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The Socio-Economic Effect of Seismic Retrofit Implemented on Bridges in the Los Angeles Highway Network
RESULTS: The Caltrans Division of Engineering Services investigated the Socio-Economic Effect of Seismic Retrofit Implemented on Bridges in the Los Angeles Highway Network.  The study shows that the retrofit is cost effective when both social and the avoided bridge restoration cost are considered.  The avoided bridge restoration cost only contributes a small portion of the initial bridge retrofit.

Why We Pursued This Research 

The Caltrans’ seismic retrofit program was initialized after the 1971 San Fernando earthquake and was accelerated after the 1989 Loma Prieta event. This resulted in steel and composite jacketing of the columns, and installation of the restraining devices at expansion joints for many bridges for which the seismic retrofit was deemed necessary. As a result, during the 1994 Northridge earthquake, none of those bridges previously retrofitted suffered damage.  Subsequently this research project was initialized to assess the engineering significance and benefit from the seismic retrofitted program. 

How it was done
The University of California Irvine worked with ImageCat Inc. to develop a computer model to simulate the consequences from a divesting earthquake.  This study first develops moment-curvature curves of bridge columns and then performs nonlinear dynamic time history analyses producing fragility curves (see Figure 1) for five (5) sample bridges before and after retrofitting their columns with steel jacketing.  The effect of retrofit is demonstrated by means of the ratio of the median value of the fragility curve for the retrofitted column to that of the column before retrofit. This ratio is referred to as fragility enhancement. The fragility enhancement is found to be more significant for more the severe state of damage. It is then assumed that the same fragility enhancement is applicable to the empirical fragility curves developed from the Northridge earthquake damage data.  The fragility curves for four (4) other types of sample bridges are also developed before and after retrofitting its expansion joints with restrainers.  The physical improvement of the seismic vulnerability due to steel jacketing becomes evident in terms of enhanced fragility curves, shifting those associated with the bridges before retrofit to the right when plotted as functions of PGA (Peak Ground Acceleration).  Thus, this study makes it possible to evaluate the improvement of the highway network performance resulting from such retrofit by providing basic information for fragility enhancement. 
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Figure 1 Bridge Fragility Curves without & with skew

Highway Network Performances

A bridge network is a typical spatially distributed system whose components are located in a relatively wide geographical region but functionally interconnected to fulfill the supposed functionality of the system. Bridges, Roadways, Tunnels and some other structural components are linked and work together to transport vehicles (passengers and cargo) from one place to another, and the location of the components, are scattered. For example, bridges in a network may be located many miles away from each other. Regarding seismic risk analysis of a spatially distributed system, three points should be stressed: 

1) The system’s seismic performance depends on of a given set of states of all its components. Their relationship between the system performance and the states of the components may be very complex and cannot be expressed explicitly in a mathematical equation. The system performance may be below its normal performance level, even out of operation, due to the seismic damage of its components. 

2) The prediction/simulation of the states of its component and further the system performance evaluation should be scenario-based to reflect the spatial distribution of ground motion and be meaningful in the evaluation of system performance.

3) The total loss resulting from any scenario earthquake will consist of two parts: repair cost of the damaged components and economic loss due to system/component performance degradation, see Figure 2.
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Figure 2 Network Damage State

Methodology

Before performing system analysis, a scenario-based seismic hazard model is generated for either deterministic or probabilistic analysis.  The methodology for evaluating the system performance of the highway network is then described, in which, the Bridge Fragility, Network, Link Performance and Traffic Assignment Models are combined. Seismically-induced social cost, including travel time delay and opportunity cost, is used to measure the system post-event performance.  When the fragility curves of bridges, with or without retrofit, are used in this methodology, the system performance improvement is expressed by the reduced social cost. 

The reduced social cost in this study is mainly focus on the traffic delay caused by affected highway network.  This is measured from the original-destination (OD) travel time.  The OD data used in this study consist of 1996 southern California OD survey data for 3217 traffic analysis zones (TAZ).  The present study area is limited to Los Angeles County and Orange County. Furthermore, data from the 1996 southern California OD survey data are converted to node OD data and used for the study network. To do this, the Thiessen function within the Arc/Info geographic information system (GIS) software package is utilized.  Delaunay triangulation is a proximal method that satisfies the requirement that a circle drawn through the three nodes of a triangle will contain no other nodes. Additionally, the nearest node from the point inside the polygon should be the node in that same polygon.  The OD data consist of 6 types of OD matrices classified by trip purpose. Southern California Association of Governments (SCAG) in1997 defines 6 trip classes which were based on a trip's origin and/or destination. The classes are home-work, home-other, other-other, other-work, home-shop, and truck trip.

The reduction of travel was then determined from usability of individual buildings and associated activity would be changed after earthquake. For example, the damages of building will cause the reduction of usable floor area, as the damage of transportation links and bridges would cause the reduction of capacity volume and the morphs of network configuration. Although this has no direct relationship to bridges or network damage, it changes the OD metrics after a seismic event.  The reduction of associated activity aggregated from the statistics of zone boundaries.

Research Results
Nonlinear time history analysis performed for the 5 representative bridges demonstrates that their seismic performance is significantly improved after column retrofit by steel jacketing. When the fragility curves are used to describe the bridges’ seismic vulnerability, These results demonstrate that the retrofit is more effective in the reduction of more severe damage (major or collapse) than lighter damage (minor or moderate), see Table 1.

In the cost-benefit analysis related to the bridge retrofit scheme, the sum of social cost avoided and bridge restoration cost avoided is considered as the benefit, and retrofit cost as the cost. The results show that either 23% (Case 2, current status) or 100% (Case 3, all) retrofit is cost-effective for the cases that the link residual capacity is reduced considerably.  In other word, it is cost effective for a highway network with moderate to heavy traffic. 
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Table 1  Summary of Cost-Benefit Analyses
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