
 

 

Magnitude Thresholds and Spatial Footprints 1 

of Damage from Induced Earthquakes  2 

Bridger W. Baird,a) M.EERI, Abbie B. Liel,b) M.EERI,  and Robert E. Chase c) 3 
M.EERI 4 

The rise in the number of anthropogenic small to moderate magnitude earthquakes 5 

in the central United States raises questions about the damageability of the built 6 

environment in such events.  This study examines the performance of modern light-7 

frame wood buildings, including single, multi-family and commercial construction, 8 

in earthquakes with moment magnitude of 3 to 6, using dynamic analysis of 9 

buildings models subjected to ground motions recorded in past induced events in 10 

North America. We focus on first onset of damage, e.g., wallboard or wallpaper 11 

cracking, nails popping out. The results show that earthquakes with magnitude less 12 

than 4-4.25 are unlikely to cause damage to modern construction. However, 13 

moderate magnitude events can cause damage over a wide geographic area (more 14 

than 30 miles from the earthquake epicenter, or 40 or more miles from a wastewater 15 

injection well). These results can be used to suggest setback distances between 16 

injection wells and certain neighborhoods or facilities, and magnitude thresholds 17 

for post-earthquake inspections.    18 

INTRODUCTION 19 

OVERVIEW 20 

The U.S. states of Oklahoma (OK), Texas, and Kansas have been experiencing elevated 21 

numbers of small- to moderate-magnitude earthquakes (e.g., Ellsworth et al. 2015; Petersen et 22 

al. 2018). Prior to 2009, historical earthquake rates for OK averaged about two earthquakes 23 

with moment magnitude (M) > 3.0 per year. Recently, these rates have been as high as 700 24 

events with M > 3.0  in a year and, in 2018, the state experienced about 200 such earthquakes 25 
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(OGS, 2018). This seismicity is largely the result of the deep injection of large quantities of 26 

wastewater from oil and gas development and production activities (e.g., Rubinstein and 27 

Mahani 2015; Weingarten et al. 2015). 28 

These earthquakes have caused damage to the region’s built infrastructure. For example, 29 

after the 2016 M 5.0 Cushing, OK earthquake, documented damage included: cracking in 30 

mortar joints, spalling or partial collapse of brick veneer, racking of structures, damage to brick 31 

chimneys, and water main bursts (Barba-Sevilla et al. 2018). Much of the damage from the 32 

Cushing earthquake was cosmetic or nonstructural and occurred in older light-frame wood 33 

buildings with a masonry brick veneer. Similar patterns of damage have been experienced in 34 

other recent OK earthquakes (e.g., Taylor et al. 2018), and observed in analytical studies 35 

(Chase et al. 2019).   36 

This increase in earthquake activities corresponds to elevated seismic hazard in the region 37 

(e.g., Petersen et al. 2016, 2017, 2018) which, in turn, corresponds to elevated risk to buildings 38 

and infrastructure in the region. Liu et al. (2019) showed significant increases in risks of 39 

building performance that endangers life safety compared to that due to non-induced 40 

earthquakes alone; the degree to which risk was elevated was found to vary from a few times 41 

to more than 100 times, depending on location, building period (or, building height), and the 42 

type of risk of interest. 43 

Mitigation strategies aim to reduce the risk from induced seismicity by (Bommer et al. 44 

2015): reducing seismic hazard, making the building and infrastructure stock more robust (i.e., 45 

reducing fragility), or avoiding or reducing exposure of communities or certain facilities to 46 

these events. In the context of mitigating risk from tectonic earthquakes, because we cannot 47 

control the tectonic seismic hazard, efforts generally aim to improve seismic performance of 48 

structures, reducing fragility. In contrast, because induced seismicity is anthropogenic, risk 49 

mitigation strategies have generally focused on seismic hazard, aiming to decrease the expected 50 



 

 

frequency or magnitude of induced events (Bommer et al. 2015). Although building 51 

strengthening is a component of induced seismicity risk mitigation strategies in the Netherlands 52 

(van Elk et al. 2019), the wastewater injection that causes these events in and around OK is 53 

highly volatile depending on global oil and gas markets and other factors, and neither building 54 

code changes nor retrofits of existing buildings appear to be feasible on a large scale.   55 

Efforts to mitigate hazard and risk are often guided by so-called ‘Traffic Light Systems’, 56 

which react to certain induced events to by changing operations (GWPC/IOGCC 2017, Majer 57 

et al. 2012). These systems generally define red, amber and green lights. The red zone has been 58 

defined as “the level of ground shaking at which damage to building in the area is expected to 59 

set in” (Majer et al. 2012), though different systems have different principles to define this 60 

zone. For example, Ohio requires operators to suspend operation if an event larger than 61 

magnitude1 1.0 is observed near the site to investigate the cause (Wong et al. 2015). Likewise, 62 

regulators in the U.K. halt hydraulic fracturing operations if earthquakes with magnitude 0.5 63 

or above occur (BEIS 2013). In both of these cases, it has been argued that the threshold for 64 

stopping operations (the “red light” threshold) is overly conservative, potentially unnecessarily 65 

alarming the public. OK has a Traffic Light System around suspect wells, which are those that 66 

are near an earthquake swarm (about 350 of 900 Class II wells in the state) (Wong et al. 2015); 67 

suspect wells are operated under a “yellow light” condition, requiring additional seismic 68 

monitoring and reporting, and a well-specific magnitude threshold between magnitude 1.8 and 69 

3.7 is defined, which will change operations if an earthquake is deemed to be associated with 70 

a particular well.    71 

In the context of U.S. injection-induced seismicity, efforts to reduce seismic hazard 72 

generally have modified injection operations, for example, by reducing injection volumes or 73 

 
1 Note that these systems use different definitions of earthquake magnitude and some regulators may not even 
identify their definition of magnitude, so we are using the generic term “magnitude” in this paragraph.  



 

 

eliminating connection between the disposal interval and the basement (Langenbruch et al. 74 

2018, Brown et al. 2017). In general, reducing injection volumes does reduce earthquake rates 75 

(e.g., Langenbruch and Zoback 2016), though large earthquakes may still occur (Bommer et 76 

al. 2015, Majer et al. 2007; Wong et al. 2015), and there is little science to support the choice 77 

of any particular magnitude threshold triggering such a change. Several authors have argued 78 

that these systems could be improved by linking thresholds to ground shaking levels, rather 79 

than magnitude, e.g. Majer et al. 2012, Wong et al. (2015), Walters et al. (2015).  80 

Recognizing that induced earthquakes tend to occur in close proximity to injection 81 

operations, exposure may be reduced by locating wells sufficiently far from critical 82 

infrastructure and/or communities (Bommer et al. 2015, Atkinson 2017). Goebel and Brodksy 83 

(2018) found that, for some sites, particularly where injection is above the crystalline basement, 84 

injection wells can cause earthquakes at distances further than 6 miles (10 km) away from the 85 

well; this appears to be the case in at least some parts of OK (Yeck et al. 2016). However, for 86 

many wells, these distances may be much shorter (Goebel and Brodsky 2018). To reduce 87 

exposure to potential events, regulators can impose what are known as “exclusion zones”, or 88 

setbacks from certain buildings or infrastructure, such as critical facilities, where injection 89 

operations are not allowed. For example, in response to induced seismicity in Alberta and 90 

British Columbia from hydraulic fracturing, Atkinson (2017) argues that an exclusion zone of 91 

~3 miles (5 km) in radius should be required around critical facilities (i.e., hospitals, important 92 

bridges, etc.). However, Atkinson (2017) notes that the area of potential impact around a 93 

wastewater injection well is larger than for hydraulic fracturing wells, and suggests a radius on 94 

the order of ~6 miles (10 km) for injection wells. Mutz (2019)’s review of regulations in seven 95 

western states found that Ohio does not allow Class II underground injection wells within 96 

designated distances from various categories of buildings and transportation infrastructure; the 97 

relevant setback distances are 50 to 100 ft. Likewise, Colorado allows well permit denial if the 98 



 

 

Colorado Oil and Gas Conservation Commission’s Director has “reasonable cause to believe 99 

that the proposed disposal well could result in a significant adverse impact on the environment 100 

or public health, safety and welfare.” Other states have setbacks related to proximity to faults, 101 

but not proximity to infrastructure (Mutz, 2019).   102 

SCOPE 103 

The goal of this study is to define magnitude thresholds and spatial footprints that are 104 

associated with building damage in injection-induced earthquakes. We focus on modern light-105 

frame wood structures, as light-frame wood buildings are the primary building type in OK and 106 

elsewhere in the U.S. (van de Lindt and Dao 2009), and similar buildings have sustained 107 

damage in past events (e.g., Taylor et al. 2016). First, we dynamically analyze the seismic 108 

response of three light-frame wood buildings in more than 50 earthquake scenarios. Three-109 

dimensional (3D) nonlinear models of the buildings are subjected to recorded ground motions 110 

from induced earthquakes, and the structural responses are recorded. The first instance of 111 

damage, physically manifested by screws popping out, minor cracking of wallboard, and 112 

warping or cracking of wallpaper in light-frame wood shear walls, is identified in the responses 113 

using damage fragility curves for common components in these buildings. These results 114 

quantify the probability of damage for these buildings in a given earthquake scenario, and the 115 

spatial footprint or extent of the damage, with the goal of informing mitigation efforts and post-116 

earthquake inspection procedures.  117 

METHODS 118 

EARTHQUAKE SCENARIOS AND GROUND MOTIONS 119 
We begin by defining Earthquake Scenarios of interest, which cover a wide range of 120 

possible earthquakes in Oklahoma, with magnitudes, M, ranging from 3.0 to 6.0, and 121 

hypocentral distances, i.e. distances between the focus or hypocenter and a site of interest, 122 

ranging from 1.9 to 161.6 miles (3 to 260 km), as shown in Figure 1. We selected a M 3.0 123 



 

 

event as the minimum because it is on the low end of a potentially damaging earthquake; we 124 

selected a M 6.0 event because it is slightly larger than the Pawnee M 5.8 event, the largest 125 

earthquake to date in Oklahoma. In terms of distances, we chose a 1.9 mile (3 km) hypocentral 126 

distance to represent an event with a very shallow focal depth, occurring directly underneath 127 

the structure. Longer distances are considered for higher magnitudes because they have more 128 

damage potential at farther distances. These choices are supported by the deaggregation of the 129 

USGS one-year hazard forecasts for Pawnee (Petersen et al. 2018), which suggests that M < 6 130 

and R ~ 3 – 20 miles (~5 – 35 km) dominate the hazard for shaking intensities with annual 131 

frequencies of exceedance > 0.002 (Shumway 2019).  132 

 133 
Figure 1. Earthquake Scenarios considered, defined in terms of moment magnitude, M, and 134 
hypocentral distance, R. Each point on the graph represents one of the Earthquake Scenarios.  135 

We use recorded ground motions from induced earthquakes in North America to 136 

represent the Earthquake Scenarios for dynamic analysis. These ground motions are from the 137 

Assatourians and Atkinson (2018) database of processed induced strong-motions. This 138 

database has 68 3-component sets of ground motions. The ground motions were recorded 139 

between 2010 to 2016, with M > 4.0, and R < 31.1 miles (50 km), as shown in Figure 2.  140 

We next select and scale the records to match the intensity and frequency content, and 141 

variability therein, of each Earthquake Scenario. To do so, a target spectrum is defined for each 142 



 

 

Scenario. The target spectra are produced by the NAA-18 (Novakovic et al. 2018) ground 143 

motion prediction equation (GMPE), which has been empirically-calibrated to induced 144 

motions in Oklahoma. This GMPE is based on over 7000 ground motion recordings from the 145 

Oklahoma region, including approximately 190 events of magnitude 3.5 – 5.8 and hypocentral 146 

distances between 2 and 500 km; most of the events have been caused by wastewater injection. 147 

NAA-18 takes as input the structure’s period, R, M, rupture depth, and site conditions, i.e., 148 

Vs30, and produces probabilistic estimates of spectral acceleration. Spectral acceleration is 149 

defined by the geometric mean of the two horizontal components. We selected the NAA-18 150 

GMPE because it is based on a large number of recorded ground motions from the region of 151 

interest; a number of studies have shown the importance of selecting ground motions and 152 

GMPEs specifically for induced earthquakes and the tectonic environment in Oklahoma (e.g., 153 

Chase 2018; Moschetti et al. 2019; Atkinson et al. 2018). In particular, the characteristic 154 

shallow focal depth of induced events makes near distance scaling particularly important 155 

(Atkinson et al. 2018; Zalachoris and Rathje 2019). However, a limitation is that, due to the 156 

scarcity of records, there are few records used in the GMPE development that are  both at the 157 

upper end of the magnitude range and the lower end of the distance range, i.e. the range where 158 

damage is most likely.  Nevertheless, the NAA-18 GMPE produces similar estimates of 159 

spectral acceleration values to Zalachoris and Rathje (2019).  160 

To define the target spectrum for a given Earthquake Scenario using the NAA-18 GMPE, 161 

M and R are defined by the Earthquake Scenario of interest. We take the focal depth as 3.1 162 

miles (5 km) for most of the Earthquake Scenarios (excluding Scenarios with R of 1.9 miles); 163 

this depth was selected to represent typical depth for induced events in Oklahoma (USGS 164 

2019). For events with R of 1.9 miles (3 km), the earthquake is assumed to occur directly 165 

underneath the structure. We assume a site class C Vs30 value of 1476 ft/s (450 m/s) to represent 166 

soil conditions present in most of Oklahoma (Yong et al. 2016).  167 



 

 

  

Figure 2. Earthquake and ground motion characteristics for the 68 induced motions collected by 168 
Assatorians and Atkinson (2018), showing (a) magnitude and distance distribution and (b) as recorded 169 
geomean acceleration response spectra of horizontal components. 170 

We next select a subset of ground motions from the database and define a set of scaling 171 

factors to represent the target spectrum. For this purpose, we adopt the ground motion selection 172 

and scaling algorithm from Baker and Lee (2018) to select motions that match the target spectra 173 

for a given Earthquake Scenario, in terms of both median and standard deviation. Matching the 174 

variability is important to represent the variability of structural response for a Scenario, even 175 

when the structural response is linear (e.g., Lin et al. 2013). Based on the defined target 176 

response spectrum, the ground motion selection algorithm statistically simulates response 177 

spectra to match the target spectrum. For each simulated spectrum, a ground motion from the 178 

Assatourians and Atkinson (2018) database is selected and linearly scaled to match the 179 

statistically simulated spectra. Subsequently, an optimization process that seeks to replace one 180 

ground motion at a time to improve the match with the target spectrum based on the error 181 

between the target and recorded spectra (Baker and Lee 2018). We aim to match the target 182 

spectrum within a range of ~0.2T to 2T, where T is fundamental period of the building, to 183 

capture the important range of linear (including higher modes) and nonlinear response. We 184 

placed no minimum or maximum limit on the scale factors, and select 25 motions and scale 185 

factors for each target spectrum. All calculations are done with geomean spectral accelerations. 186 



 

 

Figure 3a provides an example of the ground motions selected to match the target for a 187 

M 4.5 and R 4.7 miles (7.5 km) Scenario. Although, in general, the records matched the target 188 

spectra well, the fit was worse at higher magnitudes (Figure 3b), which is a function of the 189 

smaller number of records from higher magnitude events available in the Assatourians and 190 

Atkinson (2018) database (and in general for OK). We searched for higher magnitude tectonic 191 

earthquakes to supplement the database, but ultimately did not include them due to differences 192 

in the regional tectonic environment between the available induced and tectonic motions, 193 

which have been shown to have an impact on structural response (Chase 2018). The spectra in 194 

Figure 3 peak at periods of approximately 0.1 seconds, as expected for induced and other small- 195 

to moderate-magnitude events that have peaked, high frequency content.  196 

Ground motions were applied as recorded to 3D building models, with the East-West 197 

component in the database applied to the East-West axis of the buildings. More details of the 198 

building models are provided below.   199 

  200 

Figure 3. Selected and scaled ground motion records, showing (a) the target spectrum for the M 4.5 201 
and R of 4.7 miles (7.5 km) Scenario, and the selected motions, and (b) target and selected median 202 
spectra comparison for multiple Scenarios. 203 

BUILDING ARCHETYPES 204 

Building Designs 205 

We designed the buildings in this study for Pawnee, OK, which is in seismic design 206 

category (SDC) B, with a  of 0.139 g for site class C (ASCE 2017). We chose Pawnee to 207 



 

 

represent a typical OK location, with relatively small seismic design forces. The three buildings 208 

considered in this study were originally designed for “moderate seismicity” according to ASCE 209 

7-10 (ASCE 2010) as part of the ATC 116 project (ATC 2020), for which they were developed 210 

and reviewed by practicing professional engineers (see also Ziaei Ghehnavieh 2017). We 211 

redesigned for the lower seismicity conditions of Pawnee compared the “moderate seismicity” 212 

levels used in the original design. We carried out this design according to ASCE 7-16 (ASCE 213 

2017), using the same wall layouts as the original designs. In this redesign, the shear wall 214 

material was changed (e.g., changed from oriented strand board or OSB, to gypsum wall 215 

board), the wall lengths decreased, and the nail spacing increased. We confirmed that the SDC 216 

B seismic forces controlled over wind for these buildings in Pawnee. Wood (OSB or gypsum) 217 

shear wall elements comprise the sole lateral force resisting system in the buildings.  218 

The multi-family building accommodates four two-story 24 ft (7.3 m) by 48 ft (14.6 m) 219 

townhomes on a 48 ft (14.6 m) by 96 ft (29.3 m) foundation with a gable roof, as shown in 220 

Figure 4. Shear walls are located on the building’s exterior and between-unit interior partition 221 

walls; these walls are framed with Douglas Fir lumber 2x4s. The exterior face of the exterior 222 

wall is clad in a fiber cement (James Hardie) siding over OSB, which is commonly used in OK 223 

(Authentic Custom Homes, 2018). The interior face of the exterior walls has 0.5 in (1.3 cm) 224 

gypsum wallboard. Additionally, the interior walls and party walls are clad with 0.5 in (1.3 cm) 225 

gypsum wallboard in all locations. The floorplan in Figure 4 also shows the location of 226 

nonstructural partitions; these partitions are not considered in the design of the building, but 227 

are represented in the model and contribute to the seismic resistance of the building. The 228 

foundation is a 4 in (10.2 cm) slab on grade. Around the exterior perimeter of the building and 229 

underneath the interior load bearing walls, there are reinforced grade beams with footings 230 

integrated into the slab on grade. For more details, refer to Baird (2019). 231 



 

 

 232 
Figure 4. Plan view of the first story of the multi-family building, showing shear and bearing wall 233 
layout (modified from ATC 116, 2020). OSB is oriented strand board; GWB is gypsum wall board. 234 
Nail and framing details for the wall types listed are provided in Baird (2019) and Ziaei Ghehnavieh 235 
(2017).  236 

The two-story commercial building has a 48 ft (14.6 m) by 96 ft (29.3 m) footprint with a 237 

flat roof (Figure 5). The walls, framing, siding, and foundation are similar to the multi-family 238 

building. However, the commercial building has a 1.5 in (3.8 cm) concrete topping on the floor, 239 

which increases the seismic weight of the building. In the interior of the building, the floor and 240 

roof trusses are supported by 3 interior steel girders. The interior steel girders are spaced at 24 241 

ft (7.3 m) on center and run parallel to the short wall supported by steel posts. These steel posts 242 

do not contribute to the building’s seismic resistance. The second-story has some nonstructural 243 

partition walls, which represents the division of the building into separate office spaces.  244 

The two-story single-family building has a footprint of 32 ft (9.8 m) by 48 ft (14.6 m) and 245 

a gable roof; Figure 6 provides a plan view. The designed shear walls include the exterior walls 246 

of the building, as well as the interior gravity load bearing walls. Wall, framing, siding and 247 

foundation details are similar to the other buildings.  248 
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 250 
Figure 5. Plan view of the commercial building, showing shear and bearing wall layout (modified 251 
from ATC 116, 2020). Nail and framing details for the wall types listed are provided in Baird (2019). 252 

 253 
Figure 6. Plan view of the single-family building, showing shear and bearing wall layout (modified 254 
from ATC 116, 2020). Nail and framing details for the wall types listed are provided in Baird (2019). 255 

Building Modeling 256 

All three of the buildings in this study are modeled using Timber3D, which is a MATLAB-257 

based analysis software intended for modeling the inelastic dynamic seismic response of short 258 

period light-frame wood buildings, developed by Pang and Shirazi (2013). The software is 259 

formulated to capture the seismic response of the buildings up to large horizontal and vertical 260 

displacements and incipient collapse based on corotational formulation and large displacement 261 

theory (Pang and Shirazi 2013). It implements a computationally-efficient version of the finite 262 

element methodology with nodal condensation. The approach has been validated by comparing 263 
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the model results to experimental tests for various wood shear wall components (Pang and 264 

Shirazi 2013); this calibration focused on stiffness, peak strength and deformation capacity. 265 

All of the models used in this study were adapted from those developed in ATC 116, and 266 

provided to us by Ziaei Ghehnavieh (2017). 267 

Material nonlinear behavior of the three building archetypes is modeled only in the shear 268 

wall elements:  exterior walls, interior partition walls (structural and nonstructural), and the 269 

exterior siding (finishes). The Modified Stewart (MSTEW) model (Folz and Filiatrault 2001) 270 

defines the backbone and hysteretic properties of the walls, illustrated in Figure 7. A 271 

modification to the MSTEW hysteresis developed by Ziaei Ghehnavieh (2017) applies to all 272 

wall elements in these models except for exterior siding. The modification fits an “S” curve to 273 

the post peak response of the shear walls to more accurately capture nonlinear strength decay 274 

of the shear walls and the residual strength of the shear walls after large displacements. Ziaei 275 

Ghehnavieh (2017) calibrated the hysteretic model parameters for the wall types of interest to 276 

experimental results. For the exterior walls of the building models, the structural shear walls 277 

are assigned to the same location as the siding, such that the exterior wall response represents 278 

the composite response of the two components.  279 

Floor diaphragms are modeled using elastic beam elements, but these elements are very 280 

stiff, which is consistent with Ziaei Ghehnavieh (2017). Due to the rigid frame-to-frame link 281 

elements representing hold downs and anchor bolts, the building models have what amounts 282 

to a fixed base. The most important source of damping is the hysteresis response in the 283 

nonlinear nonstructural and structural elements (Figure 7). Additionally, we apply 1% Rayleigh 284 

damping anchored at periods defining the fundamental modes in both orthogonal directions of 285 

the structure to represent a modest amount of linear elastic damping, while also avoiding 286 

overdamping in the nonlinear range. This level of damping is similar to other studies (e.g., van 287 



 

 

de Lindt et al. 2010; Pang and Shirazi 2013); adding more damping would reduce the drifts 288 

and damage somewhat, but more work is needed to verify if this would be appropriate.  289 

  
 

Figure 7. Hysteretic properties for 8 ft (2.4 m) by 10 ft (3 m) wall components showing (a) the OSB 290 
components, and (b) the GWB components and the exterior siding.  291 

For model verification, we ran pushover and eigenvalue analyses as reported in Table 1 292 

and Figure 8. The fundamental periods are consistent with expectations for central U.S. 293 

construction. The east-west direction is slightly stiffer and has more overstrength than the 294 

north-west direction for all buildings because of the architectural configurations. All of the 295 

buildings’ ultimate strengths are substantially higher than the required design values, due to 296 

the contribution of nonstructural walls and finishes to the overall strength of the models.  297 

Table 1. Fundamental periods of buildings. 298 
 Multi-Family Commercial Single-Family 

Fundamental Period in the N-S 
direction, TNS (s) 0.48 0.56 0.34 

Fundamental Period in the E-W 
direction, TEW (s) 0.47 0.47 0.31 

 299 

DAMAGE IDENTIFICATION 300 

We use fragility curves for damage to light-frame wood shear walls from FEMA P-58 301 

(FEMA 2012) to identify damage in buildings. These fragility curves represent the conditional 302 

probability of reaching or exceeding a damage state of interest, conditioned on the engineering 303 

demands. For the components of interest, the relevant demand parameter is story drift ratio 304 



 

 

(SDR). SDR is the largest drift observed in the building for a given ground motion in either 305 

story in either direction. FEMA P-58 provides fragilities for a number of different wood shear 306 

wall components (FEMA 2012). Each component has multiple damage states, ranging from 307 

least, defined in FEMA P-58 as damage state 1, to most severe. As our goal is to identify a 308 

damage threshold (DT) corresponding to the onset or earliest occurrence of damage, the 309 

damage state of interest is damage state 1.  310 

  
Figure 8. Pushover curves for the buildings in (a) the E-W and (b) N-S directions. Labels VM, VC, 311 
and VS in (b) indicate the design base shear for the multi-family, commercial, and single-family 312 
buildings, respectively.  313 

Our primary DT of interest corresponds to nail separation from sheathing, screws popping 314 

out, and minor cracking of gypsum wallboard, which is primarily cosmetic damage to a very 315 

common component of wood frame buildings, but damage that most homeowners would 316 

choose to repair. We refer to this DT as DTB, and it occurs at a median SDR of 0.21% (with a 317 

logarithmic standard deviation or sln of 0.6) , as shown in Figure 9 (based on FEMA 2012 for 318 

NISTIR Classification B1071.041). We also consider two other DT to represent the onset of 319 

different kinds of damage. DTA represents damage to less well constructed systems, or damage 320 

to walls with stucco, and is defined with a median SDR of 0.17%. (This DT could be refined 321 

if FEMA P-58 had more data for typical central U.S. cladding materials, which may be more 322 

vulnerable.) DTC represents more severe damage (e.g., cracking or crushing of wall boards; 323 

buckling of studs, etc.); for DTC we use a median SDR of 1%. To account for uncertainties in 324 



 

 

the drift demands and the DT thresholds, we employ a simple Monte Carlo simulation that 325 

randomly generates demands (based on the distribution from structural analysis simulations) 326 

and capacity (based on the defined fragility curve). This process is repeated 250 times, such 327 

that the probability of damage is the number of realizations in which the randomized demand 328 

exceeded the randomized damage threshold, divided by 250; 250 realizations were found to 329 

provide good stability in probability results.  330 

Alternative Damage Identification Method 331 

From the 1930 to the 1980s, the United States Bureau of Mines (USBM) studied various 332 

aspects of ground vibrations produced by mine blasting frequencies with the goal of 333 

engineering surface mining blasts to avoid adverse effects on residential buildings. The USBM 334 

studies define the damage threshold as: “loosening of paint; small plaster cracks between 335 

construction elements; [and] lengthening of old cracks” (Siskind et al. 1981). One major study 336 

was Bulletin 656 (Nicholls et al. 1942), which used peak ground velocity (PGV) to define 337 

damage thresholds for single-family residential type structures, defining a damage threshold in 338 

terms of a PGV of 2 in/s (5.1 cm/s). Subsequent studies, namely USBM Report 8507 (Siskind 339 

et al. 1981), suggested that the blanket damage threshold be modified to account for the 340 

dominant frequency content of the blast, which was observed to impact damage in residential 341 

type structures. These thresholds were based on measurements of ground-vibration induced 342 

damage in 76 single-family residential homes from 219 production blasts, which were 343 

combined with nine other blasting studies. The study concluded that, for blasts with dominant 344 

frequency of less than 40 Hz (periods greater than 0.025 s), a threshold of 0.75 in/s (1.9 cm/s) 345 

is appropriate, while for blasts with dominant frequencies greater than 40 Hz (periods less than 346 

0.025 s), the threshold should remain at 2 in/s (5.1 cm/s).  347 



 

 

 348 

Figure 9. Fragility curves used to define DTA, DTB, and DTC. Each DT represents different types of 349 
damage. 350 

To take advantage of the wealth of field data generated in the USBM studies, we adopt here 351 

the PGV threshold of 2 in/s (5.1 cm/s) as an alternative damage threshold. We compared the 352 

PGV of each ground motion to the threshold PGV to determine if the single-family building 353 

was damaged; we chose the single-family building because it is most similar to the buildings 354 

used in the USBM studies. Although induced earthquakes generally have dominant frequencies 355 

less than 40 Hz (periods greater than 0.025 s), we adopt the larger 2.1 in/s threshold. We make 356 

this decision because the buildings Siskind et al. (1981) assigned to the lower damage threshold 357 

of 0.75 in/s (1.9 cm/s) were older and especially susceptible to cracking because they had 358 

plaster finishes on interior walls. For the modern buildings of interest here with drywall, we 359 

judged this lower limit to be excessively pessimistic.  360 

RESULTS 361 

DAMAGE PROBABILITIES FOR THE MULTIFAMILY BUILDING 362 

Drift Demands in Earthquake Scenarios  363 

We first examine trends in drift demands in the multi-family building in the Earthquake 364 

Scenarios in Figure 10, as drift demands are the primary input to the damage threshold 365 

assessment. For this building, the peak SDR always occurs in the first story and in the 366 

weaker/less stiff North-South direction. SDRs in this building increase as the Earthquake 367 
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Scenario magnitude increases and as the earthquake occurs closer to the building, which is to 368 

be expected. For this structure inelastic response begins around 0.2-0.4% drift. There is an 369 

order of magnitude increase in drifts between the Scenarios with M 4 and M 5. 370 

In Figure 10, it appears that the variability in the drifts may increase as the earthquake 371 

becomes closer to the structure and as its magnitude increases. However, the standard deviation 372 

in log space of the SDRs is relatively constant across Scenarios, with a mean value of 0.65 (this 373 

calculation removes any drifts for buildings that collapsed). We selected ground motions to 374 

match the target spectrum in terms of both mean and variability; as a result, we observe record-375 

to-record variability even when the structure is responding in the linear range.  376 

  

Figure 10. Drift demands in the multi-family building from Earthquake Scenarios with (a) M 4 and 377 
(b) M 5. 378 

In some of the ground motions, the multi-family building collapsed. Collapse is defined 379 

as SDR > 10% (Chase 2018). Collapse occurred in less than 1% of all the ground motions run, 380 

as would be expected based on observed damage in the region from past events, and was more 381 

likely in the more intense very close distance scenarios (reported in Figure 11). 382 

Damage Threshold Probabilities  383 

As expected, as the earthquake magnitude becomes larger and the event occurs closer to 384 

the building, the probabilities of exceeding the damage thresholds increase. The probability of 385 



 

 

damage is less than 10% for all Scenarios until reaching M 4.0 at R of 1.9 miles (3 km); the 386 

more intense Scenarios have damage probabilities exceeding 10% (Figure 11).  387 

We define the distance laterally (i.e., in map view or epicentral distance) between the 388 

earthquake and the building at which the probability of damage reaches 50%, E50, as a measure 389 

of the footprint of the Earthquake Scenario’s damage for a given building. These values are 390 

determined through linear interpolation from the available results. We also consider an 391 

alternative metric, E15, which describes the epicentral distance associated with a 15% 392 

probability of damage. We chose 15% as a more conservative damage identifier that may be 393 

of interest to some decision makers. Figure 12 reports and compares the E15  and E50 values for 394 

different magnitude events. For M < 4.5, neither 15% nor 50% probability of damage are 395 

reached for any epicentral distances. The larger earthquakes can cause damage over a radius 396 

of 20 to 80 miles, depending on which metric is used.  397 

 398 

Figure 11. Probability of damage for the multi-family building for all Earthquake Scenarios, based on 399 
DTB. The white numbers represent the instances of collapse out of the 25 ground motions for that 400 
Scenario.  401 
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 402 

Figure 12. Spatial footprint of damage quantified in terms of E15 and E50 for the multi-family 403 
building, based on DTB. 404 

DAMAGE PROBABILTIES FOR OTHER BUILDINGS 405 

As shown in Figure 13, the median commercial building drifts are on average 10% larger 406 

than the multi-family building, for a given Earthquake Scenario. The commercial building has 407 

a longer period (TNS = 0.56 s) as a result of fewer shear walls compared to the multi-family 408 

building and a larger seismic weight. The single-family building has the shortest period (TNS = 409 

0.34 s) considered in this study, and has the lowest seismic weight (i.e. smallest seismic inertial 410 

demands) and, thus, the lowest drifts. For all the buildings, the largest drift tends to occur in 411 

the first story in the North-South direction. As a result of the associated drift demands on the 412 

buildings, Figure 14 shows that the single-family building has the lowest probability of damage 413 

for all Earthquake Scenarios, and the commercial-family building has the highest. These 414 

differences in the probability of damage are typically less than 10%. 415 

We compare the spatial footprints of damage for the three buildings. The spatial footprint 416 

metric, E50, for earthquakes M < 5 is similar for the three building types, as plotted in Figure 417 

15. Note that an E15  or E50 value of 0 may still imply that the building exceeds the selected 418 

damage percentile if located immediately above the earthquake (i.e., earthquake depth = 419 

hypocentral distance). For M 5.5 and M 6.0, it becomes clear that the weaker buildings are 420 



 

 

likely to be damaged at further distances away because of greater drift demands and nonlinear 421 

response appearing in less intense Earthquake Scenarios. 422 

  

Figure 13. Comparison of drift demands in the multi-family (MFB), commercial (COMB) and single-423 
family (SFB) buildings from Earthquake Scenarios with (a) M 4 and (b) M 5. 424 

  

Figure 14. Comparison of damage probabilities in the multi-family (MFB), commercial (COMB) and 425 
single-family (SFB) buildings from Earthquake Scenarios with (a) M 4 and (b) M 5. 426 
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 427 
Figure 15. Spatial footprint of damage quantified in terms of E15 and E50 for in the multi-family 428 
(MFB), commercial (COMB) and single-family (SFB) buildings, based on DTB. 429 

DAMAGE PROBABILTIIES FOR OTHER THRESHOLD DEFINITIONS 430 

The impact of the three different DT on damage probabilities for the multi-family buildings 431 

is investigated in Figure 16. Results for DTA and DTB are similar due to very similar median 432 

thresholds. DTC indicates more serious damage. The implications of these thresholds for the 433 

spatial footprint of the damage are illustrated in Figure 17. To be expected, the lowest 434 

considered damage threshold (DTA) has the largest spatial extent. These results show that, if 435 

one is concerned with only the more severe damage represented by DTC, the spatial footprints 436 

are much more limited (<15 miles).  437 

  

Figure 16. Damage probabilities based DTA, DTB, and DTC for the multi-family building for (a) M 4 438 
and (b) M 5.  439 
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 440 

Figure 18 compares our FEMA P-58-based damage thresholds to the USBM damage 441 

threshold of 2 in/s (5.1 cm/s) PGV for the single-family building (the closest comparison to the 442 

USBM data). That threshold seems to indicate that the older buildings that were the basis for 443 

the USBM threshold are more vulnerable to damage, producing much larger spatial footprints 444 

of damage. 445 

DISCUSSION AND IMPLICATIONS 446 

PERFORMANCE OF THE WOOD LIGHT-FRAME BUILDING STOCK 447 
To examine the implications of these results, we first combine all results into a single plot, 448 

representing the average performance of the three light-frame wood buildings examined. 449 

Figure 19, for example, reports the average probability of damage across all considered 450 

building types in all of the Earthquake Scenarios for DTB.  451 

Of course, this study only looks at newly constructed (i.e., modern) light-frame wood 452 

buildings with residential occupancies. Older buildings likely perform worse, as indicated by 453 

the USBM threshold results in Figure 18, as they may be weaker, less stiff, more irregular and 454 

have worse quality nailing, connections and/or finishes, making the onset of damage likely 455 

earlier (Christovasilis et al. 2009). As a consequence, these results underestimate the potential 456 

for induced earthquakes to damage the older and more vulnerable buildings in the Oklahoma 457 

building stock. Conversely, this analysis likely overestimates damage to other types of 458 

construction, especially hospital and schools, which are designed with “importance factors” 459 

that amplify building strength. However, more work would be needed to quantify how much 460 

this additional strength protects against onset of damage, and to examine other building types 461 

more commonly used for hospitals and critical facilities. 462 



 

 

 463 
Figure 17. Spatial footprint of damage quantified in terms of E15 and E50 for the multi-family 464 
building, based on DTA, DTB, and DTC.  465 

  

Figure 18. Comparison of damage probabilities for the single-family building for DTA, DTB, and 466 
DTC, compared to USBM damage threshold PGV of 2 in/s (5.1 cm/s) for: (a) M 4 and (b) M 5. 467 

IMPLICATIONS FOR POLICY MAKING 468 

Exposure reduction presents one of the most practical solutions to mitigate the risk of 469 

induced seismicity in OK. One possible approach would be to define exclusion zones or 470 

setbacks, where new injection operations could not be drilled around critical buildings and 471 

infrastructure.  472 

The implications of these results for exclusion zones are explored in Figure 20. This plot 473 

shows the location of a well, and the locations of possible earthquakes around that well, 474 

recognizing that earthquakes may occur at some distance from the injection. Figure 20a 475 

illustrates a case where earthquakes can occur as many as 12 miles (20 km) (laterally; in map 476 

view) from the well, based on an upper bound distance observed by Yeck et al. (2016) for the 477 
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high-volume wells near Prague, OK. In Figure 20b, the earthquakes are assumed to be within 478 

3 miles (5 km) of the well (Goebel and Brodsky 2018). We then show the spatial extent of 479 

damage from different magnitude events based on the E50 metric around the assumed 480 

earthquake locations for the “average” building, and two damage thresholds.   481 

 482 

Figure 19. Average probability of damage to modern light-frame wood buildings examined in this 483 
study, based on DTB. 484 

The result for these buildings suggest that exclusion zones or setbacks on the order of 15 485 

to 25 miles may make sense to reduce the risk of damage. These distances are based on M 5.5 486 

event, which is on the upper end of the event magnitudes that have been observed, though not 487 

the largest possible (Shumway 2019). If we are concerned only with more severe damage 488 

represented by DTC, a zone of 6 to 10 miles may be more appropriate.  489 

These possible setbacks are generally larger than other proposed distances, such as the ~ 6 490 

mi (10 km) value suggested by Atkinson (2017). Parts of Oklahoma are relatively sparsely 491 

populated, with 2.5 homes per square mile (U.S. Census Bureau 2007). Despite this relatively 492 

low density of construction in some areas of Oklahoma, it is likely impractical to site wells this 493 

far from all buildings/infrastructure. However, it may be possible to maintain this distance from 494 

Probability of Reaching or 
Exceeding Damage State (%) 



 

 

critical facilities, such as hospitals, and denser housing areas. These zones have the potential 495 

to greatly reduce damage to the built environment. Figure 20 and the underlying results, can 496 

also inform post-earthquake damage inspections, implying, for example, inspection radii for 497 

bridges and other structures that may require evaluation after potentially damaging events 498 

(Harvey et al. 2018).  499 

  

Figure 20. Spatial footprint of damage from an injection site in (a) assuming an earthquake may 500 
occur up to 12 miles from the well for DTB, and (b) assuming an earthquake occurs up to 3 miles 501 
from the well for DTB  and DTC. 502 

In terms of magnitude thresholds, these results show that M < 4 events would very rarely 503 

cause damage to the light-frame wood buildings that make up the majority of our residential 504 

housing infrastructure. Even a M 4.5 event causes fairly limited damage (with minor damage 505 

to less than 15% of buildings of this type beyond about 6 miles from the earthquake). Recall 506 

that magnitude thresholds are commonly used as part of Traffic Light Systems to regulate well 507 

operations with the goal of reducing seismic hazard. Our findings confirm that the magnitude 508 

thresholds being used (e.g., M 1 in Ohio) are well below those associated with the onset of 509 

damage. Moreover, the results suggest that seismic hazard reduction policies that aim to reduce 510 

the likelihood of M > 4 events would likely be effective at preventing most damage from 511 

induced events. However, the findings here do not imply that a red-light threshold of M 4 512 



 

 

would be acceptable, or adequately reduce the risk of future earthquakes, for which a lower 513 

threshold would likely be desirable (e.g., Green et al. 2012). 514 

It is well known, of course, that M alone is not a good predictor of structural damage (due 515 

to impacts of fault mechanism, soil conditions, etc.). Therefore, there is interest in Traffic Light 516 

thresholds based on observed ground shaking rather than M alone (e.g., Bommer et al. 2015; 517 

Majer et al. 2012; Wong et al. 2015). We quantify ground shaking in terms of PGV because it 518 

has been correlated with structural damage in small to moderate magnitude events in previous 519 

studies, e.g., Siskind et al. 1981. Our results, taken for all the Scenarios together, suggest that 520 

the PGV corresponding to 15% chance of damage for modern buildings is approximately 7 in 521 

/s (12 cm/s); the median PGV associated with damage is about 12 in/s (30 cm/s). These 522 

thresholds would be associated with damage in the identified percentage of modern light wood-523 

frame buildings. Older buildings would be damaged at lower PGV thresholds.    524 

CONCLUSIONS 525 

This study examines the potential for damage to modern wood light-frame buildings in 526 

Oklahoma due to induced earthquakes of varying magnitude. The simulations are based on two-527 

story commercial, multifamily, and single-family buildings, which are designed with lateral 528 

strength and detailing consistent with modern code requirements in Pawnee, OK, and modeled 529 

nonlinearly in the Timber3D software. Ground shaking for each Earthquake Scenario is defined 530 

by target spectra from an Oklahoma-based ground motion prediction equation. For each 531 

scenario, 25 records are selected to match the target spectra, providing the excitation for the 532 

simulation models. Damage is identified as occurring if story drifts exceed a level associated 533 

with screws or nails popping out, minor cracking of wallboard, and warping or cracking of 534 

wallpaper in light-frame wood shear walls. This damage is mostly minor and mostly cosmetic, 535 

but many homeowners would choose to repair it. 536 



 

 

The results show that earthquakes with magnitudes less than 4 or 4.25 cause very limited 537 

damage to these kinds of buildings. For larger magnitude events, the distance between the 538 

epicenter and buildings that are potentially damaged ranges from 3 miles for a magnitude 4.75 539 

event, to 22 miles for a magnitude 6; the extent of damage beyond an injection well is larger 540 

because earthquakes may occur some distance from the associated well(s). If we are concerned 541 

only with more severe damage, the footprint over which the damage occurs is smaller, i.e., about 542 

8 miles measured from the epicenter in the case of a magnitude 6 event. The simulations show 543 

that the single-family building is least damaged, and the commercial building most damaged of 544 

the buildings considered, but these differences are small, typically changing damage 545 

probabilities by less than 10%. These results, however, are based on a subset of analyzed 546 

structures all of the light-frame wood type, and we expect that masonry buildings and older 547 

wood frame buildings would be more vulnerable (i.e., damageable at lower magnitudes, and 548 

damage extending over larger footprints). Critical facilities, such as hospitals, are likely less 549 

damageable. The effects of soil conditions and soil-structure-interaction were not considered, 550 

nor were near fault spectral shape effects.  551 

The anthropogenic earthquakes occurring in the region around Oklahoma raise new 552 

questions about the types of damage that can be caused by small to moderate magnitude events, 553 

and effective strategies for mitigating the risks of that damage. This study indicates that 554 

earthquakes with magnitudes greater than 4.5 are likely to be associated with damage to 555 

buildings, with expanding footprints of damage for larger magnitude events.  Exclusion zones 556 

on the order of tens of miles may be appropriate between high volume injection wells capable 557 

of producing earthquakes and critical infrastructure.  558 
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