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ABSTRACT

Recent earthquakes in New Zealand and Japan show that it is important to consider the spatial
and temporal distribution of aftershocks following large magnitude events since the probability
of high intensity ground motions from aftershocks, which are capable of causing significant
societal impact, can be considerable. This is due to the fact that a mainshock will have many
aftershocks, some of which may occur closer to populated areas and may be large enough to
cause damage. When a large magnitude event strikes a region, the chance that aftershocks will
cause damage can be significant as was observed after the 2011 Tohoku and 2010 Canterbury
earthquakes (e.g., damage caused by M,6.6 April 11, 2011 Fukushima-Hamadori earthquake
following Tohoku earthquake or by M,,6.3 February 22, 2011 Christchurch earthquake following
Canterbury earthquake). Aftershock events may further damage already damaged buildings,
thereby further complicating assessments of risk to the built environment. In this paper, the issue
of aftershock risk is addressed by summarizing current research regarding: (1) aftershock hazard,
(2) structural fragility/vulnerability before and after the mainshock, and (3) change in risk due to
aftershocks.
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ABSTRACT

Recent earthquakes in New Zealand and Japan show that it is important to consider the spatial and
temporal distribution of aftershocks following large magnitude events since the probability of high
intensity ground motions from aftershocks, which are capable of causing significant societal
impact, can be considerable. This is due to the fact that a mainshock will have many aftershocks,
some of which may occur closer to populated areas and may be large enough to cause damage.
When a large magnitude event strikes a region, the chance that aftershocks will cause damage can
be significant as was observed after the 2011 Tohoku and 2010 Canterbury earthquakes (e.g.,
damage caused by M,,6.6 April 11, 2011 Fukushima-Hamadori earthquake following Tohoku
earthquake or by Mw6.3 February 22, 2011 Christchurch earthquake following Canterbury
earthquake). Aftershock events may further damage already damaged buildings, thereby further
complicating assessments of risk to the built environment. In this paper, the issue of aftershock
risk is addressed by summarizing current research regarding: (1) aftershock hazard, (2) structural
fragility/vulnerability before and after the mainshock, and (3) change in risk due to aftershocks.

Introduction

The February 2011 Christchurch, New Zealand, aftershock of the September 2010 Canterbury
earthquake or the April 2011 Fukushima-Hamadori earthquake triggered by March 2011
Tohoku-Oki earthquake are striking examples showing that hazard and risk from aftershocks or
triggered events can be significant. The 2010 My7.1 Canterbury mainshock occurred nearly 40
km west of Christchurch, New Zealand. There was damage to unreinforced masonry structures
and widespread liquefaction in Christchurch. But there was no loss of life due to the event
because of limited damage to buildings. Subsequent to the earthquake, the area continued to
rattle from aftershocks. Five months after the Canterbury earthquake, on February 22™, 2011, a
Mw6.2 aftershock struck Christchurch [1]. Due to the time of day and proximity to
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Christchurch’s central business district, there was widespread damage and loss of life. There
were over 150 fatalities, complete collapse of several buildings and very high damage leading to
demolition of thousands of buildings in the Central Business District area of the city.

Typically, time-independent probabilistic seismic hazard analyses (PSHA) remove the
aftershocks from earthquake catalogs in order to be consistent with the conventional assumption
of independent (Poissonian) earthquakes in time (as opposed to mainshock-aftershock clusters),
and assume small risk from these smaller dependent events. Recent events, however, show that
the increase in hazard and risk can be significant if conditioned on the occurrence of the large
magnitude events. Hence, we have organized a special session at the 10™ U.S. National
Conference on Earthquake Engineering to increase the awareness of aftershock risks. This paper
provides an overview of the topics that are discussed in the session. The topics can be divided
into three broad categories: (1) aftershock hazard, (2) change in structural fragility/vulnerability
due to aftershocks, and (3) risk due to aftershocks. An extensive list of references in this paper is
expected to help the interested readers gain an in-depth understanding of the wide-ranging issue
of aftershock risks.

This paper provides information on the following two approaches to modeling aftershock
hazard: (1) the Epidemic Type Aftershock Sequences (ETAS) model [2], summarized by Field,
and (2) modeling a mainshock and associated aftershocks as a time-independent cluster [3], as
summarized by Boyd. A time-dependent hazard model for the continuing Canterbury earthquake
sequence for applications such as revising the local building standard is also discussed by
Gerstenberger. Increases in building vulnerability due to aftershocks are demonstrated via studies
of aftershock collapse fragilities of reinforced concrete (RC) buildings, by Liel, and of a two-
story wood-frame building, by van de Lindt. At the end of paper, Luco describes how the
information on aftershock hazard and the change in building vulnerability due to aftershocks can
be combined for estimating aftershock risks.

Consideration of Earthquake Triggering in an Operational Earthquake Forecast Model for
California (UCERF3)

The Working Group on California Earthquake Probabilities (WGCEP), a joint effort by the
Southern California Earthquake Center (SCEC), the U.S. Geological Survey (USGS), and the
California Geological Survey (CGS), has been developing the next-generation Uniform
California Earthquake Rupture Forecast (UCERF version 3). Based on best-available science,
UCERF3 provides authoritative estimates of the magnitude, location, and frequency of
potentially damaging earthquakes in California. One of the main goals of UCERF3 is to include
spatiotemporal clustering because aftershocks and triggered events can be large and damaging.
One of the challenges of including spatiotemporal clustering is that the physical process
responsible for earthquake triggering remains controversial [4], and so the empirical models
represent best available science. Furthermore, in forecasting earthquake ruptures there is no
identifiable difference between “aftershocks” and otherwise “triggered” events, so UCERF3 does
not make any distinction for those. For application of aftershocks in UCERF3, the Epidemic
Type Aftershock Sequences (ETAS) model [2], which is a generalization of well-known
empirical aftershock statistics (e.g., Omori’s law), has been adopted. In ETAS, every earthquake
can spawn its own aftershocks, leading to aftershocks of aftershocks, then aftershocks to those
aftershocks, etc. It turns out that such non-direct triggering is important for getting broad enough
spatial and temporal influence, such as having the Hector Mine earthquake sequence triggered



several years and several kilometers away from the Landers mainshock [5].

Implementing the ETAS model has raised several interesting scientific issues. First, it
implies that UCERF2 (the previous long-term model) [6] has regional magnitude frequency
distributions that were far too characteristic (in a non-Gutenberg-Richter sense). For example, in
a region surrounding the 1994 Northridge earthquake, UCERF2 predicted that the likelihood of
having an ~My6 earthquake is about the same as having an ~M,,5 event. This produces runaway
aftershock sequences (never ending), implying the UCERF2 long-term model is questionable.

Another interesting and surprising issue is that ETAS requires the inclusion of elastic
rebound in order to reduce the probability that a just-ruptured fault will rupture again [7]. For
example, the manifestation of excluding elastic rebound in previous attempts to model
spatiotemporal clustering [8] leads to the highest probability of having the “big one” on the San
Andreas Fault being the moment after it occurs. The fact that we do not see large events
immediately re-rupturing the same fault section in nature implies that elastic rebound is required.
Another UCERF3 improvement is that aftershocks are sampled from the exact same population
of events that exists in the long-term model, so that, for example, an ~M,,8 event can only be
triggered where there is a fault capable of producing such an event.

The intent of UCERF3 is to provide the basis for an operational earthquake forecasting
system in California, now listed as one of the strategic-action priorities of the USGS in terms of
providing “effective situational awareness” during hazardous events (http://pubs.usgs.gov/of
/2012/1088; page 31).

Earthquake Hazard from Both Independent and Dependent Events

Boyd [3] presents a method to estimate the hazard due to both mainshock and dependent events.
The mainshock and its dependents are considered as a time-independent cluster, each cluster
being independent from any other. The cluster has a recurrence time of the mainshock, and each
earthquake in the cluster has an opportunity to exceed a given level of ground motion. At annual
rates of exceedance close to the annual rate of the cluster, the mainshock dominates the hazard.
However, as rates of annual exceedance decrease, 107 e e e
the contribution to hazard from dependent events {
increases.

Toro and Silva [9] proposed this type of
cluster for the 1811-1812 New Madrid-type
sequence of events. Fig. 1 shows hazard curves for
a site equidistant from three New Madrid
earthquakes. For return periods on the order of the
return period of the cluster, 500 years, hazard
appears to result from a single event. There is a
high probability that one of the events will exceed
the given ground motion. But at longer return 107 A T T e
periods, the probability that any individual event Groundmetion (PGA)
within the cluster will exceed the higher ground Figure 1. The effect of clustering on a hazard
motion decreases. The hazard curve then curve for asite located equidistant from three
approaches the case where each event contributes New Madn.d -type carthquakes. The black
. .. curve is a single event, the red curve, three
independently to hazard. For a scenario like New

. . .1 independent events, and the blue curve, a
Madrid and a site equidistant from the New .. .4 analysis.
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Madrid earthquakes, hazard for the ground motions expected to be exceeded with a 2%

probability in 50 years increases by ~40%.

Unlike the New Madrid series of events in
which all three earthquakes were of similar magnitude,
foreshocks and aftershocks are in general: (1) smaller
than the mainshock by, on average, at least one
magnitude unit, and (2) more numerous. For a high
hazard site near the San Andreas Fault in central
California, including dependent events causes ground
motions that are exceeded at probability levels of
engineering interest to increase by about 10 percent, but
this increase could be as high as 20 percent if variations
in aftershock productivity can be accounted for reliably
(Fig. 2). At lower hazard sites, the contribution from
dependent events is less significant, which is true in
general.

Time-Dependent Hazard for Canterbury, New
Zealand and Modeling of Expected Ground Motions

Gerstenberger and colleagues have developed a time-
dependent hazard model for the continuing Canterbury
earthquake sequence. This hazard model has been used
for applications such as revising the building standard
and planning for rock-fall potential. An important
consideration in the development of this hazard model
has been the underpinning ground motion predictions
which have been determined using existing and
modified ground motion prediction equations (GMPEs).
To provide additional insight into expected ground
motions in the Canterbury region, broadband ground
motion simulations have been carried out using a suite
of moderate sized aftershocks (My5.3+) from the
Canterbury sequence. These simulations are used to
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Figure 2. Ground motion hazard for San
Jose, CA. (a) Changes in annual rates (b)
Hazard curves and (c) change in ground
motions. Black curves in (b) represent a
traditional analysis with a declustered
catalog, green curves for a traditional
analysis using the original non-
declustered catalog, red curves for a full
catalog where foreshocks and aftershocks
are synthesized and have either a uniform
azimuthal distribution (solid curves) or are
distributed along an azimuth of N45W
(dashed curves) and all events are treated
independently, and blue curves for an
analysis where the mainshocks and
associated foreshocks and aftershocks are
treated as a cluster and have a uniform
azimuthal distribution.

investigate the sensitivity of near field ground motions to key engineering parameters including
stress drop and rupture details such as velocity, directivity and slip distribution. The synthetic
seismograms and the corresponding response spectra are modeled by employing the EXSIM
code [10].

Source Models

The Canterbury earthquake ruptures have been extensively studied using strong motion data [11,
12, 13, 14], GPS and InSAR data [15, 16, 17, 18], InSAR data [19] and InSAR and teleseismic
data [20]. For the My6.2 February 22" 2011 event, the source model of Holden [13] is
employed. For the M,,6.0 June 13" 2011 and M,,5.9 December 2392011 events, source models
as described in Holden and Beavan [14] are used. The shallow M5.3 aftershock located near
the epicenters of the February and June events are also included. This event—with a relatively



moderate magnitude—triggered landslides and rock falls in the Port Hills.

Stress Drop, Attenuation and Quantification of Site Effects

Key regional parameters used to guide the ground motion modeling have been derived using
spectral inversion of the extensive Canterbury strong motion dataset [21]. These include: (1) a
regional frequency-dependent attenuation relationship; (2) stress drop estimates for each source;
and (3) site-specific horizontal and vertical frequency-dependent amplification functions. The
adoption of these parameters provides an improved and robust fit to the observed data. This fact
reveals the need for region-specific considerations in the development of GMPEs.

To start with, the standard rock site ground
motions in Canterbury, i.e., without site effects, is
modeled. This is done by adopting the horizontal and
vertical site amplification functions for rock site D14C
[21], which serves as an appropriate rock reference
station. In a second stage, the site-specific ground
motions are computed by adopting the relevant
amplification functions derived at each site under linear
soil behavior. Results show that using the appropriate
stress drop value and site specific amplification function
helps greatly to reproduce key parameters such as Peak
Ground Acceleration (PGA) and response spectra.

Fig. 3 presents comparisons of response spectra
for the M,,5.9 December 23 2011 earthquake of the
recorded motions with those from different cases.
Whereas the GMPE-derived model provides a smooth
overall estimate of the response spectra, the frequency-
dependent, site-specific synthetic models reproduce more
realistic response spectra throughout the whole
frequency band. Preliminary analysis shows favorable
results when the simulations are compared to the GMPE
[22] used in the time-dependent Canterbury seismic
hazard model.

Aftershock Collapse Fragilities for Mainshock-
Damaged RC Frame Buildings

Liel and colleagues use nonlinear building simulation
models to quantify the impact of mainshock building
damage on a structure’s capacity to withstand subsequent
(aftershock) ground shaking. The analysis is based on 4
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Figure 3. Spectral acceleration (5%
damping) for vertical components of
recorded (black) ground motions in
Christchurch following the M,,5.9
December 23" 2011 earthquake. The
dashed lines represent 50% standard
deviation of the recorded acceleration
spectra. The blue lines represent
synthetic ground motions for rock site
conditions; the red lines are synthetic
ground motions for site specific
conditions including a frequency-
dependent amplification function. The
green lines are response spectra from the
McVerry et al. model [22].

RC frame structures varying in height from 2 to 12 stories, which have been designed and
detailed according to modern U.S. seismic design codes for southern California. Although these
buildings have a low probability of collapse under a design-level earthquake event [23], damage
to structural elements may occur in large earthquakes [24], potentially increasing their

vulnerability in an aftershock.

The buildings are modeled as two-dimensional frames in OpenSees [25]. To quantify the



response of a building in the event of an earthquake or a sequence of earthquakes, incremental
dynamic analysis (IDA) is carried out on the nonlinear building model. Ground

motion intensity is quantified by the inelastic spectral displacement at the fundamental period of
the structure, denoted Sy; [26].

As the first step in the analysis, IDA is carried out on the modeled intact buildings. In
aftershock analysis, the building is subjected to a mainshock-aftershock (MS-AS) sequence. The
MS record is scaled to achieve a particular damage state in the structure and, subsequently, an
AS record is applied to the MS-damaged structure. The AS analysis is conducted with increasing
scale factors on the AS ground motion until the building collapses in the aftershock. The
aftershock IDA is used to determine the collapse capacity of the MS-damaged building. MS-AS
sequences for this analysis are generated using a set of 30 ground motions [27] for a total of 900
earthquake sequences.

The fragility curves calculated for the 1
4-story building with varying levels of
damage in the mainshock (corresponding to
maximum interstory drift ratios of 0.5% to
5%) are shown in Fig. 4, and compared with
the collapse fragility curves for the intact
building, illustrating the types of results that
are possible through such an analysis. Low or
moderate damage does not signficantly alter
a building’s fragility to aftershock events.
However, the difference in fragility between gigyre 4. Fragility curves for a 4-story building
the damaged and intact buildings becomes damaged to certain damage levels in mainshock.
more significant as buildings experience
more damage. Similar findings are also 100
observed for the other buildings.

These results can be used to identify
the indicators of physical damage in the
mainshock that most strongly signify a
reduction in capacity to withstand subsequent
events. This information is useful in the
context of visual post-earthquake safety
evaluation procedures such as ATC-20 [28].
Th1§ study examines a number' of damage -100; 303 XY G 308
indicators ranging from residual drift, Mainshock: Maximum Inter Story Drift Ratio
number of damaged beams and columns, to
maximum interstory ratio (IDR) or roof drift.
Among these the maximum IDR (shown in
Fig. 5) and maximum roof drift during the
mainshock are the best indicators of reduced capacity for subsequent events. However, residual
IDR and roof drifts are also strong predictors of fragility in the context of future earthquake
events, and these indicators are readily obtained through a post-earthquake visual inspection.
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Effect of Aftershock Intensity on Seismic Collapse Fragilities

Van de Lindt and colleagues have investigated the effect of spatial distribution of aftershocks in
a rupture zone on structures by computing the collapse probability of a modeled two-story
woodframe mainshock-damaged building. The wvariation of mainshock-aftershock (MS-AS)
fragilities is used to determine the effect of aftershock intensity on collapse probability. Building
nonlinear response data is obtained from NEEShub (www.nees.org) for a two-story woodframe
townhouse [29], and a two-degree-of-freedom numerical collapse model is calibrated to the story
hysteresis. The completed building with drywall and stucco was used in the present study since
this would be the building in its in-situ state. The natural period of the building was 0.21
seconds. A 10-parameter CASHEW hysteretic spring model [30] was fit to the global hysteresis
measured during the MCE level (Los Angeles, California; 1.8g spectral acceleration (S,) at 0.21
sec.) tri-axial shake using the 1994 My6.7 Northridge earthquake ground motion record from the
Rinaldi Electrical Substation Los Angeles Department of Water and Power (LA DWP) Rinaldi
Receiving Station #77.

In the present case, the seismic intensity is varied due to site-to-source distance as
modified from an attenuation equation [31]. This is accomplished by scenarios of MS-AS
analysis for a hypothetical site in California. It is assumed that a mainshock of M,,7.3 occurs 10
kilometers from the site. The magnitude of the aftershock is set to a constant value of M,6.7, and
the aftershocks are located at 5 and 25 kilometers away from the site. The incremental dynamic
analysis (IDA) for the spatial distribution of the mainshock and aftershocks is carried out by
using a sequence of ground motions for those events. Fig. 6 shows the normalized collapse
fragilities (normalized to 8g S,) for the 1990s style woodframe building in southern California
for the MS-AS scenarios as well as for the
mainshock only. P

Inspection of Fig. 6 shows that at 0.2 2 R W g
normalized S,, which corresponds to g /
approximately the MCE in Los Angeles, i.e.,
1.6g, the collapse probability is approximately
13% for the mainshock. If the MS-AS occurs
with the aftershock moving close to 5 km, the
collapse probability increases to 60%. Although [ SeemarioNe. 1. MS.Only
the ground motions, distances, magnitudes, and " SeenarloNo., :;i:’:‘g;)
fault characteristics are not the same as the 0 SR S S Y S

X X R . 0 01 02 03 04 05 06 07 08 09 1
scenario that occurred in Christchurch in 2010 Normalized Collapse Sa
and 2011, one can see the drastic effect on Figure 6. Total collapse probabilities vs. spectral
collapse probability that results from an acceleration (S,) curves for three different
aftershock if it moves closer to a building. scenarios.
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Aftershock Risk Assessment

Increasingly, probabilistic seismic risk (of damage) assessment is becoming the basis for longer-
term or “pre-earthquake” mitigation approaches for buildings and other structures, e.g., seismic
design standards in building codes. For example, the latest edition of the International Building
Codes [32] defines Risk-Targeted Maximum Considered Earthquake (MCER) ground motion
maps for the United States by explicitly targeting a probabilistic 1% risk of collapse in 50 years,



which is an approximation of the lifespan of a building.

Probabilistic risk assessment has also been proposed as a basis for making shorter-term or
“post-earthquake” mitigation decisions after a mainshock (or any other earthquake) has occurred
and when the threat of aftershocks (or other triggered earthquakes) lingers. For example, the
Advanced Seismic Assessment Guidelines developed by Bazzurro et al. [33] use the probability
that an aftershock ground motion exceeds the capacity of a mainshock-damaged building as a
rational criterion for deciding whether and when to permit re-occupancy of the building.
Similarly, Yeo and Cornell [34] have developed a time-dependent building “tagging” (i.e.,
permitting or restricting occupancy) policy for the aftershock environment using probability of
collapse as a proxy for fatality risk. Luco et al. [35] have presented a similar methodology for
post-earthquake probabilistic risk assessment in order to develop a computational tool for
automatic or semi-automatic assessment that can inform emergency response mobilization,
inspection prioritization, and re-occupancy decisions. In either case (pre- or post-earthquake), the
probabilistic risk assessments have two main components: (i) ground motion hazard information
for the location of a structure of interest, and (i1) knowledge of the fragility/vulnerability of the
structure with respect to potential ground motion intensities.

For pre-earthquake mitigation approaches (e.g., building codes or insurance/reinsurance)
that are based on probabilistic risk assessment, the following models discussed in the sections
above can be applied in order to account for aftershocks:

* The method discussed in the section entitled “Earthquake Hazard from Both Independent and
Dependent Events” can be applied in order to include aftershocks (and foreshocks) in the
ground motion hazard component of the risk assessment. Typical pre-earthquake hazard
assessments deliberately exclude aftershocks.

* The medium- and long-term time-dependent hazard models mentioned in the section entitled
“Time-Dependent Hazard for Canterbury, New Zealand ...” can also be used in order to
include earthquake clustering (e.g., of mainshocks and aftershocks) in the hazard component
of the risk assessment, as has already has already been done for Canterbury.

* Scenario mainshock-aftershock building fragilities like those demonstrated in the section
entitled “Effect of Aftershock Intensity on Seismic Collapse Fragilities,” when combined
with numerous other such scenario fragilities, can be used to account for aftershocks (or
other triggered earthquakes) in the building fragility/vulnerability component of the risk
assessment. Typical building fragilities only account for intact structures subject to
mainshocks and do not account for damaged structures subject to aftershocks.

Furthermore, the following models discussed in the previous sections can be applied in
order to account for aftershocks in post-earthquake mitigation decisions (e.g., inspection
prioritization and re-occupancy decisions) that are based on post-earthquake probabilistic risk
assessment:

* The operational earthquake forecast model described in the section entitled “Consideration of
Earthquake Triggering in an ...” can be combined with ground motion models (such as those
discussed in the “Time-Dependent Hazard for Canterbury, New Zealand ...” section) in order
to include, in near-real time, spatiotemporal clustering (e.g., of mainshocks and aftershocks)
in the hazard component of the post-earthquake risk assessment. Typical hazard assessments
are not updated immediately after a mainshock occurs.

* The short-term time-dependent hazard models mentioned in the section entitled “Time-
Dependent Hazard for Canterbury, New Zealand ...” can also be used in order to include
earthquake clustering in the hazard portion of the post-earthquake risk assessment.



* As alluded to in the section entitled “Aftershock Collapse Fragilities for Mainshock-
Damaged RC Frame Buildings,” such aftershock fragilities can be used for the building
fragility/vulnerability component of the post-earthquake risk assessment, since they account
for damage from the preceding earthquakes.

Conclusion

In this paper, three different approaches for calculating aftershock hazard and two approaches for
estimating increased collapse probability of buildings due to aftershocks have been discussed.
These approaches can be synthesized to compute the increased earthquake risk of damage or
collapse of buildings following earthquakes. This paper provides an overview of the topics
discussed in the special session on aftershocks in the 10™ U.S. National Conference on
Earthquake Engineering to help researchers considering aftershocks explicitly in risk
calculations. A long list of references, written by many of the contributing authors of this paper,
is expected to provide additional information to researchers and interested readers.
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