
mitigation strategies in terms of total life cycle costs, including utility revenue losses, cost of repairs, and 
regional economic impact from loss of lifeline services. Total life cycle cost is calculated as the cost of 
seismic mitigation plus the sum of the annualized expenses for earthquake repair, loss of revenue after an 
earthquake, and direct regional economic losses that accrue over a benchmark time period. Their 
evaluations of the life cycle costs of retrofitting electric power transformers for the LADWP system show 
that seismic mitigation expenses exceed the reduction in losses if only lost revenue and repair costs are 
considered. If, however, the direct regional economic consequences are taken into account, the life cycle 
savings far exceed the mitigation expenses. Moreover, the cost-effectiveness of seismic protection 
increases further if indirect economic effects are factored into the assessment. 

 
CONCLUDING REMARKS 

 
Advances in lifeline earthquake engineering are generated increasingly by system-wide evaluations to 

quantify service reliability and estimate the consequences of service disruptions on both the economy of a 
given region and its social networks. A framework is provided in this paper for evaluating lifeline system 
performance with the goal of enhancing the seismic resilience of communities. The framework is 
structured around a basic chain of activities that includes the characterization of seismic hazards and 
system properties, analyses of the interaction between seismic demand and lifeline component or facility 
response, and the assessment of system response and its consequences for the regional economy and 
community institutions. The framework is applicable to hazards other than earthquakes, including natural 
and anthropogenic ones. Considerable benefit, in fact, can be derived from lifeline earthquake engineering 
for improving the security of civil infrastructure from natural hazards as well as major accidents and 
premeditated acts of violence.  
 

Using the framework for lifeline systems assessment, the paper explores various aspects of systems 
performance and modeling. It provides an example of component modeling, using jointed concrete 
cylinder pipelines (JCCPs), which are important trunk and transmission pipelines in North American 
water supplies. A model for seismic wave interaction with JCCPs is explained, which expands on 
empirical models derived by calculating pipeline repair rates after previous earthquakes with measured 
peak ground velocities. A dimensionless plot is developed to estimate JCCP joint deformation as a 
function of soil conditions, key pipeline properties, and seismic wave characteristics.  
 

Permanent ground deformation (PGD) is the most important seismic hazard for underground facilities, 
and select results are presented of recent large-scale experiments to characterize PGD effects on natural 
gas pipelines with elbows. The paper also presents the results of recent full-scale experiments, which 
show that the lateral forces imposed on pipelines by partially saturated sand are approximately twice as 
large as those generated by dry sand. These findings have significant repercussions for design/ 
construction in that the current generation of analytical models is based on lateral force-displacement 
relationships for dry sand. Thus, the new experimental results will allow for more realistic modeling, and 
will reflect the actual in situ moisture conditions affecting the great majority of underground lifelines. 
 

The spatial variability of strong ground motion and its effects on water supply performance are 
examined with reference to large GIS databases compiled after 1994 Northridge earthquake. A 
methodology is presented for using ordinary kriging in combination with GIS to obtain confidence limits 
on the strong motion used for empirical models that correlate pipeline repair rate with seismic parameters. 
The geostatistical procedures used for pipelines are shown to apply equally well for aboveground 
structures. The paper describes how the methodology is applied for loss estimation modeling of 
earthquake damage to timber residential buildings. 

 



The paper provides a review of recent work focused on quantifying lifeline losses in terms of regional 
economic and social impacts. Procedures are explained that account for the spatial variability of 
earthquake economic consequences by reference to work performed for the water distribution system in 
Memphis, TN. The paper explains how risk curves for system response to earthquakes can be used with 
performance criteria for both service and regional economic impacts by reference to work performed for 
the electric power transmission system in Los Angeles, CA. 

 
Both the direct and indirect economic consequences of earthquake damage in lifeline systems are 

discussed. Computable General Equilibrium models are shown to be preferable to Input-Output models 
for assessing the indirect economic effects of lifeline losses. 

 
Life cycle cost analysis is also discussed. It is highly recommended that decision support tools account 

for direct and indirect regional economic consequences to provide ground truth for planning and 
implementing earthquake mitigation procedures. 
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