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1 RECONNAISSANCE TEAM OVERVIEW

The Earthquake Engineering Research Institute (EERI) sent a multidisciplinary reconnaissance team to study impacts of
the M5.0 earthquake near Cushing, Oklahoma on November 7, 2016. The team conducted field reconnaissance for three
days from Monday November 14, 2016 to Wednesday November 16, 2016. This report summarizes the reconnaissance
teamds observati ons adce trip. ftg parthofeaigrowing ealestiomad infermation that the EERI staff,
reconnaissance team, and community have stored on a detailed virtual clearinghouse website (EERI, 2016a, 2016b, and
2016c¢). The clearinghouse combines observations from both the M5.8 earthquake near Pawnee, Oklahoma on September
3, 2016 and M5.0 Cushing earthquake. It contains a captioned, geo-located photo gallery and data map shown in Figure
1.

Legend Details &

[M Reconnaissance Observations Vv

Sublayers Legend
]
[ 8093 -
™ 2016-11-07 M5.0 Cushing, v

Oklahoma Earthquake

Sublayers | Legend +*

Earthquake Epicenters

*

Ground Motion,

Instrumentation, and

Seismology

USGS Intensity
ShakeMap(accessed
2016/11/22)

| (Not Felt)

Il -1 (Weak)

IV (Light)
V (Moderate) 0 1 2m

EERI, USGS, GADM | Texas Parks & Wildlife, ..

VI (Strana)

Figure 1. The online Oklahoma Earthquakes Field Observations map contains over 1,400 observational data points
overlaid on the USGS ShakeMap and several other data layers (source: EERI, 2016¢, USGS, 2016a &
2016b).

The EERI reconnaissance team members included:

Jim Taylor, EERI Team Leader, Technical Manager at ABS Consulting

Mehmet Celebi, Sr. Research Civil Engineer at United States Geological Survey

Alex Greer, Assistant Professor in the Dept. of Political Science at Oklahoma State University

Ezra Jampole, Associate at Exponent

Armin Masroor, Senior Analyst at Arup

Steven Melton, Graduate Research Assistant at Oklahoma State University

Derek Norton, Graduate Research Assistant at Oklahoma State University

Nicole Paul Structural Analyst / Risk Consultant at Arup

Evan Wilson, Engineer Il at ABS Consulting

Yu Xiao, Associate Professor in the Dept. of Landscape Architecture & Urban Planning at Texas A&M University
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https://www.eeri.org/
http://www.eqclearinghouse.org/2016-09-03-oklahoma/

The teambs techni cal asdanceadaffdrtineledsed: f or t his reconn

1. Document ephemeral damage to the built environment as well as relevant examples of pre-event mitigation
success.

2. Observe business resilience by implementing a business survey that was initially developed for and deployed
following the South Napa earthquake.

3. ldentify any school damage and explore earthquake response strategies, risk understanding, and mitigation
plans for schools.

4. Document how induced seismicity in the region has led to changes in mitigation, response, and recovery
approaches.

In addition to the technical objectives listed above, the team was designed to provide training and mentorship opportunities
for several EERI young members 1 while partnering with local colleagues to understand the unique regional perspective.

2 SEISMICITY AND GEOTECHNICAL EFFECTS

2.1 Seismicity

The Mw5.0 Cushing, Oklahoma Earthquake of 07 Nov 2016 (01:44:25 UTC) was located at a depth of 5 km. with
epicentral coordinates 35.984N, 96.798Wi approximately 2 km. west of Cushing (population ~8000), the major hub of the
U.S. oil and gas pipeline transportation system (National Pipeline Mapping System, 2016; McNamara, 2015; and USGS,
2016c¢). The earthquake is the largest of six M>4 induced earthquakes in the region that began with the 7 October 2014
Mw4.3 and Mw4.0 events that occurred south of Cushing below the largest crude oil storage facility in the world
(McNamara et al., 2015). It alsoisthe thrd OM5 eart hquake in 2016.

A comprehensive fault map of Oklahoma is available from the Oklahoma Geological Survey, and is not repeated herein
(Marsh and Holland, 2016). Almost all of the faults in Oklahoma were inactive until recently. Beginning in 2009, deep
injection of wastewater dramatically increased, which led to a subsequent increase in seismicity. Increased seismicity in
Oklahoma and other Central US regions is depicted in Figure 2 (pers. comm. Justin Rubinstein, 2016). Between 1973-
2008, 855 earthquakes wi t R84dearthquakeshatweere2009 and Navemees 20i6ng t o
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Figure 2. Annual Central US earthquakes >M3.0 since 1973 to current date, showing a significant increase in

earthquakes beginning in 2009. The location of Cushing is shown (source: Justin Rubinstein, USGS,
Menlo Park, CA).
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Figure 3 shows a modified Google Earth map showing the epicenter of the Cushing earthquake and locations of five
strong motion stations that recorded the earthquake, four of which are at distances less than 10 km. from the epicenter.
Since the earthquake USGS installed station NP 2478 within Cushing. The ground motion data recorded at these sites will
be useful for developing ground motion prediction equations (GMPES) suitable for fluid-injection induced earthquakes in
the central United States.

oy
OK914. 7.

OK915- .
2Google Earth

Imagery Date: 2/25/2014 35°57'27.20" N 96°47'26.50" W elev 978 ft eyealt 19.84 m

e T T

Figure 3. Modified Google Earth map, showing the relative locations of the epicenter, the town of Cushing, and the
five near-source strong motion stations during the earthquake. A new station, USGS NP2478
(35.98491N, 96.77471W) was installed by USGS on December 16, 2016 (source: M. Celebi, USGS,
2016e).

The coordinates of these five stations closest to the epicenter are summarized in Table 1 (Center for Engineering Strong
Motion Data 2016). In addition, at 63 km. epicentral distance a structural array at the VA Hospital (USGS Station 7413
[35.483N, 97.496W]) in Oklahoma City recorded a peak ground motion acceleration of 0.006 g and the largest structural
response acceleration was 0.023 g.

Table 1. Coordinates, epicentral distances and largest peak accelerations recorded by the 5
stations closest to the epicenter at 35.984N. 96.798W (source: USGS 2016e).

USGS N. Latitude, Epicentral Largest Horizontal
Station ID| W Longitude Distance (km) Peak acc(g.)
OK914 35.971,96.805 1.6 0.577
0OK915 35.954,96.773 4.1 0.461
OK031 35.953,96.839 5.1 0.350
0Ok034 36.010,96.713 8.2 0.440
OK033 36.044,96.938 14.3 0.049

Time-histories of recorded horizontal and vertical accelerations at the five stations in Table 1 are plotted in Figure 4. In
three of the five records, two sub-events separated by about 2 seconds are observed. The acceleration records also
indicate the short duration of strong shaking. A widely accepted indicator of strong-shaking duration is used herein,
whereby the duration is estimated as the time interval between the 5% and 95% levels of the cumulative sum of squared
acceleration, as shown in Figure 5 (Trifunac and Brady 1975). According to this criterion, the strong-shaking duration is
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estimated at approximately 2 seconds for the NS acceleration record of station OK914, which recorded the largest peak
acceleration.
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Figure 4. Time-history of recorded horizontal and vertical accelerations at the five strong-motion stations closest to

the epicenter. Records indicate two sub-events. Note: the records are not synchronized in this plot
(source: M. Celebi).

STATION OK914: CUSHING EQ (11/07/2016)
s T = ; 1
SETTINITY T Ty ; : 0.95
ABTRE LT G [ ' —
) S
3 =
o 2peeezen =
> 1 o
VAL EEREEE 05 g
v} —
< O ‘©
0.1 =
o]
=2 ez i e =
3 bl
—4 : : : : 0.05
30 32 34 36 38 40
Time(s)
Figure 5. Time-history of NS acceleration for station 914 (which recorded the largest peak acceleration) between

30 to 40 seconds of the published strong motion data and its normalized sum of squared acceleration,
indicating a strong shaking duration of approximately 2 seconds (source: M. Celebi, USGS 2016e).
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Using the locations and peak accelerations of the five near-source stations (Table 1) as well as those from distant
stations, McNamara et al., (pers. comm., 2016) developed a comparison of peak accelerations recorded during the Mw5.0
Cushing earthquake with At k i n ftkimsén2004, 2005) ground motion equations (GMPE). In Figure 6, A15 is an
induced-quake GMPE from western Canada and is one of the GMPEs used in the 2016 1-year induced-earthquake
hazard model (Petersen et al., (2016). A04 is a New Generation of Attenuation (NGA)-East model that will be
implemented in future hazard models when released in spring 2017 (McNamara et al., pers. comm., 2016). Figure 6
shows that the Cushing earthquake produced near source accelerations that are significantly higher than the expected
median from a M5.0 earthquake (pink and green curves). For example, although it may not be directly comparable, NGA-
West for shallow M=5.0 events (using five GMPE®&19km. (Bataywhdt
Hanks, 2015). The near-source data recorded during the November 7, 2016 event will be very useful for constraining the
GMPEs used in the 1-Year Hazard Forecasts starting in 2018.
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Figure 6. Comparisons of peak ground accelerations for the Cushing main shock, including those for stations

listed in Table 1, to GMPE models as a function of hypocentral distance for fluid-injection induced
earthquakes in the central and eastern U.S. GMPEs are from Atkinson (2004 and 2015) (from
McNamara, 2016, pers. comm.). See main text for explanation of models. (source: M. Celebi).

2.2 Response Spectra of Recorded Ground Motions and Comparisons

Three different spectra are discussed in this subsection. Figure 7 presents the 5% damped response spectra of
accelerations recorded at sites listed in Table 1. The most striking feature of the spectra is the consistency of spectral
amplification near a 0.1 s period (.07-0.13s). Many one- to two-story buildings, the most common building type in Cushing,
have periods in this range.

For comparison, Figure 8a (left) shows the ASCE 7-10-based design response spectrum (5 % damped) for the
coordinates of Cushing, OK. There is an order of magnitude difference between the recorded response spectra and the
design response spectrum.

Furthermore, in Figure 8b (right), we introduce induced-seismicity-based hazard response spectra for 1% in 1-year (line
A) and 2% in 50-years (line B) probabilities of exceedances (USGS 2016d). These are constructed for zero period
acceleration (ZPA or peak acceleration) and for 0.2 and 1 second spectral acceleration data for the designated seismic
hazard forecast. The methodologies behind the induced seismicity seismic hazard maps are documented (Petersen et al.,
2015, 2016). Figure 8 clearly shows that the response spectra of recorded motions significantly exceed spectrum A (1% in
1-year probability of exceedance) but generally falls short of spectrum B (2% in 50-years).
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CUSHING, OK M5.0(11/07/ 2016)
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Figure 7. Response spectra of recorded accelerations of 5 closest stations to the epicenter (and/or town of
Cushing). The striking peaks around 0.1 s is consistent for all stations. Spectral peaks around 0.1 s
indicate an amplification of about 3 when compared to zero-period accelerations (source: M. Celebi,
USGS, 2016e).
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Figure 8. (a) Design response spectra (5 % damped) for coordinates of Cushing, OK, according to ASCE 7-10,

and (b) induced-seismic-hazard-based response spectra (A and B) for 1% in 1-year and 2% in 50-years
probability of exceedances, respectively (source: M. Celebi, USGS 2016d).

2.3 Geotechnical Setting and Effects

The top layer of unconsolidated deposits within Cushing and immediate vicinity is very shallow (e.g. between 2-7m in
depth) (pers. comm. S. Spears, 2016). Two borehole logs obtained during the reconnaissance mission do not provide
detailed depth-Vs profiles but consistently show a shallow top soil or clay layer followed by humerous layers of shale,
sandstone, limestone, and sandy layers of various rock types. Without well-documented soil profiles, the geotechnical
setting of Cushing and vicinity can be only approximately represented by a typical description, such as in Figure 9. The
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