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Performance-Based Design with

Application to Seismic Hazard
By Margaret Tang, Eduardo Castro, Flavio Pedroni, Andrzej Brzozowski,

and Mohammed Ettouney

The development and use of
performance-based design (PBD) of
buildings has been in progress for several
years, primarily within the seismic and
blast communities. Within the engineering
community as a whole, the use of PBD is
being considered for applications to specific
design issues such as progressive collapse,
as well as full-scale infrastructure projects
such as bridge designs.

Seismic PBD was introduced in FEMA
273/274, published in October 1997,
which was then reissued in November
2000 as FEMA 356 — Prestandard and
Commentary for the Seismic Rebabilitation
of Buildings. It is generally accepted
that these efforts constituted\the first
generation of seismic PBD. ASCE 41-
06 — Seismic Rebabilitation of Existing
Buildings has \(8ince \Superseded \both
veusions of the FEMA standard.

Since 2002, there Has been an ongoing
effort\by FEMA to\generate a second
generation of seismi¢, PBDy This up-
dated ‘ersion incorporates details of
analyticaljand design techniques, and
quantifies performance meaguies and
uncertainties. This is compared to the
discrete qualitative measures ‘offered by
the first generation. Additionally, the
second generation utilizes component
and system fragilities, which relate
structural performance metrics to the
probability of occurrence or exceedance.

One of the main advances that the
second generation seismic PBD para-
digm offers is that it acknowledges the
uncertainty present in seismic design of
buildings, or any other infrastructure.
The uncertainties in defining the seismic

hazard, performing the design process,
and estimating consequences are all in-
cluded within the PBD paradigm. This
is in sharp contrast with prescriptive
designs. Admittedly, uncertainties are
also accommodated to a certain extent
in prescriptive designs: Allowable Stress
Design (ASD) utilizes factors of safety
and Load and Resistance Factor Design
(LRFD), accounts for load factors ‘and
strength)reduction factofs, as the name
umplies. Yet PBD ‘allows, for far more
freedomdmprescribing desired degrees
of excéedance levels and{ probabilistic
levels ffor the building andlevents on
hand. Fer example, a particulagbuilding
stakeholder might decide thagla non-
exceedance probability of 95% is needed
for the perforimaneéof the building dug
ing a seismic event. A stakeholdefZfor a
different building might decide gfhatan
85% non-exceedance’probabilifyis more
appropriate,Tle ability.e6 determine an
appropridte uncgttainty level can be one
of themajes-advantages of PBD.

Prescriptive vs. Performance
Design Paradigms

A central difference between the
traditional prescriptive design method
and PBD is in the design objectives, as
illustrated in Figure 1. While prescriptive
designs require achieving an acceptable
demand-to-capacity (D/C) ratio, the
objective of PBD is to achieve a specified
level of performance, as correlated to
appropriate consequences, which may
be measured in several ways including as
monetary cost. Each of these methods

requires design iterations until either an
acceptable D/C ratio (for prescriptive
design) or a desired performance level
(for PBD) is achieved.

Another difference between the prescrip-
tive design and PBD paradigms lies in
their computational underpinnings. For
prescriptive design, this relates to capacity
and demand, and is based oagStructural
reliability methods. PBD is\based on risk
methods that consider hazatds, vulnera-
bilities andge®nsequences. In this.edhtext,
hazards and yulnerabilities are analogous
to demand\and Jeapacity, respectively.
However, PBD also accounts fot_th@
consequences assoctated with the hazards
and yulnerabilities:

The\ third majer), difference between
these\two approaches lies in the steps that
are takén in addressing the design con-
stderations. For traditional prescriptive
methods, the seismic hazard level and the
acceptab)€ level of damage in the struc-
war€ iy determified by prevailing building
and dasign codes. In performance based
design, both of these considerations are
addressed during the design process,
along with anticipated consequences and
uncertainties in the design and analysis
process. These decisions are made based
on a desired level of performance, rather
than a predetermined set of codes.

Design decisions in PBD are based
largely on the building stakeholders,
namely, the building owner. It is these
stakeholders that will determine the
initial cost investment in design and
construction, and this will drive the
level of performance and the associated
consequences. PBD requires more
effort in the early phases of design but it
offers many advantages: 1) potential cost
savings in the long run, 2) the option
of continued operations and immediate
occupancy after seismic events (which
can be of importance for sensitive
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Figure 1: Prescriptive Design vs. Performance Based Design Paradigms.
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Figre 2: Performance Based Design'Steps.

facilities), and 3) ajelear quantitative picture
onphew the facility\will perform during a
seismic'event, and what the consequencesofi
such performance would be (i.e. no surptises

to the stdkeholders).

Elements of Performance
Based Design

The three basic steps of PBD are the estima-
tion of hazard, the evaluation of vulnerability,
and the computation of consequences, shown
schematically in Figure 2.

When using PBD, determining the design
hazard level requires evaluation of the seismic
event and the probability of occurrence. This
can range in complexity from choosing only
the hazard level and the shape of the design
spectra to a more involved process, such as
generating an ensemble of seismic acceleration
time histories. In most situations, the designer
needs to address issues such as return period
(the duration of a seismic event at a given
level) and maximum ground acceleration. In
the second generation seismic PBD effort,
the probability of the chosen seismic hazard
is an integral part of the design input needs.
This is necessary to compute the anticipated
consequences of the design, as shown in
Figure 3. Another feature of second generation
seismic PBD is that it can be based either on
a single scenario, such as a unique earthquake
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level, or on multiple earthquake levels with
varied return periods. This latter approach is
obviously more time consuming, since design
calculations must be performed for each of
the scenarios. However, the advantage of the
multiple scenario approach is that it gives a
more complete picture over the tofd) life of
the building. As noted earlieggPrescriptive
design methods do not address probabilities
of occurrence or consequenceghas these are
implicitly addeésseddthrough thedevelopment
of the design\codes.

After the seismic input is definedthe build-
ing design proces§starts. The key differeriCes
between the two 'desigmapproaches are’in the
accepgance criteria, ithe “afialysis techniques,
and the, analysis objectives. In traditional
prescriptive design, the acceptance criteria
is generally prescribed simply to ensure life
safety; while PBD allows for varied accep-
tance criteria based on the determination of
an acceptable leve] of earthquake damage to
thestflgtute.

In preseriptive design, evaluation of the
building performance during a seismic event
is usually performed using linear analysis, and
the primary objective is to determine whether
specific acceptance limits are met. In PBD,
nonlinear analysis is preferred in order to
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compute damage types and levels, which
will ultimately be used in determining
the consequences of a particular design.
Computing types, levels, and prob-
abilities of structural or non-structural
damage due to an earthquake are not
easy tasks. This is one area which is
currently undergoing extensive research
and development. An emerging technique
for relating earthquake damage to
uncertain inputs and computing the
damage uncertainties is the use of fra-
gility curves. Figure 3 (page 21) shows
how fragilities are used in a PBD context.
Component seismic fragilities have
been under development for some time.
Efficient, practical and general methods
for system level fragility, on the other
hand, are just starting to develop.
Considering consequences of seismic
events in the design of buildings is
perhaps the most important difference
between prescriptive design and PBD.
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Life-cycle analysis, as the name implies,
is the evaluation of performance over the
life of a structure as a result of anticipated
loads, stresses and hazards. It is closely tied
to performance based design, as the latter
is, at its most basic level, the relationship
between a hazard and the antiéipated
response of the structure. T wledge
of life-cycle behavior is of immense impor-
tance to asset managers in t decision

ges a worthwhile goal.
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ed with the predetermined rela-
tionship between damage level and associated
costs. The estimated cost of the earthquake
event can then be computed as shown in
Figure 3 (page 21). Computing cost based on
uncertainties is one of the many definitions
of risk, demonstrating that PBD is a risk-
based paradigm.

After the consequences of the seismic
event are computed based on the chosen
performance levels, the building stakeholders
(owner, architect, engineer, users, insurance
companies, etc.) must decide if it is an ac-
ceptable cost (risk). If the costs proved to
be too high, the performance levels are ad-
justed, and the whole procedure is repeated
until an acceptable level of consequences
is reached.

Future of Performance
Based Design

PBD for earthquake engineering has been

gaining interest for several years. Other
fields of application include multi-hazard
engineering, structural health monitoring,
and life-cycle analysis.
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PBD a ul@ex msidemtiom.

Multi-hazard engineering is an ideal appli-
cation of PBD as it requires the consideration
of more than one hazard or extreme event at
any given time, in an effort to increase safety
and reduce subsequent costs. This can include
seismic, wind, flood, bomb blasts, and pro-
gressive collapse. Prescriptive design methods
are not applicable to this type of problem, as
they tend to address scenarios with a single
hazard or extreme event. Additionally, non-
linear analysis is recommended in order to
accurately depict the performance of the
structure in a multi-hazard scenario.

Structural health monitoring is emerging
as an essential tool for preserving the health
of infrastructures. Several sensors are placed
on a structure in order to collect data on its
performance over time. This data is useful
in determining the response of a structure
as a result of different stresses or hazards,
which can ultimately be employed in PBD.
Conversely, PBD techniques provide valuable
information about damage in a structure due
to a seismic event or other hazard. This can
be useful in determining where to place the
sensors in order to most effectively monitor
any potential hotspots.
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