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Seismic performance of isolated curved highway viaducts
equipped with unseating prevention cable restrainers
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In recent years, horizontally curved viaducts have become important components in
modern highway systems as the most viable option at complicated interchanges and urban
expressways where geometric restrictions and constraints of limited site space make extremely
difficult the adoption of standard straight superstructures. The widely recognized susceptibility
to earthquake damage of curved bridges is substantially amplified with the rupture of continuity
of the superstructure at expamsion joints. Recent strong earthquakes have repeatedly
demonstrated that during an earthquake, adjacent spans often vibrate out-of-phase, causing
three types of displacement problems. The first type is the catastrophic unseating of deck
superstructures that occurs when the seismically induced separation at the expansion joint is
excessively large. The second type is a local damage caused by the spans pounding together at
the joints. Finally, the third type of damage is related to permanent separations of damaged
expansion joints that may considerably disrupt the post-earthquake serviceability of a bridge.

The increasing need for safer bridges has stimulated the adoption of a common protection
strategy consisting in the replacement of the vulnerable steel bearing supports with seismic
isolation devices. Moreover, isolated viaducts can be seismically upgraded through the
installation of cable restrainers that provide connection between adjacent spans. While the
effects of cable restrainers are well understood for straight bridges, it is not clear how effective
this unseating prevention measure is for isolated curved bridges. This is due to the considerable
complexity associated with seismically induced joint movements, which may occur in both
tangential and radial directions. In addition, the current design methodology, based on an
equivalent static analysis procedure, is not able to ensure the ability of restrainers to operate
under the high demands generated by near-fault earthquake ground motions.

The primary objective of the thesis is to investigate the possible advantages that cable
restrainers provide to improve the seismic performance of isolated curved highway viaducts
subjected to Level II earthquake ground motions. The successful accomplishment of this main
objective has been achieved in three progressive stages. The first specific stage consists in the
development of a sophisticated three-dimensional computer program combined with a precise
model of the viaduct in order to obtain a realistic prediction of bridge structural demands under
strong earthquake excitations. In the second stage, the effectiveness of isolation lead rubber
bearings (LRB) to reduce seismic damage has been demonstrated through extensive parametric
studies varying the size of the lead plug and the radial restraint characteristics of the isolators.
Furthermore, an innovative trilinear analytical model of the isolators has shown its ability to
accurately represent the bearing behaviour at high strains. Even though the LRB bearings are
capable of preventing deck unseating damage, serviceability of the isolated viaduct will be
interrupted due to pounding damage and significant residual tangential joint separations that
impede vehicle traffic. Therefore, for the last third stage, the isolated curved viaduct is
equipped with cable restrainers, which are bi-directionally modeled to simulate yielding and
failure behaviour of the cable. The calculated results have shown that adequate cable restrainers
are able to minimize the possibility of deck unseating, eliminating pounding and residual joint
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separation damages. The investigation results provide sufficient evidence and excellent
basement to ensure the appropriate selection of cable restrainers according to characteristics of
the isolation system.

The thesis contents are organized in seven chapters, which are further divided into several
sections and subsections. The chapters have individual introduction, which give . brief
orientations of the subject under investigation. For a detailed discussion of various aspects of
the subject, many references have been included in each chapter. The specific objectives of
each chapter are as follows:

Chapter 1 provides the general introduction and motivating objectives of this research.

Chapter 2 presents the theoretical approach for a sophisticated three-dimensional analytical
program capable of simulating structural behaviour in severely inelastic response and
accurately predicting seismic response of bridges. The theoretical foundation of the nondinear
finite element formulation includes the best features of several previous studies. A three-
dimensional element, capable of modeling geometric and material noninearities, is developed
based on the fiber element model. An incremental-iterative method based on the Newmark
direct integration method and -the Newton-Raphson method is employed for obtaining the
solutions of the nonlinear dynamic equilibrium equations. Finally, the energetic analysis
formulation of the problem is also presented..

In Chapter 3 the comprehensive three-dimensional analytical model of the highway viaduct
object of this research is presented. The effects of the analytical model assumptions are
investigated in detail using nondinear seismic time-history analysis. In order to ensure a
realistic prediction of the bridge seismic response, a parallel evaluation of two-dimensional and
three-dimensional analytical models of the highway viaduct is systematically performed for
comparison. Simultaneously, the three-axiality effects of Level II earthquake ground motions
on the response and performance of simply-supported highway viaducts are extensively
discussed. '

Chapter 4 examines the influence of two important parameters that can play a major role on
the seismic response of highway viaducts. Firstly, the overall structural performance of the
model of highway viaduct is compiled, systematically compared and discussed in order to
establish a correlation between seismic structural damage and bridge orientation respect to the
active fault due to rupture-directivity effects of near-field earthquakes. Secondly, the complex
behaviour of simply-supported skewed viaducts is precisely analyzed. Particular emphasis is
focused on calculation of seismic forces acting on individual bearing supports due to the
significant bearing damages suffered by skewed highway viaducts during recent strong
earthquakes.

In Chapter S, the expected seismic vulnerability of bridge structures with curved deck
geometries supported on standard steel bearings is analyzed to obtain a refined estimation of
seismic demands on most critical bridge components. In order to improve the seismic
performance of highway viaducts, comparative analyses of the seismic demands calculated for
a curved viaduct model supported on isolation bearings are presented. The nonlinear response
comparison has been accomplished by extensive parametric studies conducted by varying those
bearing design parameters, which have major influence on the overall bridge response.
Moreover, lateral bearing restraint as well as hardening effect of lead rubber bearings at high
strain levels have been introduced, as additional design parameter, to evaluate its influence on
the behaviour of seismically isolated viaducts subjected to great earthquake ground motions.

In Chapter 6, the efficacy of using cable restrainers at expansion joints to mitigate seismic
damage of isolated curved bridges in the event of severe earthquakes is investigated. An
innovative non-inear analytical model of cable restrainer, which considers the bi-directionally
effect as well as plasticity and failure statements of the cables, is presented. The capacity of
cable restrainers for overcoming the potential problems associated with deck unseating is
evaluated according with the implementation of the isolation design philosophy, providing an
excellent basement to ensure the appropriate selection of restrainers according to characteristics
of isolation bearing supports.

Finally, the significant findings and general conclusions in this research are summarized in
Chapter 7. Specific recommendations are made for designing new bridges and for retrofitting of
existing structures.
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