[image: image1.png]Abut. 4







Analysis of “Ordinary” Bridges in Fault-Rupture Zones: Part II – Estimating Seismic Demands
RESULTS: Rooted in structural dynamics theory, a hierarchy of three simplified procedures – modal pushover analysis (MPA), one-mode static analysis, and static analysis – have been developed for seismic analysis of “ordinary” bridges in fault-rupture zones. The three approximate procedures are shown to provide estimates of seismic demands that are accurate enough to be useful for practical applications. The static analysis procedure, which is much simpler than the other two approximate procedures, is recommended for practical analysis of “ordinary” bridges because it eliminates the need for mode shapes and vibration periods of the bridge.

Background

Recent earthquakes around the world have demonstrated the vulnerability of bridges that cross fault-rupture zones. While avoiding building bridges across faults may be the best practice, it may not always be possible to do so, especially in regions of high seismicity, such as California, where a significant number of bridges may either cross faults or lie in very close proximity to fault-rupture zones.

Bridges crossing fault-rupture zones will experience ground offset across the fault and hence spatially-varying ground motion. While site-specific seismological studies to define spatially-varying ground motions and rigorous nonlinear response history analysis (RHA) are necessary for important bridges on “lifeline” routes, such investigations may be too onerous for “ordinary” bridges whose design is otherwise governed by the CALTRANS Seismic Design Criteria (SDC). Therefore, overall objective of this research investigation is to develop rational, simplified methods – simpler than nonlinear response history analysis (RHA) – rooted in structural dynamics theory, for estimating seismic demand of bridges crossing fault-rupture zones.

What was Done

Shear keys are often ignored in seismic analysis of bridges subjected to spatially uniform support because they are designed to break off during maximum design earthquake. However, recent experiments conducted on the seismic performance of shear keys designed according to current CALTRANS design criteria indicate that “actual” break-off strength of shear keys may be significantly higher than the design value. Therefore, we first examined the role that shear keys play in affecting the seismic response of “ordinary” bridges crossing fault-rupture zones. We demonstrated that an upper bound estimate of bridges in fault-rupture zones may be obtained by analysis of bridges in fault-rupture zones for two shear key conditions: elastic shear keys and no shear keys.

With the eventual goal of developing simplified procedures, we first focused on developing the theoretical background for linearly-elastic “ordinary” bridges crossing fault-rupture zones. For this purpose, we developed a specialized form of response spectrum analysis (RSA) procedure for bridges in fault-rupture zones. We further simplified this RSA procedure to a linear static analysis procedure. We demonstrated that these procedures provide very good estimates of peak seismic demands when compared to those from response history analysis (RHA).

Finally, we extended the procedures for linearly-elastic bridges to estimate seismic demands for “ordinary” bridges deforming into their inelastic range. This work led to development of three approximate procedures: modal pushover analysis (MPA), one-mode static analysis, and static analysis. We demonstrated that these procedures provide estimates of seismic demands that are accurate enough to be useful for practical applications. We recommend that the static analysis procedure, which is much simpler than the other two approximate procedures, be used for practical analysis of “ordinary” bridges because it eliminates the need for mode shapes and vibration periods of the bridge. 

The work in this project resulted in a comprehensive report (Goel and Chopra, 2008) that provides justification for the recommended shear key assumptions and sound theoretical rationale for proposed simplified procedures. The findings of this project have also been submitted as three papers for publication in the Journal of Bridge Engineering; the first paper on role of shear keys is due to appear in July 2008 and the two others in currently in review process.  

The product of this project is expected to provide Caltrans engineers and its consultants, and engineers in the U.S. and elsewhere the simplified tool to estimate seismic demands in “ordinary” bridges in fault-rupture zones without the need for more cumbersome nonlinear RHA with multiple-support excitation.

Examples of Research Results

· Role of Shear Keys 

We examined the seismic responses of bridges for three shear-key conditions – nonlinear shear keys that break-off and cease to provide transverse restraint if deformed beyond certain limit; elastic shear keys that do not break-off and continue to provide transverse restraint throughout the ground shaking; and no shear keys. The results for one of the bridges considered in this investigation (see Figure 1) show that seismic demands for a bridge with nonlinear shear keys can generally be bounded by the demands for a bridge with elastic shear keys and bridge with no shear keys (Figure 2). Because ignoring shear keys may not always provides conservative estimates of seismic demands for bridges in fault-rupture zones, estimating the upper bounds of seismic demands requires analysis for two shear-key conditions: no shear keys and elastic shear keys. 
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Figure 1. A three-span bridge crossing fault-rupture zone.
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Figure 2. Variation of seismic demands with normalized shear key strength.

· Procedures for Analysis of Linear-Elastic Bridges

We developed two approximate procedures for estimating peak responses of linearly-elastic “ordinary” bridges crossing fault-rupture zones: response spectrum analysis (RSA) procedure and a linear static analysis procedure. These procedures estimate the peak response by superposing peak values of quasi-static and dynamic responses. The peak quasi-static response in both procedures is computed by static analysis of the bridge with peak values of all support displacements applied simultaneously. In RSA, the peak dynamic response is estimated by dynamic analysis including all significant modes, which is simplified in the latter procedure to static analysis of the bridge for appropriately selected forces; usually only one mode – the most dominant mode – is sufficient in the RSA procedure. Appearing in these procedures is the “effective” influence vector that differs from the influence vector for spatially-uniform excitation (see Figure 3), and the response spectrum used in the RSA procedure differs from the standard CALTRANS SDC spectrum (see Figure 4).
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Figure 3. Deflected shape associated with “effective” influence vector.
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Figure 4. CALTRANS SDC spectrum and spectrum of ground motion fault-rupture zone.

Response of four bridges – three-span symmetric, three-span unsymmetric, four-span symmetric, and four-span unsymmetric – each with two shear key conditions – with elastic shear keys and without shear keys – were computed from the simplified procedures and compared against results from RHA. The selected results presented in Figure 5 show that these procedures provide estimates of peak response that are close enough to results of the “exact” RHA to be useful for practical application. They are suitable for analysis of bridges with varying number of span, asymmetry condition, and shear key conditions.
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Figure 5. Estimates of peak seismic demands from RHA and simplified procedures.

· Procedures for Analysis of Nonlinear Bridges

Finally, we extended the approximate procedures developed for linear-elastic bridges to estimate seismic demands for “ordinary” bridges in fault-rupture zones deforming into their inelastic range. In particular, we developed three approximate procedures for estimating seismic demands: modal pushover analysis (MPA), one-mode static analysis, and static analysis. These procedures estimate the total seismic demand by superposing peak values of quasi-static and dynamic parts, as in the case of linearly-elastic bridges. The peak quasi-static demand in all three procedures is computed by nonlinear static analysis of the bridge subjected to peak values of all support displacements applied simultaneously. In the MPA and the one-mode static analysis procedures, the peak dynamic demand is estimated by nonlinear static (or pushover) analysis and linear static analysis, respectively, for forces corresponding to the most-dominant mode. In the static analysis procedure, the peak dynamic demand is estimated by linear static analysis of the bridge due to lateral forces appropriate for bridges crossing fault-rupture zones. 

The results from nonlinear RHA were compared against those from the three approximate procedures. Selected results presented in Figure 6 show that these procedures provide estimates of seismic demands that are accurate enough to be useful for practical applications. The static analysis procedure, which is much simpler than the other two approximate procedures, is recommended for practical analysis of “ordinary” bridges because it eliminates the need for mode shapes and vibration periods of the bridge. 
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Figure 6. Estimates of peak seismic demands from three approximate procedures ( MPA, linear dynamic analysis (LDA), and linear static analysis (LSA) ( and “exact” nonlinear RHA (NL-RHA).

In light of this investigation, deficiencies in a current simplistic procedure that is sometimes used by bridge engineers for analysis of bridges in fault-rupture zones are identified: (1) this procedure incorrectly assumes the bridge to be located on one side of the fault, and (2) the response spectrum used in this procedure is inappropriate for ground motions expected in close proximity to faults.
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