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ABSTRACT
Since 2008, the number of magnitude 3.0 and greater earthquakes occurring in Oklahoma has
increased dramatically. This increased seismic activity has been linked to anthropogenic causes,
namely wastewater injection. Four magnitude 5.0 and greater events have caused damage to
residential structures, which raises a concern about the potential for damage to Oklahoma’s
highway bridges and their components. This study evaluates the potential for damage by
assessing the seismic response of the most common bridge class in Oklahoma. The typical
Oklahoma bridge is determined through a statistical analysis of the Oklahoma Department of
Transportation's bridge inventory, and a representative bridge is modeled using non-linear finite
elements. A series of transient analyses are conducted to assess its performance under a suite of
recorded bidirectional ground motions from seismic stations across the state. Two loading
scenarios are considered: (i) single records and (ii) series of records to assess the potential for
cumulative damage from repeated low-to-moderate seismic loads. Transient time-history
analyses were performed and peak responses (bearing deformation and column curvature) were
recorded and presented. In addition to running the measured (unscaled) ground motions, scaled
recordings were simulated in an incremental dynamic analysis to assess the bridge’s performance
under higher intensity shaking representative of higher seismic hazards and/or ground motions
closer to the epicenter where seismograms were not available. The results of this study are
compared to the current post-earthquake bridge inspection protocol employed by the Oklahoma
Department of Transportation to assess its level of conservatism.
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ABSTRACT
Since 2008, the number of magnitude 3.0 and greater earthquakes occurring in Oklahoma has
increased dramatically. This increased seismic activity has been linked to anthropogenic causes,
namely wastewater injection. Four magnitude 5.0 and greater events have caused damage to
residential structures, which raises a concern about the potential for damage to Oklahoma’s
highway bridges and their components. This study evaluates the potential for damage by assessing
the seismic response of the most common bridge class in Oklahoma. The typical Oklahoma bridge
is determined through a statistical analysis of the Oklahoma Department of Transportation's bridge
inventory, and a representative bridge is modeled using non-linear finite elements. A series of
transient analyses are conducted to assess its performance under a suite of recorded bidirectional
ground motions from seismic stations across the state. Two loading scenarios are considered: (i)
single records and (ii) series of records to assess the potential for cumulative damage from
repeated low-to-moderate seismic loads. Transient time-history analyses were performed and peak
responses (bearing deformation and column curvature) were recorded and presented. In addition to
running the measured (unscaled) ground motions, scaled recordings were simulated in an
incremental dynamic analysis to assess the bridge’s performance under higher intensity shaking
representative of higher seismic hazards and/or ground motions closer to the epicenter where
seismograms were not available. The results of this study are compared to the current postearthquake bridge inspection protocol employed by the Oklahoma Department of Transportation
to assess its level of conservatism.

Introduction
There has been a dramatic increase in the number of earthquakes in the central United States
over that last decade (Figure 1). Oklahoma and the surrounding region are experiencing
earthquakes at a rate not historically observed [1], which has been linked to human activities.
While these earthquakes are predominantly small-to-moderate in magnitude (3.0 – 4.0), the
majority of damage has resulted from the larger earthquakes (magnitude greater than 4.0). To
date, there have been four earthquakes of magnitude 5.0 and larger: the M5.7 Prague earthquake
on 6 November 2011, the M5.1 Fairview earthquake on 13 February 2016, the M5.8 Pawnee
earthquake on 7 November 2016, and the M5.0 Cushing earthquake on 7 November 2016. These
four earthquakes constitute the greatest source of damage to residential and commercial
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buildings, in particular the M5.0 earthquake due to its proximity to the city center in Cushing,
Oklahoma [2].

Figure 1.

Annual Central U.S. earthquakes 1973 – 2016 [3].

Because highway bridges are integral components of the transportation network, the Oklahoma
Department of Transportation (DOT) worked with the authors and two industry partners
(Infrastructure Engineers, Inc. and Kleinfelder) to assess the impact of the recent earthquakes on
Oklahoma bridges, to revise their post-earthquake response protocol, and to develop training
materials for bridge inspectors. This paper briefly presents the development of the response
protocol, as well as a validation using empirical data and numerical simulations with a finite
element model of a “typical” Oklahoma bridge.
Post-Earthquake Response Protocol
In response to the increase in seismic activity, the Oklahoma DOT implemented a radius-based
post-earthquake response protocol. The magnitude threshold, below which inspection was
deemed unnecessary, evolved from M3.0 before 23 January 2015 to M4.0 after that date due to
the large number of inspections being conducted without finding damage. This threshold was
further revised to take into consideration the seismic demand (hazard) and capacity of Oklahoma
bridges. The development of the revised protocol is summarized below; a full description can be
found in Reference [5].
Background
The revised protocol is based on the procedure used by the California DOT (Caltrans). To assess
for potential impacts to bridges following earthquakes, Caltrans uses ShakeCast, which relies on
ground-motion intensities from ShakeMaps and fragility information from Hazus [6]. However,
the ‘slight’ Hazus fragility curve cannot be calculated a priori because the ratio of 1-s spectral
acceleration (S1) and the 0.3-s spectral acceleration (S0.3) is required. Therefore, a threshold S1 of
0.1g is used (Turner L, per. comm., 2015). For the other damage states, Caltrans uses the 50%

probability based on the Hazus fragility curves to categorize the potential for impact.
Oklahoma DOT Protocol Development
The revised protocol integrates the bridge capacity and seismic demand via Hazus fragility
information and modified ground-motion prediction equations (GMPEs), respectively. Because
Oklahoma bridges are not designed to the same standard as California bridges, the Caltrans
threshold S1 value was reduced according to Hazus fragility information. The most-conservative
ratio of California-to-Non-California bridge fragilities is 5/6. This ratio was applied to the
Caltrans value giving 0.083g, which was treated as a median (50%) value—in accordance with
Caltrans’ threshold for other damage states—in the slight fragility function:
P[DS ≥ slight | S1] = Φ[0.6-1 ln(S1/0.083g)]

(1)

An S1 value of 0.056g, corresponding to a 25% probability, was selected by the Oklahoma DOT
to serve as the threshold (or “trigger”) ground-motion intensity for the revised protocol.
Next, the distance from the epicenter at which this threshold value was expected to be
exceeded needed to be determined for the radius-based protocol. This required the modification
of existing GMPEs to better represent Oklahoma attenuation rates. To this end, a magnitude bias
factor for the Campbell (2013) attenuation relationship [7]—the GMPE used by the U.S.
Geological Survey at the time—was fit to measured Oklahoma ground motions. This modified
GMPE was then used to predict the epicentral distances where S1 exceeds 0.056g. For
magnitudes less than 4.7, this threshold is never predicted, so a trigger magnitude of 4.8 was
proposed. However, because the Oklahoma DOT is responsible for the safety of the traveling
public, the Department desired an additional degree of conservatism, and a value of M4.4 was
implemented instead. The interim protocol as implemented is presented in Table 1.
Table 1.

Interim radius-based response protocol implemented by Oklahoma DOT.
Magnitude range

Inspection radius [km]*

4.4 to 4.7

8

4.8 to 5.3

24

5.4 to 5.8

48

5.9 to 6.2

96

6.3 +
192
*Converted from miles used in Oklahoma DOT protocol.
Empirical Validation
Damage to highway bridges has been observed following only the M5.8 Pawnee event. Damage
included minor spalling of concrete on one bridge [4] and a roller bearing coming dislodged on
another bridge (Peters WL, pers. comm., 20 October 2016). These two bridges were located 11

and 24 km, respectively, from the epicenter. For a M5.8 earthquake, the revised protocol dictates
that all bridges within 48 km be inspected, so these bridges were captured by the revised
protocol. Because observed damage to bridges is limited, an extensive empirical validation is not
possible. To more rigorously validate the protocol, a numerical study was pursued to characterize
the response of a “typical” Oklahoma bridge to measured ground motions, which is described in
the following section.
Response of a Typical Oklahoma Bridge
The numerical study focuses on the most representative bridge class in Oklahoma. To determine
the most typical bridge class, an extensive statistical analysis was conducted on the Oklahoma
bridge inventory [8]. Key statistics on main structure type, skew, number of spans, and lengths of
spans established that 3-span girder bridges are the predominant class. Of the 3-span girder
bridges, prestressed concrete was the most represented material in Oklahoma. For this study, the
State Highway 99 (SH-99) bridge over Tiger Creek was selected to represent the typical bridge,
which was modeled in OpenSees. A detailed description on the modeling procedure can be found
in Reference [8]. Of particular interest in the numerical study is the response of the bearings and
columns, because they are known to govern bridge responses and have been identified as critical
components.
Preliminary Results
Preliminary analysis of the SH-99 bridge over Tiger Creek considers bidirectional groundmotion records from the M5.8 Pawnee earthquake. Figure 2 shows a comparison of response
spectra calculated from the recorded ground motions to AASHTO design spectra. The recorded
response accelerations are greater than the design spectral accelerations at periods between 0.05
and 0.3 s at some stations.
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Figure 2.

Spectral response acceleration Sa measured at 27 seismic stations compared with the
design response spectra per the 2009 AASHTO Guide specifications for LRFD seismic
bridge design.

The finite element model was subjected to the 27 bidirectional ground motions assuming
two bridge orientations (north-south and east-west), and the responses were recorded. The
responses remained small with some slight nonlinear effects, but no damage was observed. One
record of particular interest was that recorded at GS.OK005, which produced the largest
responses and had the largest S1 (0.05g). This record was then used in a single-record
incremental dynamic analysis (IDA), in which the record was scaled to S1 = 0.20g—the
intensities derived by ShakeMap near the epicenter. The potential for slight damage—anchor bolt
failure and sliding of elastomeric bearing pads—was predicted at shaking intensities of S1 =
0.15g and greater.
The ShakeMap derived intensities at the two bridges damaged during the M5.8 Pawnee
earthquake were 0.103g and 0.074g, which is below the 0.15g intensity required to observed
damage in the finite element model. However, this is not an apples-to-apples comparison
because the modeled bridge was a prestressed concrete girder bridge, whereas the two damaged
bridges were both steel girder bridges. This may indicate that steel bridges are more susceptible
to damage, but these two bridges classes are considered by Hazus to be equally fragile—in fact,
they are the most fragile bridge classes in Hazus that do not account for shape factor (S1/S0.3).
Further, note that the finite element model is based on the as-built conditions, while the SH-11
bridge over Tiger Creek was built in 1979, so some deterioration is expected.
On-going Research
The preliminary study described in the previous section looked at only a single record, but due to
the frequency of earthquakes in Oklahoma, bridges are repeatedly loaded. In 2015 when the
seismic activity was highest, bridges in the Fairview area were subject to magnitude 3.0 and
larger earthquakes daily. This raises the question whether this repeated low-to-moderate seismic
loading has the potential to cause cumulative damage to already aging bridges. On-going
research is looking at the cumulative effect of small-to-moderate earthquakes by subjecting the
same finite element model to series of ground-motion records.
Conclusions
This paper looks at the Oklahoma DOT’s pro-active response to the increase in seismic activity
in Oklahoma recent years. A framework for developing radius-based response protocol was
summarized. While the presented thresholds and radii were developed specifically for
Oklahoma, the general procedure can be used by other state DOTs. Key aspects that need to be
tuned for other DOTs/regions include the fragility threshold and the ground-motion prediction
equation. Damage to two bridges following the M5.8 Pawnee earthquake was used to empirically
validate the proposed inspection radii. To further validate the response protocol, a 3D finite
element model of the most typical bridge class in Oklahoma—3-span prestressed concrete girder
bridge—was developed and used to numerically explore the response of a typical Oklahoma
bridge to recorded ground motions. Preliminary results show that slight damage may be expected
at the shaking intensities derived from ShakeMap, but certain limitations in the model and
analysis were identified: assumes as-built (pristine) conditions; considers only one bridge class,
which does not correspond to the class in which damage has been observed; and considers a

single record. On-going and future research aims to explore the cumulative effect of frequent
(daily) small-to-moderate earthquakes representative of
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