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ABSTRACT: To develop resilient lifeline systems, a performance-based design methodology
is necessary for assessing overall system operability and functionality following earthquakes.
A new and innovative approach to implement performance-based design for lifeline systems is
outlined. This paper provides a hierarchy for system- and component-level objectives. The
proposed performance-based design process explicitly evaluates how the lifeline systems and
their constituent components are likely to perform under a variety of conditions associated
with potential earthquake hazard events. The process takes into consideration the uncertain-
ties inherent in quantifying the frequency and magnitude of geotechnical hazards and assess-
ing the system responses. The procedure identifies four event return periods of 100, 500, 2500,
and up to 10,000 years, Levels 1 to 4 respectively, with associated performance criteria. The
most critical components are recommended to be evaluated for Level 4 earthquake hazards.
An example shows how to evaluate earthquake geotechnical hazards and implement Level 4
assessments.

1 INTRODUCTION

To plan for and develop a resilient lifeline system, a performance based seismic design meth-
odology is necessary for assessing overall system operability and functionality following earth-
quakes. Lifeline infrastructure include water, wastewater, flood risk management, electric
power, communications, gas and liquid fuels, transportation, and solid waste management
systems. Geotechnical hazards pose some of the most significant threats to the continuance of
lifeline service provision following and earthquake. This paper provides a hierarchy for
system-level and component-level objectives for lifeline systems. At the system level, planning
and design are needed to assess capabilities for meeting the target performance objectives
(potential service losses and recovery times), incorporating system interdependencies, which
are intended to support community-wide goals for post-earthquake losses and recovery. The
system level objectives also provide a target for which components and other supporting sys-
tems are to be designed. That is, each component is to be designed so that the aggregate per-
formance of all components and supporting systems allows the post-earthquake lifeline
system service recoveries to meet the target performance objectives. The system and compo-
nent level objectives are established to provide lifeline services in accordance with the defin-
ition of a resilient infrastructure system: “A resilient infrastructure system is managed to
provide safe and reliable services to customers, cope with chronic stressors, and accommodate
hazard-related impacts with ability to continue providing services or limit service outage times
tolerable for community recovery efforts” (modified from Davis et al. 2018). This definition
establishes the performance goals. Performance based design deals with the range of potential
events which may occur relatively frequent to the rare and extreme. The performance based
seismic design approach incorporates and supports the implementation of many characteris-
tics (Davis et al. 2018) needed to operationalize lifeline system resilience and is therefore an
excellent tool for building community resilience.
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Lifeline systems are interdependent, meaning the operability and functionality of one
system relies on that of the other lifeline systems. This paper focusses on the performance-
based design of a single system. There is a need for overarching goals so all lifeline systems
can uniformly achieve respective performance levels needed to support community resilience.
This paper first reviews a new and innovative performance-based design approach and how it
applies to large geographically distributed systems, using examples from the Los Angeles
Department of Water and Power (LADWP) water system (LADWP 2019). Next, system-level
target performance objectives and design process are proposed. This is followed by proposed
component-level target performance objectives and design process. These procedures are
important for geotechnical engineers to understand the significance of the geo-hazard evalu-
ations in lifeline system performances. An example geotechnical earthquake hazards assess-
ment is presented, then conclusions.

2 PERFORMANCE BASED SEISMIC DESIGN

Performance-based seismic design is a process that explicitly evaluates how a facility or system
is likely to perform, given the potential hazard it is likely to experience, considering uncertain-
ties inherent in the quantification of potential hazard and uncertainties in assessment of the
actual response (modified from FEMA 2006). The performance-based design process for life-
line systems explicitly evaluates how the system and its constituent components are likely to
perform under a variety of conditions associated with potential hazard events. The process
takes into consideration the uncertainties inherent in quantifying the frequency and magnitude
of potential seismic events, cascading hazards (e.g., landslide, liquefaction, fires, etc.), and
assessing the expected responses of the system and the potential effects on its operability and
functionality. Figure 1 presents the key steps in this iterative process.
At the system level, performance objectives articulate the targeted response and recovery of

lifeline system services relative to the probability of seismic hazards affecting the system. This
defined system-level performance can then be used to establish design criteria for system
layout and each component making up the system. As shown in Figure 1, using the target
performance objectives, a preliminary system layout (e.g., portion of a service zone) or com-
ponent design (e.g., tank or building) will be developed. This step could also entail simply
evaluating the existing system layout or an existing component to defined earthquake hazards.
The hazards are to include, but not be limited to, shaking intensity and permanent ground
deformations. Permanent ground deformations include fault rupture, liquefaction induced
settlement and lateral spreading, landslides, ground settlement, soft clay cyclic mobility, and
other potential movements that may affect the system or component. Results of the assess-
ment are compared to the performance objectives to determine if the performance capability

Figure 1. Performance based seismic design flow diagram (modified from FEMA 2010).
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meets or exceeds the target objectives. If the evaluated performance falls short of the target
objectives (path “No” in Figure 1), then the design or system layout requires modification. In
some cases, the load conditions may impose such large demands that the performance object-
ives may not be feasibly met for either technical or economic reasons. In such cases the target
performance objectives may need to be revisited and in special situations modified with
approval of proper authorities. These modifications should be incorporated into other resili-
ence plans to ensure the public is aware of certain extreme situations and are adequately pre-
pared. Once the design is found to meet or exceed performance objectives (path “Yes” in
Figure 1), the objectives and system layout and/or component design is finalized.

3 SYSTEM-LEVEL PERFORMANCE CRITERIA

Table 1 identifies the target system level performance criteria using example objectives pro-
posed for the Los Angeles Water System. Similar criteria can be developed for other lifeline
systems using targets consistent with their service capabilities and community needs. Table 1
presents hazard event Levels 1 to 4, respectively associated with return periods of 100, 500,
2500, and >2500 years. Each has defined target system-level performance objectives.
Using the hazard event return period in Table 1, earthquakes expected to return within this

timeframe are to be used to develop scenarios from which a system-level analysis will be per-
formed to assess service restoration times. The system performance objectives are defined to
reflect increasing acceptable service losses with earthquake size and rarity of event. Perform-
ance criteria for Level 4 events target the containment of service losses and their restoration in
a manner to prevent unacceptable results after such extreme events.
Level 4 events are included because: (1) they are plausible; (2) when they occur, but were

not considered, communities often find infrastructure performance to be unacceptable; (3)
incorporating them encourages everyone to think resiliently and cost-effectively improve ser-
viceability after such events knowing that higher design criteria does not always equate to
greater expense and longer projects; and (4) Figure 1 shows Level 4 objectives are not required
to be met, but provides a process and check on the decision making to use or not to use. Item
(3) encourages new and innovative solutions to be brought forward.

3.1 Target system-level performance objectives

The target system performance objectives are identified in terms of life safety, property protec-
tion, and post-earthquake services based on the size of events defined in Table 1. Life safety
and property protection objectives include, but are not limited to the following (Davis 2014a):

Table 1. System-level target performance criteria for the Los Angeles Water System.

Level
Event Return Period
Criteria Target Lifeline (Water) System Performance Objective

1 100 years Limited damage to system, no casualties, few to no service losses. All

customer services operational within 3 days.

2 500 years Life safety and property protection. All customer services operational

within about 20 days, except water quantity; rationing may extend up to

30 days.

3 2500 years Life safety and property protection. All customer services operational

within about 30 days, except water quantity; rationing may extend up to

60 days.

4 >2500 up to about

10,000 years

Life safety and property protection. All customer services operational

within about 45 days, except water quantity; rationing may extend up to

12 months.
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Life Safety: Preventing injuries and casualties to general public and employees from direct
or indirect damage to lifeline system facilities. Life safety includes matters related to response
and restoration activities, which may require ensuring employees, and others in support of
system recovery, are not exposed to situations threatening their safety.
Property Protection: Preventing or limiting, to the greatest extent possible, public and pri-

vate property damage as a result of damage to lifeline system components. This also includes
the cost-effective prevention of lifeline system component damage.
Life safety and property protection are target performance objectives for all the levels pre-

sented in Table 1. In addition to life safety and property protection, earthquakes can disrupt
lifeline services provided through the system. The following example water service recoveries
through the pipeline network are described by basic water service categories (Davis 2014a).
Similar basic service categories can be defined for other lifeline systems (e.g., Davis 2014b).
Water Delivery: This service is fully achieved when the system is able to distribute water to

customers, but the water delivered may not meet quality standards (requires public notifica-
tion for water use), pre-event volumes (requires water rationing), fire flow requirements
(impacting firefighting capabilities), or pre-event functionality (system performance reliability
is inhibited).
Water Quality: This service is fully achieved when water quality at customer connections

meets pre-event standards. Potable water meets health standards (public notices for water use
are removed), including minimum pressure requirements to ensure contaminants do not leach
into the system.
Water Quantity: This service is fully achieved when water flow to customers meets pre-

event volumes (water rationing removed).
Fire Protection: This service is fully achieved when the system is able to provide pressure

and flow of a suitable magnitude and duration to fight fires.
The post-earthquake support for community resilience can be defined further by disaggregat-

ing the public safety, social, economic, and general livelihood aspects the lifeline system services
provide. Critical A customers are defined as those who need lifeline system services in support
of actions for life safety and public health associated with post-earthquake emergency response
and recovery. Critical B customers are defined as those who need lifeline system services in sup-
port of actions for crucial community resilience activities. Critical A and Critical B customers
generally require a more rapid service restoration to ensure resilient community recovery.
The performance objectives for each of the above four listed basic service categories can be

tabulated in terms of the allowable number of acceptable service losses and time to recover the
services for each of the levels presented in Table 1. Due to space constraints example tabulations
are not provided but can be found in LADWP (2019). Figure 2a presents example plots of
target performance objectives for Level 2 events for the water delivery, quality, quantity, and
fire protection services. As seen in Figure 2a the Critical A and B customers are directly
accounted for in the water quality plots. Figure 2b plots example target water delivery service
restoration curves for Levels 1 to 4. Again, due to space constraints further descriptions for
Figure 2 are not provided herein but can be found in LADWP (2019) and Davis (2014a, 2017).

Figure 2. a. Example target basic service category restoration curves for Level 2 events. b. Example

target water delivery service restoration curves for Level 1 to 4 earthquake events.
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4 COMPONENT-LEVEL PERFORMANCE CRITERIA

Components are defined as elements making up the entire lifeline system network. For example,
water system components include lengths of pipe, channels, tunnels, buildings, yards, tanks, res-
ervoirs, dams, pump stations, treatment or disinfection stations, etc. The designs for all compo-
nents are to incorporate life safety and property protection as described in the target system-
level performance objectives and follow the procedure diagrammed in Figure 3. The right side
of Figure 3 emphasizes the assessment of geotechnical earthquake hazards.

4.1 Target component-level performance objectives

Each component is designated a Criticality Category I, II, III, or IV as defined in Table 2.
Table 2 also defines the earthquake hazard design basis for each Criticality Category. Design-
ing components to the defined categories is expected to result in the system meeting the per-
formance criteria presented in Table 1. However, there is a need to correlate component
hazard design levels to system performance levels. This is most appropriately handled with
system modeling for earthquake scenarios, as described for system level design, using compo-
nent fragilities for Criticality Categories of Table 2.
Component performance objectives are established through definitions of maximum tolerable

damage. Figure 4 is a matrix showing the targeted maximum level of damage which may be
tolerated for different Criticality Categories and hazard return periods. Hazard return periods
effectively represent event intensity. Damage levels include minor, moderate, high and severe.
Consider an earthquake exposing the lifeline system to a 475-year return period intensity haz-
ards. Components designed to Criticality Category II will be expected to suffer a “High” level
of damage and those designed to Criticality Category IV a “Minor” level of damage.

Figure 3. Component design flow diagram.
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As shown in Figure 3, components are to be checked for multiple use, continuity, and
redundancy. Details on these procedures are presented in Davis (2017) and LADWP (2019).
Damage occurs to different types of components in different ways depending on their mater-

ial type, method of construction, deterioration from aging, maintenance over time, exposure to
different hazards (e.g., transient vs permanent ground deformations), and other factors. Due to
space limitations, component damage level descriptions are unable to be presented herein.

4.2 Component level design

As shown in Figure 3, each component is to meet or exceed the design basis criteria defined in
Table 2, based on the Criticality Category, or justify to the proper authorities why the targeted
design criteria cannot be met. The component design shall account for the maximum tolerable
damage provided in Figure 4. The designs shall incorporate hazard uncertainty consistent with
the performance-based design methodology. When Criticality Category III or IV components
require modification of their performance objectives, the system should be re-evaluated using the
lower fragility of those components to ensure the target performance objectives can still be met.
If changing the component performance objectives changes the ability to meet system perform-
ance objectives in Table 1, then other system-level improvements may need to be implemented.
Designs for Criticality Category III and IV components are to be checked against Level 4

earthquake scenario hazards. This requires the scenarios to be developed for use at the design
level. The purpose for this check is to ensure the most cost-effective design and construction is
achieved for the benefit of the community. This is to be accomplished per the notes at the

Table 2. Component Criticality Categories. Adapted from Davis (2008) and ALA (2005).

Criticality
Category Description

Design Basis Hazard
Return Period (years)

I Components that present very low hazard to human life in the

event of failure. Not needed for post-earthquake system

performance, response, or recovery.

72

II Normal and ordinary components. They provide services for

typical residential, commercial, and industrial use within the

system and include all components not identified in Criticality

Categories I, III, and IV.

475

III Components providing services that represent a substantial hazard

or mass disruption to human life in the event of failure. Failure of

these components may result in significant social or economic

impacts. Critical B Customers.

975*

IV Components needed to provide services to essential facilities for

post-earthquake response, public health, and safety. These

components are intended to remain functional during and

following an earthquake. Critical A Customers

2,475*

* Note: Also check against Level 4 earthquake scenario hazards, See Section 4.2.

Figure 4. Maximum level of component damage to be tolerated based on Criticality Categories (modi-

fied from FEMA 2010).
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bottoms of Table 2 and Figure 4, identifying alternatives to be investigated and recommenda-
tions presented to the proper authorities for approval. The information presented should include
cost differentials resulting from the Level 4 event hazards and the potential consequences on
post-earthquake lifeline services when mitigation is not implemented for Level 4 events.

5 EXAMPLE ASSESSMENT OF GEOTECHNICAL EARTHQUAKE HAZARDS

This section presents a case study assessment of geotechnical earthquake fault rupture hazards
for the 5-km long, 135 cm diameter Foothill Trunk Line unit 3 project (FTL) owned by the
LADWP water system. The FTL is shown in Figure 5 and will be assessed using the perform-
ance based seismic design procedure of Figure 3. As seen in Figure 5 the FTL alignment crosses
the San Fernando fault, which ruptured generating the Mw 6.7 1971 San Fernando Earthquake.
This pipeline is essential to delivering water for many people and has no redundancy, making it
a Criticality Category IV component from Table 2. The FTL is exposed to fault rupture and
ground motion hazards, but not to liquefaction, landslides or any significant amount of differ-
ential soil settlement. Due to space constraints, this example only addresses the fault rupture
hazard. From Table 2 and Figure 4, the FTL is to have no more than moderate damage for
2475-year return period hazards and moderate to high damage for a Level 4 event scenario.
The fault rupture displacement hazard evaluation for FTL is described by Hu et al. (2017).

The magnitude-frequency relationship for this fault is estimated using UCERF3 (Field et al.
2013) resulting in a Mw 7.6 earthquake for Level 3 (2500 years) and a Level 4 event having
Mw > 7.6, up to Mw 7.8 for a 10,000-year return period (LADWP 2019). Hu et al. (2017)
showed an average surface displacement for Level 3 is 2.8 m using the Wells & Coppersmith
(1994) all-slip type displacement-magnitude relation. Using the same relationship, the Level 4
average surface displacement for a 10,000-year return period earthquake magnitude is about
3.6 m. These values exceed the 2.5 m of coseismic surface rupture measured in 1971. Consist-
ent with the performance based seismic design methodology, the minimum average fault dis-
placement for design was selected as 3 m.
The design used the Kubota Corporation earthquake resistant ductile iron pipe (ERDIP)

incorporating a new large displacement adsorption pipeline system (LDAPS) at one location on
each side of the fault trace which accommodates up to 3.6 m of fault movement. This was the
first project to utilize the large diameter LDAPS technology. The normal ERDIP pipe allows
for 1% axial displacement at each joint and 6.5° deflection, which could accommodate a max-
imum fault displacement of 1.8 m (less than the Level 3 movement). Incorporating the LDAPS
allowed the Level 4 earthquake scenario fault displacement to be accommodated with very little
increase in overall project cost (less than 1%). Hu et al. (2017) describe the analysis methodology
and point out there are two fault crossing locations where the LDAPS was installed. This case
study shows how Level 4 evaluations can easily be incorporated into lifeline systems to develop
more resilient designs for large plausible events while encouraging innovative cost-effective
design solutions. Other projects may not develop similar innovative and cost-effective solutions
but enforcing the Level 4 scenarios do encourage consideration of new resilient options.

Figure 5. Location of Foothill Trunk Line in blue and 1971 San Fernando earthquake surface rupture

and section names in red (Hu et al. 2017).
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6 CONCLUSIONS

Target lifeline system performance objectives are presented relative to the probability and
magnitude of potential earthquakes in terms of example water system allowable service losses
and restoration times. Procedures for system and component-level assessment and design are
proposed to provide a means upon which the lifeline systems can meet the target performance
criteria. An example is presented to show how to assess geotechnical earthquake hazards con-
sistent with the proposed procedure. Implementing the performance based seismic design
methodology will significantly improve the lifeline system resilience. The methodology is
applicable to all lifeline systems for many different hazards and is being implemented for the
Los Angeles Water System (Davis 2017, 2018, LADWP 2019).
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