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Increases in Life-Safety Risks to Building
Occupants from Induced Earthquakes in the
Central United States

Taojun Liu,”>™ Nicolas Luco,” M.EERI and Abbie B. Liel,” M.EERI

Earthquake occurrence rates in some parts of the central United States have been
elevated for a number of years; this increase has been widely attributed to deep
wastewater injection associated with oil and gas activities. This induced seismicity
has caused damage to buildings and infrastructure and substantial public concern.
In March 2016, the U.S. Geological Survey (USGS) published its first earthquake
ground motion hazard model that accounts for the elevated seismicity, producing a
one-year forecast encompassing both induced and natural earthquakes. To assess
the potential impacts of the elevated seismicity on buildings and the public, this
paper quantifies forecasted risks of a) building collapse and b). falling of
nonstructural building components, by combining the 2016 USGS hazard model
with fragility curves for generic modern code-compliant buildings. The assessment
shows significant increases in both types of risk compared to that due to non-
induced earthquakes alone; the magnitudes of the increases vary from a few times
to more than 100 times, depending on location, building period (which is correlated
to building height), alternatives for the hazard model, and the type of risk of interest.
For exploratory purposes only, we also estimate revised values of the risk-targeted

ground motion that are currently used for designing buildings.

INTRODUCTION

The number of earthquakes in the central United States (CUS) has increased dramatically
since about 2009 (U.S. Geological Survey, 2016). The earthquakes have mostly occurred in
Oklahoma (which has been experiencing thousands of earthquakes above M2.7 per year, with
the largest to date of M5.8), but also in Arkansas, Colorado, Kansas, New Mexico, and Texas
(Ellsworth, 2013). These elevated earthquake occurrence rates are largely due to deep

wastewater disposal associated with oil and gas activities (Ellsworth, 2013; Keranen et al.,

3 U.S. Geological Survey, 1711 Illinois St., Golden, CO 80401
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2013; Rubinstein et al., 2014; Hough and Page, 2015; Petersen et al., 2015, 2016). While most
of the induced earthquakes have been of relatively small magnitude, a number of them have
caused damage to homes, masonry buildings, and water distribution systems, as well as minor
damage to bridges (Clayton et al. 2016; Taylor et al., 2017; Barba-Sevilla et al., 2018), and
many more have been widely felt. The frequent occurrence of such events has led to significant
public concerns about the potential damage to or even collapse of buildings that may be caused
by ground motions from induced earthquakes, and to increased regulation of wastewater

disposal wells in these states.

As a first step in forecasting the ground motion hazard associated with induced
earthquakes, the U.S. Geological Survey (USGS) published a report in early 2015, presenting
a sensitivity study of alternative probabilistic hazard models that account for the induced
seismicity (Petersen et al., 2015). That report aimed to show the effect of various hazard
modeling choices on the forecasted ground motion hazard. By combining each alternative
induced-seismicity hazard model with the ground motion hazard from natural earthquakes, the
report demonstrates that the forecast is sensitive to several key hazard modeling considerations.
In addition; the sensitivity analyses indicate that.the hazard forecast increases significantly in
regions where induced earthquakes have been occurring frequently, regardless of the modeling
assumptions made. In March 2016, the USGS published an initial consensus model that
developed a ground motion hazard forecast for one year (i.e., 2016) in the central and eastern
United States (CEUS) (Petersen-et al.;»2016). For areas near active induced (or potentially
induced) seismicity zones, the ground motion hazard is significantly higher than that due to
natural earthquakes alone, although the 2016 model has lower seismic hazard than several of
the alternative models considered in the 2015 report. The 2017 and 2018 models are similar to
the 2016 model, and fall below some of the alternative models considered in 2015, but above

the natural seismicity rate (Petersen et al., 2017; Petersen et al., 2018).

Given the elevated ground motion hazard modeled when induced earthquakes are included
in addition to natural earthquakes, we expect higher risk of earthquake-induced damage to
buildings. However, the amount of increase in the seismic risk forecast, and its dependence on
the type of damage of concern and other variables, is unknown. This study assesses the seismic
risk due to both induced and natural seismicity in the CUS, where induced seismicity is most
significant. We carry out this risk calculation by combining (i) ground motion hazard curves

from the 2016 USGS one-year forecast (Petersen et al., 2016), and (ii) building fragility curves
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from the 2015 NEHRP (National Earthquake Hazards Reduction Program) Recommended
Seismic Provisions for New Buildings and Other Structures (FEMA, 2015; referred to hereafter
as the 2015 NEHRP Provisions), which is a reference document for U.S. building standards
and codes. The hazard curves each quantify an annualized frequency (which can be converted
into a probability) of exceeding various ground motion levels at a specified location. As a
function of these potential ground motion levels, the building fragility curves each quantify the
probability of code-compliant buildings and essential facilities either collapsing or
experiencing damage to nonstructural components (e.g., ceiling panels or partition walls) that
could fall, potentially endangering life safety and impairing egress. These life-safety risks
calculated here are compared with the risk levels accepted in the 2015 NEHRP Provisions (and
the 2016 American Society of Civil Engineers (ASCE) Minimum Design Loads for Buildings
and Other Structures; ASCE, 2016), which consider natural seismicity only. Both ordinary
buildings and essential facilities (e.g., hospitals), which have a more demanding design
standard, are considered. For exploratory purposes only, we also calculate revised ground
motion values for building design that would lower the risks at sites affected by induced and

natural seismicity to currently accepted levels.

METHODOLOGY

For a given building and its location, seismic risk can be calculated by combining the
ground motion hazard curve for the location and a fragility curve for the building (e.g.,
McGuire, 2004). In this section of the paper, we first review the risk calculation methodology,
and then describe the ground motion hazard and building fragility curves used in our risk

calculations.
Calculation of risk

In this study, the mean annual frequency of failure (i.e., the expected number of failures
per year) of a performance target (PT, e.g., no collapse), denoted A/failure of PT], is used to
quantify seismic risk. This annual frequency can be calculated through the so-called risk

integral (e.g., McGuire, 2004; Luco et al., 2007):

Alfailure of PT]= [ A[S4> c]f,, . (c)de. (1)

where feapacin(c) represents the derivative of the building fragility curve (and the probability

density function of the uncertain building capacity in terms of spectral acceleration, SA), and
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/I[SA > c] is the ground motion hazard curve (i.e., the mean annual frequency of the ground

motion spectral acceleration, SA, exceeding a value corresponding to the building capacity, c).
Once we obtain the risk through numerical integration of Eq. (1), we convert it to the
probability of failure in ¢ years via Eq. (2), following the typical assumption that the statistics
of such failures can be modeled as a Poisson process. Note that # = 50 years is commonly

considered by building codes.
P[fajlure of PTint¢ years] =1- exp(—/i[failure of PT]* 1), (2)
Ground motion hazard curves including induced and natural seismicity

The 2014 USGS National Seismic Hazard Model (NSHM) for the United States (Petersen
etal., 2014), which is used in building codes (via the aforementioned 2015 NEHRP Provisions)
and other earthquake mitigation applications, purposefully excludes seismicity caused by deep
wastewater injection and other human activities. This exclusion is because the NSHM focuses
on long-term (e.g., over the next 50 years) forecasts of ground motions from future natural
earthquakes, and acknowledges that induced seismicity can change rapidly in time and space
due 'to oil-and gas and other activities that can be sensitive to prices and regulations.
Nevertheless, in the near-term (e.g., nextyear), at least, the sharp increase in seismicity in the
CUS since about 2009 implies higher ground motion hazard forecasts that should also be

modeled.

Focusing on induced-seismicity hazard modeling for the CUS, the 2015 USGS report
(Petersen et al., 2015) mentioned earlier in this paper started by demonstrating that the ground
motion forecast can be sensitive to several key modeling considerations, such as the maximum
magnitude of induced earthquakes. Building upon the 2015 sensitivity analysis, an initial
USGS consensus model that forecasts the ground motion hazard for the year 2016 was
published (Petersen et al., 2016). In the 2016 model, both induced and natural earthquakes are
considered within predefined induced seismicity zones, while earthquakes outside of these
zones are treated as natural. Two sub-models, or logic tree branches, of the induced seismicity
zones are considered: the “informed” branch considers the possibility that the characteristics
of induced earthquakes (such as the maximum magnitude) differ from natural earthquakes,
whereas the “adaptive” branch does not differentiate between the two types of earthquakes.
Using the same methodology, the USGS published updated one-year forecasts in 2017 and

2018 (Petersen et al., 2017; Petersen et al., 2018) that account for more recent earthquakes.
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Ground motion hazard curves from these one-year forecasts are available for a grid of
locations covering the conterminous United States and for three different measures of ground
motion intensity. In this paper, we focus on the 2016 forecast and the spectral acceleration (SA)
measures at 0.2 and 1.0 seconds, which are strongly correlated with the response of low-rise
(e.g., 2-story) and mid-rise (e.g., 10-story) buildings. Figure 1 illustrates the hazard curves for
SA at 0.2 s for Oklahoma City, Oklahoma ([latitude, longitude] = [35.50°, -97.55°], hereafter
“OKC”) and Dallas, Texas ([latitude, longitude] = [32.8°, -96.8°], hereafter “DAL”). Also
shown in the figure are the hazard curves from the 2014 NSHM (which excludes induced
seismicity), those from the alternative induced-seismicity hazard models from the 2015 USGS
report, as well as the hazard curves from the 2017 and 2018 one-year forecast models.
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Figure 1. Ground motion hazard curves for spectral acceleration (SA) at 0.2 s from the 2016, 2017and
2018 one-year models, the 2015 alternative models, and the 2014 NSHM for (a) OKC and (b) DAL,
and for spectral acceleration (SA) at 1 s for (¢) OKC and (d) DAL.

The comparison indicates that including induced seismicity in the 2016, 2017 and 2018
consensus models increases the ground motion hazard forecast over that from the 2014 NSHM,
at least at OKC and DAL, by about an order of magnitude. Likewise, Atkinson et al. (2015)’s
study of the impact of induced seismicity from hydraulic fracturing operations in Alberta,
Canada, observed that the ground motion hazard from induced seismicity can greatly exceed
that from natural seismicity. In the CUS, the hazard curves from the 2016 model generally fall
between those from the 2015 USGS alternative models, except at DAL, where there is a
“bump” in the 2016 hazard curve at moderate to large ground motion (SA) levels. This DAL
bump occurs because of a nearby (Irving, Texas) swarm of earthquakes in 2015—potentially
induced, but treated as natural in the 2016 model—that were not included in the 2015
alternative models or the 2014 NSHM (see Petersen et al., 2016). The 2017 and 2018 forecasted
earthquake hazards are slightly lower in some regions of induced earthquakes (e.g., DAL, as
shown in Figure 1), but are still significantly higher than that from the 2014 NSHM. The
significant overall increase that results from including induced seismicity is further

corroborated by available data discussed in the next subsection.
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Comparison of hazard curves with “Did You Feel It?” data

Given the significant increase in ground motion hazard shown in Figure 1, a logical
question is: does this hazard forecast reflect the actual ground motions people have
experienced? In White et al. (2017), we address this question by comparing the 2016 USGS
forecast with the observed and/or felt data from the USGS “Did You Feel 1t?” (DYFI) system
(Wald et al., 2012). DYFI is an online system that collects and archives macroseismic intensity
data reported by the public following earthquakes. DYFI has been collecting a vast database
of felt intensity and damage effects in the CUS in recent years. The collected intensity data
(equivalent to Modified Mercalli Intensity or MMI, Dewey et al., 2000) provide us with an
opportunity to compare the estimated hazard with observations, at least for low intensities that
are experienced relatively frequently. We compare the model against observed ground motions
and damage in 2014-2015. We adopt this approach because the 2016 USGS one-year hazard
model is heavily based on the earthquakes of the preceding few years, especially the previous
year (i.e.,, 2015), and the assumption is that past earthquake rates will remain constant over the

next year (i.e., 2016).

To compare DYFI data with the hazard, we convert the peak ground acceleration hazard
curves from the 2016 hazard model to MMI-based hazard curves, and adjust for site conditions.
This facilitates a direct comparison between the hazard model and the hazard curves derived
from the DYFI data. Details about the adjustments made to conduct the comparison, and a

comprehensive comparison across a broader region are presented in White et al. (2017).

In Figure 2, we show a comparison for OKC between the hazard curves converted from the
2016 USGS one-year hazard model and those derived from the DYFI data. The figure plots
both sets of hazard curves within a circular area with radius of 0.05 degree. The figure shows
large variability from the DYFI data within a small geographical area due to DYFI sensitivity
to population density and other factors (also observed by Mak and Schorlemmer, 2016), as
well as the limited (2-year) time horizon of DYFI responses considered. In addition, most of
the DYFI responses are in the MMI II-IV range, whereas the hazard model is developed
primarily for forecasts at higher ground motion intensities, usually above about MMI IV.
Nevertheless, the comparison in Figure 2 indicates good agreement between the 2016 model
and the DYFI data in the region of overlap around MMI of IV. Results similar to these are
presented in White et al. (2017) for other sites, and many show good agreement, providing

some confirmation that the hazard model levels are reasonable.
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Figure 2. Comparison for OKC between hazard curves converted from the 2016 USGS one-year
seismic _hazard model and those derived based on the DYFI data from 2014 and 2015. Details of the
comparison are provided in White et al. (2017).

Fragility curves defined in the 2015 NEHRP Provisions

For the fragility curve required for therisk calculation in Eq. (1), we use those defined in
the 2015 NEHRP Provisions. Recall that each fragility curve represents the probability of not
satisfying the performance target of interest, as a function of the potential ground motion levels
that are represented by the corresponding hazard curve (e.g., see Figure 3(a)). Fragility curves
are commonly modeled using lognormal probability distributions. Usually, lognormal
distributions are parameterized by a median (50" percentile) and a standard deviation, j.
However, they can instead be parameterized by B and the pp™ percentile of the distribution, as
they are in the 2015 NEHRP Provisions. For the prevention of structural collapse (i.e., “no
collapse”) performance target, the 2015 NEHRP Provisions intend that the probability of
collapse of an ordinary-use (“Risk category II’) building does not exceed 10%, if subjected to
(i.e., “given”) a very rare ground motion. That very rare ground motion is the Risk-Targeted
Maximum Considered Earthquake (MCER) ground motion that is mapped in the 2015 NEHRP
Provisions. This essentially defines the fragility curve by setting its 10" percentile (i.e., pp =
10%) equal to the MCER ground motion, as reported in Table 1. Note that because the mapped
MCERr ground motion varies with geographic location, so does the fragility curve. These
fragility curves were developed based on analyses of various types of code-conforming

buildings (FEMA P-695, 2009), and thus apply in a generic sense to modern buildings
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complying with code seismic provisions. However, any specific building may have a different

fragility, and true capacities to resist ground motion may be higher.

Fragility curves for other performance targets can be defined similarly. Table 1 summarizes
a few of the structural (no collapse) and nonstructural (no falling hazard and egress maintained)
performance targets for life-safety protection that are defined in the 2015 NEHRP Provisions
(Part 3, Resource Paper 1). Here, we examine the structural performance target for ordinary-
use buildings (Risk category II) and for essential facilities such as hospitals (Risk category IV).
The nonstructural performance target we examine is for nonessential components such as
ceiling panels or partition walls in ordinary-use buildings (see the Table 1 footnote for details;
by design, essential components are more likely to meet the performance target). We choose
these cases because the collapse fragility curve for ordinary-use buildings (corresponding to
pp = 10%) was used to determine the mapped MCERr ground motions in the 20/5 NEHRP
Provisions, while the collapse fragility curve for essential facilities and the fragility curve for
falling of noncritical nonstructural components represent two extremes, pp = 2.5% and pp =
25%, respectively. The standard deviation parameter of all the fragility curves is B = 0.6,

consistent with the 2075 NEHRP Provisions.

Table 1. Structural (no collapse) and nonstructural (no falling hazard and egress maintained) life-safety
performance targets examined, and probabilities of not satisfying each performance target under MCEr
ground motions, from the 2015 NEHRP Provisions.

Performance target  Risk category Fragility curve percentile, pp
No-collapse 1T 10%
(structural) 1\ 2.5%
No falling hazard
anq cBTess I, =1.0* 25%
maintained
(nonstructural)

*1,=1.0 is the importance factor for the design of nonessential nonstructural components of a building,
which distinguishes these components from additional design requirements that apply to essential
components (I, = 1.5).

The fragility curves described above are illustrated in Figure 3(a), which shows how pp
defines the curve. Figure 3(b) plots the derivative of each fragility curve, which is combined
with a corresponding ground motion hazard curve to calculate a life-safety risk using Eq. (1).
Mainly to set up a discussion later in this paper, note that the peak of the derivative of the
fragility curve depends on the performance target. The peak for falling of nonstructural
components is close to the MCEr ground motion level, and therefore this type of life-safety

risk is most strongly correlated with the value of the corresponding hazard curve at that ground
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motion level. The peaks for collapse of ordinary-use buildings and essential facilities are at
larger ground motions, indicating that these risks are more correlated with the hazard at larger,

less frequently occurring ground motions.
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Figure 3. (a) Building fragility curves for the three life-safety performance targets considered in this
study and (b) their derivatives used in Eq. (1) to calculate corresponding risks.

RISK ASSESSMENTS

Based on the seismic hazard curves from the 2016 USGS one-year forecast and the fragility
curves defined in the 2015 NEHRP Provisions, we present the calculated risks in this section.
We first-quantify the collapse risk for ordinary-use buildings, considering buildings of two
different periods (i.e., corresponding to two different heights), followed by risk results for the

other two performance targets.
Collapse risk for ordinary-use buildings

We present the risk results by calculating the ratio between the collapse risk from the 2016
hazard model, divided by that from the 2014 NSHM,; the risk calculated from the 2014 NSHM
is implicitly accepted by the 2015 NEHRP Provisions. (The absolute risks are provided in the
electronic supplement ®). In the following, we focus on the areas where induced seismicity
has significantly increased the forecasted hazard, namely Oklahoma, Kansas, and Texas.
Figure 4(a) shows the ratio for short-period, 0.2 s, buildings. The figure shows that the collapse
risk generally increases, and the most significant increase is near active induced seismicity
zones, such as the Oklahoma-Kansas zone, the North Texas zone, and the Venus and Irving

zones near Dallas. The increase of collapse risk at the “bull’s-eyes” is more than 100 times.
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Figure 4. Ratio of the collapse risk for ordinary-use buildings (Risk category II)from the 2016 ground
motion hazard model, divided by that implicitly accepted in the 2015 NEHRP Provisions for buildings
of: (a) 0.2 s; (b) 1.0 s. Gray lines indicate induced seismicity zones.defined in Petersen et al. (2016).
We note also that for some areas that are far away from active induced seismicity zones,
the collapse risk from the 2016 hazard model decreases modestly relative to the 2014 NSHM,
as shown in blue in Figure 4(a). This reduction occurs because of the emphasis on the last one
to two years of earthquakes in the 2016 hazard model; in 2014 and 2015—the primary basis
for the 2016 model—these places experienced less seismicity than that experienced on average
over previous years. In other words, the 2016 one-year model depends heavily upon the

earthquake rates in the last two years, which may reflect short-term fluctuations in seismicity.
Sensitivity to structural period

The same ratio of risk shown in Figure 4(a) for short-period (0.2 s) ordinary-use buildings
is plotted in Figure 4(b) for moderate-period (1.0 s) ordinary-use buildings. We see similar
spatial patterns of the risk ratio as we did for short-period buildings. However, the increase of
the risk associated with induced seismicity zones is less pronounced for moderate-period
buildings compared to short periods. In particular, the largest increase is less, and the area with
an increase of more than 100 times is much smaller in Figure 4(b). In contrast, Figure 4(b)

shows that the total area affected by moderate-period ground motions is larger. The larger
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affected area can be attributed to the more gradual energy dissipation or attenuation with
respect to distance of moderate-period compared to short-period ground motion content (e.g.,

Petersen et al., 2014; Atkinson, 2015).

In Figure 5, we report the collapse risk ratio (same ratio shown in Figure 4) for both short-
and moderate-period buildings for OKC and DAL. This figure again shows the larger increase
in risk at shorter periods compared to longer periods. The figure also shows that the collapse
risk ratio is higher for DAL than OKC at short periods. DAL is located on top of a small local
induced seismicity zone (Figure 4), so the ground motion hazard is controlled by close-in,
smaller magnitude events that increase the risk significantly at short periods. OKC is somewhat
farther from the concentration of induced seismicity in Oklahoma and southern Kansas. The
collapse risk ratios in DAL and OKC are very similar for moderate-period buildings because

the increase in risk tends to be spatially smoother than at short periods.

The reason for the less pronounced increase for moderate-period buildings relates to the
maximum magnitudes used in the hazard model. In particular, one of the aforementioned logic
tree branches, the “informed branch,” predominantly assumes a maximum earthquake
magnitude of 6:0 for sources within the induced seismicity zones, which is smaller than the
maximum magnitude used for sources outside the zones of induced seismicity (and for all
sources in the adaptive branch). The small to moderate magnitude earthquakes that dominate
the informed branch produce ground motions with primarily short-period content; this trend is
apparent from a comparison of the hazard curves in Figure 1 for 0.2s and 1.0s, which show a
greater increase in seismicity for the short-period as compared to moderate-period spectral
intensities. Hence, the hazard and risk for moderate to long-period buildings are not increased
as much as for short periods, especially in the informed branch of the model (see Figure 5), but

also in the combined 2016 model.
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Figure 5. Ratio of the collapse risks for short- (0.2 s) and moderate-period (1.0 s) ordinary-use buildings
(Risk category II), due to the 2016 model and its.two main sub-models for OKC and DAL, divided by
their counterparts accepted in the 2015 NEHRP Provisions.

Risks for other performance targets

In addition to the collapse risk for ordinary-use buildings, in this section we consider risks
for the two other performance targets: no collapse for essential facilities and no falling of
nonstructural components. As shown in Figure 3, at a given ground motion level, among the
three performance-targets considered, the collapse of essential facilities is:the least likely to
occur (and least acceptable), and the falling of noncritical nonstructural components is the most

likely to occur.

Figure 6 maps the ratio between the risk for each of these two performance targets divided
by the risk accepted in the 2015 NEHRP Provisions for the same performance target for short-
period buildings. (The absolute risk corresponding to Figure 6, along with the maps for
moderate-period buildings are included in the electronic supplement ®.) At a first glance,
Figures 6(a) and 6(b) are similar to Figure 4(a), indicating similar increases in risk for different
performance targets. However, at DAL the ratio of increase for the collapse risk for essential
facilities is somewhat higher than the ratio for the other performance targets, whereas at OKC

it is lower.



320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337

-100° -95° -100° -95°

40° < 40° -
(a) r k (b) .

2N\ 2N\

350 Oklahoma City 350 Oklahoma City

D Qlas

0.78 -0.95

0.95-1.05 o
1.05-5 Austin

5-10

10-50 [
50-100 | -
100 - 561.83

0.95

0.95-1.05 o
1.05-5 Austin A

5-10
10 - 50 Ij
50-100 |
100 - 318.13) {

30°)

30°)

Figure 6. Ratio of (a) collapse risk for short-period (0.2s) essential facilities (RlSk category 1V) and (b)
falling risk for noncritical nonstructural components in short-period buildings due to the 2016 USGS
one-year seismic hazard model, divided by their counterparts accepted in the 2015 NEHRP Provisions.

In Figure 7, we summarize the increase in risk for the different performance targets at OKC
and DAL. Note that the results for the collapse risk for ordinary-use Risk Category II buildings
(i.e., Collapse risk II on the horizontal axis) are repeated from the results for the 2016 model
shown in Figure 5. Figure 7 shows a different trend for risks of the performance targets in OKC
compared to DAL. For OKC, the ratio representing the increase in collapse risk for essential
facilities is the smallest, compared to the other performance targets, for both short- and
moderate-period buildings. For DAL, the increase in risk for essential facilities is the highest
of all the performance targets. This is because of the aforementioned bump at the moderate to
high ground motion region of the DAL hazard curve (shown in Figure 1(b)), which coincides
with the peak of the derivative of the fragility curve for collapse of essential facilities
(illustrated in Figure 3(b)), and thereby produces a greater increase in the estimated risk. These
observations are consistent with the general trends in Figure 6, in that DAL is located on top
of a small local induced seismicity zone, whereas OKC is close to the large zone in Oklahoma

and southern Kansas (but farther away from the nearest source than DAL).
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Figure 7. Ratio of risks computed using the 2016 model divided by their counterparts accepted in the
2015 NEHRP Provisions, for OKC and DAL for short- (0.2 s) and moderate-period (1.0 s) buildings.
Three performance targets are considered: no collapse for ordinary-use buildings (Collapse risk II) and
essential facilities (Collapse risk IV), and no falling of noncritical nonstructural components.

Expected risks based on the 2017 and 2018 USGS one-year hazard forecasts

As demonstrated in Figure 1, the 2017 and 2018 USGS one-year hazard forecast is similar
to the 2016 model at OKC but somewhat lower at DAL, due to a lower rate of earthquakes
there in 2016-2017 compared to 2014-2015. Even at DAL, though, the hazard remains
significantly elevated over that from non-induced earthquakes alone (i.e., the 2014 USGS
model). As a result, from the 2017 and 2018 models, we can still expect an elevated risk
compared to the levels accepted in the 2015 NEHRP Provisions, for all the building periods
and performance targets of interest. Despite a steady decline in seismicity since 2015, the 2018
model ground motions remain significantly elevated from the natural seismicity level (Figure
1). For Dallas in particular, there has been some reduction in forecasted ground motions which
would, accordingly, lower the risks calculated here. Nevertheless, these risks remain higher

than anticipated in the 2015 NEHRP Provisions.

INVESTIGATION OF RISK-TARGETED DESIGN GROUND MOTIONS

One method for responding to an increase in seismic risk is to design buildings for a higher
ground motion level to mitigate the risk. At this time, building code committees in the U.S. are

unlikely to adopt this approach, due to the transient and potentially controllable nature of
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induced earthquakes that is at odds with the roughly 50-year lifespan of buildings. Even so, we
provide an investigation of the design ground motions that could counteract the increased risk,
for exploratory purposes. Here, we adopt the concept of risk-targeted ground motions to
calculate the ground motion level for which one could achieve the same risk level accepted in
the 2015 NEHRP Provisions. The risk-targeted ground motions in the 2015 NEHRP Provisions
target 1% in 50 years collapse risk (1/collapse] =2.01x10* collapses per year) for ordinary
buildings, based on the same ‘no collapse’ fragility for ordinary-use buildings defined
previously. However, Luco et al. (2017) and Liu et al. (2017) have shown that the collapse risk
for ordinary-use buildings is as much as 10 times higher than this target (i.e., A/collapse] =
2.01x107 per year) in some places in California, due to the use of deterministic ground motion
caps in the definition of design values, especially close to active faults. Since this higher risk
is (implicitly) accepted in some parts of California, we use it as a second target for the risk-

targeted ground motions under both induced and natural earthquake hazard.

In this section, we calculate revised Risk Targeted Maximum Considered Earthquake
ground motions for different sites, RTGM>g16, that, if used in design, would achieve the risk
targets of 1% in'50-year collapse risk (1/collapse] =2.01x10* per year) or the higher ~10%
in 50-year collapse risk level (A/collapse] = 2.01x107 per year). Conservatively, we define
MCER2016 ground motion as the larger of RTGM>16 and the MCER ground motions from the
2015 NEHRP provisions. Based on this definition, the MCEr29i5 ground motions would
provide similar levels of protection for regions affected by natural earthquakes alone and those

near active induced seismicity zones.

Figure 8 maps the ratio between MCEr2016 and 2015 NEHRP Provisions MCEr ground
motions for short-period buildings. For Figure 8(a), MCERr20:15 ground motions are calculated
based on RTGM:>¢;s targeting 1% in 50-year collapse risk; for Figure 8(b), RTGM2¢;s targets
10% in 50-year collapse risk. For sites where natural earthquakes govern the hazard, there is
no change between MCEgr20;s and MCEr ground motions. In Figure 8(a), there are large
increases (up to 20 times) reflected in MCERr2015 to counteract the induced earthquake hazard.
There is no change for most areas in Figure 8(b), because the higher risk target moderates the
need to increase the design ground motion level, even where there is some induced activity.
However, for sites near active induced seismicity zones, there is an increase between MCEg
and MCERr2016 by a factor of about 11. The ratios in Figure 8(b) correspond to absolute
differences from MCEr to MCERr20150f 0 g to 1.35 g for short periods (0.2s). Not surprisingly,



391
392
393
394
395
396

397
398
399
400
401
402
403
404
405
406
407
408

409

the largest increase to the MCEr ground motion levels occurs near the Oklahoma-Kansas zone
(although the precise location of the largest increase depends upon whether it is quantified as
a ratio or as a difference in absolute terms). Maps showing the changes between MCEr20;5 and
2015 NEHRP Provisions MCEr ground motions in terms of their difference, as well as
comparison of MCEr2016 and 2015 NEHRP Provisions MCEr ground motions maps for

moderate-period buildings are included in the electronic supplement .
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Figure 8. Ratio between short-period (0.2 s) MCEr2916 ground motions and the MCEr ground motions
from the 2015 NEHRP Provisions: (a) MCERr291s based on RTGM;6 targeting 1% in 50-year collapse
risk and (b) MCEr2916 based on RTGM>¢,5 targeting ~10% in 50-year collapse risk.

In U.S. building codes and standards, e.g., the 2015 NEHRP Provisions as adopted by
ASCE 7 (2016), key design provisions, including the required lateral strength, drift limits, and
detailing specifications, depend on Seismic Design Category (SDC). These SDCs range from
‘A’ to ‘F,” with more stringent design and detailing requirements applying to the later letters.
A site’s SDC depends on the building’s risk category and the amplitude of design ground
motions at the site (i.e., MCEr modified based on site condition). To examine how changes in
MCERr2016 might influence SDC assignment in the CUS, we compare the SDC with or without
the increase in design ground motions for ordinary-use buildings (Risk category II); thus, we

compare the SDC based on MCERr291sto the SDC based on MCERr. Assuming site class D, SDC
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B is obtained for both OKC and DAL if the design motions based on natural seismicity in the
current building codes are used (i.e., MCER). Figure 9(a) maps the increase of SDC if MCEr2016
ground motions target the 1% in 50-year collapse risk. The SDC for the majority of the area
increases by one category, and for some locations it increases by up to three categories. In
particular, SDC would increase from B to D for both OKC and DAL. If MCERr201s ground
motions are calculated based on the higher risk target (i.e., 10% in 50-year collapse risk), the
increase of SDC is shown in Figure 9(b). In Figure 9(b), the SDC increases only in the area
where the design ground motions change significantly; the largest increase is two categories
(i.e., from SDC B to D) for some sites in Oklahoma, Kansas and Texas. The locations where
the SDC increases coincide with the largest differences (in absolute terms, rather than a ratio)

between MCERr2016 and MCER ground motions (Figure 8).
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Figure 9. Increase of Seismic Design Category: (a) considering MCERr2016 ground motions targeting 1%
in 50-year collapse risk; (b) considering MCEg2016 ground motions targeting 10% in 50-year collapse
risk.

CONCLUSIONS

This study presents a quantitative assessment of life-safety risks in buildings accounting

for both induced and natural seismicity in the CUS. These life-safety risk calculations are based
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on the USGS 2016 one-year seismic hazard model and the fragility curves defined in the 2015
NEHRP Provisions, considering risks from building collapse and falling hazards.

The findings show that the life-safety risks to building occupants for modern buildings in
regions close to active induced seismicity zones can be significantly higher than the levels
accepted in the 2015 NEHRP Provisions, which only considers natural seismicity. Depending
on the location, fundamental period of vibration of the building, and the performance target,
the increase in risk varies from a few times to more than 100 times. In particular, the risks for
short-period buildings are increased more significantly by induced earthquakes than the risks
for moderate-period buildings. Three building performance targets associated with
endangering life safety were considered, namely collapse of ordinary-use (Risk Category II)
buildings, collapse of essential facilities like hospitals (Risk Category 1V), and falling hazards
from nonstructural components. At a given site, the relative increase in risk when induced
earthquakes are considered is of the same order of magnitude for all three performance targets.
However, characteristics of the hazard at the site affect which performance target sees the
largest relative increase. These findings are based on the 2016 model, but similar results would
be expected for the 2017 and 2018 one-year models, which also indicated significantly elevated
hazard relative to the natural seismicity level. It follows that collapse risk for older buildings,

with greater fragility, would also be increased, although it is not shown here.

In addition to quantifying the increases in risk, we explored increases in building code
ground motions that could maintain the risk levels targeted by the 2015 NEHRP Provisions, as
well as the levels implicitly accepted by the 2015 NEHRP Provisions, while considering the
2016 one-year hazard model. These increases are provided to inform users who are interested
in quantifying the design level necessary to mitigate the increased risk. However, the increased
design values from the 2016 one-year hazard forecast are likely not appropriate for building
code adoption because building codes are intended for design of buildings with roughly 50-
year lifespans, whereas the 2016 hazard model is only for one specific year. Even so, the
increase in Seismic Design Category that we also explored could be considered for building

codes in regions close to active induced seismicity zones.
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