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Abstract Performance-based design offers a number of advantages over historically com-
mon design approaches. As currently practiced, performance is most commonly evaluated
in terms of system response, typically displacement-related, using traditional ground motion
intensity measures defined at two or more discrete hazard levels. Such approaches do not nec-
essarily allow all of the potential benefits of performance-based design to be realized. More
recently, integral performance-based procedures that account for ground shaking hazards at
all hazard levels have been developed. This paper reviews basic concepts of performance
and different approaches to the implementation of performance-based design. An load and
resistance factor-like methodology is described and illustrated with an example.
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1 Introduction

The use of performance-based concepts for seismic design has increased significantly over
the past 10–15ýears. The performance-based approach implies that structures and facilities
can be designed and constructed in such a manner that their performance under anticipated
seismic loading can be predicted with an acceptable degree of accuracy. The large uncertain-
ties involved in characterizing anticipated ground motions, along with the significant uncer-
tainties involved in predicting system response, physical damage, and losses have led most
approaches to performance-based design to be formulated in probabilistic terms, although
the probabilistic approach is not absolutely required, and not consistently used in current
practice.

In practice, performance-based design of structures and facilities can be accomplished in
many different ways. In this paper, the term “structures” will be used in a generic sense to
describe systems that could include buildings and bridges, but also embankments, levees,
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earth dams, natural slopes, foundations, etc. The paper will explore alternative approaches
to performance-based design, discuss their implementation in practice, and show how the
benefits of performance-based geotechnical design can be realized in a framework that most
practitioners are already familiar with.

2 Historical approaches to geotechnical seismic design

For many years, geotechnical engineers based evaluations of “safety” on forces and
stresses for both static and dynamic loading conditions. Such evaluations compare the
shear stresses required to maintain equilibrium with the available shear strength of the
soil, and express their results in terms of a factor of safety. A factor of safety greater
than 1.0 is commonly taken to indicate a stable, or non-failure, condition. Conservatism
has typically been provided through the specification of a design-level minimum factor
of safety, which exceeds 1.0 by an amount that reflects uncertainty and consequences of
failure, but also experience, precedent, convenience, and engineering judgment to varying
degrees.

Early procedures for seismic design were simple extensions of the procedures used for sta-
tic design. Beginning with analyses of retaining structures nearly 100 years ago (Mononobe
and Matsuo 1929; Okabe 1926), the complex, transient, dynamic,inertial loads induced by
earthquakes were replaced with simple static forces oriented in a manner that reduced stability
in “pseudo-static” analyses. These pseudo-static forces increased the shear stress “demands”
in the soil above those existing under static conditions and thereby reduced the pseudo-
static factor of safety computed when all forces are considered. Recognizing that earth-
quakes are rare, that the demands they produce are transient in nature, and that force-based
“failures” of very short duration were not necessarily damaging, pseudo-static designs have
frequently been based on lower allowable factor of safety values than are used for static
design.

Beginning with the development of the sliding block model (Newmark 1965), geotech-
nical engineers have worked to develop tools for predicting the permanent deformations of
geotechnical structures subjected to earthquake loading. The ongoing development of stress-
deformation analyses, implemented in finite element and finite difference computational
platforms, has led to more and more powerful predictive potential, although data for vali-
dation of such models has lagged somewhat behind development of the models themselves.
Recognizing the complexities involved with numerical predictions of earthquake-induced
deformations, and the lack of full-scale, instrumented, field case histories against which to
validate them, a number of simplified deformation models have been developed and used in
practice. For foundations, the development of macro-element models (e.g., Nova and Mon-
trasio 1991; Paolucci 1997; Cremer et al. 2001, 2002; Chatzigogos et al. 2011; Correia et al.
2012) have allowed efficient computation of nonlinear inelastic response of foundations
subjected to multi-dimensional dynamic loading. Makdisi and Seed (1978), for example,
performed sliding block analyses to develop a correlation between peak ground accelera-
tion and the expected permanent deformations of embankment dams. The proposed model
was properly described as producing uncertain deformation estimates, but the Makdisi-Seed
average curves have been widely and continuously used for deterministic estimates of slope
displacement since they were published. A number of empirical and semi-empirical models
for estimation of deformations have been developed. Empirical procedures for estimation of
lateral spreading displacement (e.g., Bartlett and Youd 1992; Youd et al. 2002) are based on
interpretation of lateral spreading case histories.
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3 Seismic performance

The term “performance” can mean different things to different people involved in the seismic
design process. Ground displacement can be a good measure of performance to the designer
of an earth dam. To a structural engineer, a measure of response such as interstory drift would
be a good descriptor of building performance. To an estimator preparing a bid for repairs,
measures of physical damage such as crack width and spacing could be more useful measures
of performance. Finally, to an owner, the economic loss associated with earthquake damage
could be the best measure of performance.

3.1 System response

Structures, whether comprised of steel, concrete, or soil, have mass and flexibility, and there-
fore respond more strongly at some frequencies than others. They exhibit generally linear
behavior at very low levels of loading but can become highly nonlinear and inelastic at higher
levels of shaking. Response can be expressed in terms of forces and stresses or displacements
and strains, and are frequently characterized by engineering demand parameters, or EDPs.
When the level of response is too high, damage can occur. In order to accurately predict
the damage associated with structural response, it is necessary to identify the measures of
response that are most closely related to damage, and to be able to predict the response caused
by earthquake ground motion.

3.2 Physical damage

The response of a structure may or may not result in physical damage depending on the
structure’s capacity to resist damage. The capacity may be viewed as a level of response
beyond which some level of physical damage can be expected to occur. Many different types
of damage can occur during an earthquake—some can be related to the structure itself, some
to physical systems within the structure, and some to the contents of the structures. In order
to predict the losses associated with various forms of physical damage, it is necessary to
identify the specific form(s) of physical damage, quantified by damage measures, or DMs,
that contribute most strongly to the losses of interest, and to be able to predict the physical
damage associated with the response of the system of interest.

3.3 Losses

Physical damage to structures and their contents result in losses. Losses can have many
components—deaths and injuries, repair and replacement costs, and loss of utility for
extended periods of time. Decisions regarding risk reduction through retrofitting, insurance
protection, etc. are usually made on the basis of expected losses, so those losses are often
characterized by decision variables, or DVs.

3.4 Predicting performance

A complete prediction of performance requires prediction of the response, damage, and loss
associated with one or more specific levels of ground shaking. This process can be illustrated
schematically as shown in Fig. 1. A response model, which can range from an empirical
algebraic equation to a detailed nonlinear finite element model, is used to predict the response
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Fig. 1 Schematic illustration of process by which response, damage, and loss are predicted

of a soil-structure system to earthquake shaking. A damage model is used to predict physical
damage from response levels. The damage model may be analytical or heuristic in nature.
Finally, losses are predicted from damage by a loss model. The loss model may be a relatively
straightforward combination of repair quantities and unit costs, or a complex financial model
that considers indirect losses, future interest rates, etc.

4 Performance-based seismic design

Early efforts at seismic design were scenario-based, i.e., based on the identification of one or
more “design earthquakes” (e.g., maximum credible and maximum probable earthquakes)
typically specified by source, magnitude, and distance. The ground motions associated with
the design earthquakes were estimated deterministically, initially by heuristic specification of
ground acceleration, but later using median values from early attenuation relationships. These
median values generally neglected the uncertainty inherent in ground motion estimation.

An important advance in seismic design came in the late 1970s with the publication of the
ATC-3-06 (Applied Technology Council 1978) report. ATC-3-06 built on the probabilistic
seismic hazard analysis concepts of Cornell (1968) and the mapping work of Algermissen
and Perkins (1976) to express design seismic loading in a probabilistic manner. ATC-3-06
recommended that design be based on a single level of ground shaking—that with a 10 percent
probability of exceedance in a 50-years period, i.e., a 475-years return period. For structures,
ATC-3-06 provided guidance for the allowance of inelastic behavior of components through
the provision of ductility, and based performance on the relationship between estimated
and allowable interstory drifts. The allowable story drifts were presented for four seismic
performance categories in three seismic use groups. Thus, the use of deformation-based
response and capacity measures as metrics of performance was introduced.

4.1 Discrete hazard level approach

More recent performance objectives are expressions of the acceptable risk of experiencing
different levels of damage or loss. Owners are typically willing to accept a higher risk of
low levels of damage/loss than high levels, and may define different acceptable likelihoods
for different levels. The first document widely recognized as establishing such procedures
for performance-based design of new structures was the Vision 2000 report (SEAOC 1995).
The Vision 2000 report described the general levels of damage to various building compo-
nents and provided allowable inter-story drift limits associated with the four performance
levels (fully operational, operational, life safe, and near collapse). Fully operational perfor-
mance was expected for frequently levels of shaking, which were taken as having a return
period of 43 years. Operational, life safe, and near collapse performance levels were expected
for motions with return periods of 72, 475, and 975 years, respectively. These limits were
expressed deterministically but were intended to be conservative; the degree of conservatism,
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for example in terms of the actual return period at which the different performance levels
would be reached, is not known.

4.2 Integral hazard level approach

The Pacific Earthquake Engineering Research Center (PEER) has proposed a framework for
PBEE (Cornell and Krawinkler 2000; Deierlein et al. 2003). The framework makes use of the
previously described notation, and recognizes the fact that IMs, EDPs, DMs, and DVs, as well
as the relationships between them, are all uncertain. The PEER framework is encapsulated
in a “framing equation” formally presented in its most general form as

λ(DV) =
∫ ∫ ∫

G(DV|DM) |dG(DM|EDP)| |dG(EDP|IM)| |dλ(IM)| (1)

In Eq. (1), G(a|b) denotes a complementary cumulative distribution function (CCDF) for a
conditioned upon b (the absolute value of the derivative of which is the probability density
function for a continuous random variable) and the bold type denotes vector quantities. From
left to right, the three CCDFs result from loss, damage, and response models; the final term,
dλ (IM) is obtained from the mean seismic hazard curve; uncertainty in the position of the
IM hazard curve itself is not considered. The framing equation implicitly assumes that the
quantities used to describe IM, EDP, and DM are each capable of predicting EDP, DM, and
DV , respectively.

The framing equation allows calculation of loss hazard (i.e., the mean annual rate of
exceeding various levels of loss) by integrating over all levels of ground motion, response,
and damage with the contributions of each of those variables weighted by their relative
likelihoods of occurrence. The computed loss hazard can be viewed as the weighted average
of all possible earthquake, ground motion, response, damage, and loss scenarios. It can
account not only for location-dependent differences in tectonic environment but also for
local differences in construction quality (as evidenced by capacities to resist damage), repair
costs, and local indirect costs. It can therefore allow a uniform, objective, and consistent
estimate of losses in different geographic regions.

This triple integral can be solved directly only for an idealized set of conditions, so it
is solved numerically for most practical problems. When all variables are continuous, the
numerical integration can be accomplished (assuming scalar parameters for simplicity) as

λDV (dv) =
NDM∑
k=1

NE D P∑
j=1

NI M∑
i=1

P[DV > dv|DM = dmk] × P[DM > dmk |E D P = edp j ]

×P[E D P > edp j |I M = imi ]�λI M (imi ) (2)

where P[a|b] describes the probability of a given b, and where NDM, NEDP, and NIM are the
number of increments of DM, EDP, andIM, respectively. The variable b is considered to be
an efficient predictor of a if the uncertainty in a|b is low; b would be a sufficient predictor
of a if the uncertainty in a|b is not reduced by additional predictive variables.

The PEER framework has the useful benefit of being modular. The discretized framing
equation (Eq. 2) can be broken down into a series of components, e.g.,

λE D P (edp) =
NI M∑
i=1

P[E D P > edp|I M = imi ]�λI M (imi ) (3a)
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λDM (dm) =
NE D P∑

j=1

P[DM > dm|E D P = edp j ]�λE D P (edp j ) (3b)

λDV (dv) =
NDM∑
k=1

P[DV > dv|DM = dmk]�λDM (dmk) (3c)

which means that hazard curves can be computed for EDP, DM, and DV and interpreted in
the same manner as the more familiar seismic hazard curve (for IM) produced by a PSHA.

Many seismic hazard curves are nearly linear on a log–log plot, at least over significant
ranges of ground motion intensity (Department of Energy 1994; Luco and Cornell 1998),
which implies a power law relationship between mean annual rate of exceedance and IM that
can be expressed as

λI M (im) = k0(I M)−k (4)

In this expression, k0 is the value of λIM(im = 1) and k is the slope of the seismic hazard
curve (in log–log space, in which Eq. (4) plots as a straight line). If the response model is
also assumed to be of power law form,

E D P = a(I M)b (5)

with lognormal response model dispersion, σln E D P|I M , the resulting EDP hazard curve can
be expressed as

λE D P (edp) = k0

[(
edp

a

)1/b
]−k

exp

[
k2

2b2 σ 2
ln E D P|I M

]
(6)

This equation describes the mean annual rate of exceeding some level of response, EDP =
edp, given the seismic hazard curve, which is the result of a probabilistic seismic hazard
analysis, and a probabilistic response model. It therefore considers all possible values ofIM
rather than only those corresponding to the small integer number of return periods considered
in the discrete hazard approach. Equation (6) is composed of two parts, the first of which
is a function of edp and the constants (k0, k, a, b) that describe the mean hazard curve and
the median EDP–IM relationship (i.e., the response model). The second part depends on the
slopes of the hazard curve and median response model relationship and, most significantly,
on the uncertainty in the response model. The second term can be viewed as an “uncertainty
multiplier” since its value is 1.0 when there is no uncertainty and becomes progressively
greater than 1.0 as the response model uncertainty increases. This result shows that the mean
annual rate of exceedance of a particular EDP value increases with increasing uncertainty.
Put another way, the EDP value corresponding to a given mean annual rate of exceedance
(or return period) increases with increasing response model uncertainty.

5 Performance-based design methodologies

Performance-based design can be implemented into engineering practice in a number of
different ways. Different implementation methodologies must address two main matters—
the manner in which earthquake loading is specified and the manner in which performance
is evaluated. The design process involves an iterative series of performance evaluations
after which the computed performance is compared with the performance objectives, and
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the design is modified until all performance objectives have been met. The performance
evaluations may be based on measures of response, damage, or loss.

In the simplest approach, PBD can be implemented at the response level, i.e., by specifying
performance in terms of EDP values at different response hazard levels (or response return
periods). In this approach, physical damage and loss must be inferred from the computed
response. This inference may be guided by judgment and experience, but must be recognized
as leading to uncertain loss estimates. An intermediate approach would be to specify perfor-
mance in terms of damage limit states, which involves the explicit comparison of predicted
and allowable damage; this approach would involve prediction of DMs with consideration of
response and damage model uncertainties. Ledezma and Bray (2010) analyzed a five-span
bridge typical of that designed by the California Department of Transportation supported by
piles extending through liquefiable soils that were susceptible to lateral spreading. Approach
embankment displacements were computed using the procedure of Bray and Travasarou
(2007) and pile–soil interaction was accounted for using a pile pinning analysis. Five dis-
crete damage states (none, small, moderate, large, and collapse) were defined on the basis
of pile response. Loss would still need to be inferred, but inferring loss from specific dam-
age levels involves less uncertainty than inferring it from specific response levels. The most
complete level of implementation would be to involve the definition of performance in terms
of losses (DVs), which would involve explicitly modeling response, damage, and loss with
consideration of the uncertainties inherent in each. While requiring more information and
more effort, this approach would provide the most accurate (i.e., least uncertain) estimate of
loss. Iai et al. (2008) described the design of a caisson quay wall in 15 m of water resting on a
rubble fill underlain by alluvial clay, and retaining liquefiable soil. Using a series of paramet-
ric (finite element) response analyses, fragility curves for one damage state were developed.
Assigning a repair cost of 1M yen/m of wall length and considering the construction costs for
different improvement options, life-cycle costs for each of five improvement options could
be calculated. Towhata et al. (2009) described an example of performance-based design of
the widening of an expressway embankment based on life-cycle cost concepts. Rix (2009)
extended the life-cycle cost approach to include time-value-of-money effects and the disper-
sion of estimated loss, and computed combinations of the mean and standard deviation of
expected loss. With such data, owners with different risk tolerances could choose between
strategies with low mean loss but high uncertainty or higher mean loss with lower uncertainty.

Kramer (2011) recently presented the results of a brief and informal online survey of
practicing engineers in North America on their current seismic design practices. When asked
how they measured performance, the responses indicated a strong emphasis on measures
of deformation (displacement, rotation, strain, etc.) as indicators of performance, with mul-
tiple respondents indicating that they considered performance-based design to be synony-
mous with deformation-based design. The practitioners listed several impediments to the
increased use of performance-based design in engineering practice. Many of the respondents
felt that engineers, owners, and regulators were not sufficiently convinced of the benefits of
the performance-based approach, and not sufficiently educated about the procedures used to
develop a performance-based design. Respondents also felt that improved, validated tools for
nonlinear response analysis, including soil-structure interaction, were required to advance
the use of performance-based design. A number of respondents felt that proficiency with
the probabilistic concepts that underlie performance-based design was lacking, and that
improved education and tools for probabilistic analysis would be beneficial. Other respon-
dents believed that regulators and code-writing bodies should take the lead in promoting
performance-based design by allowing (or requiring) its use in appropriate situations and
working toward performance-based codes for common structures. Finally, the lack of fre-
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quent interaction between geotechnical engineers, the rest of the design team, and owners
was listed as a significant impediment by a number of survey respondents.

For very large projects, the complete PBEE methodology may be too time-consuming for
design iterations. In such cases, conventional deterministic procedures may be used to narrow
down the range of component design alternatives with the PBEE methodology subsequently
used to complete the design process.

5.1 Response-level implementation

If the profession’s belief is that performance is currently best evaluated at the response level,
procedures for performance-based design must be implemented at the response level. A num-
ber of response-level performance evaluations have been reported in the literature. Biondi
et al. (2009) described a performance-based procedure for gravity retaining walls in which
a Richards-Elms Richards and Elms (1979) type procedure was used to estimate lateral wall
displacements, which were then related to a limiting yield coefficient. A factor of safety
defined using this yield coefficient and the yield coefficient corresponding to the allowable
displacement served as an indicator of whether the allowable displacement was exceeded.
Sunasaka et al. (2009) summarized the performance-based design of a pile-supported plat-
form and seawall adjacent to a reclaimed island at the Tokyo International Airport. Finite
element soil-structure analyses were used to compute system deformations, including the
relative displacement between the seawall and the platform. Pile performance was checked
by comparing computed pile curvatures to the allowable curvatures, which were those that
would cause yielding of the piles.

A response-level implementation using the PEER framework would allow evaluation of the
mean annual rate of exceedance (or return period) of various levels of response. By combining
the results of a PSHA with a probabilistic response model, this approach can provide a consis-
tent and objective evaluation of seismic response hazards in different tectonic environments.

Performance-based procedures for liquefaction hazard evaluation have been developed
(Marrone et al. 2003; Kramer and Mayfield 2005, 2007; Juang et al. 2008), permanent slope
displacements (Travasarou et al. 2004; Rathje and Saygili 2008), and pile foundation response
(Cubrinovsky and Bradley 2009). Kramer and Mayfield (2007) described a performance-
based procedure for evaluating liquefaction potential that resulted in factor of safety hazard
curves that account for all PGA levels and all magnitudes that contribute to those PGA level.
Rathje and Saygili (2008) described a probabilistic seismic displacement analysis using a
regression equation for displacement calibrated to approximate the results of sliding block
analyses. Using PGA as a scalar IM, a hazard curve for slope displacement could be obtained.
Cubrinovsky and Bradley (2009) used the integral response approach to develop pile head dis-
placement hazard curves before and after proposed strengthening of a bridge in Christchurch,
New Zealand. Basing design on a particular return period for liquefaction, as suggested by
Kramer et al. (2006) or for slope displacement or pile head displacement would provide more
uniform performance than the current process of basing such evaluations on deterministic
factors of safety computed for a small number of discrete ground motion hazard levels.

6 Design of foundations

The design of foundations for buildings, bridges, and other structures is strongly influenced by
seismic considerations in many regions of the world. In the United States, for example, bridge
foundations are typically designed using load and resistance factor (LRFD) design. In LRFD,
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Fig. 2 Schematic illustration of decoupled approach: a soil-foundation-structure system, b structural system
with input motions applied through elements of appropriate impedance, c forces computed from structural
system applied to foundation

uncertainties in load and resistances are characterized and used to develop factors by which
nominal loads and resistances are multiplied to produce factored loads and resistances that,
when equal, correspond to a particular probability of failure. A successful design, therefore,
will be one in which the factored resistance exceeds the factored load.

A more general description of seismic performance can be obtained by consideration of
demands and capacities. In a force-based evaluation, forces can act as demands and resistance
as capacities. However, in a displacement-based evaluation, demands can be represented by
the displacement(s) of a structure excited by earthquake loads, and allowable displacement(s)
can be taken to represent the capacity of the structure to tolerate displacement. Thus, reference
can be made to force or displacement demand and to load or displacement capacity.

Ideally, the response of a soil-foundation-structure system to earthquake shaking would be
predicted by coupled nonlinear analyses of the complete soil-foundation-structure system. In
order to investigate general procedures for seismic design of foundations, however, the infinite
number of possible structure, site, and foundation configurations must be recognized. In order
to avoid developing procedures that are excessively structure/site/foundation-dependent, the
problem can be decoupled using the type of decoupled substructure analysis that is commonly
used in soil-structure interaction analysis. In the decoupled approach, a soil-foundation-
structure model (Fig. 2a) is broken down into two components. A structural model (Fig. 2b)
supported by appropriate springs and dashpots is subjected to three-dimensional shaking
applied through the spring/dashpot elements. The structure responds dynamically, produc-
ing forces and overturning moments that act on the foundation. The connection between
the structure and the foundation, therefore, is subjected to three orthogonal forces, and two
orthogonal overturning moments; torsion of an individual foundation is usually not signifi-
cant. These loading histories are computed and saved for use in a second analysis (Fig. 2c),
which is performed on a soil-foundation model that is excited by the loading histories from
the first analysis. This loading causes displacement and rotation of the footing, which are also
recorded. The load measure is a term that characterizes the nature of the dynamic load—the
peak (absolute) dynamic load would be a simple and useful LM. The displacements and
rotations can be represented by the EDP, a five-component vector. Peak or permanent values
of displacement or rotation are useful potential EDPs.
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6.1 Characterization of ground motion intensity

Characterization of earthquake loading first requires selection of one or more ground motion
intensity measures. The selection, however, must be made with consideration of the system
response of greatest interest. Ground motion intensity measures should ideally be predictable,
efficient, and sufficient.

Intensity measure predictability refers to the uncertainty with which an IM can be
predicted for a given earthquake scenario; this uncertainty is characterized by the stan-
dard error term in the ground motion prediction equation (GMPE) for that IM. Differ-
ent IMs have been shown to have different levels of predictability. For structures, the
use of spectral acceleration at the fundamental period as a scalar intensity measure is
common.

6.2 Characterization of demand

Demand can be characterized as a level of response induced in a structure by earthquake
loading. It can be expressed in terms of forces and/or moments or in terms of displace-
ments and/or rotations. In a force-based approach, peak dynamic forces/moments are most
commonly used to characterize demand. In some cases, these values may be normalized by a
reference force/moment to produce a dimensionless load ratio. If the reference force/moment
is taken as the failure load, a load ratio of 1.0 would imply failure. In a displacement-based
approach, peak or permanent displacements/rotations can be used as displacement demands.
For buildings, which are normally subjected to predominantly vertical static loads, perma-
nent displacements/rotations are generally small so peak displacements/rotations provide a
better indication of demand. Bridges, on the other hand, are frequently constructed on slop-
ing ground that imposes significant horizontal static loads and/or overturning moments on
foundations. In such cases, permanent displacements/rotations may be better measures of
demand than peak values.

Seismic demands can be estimated in a number of ways ranging from simplified approxi-
mations to empirical methods to detailed dynamic analyses. Force demands can be computed
by modal superposition for linear systems or nonlinear analysis for nonlinear systems, or can
be estimated using code-based procedures. Displacement demands can be obtained from sim-
ilar types of analyses. The uncertainties in displacement demands, while seldom rigorously
documented, are generally considered to be significantly higher than uncertainties in force
demands.

6.3 Characterization of capacity

To date, much more effort in geotechnical earthquake engineering has been placed on the
prediction of response than on the prediction of damage given response. The ability of build-
ings, bridges, and other structures to tolerate ground movement has not received a great
deal of research attention, and remains somewhat poorly understood. Bird et al. (2005) used
basic mechanical principles to evaluate damage to reinforced concrete frame buildings from
differential horizontal and vertical ground movements. Considering uncertainties in input
parameters, fragility curves for damage limit states (Fig. 3) were obtained. Bird et al. (2005)
used these damage models to compare damage scenarios with and without consideration of
ground failure-induced damage at a liquefiable site. The fragility curves suggest limit state
uncertainties of σln L S|� ≈ 0.8 for horizontal displacement and σln L S|� ≈ 0.6 for vertical
displacement.
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Fig. 3 Fragility curves for specific class of reinforced concrete building (after Bird et al. 2005). Limit states
1, 2, and 3 mark boundaries between slight and moderate, moderate and extensive, and extensive and complete
damage, respectively

In current practice, capacities are effectively defined as limiting response levels beyond
which various levels of damage and loss are assumed to occur. These limiting values are
usually specified on the basis of a project-specific structural analysis that may or may not
account for project-specific soil conditions, and usually represent a conservative, but deter-
ministic, estimate of limiting response. The level of conservatism in the allowable response
value is not standardized or quantified, and likely varies from one designer to another.

In reality, a limiting response level should be recognized as being uncertain, and the level
of uncertainty as depending on the procedure(s) used to define it. Rather than characterizing
allowable response conservatively and deterministically, it is possible to characterize the
distribution of allowable response as accurately and objectively as possible and to include its
uncertainty in the performance evaluation.

7 An LRFD-like performance-based design methodology

The practice of foundation design is increasingly being accomplished using load and resis-
tance factor design (LRFD) techniques. LRFD recognizes that uncertainties in loads and
resistances are different and characterizes them separately. Factored loads, i.e., the products
of load factors and nominal loads are required to be less than factored resistances, which are
the products of resistance factors and nominal resistances. In concept, load and resistance
factors are calibrated to achieve some desired, time-invariant probability of failure (capacity
exceedance). In practice, however, calibration is often based on a target of consistency with
prior allowable stress design.

In seismic design, strong demands result from infrequent earthquake loading and therefore
cannot be treated as time-invariant. At a given site, the value of a ground motion intensity
measure that a particular structure may be subjected to depends on earthquake source, path,
and site effects, all of which are highly uncertain. These uncertainties are generally accom-
modated through probabilistic seismic hazard analyses, which predict the rates at which
various levels of ground shaking will occur by considering all possible sources, magnitude,
and distances, and by considering ground motion uncertainty. The design level of ground
motion is generally expressed in terms of a design IM, i.e., one with a particular mean annual
rate of exceedance, or return period. This ground motion level is generally taken as a nominal
level that is used to compute dynamic response.
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In much the same way that loads and resistances can be factored for force-based design
of time-invariant systems, response and capacity factors can be factored for seismic design.
Jalayer (2003) and Cornell et al. (2002) laid out a procedure for structural design that can
be adapted for foundation design. This leads to the possibility of two different approaches to
seismic LRFD—one based on forces and the other on displacements.

7.1 Force-based approach

As previously discussed, seismic design can be based on loads or displacements, and both
load and displacement response can be computed in the previously described decoupled
analyses. In a force-based approach, the load measure would be a function of the intensity
measure, i.e., LM = f (IM). Since that function would have some uncertainty, the PEER
framework could be used to compute

λL M (lm) =
∫

G(LM |I M) |dλ(IM)| ≈
NI M∑
i=1

P[L M > lm|I M = imi ]�λI M (imi ) (7)

If the IM hazard curve is defined as in Eq. (4) and LM is a lognormally distributed power law
function of IM, i.e., L M = aI Mb, a closed-form expression for λLM can be derived as

λL M (lm) = k0

[(
lm

a

)1/b
]−k

exp

[
k2

2b2 β2
L

]
(8)

where βL = σln L M|I M represents the dispersion in loading given the intensity measure.
Equation (8) should be noted as being analogous to Eq. (6).

7.1.1 Load capacity exceedance rate

Accounting for the fact that the foundation capacity is also uncertain, a hazard curve for the
limit state, L S = L M ≥ C = c, can be expressed as

λL S =
∞∫

0

λL M (c) fC (c)dc (9)

Equation (9) can be integrated numerically to compute the mean annual rate of limit state
exceedance. The computed rates depend on the IM hazard curve, the (probabilistic) relation-
ship between IM and LM, and the uncertainty in displacement capacity.

Under the assumptions of the closed-form solution and using Eqs. (8) and (9), the rate at
which the load capacity, C = c, would be exceeded is

λL S =
∞∫

0

k0

[( c

a

)1/b
]−k

exp

[
1

2

k2

b2 β2
L

]
fC (c)dc (10)

Letting Ĉ represent the median capacity and the dispersion in capacity, βC = σlnC , Eq. (10)
becomes

λL S = ko

(
Ĉ

a

)−k/b

exp

[
1

2

k2

b2

(
β2

L + β2
C

)]
(11)
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Fig. 4 Schematic illustration of
load measure hazard curves for
cases of no uncertainty,
uncertainty in load given ground
motion intensity, and
uncertainties in load given ground
motion intensity and capacity

The mean annual rate of load capacity exceedance, therefore, can be seen to increase with
increasing uncertainty in capacity as well as uncertainty in loading.

The closed-form expressions for mean annual rate of exceedance can each be solved for
the value of LM corresponding to a particular mean annual rate of exceedance. These values,
for the cases of (a) zero uncertainty in response and capacity (βL = βC = 0), (b) uncertain
response but zero uncertainty in capacity (βL > 0, βC = 0), and (c) uncertain response and
capacity (βL > 0, βC > 0), can be written as

L M0 = a

(
λL M

k0

)b/k

(12)

L ML = a

(
λL M

k0

)b/k

exp

[
k

2b
β2

L

]
(13)

L MLC = a

(
λL M

k0

)b/k

exp

[
k

2b

(
β2

L + β2
C

)]
(14)

The values of L M0, L ML , and L MLC are illustrated schematically in Fig. 4. As would be
expected, the values of LM at a particular hazard level increase with increasing uncertainty.

7.1.2 Load and resistance factors

In static LRFD, a nominal load is multiplied by a load factor and a nominal capacity is
multiplied by a resistance factor to achieve some desired probability of failure (capacity
exceedance) or reliability index. For seismic LRFD, nominal loads and capacities should be
multiplied by load and resistance factors to achieve some desired mean annual rate (or return
period) of capacity exceedance. Taking the nominal load as the zero-uncertainty (median)
load measure, L M0, and the nominal capacity as the median capacity, Ĉ , the load factor, LF,
and resistance factor, RF, for a particular return period would be given by

L F = L ML

L M0
(15a)

and

RF = L ML

L MLC
(15b)

123



1062 Bull Earthquake Eng (2014) 12:1049–1070

With this approach, a design that satisfies the condition

L F · L̂ p ≤ RF · Ĉ (16)

where L̂ p is the median load measure corresponding to λL M = p and Ĉ is the median capacity
would result in a mean annual rate of limit state exceedance equal to that corresponding to
L̂ and Ĉ .

Substituting Eqs. (12)–(14) into Eq. (15), the closed-form load and resistance factors can
be expressed as

L F = exp

[
1

2

k

b
β2

L

]
(17a)

and

RF = exp

[
−1

2

k

b
β2

C

]
(17b)

Note that, under the assumptions of the closed-form solution, the load and resistance factors
are constants, i.e., they do not vary with return period.

7.2 Displacement-based approach

In a displacement-based framework, the uncertain relationships betweenIM and LM, and
between LM and EDP, can also be accommodated by the PEER integral

λE D P (edp) =
∫ ∫

G(EDP|LM) |dG(LM|IM)| |dλ(IM)| (18)

If the LM–EDP relationship is assumed to be governed by a power law with lognormally
distributed EDPs, i.e. E D P = d L Me, a closed-form expression for λEDP can be derived as

λE D P (edp) = k0

[
1

a

(
edp

d

)1/e
]−k/b

exp

[
k2

2b2e2

(
eβ2

L + β2
R

)]
(19)

where βR = σln E D P|L M . Like Eqs. (6) and (8), Eq. (19) is comprised of two parts. The first
describes the variation of λEDP with EDP based on the meanIM and median IM–LM and
LM–EDP relationships. The second part accounts for uncertainty in the prediction of LM
given IM and of EDP given LM.

7.2.1 Displacement capacity exceedance rate

The displacement capacity is typically taken as the maximum displacement associated with
some limit state. Taking the allowable displacement, which is usually estimated by approx-
imate means, to be uncertain, the hazard curve for the limit state, L S = E D P > C = c,
is

λL S =
∞∫

0

λE D P (c) fC (c)dc (20)
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which can be evaluated numerically. If the capacity is lognormally distributed, the closed-
form expression of Eq. (19) can be used to show that

λE D P (edp) = k0

⎡
⎣ 1

a

(
Ĉ

d

)1/e
⎤
⎦

−k/b

exp

[
k2

2b2e2

(
eβ2

L + β2
R + β2

C

)]
(21)

where Ĉ is the median displacement capacity. This closed-form expression can be used to
derive expressions for the EDPs corresponding to a given mean annual rate of exceedance
for the cases of (a) zero uncertainty in load, response, and capacity, (b) uncertain load and
response but no uncertainty in capacity, and (c) uncertain load, response, and capacity. These
EDP values can be written as

E D P0 = d

(
λE D P

k0ak/b

)−be/k

(22)

E D PL R = d

(
λE D P

k0ak/b

)−be/k

exp

[
k

2be

(
eβ2

L + β2
R

)]
(23)

E D PL RC = d

(
λE D P

k0ak/b

)−be/k

exp

[
k

2be

(
eβ2

L + β2
R + β2

C

)]
(24)

A similar approach to that used for the force-based load and resistance factors can be applied
to the development of a displacement-based LRFD-like design framework. To distinguish
the displacement-based case from the force-based case, the factors developed here will be
described as demand and capacity factors.

7.2.2 Demand and capacity factors

With the goal of relating the response computed deterministically to that computed consider-
ing uncertainties in load, demand, and capacity, demand and capacity factors can be defined
as

DF = E D PL R

E D P0
(25a)

and

C F = E D PL R

E D PL RC
(25b)

A design based on the requirement that

DF · D̂ ≤ C F · Ĉ (26)

where D̂ is the median value of EDP and Ĉ is the median capacity, would correspond to an
annual rate of limit state exceedance equal to that corresponding to D̂ and Ĉ .

The resulting demand factor is

DF = exp

[
1

2

k

be
(e2β2

L + β2
R)

]
, (27a)

and the capacity factor is

C F = exp

[
−1

2

k

be
β2

C

]
(27b)
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Note that, under the assumptions of the closed-form solution, the demand and capacity factors
are constants, i.e., they do not vary with return period.

7.3 Application to pile foundation design

The force- and displacement-based frameworks described in the preceding section were
applied to the design of pile groups in non-liquefiable soils. A decoupled approach to the
estimation of pile group loads and displacements was used; such an approach can result in
inaccurate loading histories for specific structures when loads are high enough to produce
extremely high levels of nonlinearity, but it provides a computationally feasible approach for
a general investigation.

Pile group loading histories were obtained by three-dimensional analyses of a lumped-
mass structure supported by a pile-supported footing excited by three components of input
motion. The motions were applied through spring/dashpot elements whose impedances
where obtained from DYNA4 (Novak and Aboui-Ella 1978) analyses. An iterative procedure
was used to obtain displacement/rotation-compatible foundation impedances. The structural
analyses, which were performed using OpenSees (http://opensees.berkeley.edu/OpenSees/
copyright.php), yielded loading histories in the x-, y-, and z-directions, and histories of over-
turning moments about the x- and y-axes. A total of 50 input motions representing a wide
range of magnitude-distance scenarios were applied to the model.

The resulting loading histories were then applied to a three-dimensional OpenSees model
of a pile foundation. The OpenSees model represented pile–soil interaction using p− y, t −z,
and Q − z elements based on the model of Shin (2007), which had been shown capable of
accurately modeling full-scale static load tests and dynamic centrifuge model tests. Different
pile group configurations in different soil profiles were analyzed with each of the 50 input
motions resulting in a large database of computed pile group responses. The computed
responses showed a high level of dispersion for different pile groups, configurations, soil
profiles, and input motions. The dispersion was markedly reduced, however, by normalizing
loads and displacement by reference values of each. The reference loads were taken as those
corresponding to common notions of “failure”—the vertical load obtained by the Davisson
(1973) load test interpretation procedure, the lateral load that produced pile head displacement
equal to 10 % of the pile diameter under monotonic loading, and the overturning moment that
produced the Davisson reference load in the outermost piles. The reference displacements
were taken as those corresponding to the reference loads.

Regression analyses were performed to relate normalized displacements to normalized
loads; it was observed that all five components of displacement were influenced by all five
components of load. As an example, the normalized lateral displacement in the x-direction
was given by

ln un = 0.191 + 0.364 ln Qn + 0.990Vxn − 0.320Vyn + 0.796 ln(Mxn + Myn) (28)

where Qn, Vxn, Vyn, Mxn , and Myn are the normalized loads; the computed dispersion for
this relationship, σln un = 0.749, is quite high.

A computer program was developed to allow determination of both load- and displacement-
based design factors for pile groups. The user defines the pile group and soil conditions and
the (uncertain) static loads acting on the foundation. The program assumes that the relation-
ship between structural loads and ground motion intensity measures have been established
by means of structural response analyses—the median IM–LM relationship is assumed to
be segmentally linear in log–log space with lognormal dispersion, βL , and user-defined load
correlation. A series of Monte Carlo simulations accounts for uncertainties in static loads,
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Fig. 5 San Francisco site results: a horizontal load hazard curves, and b load and resistance factors

reference loads, dynamic loads (including their correlation structure), and dynamic deforma-
tions (displacements and rotations) over all five components of loading to define probabilistic
LM–EDP vector relationships. These relationships are then used, integrating over all IM lev-
els and all components of five-dimensional LM space to develop the EDP hazard curves from
which demand and capacity factors can be obtained.

Consider the case of a 5 × 5 group of 60-cm diameter steel pipe piles embedded in a
uniform profile of medium dense sand. The pile group supports a bridge with a constant
fundamental period of 0.5 s that imposes a static vertical load of 40,000 kN, static lateral
loads of 10,000 and 15,000 kN in the x- and y-directions, and static overturning moments
of 30,000 and 20,000 kN-m about the x- and y-axes. If the bridge is located in different
seismic environments, its LM and EDP hazard curves, and therefore its design factors, may
be different. Figure 5 shows LM hazard curves and corresponding load and resistance factors
for the pile foundation is located in San Francisco, California assuming βL = 0.2 for all LM
vector components and βC = 0.3 for all capacity vector components. While the three LM
hazard curves appear to be very smooth, the spline function used to interpolate between the
six periods of the USGS spectral acceleration hazard curve introduces a slight variation that
becomes more apparent when their ratios are computed for the load and resistance factors.
It is readily apparent, however, that the load factors increase and resistance factors decrease
with increasing return period. For the conditions used in this example, the variability of these
factors with return period results from the fact that the hazard curves are not of power law
form. Figure 6 shows corresponding results for the same foundation assumed to be located in
Seattle, Washington. Although the LM hazard curves are different than those of San Francisco,
properly reflecting San Francisco’s higher seismicity levels, the load and resistance factors
are much more similar. In both cases, neither the load and resistance factors are significantly
different than unity due to the relatively good accuracy with which loads in a single-mass
structure can be computed given first-mode spectral acceleration and the relatively modest
uncertainty in load capacity.

The design conditions for the pile group in San Francisco and Seattle can also be exam-
ined from a displacement-based point of view. Displacements are well known to be consid-
erably more difficult to compute than forces. As a result, the values of βR = σln L M|I M are
much higher than the values of βL = σln L M|I M . Furthermore, the calculation of E D PL R

includes the effects of uncertainties in both L M |I M and E D P|L M . Figure 7 shows x-
direction displacement hazard curves and displacement demand and capacity factors for the
pile group in San Francisco. The demand and capacity factors can be seen in Fig. 7a to be
very widely spaced. The zero-uncertainty horizontal displacement increases with increasing
return period, but at a relatively slow rate. Due to the high levels of uncertainty in response
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Fig. 6 Seattle site results: a horizontal load hazard curves, and b load and resistance factors

Fig. 7 San Francisco site results: a horizontal displacement hazard curves, and b capacity and demand factors

Fig. 8 Seattle site results: a horizontal displacement hazard curves, and b capacity and demand factors

(βL = 0.2;βR = 0.749), the value of E D PL R at a particular return period is much larger
than E D P0, particularly at long return periods. Assuming that the uncertainty in allowable
horizontal displacement (i.e., displacement capacity) is similar to that estimated for build-
ings (βC = 0.8) by Bird et al. (2005), the curve for displacement considering uncertainties in
load, displacement, and capacity, E D PL RC , is larger yet. Figure 7b shows the correspond-
ing demand and capacity factors for horizontal displacement. In contrast to the force-based
load and resistance factors, the displacement-based demand and capacity factors are far from
unity. Demand factors vary from approximately 3–7 and capacity factors from about 0.5 to
0.2. The corresponding results for Seattle are shown in Fig. 8. Again, the hazard curves for
Seattle and San Francisco are significantly different, but the capacity and demand factors are
similar.
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Fig. 9 San Francisco results with different levels of response uncertainty: a horizontal displacement hazard
curves, and b capacity and demand factors (demand factors are >1.0 and capacity factors are <1.0)

As previously discussed, uncertainty tends to amplify the level of response at a given hazard
level, or return period. In the case of a displacement-based capacity and demand factor design
framework, uncertainty leads to high demand factors and low capacity factors. Reducing these
uncertainties can lead to lower demand factors and higher capacity factors. Figure 9 shows,
for example, the effects of reduced response uncertainty on horizontal displacement hazard
curves and on the resulting capacity and demand factors. As shown in Fig. 9a, lower values
of βR lead to lower values of E D PL R at a particular hazard level, and the lower values of
E D PL R lead in turn to lower values of E D PL RC . These changes result in significantly lower
demand factors (Fig. 9b), while negligibly affecting the capacity factors.

The dominant role of uncertainty in probabilistically-based performance-based design
becomes even more apparent when design is implemented at the response level. Reduction
of uncertainty is an important and efficient avenue for the more economical design of soil-
foundation-structure systems.

8 Summary and conclusions

The performance of structures during earthquakes can be characterized in terms of response,
damage, and loss. Owners, operators, and other decision-makers are primarily interested in
managing risk, so the accurate estimation of potential losses remains the ultimate goal of
performance-based design procedures.

The application of performance-based concepts to seismic evaluation and design has
increased significantly in recent years. While performance-based design can be accomplished
in a number of different ways, its use in practice to date has nearly always focused on
response measures such as displacements as indicators of performance. Such an approach
requires the inference of damage and loss from displacement. The inference of damage and
loss is usually done in an informal manner, which contributes to the uncertainty in losses. In
practice, it is usually implemented using a discrete number of ground motion hazard levels,
or return periods. Integral hazard level frameworks, such as that proposed by PEER, are
also available. Nevertheless, the adoption of performance-based design has led to greater
flexibility in design, more appropriate expected performance in large and small earthquakes,
and improved interaction between design professionals.

A fully probabilistic implementation of performance-based design requires a volumi-
nous number of calculations that can be very time-consuming, particularly for complex soil-
foundation-structure systems in areas subjected to strong earthquake shaking. For large and

123



1068 Bull Earthquake Eng (2014) 12:1049–1070

complex projects, the full procedure may be too time-consuming for application during all
design iterations; in such cases, it may be applied to the final design to evaluate the extent to
which it satisfies all performance objectives. For the more routine design of typical structures,
a simpler design procedure that provides the benefits of a probabilistic performance-based
design framework without requiring the user to perform multiple or complex probabilistic
analyses is desirable.

Both force- and displacement-based design approaches can be implemented in a man-
ner consistent with the PEER performance framework. Both require characterization of
ground motion hazards by means of a probabilistic seismic hazard analysis. In the force-
based approach, probabilistic representations of force given ground motion and of capacity
are required. By combining force fragility functions with ground motion hazard curves, force
hazard curves with different uncertainty components can be computed. Load and resistance
factors can then be defined in terms of ratios of loads at consistent return periods. With this
approach, a designer must determine the median load from deterministic analyses (with a suf-
ficient number of input motions to establish the median) and best-estimate properties. Using
load and resistance factors associated with a design limit state return period, the provision of
a factored capacity that exceeds the factored load produces a design with the desired level of
performance.

The force-based approach has been extended to a displacement-based approach in which
displacement demand and capacity factors can be applied to median displacements and
allowable displacements (displacement capacities) to produce a design with a desired return
period for exceedance of allowable displacement. The relatively high levels of uncertainty in
displacement prediction and displacement capacity can lead to demand and capacity factors
that differ significantly from unity.

The reduction of uncertainty by the acquisition of extensive subsurface data and the careful
performance and interpretation of sophisticated analyses can lead to more economical design
for a given hazard level. Research and new tools and techniques for ground motion and site
characterization, and soil-foundation-structure interaction analysis will help produce more
reliable and efficient structures and facilities.
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