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Performance-based seismic design: 
What is it? 

How to do it? 
And why?
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§ To design is to intentionally create a plan (or specification) 

for the construction of an object or system or for the 

implementation of an activity or process

(Wikipedia, 2019)

Design (as a verb)

https://theblog.adobe.com/how-the-design-process-has-evolved/
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§ Hazard is a source of danger: 
§ A situation which poses a level 

of threat to life, health, property 
or the environment 

(Wikipedia, 2019)

§ Consequences of natural 
hazards are of primary design 
concern:
§ The designed object, process or 

system must be able to sustain 
its intended function in the 
presence of hazard or recover it 
shortly thereafter

Design
in the Presence of (Natural) Hazards

www.weirdhut.com
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§ Risk-informed design is 
critically concerned with the 
performance of objects, 
processes and systems during 
their useful life

Risk-Informed Design

Beichuan, China, 2008

Risk =
R

lifetime

Probability(hazard event)

⇥Impact(event occurrence)dt

=
R

lifetime

�
Hazard⇥ Performance

�
dt

<latexit sha1_base64="kW2/UT4cAHdz9kKxMNj8Je0FJ2s="></latexit>
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How many earthquakes occur in a lifetime of a structure?

Risk-Informed Seismic Design

31 

HISTORICAL SEISMICITY 

Seismic records in the North China tectonic province date back to 780 B.C., but early 
records are rather incomplete.  Since 1000 A.D., however, there have been one M = 8.5, 
five M = 8, twelve M = 7-7.9, and more than sixty M = 6-6.9 earthquakes in this tectonic 
province.  A plot of the times of occurrence of these large events is shown in Figure 33.  
Chinese seismologists have identified (as seen in Figure 33) four cycles of earthquake 
occurrence in North China, which raises the interesting question as to whether similar 
cycles exist, for example, in California seismicity.  Each cycle spans roughly 300 years 
and consists of a relatively quiet stage and a markedly active stage.  The records for the 
first and second cycles are incomplete, but from the third cycle on, historical records are 
relatively complete.  An enlarged plot of the third and fourth cycles together with the 
strain release curve is shown in Figure 34.  The third cycle is considered to have begun in 
1369 and ended in 1739, spanning a period of 370 years.  During the first 100 years or so 
(1369-1476) in this cycle, possibly no M > 6 event occurred, and the North China 
tectonic province is considered to have accumulated strain energy during this time.  After 
1477, seismic activity began to pick up.  Between 1477 and 1667 there were one M = 8, 
three M = 7-7.5, and twenty-two M = 6-6.9 earthquakes, with a gradual increase in the 
frequency of strong earthquakes.  From 1662 to 1739 an outburst of great earthquakes 
occurred, including the M = 8.5 Tancheng-Luhsien earthquake, Shantung Province, in 
1668; the M = 8 Sanho-Pingku earthquake, in Hebei Province, in 1679; the M = 8 Linfen 
earthquake, in Shansi Province, in 1695; and one M = 8 and two M = 7 earthquakes, at 
Yinchuan, Ninghsia Province, in 1739 (Table 3). 

Figure 33.  Four cycles of earthquake occurrence in the North China tectonic province.  
The data prior to 1500 are incomplete, but it is felt by the Chinese that the data are 
relatively complete since that time. 

Large (M>6) earthquakes in North China tectonic province

Report on the Great Tangshan Earthquake of 1976

Lifetime
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A seismically active location or a 
region experiences:

§ Many small earthquakes
§ A few large earthquakes 
§ Very few very large 

earthquakes that are at the 
physical limits of the 
earthquake sources and the 
soils seismic waves propagate 
through 

Risk-Informed Seismic Design:
Defining the Seismic Hazard

Kramer, 1996

Hazard curve
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§ Mean annual rate of 

exceedance of an earthquake 

magnitude m over time TR

§ Return period

§ Gutenberg and Richter (1944) 

earthquake recurrence law:

§

Risk-Informed Seismic Design:
Defining the Seismic Hazard

Kramer, 1996

�m =
Neq(M > m|t < TR)

TR

TR =
1

�m

log �m = a� bm

Hazard curve
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Risk-Informed Seismic Design:
Defining the Earthquake Consequences

Mahin, CEE 227 Lectures, circa 2007
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§ Consequences occur only if an earthquake occurs first!
§ Vulnerability functions are probabilities of exceedance of a given 

damage state, conditioned on the occurrence of an earthquake of a 
certain intensity

Risk-Informed Seismic Design:
Defining the Earthquake Consequences

 
 

 2- 10

2.8 Building Fragility Curves 
 
Building fragility curves are lognormal functions that describe the probability of reaching, or 
exceeding, structural and nonstructural damage states, given median estimates of spectral 
response, for example spectral displacement.  These curves take into account the variability and 
uncertainty associated with capacity curve properties, damage states and ground shaking.   
 
Figure 2.5 provides an example of fragility curves for the four damage states used in the 
FEMA/NIBS methodology and illustrates differences in damage-state probabilities for three 
levels of spectral response corresponding to weak, medium, and strong earthquake ground 
shaking, respectively.  The terms “weak,” “medium,” and “strong” are used here for simplicity; 
in the actual methodology, only quantitative values of spectral response are used. 
 

 

Figure 2.5.  Example Fragility Curves for Slight, Moderate, Extensive and 
Complete Damage 

 
The fragility curves distribute damage among Slight, Moderate, Extensive and Complete damage 
states.  For any given value of spectral response, discrete damage-state probabilities are 
calculated as the difference of the cumulative probabilities of reaching, or exceeding, successive 
damage states.  The probabilities of a building reaching or exceeding the various damage levels 
at a given response level sum to 100%.  Discrete damage-state probabilities are used as inputs to 
the calculation of various types of building-related loss.  Figure 2.6 provides an example of 
discrete damage state probabilities for the three levels of earthquake ground shaking. 

 
Each fragility curve is defined by a median value of the demand parameter (e.g., spectral 
displacement) that corresponds to the threshold of that damage state and by the variability 
associated with that damage state.  For example, the spectral displacement, Sd, that defines the 
threshold of a particular damage state (ds) is given by Equation (2-1): 

Spectral Response
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https://www.fema.gov/media-library/assets/documents/24609
HAZUS AEBM User Manual

https://www.fema.gov/media-library/assets/documents/24609
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Ultimately consequences of 
earthquakes are expressed using 
common additive quantities:
§ Human casualties:

§ Injuries (of various degree)
§ Deaths

§ Monetized losses:
§ Direct:

§ Repairs and retrofits
§ Indirect

§ Loss of use, function, business

Risk-Informed Seismic Design:
Defining the Earthquake Consequences

Olive View hospital, 1971 San Fernando earthquake 
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§ Losses are a consequence of 
earthquake-induced damage:
§ Loss functions are probabilities 

of exceedance of a given loss 
amount, conditioned on the 
occurrence of certain damage

§ Direct and indirect losses are 
monetized using construction 
management and actuarial 
principles

The complementary CDF G2 conditioned on DGk is illustrated in Figure 2. The damage ratio
DR in the figure is damage in monetary units normalized with respect to PBPV .

To estimate the total (aggregate) seismic losses for a given building service time horizon,
a standard actuarial approach, the “frequency-severity” method, is employed. The amount of
loss inflicted by a single seismic event (of any earthquake intensity) is defined as a random
variable S, called the severity. Severity S ∈ R≥0 is a portion of PBPV . The complementary
cumulative distribution function (CCDF) of S can be estimated using the concept of condi-
tional probability as:

EQ-TARGET;temp:intralink-;e7;62;437PðS > sÞ ¼

Pmax ðimÞ
i ¼ minðimÞ

!
1 $ PðLOSS ≤ loss j imÞ

"
% λi

Pmax ðimÞ
i¼ minðimÞ λi

(5)

where λi is the annual rate of occurrence of a seismic event with intensity i ¼ im. The rate of
occurrence ranges between λminðimÞ, which is the lower bound of earthquake intensity that can
cause damage or loss to the evaluated building property, and λmaxðimÞ, which is the upper bound

Table 3. MDR and CoV for each damage grade2

DG1 DG2 DG3 DG4 DG5

MDR 3.5% 14.5% 30.5% 80.0% 95.0%
CoV 1.23 0.39 0.36 0.14 0.06

Figure 2. Conditional complementary CDF G2 conditioned on DGk as a percentage of the
PBPV2.

ELASTIC AND INELASTIC NEAR-FAULT INPUT ENERGY SPECTRA 533

Risk-Informed Seismic Design:
Defining the Earthquake Consequences
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§ Losses are incurred in one 
earthquake event over all 
damage states

Risk-Informed Seismic Design:
Quantifying the Earthquake Consequences

of earthquake intensity that can occur in the site of interest. Figure 3 illustrates the CCDFs of
the severity S for the considered buildings in Table 2 using the seismic hazard curves for the
locations of Zurich and L’Aquila, respectively, as provided by EFEHR (2016).5

Aggregate seismic losses (ASL) are defined as the sum of losses for a given building
service time horizon TH:

EQ-TARGET;temp:intralink-;e8;41;356ASLTH ¼
X

i

Si (6)

where Si are the earthquake severities with CCDF given by Equation 5 and the index i cor-
responds to the number of occurrences of earthquakes that cause a loss for a given building
service time horizon.

Assuming that earthquake occurrence follows a Poisson distribution, ASL can be
assumed to follow a compound Poisson distribution, namely ASL ∼ CompPoiðλ, SÞ,
where λ is the frequency of earthquake occurrence (total frequency of all seismic intensities
im considered) for a given building service time horizon (e.g., 1, 10, or 50 years) and S is the
earthquake severity defined above. Then, the probability distribution of ASL is:

EQ-TARGET;temp:intralink-;e9;41;218ASLTH ∼
X

i¼1

PðiÞ $ Si% (7)

where PðiÞ corresponds to the probability of i occurrences of earthquakes that cause a loss
within the building service time horizon and Si% is the severity distribution convolved i times

Figure 3. Severity curves for buildings in the seismic hazard environments of: (a) Zurich and
(b) L’Aquila.

5 It should be noted that the present study (Equations 1a, 1b, and 5) utilizes as a proxy for the seismic intensity (im)
the ground motion spectral acceleration at the building fundamental period associated with an occurrence rate as
specified in the hazard curves employed. This is an alternative to using a catalog of earthquake events to estimate
the corresponding loss distribution. The latter implies that different earthquake events with the same spectral
acceleration at the building fundamental period are treated as being identical in the present study.

534 GALANIS ET AL.

Loss 
function

Vulnerability
function

P (S  s|im) =

P
DSk

G2(S  s|dsk)|dG1(DSk|im)|
<latexit sha1_base64="FinDhas/ntNZRsaYfnMIdIXqHaM="></latexit>
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§ Losses accumulate over the life 
time of a structure

§ Loss curve represents the 
mean annual rate of 
exceedance of a loss threshold 
for a given design in a given 
seismic hazard environment

tion indicates what design modifications will be most effective in
reducing repair costs for a structure in a given seismic hazard
environment.

Summary and Conclusions

An evolving approach to performance-based earthquake engineer-
ing aims to express performance of a facility in terms of the risk
of repair cost, down time, and casualties. A performance-
assessment framework is presented that separates the risk-
assessment task into four analysis steps: seismic hazard analysis,
seismic demand analysis, damage analysis, and loss analysis. The
conceptual advantage of such approach is that each analysis step
can be handled by different groups of experts, and separately
developed analysis modules can be assembled as appropriate for
the performance-assessment of a facility. A challenge of the meth-
odology has been to develop a practical procedure for integrating
the four analysis steps to produce a quantitative performance as-
sessment that is both rigorous and practical.

A practical implementation of the performance-assessment
methodology is presented in this paper. The principal innovation
in the proposed implementation is the method for generation of
seismic demand information. Instead of conducting a prohibi-
tively large number of dynamic analyses, data from a smaller
number of analyses are used to establish the characteristics of
demand distribution functions and the correlation structure among
different demand random variables. These distribution and corre-

lation characteristics are, in turn, used to generate correctly dis-
tributed and correlated damage outcomes using a random number
generator. This innovation enables an implementation of the
performance-assessment framework that is transparent, easily au-
tomated, and highly efficient. As such, it is suitable for use in
engineering practice.
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The complementary CDF G2 conditioned on DGk is illustrated in Figure 2. The damage ratio
DR in the figure is damage in monetary units normalized with respect to PBPV .

To estimate the total (aggregate) seismic losses for a given building service time horizon,
a standard actuarial approach, the “frequency-severity” method, is employed. The amount of
loss inflicted by a single seismic event (of any earthquake intensity) is defined as a random
variable S, called the severity. Severity S ∈ R≥0 is a portion of PBPV . The complementary
cumulative distribution function (CCDF) of S can be estimated using the concept of condi-
tional probability as:

EQ-TARGET;temp:intralink-;e7;62;437PðS > sÞ ¼

Pmax ðimÞ
i ¼ minðimÞ

!
1 $ PðLOSS ≤ loss j imÞ

"
% λi

Pmax ðimÞ
i¼ minðimÞ λi

(5)

where λi is the annual rate of occurrence of a seismic event with intensity i ¼ im. The rate of
occurrence ranges between λminðimÞ, which is the lower bound of earthquake intensity that can
cause damage or loss to the evaluated building property, and λmaxðimÞ, which is the upper bound

Table 3. MDR and CoV for each damage grade2

DG1 DG2 DG3 DG4 DG5

MDR 3.5% 14.5% 30.5% 80.0% 95.0%
CoV 1.23 0.39 0.36 0.14 0.06

Figure 2. Conditional complementary CDF G2 conditioned on DGk as a percentage of the
PBPV2.
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§ PEER Center approach:
§ Decomposition and re-composition of the total probability integral

Risk-Informed Seismic Design:
Quantifying the Earthquake Consequences

https://peer.berkeley.edu/research/pbee-methodology

https://peer.berkeley.edu/research/pbee-methodology
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Risk-Informed Seismic Design:
Quantifying the Earthquake Consequences

https://peer.berkeley.edu/research/pbee-methodology

https://peer.berkeley.edu/research/pbee-methodology
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Risk-Informed Seismic Design:
Defining Seismic Performance Objective(s)

Performance Objective Acceptance criteria

Seismic Hazard 
Exposure

Performance Goal Deterministic 
Evaluation

Probabilistic 
Evaluation

How often should 
this performance 
goal be 
challenged during 
the life of a 
structure

What is the 
desired 
performance of a 
structure:
Safety, utility, 
damage, repair 
cost and time, etc.

Based on 
quantifiable local 
and global 
engineering
response 
parameters 

Z% confidence 
that there is an 
X% probability of 
exceedance in Y 
years. 



Institute of Structural Engineering 
Structural Dynamics and Earthquake Engineering Group 

Seismic Hazard Seismic Risk

Risk-Informed Seismic Design:
Defining Seismic Performance Objective(s)
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Defining Seismic Performance Objectives

Operational Immediate 
Occupancy Life Safety Collapse

Prevention

Frequent

Expected

Rare

Ordinary Building

Se
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goal



Institute of Structural Engineering 
Structural Dynamics and Earthquake Engineering Group 

Defining Seismic Performance Objectives

Operational Immediate 
Occupancy Life Safety Collapse
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Frequent
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Defining Seismic Performance Objectives

Operational Immediate 
Occupancy Life Safety Collapse
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Frequent
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Defining Seismic Performance Objectives

Operational Immediate 
Occupancy Life Safety Collapse

Prevention

Frequent

Expected

Rare

Ordinary Building

School
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Defining Seismic Performance Objectives

Operational Immediate 
Occupancy Life Safety Collapse

Prevention

Frequent

Expected

Rare

Hospital

Ordinary Building

School
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§ Directly address the needs of 
the owner(s) of of the user(s) of 
the structure, process or 
system in the life time of their  
risk exposure environment(s) 

Performance-Based Risk-Informed
Seismic Design

Desired PO’s

Trial Design

Evaluate

Achieved POs

Improve 
Design

Satisfied?
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Practical Performance-Based Seismic Design

Operational Immediate 
Occupancy Life Safety Collapse
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Frequent
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Practical Performance-Based Seismic Design:
Life-Safety

Performance Objective Acceptance criteria

Seismic Hazard 
Exposure

Performance Goal Deterministic 
Evaluation

Probabilistic 
Evaluation

Once in a life time

10% probability of 
exceedance in a 
50 year period

Life safety:
Significant, 
possibly 
irreparable 
structural and 
nonstructural 
damage, some 
injuries, 
no loss of life

Structure and 
element drift, 
deformation 
ductility and 
strength limits

90% confidence 
that there is an 
10% probability of 
exceedance in 50 
years. 
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§ How to do this?
§ Focus on seismic performance

evaluation of a given design
§ Three approaches:

§ Indicator-based evaluation 
§ Use a number of building 

characteristics to verify 
performance

§ Quasi-dynamic evaluation
§ Use a “simple” method to verify 

performance
§ Dynamic evaluation

§ Use a “no-compromise” method 
to verify performance

Practical Performance-Based Seismic Design:
Life-Safety

Desired PO’s

Trial Design

Evaluate

Achieved POs

Improve 
Design

Satisfied?
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5/11/2017

6

11

Criteria of structural regularity

Regularity in plan – Favourable and unfavourable cases

Geometric configuration in plan Distribution of mass and 
stiffness elements in plan

12

Criteria of structural regularity

Regularity in plan – Favourable and unfavourable cases

Shear walls at the center

K  M K  M

Shear walls at the perimeter

• Both above configurations have the center of mass and of stiffness at the 
same point

• Each shear wall can resist an earthquake force F

• The configuration with shear walls at the perimeter is able to resist better to 
torsional movement because of the large distance between the walls (resisting 
moment F·L’ > F·L

L L’

F

F

F

F

5/11/2017

8

15

Criteria of structural regularity

Regularity in elevation – Favourable and unfavourable cases

16

Criteria of structural regularity

Regularity in elevation – Favourable and unfavourable cases

Life-Safety PO Evaluation:
Indicator-Based Approach

After EuroCode 8

http://teicm.panagop.com/files/seismicdesignerasmus/Lecture05.pdf
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Life-Safety PO Evaluation:
Dynamic and Quasi-Dynamic Approach 

ModelPrototype

hazard, dynamic response, performance
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§ Develop a model of the 
structure

§ Define a “simple” system that 
conserves the most important 
dynamic characteristics of the 
structure

§ Examine the seismic response 
of the “simple” system for a 
given seismic hazard:
§ Find the deformation and force 

demands
§ Convert the outcomes to the 

model of the structure

Life-Safety PO Evaluation:
Quasi-Dynamic Approach 
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§ Belongs to the family of seismic 
response spectrum methods

§ Two uses:
§ In evaluation, used to determine 

the force and deformation 
capacities of the structures

§ In design, used to determine the 
force and deformation demands 
on the structures for a given 
design seismic hazard

In the second case, the N2 method is applied in the X and
the Y directions separately, and the results are combined
with the SRSS combination. This approach is compared
with the proposed BPA. In particular, the maximum floor

displacements and maximum floor rotations of BPA along
the X and Y directions have been compared with the median
results of the NRHA where bidirectional ground motions are
considered.

(a) (b)

Fig. 6. (a) Acceleration; (b) displacement response spectrum of the 20 earthquake records used in the bidirectional NRHA

Fig. 7. The distribution of damage at different stages of pushover analysis of model E in X direction using N2 Fajfar (1999) method

© ASCE 04014059-7 J. Struct. Eng.

 J. Struct. Eng., 2014, 140(9): 04014059 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

ET
H

 Z
ue

ric
h 

- E
TH

-B
ib

lio
th

ek
 o

n 
03

/2
9/

19
. C

op
yr

ig
ht

 A
SC

E.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

rig
ht

s r
es

er
ve

d.

Life-Safety PO Evaluation:
Nonlinear Static Pushover Analysis

Cimellaro et. al, 2014
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Life-Safety PO Evaluation:
Nonlinear Static Pushover Analysis

Compute Base Shear Vb

§ Apply a lateral force 
pattern representative of 
the first-(fundamental)-
mode response 

§ Push the structure 
sideways until the model of 
the structure collapses

§ Plot the relation between 
the structure base shear 
and roof drift:
§ This is the nonlinear static 

pushover curve

Force 
Pattern

Roof drift D
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Life-Safety PO Evaluation:
Nonlinear Static Pushover Analysis

Compute Base Shear Vb

Force 
Pattern

Roof drift D

Diotallevi, et al. U. di Bolognia
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§ This is the capacity of the structure

Life-Safety PO Evaluation:
Nonlinear Static Pushover Curve

Structural displacement D

Ba
se

 S
he

ar

Immediate
occupancy

Operational 

Life safety
Collapse
prevention
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Life-Safety PO Evaluation:
Capacity Spectrum Method

Chopra, 2012
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§ This is the demand for the structure

Life-Safety PO Evaluation:
Elastic Seismic AD Response Spectrum 

Goel and Chopra, 1999

10%/50 year elastic 
design response spectrum
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Life-Safety PO Evaluation:
Capacity Spectrum Method

Goel and Chopra, 1999
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§ Locate the Demand Point on the Capacity Pushover Curve

Life-Safety PO Evaluation:
Nonlinear Static Pushover Curve

Structural displacement D

Ba
se

 S
he

ar

Demand point
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Practical Performance-Based Seismic Design:
Life-Safety

Performance Objective Acceptance criteria

Seismic Hazard 
Exposure

Performance Goal Deterministic 
Evaluation

Probabilistic 
Evaluation

Once in a life time

10% probability of 
exceedance in a 
50 year period

Life safety:
Significant, 
possibly 
irreparable 
structural and 
nonstructural 
damage, some 
injuries, 
no loss of life

Structure and 
element drift, 
deformation 
ductility and 
strength limits

90% confidence 
that there is an 
10% probability of 
exceedance in 50 
years. 
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§ Develop a model of the 
structure

§ Select a suite of ground 
motions to represent the 
seismic hazard exposure of the 
structure 

§ Perform a (large) number of 
non-linear time history analyses 
to compute the pertinent 
response quantities

§ Compute the statistical 
distributions of these quantities 

Life-Safety PO Evaluation:
Dynamic Approach 

Prototype
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§ A “combination” of static 

pushover analysis and 

dynamic time-history 

analysis:

§ Select a ground motion 

record

§ Conduct a time history 

analyses with incrementally 

upscaled ground motion 

record

§ Plot peak base shear and 

roof drift points on force-

deformation (pushover) graph

Life-Safety PO Evaluation:
Incremental Dynamic Analysis

Vamvatsikos & Cornel, 2002
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§ Select ground motion time 
histories to represent the 
seismic hazard environment

§ Prefer unscaled ground 
motions recorded in the same 
or in similar seismic hazard 
regions

§ Avoid excessive scaling:
§ Up to 4 times may be OK
§ Choose strong records, too!

Life-Safety PO Evaluation:
Incremental Dynamic Analysis

ground-motion spectra: individual spectra are unlikely to be equally
above average at all periods. It is well-appreciated that a UHS enve-
lopes contributions from multiple magnitude/distance contributors
to hazard (Fig. 3; Bommer et al. 2000; Naeim and Lew 1995; Reiter
1990), but enveloping over εs can be an even more significant effect
in many cases (Baker and Cornell 2005a, b).

Given that the UHS is thus not representative of the spectra from
any individual ground motion, it will make an unsatisfactory
ground-motion selection target in many cases. In the following sec-
tion, we study more carefully the properties of real spectra, and use
the results to formulate an alternative target spectrum.

Characterizing the Response Spectra of Real
Ground Motions

Consider the example response spectrum highlighted in Fig. 4. It is
shown again in Fig. 5, along with the median spectrum prediction
for ground motions having its particular magnitude and distance.
(Note that the median spectra in Figs. 4 and 5 differ slightly; Fig. 4
shows the median for the target M and R, while Fig. 5 shows the

median for the M and R of the example ground motion, since ε is
computed with respect to the latter M and R.) Recall from Eq. (1)
that the ε value for a ground motion at a given period is defined as
the number of standard deviations by which the log of the ground
motion’s spectral value differs from the mean log prediction. We
see in Fig. 5 that the example ground motion’s spectrum is slightly
more than two standard deviations larger than the median predic-
tion at 1 s (more precisely, the ground motion’s ln Sa is two stan-
dard deviations larger than the mean ln Sa prediction); exact
calculations show that εð1 sÞ ¼ 2:3. Similarly, the spectrum has
εð0:2 sÞ ¼ 1:2 and εð2 sÞ ¼ 1:4, because it is 1.2 and 1.4 standard
deviations larger than the median predication at 0.2 and 2 s, respec-
tively. We can perform this computation for many ground motions
to see how their ε values probabilistically relate to one another at
various periods.

Fig. 6(a) illustrates this type of data, obtained from ground
motions in the NGA database (Chiou et al. 2008). Each point in

Fig. 3. PSHA deaggregation for Riverside, given exceedance of the
Savalues with 2,475 year return periods: (a) at a period of 0.2 s;
(b) at a period of 2.0 s (figure from USGS Custom Mapping and Ana-
lysis Tools, http://earthquake.usgs.gov/research/hazmaps/interactive/,
2008)
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Fig. 4. Spectra from real ground motions having
approximately magnitude ¼ 7 and distance ¼ 12 km; the example
spectrum shown with a heavier line is the Castaic Old Ridge Route
recording from the M ¼ 6:7 Northridge earthquake, recorded on a
Class C site with a closest distance to the fault rupture of 20 km
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Fig. 5. Response spectra from the example Castaic Old Ridge Route
ground motion used to illustrate calculation of ε values at three periods;
note that the $ σ bands are not symmetric around the median because
they are $ σ values of ln Sa, rather than (nonlog) Sa
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§ Statistically analyze the 
IDA outcomes to 
determine the probability 
distribution of 
earthquake intensity for 
a desired performance 
objective, defined by 
roof or interstory drift

Life-Safety PO Evaluation:
Incremental Dynamic Analysis



Institute of Structural Engineering 
Structural Dynamics and Earthquake Engineering Group 

§ Determine the 
confidence that the 
probability of 
exceedance of the 
performance objective is 
low enough over the 
observed life time of the 
structure

Life-Safety PO Evaluation:
Incremental Dynamic Analysis
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§ Determine the 
confidence that the 
probability of 
exceedance of the 
performance objective is 
low enough over the 
observed life time of the 
structure

Life-Safety PO Evaluation:
Incremental Dynamic Analysis
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Practical Performance-Based Seismic Design:
Life-Safety

Performance Objective Acceptance criteria

Seismic Hazard 
Exposure

Performance Goal Deterministic 
Evaluation

Probabilistic 
Evaluation

Once in a life time

10% probability of 
exceedance in a 
50 year period

Life safety:
Significant, 
possibly 
irreparable 
structural and 
nonstructural 
damage, some 
injuries, 
no loss of life

Structure and 
element drift, 
deformation 
ductility and 
strength limits

90% confidence 
that there is an 
10% probability of 
exceedance in 50 
years. 
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§ Directly address the needs of 
the owner(s) of of the user(s) of 
the structure, process or 
system in the life time of their  
risk exposure environment(s) 

Performance-Based Risk-Informed
Seismic Design

Desired PO’s

Trial Design

Evaluate

Achieved POs

Improve 
Design

Satisfied?
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Shortcomings:
§ It is quite demanding:

§ Good knowledge of the seismic 
hazard environment

§ Excellent non-linear modeling 
and analysis skills

§ Ability to transfer probabilistic 
conclusions into design actions

§ It is time-consuming
§ It is difficult to convince 

investors to finance this above-
code minimum work

Benefits:
§ It rewards an engineer with 

better knowledge about and 
confidence in the good behavior 
of the structure

§ It allows an extension from 
engineering to financial 
decisions:
§ Makes it possible to address the 

true risk exposure of the owner 
or the user

§ Explicitly differentiates between 
excellent and average designs

Performance-Based Risk-Informed
Seismic Design
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§ Rewards desiring with seismic response modification 
techniques to enhance performance
§ Base isolation, damping, buckling-restrained bracing…

Performance-Based Risk-Informed
Seismic Design
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§ Design to achieve specified results rather than to adhere 
to particular technologies or prescribed means
(Moehle, EERI Distinguished Lecture, 2005)

§ Transcends seismic design

§ Applies to “engineering for extremes”:
§ Fire protection engineering
§ High-wind engineering
§ High-water engineering (e.g. tsunami)

Performance-Based Design
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§ To design is to intentionally create an object or system or 
process that can sustain and/or quickly recover from 
extreme events

Engineering for Extremes

https://theblog.adobe.com/how-the-design-process-has-evolved/
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§ Seismic hazard:
§ http://www.efehr.org/en/home/
§ http://www.efehr.org/en/hazard-data-access/hazard-spectra/
§ http://www.share-eu.org
§ http://www.sera-eu.org/en/home/
§ https://www.globalquakemodel.org
§ http://earthquake.usgs.gov/hazards/designmaps/

§ Swiss resources:
§ http://www.seismo.ethz.ch/en/knowledge/seismic-hazard-

switzerland/
§ http://www.seismo.ethz.ch/en/knowledge/seismic-risk-switzerland/
§ http://www.seismo.ethz.ch/en/knowledge/seismic-risk-

switzerland/seismic-risk-tool/

Links 

5
3

http://www.efehr.org/en/home/
http://www.efehr.org/en/hazard-data-access/hazard-spectra/
http://www.share-eu.org/
http://www.sera-eu.org/en/home/
https://www.globalquakemodel.org/
http://earthquake.usgs.gov/hazards/designmaps/
http://www.seismo.ethz.ch/en/knowledge/seismic-hazard-switzerland/
http://www.seismo.ethz.ch/en/knowledge/seismic-risk-switzerland/
http://www.seismo.ethz.ch/en/knowledge/seismic-risk-switzerland/seismic-risk-tool/
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§ PEER Center tools for seismic hazard and risk analysis:
§ https://simcenter.designsafe-ci.org/research-tools/regional-

workflow/
§ https://simcenter.designsafe-ci.org/research-tools/ee-uq-

application/
§ https://simcenter.designsafe-ci.org/research-tools/pbe-application/

§ FEMA P58 seismic performance assessment tools
§ https://www.fema.gov/media-library/assets/documents/90380

§ GEM OpenQuake platform:
§ https://www.globalquakemodel.org/openquake

Links

5
4

https://simcenter.designsafe-ci.org/research-tools/pbe-application/
https://simcenter.designsafe-ci.org/research-tools/pbe-application/
https://simcenter.designsafe-ci.org/research-tools/pbe-application/
https://www.fema.gov/media-library/assets/documents/90380
https://www.globalquakemodel.org/openquake
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§ Useful software:
§ OpenSees: http://opensees.berkeley.edu/index.php

§ Python interpreter: https://openseespydoc.readthedocs.io/en/latest/
§ GUI in GiD: http://gidopensees.rclab.civil.auth.gr

§ IDA resources:
§ http://users.ntua.gr/divamva/software.html

§ Companies doing seismic risk assessment
§ https://www.avantstructural.com
§ http://www.hbrisk.com

Links

http://opensees.berkeley.edu/index.php
https://openseespydoc.readthedocs.io/en/latest/
http://gidopensees.rclab.civil.auth.gr/
http://users.ntua.gr/divamva/software.html
https://www.avantstructural.com/
http://www.hbrisk.com/

