deformed shape of the bridge model during reversed static
experiments.  It was observed that the midspan deformation was relatively high compared to the
end and bearing deformations despite the bridge being isolated.  This is due to the relatively low
levels of excitation during the Fourier analysis.  Figures  3-17 and 3-18 show the second and third
modes excited in the bridge.  The second mode was a torsional mode with the bridge rotating due
to axial deformation in the bearings and the third mode was a higher flexural torsional mode.

As the response of the bridge model was highly non-linear with the lead rubber bearings, a sine
sweep was also used to help identify the properties of the isolated bridge model at larger bearing
displacements.  A sine sweep is a cyclic input motion which slowly changes frequency with time.
The frequency change was gradual so that at any one frequency it could be assumed that steady
state response of the bridge was achieved.  In order to test the validity of the maximum sine sweep
a series of finite element studies were performed on a single degree of freedom system subjected to
the sine sweep displacement time history, averaged between the two end shake tables (Appendix
5).  The maximum difference between the theoretical steady state response amplitude (Chopra,
1995) and the sine sweep analysis was around 10%.

FIGURE 3-15 STLRB - Transfer function amplitude for vertical accelerometers at deck 
slab level
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FIGURE 3-16 STLRB - Mode shape for first transverse mode from Fourier analysis

FIGURE 3-17 STLRB - Mode shape for second transverse mode from Fourier analysis

FIGURE 3-18 STLRB - Mode shape for third transverse mode from Fourier analysis
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While several sine sweep motions were applied to the bridge model, focus was on the excitation
with the maximum amplitude of accelerations and displacements.  This was applied to the bridge
model in the transverse direction.  The sine sweep ramped up to a theoretically constant
acceleration of 0.15 g.  The resulting displacement time history, averaged between the two shake
tables at each end of the bridge, is shown in Figure 3-19.   The excitation was almost identical
between the two tables. The displacement amplification factor for the ends and midspan of the
bridge model is plotted against period from the sine sweep excitation in Figure 3-20.  This figure
shows that the first mode exhibited resonance at a period at around 0.74 s, although, the structure
was heavily damped, hence the peak was not clearly defined.  The displacement amplification
factor at the natural period for the first mode, averaged between the ends and midspan, is equal to
1.9.  Based on conventional theory (Chopra, 1995) the modal damping for an oscillator at
resonance is given by:

...3.1

where: ξ is the modal damping coefficient; d is the relative displacement response of the oscillator,
and; dst is the static displacement response equivalent to the shake table input displacement
excitation.  Therefore the effective damping in the first mode was equal to 28%.  The value of α
was 0.21 and therefore smaller than that calculated from the Fourier analysis.  This indicates a
larger relative bearing displacement compared to the superstructure flexural displacement and
highlights that the mode shape and natural period of the bridge model, with the non-linear lead
rubber bearings, was highly dependent on the magnitude of excitation.  The average transverse
displacement in the four lead rubber bearings at the peak excitation of the bridge was 21 mm,
approximately one third of the design displacement.  At this displacement the expected effective
period of the bridge model was  0.76 s based on the design bearing properties (Appendix 2) and the
measured weight of the structure.  The equivalent damping was calculated at 45%.  Therefore the
calculated effective period was close to the measured value but the calculated damping was
overestimated.  This can be attributed to superstructure flexibility which resulted in lower damping
than that estimated.  A possible second mode is observable from the sine sweep at a natural period
of 0.3 s, however due to the heavy damping the higher modes were unclear.

For the next series of experiments on the bridge model, bearings were placed at the midspan of the
bridge to create a two span seismically isolated bridge model.  It was again subjected to a series of
increasing amplitude motions as listed in Appendix 3.  In order to calculate the overall properties
of the bridge a Fourier analysis was performed on a white noise motion at the beginning of the
earthquake series.  The transfer functions from the Fourier analysis, shown for the transverse
accelerometers at deck slab level in Figure 3-21,  show one heavily damped mode.  For this mode
the accelerations at the deck slab were almost identical.  The mode shape is plotted in Figure 3-22
where it was shown that the bridge superstructure was relatively rigid with differential
displacements resulting largely from differential isolator displacements.  Slightly larger
displacements were measured at the north end compared to the south end, which were attributed to
slightly different bearing properties.

During the next series of experiments the bridge model was studied in a simply supported
configuration with the same “light” single angle X-braces as those studied during the reversed

ξ 1 ξ2– 1

2 d
dst
------

----------=
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FIGURE 3-19 STLRB - Average shake table displacement time history

FIGURE 3-20 STLRB - Amplification factor for displacements at the deck slab of bridge 
model for sine sweep excitation
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static experiments.  The lead rubber bearings were restrained in the transverse direction.  The
restrained bearings were able to transmit much larger transverse shear forces into the end cross
frames which subsequently buckled and yielded at higher levels of ground motion.  A summary of
the dynamic natural periods for the bridge model with the “light” end X-braces and other end cross
frames configuration is shown in Table 3-3.  These modal properties were determined from the
Fourier analysis of the bridge model.  No white noise was simulated at the beginning of the
experiment series with the “light” X-braces, however a Fourier analysis was performed on white
noise records after 1.5 El Centro when the onset of buckling was observed in the braces, and after
2.0 El Centro after considerable buckling and yielding in the braces.  The transfer functions at the

FIGURE 3-21 STLRB2S - Transfer function amplitude for transverse accelerometers at 
deck slab level

FIGURE 3-22 STLRB2S - Mode shape for first transverse mode from Fourier analysis
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deck slab and bearing levels for the first Fourier analysis are shown in Figures 3-23 to 3-25.  The
modeshapes for the first three modes are shown in Figures 3-26 to 3-28.   The first mode was
flexural-torsional similar to the first deformation of the bridge model during reversed static
experiments.  The second mode was torsional (“rocking”) with axial deformations in the bearings,
similar to that observed for the isolated bridge model.  The third mode was a higher flexural
torsional mode.  

TABLE 3-3 Natural Periods and Flexibility Coefficient for Bridge Model with Different 
End Cross Frames

Expt. Series No. Modeshape Comments

Mode 1 Mode 2 Mode 3  Alpha1

1 - - - - White noise at beginning of experiment series 
not available

2 0.46 0.27 0.09 0.82 After 1.5 El Centro, onset of buckling previously 
observed

3 0.51 0.28 0.11 0.70 At end of experiment series after large 
deformations in end X-braces

1 0.46 0.27 0.09 0.83 From white noise at beginning of experiment 
series. Before studs removed

2 0.46 0.26 0.09 0.81 After studs removed  at ends and midspan of 
bridge model

3 0.46 0.27 0.09 0.82 After 1.0 El Centro

4 0.46 0.27 0.09 0.83 After 1.5 El Centro

5 0.49 0.27 0.09 0.75 After 2.0 El Centro

6 0.47 0.27 0.09 0.81 After connections welded to form moment 
resisting connections for unbonded braces

7 0.53 0.30 0.09 0.67 After 1.0 Sylmar and Kobe

1 0.22 0.18 0.09 - From white noise at beginning of experiment 
series

2 0.22 0.18 0.09 - After 1.0 El Centro

3 0.22 0.19 0.09 - After 2.0 El Centro

4 0.26 0.20 0.10 - After 1.0 Sylmar and Kobe

1 0.85 0.27 0.08 0.05 From white noise at beginning of experiment 
series

2 0.93 0.28 0.08 0.05 From white noise at end of experiment series

1 0.35 0.22 0.07 0.69 From white noise at beginning of experiment 
series

2 0.39 0.25 0.08 0.71 After 1.0 El Centro

3 0.45 0.26 0.09 0.70 After 2.0 El Centro

Notes: 1.  Alpha given for mode 1

Unbonded Braces 
(Fixed)

Unbonded Braces 
(2 Span)

No End Cross 
Frames

"Heavy" X-Braces

Unbonded Braces 
(Pinned)

Natural Period (s)

"Light" X-Braces
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FIGURE 3-23 STLXB - Transfer function amplitude for transverse accelerometers at 
deck slab level

FIGURE 3-24 STLXB - Transfer function amplitude for transverse accelerometers above 
bearings
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Table 3-3 shows that between the Fourier analysis after the 1.5 El Centro and 2.0 El Centro
simulations, the natural period for each mode increased by around 10% which was attributed to
stiffness degradation from buckling of the X-braces.  Compared to a motion at the beginning of the
experiments a larger change in stiffness would have been expected.   The value of α decreased
indicating that the relative stiffness of the ends of the bridge model had decreased compared to the
flexural stiffness of the superstructure.  Other than damage in the end cross frames and additional
cracking of concrete in the haunch around the repaired shear studs at the north end, there was no
additional observed damage in the bridge model.  Compared to the response at the end of the series
of excitations on the bridge model with heavy X-braces the period was not largely different.
Therefore the degradation in stiffness of the cross frames was not expected to greatly inhibit the
serviceability of the bridge in the short term. 

For the next experiment series, the “light” X-braces were replaced with unbonded braces.  The
bridge model was subjected to several small motions before the studs on top of the girders at the
ends and midspan of the bridge were removed by coring around the studs as shown in Figure 3-29.
Table 3-3 demonstrates no detectable change in the response of the bridge after coring in the
elastic range.  As the level of ground motion was increased the unbonded braces yielded.  This
apparently lengthened the elastic natural period of the bridge by less than 10% in the first mode
while there was no detectable change in the other modes indicating minimal change in the
serviceability of the bridge after at large magnitude earthquake.

FIGURE 3-25 STLXB - Transfer function amplitude for vertical accelerometers at deck 
slab level
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FIGURE 3-26 STLXB - Mode shape for first transverse mode from Fourier analysis

FIGURE 3-27 STLXB - Mode shape for second transverse mode from Fourier analysis

FIGURE 3-28 STLXB - Mode shape for third transverse mode from Fourier analysis
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The amplitude of the transfer function at the beginning of the unbonded brace experiments for
accelerometers on the deck slab of the bridge model is shown in Figure 3-30.  The first mode shape
from the same excitation is shown in Figure 3-31.  Comparing these with the light single angle X-
braces shows that there was very little difference in the essentially elastic response of the bridge. 

After simulating earthquakes on the bridge model with pinned unbonded braces the connections of
the braces were welded to provide moment resisting connections which were not able to slip.  The
change in response was barely noticeable for low amplitude white noise excitation as shown by
comparing the periods in Table 3-3.  After large magnitude Sylmar and Kobe ground motion there
was a slight increase in the first mode period.

The next series of experiments on the bridge model investigated a two span bridge with an
unbonded brace at the midspan cross frame location and the same braces at the ends as for the
previous series of experiments.  Transversely restrained lead rubber bearings were inserted at
midspan.  The magnitude of ground motion was increased as given in Appendix 3.  At the end of
experiments the unbonded braces had still not fractured and there was no additional observed
damage in the bridge model.  The Fourier analysis of white noise at different stages during this
series of experiments showed that the bridge formed an S-shaped lateral torsional first mode.  The
amplitude of the transfer functions for deck slab accelerometers (Fig. 3-32) and the mode shape
(Fig. 3-33) show that the south end was excited more than the north end.  This may be attributed to
a difference in the cross frame stiffness or perhaps bearing restraints developed at the two ends
creating some torsion in the bridge.  As the superstructure was more rigid in the two span
configuration it was more sensitive to these end conditions, particularly at the low amplitude of the

FIGURE 3-29 Effect of shear studs removed by through the deck slab around the studs
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white noise excitation.  As the level of ground motion increased the natural periods stayed
relatively constant, although there was some lengthening after Sylmar and Kobe records.

The bridge model was then subjected to excitation in a simply supported configuration with
transversely restrained bearings and no end cross frames.  The bridge performed like an isolated
model with a first mode natural period of 0.85 s at the beginning and 0.93 s at the end of the series
of earthquake simulations.  With no end cross frames the girders were effectively free to “rock” on
top of the bearings and under the deck slab.  From the acceleration transfer functions of the initial

FIGURE 3-30 STPUB - Transfer function amplitude for transverse accelerometers at 
deck slab level

FIGURE 3-31 STPUB - Mode shape for first transverse mode from Fourier analysis
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white noise excitation (Fig.  3-34), the mode shape for the first mode is illustrated in Figure 3-35.
This mode shape shows that the deck slab of the bridge model was almost rigid with deformations
concentrated in the ends of the bridge. The north end exhibited notably larger displacements than
the south end.  Although some of the shear studs were removed at both ends, damage to some of
the remaining studs was considered to result in the difference in response at the two ends.  This
series of experiments showed the potential for using flexible end cross frames to “isolate” the
bridge model in the transverse direction, whereby allowing larger deformations lowers the seismic
demand in the bridge.  During the next series of experiments “heavy” single angle cross frames

FIGURE 3-32 STFUB2S - Transfer function amplitude for transverse accelerometers at 
deck slab level

FIGURE 3-33 STFUB2S - Mode shape for first transverse mode from Fourier analysis
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were placed in the bridge model.  The model was subjected to increasing amplitude ground
motions as outlined in Appendix 3 without any inelastic behavior observed in the end cross
frames.  The amplitudes of the transfer functions from white noise excitation at the beginning of
the series plotted at deck slab level are shown in Figure 3-36.  The mode shape for the first mode
(Fig. 3-37) was similar to that for the “light” X-braces.  Table 3-3 shows that the natural periods
were also similar.  Comparing the modal properties of the bridge model at the beginning of the
experiment series with those at the end of the series demonstrates that the period of the bridge
increased, particularly for the first mode.  This increase cannot be attributed to cross frame

FIGURE 3-34 STNECF - Transfer function amplitude for transverse accelerometers at 
deck slab level

FIGURE 3-35 STNECF - Mode shape for first transverse mode from Fourier analysis
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yielding as with the “light” X-braces and unbonded braces.  Instead it is likely to be due to
loosening of the bearing restraints, which had tight fitted shims prior to the beginning of the series
of ground motions, but during the series were subjected to much higher forces than in previous
experiments.  There was a visible gap between the bearings and their restraints at the end of the
series of earthquake simulations.

The last series of experiments performed on the bridge model was a repeat of some of the
simulations on the simply supported isolated configuration.  The differences between the second

FIGURE 3-36 STHXB - Transfer function amplitude for transverse accelerometers at 
deck slab level

FIGURE 3-37 STHXB - Mode shape for first transverse mode from Fourier analysis
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series of lead rubber bearing experiments and the first series were that the bearings were heavily
worked after the first series and the “heavy” end X-braces in the second series were more rigid
than the “light” X-braces in the first series.  Despite these changes comparisons of the modal
properties in Table 3-2 show almost identical properties in the bridge model.  The modeshapes
were also very similar.  Therefore the bridge superstructure properties appeared to have
maintained consistent overall properties throughout the many series of experiments, at least as
measured by low amplitude white noise excitation.

3.4  Detailed Finite Element Analysis of Bridge Model

3.4.1  Model

A detailed finite element model of the bridge was constructed in order to study the elastic response
of the bridge and provide information about the response that could not be obtained directly form
experiments.  The model was constructed in SAP2000 (Computers and Structures, 2003), and is
shown in Figure 3-38.  It was constructed from a series of shell elements to model the deck slab
and girders and frame elements to model the cross frames and  shear studs.   Although, the
bearings were modeled using NLlinks (non-linear links), they were assumed to remain elastic
during the elastic analyses.  The deck slab was modeled with an effective elastic and shear moduli
in order to reduce the gross stiffness of the deck slab to a more realistic value that allows for
cracking.  The main variables in the finite element model were the effective properties of the deck
slab and the stiffness of the shear studs.  The effective stiffness of the shear studs was varied using
the bending stiffness of the studs based on a varied effective unrestrained length of the studs.
Some rows of studs were removed at the ends of the bridge to allow for damage to these ends.

FIGURE 3-38 Finite element model of bridge model in SAP2000
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3.4.2  Reversed Static Response Comparison

The overall properties of the finite element model were compared and calibrated to the physical
bridge model using the reversed static experiments.  The displacements for the second reversed
static experiment, with heavy X-braces at the ends, are shown in Table 3-4.  The same forces as
those measured in the actuators of the bridge model were applied to the finite element model.
These forces were approximately equal at the north and south actuator, although there was some
variation resulting in slightly asymmetric deformation in the finite element model.  The effective
elastic and shear moduli used for the deck slab were reduced to match the measured deformations
in the bridge model.  The flexural stiffness of the shear studs was also modeled as finite with the
calculated stiffness discussed in the following chapter.  One row of studs was removed from the
north end to allow for damage at that end.  Table 3-4 shows that the finite element model
displacements compare well with those measured from the experiment for the transverse
displacements at deck slab level.  There was slightly more variation between the finite element and
experimental values for the vertical displacements and transverse displacements at the bottom
flange.  This indicates that the finite element model tended to overestimate the rotation in the
bridge superstructure.  

Table 3-5 shows similar comparisons between the finite element and experimental deformations of
the bridge model with no end cross frames.  For this experiment the finite element model had
displacements similar to the experimental displacements, although there was a tendency for the
finite element model to overestimate the measured displacements by up to around 20%.  Table 3-6
compares the finite element model with the experimental deformation of the bridge model with the
“light” end cross frames.  For this case the deformations were again comparable, but in this case
the measured displacements, particularly in the transverse direction, typically exceeded those from
the finite element model.  This increase in relative measured displacement reflects an increased
amount of cracking and some localized yielding of the reinforcing in the deck slab. 

3.4.3  Dynamic Response Comparison

The dynamic response of the finite element model was compared with the response of the bridge
model during shake table testing.  The dynamic properties of the finite element model was
calculated in two ways; the first was using a Ritz vector analysis in SAP2000 and the second was
using a Fourier analysis of a white noise during an elastic time history analysis.  The white noise
was defined using the acceleration output from the shake tables for the bridge model in a particular
configuration.  The acceleration was calculated based on the average from the output of the two or
three shake tables used excite the bridge model.  As an example, the mode shape and natural
period of the simply supported bridge model with unbonded braces at the ends are compared
between the Ritz analysis and the Fourier analyses.  The responses can be compared for the first
mode by comparing Figures 3-39 and 3-40.  The comparison shows that the modeshapes were
similar with slightly smaller ordinates at the ends of the bridge for the Ritz vector analysis
compared to the Fourier analysis.  The next two transverse modes were compared in Figures 3-41
to 3-44.  The higher modes were also very similar for the two methods of analysis, as were the
natural periods calculated using the two methods.

The natural periods calculated from the finite element model for the three transverse modes,
corresponding to the same modes observed during experiments on the bridge model,  are shown in
Table 3-7.   These were based on a Ritz vector analysis of the bridge model with different
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TABLE 3-4 RSHXB2 - Comparison of Finite Element and Experiment Results for Total 
Applied Actuator Force of approximately 133 kN

No.

Positive 
Cycle

Negative 
Cycle

Total Positive 
Cycle

Negative 
Cycle

Total

1 2 -2 4 2 -2 3

2 11 -10 21 13 -13 26

3 20 -18 39 23 -23 46

4 22 -19 41 24 -24 48

5 23 -19 42 22 -23 45

6 13 -11 24 13 -13 26

7 2 -1 3 2 -2 3

8 15 -15 30 20 -21 41

9 32 -29 61 39 -40 79

10 17 -15 32 20 -20 41

11 -5 7 -12 -11 11 -22

12 -12 14 -26 -23 24 -47

13 -5 6 -12 -11 11 -22

14 17 -16 33 23 -23 46

15 5 -9 14 17 -18 35

16 -12 9 -21 -20 20 -40

Experiment SAP2000

Transverse Displacements (mm)

Vertical Displacements (mm)
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TABLE 3-5 RSNECF - Comparison of Finite Element and Experiment Results for Total 
Applied Actuator Force of approximately 133 kN

No.

Positive 
Cycle

Negative 
Cycle

Total Positive 
Cycle

Negative 
Cycle

Total

1 31 -25 56 34 -34 68

2 41 -35 75 43 -43 87

3 49 -47 95 51 -51 102

4 50 -45 94 51 -51 102

5 47 -45 92 48 -48 96

6 36 -30 66 37 -37 74

7 23 -16 39 25 -25 51

8 44 -38 82 49 -49 98

9 60 -55 115 64 -64 128

10 38 -28 66 43 -43 86

11 -1 7 -8 -8 8 -16

12 -10 17 -27 -20 20 -40

13 -3 7 -10 -8 8 -16

14 20 -13 33 19 -19 39

15 1 -13 14 15 -15 29

16 -17 6 -23 -17 17 -34

Experiment SAP2000

Transverse Displacements (mm)

Vertical Displacements (mm)
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TABLE 3-6 RSLXB - Comparison of Finite Element and Experiment Results for Total 
Applied Actuator Force of approximately 133 kN

No.

Positive 
Cycle

Negative 
Cycle

Total Positive 
Cycle

Negative 
Cycle

Total

1 5 -1 6 4 -4 8

2 20 -13 34 15 -15 31

3 34 -25 58 25 -25 50

4 34 -25 59 26 -26 52

5 34 -26 60 25 -25 49

6 19 -14 33 15 -15 30

7 3 -1 4 4 -4 8

8 25 -20 45 23 -23 45

9 46 -40 86 41 -42 83

10 23 -20 43 22 -22 44

11 -5 11 -15 -11 11 -21

12 -13 25 -38 -23 23 -46

13 -5 12 -17 -11 11 -22

14 24 -16 40 22 -23 45

15 4 -18 21 17 -17 34

16 -22 12 -34 -20 20 -39

Experiment SAP2000

Transverse Displacements (mm)

Vertical Displacements (mm)



86

FIGURE 3-39 FEPUB - Mode shape for first transverse mode from Fourier analysis

FIGURE 3-40 FEPUB - Mode shape for first transverse mode from Ritz vector analysis

FIGURE 3-41 FEPUB - Mode shape for second transverse mode from Fourier analysis
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FIGURE 3-42 FEPUB - Mode shape for second transverse mode from Ritz vector analysis

FIGURE 3-43 FEPUB - Mode shape for third transverse mode from Fourier analysis

FIGURE 3-44 FEPUB - Mode shape for third transverse mode from Ritz vector analysis
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configurations of cross frames and bearings.  Comparing the natural periods of the finite element
model with those calculated from experiments on the bridge model (Tables 3-2 and 3-3) gave good
correlations between the observed and modeled behavior.  The modal mass participation factors
for each of the modes are given in Table 3-8.  These show that at least 94%, but typically 98% to
100%, of the effective modal mass in the transverse direction was captured in the first three modes.
For the isolated configurations and without end cross frames the first mode captured over 90% of
the effective modal mass.  However for the configurations with restrained bearings and end cross
frames both of the first two modes were necessary, with the first mode capturing only 65 to 70% of
the effective modal mass.

TABLE 3-7 Natural Periods for Three Transverse Modes of Detailed Finite Element 
Model

TABLE 3-8 Modal Mass Participation Factors for Three Transverse Modes of Detailed 
Finite Element Model

Experiment Series Modeshape

Mode 1 Mode 2 Mode 3  Alpha1

LRBs 0.59 0.32 0.12 0.46

LRBs (2 Span) 0.41 0.12 - -

0.44 0.29 0.09 0.86

0.43 0.28 0.09 0.87

0.20 0.17 0.09 -

0.75 0.32 0.12 0.25

0.43 0.28 0.09 0.90

Notes: 1.  Alpha given for mode 1

No End Cross Frames

"Heavy" X-Braces

Unbonded Braces

Natural Period (s)

"Light" X-Braces

Unbonded Braces (2 Span)

Experiment Series

Mode 1 Mode 2 Mode 3 Sum

LRBs 94 4 2 100

LRBs (2 Span) 99 1 - 100

69 21 8 98

68 22 8 98

92 0 2 94

98 1 1 99

66 24 8 98

Unbonded Braces (2 Span)

No End Cross Frames

"Heavy" X-Braces

Mass Participation Factor (%)

Unbonded Braces

"Light" X-Braces
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For the bridge in a simply supported seismically isolated configuration the first mode period of the
finite element model was 20% more than the observed period from the Fourier analysis of the
bridge model.  This indicates that the design stiffness of the bearings.  This was of little concern as
the response of the isolated bridge was not highly dependent on the initial stiffness of the bearings
were designed for large ductilities.  The mode shape for the first mode, as simply defined by the
value of  α, indicates a slightly larger end displacement relative to the midspan displacement in the
finite element model compared to the experimental model.  This was consistent with a slightly
underestimated bearing stiffness at small bearing displacements.  The natural periods for the other
two modes from the finite element analysis were closer to the observed natural periods at the small
displacements.  For the two span isolated model the first mode properties compare very closely.
The modal participation factor shows that 99% of the mass is associated with this first mode,
which can explain why no other transverse modes could be clearly identified from the sine sweep
analysis of the bridge model.  

The finite element models of the bridge model with “light” X-braces and unbonded braces in
simply supported configurations compare closely to the observed modal properties for the three
modes.  This indicates a good calibration of the finite element model with the physical model.
The two span configuration with an unbonded brace at midspan also compared well.  Similarly to
the two span isolated case, the second and third modes were shown to have very little modal mass
participation.

With no end cross frames the finite element model had a first mode period of 0.98 s. This was 15%
larger than the measured value in the bridge model during the first white noise simulation and 5%
larger than the second measured value.   Therefore it matched the second simulation well.
Comparison of the other modes showed similar differences.  The difference between the results is
likely to be due to an underestimation of the end stiffness in the finite element model.  This could
be due to a number of factors including bearing restraints or the way that the connection between
the deck slab and the girders was modeled.

The finite element modal response with the “heavy” X-braces compares best with the bridge
response calculated after the bridge was subjected to 2.0 x El Centro.  Before this level of
excitation it is likely that the transverse bearing restraints, tightly fitted before the experiment,
were providing some rotational restraint to prevent the ends of the girders rotating about the
vertical axis.  After the bearings were subjected to larger shears due to the elastically responding
X-braces, these restraints loosened allowing rotation of the girders, as modeled in the finite
element model.

In general the finite element model was able to accurately capture the static and dynamic
properties of the bridge model.  Further discussion of the response for the various superstructure
components follows in subsequent chapters.
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SECTION 4
DECK SLAB AND COMPOSITE ACTION

4.1  Introduction

The deck slab is expected to provide a large portion of the lateral stiffness of a steel plate girder
bridge superstructure by acting as a beam to resist transverse earthquake loads in the
superstructure and distribute these loads towards the end of each span.   Therefore, the condition
and subsequent response of the deck slab in the bridge model was expected to have a significant
effect on the overall response.  As the bridge model was partially composite, the modeling of
composite action between the deck slab and the girders also had a large effect on the overall
transverse response.  The level of composite action in the bridge model influenced the stiffness of
the bridge with relative slip between the deck slab and the girders reducing the effective transverse
stiffness.  Furthermore, the strength of the shear studs was critical for transferring the transverse
loads from the deck slab into the steel girders and end cross frames.  

The transverse stiffness was shown to be reduced during successive bridge experiments.  It was
difficult to determine whether this reduction was due to deck slab cracking, or degradation in the
composite connection between the deck slab and the girders, or a combination of them both. 

4.2  Deck Slab

4.2.1  Response and Modeling of Deck Slab During the First Experiment

After construction of the bridge model some fine cracks were observed in the deck slab due to
shrinkage.  The cracks were generally oriented in the transverse direction of the bridge and
extended from the edges of the deck slab towards the girders with a length of typically around 150
to 300 mm. They were found every 600 to 1200 mm along the length of the bridge model.  These
cracks were likely to reduce the gross section stiffness of the deck slab even before transverse
loads were applied.

The first experiment on the bridge model, RSHXB, was unique in that there was no deck slab
cracking, apart from some localized shrinkage cracking at the beginning of the experiment.
Figures 4-1 and 4-2 show the force-displacement relationship for each of the actuators after three
cycles of loading at the initial loading amplitude.  It can be seen that at the north actuator the
behavior is essentially elastic but at the south actuator, even at low levels of force, there is
evidence of some hysteretic behavior.  This is attributed to cracking of the deck slab which
occurred almost immediately on application of transverse earthquake loading.  As the amplitude of
loading was increased the hysteretic behavior in the bridge model became more evident (Figs. 4-3
and 4-4).

As the deck slab cracked the stiffness was reduced and it was apparent that it would be inaccurate
to model the deck slab using the gross stiffness properties of the concrete.   In order to determine
the effective stiffness of the deck slab a detailed finite element model was used, similar to that
shown in Figure 3-38, based on the configuration of the bridge in the experiment RSHXB.  The
model was analyzed at a number of different loading amplitudes based on maximum forces
observed in the bridge model for the first of three cycles at each different amplitude during this
experiment.  This resulted in different forces at the two actuator locations being simulated.  
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FIGURE 4-1 RSHXB - Hysteresis loop for north actuator (first amplitude cycles)

FIGURE 4-2 RSHXB - Hysteresis loop for south actuator (first amplitude cycles)
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FIGURE 4-3 RSHXB - Hysteresis loop for north actuator

FIGURE 4-4 RSHXB - Hysteresis loop for south actuator
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In order to correlate the finite element response with the measured bridge response there were
three main variables which could be modified.  The first was the level of composite action in the
bridge model which was dependent on the stiffness of the shear studs.  For the analysis of the deck
slab an assumption was made about the stiffness of the shear studs based on the shear stud model
B, discussed in Section 4.3.  The studs were assumed to have a constant stiffness throughout
except at the ends where studs were removed to simulate damage which occurred to them making
them ineffective during the experiments.  The other variables were the elastic properties of the
concrete, which were modeled using an effective elastic modulus and shear modulus. The effective
deck slab stiffness was modeled at each different amplitude cycle by varying the elastic and shear
moduli.  The resulting effective moduli, as a ratio of their theoretical gross values, are plotted
against total applied actuator force in Figure 4-5.  This figure shows that the elastic and shear
moduli ratios were considerably lower than unity even at low applied forces.  They decreased
further as the amplitude of the forces and displacements in the bridge model increased due to
increased cracking in the deck slab.  As the deformation was dominated by flexure of the deck
slab, the response was relatively insensitive to the shear modulus therefore the effective shear
modulus as a function of the gross shear modulus was equated to the effective elastic modulus.
The gross shear modulus was calculated based on an assumed Poisson’s ratio of 0.2.

The envelope for the transverse displacement of the deck slab at midspan is plotted against the
total force in Figure 4-6.  The envelope shows very good correlation between the finite element
and experimental model.  The rotation at the midspan for the experimental and finite element
model caused by transverse loading is shown in Figure 4-7.  The correlation between the measured
rotation in the bridge model and computed rotation in the finite element model is not as good as for
the transverse displacements.  This is due to second order forces caused by the angle of the
actuator and angle of the bridge after some first order rotations resulting in a vertical actuator force
component which increases or reduces the rotations depending on the direction of actuator forces.
For negative transverse forces, the second order forces increase the rotations, while for positive
transverse forces the second order forces decrease the rotations.  This effect was not modeled in
the finite element model.  The deformation of the deck slab along the length of the bridge at
different positive and negative displacement amplitudes is shown in Figure 4-8.  Generally good
correlation between the displacements along the length of the bridge was observed.
Displacements were not measured at the ends during this experiment and therefore the plots extend
to the first intermediate cross frames 3.05 m from each end.   The model loses some accuracy in
the last cycle at the north ends after the shear studs failed.

4.2.2  Deck Slab Models using Transformed Sections

The transverse stiffness of a steel girder bridge superstructure can be basically described by the
gross moment of inertia about the vertical axis of an equivalent cross section transformed into steel
(or concrete) and the effective torsional moment of inertia for the same cross section.  Based on
conventional theory, the gross moment of inertia, Iy, can be calculated using:

...4.1Iy
tdbd

3
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1
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FIGURE 4-5 RSHXB - Elastic modulus and Shear modulus for deck slab of finite element 
models to correlate with experiment

FIGURE 4-6 RSHXB - Envelopes for transverse midspan deck slab displacement for 
experimental and finite element models 
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FIGURE 4-7 RSHXB - Envelopes for transverse midspan deck slab rotation for 
experimental and finite element models 

FIGURE 4-8 RSHXB - Deck displacements along the length of the bridge model at 
different amplitudes for experimental and finite element models 

-100

-80

-60

-40

-20

0

20

40

60

80

100

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08

Midspan Deck Rotation (rad)

To
ta

l A
ct

ua
to

r F
or

ce
 (k

ip
)

-445

-356

-267

-178

-89

0

89

178

267

356

445

To
ta

l A
ct

ua
to

r F
or

ce
 (k

N
)

Experiment
Finite Element

-3

-2

-1

0

1

2

3

Location along Bridge Model

D
is

pl
ac

em
en

t (
in

)

-76

-51

-25

0

25

51

76

D
is

pl
ac

em
en

t (
m

m
)

Experiment
Finite Element

North End South EndMidspanInt. C.F. Int. C.F. Int. C.F. Int. C.F.



97

where: td is the thickness of the deck slab; bd is the width of the deck slab; n is the ratio of elastic
moduli, Es/Ec; ng is the number of girders; Ag is the area of the girders, and; xg is the distance
from the centroid of the section to each girder.  The gross torsional moment of inertia, J, can be
calculated assuming an open cross section by:

...4.2

where: dgf is the depth of the girder between the centroid of the flanges; tw is the thickness for the
web; bfb if the width of the bottom flange, and; tfb is if the thickness of the bottom flange.  In
reality partial composite action between the deck slab and the girder as well as deck cracking
results in effective moments of inertia that are less than the gross values.  The above equations are
used as a basis for comparison between the calculated stiffness of the bridge model and the
measured stiffness.

Equivalent sections were considered to account for the reduced effective stiffness of the deck slab
calculated using the calibrated finite element model.  Figure 4-9 shows a section of the bridge
model transformed to an equivalent steel section using gross section properties for the deck slab.
Assuming full composite action between the deck slab and the girders the deck slab would provide
57% of the total transverse stiffness, EI, of the bridge model.  The remainder could be attributed to
the stiffness of the girders.  However, as the girders in the bridge model are not fully composite, in
reality the deck slab accounts for a larger proportion of transverse stiffness.

As the deck slab stiffness is proportional to the cube of the width of the deck slab, a small
reduction in the effective width had a significant effect on the effective stiffness of deck slab.  For
a section with low initial transverse loads, where the cracked section properties resulted in an
effective moment of inertia for the deck slab equal to 40% of the gross deck slab moment of
inertia, the effective deck slab width was approximately 75% of the actual width of the section.
This resulted in a width of 1870 mm compared to the original width of 2500 mm.  This was
equivalent to removing 315 mm from each side of the deck slab, which is approximately equal to
the length of the shrinkage cracks observed in the edges of the deck slab.  Therefore, the reduced
deck slab stiffness at the beginning of the experiment can be accounted for by this shrinkage
cracking.  The transformed section for this case is shown in Figure 4-10. 

After several cycles of transverse loading the transverse stiffness of the bridge was seen to have
dropped due to increased cracking of the deck slab.  A transformed section was considered after
the deck slab was considered to be fully cracked and no strength was assumed in the concrete
subjected to tension.   If the compression strains in the concrete deck slab due to gravity loads were
considered negligible compared to the strains due to transverse loading, and the concrete strains
were below the ultimate concrete strain, then the stress and strain profiles in the section could be
considered to be linear and constant until first yielding of the reinforcing steel.  This profile is
illustrated in Figure 4-11.  The forces in the concrete, Cc, reinforcing, Cs and Ts, and girders, Cg
and Tg can be calculated from the stresses and cross sectional area of each component.  The the
resulting section transformed into steel is shown in Figure 4-12.  The equivalent EI for the deck
slab for this transformed section was 33% of the gross deck slab EI.  The finite element model
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FIGURE 4-9 Transformed equivalent steel section for bridge model with gross deck slab 
properties

FIGURE 4-10 Transformed equivalent steel section for I/Ig of the deck slab equal to 40% 
to allow for shrinkage cracking

FIGURE 4-11 Stress, strain and force distribution in deck slab of bridge model
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shows that the effective EI for the deck slab drops even further to as low as 15% for this
experiment.  This indicates that further lowering of the deck slab stiffness occurred, potentially
due to yielding of the reinforcement in the deck slab.  Hence it was necessary to investigate the
bending moment in the deck slab at which yielding would be expected. 

Strain gages in the deck slab showed a maximum measured strain of 0.17% which is below the
expected yield strain at around 0.21%.  However, as the measured strain was close to the yield
strain it was possible that localized strains exceeded the yield value in other locations along the
length of the reinforcing bars, at locations not instrumented with strain gages.  Once yielding
occurred in the reinforcement at one location, probably around a crack, then the strains in the other
parts of the bar did not increase as the force in the bar was limited by the yield force.  Hence it was
reasonable to assume that localized yielding had occurred to lower the effective deck slab
stiffness.  

4.2.3  Response during Subsequent Experiments

During the second reversed static experiment, RSHXB2, yielding of the deck slab reinforcement
was clearly observed in one of the outer longitudinal bars, as shown in Figure 4-13.  The outer bar
on the east side of the bridge model was shown to yield at an average actuator force of around 270
kN.  Although this bar clearly yielded, there was no evidence of yielding in the bar located right
next to it and the outer bars on the other side of the bridge deck slab.  This suggests that the
yielding was localized over a short length of the reinforcement and it is probable that the other bars
also yielded but over lengths that were not instrumented with strain gages. 

Localized yielding of the reinforcement had no visible impact on the condition of the deck slab as
cracking had already occurred before yielding was observed.  Furthermore, it may require
significantly more reinforcement concentrated at the edges of the deck slab to design against
localized yielding.  Therefore it is not recommended that the deck slab be designed to prevent
some yielding during an extreme seismic event.  The width of the deck slab, even for the bridge
model which was a relatively narrow bridge, assured that there was sufficient flexural strength in
the bridge even under extreme seismic loading.  Therefore designing the longitudinal

FIGURE 4-12 Transformed equivalent steel section for bridge model assuming a fully 
cracked section in tension, I/Ig for the deck slab = 33%
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reinforcement for flexural actions resulting from transverse seismic loading is not considered
necessary.

As the finite element model was calibrated to the remaining reversed static experiments it was
observed that the superstructure stiffness had reduced further.  Once the effective deck slab
stiffness had been reduced to 15% of the gross deck slab stiffness the analysis became relatively
insensitive to a further reduction because at this point the deck slab contributed relatively little to
the overall stiffness of the bridge model.  The stiffness of the superstructure became more sensitive
to the  stiffness of the connection between the deck slab and the girders.  Therefore degradation of
composite action after each experiment could explain the reduction in superstructure stiffness.
This was incorporated into the finite element model and is discussed further in Section 4.3.

4.2.4  End Shear in the Deck

Considerable shear cracking, at an orientation of 45 degrees to the transverse and longitudinal axes
of the bridge, was observed between the ends and the actuators located 6.10 m from the ends in the
model.  Furthermore, as the distribution of the transverse shear stud forces showed, whether the
transverse shear forces were transferred down from the deck slab to the girders through additional
shear studs on the ends of the girders, or through shear studs on the top chords of the end cross
frames,  it was necessary for the deck slab to transfer the shear to the ends of the bridge.  Thus, it
was prudent to check the deck slab reinforcing for the required shear capacity.

For the bridge model the maximum applied end shear was likely to be in the first experiment.
Although there were no load cells measuring end shear for this experiment, from the actuator

FIGURE 4-13 RSHXB2 - Strain gages at midspan 
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forces, the end shear was estimated at around 310 kN.  Based on AASHTO (1998) for a reinforced
concrete beam analyzed using a sectional design model (Section 5.8.3), the shear strength of the
concrete in the deck slab was 150 kN, and was thus exceeded by the demand in the bridge model.
The maximum shear strength of the deck slab including reinforcing was equal to 710 kN and was
therefore easily adequate. 

Given that the demand in the bridge model was high and the shear capacity was easily  adequate, it
is not considered necessary to check the deck slab reinforcing for shear at the ends of typical
bridges.  Furthermore, no shear failures through the deck slab have been known to occur in steel
plate girder bridges or reinforced concrete bridges due to transverse earthquake loading.

4.3  Influence of Shear Studs in Response of Bridge

4.3.1  Stiffness of Shear Studs in the Partially Composite Bridge Model

As discussed in Chapter 2 the number of shear studs connecting the deck slab of the bridge to the
steel girders was less than that required for either strength or fatigue based on recent  AASHTO
(1998) requirements.  As the AASHTO strength requirements were not satisfied the bridge model
can be considered a partially composite bridge.  For a partially composite section the relative
stresses in the slab and the girders are dependent on the stiffness of the connection between the two
interfaces. Therefore in order to model the bridge effectively, a reasonable estimate of the shear
connector stiffness is necessary. 

There has been considerable research into the strength of partially composite sections, for
example: Johnson and May (1975), Oehlers and Coughlan (1986), Wright (1990), Wang (1998),
Seracino et al. (2001).  Despite the relative beam and deck slab stresses being based on the
stiffness of the shear connection, most design equations resulting from research are based on the
flexural strength of the shear connection, such as in AISC (1997).  Wang (1998) proposed a
procedure which was based on the stiffness of the shear connectors but acknowledged that
calculating this stiffness was difficult and there was much variation between different
experiments.  An empirical relationship for the stiffness of shear studs was proposed that was, like
other studies, based on the strength of the studs.  Seracino (2001) developed a model for evaluating
the partial-interaction flexural stresses in composite bridge beams where the stiffness of the shear
connection was used but no guidance given as to how to determine this stiffness except to state that
it should be based on rational analysis.  

Four different models to calculate the shear stud stiffness were considered, as illustrated in Figure
4-14.  The bending stiffness, kb, of each stud is defined by:

...4.3

where: E is the elastic modulus of the steel stud (200 GPa); Is is the moment of inertia of the stud,
and; Lseff is the effective length that is unrestrained for bending in stud.  The shear stiffness, ks, of
the stud is defined by:

kb
12EIs

Lseff
3

--------------=
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...4.4

where: Gs is the shear modulus (77 GPa); As is the cross sectional area of the shear stud and; Ls is
the clear length of the shear studs (89 mm).  The combined stiffness, kst, is equal to:

...4.5

The first model (Figure 4-14a) was based on the empirical relationship from Wang (1998) who
stated that; based on a large number of pushout tests from different researchers with studs of
different sizes and types, the stiffness of shear studs can be defined by a constant displacement of
0.8 mm at 80% of the ultimate shear capacity of the studs.  Variation ranged from 50% to 200% of
this value.  Consideration was given to reducing the displacement for this model based on the scale
factor of the bridge, however the test data showed that even for smaller studs the displacement was
relatively constant, therefore no reduction was made.  This assumed model resulted in a stiffness
equal to 29.4 kN/mm for the studs in the bridge model.  If flexibility in each stud was assumed to
be due to shear over the length of the stud and bending along some length of the stud, the
equivalent length for bending resulting in this corresponding stiffness was 25 mm. 

Studs were generally tested using pushout tests with studs embedded in concrete slabs or slabs
with corrugated metal formwork providing good confinement around the shear studs.  However in
the haunch of the bridge model, as in typical steel plate girder bridges, the concrete is unreinforced
and as a result has little confinement.  Small cracks were observed corresponding to the stud
locations in the haunch as observed in Figure 4-15.  Consequently, a second model (Fig. 4-14b)
was considered in which half the length of the studs (44 mm), approximately corresponding to the
length of each stud in the haunch, was considered free to bend due to lack of confinement caused
by cracking around the stud.  The stud was also free to deform in shear. The resulting stiffness was
calculated to be 9.3 kN/mm, this being approximately one third of the stiffness calculated from the
first model.  

A third model was considered (Fig. 4-14c) in which the studs were free to bend over their entire
length.  This resulted in an equivalent length of 89 mm and a stiffness of 1.4 kN/mm.  The model

FIGURE 4-14 Different stud models considered for bridge model
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assumed cracking around the full height of the stud and is considered a lower bound for the
stiffness.  A fourth model considered the studs to be restrained from bending and free only to
deform in shear as shown in Figure 4-14d.  This resulted in a high stiffness and an upper bound
stiffness with a value equal to 57.4 kN/mm  Besides the four stud models, an arbitrary fifth model
E with a stiffness of 155 kN/mm was also used in order to give a smoother relationship in the
following analyses.

The four different shear stud models were assumed in finite element analyses.  The elastic
modulus of the deck slab was varied depending on the stud model in order to correlate the
transverse midspan displacement in the finite element with the measured midspan displacement in
the RSHXB experiment.  The loads corresponded to the maximum applied positive and negative
actuator loads for the first cycle of loading in the bridge model, when the bridge was in its least
damaged state.  The effective shear modulus as a ratio of the gross shear modulus was assumed to
be equal to that for the elastic modulus.  The resulting effective elastic modulus as a ratio of the
gross modulus for the concrete is plotted against shear stud stiffness in Figure 4-16.  This figure
shows that as the stiffness of the shear studs reduced the effective deck slab modulus increased as
the model was modified from a fully composite section to one with minimal composite action.
Although the midspan displacements for the finite element model correlated with the measured
displacements for each of the different shear stud models, the rotations at the midspan and the
displacements near the ends of the bridge did not correlate.  Figure 4-17 shows the displacements
and rotations in the finite element model normalized to the measured displacements in the bridge
model and averaged between the positive and negative reversal.   The midspan displacement was
relatively constant and close to unity as this was used for calibration of the finite element model.
The midspan rotation was seen to be overestimated for high shear stud stiffnesses and

FIGURE 4-15 Cracks observed in haunch of bridge model around shear stud location
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FIGURE 4-16 Elastic modulus vs shear stud stiffness for midspan displacement in finite 
element model correlated to measured displacement in bridge model

FIGURE 4-17 Displacements from finite element model normalized to measured 
displacements for different shear stud models
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underestimated for low shear stud stiffnesses.  The displacement of the model at the first
intermediate cross frame at the north end was shown to be overestimated with a low shear stud
stiffness.  Based on these observations, a shear stud stiffness somewhere between models A and B
was most appropriate.

Oehlers and Coughlan (1986) and Gattesco and Giuriani (1996) demonstrated that when subjected
to cyclic loads permanent slips are generated that are largely irrecoverable due to the accumulation
of damage in concrete around the studs.  Experiments in these publications did not apply fully
reversed cyclic loading only unidirectional cyclic loading, as typical due to gravity loads in
composite beams.  This accumulated damage was also seen in tests which have fully reversed
loading (McMullin, 1994; Hawkins, 1984).  Such accumulated damage could help to explain the
degradation in stiffness of the bridge model after a number of cycles of transverse loading.
Therefore using model B for the shear studs, which predicts a more conservative stiffness than
model A, is likely to become more realistic after the bridge model was subjected to a number of
cycles of loading.  

4.3.2  Damage to Shear Studs at the North End of Bridge Model

The first reversed static experiment was displacement controlled and therefore the forces in each
actuator were not necessarily equal, unlike the subsequent experiments which were controlled with
equal forces in both actuators.  Figure 4-18 shows that the actuator forces were similar for each
cycle as the amplitude of the cycles increased, with exception of the last few cycles, where the
north actuator force decreased almost to zero while the south actuator force increased to 380 kN.
This redistribution of forces was as a result of failure of the shear connectors at the north end of the
bridge, which were shown to be critical in the transverse load path.

The strength of shear studs is calculated using both the strength of the surrounding concrete cones
and the strength of the studs themselves.  For the shear studs in the bridge model these two criteria
from AASHTO (1998) resulted in very similar calculated ultimate forces in the studs at 30 kN and
29 kN respectively.  During Experiment RSHXB cracks were observed in the haunch of the deck
slab where there was no reinforcement providing confinement for the concrete around the studs,
however, the studs ultimately failed through shearing of the studs just above where they were
welded to the girder flanges. 

4.3.3  Transverse Shear Stud Forces

The finite element model was used to evaluate forces in the shear connectors.  The shear studs in
the finite element model were based on the stiffness of the shear connectors using model B, and
applied force of 210 kN in each actuator was based on the average maximum actuator force in the
bridge model just before observed failure of the shear studs.  The deck slab stiffness was assumed
to have an EI of 15% of the gross EI as calculated for the bridge model at the end of RSHXB
experiment.  The transverse shear in each row of shear connectors along the length of the girders is
shown in Figure 4-19.  This figure shows a large concentration of transverse shear forces in the
studs located at the north end.  The maximum forces at the end of the bridge were in excess of the
calculated ultimate shear of 29.4 kN and can therefore explain the failure of the studs.  As the studs
in the end row failed, the forces were transferred in the next row of studs causing progressive
failure of three rows and severe damage to the fourth row before completion of the experiment.  At
the south end the forces in the shear studs were much smaller.  This was because the forces were
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FIGURE 4-18 RSHXB - Actuator forces versus time 

FIGURE 4-19 Transverse shear stud forces in bridge model from finite element model
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transferred from the deck slab into the end cross frames through the composite top chord as shown
in Figure 2-12.

If all the transverse shear forces in the shear studs at the north end are added together the sum of
the shear forces is equal to 196 kN, that is close to the total shear at each end, equal to the applied
actuator force, of 209 kN.  The difference can be attributed to a small proportion of transverse
forces transmitted to the end by transverse bending and torsion of the girder flanges.  As the
proportion of transverse shear force carried by the flanges was small, it is reasonable that shear
studs should be designed for the full end shear.  A model is considered in which forces are carried
by studs located within a length along the girder from the end equal to the depth of the girder.  As
the girders were 610 mm deep, then two rows of shear studs at the end of the bridge model would
be effective in carrying transverse shear forces.  As there are two rows of studs along each girder
and two girders, a total of eight shear studs can be considered to transfer the transverse shear from
the deck slab into the ends of the bridge.  Therefore based on a total end shear of 210 kN, the force
in each stud was 26 kN,  slightly less than the calculated capacity of 29 kN.  This subsequent
distribution of forces is shown by the assumed model in Figure 4-19.  The distribution compares
well with the calculated distribution of forces from the finite element model.  It assumes some
forces are redistributed for the studs at the very end of the bridge model but there should be enough
ductility in the studs to allow this redistribution.  Generally when there is a connection between the
deck slab and the girders, like that at the south end of the bridge model, the top chord can be
designed to carry the full end shear.  

If the bridge model was designed to be fully composite, in accordance with AASHTO, the studs in
a length equal to the depth of the girder would be adequate to transfer the shear forces in the end
cross frames.  This should also be the case for other typical bridges.  However it is common
practice in many states not to provide composite action in negative moment regions of continuous
girders.  In this case a top chord of the end cross frame located above the column bent or pier
should be designed to carry the seismic shear from the deck slab into the end cross frames (Carden,
2002).   As it is also proposed with the used of ductile end cross frames that shear connectors be
removed from the top of the girders to allow the girders to rotate, a composite top chord should
also be used in this situation to provide adequate transverse seismic load path.  In general, it is
recommended that some form of composite connection be provided to transfer the transverse
earthquakes loads from the deck slab into the cross frames located above the supports, either
utilizing connectors on top of the girders, within a length equal to the depth of the girders, or a
composite top chord.

4.3.4  Longitudinal Shear Forces

The finite element model showed that there were also some longitudinal shear forces in the shear
studs due to transverse loading.  The distribution of forces for the same applied actuator force of
209 kN per actuator is shown in Figure 4-20.  This figure shows that the magnitude of the
longitudinal forces was significant, with a maximum force close to the shear capacity of the studs.
Therefore these forces undoubtedly contributed to failure of the shear studs at the ends of the
bridge when combined with the transverse shears.   

In order to explain and quantify the longitudinal shear forces a transformed section, similar to that
shown in Figure 4-9 is considered with an effective EI equal to 15% of the gross EI for the deck
slab.  For 210 kN forces applied to the bridge model through each of the two actuators, the shear
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force was constant and equal to 210 kN for the first third of the length of the bridge superstructure,
zero for the next third, and equal to -210 kN for the final third.  The shear flow is considered
between the girders and the deck slab.  Ignoring torsional effects the shear flow, Q, is given by:

...4.6

where: Ag is the cross sectional area of a girder;  is the horizontal distance between the centroid
of the transformed section and center of the girder, and; Iy is the effective transformed moment of
inertia for the section about the vertical axis.  Therefore for the first third length of bridge model
the shear flow is calculated to be 0.142 kN/mm and -0.142 kN/mm respectively for the two
girders.  Note that the shear flows for each girder were equal and opposite as the neutral axis was
assumed to be in the center of the section.  For two rows of the studs on each girder, and studs
spaced at 460 mm centers, the shear force in each stud was equal to 32.6 kN and -32.6 kN
respectively.  For the middle third the shear forces are equal to zero and for the last third the shear
forces are equal and opposite to the first third.  The theoretical forces are shown on Figure 4-20.
The theoretical longitudinal shear forces in the studs were therefore larger than the design strength
of the studs and failure could have been expected at these loads due to longitudinal forces alone.
The pattern of theoretical forces was similar to the pattern calculated in the finite element model,
although there was some transition between the levels of force at the one third points along the
length of the bridge.  The theoretical forces were also larger than the calculated finite element
forces because they were calculated based on full composite action, while in reality the shear studs

FIGURE 4-20 Longitudinal shear stud forces in bridge model from finite element model
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have finite stiffness resulting in some slippage between the deck slab and the girders and a
reduction in the stud forces.

The analysis presented above was based on a symmetric cross section with an equivalent moment
of inertia for the deck slab.  A cracked transformed section was considered, with the neutral axis
located as in Figure 4-12, but the same moment of inertia as the previous model.  The resulting
longitudinal shear forces in the studs on the two girders are 21.4 kN and -43.7 kN respectively
along the first third of the bridge length.  These may be more realistic for relative forces in the two
girders of the bridge model, although they will be still conservatively high for the partially
composite section.

For fully composite sections, with the number of studs recommended by AASHTO, it was
demonstrated that the longitudinal shear forces were likely to be lower than the capacity of the
studs.  However when combined with transverse forces, the force in the studs is increased
compared to studs subjected to unidirectional actions.  This analysis supports the use of a
composite top chord to transfer the transverse seismic shear from the deck slab into the end cross
frames above each support, removing the transverse shear from the studs on top of the girders
allowing these studs to carry the longitudinal loads alone.

4.3.5  Axial Stud Forces

Axial forces were also observed in the shear studs at the ends of the bridge model where the studs
resisted the rotation of the end of the girders about their longitudinal axes.  The rotation was
resisted by the shear studs as well as contact between the haunch and the girders on the
compression edge.  The contact was modeled using pinned links along the compression edge
which were rigid in compression but unable to transmit shear and bending moments.  The resulting
axial forces in each row of shear studs is shown in Figure 4-21.  This figure shows relatively large
axial loads at both ends adding to the longitudinal and transverse shear forces already observed.
Further analysis shows that the axial forces would be negligible if the bridge model had been fully
composite and the cross frames remained relatively rigid limiting rotation of the girders.  However
with relatively flexible end cross frames, when designed to be ductile, the axial forces in the studs
increased.  Moreover, the axial stiffness in the studs had a significant effect on the stiffness of the
end region which affects the response of ductile end cross frames, as discussed in a subsequent
report (Carden, 2005).

4.4  Overall Superstructure Response including Effective Deck Stiffness and Partial 
Composite Action

The transverse effective stiffness of the superstructure was found to be affected by cracking in the
deck slab, as described earlier, but also due to slippage in the connection between the deck slab
and the girders.  From analysis of a simplified analytical model, which is described at the end of
the chapter, it was found that an effective stiffness of the superstructure required to match the
experimental data was as little as 12% of the gross stiffness of the fully composite section.  

Calculating a theoretical torsional stiffness for the bridge model was not trivial as the geometry
was complex and the properties were affected by partial composite action, warping and distortion
in the section.  The torsional moment of inertia, J, of open cross sections is often calculated using
Equation 4.2.  Applying this equation to the equivalent transformed section for the superstructure
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of the bridge model, assuming gross section properties, gave a torsional moment of inertia of 79 x
106 mm4.  From the analytical model a torsional moment of inertia of 100 x 106 mm4 was found to
be appropriate for modeling the rotation in the girders after the first two experiments in which the
properties of the deck slab and shear studs stabilized.  Therefore the calculated torsional moment
of inertia was underestimated compared to the measured value.  This is attributed to warping not
being included in the analytical model, which is being compensated for by the effective torsional
moment of inertia.  This is demonstrated when studying torsion in the girders in Chapter 6.  This is
discussed further in the development of the analytical model described in Chapter 8. 

In order to estimate the transverse displacement due to torsion of the superstructure, at a given
height such as deck slab level, it was necessary to  locate the height of the shear center of the
bridge superstructure.  The shear center was known to be located at some point above the deck slab
from the observed torsion in the superstructure.  The shear center can be calculated based on an
analysis of the shear flow as a transverse load is applied to a cross section of the bridge, as shown
in Figure 4-22.  The resulting eccentricity between the centroid of the deck slab and the shear
center, e, for a two girder bridge is given by:

...4.7

where: Af is the area of each bottom flange, Aw is the area of each web sg is the spacing of the
girders, dgf is the depth of the girders between the centroid of the flanges, and; Iy is the effective

FIGURE 4-21 Axial shear stud forces in bridge model from finite element model
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moment of inertia for the section.  Based on analysis of the shear flow in the transformed bridge
section, assuming an effective deck slab stiffness of 15% of the gross deck slab stiffness, the shear
center was calculated at 242 mm above the deck slab of the bridge model.  This analysis assumed
full composite action between the deck slab and the girders, but was relatively insensitive to this
assumption, as a reduction in the effective transverse Iy due to partial composite action reduces the
shear flow in the girders, resulting little change in the shear center eccentricity.  Applying lateral
loads to the detailed finite element model at different heights showed that no rotation was achieved
when the loads were applied at a height of 280 mm above the deck slab.  Therefore the estimated
shear center height was within 13% of the calculated height from the finite element model.  The
comparison would be better if compared at the height of the center of mass.

This section showed that there was a large uncertainty in the calculation of the torsional properties,
particularly the torsional moment of inertia, for the bridge model.  Finite element analyses showed
that torsional properties did not greatly affect the overall dynamic properties of the structure as
they increased the transverse displacement of the center of mass of the superstructure by less than
20%.  For most practical cases the torsional properties can be neglected.

FIGURE 4-22 Analysis of shear flow in girders of bridge model
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SECTION 5
ELASTIC RESPONSE OF THE CROSS FRAMES

5.1  Introduction

The relative forces in the end and intermediate cross frames of the bridge model as they respond
essentially elastically are considered in this chapter.  The top and bottom chords girders are each
shown to have an effect on the elastic transverse response of the cross frames.  The inelastic
response of the end cross frames is investigated in a separate report (Carden, 2005).

5.2  Relative Forces in End and Intermediate Cross Frames

Analytical studies have shown that a large percentage of the transverse seismic forces in   a bridge
are transferred from the deck slab into the substructure through the end cross frames, at the end of
each span, meanwhile the intermediate cross frames were shown to have small forces from seismic
loading (Itani ,1995; Zahrai, 1998).  This was also observed experimentally in the bridge model.

In each experiment on the bridge model the relative forces in the cross frames, while the cross
frames remained elastic, were estimated using a series of strain gages on sections of the single
angle diagonal X-brace members.  Component experiments on the diagonal members showed that
the strain gages were not accurate in estimating the true forces in the cross frames therefore only
relative values could be considered.

From RSHXB2 the estimated relative shear forces in the end and intermediate cross frame
diagonals are shown in Figure 5-1 for different levels of applied actuator force.  This figure shows
that the end cross frame forces were typically four to five times larger than the largest intermediate
cross frame force at any given level of applied actuator load.  The strain gages on the midspan
cross frame were faulty and therefore the estimated relative shear at midspan was not shown in the
figure.

Once the end cross frames of the bridge model started to yield the forces in the intermediate cross
frames closest to the ends of the bridge were shown to increase a small amount, however the
measured strains remained well below yield levels.  The estimated relative cross frame shear
forces during Experiment RSLXB are shown in Figure 5-2.  At the intermediate cross frames
corresponding to the actuator locations the relative forces were different to those seen in Figure 5-
1 due to the additional double angle used to support the vertical component of actuator loads.
Focus of the discussion will therefore center on the first intermediate cross frames, 3.05 m from
each end of the bridge, and the end cross frames.  As with the large X-braces the majority of the
relative shear estimated in the cross frames was concentrated in the end cross frames.

A similar distribution of shear forces in the various cross frames can be seen during the dynamic
experiments.  Figure 5-3 shows the estimated relative forces in each of the end and intermediate
cross frames for the bridge model with heavy X-braces at the ends in response to increasing
amplitude scaled El Centro ground motion.  The end cross frames carried over 90% of the total
shear in the cross frames. 
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FIGURE 5-1 RSHXB2 - Estimated forces in end and intermediate cross frames for 
different total applied actuator forces

FIGURE 5-2 RSLXB - Estimated forces in end and intermediate cross frames for 
different total applied actuator forces
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5.3  Effect of Top and Bottom Chords and Other Components on End Cross Frame 
Stiffness

Reversed static Experiments 3 to 7 were conducted in order to characterize the effect of the top and
bottom chords of the end cross frames, the intermediate cross frames and the lateral girder stiffness
in the transverse end stiffness of the bridge model.  The different reversed static experiments with
different bridge model configurations are listed in Table 2-1.   

The hysteresis loops for the ends of the bridge model during Experiments RSHXB2 and RSLXB
with the “heavy” and “light” end cross frames are described in a subsequent report (Carden, 2005).
In order to calculate the influence of the different cross frame components on the transverse
stiffness of the end regions, it was first necessary to estimate the essentially elastic stiffness of the
ends with the end cross frames.  With the bolted cross frames slippage resulted in non-linearities in
the hysteresis loops even though the cross frame diagonals remained essentially elastic.  The initial
stiffness of these cross frames at each end was defined as the average slope of the backbone curve
from the hysteresis loop of each end region.  The average slope was calculated by fitting a linear
regression through the essentially elastic portion of the backbone curves.  For the “light” welded
X-braces the stiffness was estimated by the average slope of the backbone curves up to yielding of
the diagonal members of the cross frames.  The resulting stiffness at each end of the bridge model
during Experiments RSHXB2 and RSLXB is given in Table 5-1.  

In the other reversed static experiments various components were removed from the bridge as
described in Table 2-1.  Resulting plots of end shear force versus relative horizontal end

FIGURE 5-3 STLXB - Estimated forces in end and intermediate cross frames for different 
earthquake levels
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displacement between the top and bottom flanges of the girder are illustrated in Figures 5-4 to 5-8.
In Figures 5-4 and 5-7, for which the bridge model had no end cross frame components, the ends
exhibit relatively linear behavior with minimal hysteresis.  However, in the other experiments
when a top or bottom chord was added to the system there was appreciable hysteresis at the ends
that was attributed to slippage in the connections.  It was particularly noticeable in Experiment 7
which had the pinned top and bottom chords.  Table 5-1 indicates that in this experiment the
effective stiffness had increased compared to the model with no end cross frames.  However,
Figures 5-9 and 5-10 show that the tangential stiffnesses of the end regions were approximately the
same, with the effect of the top and bottom chords better explained by a hysteretic elasto-plastic
model than additional elastic stiffness. The hysteretic behavior in the south end was slightly larger
than that at the north end attributed to different slip coefficients in the connections.  However an
approximate elasto-plastic model with a yield force of 9.0 kN was considered to model the
hysteretic behavior at both ends.  This is nominally approximately 10% of the yield strength for
the light X-braces and buckling restrained braces, discussed in a subsequent report (Carden, 2005).

Comparing each experiment allowed the contribution of the diagonals, top and bottom chords,
intermediate cross frames and other components in the transverse load path to be determined based
on their relative effective stiffness.  Table 5-2 shows the effective stiffness for the “heavy” X-
braces at both ends of the bridge model.  The two ends showed similar relative contributions to the
stiffness with the difference being attributed to a slightly lower stiffness in the girders, bearings
and shear studs at the north end, as a result of damage.   The table shows that only 75% of the of
the relative stiffness was attributed to the diagonal members while the top and bottom chords
contributed around 17%.  This was as a result of bending moments in the chord members allowing
frame action between the chords and the web stiffeners. 

Table 5-3 shows the relative elastic contributions for the “light” X-braces.  Again there was good
comparison between the relative distribution of stiffness in the different components at each end,
although, overall the north end was more flexible than the south end.  This indicates that damage to
the shear studs reduced the stiffness of the top and bottom chords, girders and even the diagonals
due to interaction of the components.  Overall the stiffness of the diagonals accounts for 88% of
the end stiffness.  Even though the angles have a much smaller cross sectional area than those used
in the elastic X-braces, their effective elastic stiffness was similar.   This is due to the welded
connections which eliminated slippage in the connections.  During the shake table experiments the
initial effective stiffness of the heavy X-braces was larger as no slippage was allowed in the

TABLE 5-1 End Stiffnesses from Reversed Static Experiments
Expt North End Stiffness South End Stiffness

(kN/mm) (kN/mm)

RSHXB2 39.5 45.0

RSNECF 2.5 3.4

RSNBC 8.2 8.7

RSFC 9.3 11.4

RSNCF 2.0 2.7

RSPC 2.9 4.7

RSLXB 24.4 37.8
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FIGURE 5-4 CNEXF - End shear force versus horizontal end displacement

FIGURE 5-5 RSNBC - End shear force versus horizontal end displacement
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FIGURE 5-6 RSFC - End shear force versus horizontal end displacement

FIGURE 5-7 RSNCF - End shear force versus horizontal end displacement
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FIGURE 5-8 RSPC - End shear force versus horizontal end displacement

FIGURE 5-9 RSPC, RSNECF - Comparative end hysteresis loops at north end

-50

-40

-30

-20

-10

0

10

20

30

40

50

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Displacement (in)

Lo
ad

 C
el

l S
he

ar
 (k

ip
)

-222

-178

-133

-89

-44

0

44

89

133

178

222
-25 -20 -15 -10 -5 0 5 10 15 20 25

Displacement (mm)

Lo
ad

 C
el

l S
he

ar
 (k

N
)

North
South

-50

-40

-30

-20

-10

0

10

20

30

40

50

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Displacement (in)

Lo
ad

 C
el

l S
he

ar
 (k

ip
)

-222

-178

-133

-89

-44

0

44

89

133

178

222
-25 -20 -15 -10 -5 0 5 10 15 20 25

Displacement (mm)

Lo
ad

 C
el

l S
he

ar
 (k

N
)

North - PSPC
North - PSNECF



120

FIGURE 5-10 RSPC, RSNECF - Comparative end hysteresis loops at south end

TABLE 5-2 Effective Elastic Contribution of Different Components to Transverse 
Stiffness for Heavy X-Brace Cross Frames
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Component

Stiffness Contribution Stiffness Contribution

 (kN/mm)  (%)  (kN/mm)  (%)

Diagonal Members 30 76% 34 75%

Top and Bottom Chords 7 17% 8 18%

Intermediate Cross Frames 1 1% 1 1%
Web Stiffeners, Bearings and Shear 
Studs 2 5% 3 6%

Total 39 100% 45 100%

North End South End
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welded connections.  The stiffness of the pinned top and bottom chords was considerably less than
the stiffness of the previous top and bottom chords.  As a result the contribution of these dropped
to between 1% and 3% for the two ends. 

TABLE 5-3 Effective Elastic Contribution of Different Components to Transverse 
Stiffness for Light X-Brace Cross Frames

Component

Stiffness Contribution Stiffness Contribution

 (kN/mm)  (%)  (kN/mm)  (%)

Diagonal Members 22 88% 33 88%

Top and Bottom Chords 0 1% 1 3%

Intermediate Cross Frames 1 2% 1 2%
Web Stiffeners, Bearings and Shear 
Studs 2 8% 3 7%

Total 24 100% 38 100%

North End South End
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SECTION 6
IMPACT OF GIRDERS ON TRANSVERSE RESPONSE OF THE END CROSS 

FRAMES

6.1  Introduction

In order for the end cross frames to deform when designed to be ductile, there needs to be some
localized deformation at the ends of the girders.  In the bridge model this deformation was
effectively allowed by torsion in the girders between the end and first intermediate cross frames.
The I-girders alone, being open sections, were torsionally flexible and therefore enabled this
deformation relatively freely.  However, the torsion was resisted by the shear studs and bearings
depending on the rotational stiffness and strength that these components provided.  Bending of the
bearing stiffeners at the end cross frame location is an alternative method for allowing the
transverse girder deformation. These factors were all considered in a model of the end of the
girder, as described below.

6.2  Transverse Stiffness of the End of the Girder

6.2.1  Elements in the Model

The lateral deformation of a girder at the end is described by the model shown in Figure 6-1.   A
translational spring was used to model the torsional stiffness of the girder along a length between
the end cross frame and the first intermediate cross frame.  The web stiffeners were modeled using
a beam element with stiffness, EI, representing the stiffness of the stiffened web.  Rotational
springs were used to model the bearings at the base of the girder and the shear studs on top of the
girder.

FIGURE 6-1 Model of end of typical girder
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6.2.2  Torsional Properties of the Girder

In order to study the torsional deformation of the girders it was first assumed that the overall
flexural stiffness of the superstructure was rigid for transverse loading.  It was also assumed that at
the first intermediate cross frame, the torsion of the girder about its longitudinal axis was
negligible, due to restraint provided by the cross frame.  Therefore along the span, between the
first intermediate cross frames at each end, the superstructure was assumed to translate as a rigid
body, although some localized girder rotations about their vertical axes were allowed.  

The length of a girder between the end cross frame and first intermediate cross frame is shown in
Figure 6-2a.  It was assumed to be fixed to prevent torsional rotation and warping at the first
intermediate cross frame.  Consequently, the rotation of the girder about its longitudinal axis for
pure torsion of the girder, θg, at its free end is shown in Figure 6-2b.  This shows that the
translation at the end of the girder at the top flange was equal to ∆t and at the intermediate cross
frame was equal to half of this value.  The equation to describe the torsion of a cantilever I-section
with a fixed end is (Brockenbrough, 1968):

...6.1

where: Tg is the torque applied to the end of the girder; G is the shear modulus of the steel; L1 is
the length of the girder between the end cross frame and first intermediate cross frame; Jg is the
torsional constant defined in Equation 6.2, and; a is defined in Equation 6.3, giving:

...6.2

where: b and t are the width and thickness of the plates in the built-up girder, and:

...6.3

where: Igy is the moment of inertia for the girder about its weak axis.

Equation 6.1 includes the effect of warping.  Without consideration of warping the tanh term
would be omitted and the equation would simplify to the more familiar form for the torsional
rotation of a circular member.  However warping was shown to dominate the response of the
girder and therefore should be considered. 

As an aside, the above comparison demonstrates the reason why the effective torsional moment of
inertia for the entire superstructure was larger than calculated torsional moment of inertia for the
section despite cracking and slippage between the deck slab and the girders.  The simplified model
of the superstructure uses elements which neglect warping in the section.  The inclusion of
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warping is shown to increase the torsional stiffness of a section.  Therefore amplifying the
torsional moment of inertia has the same overall effect as including warping in the analysis. 

From Equation 6.1 the torsional stiffness of the girder over the length between the end and first
intermediate cross frames, kθg, is given by:

FIGURE 6-2 Torsional girder deformations
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...6.4

The torsional stiffness can be expressed in terms of a transverse stiffness of a shear spring between
the top and bottom flanges of the girder.  The transverse relative displacements of the top and
bottom flanges, ∆t, at the end of the girder due to torsion is defined as:

...6.5

and the force couple, Ftg, applied at the top and bottom flanges to create the torque, Tg, is:

...6.6

where: dgf is the depth of the girder between the centre of the flanges (Fig. 6-2a). Therefore the
stiffness of the equivalent horizontal spring to model the girder’s torsional stiffness, kt, as shown
in Figure 6-1, is:

...6.7

For pure torsional deformation, as shown in Figure 6-2b, there are equal and opposite
deformations in the top and bottom flanges.  In reality, assuming a rigid superstructure stiffness,
the top flange had an equal translation as the cross section at the intermediate cross frame location,
as illustrated in Figure 6-2c.  This was allowed by some rotation of the girder about its vertical axis
at the intermediate cross frame and some flexure in the flanges.  Parametric studies to follow show
that the flexure had minimal effect on the stiffness and Equation 6.7 can appropriately model the
stiffness at the end of a girder.  The transverse stiffness of the end of each of the girders in the
bridge model, based on Equation 6.7 for a length of 2900 mm between the end and intermediate
cross frames, was equal to 0.210 kN/mm.  

In order to test the validity of the calculations presented above, a finite element model was
constructed, shown in its deformed shape in Figure 6-3.  The steel girder was modeled using a
series of shell elements allowing for both membrane and plate action. The dimensions and
thickness of the shell elements were specified as the actual values for the web and flanges
respectively. The mesh was finer at the ends of the bridge where the maximum deformations were
concentrated.  Web and bearing stiffeners were modeled as shell elements at the appropriate
locations.  

The girder segment from the bridge model was modeled between the end and midspan of the
girder, taking advantage of symmetry at the midspan.  Web stiffeners were modeled on both sides
of the web at cross frame locations and on one side of the web at intermediate locations, as in the
bridge model.  It was assumed that the top flange translated equally along its length but was
allowed to rotate freely about its longitudinal axis.  The bottom flange was fixed to translate at the
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intermediate cross frame locations with a displacement equal to the top flange displacement.  The
bottom flange displacement was equal to zero at the end cross frame location and the resulting
stiffness of the girder, comparing the base shear with the deflection of the top flange, was equal to
0.217 kN/mm.  The difference between the stiffness calculated from the finite element model and
that from Equation 6.7 was only 3%.

Parametric studies were performed in which the geometry of the girder was changed, spacing of
the cross frames was varied and number of web stiffeners was varied.  A summary of the different
girder configurations and the resulting end stiffness, calculated using both Equation 6.7 and from
the finite element model, is given in Table 6-1.  The  transverse girder stiffness for each of the
different configurations using Equation 6.7, compares well to that calculated from the finite
element model.  With one exception the stiffness from the finite element model was marginally but
consistently higher than that from the equation.  The one factor which affected the stiffness of the
girder that was not accounted for in Equation 6.7 was the stiffness of the web stiffeners.  The web
stiffeners partially restrained the free end from warping thereby increasing the torsional stiffness.
With no web stiffeners the stiffness of the finite element model was slightly less than that
calculated stiffness.  Consistently higher stiffness in the finite element model can therefore be
attributed to the web stiffeners.  Stiffeners of practical dimensions as in the parametric study result
no more than a 10% difference between the estimated stiffness using Equation 6.7 and that
calculated from the finite element model.

FIGURE 6-3 Deformed finite element model of end girder segment for bridge model
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6.2.3  Rotational Bearing Stiffness

A further spring, kθb, is used to model the rotational bearing stiffness (Fig. 6-1).  This stiffness can
be calculated for different types of bearings or may be provided by the manufacturer of the
bearings.  For the laminated rubber bearings used for reversed static experiments on the bridge
model the rotational stiffness of the bearings was estimated to be 473 kNm about the longitudinal
axis.  For the lead rubber bearings the rotational stiffness was estimated to be 118 kNm.  Further
discussion associated with the properties and response of the bearings is presented in Chapter 7.

6.2.4  Bearing and Web Stiffeners

The flexural stiffness of the bearing stiffeners used to attach the end cross frames to the girders can
have a considerable impact on the transverse stiffness of the girders.  Their impact is particularly
apparent when the shear studs provide a large rotational stiffness at the top of the girder or the
bearings have a high rotational stiffness.   Zahrai and Bruneau (1999) used stiffeners with a
minimum possible width in order to decrease the contribution of the girder stiffness in the behavior
of ductile end diaphragms.  The equivalent moment of inertia, Iws, for the model of the girder end
region in Figure 6-1 is based on the dimensions of the  stiffeners, and is defined as:

...6.8

TABLE 6-1 Parametric Study on Transverse Stiffness of Simply Supported Girder
Configuration Ls        

(mm)
dgf       

(mm)
tf         

(mm)
bf        

(mm)
tw        

(mm)
tws       

(mm)
L1        

(mm)
ncf nws Kg  

(kN/mm)
KgFE  

(kN/mm)

Bridge Model 
As Built 18000 591 19 184 10 10 2900 7 13 0.210 0.217

18000 295 19 184 10 10 2900 7 13 0.435 0.448

18000 1181 19 184 10 10 2900 7 13 0.148 0.155

18000 591 10 184 10 10 2900 7 13 0.086 0.091

18000 591 38 184 10 10 2900 7 13 0.788 0.816

18000 591 19 92 10 10 2900 7 13 0.063 0.068

18000 591 19 368 10 10 2900 7 13 1.145 1.180

18000 591 19 184 5 10 2900 7 13 0.196 0.202

18000 591 19 184 19 10 2900 7 13 0.314 0.326

18000 591 19 184 10 0 2900 7 13 0.210 0.202

18000 591 19 184 10 5 2900 7 13 0.210 0.214

18000 591 19 184 10 19 2900 7 13 0.210 0.234

18000 591 19 184 10 10 1370 13 13 1.337 1.349

18000 591 19 184 10 10 5940 4 13 0.031 0.033

18000 591 19 184 10 10 2900 7 7 0.210 0.216

18000 591 19 184 10 10 2900 7 25 0.210 0.219

Thickness of 
Web Stiffeners

Number of 
Cross Frames

Number of Web 
Stiffeners

Depth of 
Girders

Thickness of 
Flanges

Width of 
Flanges

Thickness of 
Web

Iws
bws

3 tws
12

----------------=
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where: bws is the combined width of the stiffeners on each side of the web including the web
thickness, and; tws is the thickness of the stiffeners.

6.2.5  Shear Stud Stiffness

It is assumed that the top chord of the cross frames, when composite with the deck slab, causes the
top flange of the girders to have an equal translation to the deck slab.  Although there is no relative
translation, the girder is able to rotate relative to the deck slab.  The rotation of the girder is
resisted by the shear studs connecting the top flange to the reinforced concrete deck slab.  This
effect was modeled using a rotational spring on top of the girder.  The rotational spring, with
stiffness, kθs, as shown in Figure 6-1, was used to model the effect of those studs on top of the
bearing stiffeners as well as the torsional stiffness of the top flange of the girder.

Assuming the failure mode of the shear studs is due to deformation in the steel cross section of the
stud and not due to concrete cracking, the deformation mechanism for the studs can be assumed to
be as shown in Figure 6-4.  The deformation consists of a rotational component as well as an axial
component.  The resulting stiffness for the row of studs located directly above the bearing
stiffener, kθs1, can be described by:

...6.9

where: E is the elastic modulus of the shear studs; Asc is the cross sectional area of each shear
stud; Lsc is the clear length of the shear studs (Fig. 6-4); ri is the distance from the centroid of the
compression force (near the edge of the flange) to the location of each stud (comparable to d-a/2
for a reinforced concrete beam (ACI, 2002); nsc is the number of studs in each transverse row on a
girder, and; Isc is the moment of inertia for each stud.  It is assumed in this model that the deck slab
does not rotate about the longitudinal axis of the bridge, restrained by the top chord of the cross
frame.  

FIGURE 6-4 Shear stud deformations
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As the top flange of the girder is relatively flexible for torsion, for the next row of studs placed at
some distance from the bearing stiffener, the rotational stiffness at the top of the girder becomes
dependent on the torsional stiffness of the top flange between the location of the bearing stiffener
and location of the row of studs on top of the girder.  Therefore kθs2 is given by:

...6.10

where: G is the shear modulus of the top flange; Jf is the torsional moment of inertia for the top
flange; ls is the distance between the stiffener and the next row of shear studs along the girder.
This formulation assumes that the rotational stiffness of a row of studs is notably larger than the
torsional stiffness of top flange between the stiffener and the next row of studs.  This should be
satisfied for most configurations where studs have been removed from near the ends of the girders
in order to accommodate torsional rotations of the girders and allow large displacements in the
ductile end cross frames.  The equivalent spring located at the girder support (at the bearing
stiffener location), kθs, (Fig. 6-1) is a combination of the two stiffnesses from Equations 6.9 and
6.10, although if studs are omitted from near the ends of the girders then only the latter will
contribute.  The length over which no shear studs are placed on the top flange can be determined
by the allowable stresses in the top flange as will be discussed.  

6.2.6  Influence of Different Components

The effect of the different components can be incorporated into a structural model with individual
rotational strings to model the shear studs and bearings, transverse springs to model the transverse
girder stiffness due to torsion and beam elements to model the bearing stiffeners.   Each of these
elements was incorporated into a finite element model described in Chapter 8.  However,
numerically the different components can also be combined using a matrix formulation to give an
effective transverse girder stiffness.  The matrix formulation for the model of the end region is
shown the Figure 6-1, with appropriate boundary conditions, and is given by:

...6.11
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where:  Fbg is the shear at the base of the girder; Ftg is the known externally applied shear at the
top of the girder; ∆g is the transverse displacement at the top of the girder; θb is the rotation at the
base of the girder, and; θs is the rotation at the top of the girder.  It is assumed that there are no
externally applied bending moments, except those from the rotational springs which were
incorporated into the stiffness matrix.

An equivalent girder stiffness incorporating all the components which contribute to the girder
stiffness, including torsional girder stiffness, shear studs, and also bearings and web stiffeners can
be found by static condensation of the stiffness matrix of Equation 6.11.  The resulting equivalent
girder stiffness, Kg, is given by:

...6.12

where: kt was defined in Equation 6.7, and ρ is equal to:

...6.13

where: kθb, kθs and other variables were defined in previous equations.  A few cases for ρ can be
considered to demonstrate its validity.   If the springs, kθs and kθb have a stiffness equal to zero
then ρ is equal to 1 and the equivalent girder stiffness in Equation 6.12 is equal to only the
torsional stiffness of the girder, kt.  If kθb approaches a large value and kθs is equal to zero, or vice

versa, then ρ is equal to 3/4 and the equivalent girder stiffness is equal to kt plus / .  This
is equivalent to web stiffeners pinned at one end and fixed at the other end.  If both kθs and kθb
approach a large value then ρ is equal to zero, for web stiffeners fixed at both ends.  The
condensed stiffness does not include shear deformations in the stiffeners, however these will be
shown to have minimal effect.

In order to test the appropriateness of the above equations in modeling of the end of the girder a
series of parametric studies where performed, as shown in Table 6-2.  The parametric studies
began with the finite element model of the girder in the bridge model described in Section 6.2.2.
The accuracy of the shear stud modeling was investigated by considering different shear stud
configurations and top flange thicknesses.  Elements were added to the finite element model to
model each shear stud connecting the girder to a rigidly assumed deck slab.  Rigid elements were
also added across the top and bottom flanges of the girder at the web stiffener locations to ensure
that sections through the stiffeners remained plane.  The web stiffeners were modeled using shell
elements and a rotational spring to model the rotational bearing stiffness.  The resulting equivalent
transverse girder stiffness for the bridge model assuming no shear studs were damaged was
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calculated to be 7.91 kN/mm using the above equations.  From the finite element model the
corresponding stiffness was equal to 7.96 kN/mm and compares well (Table 6-2 - No. 1). 

The properties of the girder flanges, bearings, stiffeners and shears studs were varied to determine
the impact of each.  The calculated stiffness of the girder alone with no shear studs or bearings
(No. 2) compared to within 3% of that from the finite element model.  The analytical model was
able to capture an increase and decrease in the flange thickness (No. 3 and 4 respectively)  and
compared to within 5% of the finite element model with these variations.  The effect of removing
of rows of shear studs from the bridge model (No. 5 to 11), was a considerable reduction in
transverse stiffness.  As the studs were removed the comparison between the analytical and finite
element model remained within 8% where there were no intermediate web stiffeners.  Upon
addition of an intermediate stiffener between the end cross frame and first intermediate cross
frame (No. 12) the stiffness was shown to increase by 20 percent.  However, when the shear studs
directly above the intermediate stiffener were removed (No. 13) the stiffness increased by only 3%
indicating that the intermediate stiffener only appreciably affected the stiffness of the girder when
it interacted with shear studs directly above it.  An analytical procedure which captures the impact
of the studs and intermediate stiffener was considered, however in most situations there is little
need for this additional complication.  When the length of the girder between the end cross frame
and first intermediate cross frame was altered (No. 14 and 15) the models generally compared
well, except for the shortest of lengths where the analytical model under-predicted the stiffness in
the girder by 22 percent.  The under prediction was as a result of the pin about the vertical axis and
full warping restraint assumed for the girder at the intermediate cross frame in the analytical
model, although the accuracy is considered acceptable for practical cases.  The bearings and shears
studs were varied between a zero and large stiffness with good comparisons observed between the
analytical and finite element models (No. 16 and 17).  The web stiffeners were assumed to have a
thickness between two times and one half of the actual thickness, and a width of one half the actual
width of the web stiffeners in the bridge model (No. 18 to 20).  The change in stiffness from these
modifications was captured accurately by the model.

Minimizing the transverse girder stiffness is considered beneficial in order to minimize the post-
yield stiffness in ductile end cross frames making them effective ductile elements.  Comparing the
responses of girders in different configurations shows that the effective girder stiffness was lowest
when shear studs were removed from the ends of the bridge.  The stiffness was also reduced when
the stiffeners were trimmed to half of their width, although the reduction was not as great.  The
stiffness was greatest when the bearings were assumed to be rigid and there was no reduction in
stiffener or shear stud stiffness.  Differences between the analytical and finite element model are
relatively small when compared to the amount of fluctuation in stiffness (two orders of magnitude)
between the different configurations.

6.2.7  Comparison with Measured Bridge Model Stiffness

Some damage to the studs was observed in the bridge model during reversed static experiments
with more damage observed at the north end.  This was considered to make some of the studs near
the ends ineffective.  The stiffnesses of the different models in Table 6-2, multiplied by two for
two girders, were considered.  Based on the stiffnesses from the finite element models with one,
two, three and four studs removed the stiffness of two girders would be 3.58, 3.20, 3.04 and 2.96
kN/mm.  The finite element models were close to the observed stiffness in the bridge model with
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two studs assumed to be ineffective at the south end and three studs at the north end (Table 5-1).
This is consistent with observed distress to the deck slab around the studs.

Based on the shake table experiment (STNECF), with more rotationally flexible bearings, the
stiffness of the north and south ends with no end cross frames was reduced.  For this experiment
two rows of studs had been removed by coring through the deck slab around the studs, at the north
end damage from past experiments was observed in both the third and fourth rows, therefore, it
was possible that these studs should also be considered ineffective.  For removal of two, three and
four rows of studs respectively from the finite element model the calculated stiffnesses were 1.38,
1.22 and 1.16 kN/mm for two girders.  The calculated stiffnesses compare well with the measured
stiffnesses assuming three to four rows of shear studs were ineffective at the north and south ends.  

6.3  Strength Limits of Various Girder Components

6.3.1  Overview

Calculation of the girder stiffness allows the effect of the girders on inelastic properties of a ductile
end cross frames to be evaluated.  Although, it is also important to understand the  limit states of
the various components.  In the case of critical gravity supporting members such as the girders and
bearings it is important that they are not damaged during an earthquake.  For other components
such as shear studs and web stiffeners some damage may be acceptable.  

As ductile cross frames will be designed for a maximum displacement in response to a given level
of earthquake, the capacity of each component needs to be evaluated in terms of the maximum
displacement.  For a given transverse displacement at the end of a girder, the capacity of the
bearing stiffeners needs to be compared to maximum bending moment in the stiffeners.  Similarly,
the capacity of shear studs needs to be related to the rotation at the top of the web stiffeners and the
rotational bearing capacity needs to be related to the rotation at the base of the web stiffeners.
Each of the components is considered below.

6.3.2  Girders

The maximum stresses in a cantilever I-beam subjected to torsion are found in the top and bottom
flanges at the support location.  Therefore at the end of a bridge girder between the end cross frame
and first intermediate cross frame, the maximum stresses are found in the flanges at the first
intermediate cross frame location.  For pure torsion the maximum bending moment in each flange
of a girder, Mf, is given by (Brockenbrough, 1968):

...6.14

In terms of the stiffness calculated earlier, this equation can be used to approximate the maximum
bending moment in the bottom flange of the girder, Mefb, when the girder is deformed torsionally
at an end cross frame location, giving:

Mf
Tga
dgf
---------

L1
a

------tanh⎝ ⎠
⎛ ⎞=
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...6.15

This is an approximation as the equation is based on the same assumptions used in calculating the
girder stiffness with a pin about the vertical axis assumed at the first intermediate cross frame
location along with full warping restraint.   The bending moment in the top flange is negligible due
to torsion of the girder as it is assumed to be restrained by the deck slab.  The shear studs and
bearings typically have minimal effect on the girder response except where there are intermediate
web stiffeners that can interact with any shear studs located directly above the stiffeners.  

The parametric study presented compared calculated girder bending moments for a nominal 25
mm end displacement with those estimated from finite element models (Table 6-2).  Any
intermediate stiffeners were omitted from the girders in the parametric studies except where
specifically investigated. The bending moment from the finite element model was estimated using
the average longitudinal stress at the two edges of the bottom flange at a position along the girder
where the stresses were maximum.  When the length of the girder between the end cross frames
and first intermediate cross frames was 2900 mm, as in the actual bridge model, the bottom flange
bending moment (calculated using Equation 6.15) compared well to that estimated from the finite
element model (Table 6-2).  The exception was in the configuration with an intermediate stiffener,
where there were also shear studs directly above the stiffener which resulted in a significant
increase in the maximum bending moment.

Bending moments in the bottom flange are more sensitive than girder stiffness to assumptions in
the boundary conditions of the analytical model.  This is demonstrated by the girders with longer
and shorter lengths between the end cross frame and first intermediate cross frame.  For a
relatively short length (No. 14) the bending moment is overestimated by 54% compared to that in
the finite element model because the assumed warping restraint at intermediate cross frame is in
reality only a partial warping restraint. However, such a close spacing of cross frames leading to
this inaccuracy is unlikely to be used in practice, and regardless the bending moment estimate in
this case is conservative.  When the length between the end and intermediate cross frame
increased, the estimated bending moment became unconservative as the assumed warping restraint
was more realistic meanwhile the assumed pin support that eliminated flexure in the bottom flange
was less realistic.  Thus flexural stresses in the flange added to torsional stresses resulting in an
increased flange bending moment.  While the longer length resulted in unconservative bending
moment estimates the magnitude of these moments became trivial and consequently this error is
inconsequential as other girder drift limitations will govern.  As both the extremes described above
that resulted in significant errors will not jeopardize the performance of the bridge, a more
elaborate analysis to minimize the errors is not considered necessary.

In order to determine what levels of drift are acceptable, a combination of stresses due to
transverse girder deformation and stresses due to gravity loading is considered.  It was considered
appropriate to combine the seismic actions with the effects of gravity loads using the same
procedure as that described by the AASHTO specifications (AASHTO, 1998) to combine the
effects of wind and gravity loads.  The effective cross section of the girder required to carry
gravity loads, for a level of loading associated with the earthquake load combination, can be
calculated at any location along the girder.  It is calculated from the maximum width of each
flange required to carry the gravity loads, as illustrated in Figure 6-5.  The remaining width at the

Mefb kta
L1
a

------tanh⎝ ⎠
⎛ ⎞ ∆t=
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edge of each flange, befb, not required for gravity loads can be used to carry the stresses due to
lateral girder deformations.  The residual bending capacity of the bottom flange is given by: 

...6.16

where: bfb is the width of the bottom flange; tfb is the thickness of the bottom flange, and; Fy is the
yield strength of the bottom flange.  The capacity of the flange can thus be compared to the
demand from Equation 6.15 to determine the adequacy of the flange at the critical section.

The bridge model was excited in the transverse direction with no end cross frames resulting in
maximum transverse displacement measured at the north end of the girders of 27 mm
corresponding to a drift, calculated relative to the girder height of 4.6%.  The bending moment in
the bottom flange of the girder for this level of displacement is calculated at 10.9 kN-m using
Equation 6.15.  Based on an arbitrary effective flange width of 50% of the total flange width due to
gravity load stresses the allowable bending moment, calculated using Equation 17, is 41.8 kN-m.
Therefore the girder was easily adequate.  Equating these bending moments, the girder could be
subjected to much larger drifts of up to 17% illustrating that the girders have a theoretically large
displacement capacity.  Even if the elastic limits of the girder are reached, larger deformations will
be possible with allowance of some localized plastic hinging.  However, P-delta effects are likely
to become significant for large drifts and will limit the allowable girder drifts. 

6.3.3  Shear Studs and Top Flange

In order to facilitate rotation of the end of the girder shear studs can be omitted for some distance
from the bearing stiffeners.  The length of the girder over which there should be no studs can be
calculated by comparing the torque in the top flange of the girder with the rotational capacity of
the first row of shear studs, to ensure that no damage occurs in the studs and distress to the girder
is avoided.  The top flange girder stresses can then be checked to ensure that distress is also
avoided in the top flange of the girder.  The rotation at the top of the girder can be rigorously
calculated from the matrix formulation of Equation 6.11, however this expression is long and
cumbersome.  Instead, the rotation can be conservatively approximated using the transverse top
flange girder displacement divided by the height of girder when the stiffness of the bearing
stiffeners is notably greater than the rotational stiffness of the studs and bearings.   For a given
rotation at the end of the girder the torque in the top flange of the girder, Tf, is given by:

...6.17

where: Jft is the torsional moment of inertia of the top flange and ls is the distance between the
bearing stiffener to which the ductile end cross frame is attached and the first row of shear studs on
the girder.  The torque is assumed to be resisted by the ultimate torsional resistance, Tusr, of a
transverse row of shear studs which can be calculated by:

...6.18

Mnfb befbtfbFy bfb befb–( )=

Tf
GJftθs

ls
---------------=

Tusr Pu ri∑=
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where: Pu is the ultimate capacity of the studs calculated in accordance with AASHTO (1998),
governed either by the strength of the steel section of the stud or the capacity around the studs.
Equating the capacity of the studs with the torque in the flange, Equations 6.17 and 6.18 can be
used to calculate a length over which to remove studs on the end of the girder, given by:

...6.19

The girder stresses on the top flange of the girder should be checked to ensure that damage to the
girder is prevented.  If it is assumed that the top flange twists between the bearing stiffener
location and the first row of shear studs the maximum shear stress in the flange, fuvft, is given by
(Brockenbrough, 1968):

...6.20

where: tft is the thickness of the top flange.  The parametric study investigated the calculated top
flange shear stresses for those girder models where studs were omitted from different lengths near
the end of the girder (Table 6-2).  The calculated shear stresses in the top flange compared to
within 9% of those calculated from the finite element model, taken at the midpoint of the length in
which there were no studs.

The shear stress can be combined with the average normal stress due to flexure from gravity loads
associated with the earthquake load case, funft, which can be calculated from the effective section
for gravity loads (Fig. 6-5) by:

...6.21

The combined stresses should be less than the strength of the flange such that:

...6.22

This is based on the Von Mises stress combination criteria and assumes a compact flange,
although can be modified for a non-compact flange (AISC, 1997).  

When studs are not placed near the ends of the girders or near intermediate supports of continuous
girders, the top chord of the end cross frames should be connected to the deck slab with sufficient
strength to carry the full transverse shear at the support, in order to allow adequate transverse load
path between the deck slab and the girders.    The deck slab will attempt to lift off the girder as the
girder rotates which it should be allowed to do if there are no shear connectors near the ends of the
girders.  In order to allow this deformation the top chord of the cross frame needs to be able to
accommodate the gap between the deck slab and the girders (Fig. 6-6).  This can be achieved with

ls
GJftθs

Pu ri∑
----------------=
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Gtftθs
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---------------=
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vertically slotted holes connecting the top chord to the bearing stiffener.  Alternatively, the
approach used in the bridge model was to select top chord members which were able to carry axial
forces adequately without buckling, but have a relatively low flexural stiffness to allow the
members to bend and accommodate the small vertical offset.

6.3.4  Rotational Capacity of the Bearings

The rotation at the top of the bearing can be calculated knowing the rotation at the base of the
girder.  The rotation at the base of the girder can be estimated in a similar manner to the rotation at
the top of the girder.  Comparing the resulting rotation to the rotational bearing capacity can ensure

FIGURE 6-5 Effective section required to carry gravity loads and remaining flange width 
for seismic forces

FIGURE 6-6 Deformed end cross frame region of bridge model with gap opening between 
the  deck slab and girders
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that the bearings will not fail during an earthquake.  The bearings are investigated in detail in
Chapter 7.

6.3.5  Bearing Stiffeners

The maximum bending moments in the bearing stiffeners due to twisting of the girder can be
estimated by kθsθs and kθbθb and the top and bottom of the bearing stiffeners respectively.  The
largest of these bending moments can be compared to the flexural capacity of the bearing stiffeners
to determine whether or not these will damaged with large displacements in the end region.  For
the bridge model, assuming the configuration at the north end in Experiment STNEXF with no
effective studs 1830 mm from the end cross frames location along the girder, and a transverse
girder displacement of 27 mm, the bending moment at the top of the girder was equal to 0.78 kNm
based on the torsional stiffness of the top flange, and the bending moment at the base was equal to
5.39 kNm based on the bearing stiffness.  The flexural capacity of the bearing stiffeners, equal to
FyZws where Zws is the plastic section modulus of the stiffeners, was equal to 27.7 kNm.
Therefore no damage was expected in the stiffeners at this displacement level.  

Strain gages were placed at three heights on one of the bearing stiffeners at the north end of the
bridge (Fig. 2-47).  Using the strain gages, and converting the strains to stresses and bending
moments, the resulting bending moments along the height of the stiffeners were plotted in Figure
6-7.  While the uncertainty in such an analysis is recognized, as only two strain gages were used to
calculated equivalent bending moments as each location, this figure shows a good correlation
between the calculated and measured bending moments in the bridge model.  Because the strain
gages used to calculate the bending moments during STNECF were installed after completion of
the reversed static experiments, no comparative bending moment was calculated for the reversed
static experiments.

6.4  Continuous Girders

6.4.1  Girder Stiffness

The formulation for the transverse stiffness of a girder is described above for the end of a girder,
however; in multi-span bridges a similar formulation can be developed for the intermediate
supports of continuous girders.  The length of a girder between two intermediate cross frames on
adjacent spans is shown in Figure 6-8.  If it is assumed that the support cross frame is located
halfway between the intermediate cross frames and the girder is fixed to prevent warping at the
intermediate cross frames, then the equation to describe the transverse stiffness of the girder at the
intermediate support due to torsional deformation is given by (adapted from Brockenbrough,
1968):

...6.23ktt
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FIGURE 6-7 Bearing stiffener bending moments

FIGURE 6-8 Continuous bridge girder
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which is synonymous with Equation 6.7 for the end of a girder.  However, due to the continuity of
the girder flange, the effect of bending in the bottom flange cannot be neglected as it was for the
end of the girder.  The stiffness due to bending at the support of the girder is given by:

...6.24

where: Ifb is the moment of inertia of the bottom flange. This equation is similar to that for the
stiffness of a cantilever which is multiplied by 2 for the two adjacent spans and divided by 2 as
flexure in the flange is associated with only half of the total transverse deformation due to the same
reasoning as that illustrated for the end of the girder in Figure 6-2.  The total transverse stiffness of
the girder is given by the combination of Equations 6.23 and 6.24, giving:

...6.25

The stiffness including shear studs bearings and stiffeners is again given by Equations 6.12 and
6.13 with kθs given by the summation of Equation 6.10, for studs located on top of the bearing
stiffener, and for the next row of studs at some distance, ls1, in one direction along the girder from
the support cross frame location and, ls2, in the other direction by:

...6.26

For the same girder as that in the bridge model, assuming 3.05 m between the end and intermediate
stiffeners on each adjacent spans, the transverse stiffness was equal to 1.22 kN/mm.  This is
equivalent to a girder in the bridge model with a support at the mid-span of the bridge. Further
parametric studies were performed with the continuous girder to calculate the overall effective
transverse stiffness, Kg, including the effects of shear studs, bearings and web stiffeners.  A girder
with a length of 18.3 m was modeled assuming symmetric boundary conditions at each end and a
support at mid-span.  A parametric study for different girder configurations and the resulting
transverse stiffness at the support calculated from analytical and finite element models, are given
in Table 6-3.  The analytical stiffness was within 10% of that calculated using the finite element
models in all cases except where there were intermediate web stiffeners between the cross frames.
The increase in stiffness due to the intermediate stiffeners was not captured by the analytical
model, however; a parametric study shows that where there were no shear studs located directly
above the intermediate stiffeners, the error was 16% or less.  

6.4.2  Girder Flange Bending Moments

For pure torsion the maximum bending moment in the flanges near an intermediate support of a
continuous girder, Mf, which is found directly above the intermediate support is given by
(Brockenbrough, 1968):

ktb
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...6.27

As bending in the bottom flanges adds to the torsional stresses at the support of a continuous
girder, the bending moment from above equation is combined with the bending moment due to
flexure and rearranged to give, Mefb, equal to:

...6.28

The results from a parametric study in which the bottom flange bending moment was calculated
for different girder configurations subjected to a 25 mm transverse displacement are given in Table
6-3.  Bending moments calculated using the above equation are within 13% of those calculated
from the finite element models, with two exceptions:  the first being for No. 12 where there is an
intermediate stiffener with shear studs directly above it which resulted in an increase in the flange
bending moments.  The second is for No. 15 when the length of the girder between the support
cross frame and intermediate cross frame was a large proportion (two thirds) of the modeled length
of the girder, thus there is significant rotational and torsional fixity at the intermediate cross frame
resulting in bending moments with an error of around 25%.  However, as with the end of the
girder, when the length of the girder between the support and intermediate cross frames lengthened
the magnitude of the bending moments decreased and became small for reasonable levels of drift
in the girders, thus the error became inconsequential.

Comparing Table 6-2 to Table 6-3 shows that bending moments in the continuous girder are
typically around 2.0 to 2.5 times the bending moments in the simply supported bridge.  Therefore,
bending moments in the bottom flange due to transverse girder drift are more critical for
continuous girders.  

A combination of seismic stress and stresses due to gravity loading was considered using Equation
6.16.  For a continuous girder at the midspan of the bridge model with a midspan support, an
assumed transverse top flange displacement equal to 25 mm, and 7 rows of shear studs assumed to
be removed, the maximum bending moment calculated from the finite element analysis of the
bridge model was equal to 27.8 kNm.  Conservatively assuming that 50% of the bottom flange was
available to carry the seismic loads, then the maximum bending moment the flange could carry
due to seismic loading was 41.8 kNm.  Therefore scaling the end displacement based on the ratio
of the calculated to allowable bending moment would give a maximum allowable transverse drift
of this girder during an earthquake of 38 mm.  This corresponds to a girder drift of 6.5%, which is
significantly reduced compared to the simply supported girder, but still likely to be greater than the
allowable drift in the ductile end cross frames.

Finite element analysis showed that for the continuous girder the maximum stresses were located
next to the cross frame located above the midspan support, and therefore they coincide with the
maximum stresses from gravity loading.  Consequently the potential for girder damage was
expected to be higher for continuous girders than for a typical simply supported girder.  The

Mf
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importance of evaluating the girder bending moments due to seismic loading of a bridge with
ductile end cross frames was increased for continuous girders.
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SECTION 7
DISTRIBUTION OF FORCES IN BEARINGS

7.1  Introduction

Bearings are necessary in bridges, particularly relatively long bridges, in conjunction with
expansion joints to facilitate thermal deformations and live load rotations.  Furthermore, as seismic
isolation bearings, they can be used as a form of earthquake protection for a structure.   

Steel reinforced elastomeric bearings (Fig. 2-9) were designed as typical bearings to be used at the
bridge supports.  They were fully vulcanized to masonry and sole plates to resist any uplift forces
during seismic loading.  The properties of these bearings are given in Appendix 1.  The lead rubber
bearings (Figs. 2-10 and 2-16) were designed to isolate the bridge model and modify its seismic
response.  The properties and design response of these bearings are given in Appendix 2.  The
response of the isolated bridge is focused on in a subsequent report (Carden, 2005).  However, the
isolation bearings were also transversely restrained to act as non-isolation bearings for shake table
experiments on the bridge model with different end cross frame configurations.

7.2  Capacity of Elastomeric Bearings for Extreme Events

Elastomeric bearing limits are typically specified for service loading so that when axial
compression loads are combined with other rotational and shear actions there will be no tensile
strains in the bearings.  This is to ensure longevity of the bearings, as their properties degrade more
rapidly when subjected to tensile loads for long periods of time.   However, a fully vulcanized
elastomeric bearing is able to withstand significant tensile strains for occasional extreme loading
conditions.  The AASHTO Isolation Guidelines (1999) state that the combination of shear strains
in lead rubber bearings due to axial shear and rotations should be less than the total strain limit
which may result in tensile strains during extreme combinations of shear, axial and flexural
actions.   The same requirements can be used for fully vulcanized elastomeric bearings during an
extreme seismic event.  For the case when the bearing is subjected to earthquake loading the
combination can be given by:

...7.1

where: γc is the shear strain due to compression (or tension) axial loads; γs,eq is the shear strain
due to shear deformations from seismic loads; γr is the shear strain due to rotation in the bearing
from service loads, and; γr,eq is the shear strain due to rotation in the bearing from seismic loads.
Equation 7.3 is modified from the AASHTO Isolation Guidelines to include a rotational
component due to earthquake loading.  The shear strain due to axial loads is defined by:

...7.2

where: S is the shape factor for the rubber layers (bonded area / divided by the area of the
perimeter for a single rubber layer); Pb is the axial load; Ar is the overlap of the top and bottom

γc γs eq, 0.5γr γr eq,+ + + 5.5≤

γc
3SPb

2ArG 1 2kS2+( )
-----------------------------------------=
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bonded rubber areas for a deformed bearing; G is the shear modulus of the rubber, and;  is the
rubber material constant (Malaysian, 1979).  Slender bearings should also be checked for buckling
due to axial compression loads as outlined in Appendix 2.  The shear strain due to shear in the
bearings is given by:

...7.3

where: dt is the total design shear displacement in the bearing, which will be minimal when
transversely restrained, and Tr is the total rubber height.  The shear strain due to rotation in the
bearings is defined by:

...7.4

where: Br is the bonded width or diameter of the bearing; θb is the rotation of the bearing; ti is the
individual rubber layer thickness and Tr is the total rubber thickness.

The rotations, axial forces and shear forces on a bearing are each considered in the following
sections.

7.3  Rotational Actions in the Bearings

As described in Chapter 6, the transversely restrained bearings were subjected to rotational
deformations due to the rotation of the girders about their longitudinal axes.   Because no
instrumentation was provided to measure the direct rotation of the bearings in the bridge model, an
approximation of the bearing rotation was necessary.  As the bearings were relatively flexible and
the top of the girders could also rotate due to the removal of shear studs, the rotation in each
bearing could be estimated by the lateral displacement between the top and bottom flanges of the
girders divided by the height of the girders.  The maximum translation at the ends of the girders
during reversed static experiments was equal to 29 mm. during experiment RSLXB.  The
corresponding rotation of the bearings for this displacement was equal to 0.0486 rad.  During
shake table experiments the maximum measured transverse end displacement was equal to 27 mm.
recorded during experiment STNECF.  This corresponds to a rotation in the bearing of 0.0464 rad.  

The rotational stiffness of an elastomeric bearing is defined by:

...7.5

where: EbIb defines the effective elastic properties of the bearing incorporating the shape factor,
and; Tr is the total thickness of the rubber layers.  For the elastomeric pads this equation resulted in
a reasonable estimate of the stiffness in the bridge model according the response recorded at the

k

γs eq,
dt
Tr
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ends of the bridge.  However, for the transversely restrained lead rubber isolation bearings, the
equation appeared to underestimate the actual rotational stiffness in the bearings.  It is possible that
the lead core provided some rotational stiffness to the bearing.  A stiffness calculated as three
times that using Equation 7.5 resulted in a better rotational stiffness estimate for the bearings based
on analysis of the bending moments in the bearing stiffeners, shown in Figure 6-7, which assumed
this stiffness.  To further illustrate this point, the bending moment in the bearing was assumed to
be equal to the estimated bending moment measured using strain gages near the base of the web
stiffener at different times.  This bending moment was plotted against the estimated rotation in the
bearings during increasing amplitude excitation applied to the bridge model with no end cross
frames, as shown in Figure 7-1.   The calculated theoretical stiffness using three times that
calculated from Equation 7.5, matches the backbone response for the bearings reasonably well.
This is contrary to past research into the rotational bearing stiffness for lead rubber bearings (Mori,
1999) which suggested a less than 10% difference in rotational stiffness between a lead rubber
bearings and elastomeric bearing.  Figure 7-1 shows that relationship between the bending
moments at the base of the stiffener and the bearing rotation was highly non-linear.  This non-
linearity was attributed to hysteretic behavior due to deformations in the lead core.  There was also
the possibility of some friction between the bearing restraints and sole plate of the bearing,
although analyses suggest that this was minimal. 

  

FIGURE 7-1 STNECF - Measured bending moments in base of bearing stiffener at north 
end in response to 0.25 - 1.0 El Centro compared with theoretical bearing bending 

moment

-50

-40

-30

-20

-10

0

10

20

30

40

50

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

Rotation (rad)

B
en

di
ng

 M
om

en
t (

ki
p-

in
)

-5.6

-4.5

-3.4

-2.3

-1.1

0.0

1.1

2.3

3.4

4.5

5.6
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1

Rotation (rad)

B
en

di
ng

 M
om

en
t (

kN
-m

)

Experimental Data
Theoretical



148

7.4  Axial Loads on the Bearings

Both the elastomeric bearings and lead rubber bearings were subjected to axial loads due to both
gravity loading and seismic loading.  From Chapter 2, the axial load per bearing for the reversed
static experiments on the bridge model from the weight of the bridge was equal to 33.4 kN.  For
the shake table experiments, with additional lead on the deck slab, the axial force per bearing was
85.4 kN.

Additional axial loads were applied to the bearings during the simulation of seismic loads due to
overturning moments.  The axial loads at the north end of the bridge model during laterally applied
loading for the first five cycles of experiment RSLXB are shown in Figure 7-3.  This figure
illustrates that the forces in the west and east bearings were approximately equal and opposite at
any given time with tension in the bearings being positive.  Figure 7-4 shows the same result for
the south end of the bridge model.

The axial forces were caused by an overturning moment at the end of the bridge as a result of the
transverse loads being applied at the deck slab level then being resisted by the bearing restraints at
the base on the girders.  The overturning moment was primarily resisted by  axial loads in the
bearings, as illustrated in Figure 7-5.  The expected axial load can be calculated based on the shear
in the end of the bridge and the height of the transverse earthquake load.  For a two girder bridge
the axial load, Pb, is given by:

FIGURE 7-2 Deformation of elastomeric bearing with rotation applied to bearing in 
bridge model
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FIGURE 7-3 RSLXB - Axial bearing forces at the north end for first five cycles

FIGURE 7-4 RSLXB - Axial bearing forces at the south end for first five cycles

-15

-10

-5

0

5

10

15

Time

Fo
rc

e 
(k

ip
)

-67

-44

-22

0

22

44

67

Fo
rc

e 
(k

N
)

Measured - NW Bearing
Measured - NE Bearing
Calculated - NE Bearing
Calculated - NW Bearing

-15

-10

-5

0

5

10

15

Time

Fo
rc

e 
(k

ip
)

-67

-44

-22

0

22

44

67

Fo
rc

e 
(k

N
)

Measured - SW Bearing
Measured - SE Bearing
Calculated - SE Bearing
Calculated- SW Bearing



150

...7.6

where: Ve is the shear at one support of the bridge; heff is the effective height between the applied
load from the actuators (or center of mass for the bridge for dynamic loading) and the height of the
reaction against the bearing restraint, and; sg is the spacing between the girders.  Pb is equal and
opposite for the bearings beneath the two girders. While there is, theoretically, also a bending
moment in the bearings which will help to resist the overturning moment, this bending moment
was shown to have minimal effect and can be disregarded. This equation can be modified for
multi-girder bridges with axial forces assumed to be proportional to the distance from the
longitudinal centerline of the bridge.  This implies that the forces in the bearings underneath the
exterior girders will be larger than the forces on the interior bearings for bridges with more than
two girders. 

For early cycles of the reversed static experiment RSLXB the calculated axial bearing forces were
plotted alongside the measured axial forces in each of the bearings as shown in Figures 7-3 and 7-
4.  Using Equation 7.6, and dimensions of heff equal 658 mm. and sg equal to 1340 mm, the axial
force in the bearings was expected to be equal to 0.49 times the end shear.  These figures show that
expected axial forces were generally within 20% of the measured forces.  The error could be due
some bending moments in the bearings and secondary axial forces from the actuators due to
rotation of the bridge superstructure.  

With no end cross frames for a given applied actuator force the deformations of the end region
were much larger than with end cross frames, therefore the rotations in the bearings increased and
the influence of bearing bending moment on the axial loads was expected to be larger.  Despite this
and continuing to disregard the bending moments in the bearings, Equation 7.6 was shown to
result in a good estimate of the axial forces at the north end of the bridge model, as shown in
Figure 7-6.  Figure 7-7 shows that the comparison at the south end was not as good, indicating the

FIGURE 7-5 Axial forces in bearings as a result of transverse force and overturning 
moment
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FIGURE 7-6 RSNCF - Axial bearing forces at the north end

FIGURE 7-7 RSNCF - Axial bearing forces at the south end
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bending moments had some effect.  However, it was conservative to neglect the resistance of the
bending moments in calculating the axial loads.  

The axial loads in the bearings were also estimated for the shake table experiments. With the lead
loaded on the deck slab of the bridge, the center of mass was calculated to be 11 mm. above the
deck slab.  With the transverse bearing restraints on the lead rubber bearings, heff was calculated to
be 782 mm. for the shake table experiments, as illustrated in Figure 7-8.  The relatively low
bearing stiffness for the lead rubber bearings was calculated to have minimal impact on the axial
loads in the bearings.  The measured axial forces at the north and south ends of the bridge model,
which had transversely restrained bearings during experiment STHXB, are shown in Figures 7-9
and 7-10 in the response to 2.0 x El Centro.  These figures show that the calculated expected axial
force based on the measured end shear was consistently lower than the measured axial force.
Similar results for the bridge model with no end cross frames in response to 1.0 x El Centro, are
shown in Figures 7-11 and 7-12.  The calculated axial loads are again lower than the measured
axial loads by as much as 50%.  As the statically applied loads agreed better than the shake table
experiments, it was apparent that there were additional axial loads due to a dynamic effect.

For the transversely unrestrained isolation bearings, the load path was slightly different than for
the restrained bearings.  Assuming there was no rotation at the top of the bearings due to rotational
restraint of the girders provided by elastic end cross frames, the resulting bending moments in the
bearings put the bearings in double curvature, as shown Figure 7-13.  Consequently the bending
moments at the mid height of the bearings were equal to zero.  Equation 7.6 can be used to
calculate the axial forces in the bearings with zero bending moments by summing moments about
the mid height of the bearings, resulting in an effective height of 851 mm.  The calculated and
measured axial loads for the unrestrained isolator bearings in response to 2.0 x El Centro are
shown in Figures 7-14 and 7-15.  Figures 7-14 and 7-15 show that like with the restrained

FIGURE 7-8 Axial forces in restrained bearings as a result of transverse force and 
overturning moment from shake table experiments
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FIGURE 7-9 STHXB - Axial bearing forces at the north end for 2.0 El Centro (NE load 
cell faulty)

FIGURE 7-10 STHXB - Axial bearing forces at the south end for 2.0 El Centro
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FIGURE 7-11 STNECF - Axial bearing forces at the north end for 1.0 El Centro (NE load 
cell faulty)

FIGURE 7-12 STNECF - Axial bearing forces at the south end for 1.0 El Centro

-15

-10

-5

0

5

10

15

8 9 10 11 12 13 14 15 16 17 18

Time (s)

Fo
rc

e 
(k

ip
)

-67

-44

-22

0

22

44

67

Fo
rc

e 
(k

N
)

Measured - NW Bearing
Calculated - NW Bearing

-15

-10

-5

0

5

10

15

8 9 10 11 12 13 14 15 16 17 18

Time (s)

Fo
rc

e 
(k

ip
)

-67

-44

-22

0

22

44

67

Fo
rc

e 
(k

N
)

Measured - SW Bearing
Measured - SE Bearing
Calculated - SW Bearing
Calculated - SE Bearing



155

FIGURE 7-13 Axial forces in isolator bearings as a result of transverse force and 
overturning moment from shake table experiments

FIGURE 7-14 STLRB - Axial bearing forces at the north end for 2.0 El Centro

Vb2Mb Mb

Ve

Vb1

Pb
Pb

Vb2Mb Mb

Ve

Vb1

Pb
Pb

-10

-8

-6

-4

-2

0

2

4

6

8

10

8 9 10 11 12 13 14

Time (s)

Fo
rc

e 
(k

ip
)

-67

-44

-22

0

22

44

67

Fo
rc

e 
(k

N
)

Measured - Bearing NW
Measured - Bearing NE
Calculated - Bearing NW
Calculated - Bearing NE



156

bearings, the calculated axial loads typically underestimate the loads measured in the load cells by
as much as two times.

It was observed that the axial forces in isolation bearings in response to 2.0 x El Centro were much
smaller than the forces in the restrained bridge model in response to the same earthquake.  This is
expected because the transverse shear was much larger in the restrained model.  However, for the
isolated model the maximum axial forces and axial strains in the bearings were in phase with the
maximum shear strains in the bearings.  Combined strains in the bearings were larger than strains
from the individual shear and axial components.   The impact of the combined strains can be
calculated using Equation 7.1. 

The largest axial forces in the bearings due to transverse loading measured in the bridge model
during reversed static experiments were 116 kN in tension and 151 kN in compression.   These
forces occurred during experiment RSHXB2. During shake table experiments the maximum axial
forces measured were 165 kN in tension and 209 kN in compression in response to 0.75 x Kobe for
the restrained bearings during experiment STHXB.   The  axial compression force in each bearing
due to gravity loads were much less than these levels, therefore, the axial loads resulting from the
transverse loading subjected the bearings to tensile forces or significant amplification of the
compression forces in the opposing bearings.

The previous analyses focused on a the response of the bridge in the transverse direction, as this is
the direction in which overturning moments and subsequent axial loads were expected.  In the
longitudinal direction no axial bearing forces were expected due to seismic loading, because there
was negligible overturning in this direction.  Similarly no additional forces were expected from

FIGURE 7-15 STLRB - Axial bearing forces at the south end for 2.0 El Centro
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vertical loads as the shake tables were not excited vertically.  Investigation of the axial forces in
the load cells  show that there were small axial loads in the bearings when the bridge was excited
in the longitudinal direction, as shown in Figures 7-16 and 7-17.  These forces were relatively
minor when compared to the those from transverse excitation and those from gravity loads.
However, they do show that there was some excitation of the bridge model in the vertical direction
due to longitudinal loading. 

In order to account for the larger than calculated dynamic axial forces in the bearings due to
transverse excitation, a dynamic amplification factor is proposed for these axial forces.  The
maximum calculated axial force is compared to the measured axial force for selected transverse
earthquake excitations in Table 7-1.  

This table shows a wide range of differences between the measured and calculated axial loads with
an average ratios of: 1.28 for the “heavy” cross frames, 1.90 for the bridge with no end cross
frames and 1.83 for the isolated bridge model.  Further research is necessary to determine the
cause for such a large variation, however at this stage a dynamic amplification factor of 2.0 is
recommended to account for this discrepancy.  This is conservative for all but the largest loaded
bearings, and  was exceeded by 22% in the worse case.

7.5  Shear Forces in Transversely Restrained Bearings

The transverse forces in the bridge model were resisted by bearing restraints except in the isolated
configuration.  Transverse restraints on a bridge model are typically designed with a small gap
between the bearing and the restraint.  However in an attempt to simplify the response of the
bridge model, the gap was minimized with shims so that the forces were transferred into the
bearing restraints immediately on application of transverse loading.  

TABLE 7-1 Ratio of measured maximum axial load to calculated maximum axial load in 
bearings for selected experiments

Expt. Excitation Bearing

Calculated Measured

STHXB 2.0 El Centro NW 134.55 161.37 1.20

NE 134.55 1

SW 116.29 149.83 1.29

SE 116.29 156.32 1.34

STNECF 1.0 El Centro NW 31.86 44.83 1.41

NE 31.86 1

SW 22.71 55.51 2.44

SE 22.71 41.78 1.84

STLRB 2.0 El Centro NW 22.52 40.11 1.78

NE 22.52 30.62 1.36

SW 23.04 51.17 2.22

SE 23.04 44.99 1.95

Notes: 1. Axial circuit of load cell faulty

Maximum Axial Loads (kN) Ratio Meas. / 
Calc.
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FIGURE 7-16 STLRB - Axial bearing forces at the north end for 2.0 El Centro in the 
longitudinal direction

FIGURE 7-17 STLRB - Axial bearing forces at the south end for 2.0 El Centro in 
longitudinal direction
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With the shims it was expected that the total end shear would be equally distributed between the
bearings, but the experiments demonstrated that this was not always the case.  Figure 7-18 shows
the transverse shear forces in each of the different bearings during the first reversed static
experiment with load cells under the bearings.  For early cycles of this experiment the forces were
relatively evenly distributed between the different bearings. However the last cycle shows that the
force in the east bearing at the north end of the bridge model was almost two times the force in the
west bearing.  At the south end the forces in the two bearings were similar.  The difference in
forces between the two bearings at the north end was attributed to differential slippage of the
restraints which resulted in gaps opening between the bearing and their restraints.  For the final
reversed static experiment, Figure 7-19 shows that the forces in each of the bearings were quite
different.  The largest difference occurred at the south end for negative reversal of loading, where
is it was seen that the east bearing was carrying a large proportion of the total end shear.  The
distribution of forces for positive and negative reversals was quite different as the restraints on
either side of each bearing deformed differently during the experiments.

The transverse bearing forces during shake table experiments were also variable between the
different bearings.  Figures 7-20 and 7-21 show examples of forces in the bearings for experiments
with the “heavy” and “light” cross frames respectively.  The maximum difference between the
bearings is approximately a factor of two, therefore the bearing on one side was carrying two times
the force than the bearing on the other side.  

These results show that bearings need to be designed for a greater proportion of force than equally
assumed forces in the bearings.  For the two girder bridge model forces in one bearing equal to two
times the forces in the other bearing were typical at a given support.  It is difficult to extrapolate
these results to a bridge with more girders, and a finite element analysis is not helpful for
estimating bearing force distributions.  Therefore, more experimental studies would be beneficial.
Based on these preliminary findings, in order to prevent progressive failure of bearings, restraints
could be designed with at least limited ductility, as such if one restraint is overloaded and
deformed beyond its elastic limit, the forces can be distributed to the other bearings.  If a single
bearing restraint was overloaded resulting in failure, it is possible that subsequent bearings will be
overloaded and also fail resulting in progressive failure of the bearings.  Alternatively, each
bearing restraint could be designed for the full shear at a support.  The elastic limit of the bearing
restraints was not exceeded during experiments on the bridge model therefore failure was not
observed,  however, it is has been observed in past earthquakes (Fig. 1-6).

For the end cross frames used in the bridge model, a bottom chord was provided to ensure that
forces could be distributed from the base of one girder to the other girders.  Without a bottom
chord unbalanced forces, which occur when the X-braces buckle or due to asymmetry in the
buckling restrained cross frames, would result in concentrations of shears in certain bearings.
Furthermore if one bearing is overstressed, the bottom chord is able to provide a direct load path
for redistribution of shears to the other bearings.  Therefore use of this type of bottom chord is
recommended.

7.6  Combined Actions in the Bearings 

For the elastomeric bearings in the bridge model some separation between the masonry plate and
elastomer was observed at the edges of the bearing with a large combined tensile and rotational
strains (Fig. 7-2).  Despite this, no delamination was observed in the remainder of each bearing,
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FIGURE 7-18 RSHXB2 - Transverse shear forces in bearings

FIGURE 7-19 RSLXB - Transverse shear forces in bearings
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FIGURE 7-20 STHXB - Transverse shear forces in bearings in response to 2.0 El Centro

FIGURE 7-21 STLXB - Transverse shear forces in bearings in response to 2.0 El Centro
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likewise, no damage was observed in the lead rubber bearings at large combined strains from axial,
shear and rotational actions.  

For the bridge model with elastomeric bearings, the axial load on each bearing (without lead as in
the reversed static experiments) was 151 kN.  The resulting maximum shear strain in the bearing
due to compression was 0.87,  easily below the allowable design shear strain for axial load alone of
2.5 (AASHTO, 1999).  For the transversely restrained bearings the shear strain was close to zero
and the rotation due to service loads was assumed to be equal to zero.   Using Equation 7.1 the
resulting allowable maximum shear strain due to rotation was 4.63,  giving an allowable rotation in
the 13 mm thick layer of the bearings of 0.044 (Eq. 7.4).  Assuming the rotation was distributed
into the different rubber layers according to their stiffnesses, 66% of the rotation will be
concentrated in the 13 mm thick layer.  Therefore the total rotation in the bearing would be 0.066
which corresponds to a girder drift of approximately 6.6%.  Accordingly these reinforced
elastomeric bearings were expected to accommodate large rotations necessary for ductile end cross
frames.  Due to their height, the lead rubber bearings were able to accommodate rotations much
greater than in the elastomeric bearings.

7.7  Distribution of Forces between Supports

For the simply supported bridge model it was expected that the reactions at the two ends of the
bridge, and consequently the forces in the end cross frames, would be equal in response to
transverse loading because the bridge was statically determinate.  The reversed static experiments,
with the exception of the first experiment, were controlled so that there were equal forces in each
actuator.  Therefore by equilibrium, due to symmetric loading, it was expected that the forces at
the ends of the bridge model would also be equal, despite the potential for one end to be more
flexible than the other.  The shears at each end of the bridge for experiment RSHXB2 are shown in
Figure 7-22.  This figure shows that all of the forces are equal to within 15%.  The differences
could be due to instrumentation error and some partial rotational restraint in the certain bearings
resulting in an unbalance of forces between the ends.  A similar result is shown for the shake table
experiments as shown for example in Figure 7-23.

The bridge model with a support at midspan was not statically determinate therefore the
distribution of forces was not only dependent on the distribution of loading but also on the relative
stiffness throughout the bridge model.  For a uniform loading and stiffness throughout the two
span bridge model it was expected that the reactions should be proportioned with 62% of the load
at midspan and 19% at each of the end supports.   However unlike the statically determinate
simply supported model relative stiffnesses could result in a different distribution of forces.  The
two span bridge model was studied with unbonded braces at each support.  When the bridge model
was subjected to low amplitude excitations, as shown in Figure 7-24, the relative forces were
shown to be approximately equal to the above proportions.  For experiment STUB2S in response
to 0.5 x El Centro at the maximum measured base shear the forces were proportioned with 23% at
the north end, 63% at midspan and 18% at the south end.  Note that the combined shears at the
three supports summed to 104%, resulting because the maximum end shears occurred at different
times.  This indicates the presence of a second transverse mode which can explain the difference in
shears at the two ends.  The effect of the second mode can be considered minimal as the combined
ends shears were only 4% greater than the total shear expected for a single mode.
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FIGURE 7-22 RSHXB2 - End shear forces measured in the load cells

FIGURE 7-23 STLXB - End shear forces measured by the load cells in response to 2.0 El 
Centro
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FIGURE 7-24 STUB2S - End shear forces measured by the load cells in response to 0.5 El 
Centro
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SECTION 8
ANALYTICAL MODEL TO REPRESENT THE STEEL GIRDER BRIDGE 

SUPERSTRUCTURE

8.1  Introduction

Based on the identification and discussion of all the critical components in the transverse seismic
load path a simplified analytical model was developed which was intended for use in non-linear
modeling of the bridge model and also to provide a methodology for analysis and design of steel
plate girder bridges.  

8.2  Description of the Model

Itani and Sedarat (2000) showed that analytical models with the superstructure modeled using a
series of frame elements with lumped masses at discrete locations along the superstructure could
capture the dynamic properties of a steel plate girder bridge.  This concept was used to develop
analytical models for different configurations of the bridge model.  The development of a
simplified model in this chapter deals with only those properties modeled as equivalent linear
elastic properties.  The insertion of non-linear X-braces, unbonded braces and bearings is
discussed in a subsequent report (Carden, 2005).  The model was generated in SAP2000 v8.30
(Computer and Structures, 2003).

The analytical model developed is illustrated in Figure 8-1 (without end cross frames).  The
superstructure was modeled using frame elements spanning between the two ends of the model,
with the properties reflecting those equivalent section properties that were necessary in the
capturing the overall transverse response.  The important properties were the moment of inertia
about the vertical axis and torsional stiffness about the longitudinal axis of the bridge.  The cross
sectional area and moment of inertia about the horizontal axis were assumed to be infinitely large
values as these properties had no affect on the transverse seismic response.  The shear areas were
also assumed to be rigid as shear deformations can be shown to be small.  

In order to model the translational stiffness of the bridge the height of the superstructure is
inconsequential.  However, in order to model the axial forces in the bearings it is necessary to
model the mass of the bridge at the center of mass in order to generate the correct overturning
moment that is resisted by the bearings.  Furthermore, in order to appropriately model torsion in
the bridge the eccentricity between the center of mass and shear center should be correctly
modeled.   Thus, the frame elements used to model the superstructure were located at the height of
the shear center, as illustrated in Figure 8-1,  in order to allow the loading to be applied at the same
level as the actual loading, and result in the same translation and rotation as in the bridge model.
The weight of the bridge in the analytical model was assumed to be lumped at the ends and five
intermediate locations along the bridge.  It was located at the height of the calculated center of
mass, connected to the superstructure elements through rigid links.

In order to test the validity of this analytical model a two girder bridge superstructure was
analyzed, similar to the bridge model, but with a couple of modifications to eliminate the effects of
deck slab cracking and partial composite action.  Both detailed finite element model and simplified
analytical model were generated for this assumed bridge.  The deck slab was assumed to be
constructed from steel with a thickness of 12 mm, the same as that for the gross transformed deck
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slab section.  The connection between the deck slab and the girders was assumed to be with a rigid
steel plate rather than the shear studs.  The cross section was braced with axially rigid cross frames
at each of the cross frame locations in the bridge model to minimize section distortions.  As for the
actual bridge model the clear length of the bridge was assumed to be 18.0 m.  The end restraints
allowed rotation about the vertical axis but the rigid braces restrained any deformation or
distortion at the ends.  Bearings were also used to prevent lateral and vertical translations and end
rotations about the longitudinal axis.  The detailed finite element model was similar to that shown
in Figure 3-38, while the simplified model was like that in Figure 8-1.  The moment of inertia
about the vertical axis was calculated as 68600 in4(Eq. 4.1).  The torsional moment of inertia,
assuming it can be calculated from the sum of torsional stiffnesses of the plates, was calculated as
80.0 x 106 mm4(Eq. 4.2).  The shear area was assumed to be equal to the area of the deck slab
(29100 mm2). 

The center of mass of the above section was calculated at a height of 168 mm. below the centroid
of the deck slab.  The shear center was calculated at a height of 156 mm. above the centroid of the
deck slab (Eq. 4.7), resulting in an eccentricity between the shear center and center of mass of 324
mm.  Analysis of the detailed finite element model showed that zero rotation was calculated in the
bridge model when a lateral load was applied at a height of 314 mm above the center of mass of
the bridge, therefore compared to within 6% of the calculated shear center eccentricity.  A unit
transverse force and unit torque about the shear center were each applied to the simplified and
detailed finite element models.  The resulting displacements due to shear deformation and flexural

FIGURE 8-1 Illustration of simplified non-linear analytical model of bridge
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deformation were 0.095 and 0.009 mm. respectively, calculated by assuming infinitely large
flexural and shear stiffnesses respectively in the analytical model.   The shear displacement was
shown to be around 10% of the flexural displacement in the this model.  The total transverse
displacement from the analytical model (0.103 mm) was within 6% of the total transverse
deformation in the detailed finite element model (0.109 mm).  However, the torsional
deformations as a result of the torque applied to the bridge, did not agree nearly so well.  The
detailed finite element model was found to have rotations of around 40% of those in the simplified
model.  This was attributed to warping not being included in the elements used to model the
superstructure of the simplified bridge model.  In order to correct for the effect of warping the
torsional moment of inertia for the simplified bridge model needed to be amplified by 250%. 

For the actual bridge model slippage in the connection between the deck slab and the girders and
cracking in the deck slab complicated the properties of the superstructure.  Therefore equivalent
properties were found by calibrating stiffnesses with the experimental data.  Assuming no deck
slab cracking and slippage between the deck slab and the girders, the moment of inertia about the
vertical axis for the equivalent transformed section was 26.6 x 109 mm4, and a torsional moment
of inertia using Equation 4.2 was 79.1 x 106 mm4.  The moment of inertia for the bridge model
was found to be considerably less than that calculated using the gross area properties.  As with the
modified model assumed above, the torsional moment of inertia calibrated for the bridge model
was greater than that calculated.  

8.3  Calibration of the Simplified Finite Element Model to the Experimental Model

As described in Chapter 4, the stiffness of the superstructure decreased considerably during the
first experiment on the bridge model. Therefore different effective stiffnesses were assumed for
the different cycles of loading in order to generate a backbone curve for the midspan translation
and rotation which matched those from the simplified and detailed  models.  The resulting
backbone curves are illustrated in Figures 8-2 and 8-3, and are shown to match the measured
response well.  The resulting effective moment of inertia and torsional moment of inertia for the
bridge model, as loading was increased, are plotted in Figure 8-4.  At the beginning of the
experiment the deck slab was modeled with 40% of the gross section moment of inertia.  This
allows for initial shrinkage cracking and slippage in the connection between the deck slab and the
girders.  The moment of inertia degraded to a value of around 20% of the gross value after large
lateral loads were applied which resulted in a deterioration of the bridge deck slab.  The effective
torsional moment of inertia started at 2.5 times the calculated values and degraded by a similar
amount as the effective moment of inertia to 1.3 times the calculated torsional moment of inertia.
The initial values were considered to be most likely to represent the properties of a typical bridge
during an earthquake as large transverse loads caused the deck slab to be deformed repeatedly, at
amplitudes in excess of those likely in a normal bridge during an earthquake.

For the second experiment a constant moment of inertia equal to 20% of the gross section moment
of inertia and a torsional moment of inertia equal to the value 130% of the calculated value was
assumed.  For subsequent experiments, as the properties stabilized, the moment inertia was
assumed to be 12% of the gross moment of inertia and a torsional moment of inertia of 130% of
that calculated was used.  All transverse deformation was assumed to be flexural with transverse
shear deformations not considered.  The torsional flexibility was shown to affect the effective
period for the first mode of the bridge model by only 5% therefore a large nominal value could
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FIGURE 8-2 RSHXB1 - Backbone curve for displacement of deck slab at midspan

FIGURE 8-3 RSHXB1 - Backbone curve for rotation of superstructure at midspan
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have been assumed for the torsional moment of inertia with little change in dynamic behavior.
The response of the bridge model during the different experiments is further compared to the
analytical model in a subsequent report during parametric studies.

The properties of the end regions were modeled using the properties of the girders, shear studs and
bearings developed in this chapter.  Rigid links were used to distribute forces from the shear center
and superstructure elements to the top flange of girders.  A top chord  was modeled as rigid in
order to distribute forces between the top flanges of the girders and attach an element to model the
transverse stiffness of the girder.  A bottom chord was also modeled as axially rigid but with pin
ended connections to compare with those in the bridge model.  It was assumed that damage to the
shear studs made one and two rows of studs ineffective at the south and north ends respectively
during reversed static experiments.  Three and four rows of studs were assumed to be ineffective at
the south and north ends respectively during shake table experiments.  Appropriate springs were
modeled at the top of the girders to allow for the shear studs as calculated using the appropriate
model from Table 6-2.   The girder stiffness was modeled as a non-linear link element placed
between the top and bottom chords able to deform in shear with a prescribed stiffness as based on
the corresponding model in Table 6-2.  The bearing stiffeners were assumed to have purely
flexural behavior with deformations confined to the plane of the cross frames.  The moment of
inertia was calculated using Equation 4.1, as also given in Table 6-2 multiplied by the elastic
modulus.  The properties of the bearings were based on the design properties given in Appendices
1 and 2 for the elastomeric pads and lead rubber bearings respectively.  For the transversely
restrained bearings only the rotational stiffness was quantified with the transverse and axial
stiffnesses assumed to be nominally high values.  Assuming the design axial stiffness was shown

FIGURE 8-4 RSHXB1 - Degradation in the effective moment of inertia and torsion 
constant for the bridge model during the first experiment
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to result in minimal change in response, and consequently the added complexity of including it in
the model was not warranted.  

Damping was defined in the bridge model as Rayleigh damping with mass and stiffness
proportional coefficients defined by 5% viscous damping at periods of 0.1 and 1.0s respectively.
This resulted in equivalent viscous damping ranging between 3% and 7% for   structural periods in
the range of interest for the bridge model between 0.1 and 1.5 s.  The Rayleigh damping was in
addition to the hysteretic damping provided by the non-linear components in the end regions
where appropriate.

The shear center for the bridge model was calculated to be 242 mm. above the deck slab of the
bridge, for all models after the properties were assumed to have stabilized, and was shown to be
close to the measured location from the detailed finite element model.  Therefore the eccentricities
in height between, the shear center and the load point for reversed static experiments, or the center
of mass for shake table experiments, were determined (335 mm and  231 mm respectively). 

The weight of the finite element model was assumed to be equal to the measured weight of the
bridge model (341 kN) including added lead, as described in Chapter 2, lumped at the ends and
five intermediate locations along the bridge model.  It was located at a height 231 mm below the
shear center of the bridge at the estimated height of the center of mass.

8.4  Comparisons of Analytical Model with Detailed Finite Element Model

Dynamic properties including the natural periods for the first three transverse modes and the value
of α to describe the mode shape of the first transverse mode of different configurations of the
bridge model, based on the detailed finite element model, were given in Table 3-7.  The mass
modal participation factors for each of the corresponding modes were given in Table 3-8.
Comparable dynamic properties for the analytical model are given in Tables 8-1 and 8-2. The
natural period for the first and third modes are shown to compare well between the detailed and
analytical models.  However the second mode, that is the mode for which the bridge model “rocks”
on the bearings as illustrated in Figures 3-41 and 3-42, is not present in the simplified finite model.
This has little consequence in most of the models, particularly those which have relatively flexible
end conditions, as the second mode has little associated modal mass as indicated in Table 3-8.  For
the models with relatively rigid end cross frames, the participation of the second mode is not
trivial, however, for the systems used in this study in which the ends were designed to yield, the
effective contribution of the second mode was expected to be small.  Therefore, with the
appropriate non-linear elements, the simplified model was expected to capture the non-linear
response of the bridge model with reasonable accuracy.  

This simplified model was used to simulate both reversed static and shake table experiments, with
the properties of the model varied as necessary for the different configurations of the bridge
model, as described in the subsequent report (Carden, 2005).
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TABLE 8-1 Natural Periods for Three Transverse Modes of Simplified Analytical Model

TABLE 8-2 Modal Mass Participation Factors for Three Transverse Modes of Simplified 
Analytical Model

Experiment Series Modeshape

Mode 1 Mode 2 Mode 3  Alpha1

LRBs 0.58 - 0.15 0.48

LRBs (2 Span) 0.41 - - -

0.41 - 0.08 0.90

0.40 - 0.07 0.95

0.14 - 0.06 -

0.74 - 0.17 0.29

0.40 - 0.07 0.96

Notes: 1.  Alpha given for mode 1

2. The second mode was not captured by the analytical model.

No End Cross Frames

"Heavy" X-Braces

Unbonded Braces

Natural Period (s)

"Light" X-Braces

Unbonded Braces (2 Span)

Experiment Series

Mode 1 Mode 2 Mode 3 Sum

LRBs 100 - 0 100

LRBs (2 Span) 98 - - 98

82 - 15 97

79 - 13 92

88 - 2 90

98 - 1 99

79 - 12 91

Notes:   1. The second mode was not captured by the analytical model.

Unbonded Braces (2 Span)

No End Cross Frames

"Heavy" X-Braces

Mass Participation Factor (%)

Unbonded Braces

"Light" X-Braces
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SECTION 9
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

9.1  Summary

Past earthquakes showed that critical components in the transverse load path of a steel girder
bridge superstructure need to be explicitly designed for seismic loads to ensure the desired
performance is achieved.  The experimental and analytical study described in this report identifies
the critical components and quantifies the seismic actions to which they are subjected.

Section 2 describes prototype four and two girder bridges used to derive properties for a 2/5th scale
model of a two girder 18 m long bridge used in experiments.  The properties of the bridge model
are described as well as instrumentation and simulation of earthquake loading.

The transverse response of the bridge model was investigated during reversed static and shake
table experiments in Chapter 3.  While the end cross frames remained elastic, the deformation in
the bridge model was largely due to flexural-torsional deformation along the span, with the shear
center located above the deck slab of the bridge.  When the end cross frames were removed the
deformation was concentrated in the ends of the bridge.  The response of the bridge model with no
end cross frames was comparable to that of the isolated bridge model, highlighting the potential
for using flexible ductile end cross frames to help protect a bridge from transverse earthquake
excitation.  Two span configurations resulted in a much higher superstructure stiffness with
deformations concentrated more in the end cross frames or isolation system.  Fourier analysis
compared the measured bridge response with the finite element response and correlated well.
Modal participation factors from the calibrated finite element analysis showed that for the isolated
bridge model and bridge model with no end cross frames over 90% of the mass was concentrated
in the first mode.  For the bridge model with end cross frames, the second mode also made a large
contribution.  This is due to the axially flexible lead rubber bearings resulting in a “rocking” mode.
With more flexible cross frames the first mode contribution increased, and as such, a design
procedure based on the first mode deformation was expected to accurately capture the bridge
response with ductile end cross frames.  A sine sweep showed that the experimental properties of
the isolated bridge model were close to the calculated properties although equivalent viscous
damping was overestimated by the initial calculations. 

Each component in the transverse seismic load path of the bridge model, except special ductile
components, is investigated in Chapters 4 to 7.  The flexural properties of the deck slab were
critical in calculating the transverse stiffness of the bridge model.  Effective stiffnesses for the
deck slab as low as 15% of the gross slab stiffness were calculated for the bridge model based on a
calibrated finite element analysis.  The low stiffness can be explained as the bridge model was also
subjected to much higher deck slab stresses than likely in most bridges during a seismic event,
thereby causing extensive cracking and yielding of some of the deck slab reinforcement.
However, even at low levels of transverse loading the deck slab stiffness was less than 50% of the
gross deck stiffness.  The level of composite action also played an important role in the response of
the bridge. The simplified model was calibrated to the experimental data with an effective moment
of inertia for the superstructure starting 40% of the calculated gross moment of inertia.  This
reduced to a level of 12% after several experiments.  While the effective transverse moment of
inertia was much lower than the gross value, the effective torsional moment of inertia was found to
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be greater than that calculated using an assuming torsional moment of inertia for an open cross
section.  This was attributed to the effects of warping in the section.

Observed damage to the shear connectors at the ends of the bridge were explained by large
concentrations of forces in the studs located above the supports, with transverse longitudinal and
vertical forces observed in the studs.  The composite top chord which connected the cross frames
to the deck slab was seen to be effective in providing a transverse load path for forces from the
deck slab into the end cross frames, which are shown in Chapter 5 to carry almost all of the
transverse loading, with minimal forces in the intermediate cross frames.  

In Chapter 6 equations are developed to quantify the lateral stiffness of the girders incorporating
the effect of shear studs, bearings, stiffeners and girder properties.  The deformation capacity of
the girders was also calculated for consideration in designing ductile end cross frames.  The level
of estimated bending moments in the girders of the bridge model showed that the simply supported
girder could withstand very large drifts of up to 18%.  For the continuous girder configuration the
drift level was reduced to around 6%, which is still likely to be greater than the allowable drift in a
ductile end cross frame system.  Removing the shear studs allowed the top of the girder to rotate
relatively freely enabling these large drifts in the girders.   

Chapter 7 shows that the bearings were subjected to axial loads, flexural and transverse shear
actions.  The elastomeric bearings were capable of accomodating the combined strain
requirements from these actions. Rotations in the bearings during experiments with large girder
drifts were within the allowable limits when the shear strains due to rotation were combined with
the axial shear strains based on the AASHTO isolation guidelines.  Axial forces in the bearings
were found to be an important consideration because tensile forces were observed in the bearings
under the most severe loading.  The axial forces were higher than calculated based on equilibrium
of the end region during dynamic loading and consequently, based on the data from this series of
bridge experiments, an amplification factor of 2.0 is recommended in calculating the overturning
moments.  The calculated allowable forces based on maximum shear strains were shown to be
conservative for bearings in the bridge model compared to measured forces.

Combining the properties of each of the critical components into an analytical model, described in
Chapter 8, shows that the response of the bridge could be reasonably captured.  As such, this
model is used to simulate the response of the bridge with non-linear components (Carden, 2005).

9.2  Conclusions

The conclusions from the study described in this report are:

• The transverse deformation of a steel girder bridge superstructure is described by a flexural
and torsional mode, with the shear center located above the bridge deck.

• The deck slab stiffness is lower than the gross stiffness even at low levels of earthquake
loading with the bridge model having a stiffness equal 40% of the gross stiffness reducing to
15% after a number of increasing amplitude loads.

• The number shear connectors between the deck slab and the girders affects the transverse
stiffness of the superstructure.  
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• The shear studs at the ends are critical in transferring the transverse seismic forces from the
deck slab into the steel superstructure.  A top chord connecting the deck slab to the end cross
frames was found to be effective in transferring these forces in the absence of sufficient studs
on top of the girders.  The shear studs near the ends of the girders also resist rotation at the
top of the girders.

• The end cross frames at each support carry the majority of transverse loads with intermediate
cross frames having minimal contribution.

• The region of the girders near the supports provide a significant conribution to the transverse
stiffness to the end cross frames. The stiffness can be calculated by a simplified model that
considers the connection between the deck slab and top flange, bearing stiffeners, rotational
bearing stiffness and torsional girder stiffness. The girder stiffness is not critical in the elastic
response of the cross frames but is critical in evaluating the performance of ductile end cross
frames.

• With appropriate details at the support regions of the girders, including elimination of shear
studs in localized regions, the girders can be designed for very large drifts in excess of 6% of
the girder height.

• The bearings are also critical in the transverse load path, with axial, rotational and shear
actions in the bearings.

• Axial loads were attributed to overturning of the superstructure due to transverse
loading, although, the measured axial loads were larger than calculated. 

• Rotational actions were due to deformation of the girders where large translations were
allowed in the cross frames.

• Shear forces were not evenly distributed between the bearings due to variation in the
properties of the shear restraints.

9.3  Recommendations

As a result of studying the transverse load path of steel plate girder bridges, constructed from
straight unskewed I-girders, the following is recommended:

• The stiffness of the superstructure is notably lower than the stiffness calculated from gross
section properties.  A transformed section using concrete properties of no more than 0.4
times the gross cross sectional properties should be considered in modelling the
superstructure of a steel girder bridge.

• The shear connectors at the supports of a girder, within a length tentatively equal to the depth
of the girder, should be designed to transfer the full end shear into the end cross frames.
Alternatively, a top chord in end cross frames connected to the deck through shear
connectors can be designed to transfer the shear into the end cross frames.

• The end cross frames should be designed to carry the full transverse end shear.  The
contribution of the intermediate cross frames can be neglected.
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• The region of the girders near the supports should be considered in a ductile design of the end
cross frames.  This is discussed further in the second report (Carden, 2005).

• The bearings should be design for combined actions.  As the dynamic axial loads on the
bearings were larger than calculated, probably due to higher mode effects such as vertical or
coupled torsional modes.  Until further study can provide further insight into the dynamic
effect of these forces, an amplification factor of 2.0 for the calculated axial loads is
recommended.  The rotational actions can be designed for based on the girder drift.  The
bearings or transverse restraints should also be designed to accomodate non-uniform
transverse shear forces.  This can be achieved through details with limited ductility and cross
frames designed to redistribute the forces between bearings if necessary.  Alternatively, the
bearings could each be designed to carry the full end shear.

Further investigation of ductile components to reduce the elastic seismic demand in a steel girder
bridge superstructure and further analysis and design provisions are investigated in a subsequent
report (Carden, 2005).
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APPENDIX A.  PROPERTIES OF ELASTOMERIC BEARINGS IN BRIDGE 
MODEL
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Ts 2 ts⋅= Ts 3= mm

Total height:

H Tr1 Tr2+ Ts+= H 28= mm

Length and width:

Bb1 279= mm

Bb2 184= mm
Area of bearing:

Ab Bb1 Bb2⋅= Ab 51336= mm2

The bonded area is approximately equal to the total area of the bearing.

At Ab= At 51336= mm2

Bt1 Bb1= Bt1 279= mm

Bt2 Bb2= Bt2 184= mm

Bearing Properties

A summary of the bearing properties are described below.

Rubber properties:

G 860= kPa

E 4 G⋅= E 3440= kPa Typical (AASHTO 1999)

kbar 0.65= From Natural Rubber Bulletin
(Malaysian 1979)

Rubber layers, there are two different rubber layer thicknesses:

ti1 6= mm

nr1 2=

ti2 13= mm

nr2 1=

Tr1 ti1 nr1⋅= Tr1 12= in

Tr2 ti2 nr2⋅= Tr2 13= in

Shims and top and bottom embedded plates:

ts 1.5= mm
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Rotation

fb1 1 0.74 S1
2⋅+= fb1 64.2=

fb2 1 0.74 S2
2⋅+= fb2 14.5=

Eb1 E fb1⋅= Eb1 220765= kPa

Eb2 E fb2⋅= Eb2 49734= kPa

Iby
Bt1 Bt2

3⋅

12
= Iby 1.45 108×= mm4 Used total bearing width to 

calculate I

kθby
10 9−

Tr1
Eb1 Iby⋅

Tr2
Eb2 Iby⋅

+

= kθby 459= kNm

Stiffness Properties

Axial

S1
Ab

2 Bb1 Bb2+( )⋅ ti1⋅
= S1 9.24=

S2
Ab

2 Bb1 Bb2+( )⋅ ti2⋅
= S2 4.264=

E1 E 1 2 kbar⋅ S1
2⋅+( )⋅= E1 385227= kPa

E2 E 1 2 kbar⋅ S2
2⋅+( )⋅= E2 84767= kPa

ka
10 6−

Tr1
E1 At⋅

Tr2
E2 At⋅

+

= ka 278= kN/mm

Shear

ks
G At⋅ 10 6−⋅

Tr1 Tr2+
= ks 1.77= kN/mm
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Axial Strain due to Dead Load

Check the bearing strains for axial loads:

Pb 33.4= kN

Ar Ab= Ar 51336= mm2

γc1
3 S1⋅ Pb⋅ 106⋅

2 Ar⋅ G⋅ 1 2 kbar⋅ S1
2⋅+( )⋅

= γc1 0.094=

γc2
3 S2⋅ Pb⋅ 106⋅

2 Ar⋅ G⋅ 1 2 kbar⋅ S2
2⋅+( )⋅

= γc2 0.196=

Strain limit:

γc 2.5< OK for dead load
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APPENDIX B.  PROPERTIES OF LEAD RUBBER BEARINGS FOR BRIDGE 
MODEL
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mm

tp 13= mm

Total height:

H Tr nr 1−( ) ts⋅+ 2 tp⋅+= H 113= mm

Total rubber diameter including cover:

Bt 178= mm

Thickness of cover:

tc 13= mm

Bonded width:

Bb Bt 2 tc⋅−= Bb 152= mm

Total and bonded areas:

At
π Bt

2⋅

4
= At 24885= mm2

Ab
π Bb

2⋅

4
= Ab 18146= mm2

 
Bearing Properties   

A summary of the bearing properties are described below.

Rubber properties:
G 430= kPa

E 4 G⋅= E 1720= kPa Typical (AASHTO 1999)  

kbar 0.86= From Natural Rubber Bulletin
(Malaysian 1979)

Rubber layers:

ti 6.0= mm

nr 10=

Tr ti nr⋅= Tr 60= mm

Shims and top and bottom embedded plates:

ts 3.0= mm

Ts nr 1−( ) ts⋅= Ts 27=
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Seismic Response

The seismic response of the bearings is calculated for the following seismic demand.

Acceleration and site coefficients:

S 1.5= (AASHTO 1999)

A 0.4=

Average axial load on bearing:

Wi 89= kN/bearing 

Calculated bi-linear properties:

ks
G Ai⋅

Tr
10 6−⋅= ks 0.170= kN/mm

kl
Gl Ac⋅

Tr Ts+( ) 10 6−⋅= kl 1.695= kN/mm

kdi ks= kdi 0.17= kN/mm

ku kl ks+= ku 1.86= kN/mm

Lead core diameter:

Bc 38= mm
Check limits on diameter:

Bc
Bt
6

> Bc
Bt
3

< Limits OK

Core area:

Ac
π Bc

2⋅

4
= Ac 1134= mm2

Total bearing area excluding the core:

Ai At Ac−= Ai 23750= mm2

Shear modulus of lead:

Gl 130 103⋅= kPa

Yield strength of lead:

τy 9.7 103⋅= kPa (Buckle 1978)
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s

β i
2 Qdi⋅

π Fd⋅
= β i 0.335=

B 1.77=

di
157 A⋅ S⋅ Teff⋅

B
= di 53= mm

Final calculated displacement matches the initial displacement estimate for final iteration. The 
effect of torsion in the bridge is not considered.

Buckling and Rollover

The calculated critical buckling load, following procedure by Buckle (2002), is: 

S
Ab

π Bb⋅ ti⋅
= S 6.33=

R ks H⋅= R 19.2= kN

fb 1 0.67 S2⋅+= fb 27.87=

Eb E fb⋅= Eb 4.79 104×= kPa

Fy τy Ac⋅ 10 6−⋅= Fy 11.0= kN

Qdi Fy 1
kdi
ku

−
⎛
⎜
⎝

⎞
⎠

⋅= Qdi 10.0= kN

Response of isolation system:

Estimate di 53= mm

Fd Qdi kdi di⋅+= Fd 19.0= kN

keffi
Fd
di

= keffi 0.359= kN/mm

g 9.81= m/ s2

Teff 2 π⋅
Wi

g keffi⋅ 103⋅
⋅= Teff 1.00=
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Check critical buckling load at 1.5 x design displacement:

di.max 1.5di= di.max 80= mm

δ 2 acos
di.max

Bb

⎛
⎜
⎝

⎞
⎠

⋅= δ 2.037=

Ar
Bb

2

4
δ sin δ( )−( )⋅= Ar 6605= mm2

Ar
Ab

0.364=

Pcr
Ar
Ab

Pcro⋅= Pcr 93.6= kN

This is the critical buckling load for at 1.5 times the design displacement.  The average 
axial load applied to the bearings is: 

Pb.ave Wi= Pb.ave 89= kip

Therefore applied axial load is just less than calculated buckling load and bearing is OK for 
buckling. 

Bearing should be OK for rollover as the plates are fully vulcanised to the rubber.

Ib
π Bt

4⋅

64
= Ib 4.9 107×= mm4

assuming the total bearing width.

kθb
Eb Ib⋅

Tr
10 9−⋅= kθb 39.4= kNm 3 kθb⋅ 118= kNm

T kθb H⋅ 10 3−⋅= T 4.45= kN/m2 

Pe
π

2 T⋅

H2
106⋅= Pe 3439= kN

Pcro R Pe⋅= Pcro 257= kN

This is the critical buckling load for an undisplaced bearing.
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δ 2 acos
di
Bb

⎛
⎜
⎝

⎞
⎠

⋅= δ 2.43=

Ar
Bb

2

4
δ sin δ( )−( )⋅= Ar 10232= mm2

γc2
3 S⋅ Pb.max⋅ 106⋅

2 Ar⋅ G⋅ 1 2 kbar⋅ S2⋅+( )⋅
= γc2 3.49=

Rotational strain:
γr 0=

Strain limits:

γc 2.5< γc1 1.55= OK for zero displacement

γc2 3.49= Violated

Note that this is limit is violated by the axial strain at the design tranverse displacement. This 
suggests that instability is possible.  However, the previous buckling analysis shows that the 
bearing was stable for buckling in excess of 1.5 times the design displacement, therefore the 
strain limit appears conservative when a lateral displacement is considered.

γc γs.eq+ 0.5γr+ 5.5< γc2 γs.eq+ 0.5γr+ 4.376=  OK

Bearing Rubber Strains

Shear strain due to shear deformation at design displacement (AASHTO 1999):

γs.eq
di
Tr

= γs.eq 0.886=

Shear strain due to axial load at zero displacement:

Ar Ab= Ar 18146= mm2

γc1
3 S⋅ Pb.ave⋅ 106⋅

2 Ar⋅ G⋅ 1 2 kbar⋅ S2⋅+( )⋅
= γc1 1.55=

Axial strain at design displacement:

heff 33.5= heff 33.5= mm

sg 52.83= sg 52.8= mm

Pb.max Wi 2 Fd⋅
heff
sg

⋅+= Pb.max 113= kN
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APPENDIX C.  LIST OF SHAKE TABLE SIMULATIONS
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No. Time Level Earthquake Comp. Notes

Table1 Table2 Table3
Lead Rubber Bearings - Single Span - 12/03/02

1 11:45 1.0 White Noise long x x
2 11:52 1.0 White Noise trans x x
3 11:56 1.0 White Noise bi x x
4 2:02 0.25 El Centro long NS NS Not Recorded
5 2:04 0.25 El Centro long NS NS
6 2:11 0.25 El Centro trans NS NS
7 2:14 0.5 El Centro long NS NS
8 2:16 0.5 El Centro trans NS NS
9 2:22 0.75 El Centro long NS NS
10 2:24 0.75 El Centro trans NS NS
11 2:27 1.0 El Centro long NS NS
12 2:30 1.0 El Centro trans NS NS
13 2:49 1.0 El Centro long Soil Soil
14 2:52 1.0 El Centro trans Soil Soil
15 2:59 1.0 El Centro bi NS/EW NS/EW
16 3:01 1.0 El Centro bi EW/NS EW/NS
17 3:04 1.0 El Centro long NS Soil
18 3:07 1.0 El Centro trans NS Soil
19 3:14 1.0 El Centro long Soil NS
20 3:17 1.0 El Centro trans Soil NS
21 3:22 1.0 White Noise long x x
22 3:31 1.0 White Noise trans x x
23 3:34 1.0 White Noise bi x x
24 3:38 2.0 White Noise trans x x

25 4:15 4.0 White Noise bi x x Pump shutdown - 
disregard data

26 4:20 4.0 White Noise bi x x

27 4:44 0.025 Sinesweep trans x x 0.33-30 Hz - Magnitude in 
g

28 4:46 0.05 Sinesweep trans x x
29 4:48 0.075 Sinesweep trans x x
30 4:50 0.1 Sinesweep trans x x
31 4:54 0.1 Sinesweep trans x x
32 4:57 0.15 Sinesweep trans x x

Lead Rubber Bearings - Single Span - 12/04/02
33 10:19 1.25 El Centro long NS NS
34 10:21 1.25 El Centro trans NS NS
35 10:32 1.5 El Centro long NS NS
36 10:35 El Centro trans NS NS
37 10:40 1.75 El Centro long NS NS
38 10:42 1.75 El Centro trans NS NS
39 10:44 2.0 El Centro long NS NS
40 10:46 2.0 El Centro trans NS NS
41 11:04 1.5 El Centro long Soil Soil
42 11:09 1.5 El Centro trans Soil Soil

43 11:11 2.0 El Centro bi NS/EW NS/EW Pump Shutdown - 
disregard data

44 11:25 2.0 El Centro bi NS/EW NS/EW

Excitation - Long/Trans

Test Record - Shake Table Expts. on Bridge Model with LRBs
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No. Time Level Earthquake Comp. Notes

Table1 Table2 Table3
45 11:28 2.0 El Centro bi EW/NS EW/NS

46 11:31 2.0 El Centro long NS Soil Buckling of bearing 
observed

47 12:18 1.0 White Noise long x x
48 12:20 1.0 White Noise trans x x

49 2:35 1.5 El Centro long NS Soil Buckling again observed

50 3:39 0.25 Sylmar long NS NS
51 3:42 0.25 Sylmar trans NS NS
52 3:45 0.25 Sylmar bi NS/EW NS/EW
53 3:48 0.5 Sylmar long NS NS
54 3:50 0.5 Sylmar trans NS NS
55 3:52 0.25 Kobe long NS NS
56 3:56 0.25 Kobe trans NS NS
57 3:58 0.5 Kobe long NS NS
58 4:00 0.5 Kobe trans NS NS

Excitation - Long/Trans

Test Record - Shake Table Expts. on Bridge Model with LRBs
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No. Time Level Earthquake Comp. Notes

Table1 Table2 Table3
Lead Rubber Bearings - 2 Span - 12/05/02

1 10:55 1.0 White Noise long x x x
2 10:57 1.0 White Noise trans x x x
3 11:00 1.0 White Noise bi x x x
4 11:02 0.5 El Centro long NS NS NS
5 11:12 0.5 El Centro trans NS NS NS
6 11:15 1.0 El Centro long NS NS NS
7 11:18 1.0 El Centro trans NS NS NS
8 11:33 1.0 El Centro long Soil Soil Soil
9 11:40 1.0 El Centro trans Soil Soil Soil
10 11:48 1.0 El Centro bi NS/EW NS/EW NS/EW
11 11:51 1.0 El Centro bi EW/NS EW/NS EW/NS
12 11:53 1.0 El Centro long NS NS Soil
13 11:57 0.5 El Centro long NS Soil NS
14 12:02 0.5 El Centro trans NS NS Soil
15 12:05 0.5 El Centro trans NS Soil NS
16 12:09 0.5 El Centro long NS NS Soil
17 12:11 1.0 White Noise long x x x
18 12:13 1.0 White Noise trans x x x
19 12:15 1.0 White Noise bi x x x
20 12:20 1.5 El Centro long NS NS NS
21 12:22 1.5 El Centro trans NS NS NS
22 12:24 2.0 El Centro long NS NS NS
23 12:26 2.0 El Centro trans NS NS NS
24 12:28 2.0 El Centro bi NS/EW NS/EW NS/EW
25 12:32 1.5 El Centro long Soil Soil Soil
26 12:36 0.5 Kobe long NS NS NS
27 12:38 0.5 Kobe trans NS NS NS
28 12:41 0.5 Sylmar long NS NS NS
29 12:43 0.5 Sylmar trans NS NS NS
30 12:46 0.5 Kobe bi NS/EW NS/EW NS/EW
31 12:50 0.5 Sylmar bi NS/EW NS/EW NS/EW
32 12:53 0.75 Kobe long NS NS NS
33 12:55 0.75 Kobe trans NS NS NS
34 12:57 0.75 Sylmar long NS NS NS
35 12:59 0.75 Sylmar trans NS NS NS
36 1:01 0.75 Kobe bi NS/EW NS/EW NS/EW
37 1:03 0.75 Sylmar bi NS/EW NS/EW NS/EW
38 2:27 0.75 Kobe bi NS/EW NS/EW NS/EW
39 5:01 1.0 Kobe long NS NS NS
40 5:07 1.0 Kobe trans NS NS NS
41 5:11 1.0 Kobe long EW EW EW
42 5:14 1.0 Kobe trans EW EW EW
43 5:16 1.0 Kobe bi NS/EW NS/EW NS/EW
44 5:19 1.0 Sylmar long NS NS NS
45 5:21 1.0 Sylmar trans NS NS NS
46 5:23 1.0 Sylmar long EW EW EW
47 5:25 1.0 Sylmar trans EW EW EW
48 5:27 1.0 Sylmar bi NS/EW NS/EW NS/EW

Excitation - Long/Trans

Test Record - Shake Table Expts. on 2 Span Bridge Model with LRBs
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No. Time Level Earthquake Comp. Notes

Table1 Table2 Table3
Single Angle Cross Frames - 12/13/02

1 1:58 0.25 El Centro trans NS NS
2 2:03 0.5 El Centro trans NS NS
3 2:05 0.75 El Centro trans NS NS
4 2:35 0.75 El Centro trans NS NS Repeated
5 2:45 1.0 El Centro trans NS NS
6 3:19 1.25 El Centro trans NS NS

7 3:32 1.5 El Centro trans NS NS Buckling observed in X-
braces

8 3:47 1.0 White Noise trans x x
9 3:50 1.8 El Centro trans NS NS
10 3:55 2.0 El Centro trans NS NS
11 4:00 1.0 White Noise trans x x

Excitation - Long/Trans

Test Record - Shake Table Expts. on Bridge Model with Single Angle XFs
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No. Time Level Earthquake Comp. Notes

Table1 Table2 Table3
Single Span Unbonded Braces Composite Action - 12/20/02

1 10:20 1.0 White Noise trans x x Load Cells and 
Displacements rezerod

2 10:23 0.25 El Centro trans NS NS Incorrect label in Labview

3 10:26 0.5 El Centro trans NS NS
Single Span Unbonded Braces Composite Action Removed - 12/23/02

4 10:10 1.0 White Noise trans x x Video times not correct 
for following

5 10:19 0.25 El Centro trans NS NS
6 10:22 0.5 El Centro trans NS NS
7 10:24 0.75 El Centro trans NS NS
8 10:27 1.0 El Centro trans NS NS
9 10:29 1.0 White Noise trans x x

10 10:33 1.25 El Centro trans NS NS Wrong header in Labview

11 11:29 1.5 El Centro trans NS NS
12 10:31 1.0 White Noise trans x x
13 11:34 1.75 El Centro trans NS NS
14 11:59 2.0 El Centro trans NS NS
15 12:23 1.0 White Noise trans x x
16 12:27 2.25 El Centro trans NS NS

17 3:35 2.25 El Centro trans NS NS Shims welded, bolts 
checked and tightened

Single Span Unbonded Braces Composite Action Removed Connections Welded- 12/24/02

18 9:30 2.25 El Centro trans NS NS
Inadequate weld quality - 
Welds fractured at South 
end

Single Span Unbonded Braces Composite Action Removed Connections Welded- 12/27/02
19 11:26 1.0 White Noise trans x x
20 11:29 2.0 El Centro trans NS NS
21 11:39 2.25 El Centro trans NS NS
22 11:42 2.5 El Centro trans NS NS
23 11:49 1 Kobe trans NS NS
24 11:53 1 Sylmar trans NS NS

25 11:57 1 White Noise trans x x No weld fracture 
observed

Excitation - Long/Trans

Test Record - Shake Table Expts. on Bridge Model with Unbonded Brace
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No. Time Level Earthquake Comp. Notes

Table1 Table2 Table3
2 Span Unbonded Braces Composite Action Removed- 12/27/02

1 3:03 1.0 White Noise trans x x x
2 3:05 0.25 El Centro trans NS NS NS
3 3:07 0.5 El Centro trans NS NS NS
4 3:09 0.75 El Centro trans NS NS NS
5 3:12 1.0 El Centro trans NS NS NS
6 3:13 1.0 White Noise trans x x x
7 3:16 1.25 El Centro trans NS NS NS

8 3:18 1.5 El Centro trans NS NS NS Incorrect header in 
Labview

9 3:22 1.75 El Centro trans NS NS NS
10 3:25 2.0 El Centro trans NS NS NS
11 3:33 1.0 White Noise trans x x x
12 3:36 2.25 El Centro trans NS NS NS
13 3:39 2.5 El Centro trans NS NS NS
14 3:55 1.0 Kobe trans NS NS NS
15 4:00 1.0 Sylmar trans NS NS NS
16 4:03 1.0 White Noise trans x x x
17 4:07 1.25 Kobe trans NS NS NS
18 4:10 1.5 Kobe trans NS NS NS

Excitation - Long/Trans

Test Record - Shake Table Expts. On 2 Span Bridge Model with UB

No. Time Level Earthquake Comp. Video Notes

Table1 Table2 Table3
No Cross Frames - Single Span - 08/05/02

1 4:13 1.0 White Noise trans x x
2 4:32 0.25 El Centro trans NS NS Not Complete
3 4:33 0.25 El Centro trans NS NS 14
4 4:35 0.50 El Centro trans NS NS 15
5 4:37 0.75 El Centro trans NS NS 16
6 4:42 1.00 El Centro trans NS NS 17
7 4:49 1.00 White Noise trans x x 18

Excitation - Long/Trans

Test Record - Shake Table Expts. on Bridge Model with No End X Frames
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No. Time Level Earthquake Comp. Video Notes

Table1 Table2 Table3
Heavy X-Braces - Single Span - 08/07/03

1 2:43 1.0 White Noise trans x x -
2 2:45 0.25 El Centro trans NS NS -
3 2:46 0.50 El Centro trans NS NS -
4 2:48 0.75 El Centro trans NS NS -
5 2:56 1.00 El Centro trans NS NS 20
6 2:58 1.00 White Noise trans x x 21
7 3:01 1.25 El Centro trans NS NS 22
8 3:04 1.50 El Centro trans NS NS 23
9 3:17 1.75 El Centro trans NS NS 24

10 3:22 2.00 El Centro trans NS NS 25
11 3:25 1.00 White Noise trans x x -
12 3:36 0.50 Sylmar trans NS NS 26
13 3:40 0.50 Kobe trans NS NS 27
14 3:50 0.75 Sylmar trans NS NS 28
15 4:15 0.75 Kobe trans NS NS 29
16 4:21 1.00 Sylmar trans NS NS 30

Excitation - Long/Trans

Test Record - Shake Table Expts. on Bridge Model with Heavy X-Braces

No. Time Level Earthquake Comp. Video Notes
Table1 Table2 Table3

Lead Rubber Bearings - Single Span - 08/08/03
1 10:01 1.0 White Noise long x x -
2 10:04 1.0 White Noise trans x x -
3 10:06 1.0 White Noise bi x x -
4 10:19 1.00 El Centro long NS NS -
5 10:21 1.00 El Centro trans NS NS 31
6 10:24 1.00 El Centro bi NS/EW NS/EW 32
7 10:28 2.00 El Centro long NS NS 33
8 10:30 2.00 El Centro trans NS NS 34
9 10:32 2.00 El Centro bi NS/EW NS/EW 35
10 10:34 0.50 Sylmar long NS NS 36
11 10:36 0.50 Sylmar trans NS NS 37
12 10:38 0.50 Sylmar bi NS/EW NS/EW 38
13 10:39 0.50 Kobe long NS NS 39
14 10:41 0.50 Kobe trans NS NS 40
15 10:44 0.50 Kobe bi NS/EW NS/EW 41

Excitation - Long/Trans

Test Record - Shake Table Expts. on Bridge Model with LRBs (Series 2)
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APPENDIX D.  LOAD CELL CALIBRATIONS
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FIGURE A4.1 Load Cell 1 Axial

FIGURE  A4.2 Load Cell 1 Shear X
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FIGURE  A4.3 Load Cell 1 Shear Y

FIGURE A4.4 Load Cell 2 Axial
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FIGURE  A4.5 Load Cell 2 Shear X

FIGURE  A4.6 Load Cell 2 Shear Y
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FIGURE  A4.7 Load Cell 3 Axial

FIGURE  A4.8 Load Cell 3 Shear X
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FIGURE  A4.9 Load Cell 3 Shear Y

FIGURE  A4.10 Load Cell 4 Axial
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FIGURE  A4.11 Load Cell 4 Shear X

FIGURE  A4.12 Load Cell 4 Shear Y
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FIGURE  A4.13 Load Cell 5 Axial

FIGURE  A4.14 Load Cell 5 Shear X
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FIGURE  A4.15 Load Cell 5 Shear Y

FIGURE  A4.16 Load Cell 6 Axial
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FIGURE  A4.17 Load Cell 6 Shear X

FIGURE  A4.18 Load Cell 6 Shear Y
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FIGURE  A4.19 Load Cell 6 Shear X for small amplitude cycles

FIGURE  A4.20 Load Cell 6 Shear Y for small amplitude cycles
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APPENDIX E.  VALIDATION OF SINE SWEEP FOR CALCULATING 
DYNAMIC PROPERTIES OF THE BRIDGE MODEL
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In order to test the accuracy of the sine sweep in calculating the dynamic properties of the bridge
model, the same sine sweep as that measured from the shake tables was used in a time history
analysis of a simple single degree of freedom system with three different natural periods.  The
amplification of the relative displacement of the oscillator compared to the displacement of the
ground motion was plotted again the period of the oscillator.  The oscillator was assigned a modal
damping of 5%.  From dynamic theory the steady state dynamic amplification of the oscillator
displacement at resonance with 5% damping is 10.0 (Chopra 1995).  Figures A3-1 through A3-3
show that for oscillators with natural periods of 1 s, 0.5 s and 0.25 s respectively the dynamic
amplification at resonance is 8.9, 10.1 and 10.4.  Therefore the maximum error is 11%. The peaks
are within 10% of the natural periods of the systems.

FIGURE A3-1 Dynamic amplification of response for SDOF oscillator with period of 1.0 s
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Figure A3-2.  Dynamic amplification of response for SDOF oscillator with period of 0.5 s.

Figure A3-3.  Dynamic amplification of response for SDOF oscillator with period of 0.25 s.
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