
 
 

Technical Report Documentation Page 
 

1. Report No. 
      

2. Government Accession No. 
 

3. Recipient's Catalog No. 
 

4. Title and Subtitle 
Two-Horizontal Component Time Series at Twelve Sites in West 
and Central Tennessee and Improvement of Ground-Motion 
Prediction Equations in the Central United States 

1.  
   

5. Report Date 
     August 2017 

6.  Performing Organization Code 
 

7. Author(s) 
     Shahram Pezeshk, Arash Yahadami, and Farhad Sedaghati 

8. Performing Organization Report No. 
 

9. Performing Organization Name and Address 
     The University of Memphis 
     Department of Civil Engineering 
     Memphis, TN 38152 

10. Work Unit No. (TRAIS) 
 
11. Contract or Grant No. 
   RES2013-17 
 

12. Sponsoring Agency Name and Address 
     Tennessee Department of Transportation 
     Long Range Planning Division 
     Suite 900, James K. Polk Building 
     Nashville, TN 37243-0334 

13. Type of Report and Period Covered 
 

14. Sponsoring Agency Code 
      

15. Supplementary Notes 
    
16. Abstract 
This project includes three major parts.   

Part I.   Two-Horizontal Component Time Histories at Twelve Sites in West and Central 
Tennessee 

Part II.  Estimation of the Coda Wave Attenuation and Geometrical Spreading in the New 
Madrid Seismic Zone  

Part III.   Ground Motion Prediction Equations for Eastern North America Using the Hybrid 
Empirical Method and NGA-West2 Empirical Ground Motion Models 

 

17. Key Words 
 
Site-Specific Studies, Ground Motion Prediction 
Equation, Anelastic Attenuation, and Geometric 
Spreading. 

18. Distribution Statement 
 
      
 

19. Security Classif. (of this report) 
Unclassified 

20. Security Classif. (of this page) 
Unclassified 

21. No. of Pages 
 

22. Price 
 

Form DOT F 1700.7 (8-72)  Reproduction of completed page authorized 

JJ09972
Typewritten Text
$138,734.41

JJ09972
Typewritten Text
71

JJ09972
Typewritten Text
RES2013-17



 
 

Publications: 

Refereed Publications 
Sedaghati, F. and S. Pezeshk. (2016).  “Estimation of the Coda-Wave Attenuation and 
Geometrical Spreading in the New Madrid Seismic Zone.” Bulletin of the Seismological Society 
of America, August 106:1482-1498; doi:10.1785/0120150346.  

Sedaghati, F. and S. Pezeshk. (2016). “Comparative study on parameter estimation methods for 
attenuation relationships.” Journal of Geophysics and Engineering, 13, pp. 912-927. 

Pezeshk, S., A. Zandieh, K.W. Campbell, and B. Tavakoli. (2015).  “Ground Motion Prediction 
Equations for Eastern North America Using the Hybrid Empirical Method and NGA-West2 
Empirical Ground Motion Models.”  Submitted to Bulletin of Seismological Society of America. 

 

Conference Publications 
Nazemi, N., F. Sedaghati, and S. Pezeshk (2017). “Separation of Intrinsic and Scattering 
Attenuation in the New Madrid Seismic Zone.” Seismological Society of America Annual 
Meeting, April 18–20, Denver, CO. 

Nazemi, N., S. Pezeshk, F. Sedaghati (2017).  “Attenuation of Lg waves in the New Madrid 
Seismic Zone using Coda Normalization Method.” Seismological Society of America Annual 
Meeting, April 18–20, Denver, CO. 

Nazemi, N., S. Pezeshk, F. Sedaghati (2017).  “Attenuation of Lg waves in the New Madrid 
Seismic Zone.” Seismological Society of America Annual Meeting, April 18–20, Denver, CO. 

Shahjouei A., and S. Pezeshk (2016). “A Hybrid-Empirical Ground-Motion Relation for Central 
and Eastern North America.” Seismological Society of America, April 20–22, Reno, NV. 

Sedaghati, F., and S. Pezeshk. (2016). “Investigation of the Path Effect Term in the New Madrid 
Seismic Zone.”  Seismological Society of America, April 20–22, Reno, NV. 

Shahjouei A., and S. Pezeshk (2016). “A Hybrid-Empirical Ground-Motion Relation for Central 
and Eastern North America.” Seismological Society of America, April 20–22, Reno, NV. 

Nazemi, N., S. Pezeshk, F. Sedaghati (2016).  “Frequency Dependent Quality Factor of Lg 
Waves for the Central United States Using Coda Normalization Method.” Eastern Section of 
Seismological Society of America Annual Meeting, October 24–26, Reston, Virginia. 

Sedaghati, F., and S. Pezeshk (2016). “Attenuation of High Frequency Body Waves in the New 
Madrid Seismic Zone.”  Eastern Section of Seismological Society of America Annual Meeting, 
October 24–26, Reston, Virginia. 



 
 

DISCLAIMER 
This research was funded through the State Research and Planning (SPR) Program by the 
Tennessee Department of Transportation and the Federal Highway Administration under 
Research Project Title: “Two-Horizontal Component Time Series at Twelve Sites in West and 
Central Tennessee and Improvement of Ground-Motion Prediction Equations in the Central 
United States,” RES# RES2013-17. 
 
This document is disseminated under the sponsorship of the Tennessee Department of 
Transportation and the United States Department of Transportation in the interest of information 
exchange. The State of Tennessee and the United States Government assume no liability of its 
contents or use thereof. 

The contents of this report reflect the views of the author(s) who are solely responsible for the 
facts and accuracy of the material presented. The contents do not necessarily reflect the official 
views of the Tennessee Department of Transportation or the United States Department of 
Transportation. 

 

 



 
 
 
  

PART I 
 

Two-Horizontal Component Time Histories at 
Twelve Sites in West and Central Tennessee 

 
 
 

Shahram Pezeshk, Ph.D., P.E. 
spezeshk@memphis.edu 

901-678-4727 
Department of Civil Engineering 

The University of Memphis, Memphis, TN 
 

Arash Yarahmadi, Ph.D. Candidate 
Department of Civil Engineering 

The University of Memphis, Memphis, TN 

 
and 

Tim Huff, Ph.D., P.E. 
Tennessee Department of Transportation 



 ii 

Contents 
Site Specific Seismic Hazard ............................................................................................................................. 1 

Site Effects on Ground Motions ....................................................................................................................... 1 
Site Effects on PGA and Spectral Response Accelerations ............................................................................. 2 
Design Spectra Based on General Procedure ................................................................................................... 4 
Site-Specific Ground Motion Response Analysis ............................................................................................ 5 
Seismic Hazard Level ....................................................................................................................................... 6 
Site Specific Ground Response Analysis ......................................................................................................... 7 

One-dimensional Equivalent Linear Approximation of Nonlinear Response .............................................. 7 
One-dimensional Nonlinear Response .......................................................................................................... 7 

Input Parameters for Site-Specific Response Analysis .................................................................................... 8 
Response Spectra Based on Site-Specific Procedures ...................................................................................... 8 
Acceleration Ground Motion Time Histories ................................................................................................... 9 

Maximum Magnitude ...................................................................................................................................... 15 
Ground-Motion Relations (Selection of Attenuation Relationships) .......................................................... 16 
Earthquake Recurrence .................................................................................................................................. 19 
Geology Composition of West Tennessee ....................................................................................................... 19 

Quaternary .................................................................................................................................................. 20 
Tertiary ........................................................................................................................................................ 20 
Cretaceous ................................................................................................................................................... 20 

Shear Wave Velocity Profile ........................................................................................................................... 24 
Time Histories for 12 Sites in West Tennessee .............................................................................................. 28 
Regional Seismicity .......................................................................................................................................... 42 
Seismic Hazard Analysis ................................................................................................................................. 43 

Seismic Source Models .................................................................................................................................. 43 
Seismicity-based background seismic source models ................................................................................ 43 
Fault-based seismic source models ............................................................................................................. 45 

Ground Motion Models .................................................................................................................................. 46 
Treatment of Uncertainties ............................................................................................................................. 47 

Site Specific Procedure .................................................................................................................................... 48 
Effect of Strain on Dynamic Soil Properties .................................................................................................. 52 
Variability in Soil’s Shear-Wave and Thickness Profile ................................................................................ 54 
Equivalent Linear Site Response Analyses .................................................................................................... 58 
Site-Specific Results ....................................................................................................................................... 58 

Two-Horizontal Component of Time Histories at Ground Surface ............................................................ 67 
Summary ........................................................................................................................................................... 71 
References ......................................................................................................................................................... 71 
 



         1 

Site Specific Seismic Hazard 
Site-specific seismic hazard and response analyses documented in this report are conducted in 

accordance with this document and the American Association of State Highway Transportation Officials 

(AASHTO) Guide Specifications for LRFD Seismic Bridge Design (hereafter will be referred to as 

Guide Specifications). In addition, this report is uses materials from the following documents:  

• Washington State Geotechnical Design Manual (WSGDM, 2010) - Chapter 6 (M 46-03.02, July 

2010) 

• Oregon Geotechnical Design Manual (2010) - Chapter 6 (OGDM, 2010) 

• FHWA Geotechnical Engineering Circular No. 3, “Design Guidance: Geotechnical Earthquake 

Engineering For Highways,” Volumes I and II, FHWA-SA-97-076&077 (Kavazanjian et al., 

1997) 

• NCHRP Report 472 (ATC-MCEEER Joint Venture, 2001 and 2010) 

• United State Geological Survey (USGS) Website 

• South Carolina Geotechnical Design Manual (SCGDM, 2008) 

• Geotechnical Earthquake Engineering, Steven L. Kramer - (Kramer, 1996) 

• Guidelines for Site-Specific Seismic Hazard Reports for Essential and Hazardous Facilities and 

Major Special-Occupancy Structures in Oregon. Oregon Geology, Volume 59, Number 1, 

January/February 1997 (Oregon, 1997) 

 

Site Effects on Ground Motions 
There have been numerous studies that have shown the intensity of ground shaking is related to local soil 

and geologic conditions.  The local geologic and soil conditions have a strong influence on the behavior 

of a bridge during an earthquake.  Local site conditions play important role in the seismic design of 

bridges and must be considered on an individual basis.  Soils overlying rock can amplify or de-amplify 

ground motions.  The amount of amplification or de-amplification is function of the soil profile and the 

intensity of the ground motion experienced at the site.  Site classes are assigned as Site Class A, B, C, D, 

E, or F as given in Table 1-1 based on  N  or VS30 where  N  is the average standard penetration test (SPT) 

blow counts (blows/ft), and VS30 is the average shear wave velocity for the upper 100 ft (30 m) of the soil 

profile. Site Class is determined based on evaluation of the field investigations and laboratory tests.  In 
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general, ground motions are computed at the ground surface for relatively uniform subsurface conditions 

at a bridge site.  However, the site profile at the two abutments may not be the same or they may be 

different at interior piers and abutments.  As an example, a bridge maybe situated in area where one 

abutment is on loose fill and the other abutment is located on rock.  Therefore, we may have different 

soil classifications at the abutments or internal piers; therefore, it recommended that site factors needed 

to construct the design response spectrum be computed by performing a site-specific procedure 

(SCGDM, 2008).  According to SCGDM  (2008), Guide Specifications, and WSGDM (2010), if the site-

specific procedure is not performed, one should determine the design response spectrum by constructing 

a response spectrum for each abutment, pier and then at each period develop a single spectrum based on 

the highest spectral acceleration.  

According to SCGDM (2008), the site stiffness, VS30 (or  N ), should be computed at the anticipated 

depth-of-motion, HDOM , and extend to a depth of 100 ft or less if the soil column from HDOM to the rock 

is less than 100 ft. In general the depth-of-motion, HDOM, is where the ground motion transmits seismic 

waves to the bridge being analyzed.  

If the Site Class is identified as F, a site-specific evaluation is required.  Furthermore, site-specific 

analyses are needed for essential bridges. According to Guide Specifications, it is important to note that 

“within Site Class F, soils requiring site-specific evaluation, one category has been deleted from the four 

categories contained in other codes and documents. This category consists of soils vulnerable to 

liquefaction.” According to Guide Specifications, it was judged that special analyses for liquefiable soils 

were too severe for ordinary bridges and in some cases “liquefaction reduces spectral response rather 

than increases it, except at long periods in some cases (e.g., T = 1 sec).”  

Site Effects on PGA and Spectral Response Accelerations 
Site Class B (soft rock) is considered as the reference category for the Guide Specifications ground 

motion site factors.  Therefore, the site factor for Site Class B rock is 1.0. Tables 1-2 and 1-3 provide site 

factors for the zero-period (Fpga), the short-period range (Fa), and the long period range (Fv).  In general 

these factors increase as the soil profile becomes softer, except for Site Class A. The factor also 

decreases as the ground motion intensity level increases, because of the nonlinear behavior of the soil.   

The first step to determine ground surfaces PGA and spectral values is to follow the USGS Hazard Maps 

at the project location to determine mapped values of 0.2 second spectral response acceleration (Ss), 1.0 

second spectral response acceleration (S1), and the peak ground acceleration (PGA) at the B/C boundary.  

Then, they are amplified (or de-amplified) using coefficients from Tables 1-2 and 1-3 as follows:  
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S pgaA F PGA=  

DS a SS F S=  

1 1D vS F S=  

where AS is the effective peak ground acceleration,  SDS is the short period (0.2 second) design spectral 

acceleration, SD1 is the long period (1 second) design spectral acceleration at depth of motion HDOM, Ss is 

the 0.2-second period spectral acceleration coefficient on Class B rock, and S1 is the 1.0-second period 

spectral acceleration coefficient on Class B rock. 

Table 1-1. Site Class Definitions (modified from Source SCGDM, 2008) 

Site 

Class 

Soil Type and  

Profile 

Average Properties in Top 100 FT (30 M)  

Below Depth-of-Motion, HDOM 

A Hard Rock ( )5,000 / sec 1,500 / secs sV ft V m> >
 

B Rock ( )2,500 5,000 / sec 760 1,500 / secs sV ft V m< ≤ < ≤
 

C Very Dense Soil and 
Soft Rock ( )1,200 1,500 / sec 360 760 / sec , 50 /s sV ft V m or N blows ft< ≤ < ≤ >

 
D Stiff Soil ( )600 1,200 / sec 180 360 / sec , 15 50 /s sV ft V m or N blows ft< ≤ < ≤ < <

 
E Soft Soil ( )600 / sec 180 / sec , 15 /s sV ft V m or N blows ft< < <

 

F 
Soils Requiring Site 
Specific Response 
Evaluation 

Soil profile containing one or more of the following characteristics: 
Peats and/or highly organic clays (H > 10 ft (3 m) of peat and/or highly organic 
clay where H = thickness of soil) 
Very high plasticity clays (H > 25 ft (8m) with PI > 75) 
Very thick soft/medium stiff clays (H > 120 ft (36 m)) 

• sV = average shear-wave velocity for the upper 100 ft of the soil profile as defined in 
Guide Specifications 

• N = average standard penetration test (SPT) blow count (blows/ft) (ASTM D 1586) 
for the upper 100 ft of the soil 

• PI = plasticity index (ASTM D 4138) 
• The rock categories, Site Classes A and B, shall not be used if there is more than 100 

ft of soil between the rock surface and the bottom of the spread footing or mat 
foundation. 

• The hard rock, Site Class A, shall be determined by shear-wave velocity 
measurements. SCSDM (2008) recommends that shear-velocity measurements can be 
done either on site or on profiles of the same rock type in the same formation with an 
equal or greater degree of weathering and fracturing. 

• Site Classes A and B shall be determined from shear-velocity measurements.  SCSDM 
(2008) recommends that softer and more highly fractured and weathered rocks shall 
either be measured on site for shear-wave velocity or classified as Site Class C. 
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Table 1-2. Values of Fpga and Fa 

Site Class 
Mapped PGA or Spectral Response Acceleration Coefficient at Short Periods 

0.10
0.25s

PGA
S

≤
≤

 
0.20
0.50s

PGA
S

≤
≤

 
0.30
0.75s

PGA
S

≤
≤

 
0.40

1.00s

PGA
S

≤
≤

 
0.50

1.25s

PGA
S

≤
≤

 

A 0.8 0.8 0.8 0.8 0.8 
B 1.0 1.0 1.0 1.0 1.0 
C 1.2 1.2 1.1 1.0 1.0 
D 1.6 1.4 1.2 1.1 1.0 
E 2.5 1.7 1.2 0.9 0.9 
F * * * * * 

 
 

 Table 1-3. Value of Fv 

Site Class 
Mapped PGA or Spectral Response Acceleration Coefficient at 1-second Periods 
1 0.1S ≤  1 0.2S ≤  1 0.3S ≤  1 0.4S ≤  1 0.5S ≤  

B 1.0 1.0 1.0 1.0 1.0 
C 1.7 1.6 1.5 1.4 1.3 
D 2.4 2.0 1.8 1.6 1.5 
E 3.5 3.2 2.8 2.4 2.4 
F * * * * * 

 
 

Design Spectra Based on General Procedure 
Guide Specifications provide a procedure to construct design response spectrum using response spectral 

accelerations provided by the national ground motion maps.  National ground motion maps are based on 

7% probability of exceedance (PE) in 75 years developed by the United States Geological Survey 

(USGS) for.  Values of peak ground acceleration (PGA), Ss, and S1 can be obtained from the USGS 

website (http://earthquake.usgs.gov/hazards/designmaps/usdesign.php, last accessed June 28, 2017).  

Analysts can use either (1) the latitude and longitude of the bridge site; or (2) the ZIP code for the site.  

However, instead of AASHTO Guide Specifications national ground motion maps, ground motion 

response spectra may be constructed conforming to the following (2015 AASHTO Guide Specification 

for LRFD Seismic Design, 2nd Edition, Section C.3.4.1): 

 
“The definition of design ground motion return period or probability of exceedance should equal 
or exceed those described in Article 3.2 [of AASHTO Guide Specifications]. 

Ground motion maps should be based on a detailed analysis demonstrated to lead to a 
quantification of ground motion, at a regional scale, that is as accurate or more so as 
achieved in the national maps. The analysis should include characterization of seismic 
sources and ground motion that incorporates current scientific knowledge; incorporation of 
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uncertainty in seismic source models, ground motion models, and parameter values used in the 
analysis; detailed documentation of map development; and detailed peer review as 
deemed appropriate by the Owner. The peer review process should preferably include individuals 
from the USGS, other organizations, or both who have expertise in developing probabilistic 
seismic hazard maps on a regional basis.” 

 

As shown in the figure below (Guide Specifications Figure 3.4.1-1), the design response spectrum curve 

is constructed as follows: 

 

 

0

0

0

1

( )a DS s s

s

a DS

s

D
a

for T T
TS S A A
T

for T T T
S S

for T T
SS
T

≤

= − +

≤ ≤
=

>

=

 

 

in which  

 
0

1

0.2 s

D

DS

T T
STs
S

=

=  

 

and T is the period of vibration in seconds. 

 

In areas such as West Tennessee, because of the deep soil deposits and soft soil columns, the whole 

acceleration response spectrum is shifted to the higher period range.  If the fundamental period of the 

bridge is in the longer period range, the spectral accelerations will be underestimated and a site-specific 

study is strongly recommended.  If the fundamental period of the bridge is in the shorter period range, 

the spectral acceleration may be overestimated (SCGDM, 2008). 

 

Site-Specific Ground Motion Response Analysis 
For most projects, the general procedure of Guide Specifications is sufficient to determine seismic 

hazard and site response.  However, it is appropriate and may be required to perform site-specific hazard 

analyses for essential bridges, specific soil sites, and liquefiable soil conditions (OGDM, 2010).  For 
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some sites, the result of site-specific hazard analyses may result in reduction in the spectral acceleration 

determined from the general procedure representing the uniform seismic hazard (OGDM, 2010). 

Site-specific ground motion response analyses are required for Site Class F sites.  Furthermore, site-

specific ground motion response analyses are required for deep soil deposits or thin soil deposits over 

rock.  Most of West Tennessee is located over deep unconsolidated soil.  Pezeshk and Hashash (2003) 

and Park et al. (2004) noted a shift of the design response spectrum to larger periods when site-specific 

ground motion response analyses were performed.  If site-specific analyses are not performed in West 

Tennessee, shorter period bridges may be over-designed and longer period bridges may be under-

designed.  In fact, given that bridges are designed for inelastic behavior, even short period bridges may 

be under-designed in the absence of site-specific analyses. The design spectra are elastic acceleration 

spectra. Bridges are designed for inelastic displacement. A decrease in short period elastic acceleration 

combined with an increase in 1-second period elastic acceleration results in increased inelastic 

amplification factors, which often are large enough to more than offset the decreased acceleration for 

short period structures. This has been demonstrated for six sites in the New Madrid seismic zone by Huff 

(2016). 

According to Guide Specifications, when the thickness of the soil over rock is less than 40 to 50 ft, 

significant amplification of ground motions can occur at periods of less than 0.5 sec, leading to very high 

inertial forces on stiff bridges. 

The following is a list of conditions for which a site-specific ground motion response analysis should be 

considered: 

• Site Class F 
• Critical and very important bridges 
• Liquefiable soil conditions 
• Deep soil deposits  
• Thin soil layers over rock (less than 40 to 50 ft) 
• To obtain ground surface PGA for abutment walls or other designs 
• To obtain better information  
 

When site-specific hazard analysis is conducted, it shall be conducted following the design risk levels 

specified herein. 

Seismic Hazard Level 
All bridges classified as not critical or not essential by Guide Specifications are designed for the life 

safety performance objective considering a 7% PE in 75 years seismic hazard level. A hazard level of 7% 

PE in 75 years is to realize minimal damage to a bridge in the event of a moderate earthquake ground 
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motion and to prevent collapse during a rare earthquake (WSDOT, 2010).  Hazard maps may be based 

on 5% PE in 50 years.  This converts to a return period of 975 years compared to that of 7 percent PE in 

75 years, which corresponds to a return period of 1,033 years.  For development of site-specific hazard 

analyses, this may be an important consideration. 

Site Specific Ground Response Analysis 
One-dimensional equivalent-linear or non-linear procedures are usually used for site-specific site 

response analyses. To perform nonlinear and equivalent-linear site specific response analysis, the 

following input parameters are required: a suite of ground motion time histories, soil layering, depth to 

rock, dynamic properties for each layer such as shear-wave velocity of each layer and half space, unit 

weight of each layer, shear modulus degradation and damping curves for each layer (WSGDM, 2010).  

Currently, there are three options for performing dynamic site response analyses: (1) equivalent linear 

models; (2) one dimensional nonlinear models; and (3) multi-dimensional nonlinear models.  Each model 

type requires some shear modulus degradation and variation of damping for each soil layer and for each 

site response analysis.	  	  	  

One-dimensional Equivalent Linear Approximation of Nonlinear Response 
The actual nonlinear hysteresis stress-strain behavior of cyclically loaded soils can be approximated by 

equivalent linear soil behavior (Kramer, 1996).  Programs like SHAKE91 (Idriss and Sun, 1992), 

Shake2000 (Ordonez, 2000), ProShake (EduPro Civil Systems, 1999) perform an equivalent linear 

approximation of nonlinear response.   

One-dimensional Nonlinear Response 
DESRA, DEEPSOIL, and D-MOD2000 are nonlinear computer codes that solve the incremental 

equation of motion and account for soil nonlinear behavior. There are also two- and three-dimensional 

models that are not discussed here.  WSGDM (2010) provides guidance on using these models. 

Soil and rock shear wave velocity profiles are an essential part of the input.  Shear wave velocity profiles 

must be measured at the study site if possible.  However, the measured shear wave velocity profiles may 

be impacted by the various invasive (downhole and crosshole) and non-invasive (SASW and MSASW) 

testing procedures as well as the data inversion and interpretation procedures due to the large uncertainty 

and non-uniqueness issues (Hosseini and Pezeshk, 2015).  If field surveys are not performed, local 

expertise would be required to establish the shear wave velocity profile.  
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Input Parameters for Site-Specific Response Analysis 
Site-specific ground motion response analyses include: (1) modeling of the soil profile, (2) selection and 

scaling of rock input ground motion into the soil profile, and (3) site response analysis.  The required soil 

profile for both equivalent-linear and nonlinear site response analyses must include soil layering, depth 

to rock, water table, shear-wave velocity of each layer as well as rock stiffness or shear-wave velocity.  

When equivalent-linear site response is performed, the shear-wave velocity or small strain shear 

modulus, unit weight for each layer, shear modulus (modulus reduction curves) and damping ratio as a 

function of shear strain (damping curves) for each layer are required.  Kramer (1996), Pezeshk et al. 

(1996), Pezeshk et al. (1998), and WSGDM (2010) provide a summary of these relationships. It is 

important to consider uncertainties in soil modulus and damping properties in modeling efforts.  

The parameters needed for nonlinear site response analyses include a backbone curve that models the 

stress strain path during cyclic load and associated rules for loading and unloading (Kramer, 1996; 

WSGDM, 2010).  Furthermore, many models used for nonlinear site response analyses may require an 

extensive laboratory-testing program (WSGDM, 2010). 

Studies have indicated that differences in ground motion characteristics exist between Western United 

States (WUS) and CEUS sites because of differences in seismological and geological conditions.  

Additionally, there is a lack of strong motion data from CEUS sites compared to WUS sites. Therefore, 

the state-of-practice of performing site-specific evaluation of earthquake ground motions in WUS cannot 

be used directly in CEUS sites.   

Deep soils and shallow bedrock soil profiles must be handled carefully.  Guide Specifications site 

classifications and site factors are based on the top 30 meters (Vs30), which can be misleading for shallow 

and deep soil profiles.  

Response Spectra Based on Site-Specific Procedures 
According to Guide Specifications, the uniform hazard response spectrum developed using a site-specific 

study, the spectrum shall not be lower than two-thirds of the response spectrum at the ground surface 

determined using the general procedure adjusted by the site coefficients in the region of 0.5Tf  to 2 Tf  of 

the spectrum where Tf  is the bridge fundamental period.  However, there are no site coefficients for Site 

Class F and liquefiable sites.  Guide Specifications and WSDOT (2010) suggest the following for these 

two cases: 

• For liquefiable soils, use the site coefficient based on soil conditions without any 

adjustments for liquefaction. According to WSGDM (2010), “this approach is 

believed to be conservative for higher frequency motions, and the Owner may decide 
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to use a minimum spectrum lower than the two-thirds value. However, when accepting 

a spectrum lower than two-thirds of the spectrum identified in the above discussions, 

the uncertainties in the analysis method should be carefully reviewed, particularily for 

long periods (i.e., T > 1.0 sec)” (WSGDM, 2010). 

• WSGDM (2010) suggests: “For Site Class F locations, the recommended approach is 

to accept the results of a site-specific study subject to the concurrence of the Owner 

and an independent peer review panel. In previous guidance documents (ATC and 

MCEER, 2003), The suggestion was made to use a Site Class E site coefficient for Site 

Class F soils. This approach appears to be overly conservative and is not suggested.” 

Acceleration Ground Motion Time Histories 
A suite of acceleration time histories at rock level is required as input in order to perform equivalent-

linear and nonlinear site response analyses.  Similarly, a suite of acceleration time histories may be 

required to perform linear or nonlinear time history analyses of bridges.  Either scenario emphasizes the 

importance of developing acceleration time histories that are representative of the specific site 

conditions. 

Time history analysis may be required when nonlinear performance of a structure needs to be addressed.  

Currently, there is no consensus either on the number of ground motions to incorporate or on the type of 

ground motions, i.e., actual recorded earthquakes or synthetic, to include in a site response analysis.  

Additionally, there is no consensus on how these selected ground motions should be scaled.  The various 

scaling procedures differ in that some work in the frequency domain while others work in the time 

domain.  Some scaling procedures change the phase spectrum and some do not.  The various site 

response models also differ in the type of ground motion that is used in the site response analysis.  For 

example, some models require as input the total motion at the base of the soil column. However, 

SHAKE91 and the other equivalent-linear models use a within motion based on a given rock outcropping 

motion (WSGDM, 2010).   

According to the Guide Specifications, acceleration time histories that are representative of horizontal 

input motions should be used in site response analyses.  Such input ground motions should be either at 

the top of rock or at the top of a layer where significant contrast in the stiffness is determined to exist.  

Both (a) sets of synthetic ground motions considering the seismological characteristics of the CEUS as 

well as the geologic materials at the site of study in combination with (b) earthquake records from the 

Pacific Engineering Research (PEER) Center website and the Consortium of Organizations for Strong 

Motion Observations Survey (COSMOS) website should be used. The selected earthquake records 
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should have similar characteristics to earthquakes expected in the CEUS and should possess magnitude 

and distance range characteristics compatible with results of de-aggregation from probabilistic seismic 

hazard analyses.  Furthermore, earthquake records should be scaled to a target spectrum developed using 

either the site-specific hazard analysis or the general procedure.  Scaling should be done in the period 

range of interest.  Associated uncertainties with target spectrum should be considered when scaling is 

performed. Finally, because the spectrum from the general procedure or a site-specific seismic hazard 

analysis is defined at the ground surface rather than at depth, the input time histories should be input in 

the analysis as an outcropping motion. 

To perform site-specific ground motion response evaluations and nonlinear inelastic time history analysis 

of bridges, acceleration time histories are required.  The acceleration time histories should be 

representative of the seismic characteristics of CEUS and the local site condition.  Guide Specifications 

require (WSGDM, 2010): 

• At least three response-spectrum-compatible time histories when conducting dynamic ground 

motion response analyses with the design response spectrum developed by enveloping the 

maximum response; or 

• At least seven time histories for each component of motion and the subsequent development of 

the design response spectrum as the mean of the computed response spectra. 

One way to obtain the needed time histories is to generate artificial ground motions to match the target 

design spectrum. An alternative approach would be to select a suite of real ground motions from similar 

past seismic events recorded in similar site conditions (McGuire et al. 2001; Bommer and Acevedo, 

2004). However, there is little chance of finding real ground motions having response spectra coinciding 

with a desired response spectrum. Furthermore, in CEUS strong motion data is scarce. As a result, 

representative strong ground motions both from recorded earthquake motions as well as time histories at 

the proposed site from a seismologically-based model may be used.  Furthermore, procedures used for 

spectrum matching must be capable of finding realistic time series that are similar to the time series 

selected or generated for spectrum matching.   

A single-factor scaling of a record can bring the response spectrum of the ground motion in some 

proximity to the design spectrum, but a complete match is achieved only by reforming the response 

spectrum of the ground motion. When a mean structural response is required, a suite of spectrum-

compatible time histories results in significantly less response dispersion than scaled ground motions. 

For instance, a study by Watson-Lamprey and Abrahamson (2006) shows that the use of spectrum-

compatible records reduces the standard deviation by a factor of about 2 compared to the use of scaled 
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accelerograms. With a limited number of existing ground motions, spectrum matching procedures allow 

the prediction of the seismic response with a few time history analyses in a specific level of confidence 

(Bazzurro and Luco, 2006).  

Historically, there are two spectral matching methods that have been developed to match the response 

spectrum of a real ground motion to a predefined target spectrum. One method is the ground motion 

modification in the time domain (e.g., RSPMatch2005, Hancock et al., 2006) and the other is in the 

frequency domain (e.g., RASCAL, 1987 Silva and Lee, 1987). While in the time domain the matching is 

carried out by some specific additive functions (wavelets) (Kaul, 1978, Lilhanand and Tseng, 1987, 

Lilhanand and Tseng, 1988, Hancock et al., 2006), in the frequency domain, the Fourier Amplitude 

Spectrum (FAS) is multiplicatively scaled in each frequency with no change in the phase spectrum of the 

record (Gasparini and Vanmarcke, 1976, Silva and Lee, 1987, Bolt and Gregor, 1993). 

Both the velocity and displacement time histories are typically altered by manipulating the accelerogram 

in the spectral matching process. As a result, the natural form of the displacement time history may be 

seriously distorted. The displacement time history is implicitly involved in structural analysis when the 

input motion is an accelerogram, so manipulating the accelerogram may lead to unreasonable structural 

displacements and drifts (Naeim and Lew, 1995). Due to the additive form of the adjustment function 

applied to the ground motion in the time domain procedures, it is easy to restrain velocity and 

displacement values at the end of the record if a compensated wavelet functional form is appropriately 

selected (Hancock et al., 2006). This is simply because the integration operation has linear functionality. 

However, matching in the frequency domain with a multiplicative scale function applied to the Fourier 

Amplitude Spectrum (FAS) requires a special attention in the matching process to have control on the 

displacement time history.  Shahbazian and Pezeshk (2010) proposed a new scaling procedure that can 

be easily added to the existing or new frequency domain spectral matching algorithms without 

significantly disrupting the spectral matching process.   

Shahbazian and Pezeshk (2010) proposed two numerical techniques that can be reliably used to resolve 

the displacement time history corruption problem arising during the spectral matching process in the 

frequency domain. The displacement time history distortion due to the spectrum matching manipulation 

of the FAS is eliminated directly in the frequency domain. Since the proposed procedures work in the 

same space where spectral matching is performed, the ground motion spectral phase remains unchanged 

and the acceleration, velocity, and displacement time histories are compatible and realistic. 

Care must be exercised in performing ground motion selection and scaling.  Any manipulation of the 

record may result in displacement corruption in the time domain. Such a distortion could be a result of 

filtering of the record for any reason in the frequency domain. The Shahbazian and Pezeshk (2010) 
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procedure can be combined with both causal and acausal filters. Since the method involves all the 

frequencies in preserving the final displacement, it keeps the post-filtering shape of the displacement 

time history from time zero to the end of the record, except it makes the time history reach its original 

final displacement by a linear trend shift. Thus, it is more ideal for filters that are not intensely changing 

low frequencies to control the time-characteristics of the displacement time history. 

 

According to Guide Specifications: “Characteristics of the seismic environment considered in selecting 

or generating time histories should include tectonic environment (e.g., eastern United States or similar 

crustal environment); earthquake magnitude; type of faulting (e.g., strike-slip; reverse; normal); seismic-

source-to-site distance; local site conditions; and design or expected ground motion characteristics (e.g., 

design response spectrum; duration of strong shaking; and special ground motion characteristics such as 

near-fault characteristics). Dominant earthquake magnitudes and distances, which contribute principally 

to the probabilistic design response spectra at a site, as determined from national ground motion maps, 

can be obtained using the general procedure from de-aggregation information from the USGS website or 

de-aggregation from a site-specific hazard analysis.”  For most West Tennessee areas, the uniform 

hazard response spectrum has significant contribution from the New Madrid faults.  However, there may 

be sites where there may be substantial contributions from different sources that have significant 

differences in magnitudes and distances.  Therefore, the uniform hazard response spectrum (UHRS) 

cannot be approximated by a single earthquake source (WSGDM, 2010).  For example, short-distance 

and low-magnitude events may control the low period part of the UHRS; and long-distance, large-

magnitude events may control the long period part of the UHRS.  Furthermore, Baker (2011) showed the 

commonly used UHRS to be an unsuitable target for this purpose, as it conservatively implies that large-

amplitude spectral values will occur at all periods within a single ground motion. Baker (2011) proposed 

a Conditional Mean Spectrum (CMS) that provides the mean response spectrum, conditioned on 

occurrence of a target spectral acceleration value at the period of interest.  

Guide Specifications requirements are presented below for convenience: 

Earthquake acceleration time histories will be required for site-specific ground motion response 
evaluations and for nonlinear inelastic dynamic analysis of bridge structures. The time histories 
for these applications shall have characteristics that are representative of the seismic 
environment of the site and the local site conditions, including the response spectrum for the 
site. 

Response-spectrum-compatible time histories shall be developed from representative recorded 
earthquake motions. Analytical techniques used for spectrum matching shall be demonstrated to be 
capable of achieving seismologically realistic time series that are similar to the time series of the 
initial time histories selected for spectrum matching. The recorded time histories should be scaled 



         13 

to the approximate level of the design response spectrum in the period range of significance 
unless otherwise approved by the Owner. At least three response-spectrum-compatible time 
histories shall be used for representing the design earthquake (ground motions having seven 
percent probability of exceedance in 75 yr) when conducting dynamic ground motion 
response analyses or nonlinear inelastic modeling of bridges. 

For site-specific ground motion response modeling, single components of separate records shall 
be used in the response analysis. The target spectrum used to develop the time histories is defined 
at the base of the soil column. The target spectrum is obtained from the USGS/AASHTO Seismic 
Hazard Maps or from a site-specific hazard analysis as described in Article 3.4.3.1. 

For nonlinear time history modeling of bridge structures, the target spectrum is usually located at 
or close to the ground surface, i.e., the rock spectrum has been modified for local site effects. Each 
component of motion shall be modeled. The issue of requiring all three orthogonal components (x, 
y, and z) of design motion to be input simultaneously shall be considered as a requirement when 
conducting a nonlinear time history analysis. The design actions shall be taken as the maximum 
response calculated for the three ground motions in each principal direction. 

If a minimum of seven time histories is used for each component of motion, the design actions may 
be taken as the mean response calculated for each principal direction. 

For near-field sites (Z) < 6 mi), the recorded horizontal components of motion selected should 
represent a near-field condition and they should be transformed into principal components before 
making them response-spectrum compatible. The major principal component should then be 
used to represent motion in the fault-normal direction and the minor principal component 
should be used to represent motion in the fault-parallel direction. 

Characteristics of the seismic environment of the site to be considered in selecting time histories 
include tectonic environment (e.g., subduction zone; shallow crustal faults in western United 
States or similar crustal environment; eastern United States or similar crustal environment); 
earthquake magnitude; type of faulting (e.g., strike-slip; reverse; normal); seismic-source-to-site 
distance; local site conditions; and design or expected ground motion characteristics (e.g., design 
response spectrum; duration of strong shaking; and special ground motion characteristics such as 
near-fault characteristics). Dominant earthquake magnitudes and distances, which contribute 
principally to the probabilistic design response spectra at a site, as determined from national 
ground motion maps, can be obtained from deaggregation information on the USGS Website 
(http://geohazards.cr.usgs.gov/). 

It is desirable to select time histories that have been recorded under conditions similar to the 
seismic conditions at the site listed above, but compromises are usually required because of the 
multiple attributes of the seismic environment and the limited data bank of recorded time 
histories. Selection of time histories having similar earthquake magnitudes and distances, within 
reasonable ranges, are especially important parameters because they have a strong influence on 
response spectral content, response spectral shape, duration of strong shaking, and near-source 
ground motion characteristics. It is desirable that selected recorded motions be somewhat similar 
in overall ground motion level and spectral shape to the design spectrum to avoid using 
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very large scaling factors with recorded motions and very large changes in spectral content 
in the spectrum-matching approach. If the site is located within 6 mi of an active fault, then 
intermediate-to-long-period ground motion pulses that are characteristic of near-source 
time histories should be included if these types of ground motion characteristics could 
significantly influence structural response. Similarly, the high short-period spectral content of 
near-source vertical ground motions should be considered. 

Ground motion modeling methods of strong motion seismology are being increasingly used to 
supplement the recorded ground motion database. These methods are especially useful for 
seismic settings for which relatively few actual strong motion recordings are available, such as 
in the central and eastern United States. Through analytical simulation of the earthquake 
rupture and wave-propagation process, these methods can produce seismologically reasonable 
time series. 

Response spectrum-matching approaches include methods in which time series adjustments 
are made in the time domain (Lilhanand and Tseng, 1988; Abrahamson, 1992) and those in 
which the adjustments are made in the frequency domain (Gasparini and Vanmarcke, 1976; 
Silva and Lee, 1987; Bolt and Gregor, 1993). Both of these approaches can be used to modify 
existing time histories to achieve a close match to the design response spectrum while 
maintaining fairly well the basic time-domain character of the recorded or simulated time 
histories. To minimize changes to the time-domain characteristics, it is desirable that the overall 
shape of the spectrum of the recorded time history not be greatly different from the shape 
of the design response spectrum and that the time history initially be scaled so that its spectrum 
is at the approximate level of the design spectrum before spectrum matching. 

When developing three-component sets of time histories by simple scaling rather than spectrum 
matching, it is difficult to achieve a comparable aggregate match to the design spectra for 
each component of motion when using a single scaling factor for each time history set. It is 
desirable, however, to use a single scaling factor to preserve the relationship between the 
components. Approaches for dealing with this scaling issue include: 

Using a higher scaling factor to meet the minimum aggregate match requirement for one 
component while exceeding it for the other two, 

Using a scaling factor to meet the aggregate match for the most critical component with the match 
somewhat deficient for other components, and 

Compromising on the scaling by using different factors as required for different components of a 
time history set. 

Although the second approach is acceptable, it requires careful examination and interpretation of 
the results and possibly dual analyses for application of the higher horizontal component in each 
principal horizontal direction. 

The requirements for the number of time histories to be used in nonlinear inelastic dynamic 
analysis and for the interpretation of the results take into account the dependence of response on 
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the time-domain character of the time histories (duration, pulse shape, pulse sequencing) in 
addition to their response spectral content. 

Additional guidance on developing acceleration time histories for dynamic analysis may be found 
in publications by the Caltrans Seismic Advisory Board Ad hoc Committee (CSABAC) on Soil-
Foundation-Structure Interaction (1999) and the U.S. Army Corps of Engineers (2000). CSABAC 
(1999) also provides detailed guidance on modeling the spatial variation of ground motion 
between bridge piers and the conduct of seismic soil-foundation-structure interaction (SFSI) 
analyses. Both spatial variations of ground motion and SFSI may significantly affect bridge 
response. Spatial variations include differences between seismic wave arrival times at bridge piers 
(wave passage effect), ground motion incoherence due to seismic wave scattering, and differential 
site response due to different soil profiles at different bridge piers. For long bridges, all forms of 
spatial variations may be important. For short bridges, limited information appears to indicate 
that wave passage effects and incoherence are, in general, relatively unimportant in comparison 
to effects of differential site response (Shinozuka et al, 1999; Martin, 1998). Somerville et al. 
(1999) provide guidance on the characteristics of pulses of ground motion that occur in time 
histories in the near-fault region.  

Maximum Magnitude 
The work of Johntson and Schweig (1996), Van Arsdale, et al. (1999), Hough, et al. (2000), Hough and 

Martin (2002), and Bakun and Hopper (2004) provide important sources of information on maximum 

magnitudes in the New Madrid region.  Moment magnitudes (Mw) of the 1811–1812 events have been 

controversial, with suggestions generally ranging from 7.0 up to 8.1 (Table 1-4). Three widely accepted 

magnitude estimates for the New Madrid sequence suggest that the January 1812 earthquake was about 

0.2 magnitude units smaller than the December shock (Table 1-4; Johnston and Schweig, 1996; Hough, 

et al., 2000; Bakun and Hopper, 2004).   

 

Table 1-4. Magnitudes and rupture locations for New Madrid 1811–1812 earthquakes (USGS, 2008) 
 

Event 
 

Rupture 
Segment 

 

Hough 
et al. (2000) and 

Hough and 
Martin (2002) 

Bakun 
and 

Hopper 
(2004) 

Johnston 
(1996) 

 

December 16, 1811 Southern Mw 7.2–7.3 Mw 7.6 Mw 8.1 

December 16, 1811 
(aftershock) Southern Mw 7.0   

January 23, 1812 Northern Mw 7.0 Mw 7.5 Mw 7.8 

February 7, 1812 Central 
(Reelfoot) Mw 7.4–7.5 Mw 7.8 Mw 8.0 
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Ground-Motion Relations (Selection of Attenuation Relationships) 
Seismic attenuation relationships, or as it is called ground motion prediction equations (GMPEs), and 

occurrence rates are key input parameters for generating bedrock ground motions.  The most up-to-date 

GMPEs should be used when developing the hazard model of the study site.   

The 2008 USGS hazard maps include several new attenuation relations based on simulated ground 

motions that were not available for the 2002 USGS hazard maps.  In 1996 and 2002, USGS used 

equations based on a single corner-frequency (source spectrum has a single corner similar to a Brune 

point source model), double corner-frequency (source spectrum has two corners to account for a finite 

fault), hybrid (source spectrum from empirical sources in western United States (WUS) are modified to 

fit central and eastern United States (CEUS) parameters), and finite-source models (full waveform 

simulations considering a finite source and propagation effects). USGS (2008) retained some of the 

earlier models, including the Frankel, et al. (1996) single-corner model, Somerville, et al. (2001) 

extended-source model, and the Campbell (2003) hybrid model. USGS (2008) used the following new 

models: Toro, et al. (1997), a single corner extended source model; Atkinson and Boore (2006), a 

dynamic-corner frequency source model; Tavakoli and Pezeshk (2005), a hybrid model; and Silva, et al. 

(2002), a constant stress drop with magnitude saturation model.  Table 1-5 summarizes all the GMPEs 

used in USGS (2008) and the corresponding weights.  The weighting scheme used in USGS (2008) for 

the GMPEs as presented in Table 1-5.  The weights were based on the following categories: single-

corner finite fault model (accounts for magnitude saturation; 0.3), single-corner point-source model 

(accounts for Moho bounce and 1/R geometric spreading; 0.1), dynamic-corner-frequency models 

(account for magnitude saturation and variable stress drop; 0.2), full-waveform simulations (account for 

finite rupture of large earthquakes in CEUS crust; 0.2), and hybrid model.   

Ground motion prediction models used in developing the 2008 USGS models as well as any new models 

published should be used for future site specific studies for the central and eastern United States. 
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Table 1-5. 	  Weights for CEUS Ground-Motion Prediction Equations (source: Petersen et al., 2008). 
 

Single Corner - Finite Fault  Weight 
Toro et al. (1997) 0.2 

Silva et al. (2002)—constant stress drop 
with saturation 0.1 

Single corner—point source with Moho bounce 
Frankel et al. (1996)  

 
0.1 

Dynamic corner frequency 
Atkinson and Boore (2006) 140 bar stress drop  
Atkinson and Boore (2006) 200 bar stress drop  

 
0.1 
0.1 

Full waveform simulation 
Somerville et al. (2001) for large earthquakes  

 
0.2 

Hybrid empirical model 
Campbell (2003)  

Tavakoli and Pezeshk (2005)  

 
0.1 
0.1 

 

The national seismic hazard maps for the conterminous United States have been updated in 2014 to 

account for new methods, models, and data that have been obtained since the 2008 maps were released 

(Petersen et al., 2008). The input models are improved from those implemented in 2008 by using new 

ground motion models that have incorporated about twice as many earthquake strong ground shaking 

data and by incorporating many additional scientific studies that indicate broader ranges of earthquake 

source and ground motion models. A major change from the 2008 to the 2014 catalog is the transition 

from mblg to moment magnitude Mw. This change eliminates uncertain conversions between magnitude 

scales that formerly were used at several stages of the hazard computations. This change is also 

consistent with recent CEUS ground motion equations, which require moment magnitude estimates of 

earthquake size (Petersen et al., 2014).  

 

The following is an excerpt from Peterson et al. (2014): “In 2014, in addition to the model type, the 

geometric spreading and Kappa were considered in establishing the final distribution of weights.  Two 

new models that were not available in 2008: Atkinson (2008), which refers to the Atkinson (2008) model 

as updated in Atkinson and Boore (2011), and Pezeshk, et al. (2011). Both of these models use WUS 

empirical strong motion models and adjust them for use in the CEUS by assuming certain differences 

between the ground motion characteristics in the two regions. Pezeshk, et al. (2011) is similar in 

methodology to the models by Campbell (2003) and Tavakoli and Pezeshk (2005) and is categorized as a 
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hybrid model. Atkinson (2008) is placed under a separate category in the logic tree, namely the 

“reference empirical” branch, because it uses a slightly different approach in modeling than hybrid 

Ground Motion Models (GMMs) (that is, it uses regional ground motion 112 observations to develop 

scaling factors for a WUS GMM and does not use a stochastic or seismological model). Due to this 

modeling approach, Atkinson (2008’) follows a different geometric spreading (GS) than the hybrid 

models mentioned above, which will be discussed in more detail in the next section. In the 2014 update, 

we also replace the dynamic corner frequency model by Atkinson and Boore (2006) with their 2011 

update, referred to as the Atkinson and Boore (2006’). This updated model has a magnitude-dependent 

stress drop and therefore covers only one branch of the logic tree.” 

 

The final list of GMMs used in the 2014 hazard maps is given in Table 1-6. 

 
Table 1-6. 	  Weights for CEUS Ground-Motion Prediction Equations USGS 2014. 

Ground Motion Model Type Kappa 
Geometric 

Spreading 
Weight 

Frankel et al. (1996) Single corner 0.01 R-1 0.06 

Toro and others (1997), Toro (2002) Single corner 0.01 R-1 0.11 

Silva et al. (2002) Single corner 0.01 R-1 0.06 

Campbell (2003) Hybrid 0.01 R-1 0.11 

Tavakoli and Pezeshk (2005) Hybrid 0.01 R-1 0.11 

Atkinson and Boore (2006) Dynamic corner 0.02 R-1.3 0.22 

Pezeshk et al. (2001) Hybrid 0.02 R-1.3 0.15 

Atkinson (2008) Reference Empirical 0.02 NA 0.08 

Somerville et al. Full waveform  0.01 NA 0.1 
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Earthquake Recurrence 
Recent paleoseismic data has resulted in better-estimated recurrence intervals of the New Madrid 

earthquakes. According to Peterson et al. (2009): “Frankel, et al. (1996) estimated an average value of 

1,000 years. By 2002, paleoliquefaction and historical-earthquake data provided evidence for a 500-

year recurrence (Cramer, 2001; Frankel et al., 2002; Tuttle et al., 2002).  At least one large earthquake 

at about A.D. 300 and three sequences of large earthquakes at about A.D. 900, A.D. 1450, and A.D. 

1811–1812 were recognized from crosscutting relationships and radiometric dating of liquefaction 

features (Tuttle et al., 2002). The occurrence of three sequences between A.D. 300 and A.D. 1811–1812 

(about 1,500 years) implies an average recurrence of about 500 years. However, it is unclear whether or 

not the northern arm ruptured in the A.D. 1450.  If it did not, then this arm has experienced only two 

events in the past 1,500 years, suggesting an average recurrence of about 750 years.” 

 

Geology Composition of West Tennessee 
Geological composition is the most important factor in site selection.  Therefore, an understanding of the 

geographic provinces and geology of West Tennessee is necessary.  This section provides a summary 

from Pezeshk et al. (1998) for completeness.  Table 1-7 provides a geologic time table for West 

Tennessee.  Each period is defined next.   

 

Table 1-7.  Geologic Time Table 
 

Era Period Epoch Approximate Duration 
(Million Years) 

Cenozoic Quaternary Recent and Plio-Pleistocene 0 - 10 
 Tertiary Middle and Upper Eocene 40 - 50 
  Lower Eocene 50 - 60 
 Plaeocene  60 - 70 

Mesozoic Cretaceous  70 - 100 
Paleozoic 

Rock 
  300 - 600 
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Quaternary 
Deposits of Quaternary Age are the muds, sands, and gravels of present stream beds and flood plains, 

and the wind deposited silt (loess).  The most extensive Quaternary sediments in Tennessee are those of 

the Mississippi Alluvial Valley, and the loess blanket that caps the West Tennessee Plain (Floyd, 1965). 

Tertiary 
Sand, gravel, silt, and clay compose the Tertiary of Tennessee, which is present in the western part of the 

West Tennessee Uplands and in much of the West Tennessee Plain.  These Sediments have been eroded 

to form gently rolling to gullied topography (Floyd, 1965). 

Cretaceous 
Sand, gravel, silt, and clay compose the Cretaceous formation of Tennessee, which are exposed mostly in 

a belt 10 to 25 miles wide in the eastern part of the West Tennessee Uplands.  Erosion of these 

formations has resulted in dissected to rolling topography (Floyd, 1965).  West Tennessee is in the part 

of the Gulf Coastal Plain commonly referred to as the Upper Mississippi River embayment (see Figure 1-

1).   

These sediments range in thickness from a featheredge in the eastern part of the area to about 3,000 feet 

in the vicinity of Memphis (see Figure 1-2). 

The principal direction of strike of the formation is north-northeast.  The Tertiary strata dip toward the 

axis of the embayment at rates of 15 to 35 feet per mile.  The dip of the Cretaceous strata is somewhat 

greater (Lanphere, 1955). 

From the banks of the Mississippi towards the Tennessee River is a gradually decreasing layer of 

Pleistocene soil, beginning with alluvium followed by loess.  Eastward from the Mississippi River 

succeeding older Eocene, Paleocene, and Cretaceous strata occur at the surface.  Paleozoic rock crops out 

in a narrow band along the eastern boundary of the region considered for this study (see Figure 1-3, 

Figure 1-4, and Figure 1-5).  
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Figure 1-1. Generalized Areal Geology of the Upper Mississippi Embayment (From: Stearns and 

Armstrong, 1955).  
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Figure 1-2.  Cross Section of the Mississippi Embayment at the Latitude Near Shelby County, 

Tennessee (Bodin and Horton, 1999). 

 

The alluvium along the banks of the Mississippi is sediment deposited by the river and is a relatively 

young soil.  Steep bluffs 100 to 200 feet high abruptly bound the alluvial plain. The upper half or more of 

the bluffs is made of layers of loess that originated when wind picked up silt from the Mississippi River 

Valley.  Therefore, the depth of the loess decreases eastward towards the Tennessee River. Within 10 

miles or so east of the bluff the 100 feet of loess thins to 20 feet or less (Stearns and Armstrong, 1955).  

Because of the trough-like structure, the underlying geology of the alluvial and loess plain is what is 

exposed farther eastward.  This includes Tertiary and Cretaceous formations, which are considerably 

older and more compact.  

For example, a drill hole near the Mississippi River might penetrate alluvium, consisting of about 10-50 

feet of top-stratum clay and silt; underlain by 100 feet or more of substratum sand and gravel.  Below 

that is Eocene. A drill hole through the top of the bluffs might penetrate 100 feet of loess, underlain by 5 

to 50 feet of reddish sand and gravel (ancient alluvium). Under that is Eocene (Stearns and Armstrong, 

1955).  

Figure 1-3 shows the general geologic map of West Tennessee.  Figure 1-4 shows physicographics 

provinces. Figure 1-5 shows a cross section illustrating the relation of geology to physiographic 

provinces (Stearns and Armstrong, 1955). 
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Figure 1-3. General Geologic Map of West Tennessee (Stearns and Armstrong, 1955). 

 
 

Figure 1-4. Physicographics Provinces (Stearns and Armstrong, 1955). 
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Figure 1-5.  Cross Section Showing Relation of Geology to Physiographic Provinces (Stearns 

and Armstrong, 1955). 
 
 
 

Shear Wave Velocity Profile 
 Romero and Rix (2001) classified the embayment into two categories (Figure 1-6) based on 

geologic age. Holocene-age deposits (termed Lowlands) are found along the floodplains of the 

Mississippi River and its tributaries whereas Pleistocene-age deposits (termed Uplands) are located in the 

interfluve, terrace regions. Generic shear wave velocity profiles were developed by Romero and Rix 

(2001) for these two categories (Figure 1-7).  The Lowlands profile shows lower shear velocity at the 

upper 70 m compared to the Uplands profile. The profiles are identical below 70 m.  
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Figure 1-6.  Lowlands and Uplands classification of Mississippi embayment according to 
Romero and Rix (2001). 

 
 

Figure 1-7.  Shear wave velocity profiles of the Mississippi embayment after Romero and Rix 
(2001). 
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Gomberg et al. (2003) summarized the stratigraphy of sediments in Memphis and Shelby County in 

Table 1-8.  They also provided stratigraphy with modeling uncertainties from the geophysical well log 

and soil boring log observations as shown in Figure 1-8. 
 

Table 1-8. Lithologic Unit (source: Gomberg et al., 2003) 

Unit/Group (Age) Description 

 
Depth to 
Unit Top 

(m) 

Mean ± Std 
(Median, Weighted Mean) 

Shear-Wave Velocity 
(m/sec) 

Floodplain sediments and 
man-made fill 
(Holocene and Pleistocene) 

Alluvial, 
unconsolidated, poorly 
to moderately well 
stratified silt, sand, and 
gravel 
 

0 171 ± 24 (174,172) 

Loess (Pleistocene) Eolian, unconsolidated, 
poorly stratified glacial 
silts and fine sands 
 

0 192 ± 37 (195,192) 

Loess (Pleistocene) Weakly to strongly 
indurated clay, silt, sand, 
gravel, and cobbles, 
locally iron oxide 
cemented 
 

3-15 268 ± 72 (265,268) 

Jackson, Cockfield, and 
Cook Mountain/Upper 
Claiborne (Eocene) 

Dense clays, silts, and 
fine sands with organic 
fragments 
 

6-30 413 ± 105 (408,421) 

Memphis Sand/Lower 
Claiborne (Eocene) 

Fine to coarse sands 
interbedded with thin 
layers of silt and clay 
 

20-80 530 ± 134 (553,515) 

Flour Island/Upper Wilcox 
(Paleocene) 

Dense clays, with fine-
grained sands and 
Lignite 
 

200-350  

Fort Pillow Sand/Middle 
Wilcox (Paleocene) 

Well-sorted sands with 
minor silt, clay, and 
lignite horizons 
 

300-400  

Old Breastworks/Lower 
Wilcox (Paleocene) 

Dense clays and silts, 
with some sands and 
organic layers 

300-500  
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Figure 1-8.  Cross-Sectional View of the Stratigraphy (source: Gomberg et al., 2003). 
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Time Histories for 12 Sites in West Tennessee 
A total of 12 sites mostly in west Tennessee were selected to develop two-horizontal component time 

series associated with the 2015 AASHTO LRFD Bridge Design Specifications (7% probability of 

exceedance in 75 years). Figure 1-9 provides a Google map location of the selected 12 sites. Table 1-9 

and provides the longitude and the latitude of the selected sites as well VS30 and depth to the depth to rock 

at each selected site. 

 

 

 
 

Figure 1-9. Selected Sites Locations. 
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Table 1-9. General Information – Selected Sites. 
 

Site 
# Feature Location 

OpenSHA 
Inferred 

VS30 
(m/s) 

Embayment 
Depth 
(m) 

1 Interstate 40 over Tennessee River 
Benton County 

35.866N 
87.941W 

760 
Site Class C 

<6 m 

2 State Route 20 over Tennessee River 
Decatur County 

35.628N 
88.036W 

760 
Site Class C 

<6 m 

3 Interstate 155 over Mississippi River 
Dyer County 

36.116N 
89.614W 

274 
Site Class D 

900 m 

4 Interstate 40 over Mississippi River 
Shelby County 

35.153N 
90.065W 

312 
Site Class D 

1,000 m 

5 Tiptonville, TN 
Lake County 

36.378N 
89.472W 

200 
Site Class D 

750 m 

6 Martin, TN 
Weakley County 

36.346N 
88.856W 

310 
Site Class D 

500 m 

7 Nashville, TN 
Davidson County 

36.176N 
86.787W 

473 
Site Class C 

<6 m 

8 Chattanooga, TN 
Hamilton County 

35.060N 
85.313W 

453 
Site Class C 

<6 m 

9 Knoxville, TN 
Knox County 

35.977N 
83.931W 

574 
Site Class C 

<6 m 

10 State Route 76 over Tennessee River 
Henry-‐Stewart Counties 

36.444N 
88.062W 

180 
Site Class D 

<6 m 

11 State Route 69 over Tennessee River 
Decatur-‐Hardin Counties 

35.410N 
88.052W 

756 
Site Class C 

<6 m 

12 Jackson, TN 
Madison County 

35.616N 
88.814W 

448 
Site Class C 

350 m 
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Figure 1-10 through Figure 1-20 show the locations of the 12 study sites, as well as the bathymetric 

maps, which show the depth of the layers (ft), which constitute the Mississippi embayment. The 

following two sources were used to determine the geology and stratigraphy of each site:  

• Data by Van Arsdale and TenBrink (2000) - Late Cretaceous and Cenozoic geology of 

the New Madrid seismic zone. Roy Van Arsdale of the University of Memphis 

(personal communications) has collected the post-Paleozoic sediments of west 

Tennessee and adjacent area of the upper Mississippi embayment.  Data provided by 

Dr. Van Arsdale were used to determine the depth of various soil and rock layers and 

the elevation of sites within the West Tennessee area.  Using the data provided, we 

generated digitized geological information system (GIS) maps.  Using the stored 

digitized GIS maps, we are able to determine the thickness and the depth of various 

soil formations below the shallow soil profile for study sites within the Mississippi 

embayment.  

• Data obtained through Hart, et al. (2008).  
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Figure 1-10. Location of Selected Sites. 
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Figure 1-11. Bathymetric Map of Paleozoic Layer in the Mississippi Embayment (Dr. Van Arsdale 

Data). 
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Figure 1-12. Bathymetric Map of Cretaceous Layer in the Mississippi Embayment (Dr. Van 
Arsdale Data). 
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Figure 1-13. Bathymetric Map of Wilcox Layer in the Mississippi Embayment (Dr. 

Van Arsdale Data). 
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Figure 1-14. Bathymetric Map of Midway Layer in the Mississippi Embayment (Dr. Van Arsdale 

Data). 
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Figure 1-15. Bathymetric Raster Map of the Midway Confining Unit Layer in the Mississippi 

Embayment (MERAS). 
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Figure 1-16. Bathymetric Raster Map of the Lower Wilcox Layer in the Mississippi Embayment 

(MERAS). 
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Figure 1-17. Bathymetric Raster Map of the Middle Wilcox Aquifer Layer in the Mississippi 
Embayment (MERAS). 
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Figure 1-18. Bathymetric Raster Map of the Middle Claiborne aquifer Layer in the Mississippi 

Embayment (MERAS). 
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Figure 1-19. Bathymetric Raster Map of the Middle Claiborne Confining Unit Layer in the 

Mississippi Embayment (MERAS). 
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Figure 1-20.  Bathymetric Raster Map of the Upper Claiborne Aquifer Layer in the Mississippi 

Embayment (MERAS). 
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Regional Seismicity  
The regional seismicity of the region is studied through the earthquake catalog, which was developed by 

the National Seismic Hazard Map Project (NSHMP) (Petersen et al., 2014). The catalog is developed by 

combining published catalogs to estimate the rates of future earthquakes across central and eastern 

United States (CEUS). After removing duplicates, the NSHMP declustered the combined catalog using 

the Gardner and Knopoff (1974) algorithm. The final declustered catalog includes 6,259 earthquakes 

from 1700 through 2012 with Mw greater than or equal to 2.5.  Figure 1-21 shows the USGS 2014 

declustered catalog for CEUS. 

 

 
 

Figure 1-21.  USGS2014 Declustered Catalog for central and eastern United States. 
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Seismic Hazard Analysis  
A probabilistic seismic hazard analysis (PSHA) was performed to estimate the seismic ground motions 

for a rock condition with shear-wave velocity of 760 m/sec. The analytical model used for the PSHA is 

based on models originally developed by Cornell (1968). The basic assumption of these models is that 

the occurrence of earthquakes in space and time within a particular seismic zone is completely random 

(i.e., a Poisson process). This type of probabilistic model is commonly used for seismic hazard analyses 

of important facilities throughout the world.  

The two basic components of the probabilistic model are:  

1. The seismic source models, which specify the spatial, temporal, and magnitude distribution of 

earthquake occurrences expected in each of the seismic sources, and  

2. The ground-motion attenuation models, which determine the distribution of ground motions 

expected at the site for a potential earthquake occurrence (characterized by magnitude and 

location, and usually by other factors) on a seismic source.  

The above two components, which are discussed later, comprise the inputs to the PSHA. In the PSHA, 

probability-of-exceedance rates (hazard curves) are computed for a range of horizontal ground motions. 

These ground motions are expressed in terms of peak ground acceleration (PGA) and 5 percent-damped 

pseudo absolute spectral accelerations (Sa) at various single-degree-of-freedom oscillator periods. From 

the probability-of-exceedance rates, Uniform Hazard Spectrum (UHS) corresponding to average return 

periods of 1,000 years (7% probability of exceedance in 75 years) is computed.  

Seismic Source Models 
The USGS 2014 seismic source models (Petersen et al., 2014) have been used for this project. The 

USGS 2014 addressed the causes of intraplate earthquakes in the central and eastern United States in two 

ways: (1) the seismicity-based background source models, which incorporates zones of historical 

seismicity in the region; and (2) the fault-based seismic source models, which incorporates known and 

potential seismic sources.  

Seismicity-based background seismic source models 
The seismicity-based background source models which incorporates zones of historical seismicity in the 

site region following a direct adaptation of the gridded seismicity model used in the 2014 USGS 

mapping effort. The USGS 2008 seismicity-based background source model has been changed in the 

USGS 2014 update such that a new moment-magnitude-based catalog with updated completeness 
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estimates is used, maximum magnitudes are revised, and a new adaptive, nearest-neighbor smoothing 

algorithm is used as an alternative approach to calculate seismicity rate grids. The a-values are first 

estimated in each, 0.1-degree by 0.1-degree grid. Then, it is spatially smoothed by assuming a b-value of 

1.0 and incorporating variable completeness times (Petersen et al., 2014). Based on the USGS 2014 

source models, “the source geometry associated with the ruptures in the seismicity-based background 

source model is a virtual fault centered on grid points, which sample latitude and longitude at 0.1-degree 

increments. Earthquakes from Mw 4.7 to the maximum magnitude (Mmax) are considered, with rates 

obtained from the smoothed seismicity-based source model.” The seismotectonic zones we used are 

generalized from the CEUS seismic source characterization project (CEUS-SSCn, 2012). Four broader 

zones: Craton, Mesozoic extended Terrane, Paleozoic extended Terrane, and the Gulf Coast region are 

considered to develop maximum magnitude models. We used the USGS 2014 cumulative seismicity-rate 

grids in the seismicity-based background seismic source models (see Figure 1-22). 

 

 
Figure 1-22.  USGS2014 Cumulative Seismicity-Rate Grids used in the Seismicity-Based 

Background Seismic Source Models (Petersen et al., 2014). 
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Fault-based seismic source models 
The Fault-based seismic source models incorporate known and potential seismic sources that could 

potentially generate strong ground motions of engineering significance. We used the updated USGS 

2014 Quaternary fault database for this project.  In the USGS 2014 fault-based seismic source model, six 

new seismic sources are simplified and incorporated from the central and eastern United States Seismic 

Source Characterization for Nuclear Facilities Project (CEUS-SSCn, 2012). These sources are 

Charlevoix, Commerce Geophysical Lineament, Eastern Rift Margin, Wabash Valley, Marianna, and 

New Madrid, which are known as the repeating large magnitude earthquake (RLME) areal source zones.  

Figure 1-23 and Figure 1-24 show the considered fault-based seismicity.  

 

 
 

Figure 1-23.  USGS 2014 Fault-Based Seismic Source Models (Petersen et al., 2014). 
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Figure 1-24.  USGS2014 Fault-Based Seismic Source Models Based on CEUS-SSCn (2012). 
 

Ground Motion Models  
In general, the characteristics of the fault source such as distance, type, magnitude, and site conditions 

are used to estimate the magnitude of an earthquake parameter (spectral acceleration, peak ground 

acceleration, etc.) via ground-motion prediction equations (GMPEs) also known as attenuation 

relationships. Various attenuation relationships have developed for specific regions using a database of 

appropriate ground motion records. The ground motion models, which have been used in the USGS 

2014, updated to generate national seismic hazard maps for the Central and Eastern Unites States are 

considered in this project (Petersen et al., 2014). The logic tree weights are based on the distance and the 

geometric spreading term used by each model. The models with a faster geometric spreading term are 

given more weight. The New Madrid seismic zone is the most likely seismic source that could affect the 

considered site. Therefore, the attenuation relationships, which are not applicable beyond 500 km, are 

removed and weights are renormalized. Table 1-10 and Table 1-11 list the selected GMPEs from the 

USGS 2014 models with their associated weights. 

 



         47 

Table 1-10.  The Considered Ground Motion Prediction Equations. 
 

USGS 2014 GMM Abbreviation 
Weights Long Distances 

 ( > 500 km ) RLME Grid Source 
1. Frankel et al. (1996) F96 0.16 0.06 ü 
2. Toro et al. (1997) T97 0 0.13 × 
3. Silva et al. (2002) S02 0 0.06 × 
4. Campbell (2003) C03 0.17 0.13 ü 
5. Tavakoli and Pezeshk (2005) TP05 0.17 0.13 ü 
6. Atkinson and Boore (2006') * AB06’ 0.3 0.25 ü 
7. Pezeshk et al. (2011) PZT11 0.2 0.16 ü 
8. Atkinson (2008') * A08’ 0 0.08 × 
9. Somerville et al. (2001) S01 0 0 × 

* The AB06' model and the A08' models are the revised version of the Atkinson and Boore (2006) and Atkinson and Boore (2008) models  
(Atkinson and Boore, 2011). 

 
 
 

Table 1-11.  The Considered Ground Motion Prediction Equations and the Corresponding Weights. 
 

 
 

Treatment of Uncertainties 
Seismic-hazard studies distinguish between two types of uncertainty, namely epistemic and aleatory. 

Aleatory uncertainty is probabilistic variability that results from natural physical process. For example, 

size, location, and time of the next earthquake on a fault and the details of the ground motion are 

considered as aleatory uncertainties. In advanced seismic hazard studies, integration is performed over 

aleatory uncertainties to get a single hazard curve. The epistemic uncertainty results from lack of 

knowledge about earthquakes and their effects. In principal, epistemic uncertainties are addressed by 

multiple models and parameters. The most well-known epistemic uncertainties associated with the input 

parameters in seismic hazard analysis include the uncertainties in seismic source models (i.e., tectonic 

stresses, geological features, geometries, etc.), seismicity (i.e., activity rate, slip rate, etc.), and 

attenuation relationships (source, path, and site effects). The USGS 2014 procedure (Petersen et al., 
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2014) is followed in this project to address the uncertainty in seismic-source characterization, which is 

quantified by considering alternative geometries, multiple magnitude-recurrence parameters, and 

multiple maximum magnitudes. Uncertainty in attenuation equations is also quantified by considering 

the nine alternative sets of attenuation relationships in USGS 2014 model. 

 

Site Specific Procedure  
To obtain two-horizontal component time series associate with these twelve sites, we first performed 

probabilistic seismic hazard analysis (PSHA) at all twelve sites.  The PSHA considers all potential 

earthquake sources that will contribute to hazard at a specific site.  The PSHA factors in contributions 

from all magnitudes, distances, and probability of occurrence for all sources.  In this study, probabilistic 

seismic hazard analysis (PSHA) was used to estimate PGA and spectral acceleration at various periods 

for a B/C NEHRP site condition (Vs30 = 760 m/sec) for a 7% probability of exceedance in 75 years.  The 

USGS website provides PSHA for PGA and spectral values up to 2 seconds.  For major bridges, we need 

to consider longer periods.  Therefore, for this study we used the computer program EZ-Frisk.  The same 

ground motion prediction equations (GMPEs) as used by the USGS 2014 were used with the same 

weights. Table 1-12 provides the values for PGA, spectral accelerations of the uniform hazard response 

spectrum (UHRS), and the corresponding mean and modal magnitude, distance, and epsilon for site #3. 

A typical de-aggregation at the study site #3 is presented in Figure 1-25.  As it can be observed from 

Figure 1-25, de-aggregation of the USGS ground motion data identifies the New Madrid seismic zone as 

the primary contributor to strong ground shaking at the site for a period of 0.20 seconds. De-aggregations 

at other periods are similar for this site. 

The results of the PSHA and the de-aggregation were used to select earthquakes for the site response 

analyses. Seven horizontal record pairs of previously recorded earthquakes within the range of de-

aggregation magnitudes and distances, as provided in Table 1-12 and the shear-wave velocity for the top 

30 meters (VS30) of approximately 760 m/sec, were selected.  Table 1-13 provides a list of selected 

earthquakes. 

The UHRS at the B/C boundary was selected as the target spectrum and the ground motion time histories 

provided in Table 1-13 were then matched with the target spectrum.  For spectrum matching, we used the 

procedure outlined in Shahbazian and Pezeshk (2010). As an example, acceleration, velocity, and 

displacement time histories, of the recorded (unscaled) Chi Chi Taiwan earthquake (Station Name 

TCU045) are illustrated in Figure 1-26. Acceleration, velocity, and displacement time histories, of the 
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matched Chi Chi Taiwan earthquake (Station Name TCU045) are illustrated in Figure 1-27. The same 

process was repeated for all seven record pairs. 

 

Figure 1-25.  De-aggregation at Study Site #3 Considering Vs30=760 m/s. 
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Table 1-12.  De-aggregation at Site #3. 

Period 
(sec) 

Spectral 
Values 

Mean Modal 
M R Epsilon M R Epsilon 

PGA 1.188 7.32 16.66 0.22 7.85 23.75 -0.50 
0.100 2.271 7.35 17.07 0.25 7.85 23.75 -0.10 
0.200 1.981 7.42 17.55 0.17 7.85 23.75 -0.10 
0.300 1.666 7.45 18.01 0.00 7.85 23.75 -0.10 
0.400 1.293 7.50 18.25 0.02 7.85 23.75 -0.50 
0.500 1.043 7.52 18.31 0.06 7.85 23.75 -0.30 
1.000 0.5181 7.55 19.21 0.07 7.85 23.75 0.10 
2.000 0.2445 7.56 20.37 -0.03 7.85 23.75 -0.10 
3.000 0.1473 7.57 20.83 0.02 7.85 23.75 -0.30 
4.000 0.1244 7.54 22.92 -0.35 7.85 23.75 -0.10 
5.000 0.09899 7.54 23.02 -0.35 7.85 23.75 -0.10 
7.500 0.04342 7.54 23.10 -0.36 7.85 23.75 -0.10 
10.00 0.02428 7.54 23.14 -0.36 7.85 23.75 -0.10 

 
Table 1-13. Chosen Seed Ground Motion Records for Interstate 155 over Mississippi River Dyer County 

(Site #3). 

EQ 
ID 

Earthquake 
Name Year Station Name MW Rjb 

(km) 
Rrup 
(km) 

VS30 
(m/sec) 

Lowest 
Frequency 

(Hz) 

1 
 "Duzce_ 
Turkey" 1999  "Lamont 1060" 7.14 25.78 25.88 782 0.075 

2 
 "Chi-Chi_ 
Taiwan" 1999  "TCU045" 7.62 26 26 705 0.05 

3  "Iwate_ Japan" 2008  "IWT010" 6.9 16.26 16.27 826 0.025 

4  "Loma Prieta" 1989 
 "San Jose - Santa Teresa 

" 6.93 14.18 14.69 672 0.0375 

5 
 "Northridge-

01" 1994  "Lake Hughes #9" 6.69 24.86 25.36 671 0.175 

6 
 "Tottori_ 

Japan" 2000  "OKYH14" 6.61 26.51 26.51 710 0.125 

7 
 "San 

Fernando" 1971  "Lake Hughes #9" 6.61 17.22 22.57 671 0.625 
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Figure 1-26.  Chi-Chi Earthquake Unscaled Horizontal Record (H1). 

 

Figure 1-27.  Chi-Chi Earthquake Matched Horizontal Record (H1). 
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Effect of Strain on Dynamic Soil Properties 
It is well understood that the stress-strain relationship of soils is nonlinear.  This means that the soil shear 

modulus is not a constant value but degrades nonlinearly with increasing strain in the soil.  Dynamic 

analyses considering true nonlinear behavior of soil are complicated and are an active and current 

research area. Accordingly, an equivalent linear analysis is typically used in practice. Equivalent linear 

analyses consist of performing a series of linear analyses, in an iterative process, using for each analysis, 

soil properties consistent with the strains resulting from the previous one.  Equivalent linear site response 

analysis is used in the present study.  Many studies have been performed in the past to establish a 

relationship between modulus degradation with strain.  In this study, a combination of the G/Gmax and 

damping vs. shear strain of Chang et al. (1989), EPRI (1993), and EPRI (1993) were used. Figure 1-28 

illustrates shear-modulus degradation and damping vs. shear strain based on EPRI (1993). Park and 

Hashash (2004) argued that it is not possible to assign variability parameters for the randomization 

process due to the lack of laboratory data.  Therefore, the dynamic soil properties were not randomized 

in performing the site response analyses for both equivalent linear and nonlinear site response analyses. 
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Figure 1-28.  Depth Dependent Dynamic Soil Properties: (Top) Damping Ratio Curves; and (Bottom) 

Shear Modulus Degradation (EPRI 1993). 
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Variability in Soil’s Shear-Wave and Thickness Profile 
 

Using the EPRI (1993) soil profile database, Toro (1993) developed a probabilistic characterization of a 

soil shear-wave velocity profile and used the resulting probabilistic model to simulate shear-wave 

profiles.  His probabilistic model consists of two separate components; one for the thickness of each 

layer called the layering model that captures the variability in the thickness of soil layers; and one for the 

shear-wave velocity associated with each layer called the velocity model to account for the variability in 

shear-wave velocity of each layer.  Based on the data from EPRI (1993), a non-homogenous Poisson 

model is used with depth-dependent rate to account for the fact that soil thickness of layers increases 

with depth.   

 

In this project, we follow Toro (1993) to take into account the variability in soil thickness and the shear-

wave velocity, which generates a desired number of soil profiles around the base soil profile with a 

desired probability distribution. This model statistically captures the soil layer shear-wave velocity and 

thickness uncertainties and their correlation with depth.  

Extreme values of shear-wave velocities are rejected by using the truncated distribution model of εi  at 2 

standard deviations.  Coefficient of variation (COV) of 0.15 is used for both the shear-wave velocity and 

layer thicknesses to generate soil profiles. The soil profile for site #3 tabulated Table 1-14 in and is 

shown in Figure 1-29.  This profile is obtained using the developed GIS maps discussed earlier.  The top 

30 meters were obtained using OpenSHA.  Figure 1-30 shows the original profile and randomized soil 

profiles used in this study.  For depth below the Vs30, the database is developed based on published 

research and developed GIS databases discussed earlier.  A total of 60 cases were generated.  These 60 

soil profiles are used to captures the soil layer shear-wave velocity and thickness uncertainties and their 

correlation with depth.   
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Table 1-14.  Site #3 Profile. 

Site No. 
# 3 Elevation Depth  

(ft) 
Thickness 

(ft) 
Depth 

(ft) 
Vs30 

(ft/sec) 

Surface clay  266 0 66 0 899 
Sand/gravel 200 66 73 66 899 
Upper Claiborne aquifer 127 139 162 66 1130 
Middle Claiborne confining unit -35 301 118 139 1130 
Middle Claiborne aquifer -153 419 581 139 1674 
Middle Wilcox aquifer -734 1000 202 301 1674 
Lower Wilcox aquifer -936 1202 263 301 1808 
Midway Confining Unit -1200 1466 737 419 1808 
Cretaceous (top) -1937 2203 474 419 2001 
Paleozoic (top) -2410 2676   1000 2001 

          1000 2035 
          1202 2035 
          1202 2079 
Interstate 155 over Mississippi River Dyer County   1466 2079 

Site Class Latitude Longitude Vs30 
(ft/sec)   1466 1974 

D 36.116 -89.614 899   2203 1974 
          2203 2266 
          2676 2266 
          2676 8000 
          3000 8000 
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Figure 1-29.  Soil Profile at the Site #3 Location. 
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Figure 1-30.  60 Shear-Wave Velocity Profiles Simulated.   
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Equivalent Linear Site Response Analyses 
Among the available programs for site response analysis, the most widely used is the SHAKE91 

computer program (Idriss and Sun, 1992; Cramer, 2006; Hartzel et al., 2004; Wen and Wu, 1999).  The 

computer program SHAKE91 employs the equivalent linear method to compute the response of 

horizontally layered soil deposits underlain by horizontal bedrock.  

Site-Specific Results  
Following the procedure outlined above, the site-specific response spectra were obtained analyzing sixty 

profiles for each matched ground motion with the UHRS.  The results are provided in Figure 1-31 

through Figure 1-37 for the first horizontal direction (H1).  Figures for the second horizontal direction 

(H2) are available through the electronic supplement to this report, but not presented in this report.  Also, 

shown in these figures are the AASHTO ground surface response spectra for Site Class D.  The Site 

Class E response spectrum is plotted for comparison purposes.  Figure 1-38 to Figure 1-44 show the 

average of 60 equivalent runs for each matched ground motion as well as the AASHTO response spectra 

for the H1 direction. Figure 1-45 and Figure 1-46 show the average of 60 equivalent runs for each 

matched ground motion as well as the AASHTO response spectra for the H1 (East-West Direction), and 

the H2 (North-South direction), respectively. Figure 1-47 shows response spectra at ground surface 

obtained from: (1) equivalent linear response spectrum for 7 selected and matched earthquake records in 

both horizontal directions; (2) Geometric mean of two horizontal components; (3) AASHTO Site Class 

D; and (4) two thirds of AASHTO Site Class D.  
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Figure 1-31.  H1 Response Spectra for Duzce Earthquake (Eq #1). 

 

 
 

Figure 1-32.  H1 Response Spectra for Chi-Chi Earthquake (Eq #2). 
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Figure 1-33.  H1 Response Spectra for Iwate Earthquake (Eq #3). 

 
 

Figure 1-34.  H1 Response Spectra for Loma Prieta Earthquake (Eq #4). 
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Figure 1-35.  H1 Response Spectrums of Northridge Earthquake (Eq #5). 

 
 

 
 

Figure 1-36.  H1 Response Spectra for Tottori Japan Earthquake (Eq #6). 
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Figure 1-37.  H1 Response Spectrums of San Fernando Valley Earthquake (Eq #7). 

 
 

 
 

Figure 1-38.  Comparison of H1 Response Spectra - Duzce Earthquake (Eq #1). 
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Figure 1-39.  Comparison of H1 Response Spectra - Chi-Chi Earthquake (Eq #2). 

 
 

 
 

Figure 1-40.  Comparison of H1 Response Spectra - Iwate Earthquake (Eq #3). 

 

0	  

0.5	  

1	  

1.5	  

2	  

2.5	  

0.01	   0.1	   1	   10	  

Sp
ec
tr
al
	  A
cc
el
er
a@

on
	  (g
)	  

Period(s)	  

"Average"	  

UHRS-‐760	  m/s	  

SOIL	  E-‐AASHTO	  

SOIL	  D	  -‐	  AASHTO	  

0	  

0.5	  

1	  

1.5	  

2	  

2.5	  

0.01	   0.1	   1	   10	  

Sp
ec
tr
al
	  A
cc
el
er
a@

on
	  (g
)	  

Period(s)	  

"Average"	  

UHRS-‐760	  m/s	  

SOIL	  E-‐AASHTO	  

Soil	  D-‐	  AASHTO	  



 64 

 
 

Figure 1-41.  Comparison of H1 Response Spectra - Loma Prieta Earthquake (Eq #4). 

 

 
 

Figure 1-42.  Comparison of H1 Response Spectra - Northridge Earthquake (Eq #5). 
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Figure 1-43.  Comparison of H1 Response Spectra - Tottori Earthquake (Eq #6). 

 
 

Figure 1-44.  Comparison of H1 Response Spectra - San Fernando Earthquake (Eq #7). 
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Figure 1-45.  Average of H1-Scaled Response Spectra and Their Comparison with the AASHTO Code. 

 
 

Figure 1-46.  Average of H2-Scaled Response Spectra and Their Comparison with the AASHTO Code. 
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Two-Horizontal Component of Time Histories at Ground Surface 
After obtaining average of scaled earthquakes response spectrum in both horizontal directions, the 

geometric mean of these values at different periods have been calculated and shown in Figure 1-47 and 

in Table 1-15.  As final step of this project, we selected seven new time series based on the magnitude 

and distances obtained from the de-aggregation as well as the Vs30, which for site # 3 was 274 m/sec.  

The newly selected time series are provided in Table 1-16. The selected seed time series were then 

matched with response spectrum at the ground surface.  Figure 1-48 shows response spectra, 

acceleration, velocity, and displacement of a typical seed before matching and after matching.   

Data for all other sites are available and provided as an electronic supplement to this report. 
 
 

 
Figure 1-47.  Site #3 – Response Spectra forSite-Specific Geometric Mean of Two Horizontal 

Components. 
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Table 1-15.  Average of spectral acceleration at different periods for 7 selected matched earthquakes  

(Site #3). 

Period (sec)  
GEO-Mean 

Spectral 
Acceleration 

(g) 

AASHTO 
Spectral 

Acceleration 
(g) 

2/3 of 
AASHTO 

Controlling 
Acceleration 

Value 
0.01 0.494 0.867 0.578 0.578 
0.03 0.492 1.117 0.745 0.745 
0.05 0.498 1.368 0.912 0.912 
0.07 0.511 1.618 1.079 1.079 
0.10 0.538 1.853 1.235 1.235 
0.15 0.620 1.853 1.235 1.235 
0.20 0.765 1.853 1.235 1.235 
0.25 0.885 1.853 1.235 1.235 
0.30 1.034 1.853 1.235 1.235 
0.40 1.046 1.853 1.235 1.235 
0.50 1.072 1.644 1.096 1.096 
0.74 1.123 1.111 0.741 1.123 
1.00 0.986 0.822 0.548 0.986 
1.50 0.723 0.548 0.365 0.723 
2.00 0.519 0.411 0.274 0.519 
3.00 0.321 0.274 0.183 0.321 
4.00 0.271 0.206 0.137 0.271 
5.00 0.216 0.164 0.110 0.216 
7.40 0.126 0.111 0.074 0.126 
9.50 0.085 0.087 0.058 0.085 
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Table 1-16.  Final Time Series Selected (Site #3). 

EQ 
ID 

Earthquake 
Name Year Station 

Name Mw Mechanism Rjb 
(km) 

Rrup 
(km) 

Vs30 
(m/sec) 

Lowest 
Useable 

Frequency 
(Hz) 

1 "Chi-Chi_ 
Taiwan" 1999  "CHY025" 7.62  Reverse 

Oblique 19.07 19.07 277 0.0625 

2  "Chi-Chi_ 
Taiwan" 1999  "CHY092" 7.62  Reverse 

Oblique 22.69 22.69 254 0.0625 

3  "Chi-Chi_ 
Taiwan" 1999  "TCU038" 7.62  Reverse 

Oblique 25.42 25.42 298 0.0625 

4  "Chi-Chi_ 
Taiwan" 1999  "TCU059" 7.62  Reverse 

Oblique 17.11 17.11 273 0.0375 

5 
 "El Mayor-
Cucapah_ 
Mexico" 

2010 
 

"TAMAUL
IPAS" 

7.2  Strike slip 25.32 26.55 242 0.075 

6 
 "El Mayor-
Cucapah_ 
Mexico" 

2010 

 "El Centro 
- Meloland 

Geot. 
Array" 

7.2  Strike slip 28.53 29 265 0.0625 

7 
 "El Mayor-
Cucapah_ 
Mexico" 

2010 

 "El Centro 
- Meadows 

Union 
School" 

7.2  Strike slip 27.81 28.3 277 0.1000 
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Figure 1-48.  Response Spectrum and Ground Motion Histories for H1-Matched Time Series – Chi Chi 
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Summary 
In this report, we provided a summary and requirements for performing a site-specific study.  A case 

study was provided and detailed analyses were discussed.  Time series in two horizontal directions are 

generated for twelve sites located in West and Central Tennessee.  
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Abstract 

 Using the single backscattering method, coda quality factor functions through 

coda window lengths of 20, 30, 40, 50, and 60 s have been estimated for the New Madrid 

seismic zone (NMSZ). Furthermore, geometrical spreading functions for distances less than 60 

km have been determined in this region at different center frequencies exploiting the coda 

normalization method. 284 triaxial seismograms with good signal to noise ratios (SNR > 5) 

from broadband stations located in the NMSZ were used. The database consisted of records 

from 57 local earthquakes with moment magnitudes of 2.6 to 4.1, and hypocentral distances less 

than 200 km. 

Q-factor values were evaluated at five frequency bands with central frequencies of 1.5, 

3, 6, 12, and 24 Hz. Vertical components were utilized to estimate vertical coda Q-factor values. 

Horizontal coda Q-factor values were determined using the average amount of the Q-factor 

values estimated from the both direction of horizontal components. The coda Q-factor increases 

with increasing of the coda window length implying that with increasing the depth, the coda Q-

factor increases. The intermediate values of the Q-factor and intermediate values of the 

frequency dependency indicate that the Earth’s crust and upper mantle beneath the entire NMSZ 

is tectonically a moderate region with a moderate to relatively high degree of heterogeneities. 

The geometrical spreading factors of S-wave amplitudes are frequency dependent and 

determined to be -0.761, -0.991, -1.271, -1.182, and -1.066 for center frequencies of 1.5, 3, 6, 

12, and 24 Hz, respectively, at hypocentral distances of 10 to 60 km. The geometrical spreading 

factors for lower frequencies are not recommended to be used due to the greater impact of the 

radiation pattern and directivity effect on low frequencies, as well as the greater sensitivity of 

bandpass filtered seismograms of small earthquakes to the noise in low frequencies. 
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Introduction 

The attenuation of seismic waves is one of the main parameters in characterizing the 

medium through which the wave propagates. The amplitude of a seismic wave is dissipated with 

respect to the distance travelled from the source through the propagation path. This dissipation 

continues until the seismic wave disappears due to loss of energy. In addition to the reduction of 

the amplitude, attenuation distorts the phase part of a seismogram by delay, and this shift in the 

phase part causes velocity dispersion of seismic waves (Polatidis et al., 2003; Montaña and 

Margrave, 2004; Ruan, 2012). The attenuation derives from the geometrical spreading, 

scattering, and intrinsic absorption (Kumar et al., 2005; Shengelia et al., 2011; Padhy et al., 

2011). A seismic wave initiates from a point source, and it distributes over a spherical surface. 

The decay rate of the amplitude because of this spherical expansion of a wavefront is called the 

geometrical spreading. The elastic or scattering attenuation redistributes the wave energy. This 

attenuation is produced by heterogeneities in the Earth such as cracks and faults. In addition, 

refraction and reflection of waves and irregular topography cause the elastic attenuation (Sato 

and Fehler, 1998). The anelastic or intrinsic attenuation is described as the conversion of wave’s 

energy into heat due to gradual absorption by the Earth. The reasons behind the anelastic 

attenuation are the friction and viscosity of the medium (Jackson and Anderson, 1974; Mitchell, 

1995). It should be pointed out that the scattering attenuation only redistributes the energy of the 

seismic wave and the total energy in the wave field remains constant, whereas the intrinsic 

attenuation causes disappearance of the seismic wave due to loss of energy. The effective 

quality factor is supposed to be a combination of the scattering attenuation and the intrinsic 

absorption (Dainty, 1981; Wennerberg, 1993; Polatidis et al., 2003). 
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The combination of the quality factor and geometrical spreading functions describes the 

path effect. The path effect in the frequency domain can be defined as the multiplication of 

geometrical spreading and attenuation functions (Boore, 2003; Zandieh and Pezeshk, 2010) 

 ( , ) ( )exp ,
( ) S

fRP R f Z R
Q f V
π⎛ ⎞

= −⎜ ⎟
⎝ ⎠

 (2-1) 

in which ( )Z R  is the geometrical spreading function, SV  is the average shear wave velocity in 

the propagation path, f  is the frequency, R  is the hypocentral distance, and ( )Q f  is a 

dimensionless parameter describing the quality factor function. The attenuation is proportional 

to the inverse of the quality factor, 1Q− , and is defined as (Knopoff and Hudson, 1964; Jackson 

and Anderson, 1974) 

 1 1 ,
2

EQ
Eπ

− Δ=  (2-2) 

where EΔ  is the energy lost per cycle and E  is the total energy. Path effect can be used to 

understand the source mechanism (Abercrombie and Leary, 1993; Abercrombie, 1995; Zeng 

and Anderson, 1996) and site response (Bonilla et al., 1997) to simulate time histories and to 

develop ground motion prediction equations (GMPEs) or ground motion models (GMMs) for 

the seismic hazard assessment, especially for areas with sparse earthquake records and tectonic 

interpretation. 

Data analysis associated with events occurring in CENA and southeastern Canada 

demonstrates that the decay of the Fourier amplitudes of seismic waves with respect to the 

distance may be a combination of three different segments. This hinged-trilinear geometrical 

spreading function has a steep decay for distances within approximately 70 km and less steep 

decay for distances beyond around 140 km. Between 70 and 140 km, there is almost no 
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attenuation, and in several studies the amplitude increases with increasing the distance. This 

transition zone results from large amplitude post-critical reflections from Moho discontinuity 

(Burger et al., 1987; Atkinson and Mereu, 1992). Pezeshk et al. (2015) used hinge points at 60 

and 120 km instead of 70 and 140 km to be consistent with the path duration proposed by Boore 

and Thompson (2015). 

Atkinson and Mereu (1992) reported a geometrical spreading of 1.1R−  for distances 

within 70 km and 0R  for distances between 70 and 130 km, using 1200 vertical component 

seismograms out of 100 small to moderate magnitude earthquakes in southeastern Canada. They 

used the shear-wave phases which include the direct arrival to derive geometrical spreading 

factors for distances up to 130 km. Samiezade-Yazd et al. (1997) evaluated nearly 2200 vertical 

traces from 237 earthquakes recorded at 83 stations located in the NMSZ, and proposed a 

geometrical spreading of 1.0R−  for distances less than 50 km, and 0.25R−  for distances between 

50 to 120 km. The authors utilized the coda normalization method to find geometrical spreading 

functions for the direct S-wave. Atkinson (2004) investigated the decay of Fourier spectral 

amplitudes of 1700 seismograms out of 186 small to moderate earthquakes in southeastern 

Canada and northeastern United States, and determined a geometrical spreading of 1.3R−  for 

distances less than 70 km and 0.2R+  for distances between 70 and 140 km. Atkinson (2004) used 

the shear-wave phases to estimate geometrical spreading functions. Zandieh and Pezeshk (2010) 

obtained a geometrical spreading of 1.0R−  for distances out to 70 km and 0.25R+  for distances 

between 70 and 140 km, using 500 vertical component seismograms from 63 small to moderate 

magnitude earthquakes in the NMSZ. They compared the whole waveform length and shear-

window and found that Fourier amplitudes derived from both cases for records used in this 

study are very similar. Chapman and Godbee (2012) reported geometrical spreading functions 
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of 1.3R−  and 1.5R−  for strike-slip and reverse fault mechanisms, respectively, for the geometric 

mean of horizontal components for rock sites at distances less than 60 km based on records from 

ENA. In this study, the shear-wave window is used. Atkinson and Boore (2014) investigated the 

decay of the Fourier amplitudes of the shear wave for earthquakes that occurred in ENA and 

were recorded on rock sites, and estimated a geometrical spreading of 1.3R−  for distances less 

than 50 km and 0.5R−  for distances beyond 50 km. Frankel (2015) evaluated the attenuation of 

the Fourier amplitudes of S-waves for seven small to moderate magnitude earthquakes in 

Charlevoix, Quebec, Canada, and determined geometrical spreading functions of 1.52R− , 1.21R− , 

and 0.79R−  for distances less than 80 km at central frequencies of 1, 5, and 14 Hz, respectively. 

The author utilized the coda normalization method to find geometrical spreading functions at 

different frequencies for the direct S-wave. 

According to a point source with an isotropic radiation pattern in a homogenous elastic 

whole space, the geometrical spreading, ( )Z R , is expected to be proportional to the inverse of 

the hypocentral distance, R α− , and the exponent, α , is expected to be frequency-independent. 

However, the geometrical spreading is more sophisticated than a frequency-independent 

function of the distance, because in reality, the source is a finite fault, the radiation pattern is 

anisotropic, and the Earth’s structure is heterogeneous (Chapman and Godbee, 2012; Frankel, 

2015). 

The amount of Q  aids to distinguish the seismicity and tectonic activity of the region 

under study since seismic waves are attenuated faster in seismically active areas. Therefore, 

once the quality factor is a large number, it reveals that seismic waves are damped at a slower 

pace, and accordingly, the region is tectonically stable. In general, an area with 200Q <  may be 

classified as an active area, and an area with 600Q >  may be considered as a stable area 
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(Mitchell, 1995; Sato and Fehler, 1998; Kumar et al., 2005; Sertçelik, 2012). Moreover, if the 

ratio of 1 1/ 1P SQ Q− − >  for the frequency greater than 1 Hz in which 1
PQ
−  is the attenuation of P-

waves and 1
SQ
−  is the attenuation of S-waves, it implies that the region may be seismically 

active (Sato, 1984). 

The quality factor can be estimated using frequency domain techniques (Anderson and 

Hough, 1984; Chen et al., 1994; Zandieh and Pezeshk, 2010; Mousavi et al., 2014; Hosseini et 

al., 2015), or time domain techniques (Wu and Lees, 1996; Zollo and Lorenzo, 2001) for 

different phases of seismic waves such as body waves (primary and shear waves), surface waves 

( Lg ), and coda waves regarding to the frequency band of interest. For high frequencies, 

laboratory techniques are suggested, while for low frequencies, deterministic techniques are 

often applied. For moderate frequency range which is the band of interest for seismologists and 

structural engineers, statistical approaches are preferred rather than deterministic approaches 

(Pulli, 1984). 

The quality factor is frequency dependent and is defined by a power law equation at a 

specific frequency as (Singh and Herrmann, 1983) 

 0( ) ,Q f Q f η=  (2-3) 

in which 0Q  is the quality factor at 1 Hz, f  is the frequency, and η  is a constant. 

Several researchers (Al-Shukri et al., 1988; Chen et al., 1994; Liu et al., 1994; 

Samiezade-Yazd et al., 1997; Jemberie and Langston, 2005; Zandieh and Pezeshk, 2010) 

investigated the attenuation of the New Madrid seismic zone (NMSZ) using various methods. 

One of the goals of this article is to determine the quality factor for coda waves in the NMSZ 

using a time domain technique based on the amplitudes of coda waves. Another goal of this 
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article is to investigate the geometrical spreading utilizing the coda normalization technique. In 

this regard, first a database containing 284 three-component waveform seismograms is selected. 

Then, CQ  values for coda waves are computed using the single backscattering method (Aki, 

1969; Aki and Chouet, 1975). This method is based upon the decay rate of coda wave 

amplitudes on narrow frequency bandpass filtered seismograms. Finally, this method is 

implemented using the selected database, and results are compared to results obtained from 

previous studies for the NMSZ as well as results reported for other tectonically stable and active 

regions. One new aspect of this study compared to other coda quality factor studies is that 

vertical and horizontal coda quality factor functions are estimated, and a comparison between 

them is performed to determine whether or not there are any discrepancies between vertical and 

horizontal coda quality factor functions. In this study, the vertical coda quality factor refers to 

the quality factor derived from the coda of vertical components, and the horizontal coda quality 

factor refers to the quality factor computed from the coda of horizontal components. In addition, 

the decay rates of the amplitudes of S-waves with the hypocentral distance are estimated by 

normalizing the S-waves’ amplitudes with respect to the coda waves’ amplitudes at a fixed time 

from the origin time to remove the source spectrum and the site response (Aki, 1980a; 

Yoshimoto et al., 1993; Frankel, 2015). To this end, horizontal components of 160 seismograms 

out of 284 seismograms which have hypocentral distances less than 60 km are considered to 

evaluate the geometrical spreading functions for the NMSZ. 

Tectonic Setting 

According to Nuttli and Zollweg (1974) and Baqer and Mitchell (1998), the eastern side 

of the Rocky Mountains to the Atlantic coast containing Central and Eastern North America 

(CENA) has various seismic and tectonic characteristics such as seismic wave attenuation, as 
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compared to the western side of the Rocky Mountains to the Pacific coast. For instance, an area 

over five million 2km  was shaken due to the main earthquake of the historic series of 1811–

1812 in the NMSZ; on the other hand, the San Francisco earthquake of 1906 was felt in an area 

of only about one million 2km  despite having quite the same magnitude (Nuttli, 1973a; Nuttli, 

1973b; Elnashai et al., 2009). According to reliable available reports, the 1811–1812 sequences 

were felt in places located up to 1700 km away from the epicenters (Ramírez-Guzmán et al., 

2015), while for the 1906 earthquake, the approximate maximum epicentral distance extended 

only up to approximately 900 km (Aagaard et al., 2008). This indicates that earthquakes in the 

CENA can affect much larger areas in comparison to earthquakes with similar magnitudes in the 

western United States. 

Following Dreiling et al. (2014), CENA is classified into four different regions (Figure 

2-1) due to their discrepant geologies and tectonic settings: the Atlantic Coastal Plain (ACP), the 

Appalachian Province (APP), Central North America (CNA), and the Mississippi 

embayment/Gulf Coast region (MEM). The NMSZ is located in the MEM region, near the 

southern border of CNA, which has dissimilar and unique attenuation properties compared to 

the other three regions of CENA (Dreiling et al., 2014). The NMSZ is considered to be a region 

with an intraplate (within a tectonic plate) seismicity which is surrounded by a roughly stable 

crust (Al-Shukri et al., 1988) and is undergoing compressional stress (Liu and Zoback, 1997). 

This region is comprised of several faults within the Cambrian Reelfoot Rift that stretches from 

Cairo, Illinois, to Marked Tree, Arkansas, with an approximate length of 200 km (Tavakoli et 

al., 2010; Talwani, 2014). The Cambrian Reelfoot Rift, which was reactivated by tensional or 

compressional stresses corresponding to plate tectonic interactions during Mesozoic, has formed 

during the late Precambrian to the early Cambrian due to the continental breakup (Braile et al., 
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1986). The majority of faults responsible for earthquakes occurring in the NMSZ are deeply 

embedded beneath the relatively thick layers of sediments; hence, understanding the nature and 

behavior of the faults is very sophisticated. 

The historic earthquake sequence of 1811 to 1812 as well as frequent smaller 

earthquakes indicate the potential of generating a large and damaging earthquake (Al-Shukri et 

al., 1988; Liu et al., 1994). Therefore, due to this potential in the NMSZ, this region is of great 

interest to seismologists and earthquake engineers to further prepare for a high magnitude 

earthquake. 

Methodology 

Coda Quality Factor Estimation 

Based on the distance between the source and station, earthquakes can be classified into 

three different groups: local, regional, and teleseismic earthquakes. Local events are defined as 

earthquakes with distances less than about 500 km. Coda is considered as the tail of a local 

seismogram and includes short period waves (high frequency up to 25 Hz). The coda wave is 

interpreted as a superposition of backscattering body waves from heterogeneities distributed 

randomly but uniformly in the Earth’s crust and upper mantle (Aki, 1969; Aki and Chouet, 

1975). Coda waves may be utilized to compute the local earthquake magnitude, the seismic 

moment, and the coda quality factor (Aki, 1969; Aki and Chouet, 1975; Herrmann, 1975; Bakun 

and Lindh, 1977). 

The quality factor for coda waves, CQ , can be acquired through two different 

techniques: the scattering method and the energy-flux method. The single backscattering model 

was first proposed by Aki (1969) and then developed by Aki and Chouet (1975) to estimate CQ . 
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According to Aki and Chouet (1975), even though the coda envelope decay rate is independent 

of the distance between the source and receiver and magnitude, it depends on the lapse time 

from the origin time of the event. In addition, they assumed that scattering is a weak process and 

is not strong enough to generate secondary waves once they encounter other scatters. This 

approximation is called the Born approximation. Scattered waves are produced once seismic 

waves encounter heterogeneities, faults, cracks, or irregular topography (Kumar et al., 2005). 

Later, Sato (1977) developed the single backscattering method and incorporated the source-

receiver offset using the single isotropic scattering approximation. Rautian and Khalturin (1978) 

pointed out that if the inception of the coda is less than twice of the shear wave onset, the 

source-receiver offset should be taken into account; otherwise, the effect of the source-receiver 

distance is not significant. Kopnichev  (1997) figured out that the earlier part of the coda wave 

is dominated by single scattered waves, whereas for the later part of the coda the effect of 

secondary and tertiary scattered waves is not negligible. Then, Gao et al. (1983) expanded the 

single scattering method to the multiple scattering and considered the secondary and tertiary 

backscattered body waves. They concluded that if the lapse time for the coda is less than 100 s, 

the effect of secondary and tertiary backscattered waves can be neglected; however, for longer 

lapse time relationships should account for those waves. In the second technique, energy-flux 

method, proposed by Frankel and Wennerberg (1987), they presumed that after a lapse time 

from the source excitation, the coda energy would be uniformly distributed in the Earth’s crust 

and upper mantle. 

In the single backscattering model, the coda amplitude for an assumed frequency band, 

CA , at the central frequency of the assumed frequency band, f , and a specific lapse time from 

the earthquake origin time, t , can be written as 
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 ( , ) ( ) exp ( ) ( ),
( )

C
C

C

ftA f t S f t G f I f
Q f

α π−⎡ ⎤⎛ ⎞
= −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
 (2-4) 

where ( )S f , ( )G f , ( )I f  and ( )CQ f  denote the source response, the site amplification, the 

instrument response, and the coda wave quality factor, respectively. These amounts are constant 

for a specific frequency. The parameter Cα  represents the geometrical spreading coefficient and 

is set to 1, 0.5 and 0.75 for body waves, surface waves, and diffusive waves, respectively (Sato 

and Fehler, 1998). By substituting 1Cα = , because coda waves are backscattered body waves 

(Aki, 1969; Aki, 1980a), and by taking a natural logarithm from both sides of Equation (2-4), 

we get 

 ln[ ( , ) ] ln[ ( ) ( ) ( )] .
( )C

C

fA f t t S f G f I f t C Bt
Q f
π× = − = −  (2-5) 

 

Since ( )S f , ( )G f , and ( )I f  are time independent, the natural logarithm of the 

multiplication of them is also time independent. In this regard, this equation is a simple linear 

equation and the slope, B, and the intercept, C, can be determined using the least squares 

method. Consequently, CQ  is given by 

 ( ) .C
fQ f
B
π=  (2-6) 

 

It should be mentioned that CQ  represents a combination of intrinsic quality factor and 

scattering quality factor (Gao et al., 1983; Jin and Aki, 1989; Polatidis et al., 2003;  

Giampiccolo et al., 2004). Wennerberg (1993) developed a method in which CQ  values derived 
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from the single backscattering method (Aki and Chouet, 1975) can be separated into values of 

intrinsic and scattering quality factors using the multiple scattering approximation proposed by 

Zeng (1991). 

The single isotropic model developed by Sato (1977) is expressed as 

 ( , , ) ( ) ( ) exp( ) ( ) ( ),
( )

C
C

C

ftA f t r S f r a G f I f
Q f

α πκ−⎡ ⎤
= −⎢ ⎥

⎣ ⎦
 (2-7) 

in which Cα  is considered to be 1 for body waves, and r  is the hypocentral distance, and ( )aκ  

is given by 

 1 1( ) ln( ),
1

aa
a a

κ +=
−

 (2-8) 

where a  is 

 ,
S

ta
t

=  (2-9) 

in which St  is the arrival time for the direct shear wave. ( )aκ  increases the amplitude of the 

coda wave at lapse times close to the shear wave arrival. This approach is useful once the 

background noise level is high and the coda amplitude would be lost in the noise at larger lapse 

times; and consequently, it is needed to use shorter lapse times. Moreover, when the length of 

signals are short, the shorter lapse times must be used; and accordingly, the single 

backscattering method cannot be utilized. 

Pulli (1984) and Scherbaum and Kisslinger (1985) pointed out that CQ  is the average of 

the quality factor for an ellipsoidal volume with the source and receiver as its foci. Hence, the 

area inside which the coda waves generate is an elliptical surface with the following equation  
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1
( )2

,

2 2
S Savg avg

x y
V t tV

+ =
⎛ ⎞ ⎛ ⎞ Δ−⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

 
(2-10) 

in which SV  is the average shear wave velocity in the propagation path, Δ  is the average of 

hypocentral distances, and x  and y  represent the surface coordinates. The average lapse time 

(Havskov et al., 1989) is also defined as 

 / ,2startavgt t W= +  (2-11) 

where startt  is the initiation time of the coda window and W  is the coda window length. Plus, 

the average depth of the assumed ellipsoid representing the penetration depth of the estimated 

coda quality factor (Havskov et al., 1989) can be calculated by 

 
2

22 ,( / )2
S avg

avg
V th h ⎛ ⎞= + − Δ⎜ ⎟⎝ ⎠

 (2-12) 

in which avgh  is the average of focal depths. 

Geometrical Spreading 

The single station coda normalization method proposed by Aki (1980a) is a time domain 

technique to calculate the attenuation of the S-wave for waveforms recorded at a specific 

station. Later, Frankel et al. (1990) showed that since the coda energy is uniformly distributed in 

the Earth’s crust and upper mantle, coda amplitude decay rates are similar among different 

stations. Hence, the single station coda normalization method can be applied to earthquakes 

recorded on multiple stations. According to Aki (1980a), the amplitude of the S-wave of a 

seismogram, ( , )SA f R , at a specific frequency,  f , and for a particular hypocentral distance, R, 

can be written as 
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 ( , ) ( ) exp ( ) ( ),
( )

S
S

S S

fRA f R CS f R G f I f
Q f V

α π−⎡ ⎤⎛ ⎞
= −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
 (2-13) 

in which C  is the source radiation pattern factor for the S-wave, SR α−  denotes the geometrical 

spreading function, SV  is the average shear wave velocity in the propagation path, SQ  

represents the S-wave quality factor, and the remaining terms have been previously defined. In 

the coda normalization technique, the effects of the source and site are removed by dividing the 

amplitude of the S-wave into the amplitude of the coda wave at a specific time elapsed from the 

origin time. Since the amplitude of the coda wave is independent of the distance, Equation (2-4) 

can be rewritten as 

 ( , ) ( ) ( , ) ( ) ( ),C C CA f t S f P f t G f I f=  (2-14) 

where  Ct  is a specific lapse time from the origin time of the event and ( , )CP f t  denotes the path 

effect which is dependent on Ct . It should be pointed out that the coda amplitude is not 

dependent on the radiation pattern (Aki, 1969). Dividing Equation (2-13) by Equation (2-14), 

the following equation is obtained 

 
( , ) exp ,
( , ) ( , ) ( )

SS

C C C S S

A f R C fRR
A f t P f t Q f V

α π−⎡ ⎤⎛ ⎞
= −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
 (2-15) 

and then, by moving the exponential term to the other side and taking a natural logarithm from 

both sides of the above-mentioned equation, it can be written as  

 
( , )ln exp ln( ) ln ,
( , ) ( ) ( , )
S

S
C C S S C

A f R fR CR
A f t Q f V P f t

π α
⎡ ⎤⎛ ⎞ ⎡ ⎤

× = − +⎢ ⎥⎜ ⎟ ⎢ ⎥
⎝ ⎠ ⎣ ⎦⎣ ⎦

 (2-16) 
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The slope of the above-mentioned equation can be simply acquired using the least 

squares method, because the ln
( , )C

C
P f t

⎡ ⎤
⎢ ⎥
⎣ ⎦

 term is distance independent. Therefore, the 

geometrical spreading factor for S-waves, Sα , can be obtained from the gradient of the fitted 

line for this equation. 

Database 

The initial database containing 500 three-component digital waveforms from 63 local 

events which occurred during the period of 2000 to 2009 in the NMSZ and recorded by the 

Center for Earthquake Research and Information (CERI) at the University of Memphis are used 

for the present study (see Data and Resources Section). This database is the same as the one 

employed by Zandieh and Pezeshk (2010) and Zandieh and Pezeshk (2011) to investigate the 

path effect of vertical component ground motions and horizontal to vertical component spectral 

ratios in the NMSZ, respectively. 

All CERI stations are equipped with broadband Guralp CMG40T triaxial seismometers 

which have a flat velocity response for the frequency range of 0.033 to 50 Hz and sampling 

frequency of 100 Hz. The details of these stations are provided in Table 2-1. 

Every single record has been visually inspected and the ones with poor quality or poor 

signal to noise ratio (SNR < 5) are discarded from the database. SNR for each record is defined 

as the ratio of the root mean squares (RMS) amplitude of a 5 s window after onset of the P-wave 

over the RMS amplitude of a 5 s window before the P-wave arrival. Furthermore, the maximum 

hypocentral distance is restricted to 200 km, and records with hypocentral distances greater than 

200 km are removed, because for large hypocentral distances, the coda wave amplitude is 

dependent on the hypocentral distance (Yoshimoto et al., 1993). Finally, the selected database 
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consists of 284 three-component seismograms from 57 local earthquakes with moment 

magnitude, M , between 2.6 to 4.1. Focal depths for these events are less than 25 km, and the 

majority of them have focal depths around 10 km. Figure 2-2 depicts a map of the CERI seismic 

network as well as the location of the considered events. It should be noted that the size of the 

star signs have been scaled based on the magnitude in Figure 2-2. Figure 2-3 illustrates the 

distribution of the data with respect to the hypocentral distance versus magnitude. We should 

mention that all earthquakes used in this study are local events with hypocentral distances less 

than 200 km and focal depths down to 25 km. 

Data Processing 

All three components of velocity waveforms are utilized for the estimation of CQ . 

Vertical component of seismograms are used to estimate the vertical coda quality factor, V
CQ . 

To compute the horizontal coda quality factor, H
CQ , first CQ  is individually determined for each 

horizontal component. Then, the average amount at each frequency band is considered as the 

horizontal coda quality factor for that frequency band. The origin time of each seismogram is 

calculated through the P-wave and S-wave arrival times assuming 1.73P

S

V
V =  (Dreiling et al., 

2014). Then, the baseline correction is performed on every single seismogram through 

subtracting the mean from the raw waveform and removing the linear trend to avoid confronting 

any biases. 

Next, employing a phaseless eight-pole Butterworth filter for five passbands with a 

bandwidth of 0.667 f  in which f  is the central frequency (see Table 2-2), all velocity 

waveforms are digitally bandpass filtered. It should be noted that using the usual Butterworth 

filter introduces a phase delay, and accordingly, causes distortion in the signal. Therefore, a 
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zero-phase (phaseless) Butterworth filter is used to avoid changing the size and position of the 

peaks in waveforms. Bandpass filtered seismograms for the 20 June 2005 earthquake (36.93° N, 

88.99° W; M 2.7; and 9.8 km depth) which were recorded at the station LNXT with an 

epicentral distance of 102 km at central frequencies of 1.5, 3, 6, 12, and 24 Hz are demonstrated 

in Figure 2-4. According to Mukhopadhyay and Sharma (2010), the quality factor slightly 

increases once the start time of the coda window increases. In this study, we use a coda window 

beginning from twice the shear wave arrival to avoid contamination of the direct S-wave in the 

Coda-wave (Rautian and Khalturin, 1978). 

The amplitude of the coda wave given by the following equation (Woodgold, 1994; 

Rahimi and Hamzehloo, 2008) is estimated using the envelope function of the coda amplitude 

by applying the Hilbert transform 

 2 2( , ) [ ( , )] [ ( ( , ))] ,A f t x f t H x f t= +  (2-17) 

where x  is the amplitude of the bandpass filtered seismogram at the central frequency f , and a 

lapse time measured from the earthquake origin time t . H  represents the Hilbert transform. 

The RMS value of the amplitudes is evaluated for a moving window with a length of 5 s 

centered at lapse time t  to generate a smoother coda envelope. Then, the moving window slides 

along the coda window with steps of 1 s. Using RMS values instead of using direct Fourier 

transform leads to obtaining more stable results (Frankel, 2015).  We do not use all RMS values 

obtained from the moving window and discard centers in which the RMS value to noise ratio is 

less than 2. As defined earlier, the noise amplitude is the RMS value in a window of 5 s length 

before the P-wave arrival. This process aims to acquire coda quality factor values with better 

correlation coefficients. 
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Diverse coda window lengths are defined to investigate the effect of the depth on the 

quality factor (Pulli, 1984; Del Pezzo et al., 1990; Woodgold, 1994). Havskov and Ottemöller 

(2005) suggested a minimum value of 20 s for the coda window length to obtain stable results. 

Of course, there are a few studies that obtained stable result for coda window lengths of 15 or 10 

s (Del Pezzo et al., 1990; Padhy et al., 2011). In this study, coda window length varies from 20 

to 60 with increments of 10 s. Although there is generally no limit on the maximum length of 

the coda window, the RMS value to noise ratio > 2 condition for most of seismograms in this 

study cannot be satisfied for coda window lengths more than 60 s. Thus, the maximum length of 

the coda window is restricted to 60 s. 

All assumed lapse times are less than 100 s, and the inception times of the coda waves 

are supposed to be greater than twice the beginning of direct shear waves. Therefore, the single 

backscattering model with no distance between the source and receiver has been selected to 

estimate the quality factor for coda waves. Finally, having values of the smoothed coda 

amplitude for the centers of sliding windows, CQ  can be obtained from the gradient of the fitted 

line (Equation 4) using the least squares method at each frequency band (Fig. 5). It should be 

pointed out that during the estimation of CQ  values, some negative numbers are obtained. 

Following Woodgold (1994), these negative amounts are deleted before averaging CQ  values at 

each frequency band. 

In order to evaluate the geometrical spreading function, the RMS values of the envelopes 

of the bandpass filtered seismograms in time windows with various lengths are used to measure 

the amplitudes S- and coda waves (Yoshimoto et al., 1998; Padhy et al., 2011; Tripathi et al., 

2014; Frankel, 2015). Equation (2-17) is used to acquire the envelope of each bandpass filtered 

seismogram. To determine S-wave amplitudes, corresponding time windows begin from the S-
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wave arrival with a length of 5 s over horizontal components of bandpass filtered seismograms. 

For the estimation of coda wave amplitudes, various time windows are considered to assess the 

effect of the length and location of time windows on the derived geometrical spreading factor. 

Five time windows with a length of 5 s centered at 60, 70, 80, 90, and 97.5 s as well as a time 

window with a length of 40 s centered at 80 s are used in this study. These Ct  are selected 

because they are greater than twice the S-wave arrival time of all the selected records, and they 

are also less than 100 s to neglect the effects of secondary and tertiary backscattered waves. It 

should be pointed out that the ratio of the S-wave to coda wave is obtained from the geometric 

mean of the ratios of the two horizontal components. The S-wave velocity of 3.58 km/s is used 

in this study (Dreiling et al., 2014). 

Results and Discussion 

 

For each station, vertical and horizontal coda Q -factor values have been computed for 

five frequency bands. Then, the frequency dependent equations of the coda quality factor values 

have been obtained from the power law equation (Equation 2-2). Results are presented in Table 

2-3 and Table 2-4 for different coda window lengths (20, 30, 40, 50, and 60 s). The average 

amounts of V
CQ  and H

CQ  for the whole area under study are also reported in Table 2-3 and Table 

2-4. Figure 2-6 displays mean values as well as fitted lines of V
CQ  and H

CQ  for the whole region 

as a function of the frequency for assumed lengths of the coda window. We found that average 

quality factor values at each frequency estimated from all window lengths are very similar to 

quality factor values estimated from a window length of 40 s.  Based on Table 2-3 and Table 2-

4, and according to Figure 2-6, the frequency dependent nature of the Q -factor can be observed. 
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The intermediate values of η  manifest that the Earth’s crust and upper mantle in the NMSZ 

may be considered as a relatively heterogeneous medium (Del Pezzo, 2008). This result is in 

good agreement with the result from Langston (2003). Langston (2003), using body wave 

phases, inferred that the Mississippi embayment has a high level of lateral heterogeneities. In 

addition, since the estimated coda quality factor amounts range from 350 to 690, the area may 

be categorized as a region between tectonically active and stable regions (Mitchell, 1995; Sato 

and Fehler, 1998; Kumar et al., 2005; Sertçelik, 2012). Furthermore, Figure 2-6 illustrates that 

with increasing coda window length, the coda quality factor increases, which means that the 

propagation path becomes more homogenous with increasing depth. It is worth noting that this 

effect is more sensitive to low frequencies than to high frequencies. Aki (1980a), Aki (1980b), 

and Roecker et al. (1982) stated that Q  values tend to converge at high frequencies (around 20 

Hz), despite their divergence at low frequencies (around 1 Hz). The same tendency can be 

clearly observed in Figure 2-6. 

Comparison of the Vertical and Horizontal Coda Quality Factors 

As already mentioned, vertical and horizontal coda quality factor functions in this study 

are estimated from the vertical and horizontal components of seismograms, respectively. To 

investigate the difference between V
CQ  and H

CQ , the corresponding 0Q  and η  for different coda 

window lengths are plotted in Figure 2-7. Based on Figure 2-7, 0
VQ  values are greater than 0

HQ  

values at all coda window lengths, which indicate that attenuation for the vertical component is 

lower than for the horizontal component. In addition, η  values are slightly lower for the vertical 

component than for the horizontal component. This may imply that seismic waves encounter 
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less attenuation in the vertical direction than in the horizontal direction, and, the degree of 

vertical heterogeneities is less than the degree of lateral heterogeneities. 

Area Covered by the Estimated Coda Quality Factors and Variation of Attenuation with 
Depth 

The coda quality factor represents the average attenuation property of an ellipsoidal 

volume with the source and receiver as its foci and depth as its height. Shengelia et al. (2011) 

computed the penetration depth and covered area to be 56 km and 7071 km2 for their proposed 

coda quality factor function (station ONI) in which the coda window length is 40 s. Ma’hood 

and Hamzehloo (2009) calculated the penetration depth and covered area equal to 65 km and 

13000 km2 for their presented coda quality factor where the coda window length is 40 s. Padhy 

et al. (2011) estimated penetration depths to be 37.7, 172, and 150.8 km for different stations 

with a coda window length of 40 s. In the Kumar et al. (2005) study, the authors estimated the 

penetration depth to be in the range of 77 km to 188 km. Hence, we should mention that 

penetration depths and covered areas depend on the database used in the analysis, since the 

average focal depth and average hypocentral distance can vary based on records in the database.  

In this study, the penetration depth of the estimated coda Q -factors and covered area for each 

station are determined using Equations (2-9), (2-10), and (2-11), assuming 3.58SV =  km/s 

(Dreiling et al., 2014), 9avgh =  km, and 64Δ =  km. Since the average values of focal depths 

and epicentral distances for all stations are fairly close, the mentioned values in Table 2-5 are 

applicable for all stations. As Table 2-5 shows, CQ  increases as the length of the coda window 

increases. Increasing the coda window length can be interpreted as increasing the depth in which 

the average coda quality factor is evaluated. The average crust thickness in the NMSZ is about 

40 km, and the thickness of the upper mantle ranges from 50 km to 140 km (Zhang et al., 2009; 
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Pollitz and Walter, 2014). Hence, based on the computed penetration depths, coda quality 

factors estimated from all considered coda window lengths in this study sample characteristics 

of the crust and upper mantle. Of course, a coda window length of 20 s mostly reflects 

attenuation characteristics of the crust since the penetration depth for this length is about 48 km, 

while a coda window length of 60 s reflects the combined effect from the crust and upper mantle 

since the penetration depth goes down to 89 km. This indicates that with increasing depth, the 

heterogeneity level of the Earth’s crust and upper mantle decreases because the attenuation and 

scatter rate of the seismic waves are reduced. Accordingly, the lower lithosphere is more 

homogeneous and stable in comparison with the upper lithosphere. Furthermore, the area 

covered by the estimated coda quality factor augments as the length of the coda window 

augments. Hence, once the coda window length increases, the calculated CQ  provides the 

average of the quality factor for a larger sampling volume. Finally, the coda quality factor 

function for a specific place located in the NMSZ can be obtained using Table 2-5 according to 

the desired penetration depth and covered area. 

Comparison of Results with Previous Studies for the NMSZ 

An applicable estimation of  0Q  and η  has been provided by Baqer and Mitchell (1998) 

for the continental United States. Baqer and Mitchell (1998) used a stacked ratio method (Xie 

and Nuttli, 1988) and the Lg  phase of records. The dataset used in Baqer and Mitchell (1998) 

consists of 218 vertical component records from 108 regional seismic events that occurred in the 

period of 1981 to 1996. In Baqer and Mitchell (1998) study, the Gulf Coast region has a 0Q -

range of 350 (Southern part) to 600 (Northern part). The NMSZ is placed at the northern part of 

the Gulf Coast region; therefore, according to the regional variation of LgQ  maps provided by 
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Baqer and Mitchell (1998), 0Q  and η  values vary from 500 to 600 and 0.5 to 0.6, respectively, 

in the NMSZ. To compare results, we use a length of 40 s for the coda window because 

estimated coda quality factors for this coda window length approximately represent the average 

quality factor values estimated from all window lengths at each center frequency. We evaluated 

0.54598V
CQ f=  and 0.60509H

CQ f=  for vertical and horizontal components for a coda window 

length of 40 s. In conclusion, it can be said that CQ  values correlate well with the amounts of 

LgQ  estimated from Lg  waves. The same conclusion has been previously made by Singh and 

Herrmann (1983). 

Zandieh and Pezeshk (2010) estimated 0.32614Q f=  for vertical components and 

frequencies greater than 1 Hz, and we derived 0.54598V
CQ f=  for vertical components with a 

coda window length of 40 s. 0Q  values of these functions are close; however, the values of the 

frequency dependent power, η , are distinct. One reason why η  values are different may be 

attributed to using different procedures and different geometrical spreading functions to acquire 

the quality factor. Zandieh and Pezeshk (2010) used body waves to estimate Q -factor, while we 

used the coda portion of seismograms in this study to obtain the coda Q -factor. As mentioned 

earlier, coda waves are considered as backscattered body waves from randomly distributed 

heterogeneities in the Earth’s crust and upper mantle. Hence, the larger value of η  for the coda 

Q -factor may result from the direct influence of the high heterogeneity level (Langston, 2003) 

of the Earth’s crust and the upper mantle in the NMSZ on coda waves. Another reason for the 

discrepancy for η  values may be derived from the difference between the datasets. Hypocentral 

distances of local events range from 10 to 400 km for Zandieh and Pezeshk (2010), whereas 

hypocentral distances of local earthquakes used in this study range from 10 to 200 km. 
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Therefore, the evaluated quality factor in the Zandieh and Pezeshk (2010) study samples more 

regions which are mostly considered as stable areas, around the NMSZ. Consequently, the 

estimated quality factor could be easily affected by the range of hypocentral distances. Of 

course, this issue can also explain why the 0Q  value from Zandieh and Pezeshk (2010) is 

slightly greater than the estimated 0Q  in this study.  

The comparison of Q -factor parameters originated from body waves, coda waves, and 

Lg  waves reveals there is not much difference between them (Modiano and Hatzfeld, 1982; Al-

Shukri et al., 1988). 

Comparison of Results with Other Regions 

To reasonably compare the results acquired in this study with the coda qualify factor 

functions reported by other investigators from local earthquakes in various regions, it is more 

appropriate to have similar coda window lengths. Therefore, coda Q -factor functions with a 

length of 40 as the coda window have been considered for consistency, if they were available. 

For tectonically active areas, low 0Q  values and high values of the frequency dependent power, 

η , ( 0 200Q < , 0.7η > ) have been reported (Aki and Chouet, 1975; Havskov et al., 1989; 

Woodgold, 1994; Hellweg et al., 1995; Giampiccolo et al., 2004 ; Rahimi and Hamzehloo, 

2008; Shengelia et al., 2011; Padhy et al., 2011; Sertçelik, 2012; de Lorenzo et al., 2013; 

Ma’hood, 2014; Farrokhi et al., 2015). On the other hand, for tectonically inactive areas, high 

0Q  values and low values of the frequency dependent power, η , ( 0 600Q > , 0.4η < ), have been 

acquired (Singh and Herrmann, 1983; Hasegawa, 1985; Pujades et al., 1990; Atkinson and 

Mereu, 1992; Atkinson, 2004). Finally, moderate values of 0Q  and η  (200 600Q< < ,

0.4 0.7η< < ) have been obtained for regions between active and inactive areas considered as 
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moderately active regions (Roecker et al., 1982; Pulli, 1984; Patanjali Kumar et al., 2007). 

Table 2-6 presents 0Q  and η  values for the selected studies, and Figure 2-8 shows the Q -factor 

function evaluated in this study in comparison with chosen Q -factor functions from the other 

regions. Referring to Figure 2-8, there are equivalent trends for regions with similar tectonic 

activities, and the NMSZ obviously follows the trend for regions with moderate seismic 

activities. It is worth noting that all these coda quality functions have been estimated using local 

earthquakes. 

Geometrical Spreading 

In this study, the horizontal component of the coda quality factor computed for a time 

window with a length of 40 s has been considered to estimate the geometrical spreading. To 

estimate the geometrical spreading, 160 seismograms with distances less than 60 km have been 

considered. We also estimated geometrical spreading factors using quality factor functions 

proposed by Zandieh and Pezeshk (2010) instead of CQ computed in this study and found that 

the difference between results is less than 3%. Figure 2-9 illustrates the distribution of the 

natural logarithm of the ratio of the S-wave to coda wave amplitudes times the attenuation factor 

versus the hypocentral distance for a time window with a length of 40 s centered at 80 s after the 

origin time. Plus, the fitted line representing the geometrical spreading decay has been displayed 

at each center frequency. Table 2-7 tabulates all the geometrical spreading functions 

corresponding to different coda time windows. In this study, the geometrical spreading factor 

decreases when the frequency increases for frequencies greater than or equal to 6 Hz, while it 

increases with increasing frequency for frequencies less than 6 Hz. Frankel (2015) clarifies that 

the estimated geometrical spreading functions for low frequencies may be attributed to the 

radiation pattern and rupture directivity, because the impact of the radiation pattern and rupture 
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directivity increases by decreasing the frequency. Plus, the contribution of low frequencies in 

the frequency content of a small ground motion is less than the contribution of high frequencies. 

Therefore, bandpass filtered seismograms of small earthquakes are very sensitive to the noise at 

low frequencies, and using them may lead in unstable results. As can be seen from Table 2-7, 

the effect of the time window length and location is very significant at lower frequencies since 

the database contains many noisy records, and low frequency bandpass filtered seismograms are 

very sensitive to background noise. However, for frequency greater than 3 Hz the time window 

length and location do not affect the estimated geometrical factor. Based on these two reasons, 

the estimated geometrical spreading factors for low frequencies may not be appropriate to be 

applied in simulating time series. 

Summary and Conclusions 

According to the history of earthquake activities in the NMSZ, this region has a high 

potential to generate a very large earthquake. In addition, this region possesses unique and 

different attenuation characteristics in comparison with other regions of CENA. The estimation 

of the quality factor and the geometrical spreading is essential to develop ground motion models 

(GMMs) and perform seismic hazard assessment. 

The single backscattering theory has been applied to estimate the quality factor for coda 

waves. In this study, V
CQ  and H

CQ  for vertical and horizontal directions have been determined 

for the stations and the whole region of the NMSZ, using 284 triaxial seismograms from 57 

local earthquakes provided by CERI at the University of Memphis, in five frequency bands 

through five various coda window lengths. Next, the coda normalization technique has been 

applied to evaluate the geometrical spreading for the geometric mean of horizontal components, 
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using 160 seismograms from 284 initial triaxial seismograms recorded within hypocentral 

distances less than 60 km. 

• (0.536 0.072)597.77 94.90( )V
CQ f ±±=  and (0.600 0.058)508.50 63.91( )H

CQ f ±±=  for vertical and 

horizontal directions with a coda window length of 40 s in which the penetration depth is 70 km 

and the covered area is 12968 km2. 

• There is a slight difference between coda quality factor functions estimated from vertical 

and horizontal components. Estimated quality factor functions demonstrate that seismic waves 

encounter more heterogeneities and more attenuation in the horizontal direction than in the 

vertical direction. This interpretation suggests that to model the layered structures of the crust 

and upper mantle in the NMSZ, the degree of lateral heterogeneities should be slightly larger 

than the degree of vertical heterogeneities. 

• The Earth’s crust and upper mantle beneath the NMSZ is considered to be a tectonically 

moderate region with a moderate to relatively high level of heterogeneity. 

• By increasing the depth (the length of the coda window), the Earth’s crust and upper 

mantle in the NMSZ become more homogenous. 

• Q -factor functions estimated from various phases of seismograms such as shear waves, 

coda waves, and Lg  waves do not significantly differ. 

• The values of 0Q  and η  are well correlated with values reported by other investigators 

for regions with moderate seismic activities. 

• In this study, the geometrical spreading is found to be frequency dependent. 0.761 0.102R− ± , 

0.991 0.109R− ± , 1.271 0.060R− ± , 1.182 0.089R− ± , and 1.066 0.062R− ±  are the estimated geometrical spreading 

functions from the geometric average of horizontal components at central frequencies of 1.5, 3, 

6, 12, and 24 Hz at hypocentral distances less than 60 km. 
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• The obtained geometrical spreading functions at center frequencies of 1.5 and 3 Hz may 

not be appropriate for simulating time histories in order to be used for GMMs or GMPEs, since 

they are not stable because of the sensitivity to the background noise as well as the effect of the 

radiation pattern and rupture directivity. 

• For frequencies greater than or equal to 6 Hz, results acquired through coda time 

windows with different lengths centered at various lapse times from origin times which are 

greater than the twice shear wave arrivals show no difference. This implies that the decay rates 

of the coda phase for the envelopes of seismograms are similar at different lapse times. 
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Table 2-1. CERI Stations 

 

 

Table 2-2. Frequency Bands 

Band Low Cut-off 
Frequency (Hz) 

Central 
Frequency (Hz) 

High Cut-off 
Frequency (Hz) 

1 1 1.5 2 
2 2 3 4 
3 4 6 8 
4 8 12 16 
5 16 24 32 

 

 

 

 

 

Station Location Longitude Latitude Number     
of records 

Sensor 
Type 

Sampling 
Frequency 
(Hz) 

GLAT Glass, TN -89.288 36.269 36 CMG40T 100 
GNAR Gosnell, AR -90.018 35.965 29 CMG40T 100 
HALT Halls, TN -89.340 35.911 27 CMG40T 100 
HBAR Harrisburg, AR -90.657 35.555 10 CMG40T 100 
HENM Hickman, KY -89.472 36.716 26 CMG40T 100 
HICK Henderson Mound, MO -89.229 36.541 35 CMG40T 100 
LNXT Lenox, TN -89.491 36.101 27 CMG40T 100 
LPAR Lepanto, AR -90.300 35.602 16 CMG40T 100 
PARM Stahl Farm, MO -89.752 36.664 34 CMG40T 100 
PEBM Pemiscot Bayou, MO -89.862 36.113 17 CMG40T 100 
PENM Penman Portageville, MO -89.628 36.450 27 CMG40T 100 
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Table 2-3. Average Vertical Quality Factor Values at Each Frequency Band Obtained 
from Local Earthquakes in the NMSZ 

Coda 
Window 
Length 

Station  1.5 3 6 12 24 0( )V
CQ f Q f η=  

20 s GLAT 730.81 747.89 1130.23 1900.42 3286.88 0.568473.18Q f=  

 GNAR 531.55 709.94 849.07 1966.18 3404.55 0.683342.73Q f=  

 HALT 544.50 791.34 1459.28 2298.49 3150.29 0.660414.78Q f=  

 HBAR 406.81 880.01 1424.66 1908.20 3099.14 0.698357.34Q f=  

 HENM 536.45 742.22 909.88 1795.27 3192.24 0.642366.31Q f=  

 HICK 424.86 663.20 1170.94 2171.75 3006.92 0.736311.97Q f=  

 LNXT 630.41 779.41 1358.49 2034.04 3187.57 0.607452.60Q f=  

 LPAR 506.54 525.53 1322.80 2269.29 3331.05 0.754314.72Q f=  

 PARM 737.24 903.55 1169.76 2203.01 3245.14 0.556520.44Q f=  

 PEBM 643.86 629.79 1120.37 2144.24 3208.21 0.640398.88Q f=  

 PENM 363.62 752.06 933.78 2083.25 3310.33 0.784274.70Q f=  
  Whole Area 558.58 738.60 1150.07 2076.59 3214.62 0.654390.08Q f=  
30 s GLAT 772.01 747.10 1265.35 2081.48 3107.78 0.550509.42Q f=  

 GNAR 738.16 906.39 1284.00 2233.51 3685.12 0.594510.07Q f=  

 HALT 911.59 1011.27 1574.54 2338.07 3512.96 0.510658.09Q f=  

 HBAR 408.54 667.05 1216.40 2038.63 3201.11 0.755301.56Q f=  

 HENM 769.09 791.61 1167.19 2159.49 3265.12 0.562504.29Q f=  

 HICK 769.82 733.88 1156.02 2366.05 3410.62 0.598477.24Q f=  

 LNXT 833.67 742.57 1398.18 2276.58 3356.97 0.564531.59Q f=  

 LPAR 444.64 553.15 1366.07 2519.85 3642.22 0.823285.35Q f=  

 PARM 453.15 897.82 1509.00 2269.46 3484.06 0.537598.29Q f=  

 PEBM 700.71 1128.70 1193.80 2668.01 3574.05 0.594535.14Q f=  

 PENM 791.86 1003.52 1157.01 1924.37 3896.07 0.554545.56Q f=  
  Whole Area 698.68 829.12 1300.71 2248.21 3476.74 0.607480.55Q f=  
40 s GLAT 1130.74 783.45 1625.71 2345.53 3278.45 0.465702.66Q f=  

 GNAR 948.89 814.60 1505.36 2341.21 3763.79 0.550594.67Q f=  

 HALT 909.91 1012.20 1802.84 2428.72 3565.30 0.520670.89Q f=  

 HBAR 746.63 749.99 1420.75 2016.63 3165.55 0.559507.89Q f=  

 HENM 1190.75 1157.04 1229.28 2276.10 3259.84 0.388827.49Q f=  

 HICK 791.61 693.59 1403.87 2378.14 3434.30 0.601492.01Q f=  

 LNXT 943.22 961.69 1601.20 2303.37 3319.59 0.489673.79Q f=  

 LPAR 733.92 832.73 1512.30 2404.23 3602.71 0.612506.30Q f=  

 PARM 453.29 1047.82 1482.88 2228.39 3592.74 0.706398.77Q f=  

 PEBM 970.20 737.97 1375.59 2263.34 3803.32 0.556566.38Q f=  

 PENM 1186.81 1097.70 1437.42 1935.38 3755.86 0.414802.51Q f=  
  Whole Area 880.05 881.33 1499.26 2280.03 3507.40 0.536597.77Q f=  
50 s GLAT 879.83 904.79 1749.63 2416.16 3546.32 0.544619.60Q f=  

 GNAR 842.60 772.94 1706.69 2590.53 3732.54 0.604544.89Q f=  
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 HALT 762.25 1555.48 1971.42 2469.63 3609.94 0.515728.95Q f=  

 HBAR 809.50 790.71 1666.53 2163.37 3201.81 0.542564.91Q f=  

 HENM 921.91 948.96 1427.36 2282.14 3299.11 0.494645.45Q f=  

 HICK 921.15 741.55 1446.03 2393.85 3482.55 0.553566.19Q f=  

 LNXT 1284.52 1147.31 1698.81 2347.88 3562.13 0.399901.12Q f=  

 LPAR 756.22 830.71 1610.70 2390.10 3383.53 0.585533.97Q f=  

 PARM 1117.25 959.49 1775.68 2235.69 3600.29 0.460757.46Q f=  

 PEBM 888.35 927.15 1531.32 2372.52 4031.85 0.572590.46Q f=  

 PENM 993.21 1064.80 1288.29 1987.89 3702.01 0.470638.49Q f=  
  Whole Area 949.33 941.56 1628.70 2339.29 3577.52 0.514656.31Q f=  
60 s GLAT 1125.88 1013.45 1761.17 2404.32 3592.82 0.459776.93Q f=  

 GNAR 920.53 823.81 1563.53 2490.00 3763.96 0.566587.20Q f=  

 HALT 908.41 1387.08 2041.04 2502.07 3632.90 0.485787.62Q f=  

 HBAR 594.17 871.93 1635.20 2274.19 3274.91 0.631466.80Q f=  

 HENM 757.93 872.48 1521.75 2280.42 3288.01 0.562547.26Q f=  

 HICK 786.29 965.53 1734.59 2516.03 3457.72 0.566591.22Q f=  

 LNXT 914.57 1314.25 1694.63 2380.09 3543.71 0.476751.99Q f=  

 LPAR 867.65 843.45 1640.74 2357.35 3344.27 0.538598.29Q f=  

 PARM 1329.66 862.51 1675.22 2256.08 3627.15 0.428805.43Q f=  

 PEBM 1051.04 821.16 1620.88 2428.98 3851.65 0.531645.68Q f=  

 PENM 1103.86 1313.01 1450.70 2029.34 3826.21 0.421821.47Q f=  
  Whole Area 966.14 1008.26 1683.16 2361.73 3587.60 0.501689.38Q f=  
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Table 2-4. Average Horizontal Quality Factor Values at Each Frequency Band Obtained 
from Local Earthquakes in the NMSZ 

Coda 
Window 
Length 

Station  1.5 3 6 12 24 0( )H
CQ f Q f η=  

20 s GLAT 412.63 599.68 1027.78 1739.62 2781.44 0.704295.14Q f=  

 GNAR 460.81 553.04 916.71 1828.17 3385.26 0.748281.86Q f=  

 HALT 460.05 784.69 1224.81 2340.93 3293.11 0.726348.24Q f=  

 HBAR 363.79 507.80 1016.60 1939.07 2873.32 0.790245.19Q f=  

 HENM 606.14 910.38 1115.16 2027.45 2984.73 0.575463.85Q f=  

 HICK 593.16 610.75 1026.00 1885.40 2987.23 0.629375.53Q f=  

 LNXT 677.95 753.65 1253.86 2853.31 3203.83 0.640452.24Q f=  

 LPAR 349.07 558.88 1334.17 2422.74 3361.15 0.865246.65Q f=  

 PARM 446.82 1098.20 1293.63 2479.64 3383.78 0.701397.44Q f=  

 PEBM 723.42 1016.06 1125.11 2399.10 3225.97 0.555535.94Q f=  

 PENM 677.66 828.44 961.96 1965.35 3546.63 0.602443.13Q f=  

  Whole Area 528.47 753.66 1115.02 2150.63 3184.55 0.669376.38Q f=  

30 s GLAT 561.97 724.36 1216.99 1894.89 2963.41 0.619405.14Q f=  

 GNAR 597.47 675.90 1303.03 2159.21 3243.71 0.656400.92Q f=  

 HALT 781.42 820.32 1621.96 2455.33 3464.34 0.588539.37Q f=  

 HBAR 435.58 576.60 1049.11 2132.94 3225.74 0.766285.27Q f=  

 HENM 544.16 790.90 1215.94 2381.35 3263.99 0.677394.35Q f=  

 HICK 579.68 621.35 1200.58 2238.33 3180.08 0.676372.90Q f=  

 LNXT 732.32 929.84 1312.87 2137.48 3299.40 0.554535.19Q f=  

 LPAR 369.94 969.44 1670.98 2636.85 3342.68 0.779345.14Q f=  

 PARM 769.13 964.68 1293.69 2505.04 3451.52 0.571549.02Q f=  

 PEBM 755.64 981.28 1544.32 2639.55 3643.43 0.600554.73Q f=  

 PENM 736.51 658.19 1075.28 2029.20 3618.10 0.622429.12Q f=  

  Whole Area 634.61 789.38 1307.76 2275.55 3330.85 0.631444.70Q f=  

40 s GLAT 662.23 721.39 1511.28 2157.60 3249.60 0.617457.85Q f=  

 GNAR 827.87 802.33 1578.37 2367.92 3495.52 0.571553.06Q f=  

 HALT 926.38 1036.16 1834.31 2648.98 3622.66 0.523682.33Q f=  

 HBAR 647.67 731.05 1390.59 2320.13 3369.85 0.642438.90Q f=  

 HENM 640.12 859.09 1294.34 2376.38 3278.16 0.618465.39Q f=  

 HICK 592.65 706.44 1369.53 2322.73 3275.48 0.665407.81Q f=  
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 LNXT 654.00 875.50 1719.61 2340.10 3421.59 0.619498.23Q f=  

 LPAR 761.56 868.29 1695.53 2523.74 3161.02 0.564563.58Q f=  

 PARM 846.83 974.51 1478.91 2626.23 3555.45 0.557599.67Q f=  

 PEBM 522.03 763.76 1471.28 2690.71 3781.28 0.753370.86Q f=  

 PENM 1043.84 655.96 1079.32 1942.94 3595.07 0.513553.34Q f=  

  Whole Area 731.27 823.64 1487.72 2378.98 3440.46 0.600508.50Q f=  

50 s GLAT 764.71 829.94 1643.08 2324.19 3400.69 0.579540.20Q f=  

 GNAR 931.07 911.32 1657.76 2618.89 3605.02 0.543643.13Q f=  

 HALT 956.24 1080.96 1978.87 2420.72 3639.80 0.502725.32Q f=  

 HBAR 847.01 854.79 1514.35 2316.28 3433.00 0.548578.03Q f=  

 HENM 689.71 943.79 1582.48 2433.77 3334.50 0.591530.00Q f=  

 HICK 542.06 765.11 1595.64 2328.94 3278.13 0.680408.94Q f=  

 LNXT 682.69 852.20 1763.28 2343.10 3419.23 0.611510.11Q f=  

 LPAR 650.92 899.36 1664.94 2515.60 3023.10 0.591517.27Q f=  

 PARM 943.41 1037.51 1667.04 2533.28 3543.57 0.511685.16Q f=  

 PEBM 740.49 785.43 1858.32 2632.14 3690.53 0.640510.29Q f=  

 PENM 1012.93 891.74 1429.14 1997.25 3508.53 0.475663.47Q f=  

  Whole Area 771.58 896.19 1667.24 2399.06 3450.71 0.574561.15Q f=  

60 s GLAT 906.70 960.30 1742.64 2334.80 3546.50 0.522651.40Q f=  

 GNAR 932.87 946.74 1808.83 2607.85 3567.67 0.533659.91Q f=  

 HALT 1115.98 1110.14 2096.13 2918.83 3753.78 0.489812.72Q f=  

 HBAR 835.32 1205.23 1620.85 2405.19 3351.13 0.500682.82Q f=  

 HENM 846.25 1038.15 1618.48 2495.41 3310.36 0.520644.56Q f=  

 HICK 667.74 951.32 1740.22 2336.61 3659.09 0.620515.56Q f=  

 LNXT 801.66 835.52 1749.80 2433.75 3576.25 0.585557.11Q f=  

 LPAR 646.05 1110.82 1716.07 2494.64 3026.87 0.562570.26Q f=  

 PARM 1227.20 998.20 1654.94 2541.79 3408.75 0.430821.52Q f=  

 PEBM 1446.20 737.67 2122.55 2733.38 3726.43 0.462818.50Q f=  

 PENM 1045.89 828.26 1385.61 2086.98 3372.94 0.471658.73Q f=  

  Whole Area 895.75 961.29 1742.87 2473.81 3515.60 0.531645.67Q f=  
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Table 2-5. Penetration Depth and Coverage of the Area for the Estimated CQ  Functions 
Obtained from Local Earthquakes in the NMSZ 

Coda 
Window 
Length (s) 

V
CQ  

H
CQ  

Penetration 
Depth (km ) 

Covered 
Area (km2) 

20 (0.654 0.043)(390.08 35.76) f ±±  
(0.669 0.042)(376.38 33.80) f ±±  48 6192 

30 (0.607 0.055)(480.55 56.91) f ±±  
(0.631 0.046)(444.70 44.28) f ±±  59 9343 

40 (0.536 0.072)(597.77 94.90) f ±±  
(0.600 0.058)(508.50 63.91) f ±±  70 12968 

50 (0.514 0.070)(656.31 101.47) f ±±  
(0.574 0.051)(561.15 62.17) f ±±  80 17082 

60 (0.501 0.059)(689.38 88.59) f ±±  
(0.531 0.059)(645.67 81.88) f ±±  89 21692 

Note: The term after ±  represents one standard error. 

 

Table 2-6. Parameters of the Selected Coda Quality Factor Functions for Vertical 

Components 

No. Seismicity Region Source Q  η  
Coda 
Window 
Length 
(s) 

1 Active Washington State, US Havskov et al. (1989) 63 0.97 20 
2 Active Parkfield, CA, US Hellweg et al. (1995) 79 0.74 30 
3 Active Zagros, Iran Rahimi and Hamzehloo (2008) 88 0.90 40 
4 Active Charlevoix, Quebec, Canada Woodgold (1994) 91 0.95 20-40 
5 Moderate New England, US Pulli (1984) 460 0.40 <100 
6 Moderate South Indian Peninsular Shield Kumar et al. (2007) 535 0.59 40 
7 Moderate This Study - 598 0.54 40 
8 Stable NW Iberia Pujades et al. (1990) 600 0.45 20< 
9 Stable NE US Singh and Herrmann (1983) 900 0.35 - 
10 Stable Central US Singh and Herrmann (1983) 1000 0.20 - 
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Table 2-7. Horizontal Geometrical Spreading Factors for Different Coda Time Windows 

  Central Frequency (Hz) 
Ct

(s) 
Length 
(s) 1.5 3 6 12 24 

60 5 0.674±0.104 0.898±0.078 1.278±0.095 1.152±0.039 1.097±0.090 
70 5 0.730±0.101 0.975±0.150 1.258±0.086 1.198±0.062 1.100±0.063 
80 5 0.800±0.136 1.041±0.144 1.276±0.062 1.167±0.056 1.060±0.117 
90 5 0.891±0.101 1.025±0.119 1.269±0.079 1.189±0.064 1.069±0.139 
97.5 5 0.879±0.113 1.078±0.098 1.294±0.076 1.209±0.053 1.058±0.071 
80 40 0.761±0.102 0.991±0.109 1.271±0.060 1.182±0.089 1.066±0.062 

             Note: The term after ±  represents one standard error. 
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Figure 2-1.  PEER NGA-East regionalization (from Dreiling et al., 2014). Regions 1, 2, 3, 

and 4 are ACP, APP, CNA, and MEM, respectively. 
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Figure 2-2.  Locations of the considered events and CERI broadband stations. 
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Figure 2-3.  The distribution of the database with respect to the hypocentral distance versus 

magnitude. 
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Figure 2-4. Bandpass filtered seismograms (vertical component) for the 20 June 2005 

earthquake (36.93° N, 88.99° W; M 2.7; and 9.8 km depth) recorded at the 

station LNXT with an epicentral distance of 102 km at central frequencies of 1.5, 

3, 6, 12, and 24 Hz. Origin, P, and S represent origin time, P-wave arrival, and S-

wave arrival. 
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Figure 2-5.  Estimation of the vertical CQ  values at each frequency band for the 20 June 2005 

earthquake (36.93° N, 88.99° W; M 2.7; and 9.8 km depth) recorded at the 

station LNXT with an epicentral distance of 102 km with a coda window length 

of 20 s. 
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Figure 2-6.  Vertical and horizontal CQ  values as well as fitted lines versus frequencies for 

different coda window lengths. Dots and lines show estimated values and fitted 

lines, respectively. Vertical black lines demonstrate error bars for the estimated 

Coda quality factor function with the coda window length of 40 s. 
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Figure 2-7. 0Q  and η  values versus the length of coda window. 
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Figure 2-8. Comparison of the selected vertical coda Q-factor functions. 
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Figure 2-9.  Estimated geometrical spreading functions for the geometric average of the 

horizontal components with the coda window length of 40 s centered at 80 s.  
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Abstract 

The hybrid empirical method (HEM) of simulating ground motion intensity measures (GMIMs) 

in a target region uses stochastically simulated GMIMs in the host and target regions to develop 

adjustment factors that are applied to empirical GMIM predictions in the host region.  In this 

study, the HEM approach was used to develop two new ground-motion prediction equations 

(GMPEs) for a target region defined as central and eastern North America (CENA), excluding 

the Gulf Coast region.  The method uses five new empirical GMPEs developed by the Pacific 

Earthquake Engineering Research Center for the NGA-West2 project to estimate GMIMs in the 

host region.  The two new CENA GMPEs are derived for peak ground acceleration and 

response-spectral ordinates at periods ranging from 0.01 to 10 s, moment magnitudes (M) 

ranging from 3.0 to 8.0, and rupture distance (RRUP) as far as 1000 km from the site, although 

the GMPEs are best constrained for RRUP < 300–400 km.  The predicted GMIMs are for a 

reference site defined as CENA hard-rock with VS30 = 3000 m/s and  κ 0  = 0.006 s. 

The seismological parameters for the western North America host region were adopted from a 

point-source inversion of the median GMIM predictions from the NGA-West2 GMPEs for 

events and sites with M ≤ 6.0, RRUP ≤ 200 km, VS30 = 760 m/s, a generic (average of strike-slip 

and reverse) style-of-faulting, and earthquake-depth and sediment-depth parameters equal to the 

default values recommended by the NGA-West2 developers.  The two CENA GMPEs are based 

on two fundamentally different approaches to magnitude scaling at large magnitudes: (1) using 

the HEM approach to model magnitude scaling over the entire magnitude range and (2) using 

the HEM approach to model magnitude scaling for events with M ≤ 6.0 and using the 

magnitude scaling predicted by the NGA-West2 GMPEs for the larger events.   
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Introduction 

For seismic hazard applications, ground-motion amplitudes are often estimated using ground-

motion prediction equations (GMPEs).  GMPEs relate ground-motion intensity measures 

(GMIMs), such as peak ground acceleration (PGA), peak ground velocity (PGV), and 5%-

damped pseudo-acceleration linear-elastic response-spectral acceleration (PSA), to 

seismological parameters in a specified region, such as earthquake magnitude, source-to-site 

distance, local site conditions, and style-of-faulting.  In areas of the world where ground-motion 

recordings are plentiful due to their active seismicity and tectonics and the presence of a dense 

instrumental recording network [e.g., western North America (WNA)], the GMPEs are 

empirically obtained from a statistical regression of the ground-motion recordings (Douglas, 

2003, 2011).  An example of such empirical GMPEs are those developed as part of the Next 

Generation Attenuation Phase 2 (NGA-West2) project (Bozorgnia et al., 2014) conducted by the 

Pacific Earthquake Engineering Research Center (PEER).  Five individual GMPEs were 

developed for WNA and other active tectonic regions in the world as part of the NGA-West2 

project (Abrahamson et al., 2014; Boore et al., 2014; Campbell and Bozorgnia, 2014; Chiou and 

Youngs, 2014; Idriss, 2014) and are compared in Gregor et al. (2014). 

Empirical methods cannot be used to develop GMPEs that are valid for moderate-to-large 

magnitudes for regions with limited strong ground-motion data.  Central and eastern North 

America (CENA) is an example of such a region, which is considered to be a stable continental 

regime with abundant recordings of ground motion from distant small and moderate events, but 

with limited ground-motion recordings from the near-source region and from large-magnitude 

earthquakes of greatest engineering interest.  In areas such as CENA, stochastic methods (e.g., 

Boore, 2003) are valuable and are often used as simple methods to estimate ground motions for 

the distance and magnitude range of engineering interest.  Stochastic ground-motion simulations 

are used to develop GMPEs using the same empirical regression approach that is applied to 

recorded ground-motion data.  In the simplest application of the stochastic simulation approach, 
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a stochastic point-source method is used as a framework to estimate a ground-motion time series 

and related GMIMs using simple seismological models of the source spectrum (Brune, 1970, 

1971), wave-propagation path, and local site conditions (McGuire and Hanks, 1980; Hanks and 

McGuire, 1981; Boore 1983, 2003, 2005).  Atkinson and Boore (1995, 1998), Frankel et al. 

(1996), Toro et al. (1997), and Silva et al. (2002) are examples of GMPEs developed for CENA 

using the point-source stochastic method.  The method was extended to include finite-fault 

effects by Silva et al. (1990), Beresnev and Atkinson (1997, 1998, 1999, 2002), Motazedian and 

Atkinson (2005), and Boore (2009). Atkinson and Boore (2006, 2011) is an example of a GMPE 

developed for CENA using the finite-fault stochastic method. 

GMPEs developed from empirical data are often well constrained, depending on the 

completeness of the database, and represent the inherent characteristics of ground-motion 

scaling in the near-source region of large earthquakes.  On the other hand, GMPEs obtained 

from stochastic point-source models may lack realistic near-source characteristics, especially 

such magnitude-scaling effects as saturation of ground motion with increasing magnitude and 

decreasing distance, because of the assumption that the total seismic energy is released from a 

single point within the crust.  Modeling of this magnitude-distance saturation effect in point-

source stochastic models can be improved through the use of a double-corner frequency source 

spectrum (Atkinson and Boore, 1995, 1998; Atkinson and Silva, 1997), an effective point-

source distance metric (Atkinson and Silva, 2000; Boore, 2009; Yenier and Atkinson, 2014), 

stochastic finite-fault models (see above references), well-calibrated physics-based models 

(Somerville et al., 2001, 2009; Dreger et al., 2015), or the hybrid empirical modeling method 

(Campbell, 2003, 2014).  

In this study, we use the hybrid empirical method (HEM) to develop GMPEs for use in CENA 

as part of the NGA-East project (Goulet et al., 2014; see Data and Resources Section). The 

HEM approach is a well-accepted procedure to develop GMPEs in areas with limited ground-

motion recordings.  In the HEM approach, GMIMs in a target region (CENA in this study) are 
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predicted from empirical GMPEs in a host region (WNA in this study) using seismological-

based adjustment factors between the two regions. The adjustment factors are calculated as the 

ratio of stochastically simulated GMIMs in the two regions. Using appropriate regional 

seismological parameters in the stochastic simulations, the calculated adjustment factors take 

into account differences in earthquake source, wave-propagation, and site-response 

characteristics between the two regions. The empirically derived GMPEs for the host region are 

transferred to the target region by applying the regional adjustment factors to the empirical 

GMIM predictions from which a GMPE is derived using standard regression analysis. The 

HEM approach has been used by several researchers to develop GMPEs in CENA (Campbell, 

2003, 2007, 2008, 2011; Tavakoli and Pezeshk, 2005; Pezeshk et al., 2011), in central Europe 

(Scherbaum et al., 2005) and in southern Spain and southern Norway (Douglas et al., 2006). 

Campbell (2014) provides a complete review of these and other applications of the HEM 

approach. 

Campbell (2003) developed a HEM-based GMPE for CENA hard-rock site conditions using 

contemporary stochastic point-source models and four pre-NGA WNA empirical GMPEs. 

Campbell (2007) updated this GMPE for NEHRP B/C site conditions using CENA 

seismological parameters recommended by Atkinson and Boore (2006) and the NGA-West1 

empirical GMPE developed by Campbell and Bozorgnia (2008) in WNA. Campbell (2008, 

2011) extended the model developed by Campbell (2007) to CENA hard-rock site conditions by 

including an empirical hard-rock amplification model developed by Atkinson and Boore (2006). 

During that process, he discovered that a relatively high stress parameter (Δσ) of 280 bars was 

needed to force agreement between the point-source simulations that he did and finite-fault 

stochastic simulations of Atkinson and Boore (2006), which had used a stress parameter of 140 

bars. This apparent discrepancy was later explained by Boore (2009) and Atkinson et al. (2009). 

Tavakoli and Pezeshk (2005) proposed a HEM-based model for CENA hard-rock site 

conditions that used a magnitude-dependent stress parameter in the WNA stochastic GMIM 
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simulations. They used a generic source function that combined single-corner and double-corner 

source spectrum models and an effective point-source distance metric, based on the effective-

depth model proposed by Atkinson and Silva (2000), to force the stochastic point-source model 

to mimic finite-fault effects and to account for magnitude-distance saturation effects. Pezeshk et 

al. (2011) updated Tavakoli and Pezeshk (2005) using the Atkinson and Boore (2006) CENA 

seismological parameters with a stress parameter of 250 bars in the stochastic GMIM 

simulations to obtain better agreement with the Atkinson and Boore (2006) finite-fault 

simulations. The use of a 250-bar rather than a 140-bar stress parameter with the point-source 

stochastic simulations was recommended by Boore (2009) and Atkinson et al. (2009), based on 

the initial results of Campbell (2008). Pezeshk et al. (2011) derived their HEM-based GMPE for 

CENA hard-rock site conditions using the empirical crustal-amplification factors proposed by 

Atkinson and Boore (2006) and adopted an effective point-source distance metric to mimic 

finite-fault effects. 

The purpose of this study is to update the HEM-based GMPES of Campbell (2007, 2008, 2011) 

and Pezeshk et al. (2011) for CENA using the five new empirical GMPEs developed in the 

PEER NGA-West2 project (Bozorgnia et al., 2014) for WNA and other shallow crustal active 

tectonic regions (Abrahamson et al., 2014; Boore et al., 2014; Campbell and Bozorgnia, 2014; 

Chiou and Youngs, 2014; Idriss, 2014) and the latest information on CENA seismological 

parameters (Yenier and Atkinson, 2015a; Chapman et al., 2014; Boore and Thompson, 2015; 

Hashash et al., 2014a). Although we use stochastic point-source models for both CENA and 

WNA to obtain simulated GMIMs for the development of regional adjustment factors, we limit 

their use to M ≤ 6.0 in order to avoid the need to include finite-fault effects. The models are 

then extrapolated to the magnitude and distance ranges of greater engineering interest using two 

different methods. WNA seismological parameters are obtained by performing a set of point-

source inversions intended to match the median GMIM estimates from the NGA-West2 

GMPEs. We limited the point-source inversions to M < 6.0 to avoid finite-fault effects and to 
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stay within the range of the NGA-East database (Goulet et al., 2014; see Data and Resources 

Section), which is effectively limited to earthquakes within that magnitude range. 

A GMPE functional form similar to that in Pezeshk et al. (2011) is used to develop the GMPEs 

and a nonlinear regression analysis is performed to estimate period-dependent model 

coefficients for M = 4.0–8.0 and RRUP ≤ 1,000 km. GMPEs are developed for PGA and 5%-

damped PSA for CENA reference hard-rock site conditions recommended by Hashash et al. 

(2014a). The GMIM predictions are extended to M > 6.0 using two different methods. We 

compare the GMIM predictions from our two new GMPEs with our previous GMPEs as well as 

with observed GMIMs from the available NGA-East database. 

 

Stochastic Ground-Motion Simulation 

We developed a set of computer routines based on the random vibration method of Kottke and 

Rathje (2008) to perform the point-source stochastic simulation of GMIM amplitudes using the 

WNA and CENA seismological models. The output of the program is PGA and PSA at a pre-

selected set of spectral periods (T). The regional adjustment factors are the ratio of the simulated 

spectral values for CENA with respect to those for WNA.  In the stochastic method, the ground-

motion acceleration is modeled as filtered Gaussian white noise modulated by a deterministic 

envelope function defined by a specified set of seismological parameters (Boore, 2003).  The 

filter parameters are determined by either matching the properties of an empirically defined 

spectrum of strong ground-motion with theoretical spectral shapes or using reliable physical 

characteristics of the earthquake source and propagation media (Hanks and McGuire, 1981; 

Boore, 1983, 2003). Atkinson et al. (2009) and Boore (2009) investigated the relationship 

between the stochastic point-source model SMSIM (Boore, 2005) and the stochastic finite-fault 

model EXSIM (Motazedian and Atkinson, 2005) and suggested how the two could be aligned to 
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give better agreement in predicted motions from small earthquakes at a large distances, where 

the two models should provide similar results. 

In the point-source model, the total Fourier amplitude spectrum (FAS) of the horizontal 

vibratory ground displacement, , due to shear-wave propagation can be modeled by 

the equation (Boore, 2003): 

 Y (M 0 ,R, f ) = S(M 0 , f )P(R, f )G( f )I ( f )  (3-1) 

where  is seismic moment (dyne-cm), R is source-to-site distance (km), f is frequency (Hz), 

S(M0,f) is the source spectrum,  is the path attenuation term, G( f )  is the site-response 

term, and  is a filter representing the type of GMIM. The FAS of acceleration is obtained 

by multiplying Y(M0,R,f) by ω2. 

 

Effective Point-Source Distance 

In the stochastic point-source model, the earthquake source is assumed to be concentrated at a 

point within the crust, which is a reasonable assumption for small earthquakes or when the 

source-to-site distance is considerably larger than the earthquake source dimensions.  Otherwise, 

finite-fault effects in the form of magnitude and distance saturation begin to influence the 

ground motions.  This reflects the fact that seismic waves with wavelengths much smaller than 

the earthquake source-rupture dimensions do not increase in amplitude as the size of the 

earthquake and the corresponding energy release increase (Tavakoli and Pezeshk, 2005; Yenier 

and Atkinson, 2014).  It has also been suggested that when source fault-rupture lengths are 

much larger than the closest distance to the rupture surface, the motions recorded at this close 

station will only have contributions from the closest part of the rupture, with the energy from 

greater distances along the fault arriving in a more attenuated form (Boore and Thompson, 

2014; Baltay and Hanks, 2014). 

0( , , )Y M R f

0M

( , )P R f

( )I f
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Atkinson and Silva (2000) defined an effective point-source distance metric, ′RRUP , to use in 

point-source stochastic simulations to mimic the ground-motion saturation effects from finite-

fault effects.  They also defined a magnitude-dependent equivalent point-source depth, , to 

modify this distance for magnitude-saturation effects.  Following these authors, we define an 

effective point-source distance metric to use with our point-source stochastic simulations with 

the expression: 

 ′RRUP = RRUP
2 + h2  (3-2) 

where the pseudo-depth, h, also referred to as the finite-fault factor by Boore and Thompson 

(2014), is defined by expression: 

 
   
log h = max(−0.05+ 0.15M,−1.72+ 0.43M) M ≤ 6.75

−0.405+ 0.235M                              M > 6.75

⎧
⎨
⎪

⎩⎪
 (3-3) 

Equation (3-3) combines the pseudo-depth relationships developed by Atkinson and Silva 

(2000) and Yenier and Atkinson (2014, 2015a,b) in order to provide a consistent set of effective 

distances over the entire magnitude range of interest. 

We use the effective point-source distance metric in the stochastic simulations to evaluate the 

adjustment factors for a given set of magnitude and distances.  This is done by: (1) evaluating 

the NGA-West2 GMPEs for a given set of M and  RRUP  values, (2) calculating the 

corresponding values of ′RRUP  from Equations (3-2) and (3-3), (3-3) using the values of ′RRUP  to 

determine the stochastic adjustment factors, and (4) using the adjustment factors to derive the 

HEM-based GMIM estimates for the original set of M and  RRUP  values. 

 

Site Response 

The site-response term G( f )  is defined as the product of crustal-amplification and diminution 

functions (Boore, 2003).  Crustal amplification is calculated using the quarter-wavelength 

h
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(QWL) method, which Boore (2013) now refers to as the square-root-impedance (SRI) method.  

Boore (2003) proposes the maximum frequency filter, fmax (Hanks, 1982), and the kappa filter, 

 κ 0  (Anderson and Hough, 1984), as alternatives to model the site diminution function.  The 

kappa filter,   exp(−πκ 0 f ) , can be considered the path-independent loss of energy in the ground 

motion as it propagates through the site profile. It is defined by Anderson and Hough (1984) as 

the high-frequency slope of the FAS on a log-linear plot. Although kappa can be calculated 

from a recording at any distance, the part of kappa that is associated with the crustal profile 

beneath the site, 0κ , includes attenuation from both wave scattering and material damping (e.g., 

Campbell, 2009) and can be calculated in a variety of ways depending on the size of the 

earthquake and the available recordings (Ktenidou et al., 2014).  We use κ 0  to define the site 

attenuation because of its common use in engineering seismology (Campbell, 2009; Ktenidou et 

al., 2014). 

 

Site Characterization in CENA  

Campbell (2003) and Tavakoli and Pezeshk (2005) used a CENA reference hard-rock site 

condition with a time-average shear-wave velocity in the top 30 m of the site profile of VS30 ≈ 

2800 m/s and  κ 0  = 0.006 s.  They used the generic CENA hard-rock crustal-amplification model 

developed by Boore and Joyner (1997). Atkinson and Boore (2006), Pezeshk et al. (2011), and 

Campbell (2008, 2011) used an empirically derived CENA hard-rock crustal-amplification 

model corresponding to VS30 ≥ 2000 m/s and κ 0=0.005 s (Atkinson and Boore, 2006).  In this 

study, we adopted a CENA reference hard-rock site condition recommended by Hashash et al. 

(2014a) for use in the NGA-East project that corresponds to VS30 = 3000 m/s and κ 0= 0.006 s 

based on the comprehensive studies of Hashash et al. (2014b) and Campbell et al. (2014). We 

used the crustal-amplification factors derived by Boore and Thompson (2015) using the QWL or 

SRI method, which are based on the velocity profile of Boore and Joyner (1997) modified to 

have a shear-wave velocity of 3,000 m/s over the top 300 m of the profile in order to be 
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consistent with the NGA-East reference hard-rock crustal profile of Hashash et al. (2014a). 

These crustal-amplification factors are listed in Table 3-1. 

 

Site Characterization in WNA 

Boore and Joyner (1997) provided crustal-amplification factors for a generic-rock site profile in 

WNA with VS30 = 620 m/s that was developed using the QWL or SRI method. These 

amplification factors have been used by many, including the authors, to conduct stochastic 

simulations in the region (e.g., Atkinson and Silva, 1997, 2000; Beresnev and Atkinson, 2002; 

Campbell, 2003, 2007, 2008, 2011; Tavakoli and Pezeshk, 2005; Pezeshk et al., 2011). Boore 

and Thompson (2014, 2015) updated the generic-rock crustal-amplification factors of Boore and 

Joyner (1997), using an improved density-velocity relationship, which we adopted for our study.  

These updated crustal-amplification factors are listed in Table 3-1. 

Anderson and Hough (1984) report typical values for κ 0  in the range 0.02–0.04 s for rock sites 

in WNA. Atkinson and Silva (1997) used an average value of 0.04 s in their stochastic model 

for southern California, which has been used by many other investigators, including the authors. 

Yenier and Atkinson (2015b) found that a value of 0.025 s was consistent with ground-motion 

recordings on rock in California.  Following Al Atik et al. (2014), we used inverse random 

vibration theory (IRVT) to derive a value for the host site kappa in WNA that is consistent with 

the NGA-West2 GMPEs and the generic-rock amplification factors of Boore and Thompson 

(2014, 2015).  We removed the host crustal-amplification factors from the IRVT-based near-

source FAS predictions to decouple the crustal-amplification term from the  κ 0  term at high 

frequencies as suggested by Al Atik et al. (2014).  The resulting FAS were analyzed to select 

the start and end frequencies over which plots of log FAS versus frequency could be considered 

linear and not impacted by high-frequency distortions from the predicted response spectra.  We 

then fit a slope of  −πκ 0 to the selected range of frequencies.  Similar to Al Atik et al. (2014), we 
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considered six different near-source scenarios (M = 5.0 and 6.0 and RRUP = 5, 10, and 20 km) to 

define kappa values for the median of the GMIM predictions from all five NGA-West2 

GMPES. We limited the magnitude range to 6.0 to be consistent with the range used in the 

inversions of the NGA-West2 GMPEs. Figure 3-1 illustrates how the kappa values were 

calculated by the IRVT approach for the six scenarios. These results are consistent with an 

average κ 0  of 0.035 s, which we used to characterize the site attenuation for the generic-rock 

site in WNA (Table 3-3). 

 

Source Model 

We used the Brune (1970, 1971) ω2 source spectrum in the stochastic simulations. Brune’s 

model is a single-corner frequency (f0) point-source spectrum in which the stress parameter, Δσ, 

controls the spectral shape at high frequencies.  The choice of an appropriate stress parameter in 

WNA and CENA has been the subject of many studies.  The basis for the values of Δσ we use 

for these regions is discussed in the following sections. 

 

Stress Parameter in ENA 

Boore et al. (2010) used the point-source stochastic simulation program SMSIM (Boore, 2005) 

to determine the stress parameters for eight well-recorded earthquakes in CENA.  They showed 

that estimates of Δσ are strongly correlated to the rate of geometrical spreading in the near-

source region.  They estimated a geometric mean value of Δσ = 250 bars using the geometrical 

spreading and quality factor (Q) relationships of Atkinson (2004) [hereafter referred to as A04) 

for the case in which the 1988 Saguenay earthquake was included and 180 bars for the case in 

which the Saguenay event was excluded.  Atkinson et al. (2009) and Boore (2009) also found 

that a stress parameter of 250 bars instead of 140 bars was needed to bring the stochastic point-

source results of SMSIM in line with the stochastic finite-fault results of EXSIM (Motazedian 
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and Atkinson, 2005), which was used to develop the GMPE of Atkinson and Boore (2006), for 

small distant earthquakes.  Campbell (2008, 2011) had initially estimated this point-source 

stress parameter as Δσ = 280 bars. Atkinson and Assatourians (2010) analyzed recordings of the 

M 5.0 Val-des-Bois, Quebec earthquake using the A04 attenuation model and found a stress 

parameter of 250 bars.  

In their revision of the CENA seismological model, Boore and Thompson (2015) found that a 

stress parameter of 400 bars was needed to approximate the amplitude of the ground motions 

that matched the A04 attenuation term and the Atkinson and Boore (1995) path duration when 

the new energy based significant duration parameter recommended by Boore and Thompson 

(2014) was used.  A higher value of Δσ was needed to compensate for the smaller amplitudes 

predicted from the stochastic ground-motion simulations when the longer path durations were 

used, which spreads the radiated energy from the point source over a longer duration.  Since we 

are using the new path duration model of Boore and Thompson (2015), we use Δσ = 400 bars 

for our CENA point-source stochastic simulations (Table 3-3). 

 

Stress Parameter in WNA 

Atkinson and Silva (1997, 2000) modeled California ground motions using the stochastic finite-

fault simulation model of Silva et al. (1990).  They introduced an equivalent two-corner 

frequency point-source spectrum to mimic the finite-fault effects observed at large magnitudes 

in lieu of using a variable stress parameter as used in the GMPEs of Silva et al. (2002) and 

Yenier and Atkinson (2015b).  They showed that at high frequencies their double-corner 

frequency source model gave similar results for events of M < 6.0 as a Brune single-corner 

frequency model with Δσ = 80 bars. At larger magnitudes and lower frequencies, where finite-

fault effects become significant, the two models were found to diverge due to the spectral sag in 

the double-corner model that was found to more realistically model the spectral shape of large-

magnitude ground motions. Yenier and Atkinson (2015b) proposed a seismological model for 
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California that they empirically calibrate with response spectra from the NGA-West2 database 

(Ancheta et al., 2014).  Crustal-amplification factors were derived using the QWL or SRI 

method and the NEHRP B/C (VS30 = 760 m/s) velocity profile of Frankel et al. (1976) with an 

assumed site attenuation parameter of κ 0  = 0.025 s (Yenier and Atkinson, 2014).  The source 

was defined as a Brune single-corner spectrum. Path attenuation was adopted from Raoof et al. 

(1999), but was modified to represent a different crustal shear-wave velocity and to have a 

minimum path attenuation of Q = 100.  Path duration was taken from Boore and Thompson 

(2014).  Geometric spreading was found to be consistent with R–1.3 out to 50 km, after which a 

R–0.5 was used. Yenier and Atkinson (2015b) used the effective point-source distance metric of 

Atkinson and Silva (2000) for M < 6.0 and that of Yenier and Atkinson (2014) for larger 

magnitudes in order to model magnitude-saturation effects.  They selected stress parameters that 

minimized the trends in the residuals, ensuring that the observed and simulated spectra had 

similar shapes for f > 0.1 Hz.  These stress parameters were found to be a function of magnitude 

with values that increase from 15 bars at M = 3.0 to 100 bars at M > 5.0.  Finally, they used a 

calibration factor of 4.47 in the stochastic simulations to eliminate any bias between the 

simulated and observed spectral amplitudes.  For our stochastic simulations in WNA, we 

performed an inversion of the NGA-West2 GMPEs for earthquake scenarios with M ≤ 6.0.  This 

model was used to ensure that the WNA host seismological model was consistent with the 

GMIM predictions from the GMPEs that are used to derive the CENA target GMIMs.  In order 

to minimize the inherent tradeoff between κ0 and Δσ in these inversions, we used the IRVT 

method of Al Atik et al. (2014) to determine the value of κ0 from the median near-source 

estimates of PSA from all five NGA-West2 GMPEs, as described earlier in the report. The 

IRVT approach resulted in an average site kappa of κ 0= 0.035 s. After constraining κ 0  to the 

average obtained from the IRVT approach and constraining the crustal amplifications to those 

suggested by Boore and Thompson (2015), we performed GMIM inversions to obtain the 

remaining seismological parameters using a genetic algorithm (GA) similar to that of 

Scherbaum et al. (2006). By constraining the crustal-amplification factors and the value of κ 0 , 
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the near-source spectral shape at high frequencies becomes a function of only the stress 

parameter, which helped to stabilize the inversion results. 

Based on the inversions, we obtained a stress parameter of 135 bars for scenarios in the range M 

= 4.0–6.0.  We used this stress parameter for all magnitudes to be consistent with the 

magnitude-independent stress parameter that was used in the CENA seismological model. 

Pezeshk et al. (2011) used a stress parameter of 80 bars in their WNA Brune single-corner 

frequency stochastic model, which they showed was generally consistent with the NGA-West1 

GMPE predictions for an M 6.0 earthquake at RRUP =10 km. The larger stress parameter of 135 

bars found is consistent with the longer path durations associated with the Boore and Thompson 

(2015) WNA duration model and should be considered to supersede the value used by Pezeshk 

et al. (2011). A stress parameter of 135 bars is also consistent with observations of Modified 

Mercalli Intensity (MMI) by Atkinson and Wald (2007), who suggested that these observations 

were consistent with about a three-times larger stress parameter for earthquakes in CENA as 

compared to those in WNA, consistent with the values used in this study (Table 3-3).  

 

Source and Path Duration 

The sum of the source duration (TS) and the path duration (TP) represents the total duration of 

ground motion in the stochastic method. The source duration for the Brune single-corner 

frequency model is typically defined (e.g., Boore, 2003) as the inverse of the source corner 

frequency, 1/f0 (Table 3-3).  Boore and Thompson (2014) used the NGA-West2 database to 

derive a new distance-dependent TP relationship for active crustal regions, such as WNA, which 

is different from relationships proposed previously.  Similarly, Boore and Thompson (2015), 

using the NGA-East database (Goulet et al., 2014; see Data and Resources Section), derived a 

distance-dependent TP relationship for stable crustal regions, such as CENA. We used the path-
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duration terms proposed by Boore and Thompson (2014, 2015) in this study, which are provided 

in Table 3-2 for completeness. 

 

Path Attenuation 

The path term P(R,f) in Equation (3-1) is separated into two components, commonly referred to 

as geometric attenuation (or spreading) and anelastic attenuation. Geometric attenuation models 

the amplitude decay due to the expanding surface area of the wave front as it propagates away 

from the source. Anelastic attenuation, quantified by the quality factor Q, models the amplitude 

decay due to the conversion of elastic wave energy to heat and is usually found to be frequency 

dependent. Boore et al. (2010) found that the stress parameter is strongly correlated to the 

choice of geometrical attenuation, which reiterates the fact that the set of seismological 

parameters for a given region must be internally consistent and should not be taken from 

different studies with vastly different assumptions.  The path-attenuation parameters that we 

used for CENA and WNA are presented in the following sections. 

 

Path Attenuation for CENA 

Boore et al. (2010) used four geometrical attenuation models ranging from a simple R−1.0  decay 

for all distances to more complicated bilinear and trilinear distance decay models to determine 

the stress parameter for eight well-recorded earthquakes in CENA. Atkinson and Assatourians 

(2010) studied five well-recorded CENA earthquakes and found that the ground motions were 

better fit if the A04 geometrical attenuation model, with R–1.3 near-source spreading, is used for 

hypocentral distances beyond 10 km and a R–1.0 decay is used at shorter distances. Campbell 

(2007, 2008, 2011) and Pezeshk et al. (2011) used the original A04 path-attenuation model. 

In this study, we used the path-attenuation term developed by Chapman et al. (2014) in our 

CENA seismological model (Table 3-3). These authors used broadband recordings from the 
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EarthScope Transportable Array (TA Array) and an iterative inversion process to derive a 

trilinear geometric attenuation model with R–1.3 spreading to 60 km, R0 or no spreading from 60 

to 120 km, and R–0.5 or Lg spreading beyond 120 km. At regional distances, the dominant phase 

in the ground-motion recording is the Lg phase, which is composed of multiple reflections of S-

waves trapped within the crust.  Chapman and Godbee (2012) also found R–1.3 spreading at short 

distances from physics-based ground-motion simulations.  Chapman et al. (2014) found that for 

all CENA regions, except the Gulf Coast, the quality factor that is consistent with the above 

geometric attenuation term is given by the relationship Q = 440 f 0.47.  As illustrated in Figure 3-

2, the transition distances of 60 and 120 km in the Chapman et al. (2014) geometric attenuation 

model are consistent with the transition distances obtained by Boore and Thomson (2015) for 

their CENA path-duration model. 

 

Path Attenuation for WNA 

Campbell (2007, 2008, 2011) and Pezeshk et al. (2011) used the path-attenuation model of 

Raoof et al. (1999) developed for southern California in their stochastic point-source ground-

motion simulations in WNA.  Atkinson and Silva (2000) also used this path-attenuation model 

in their stochastic finite-fault simulations.  Malagnini et al. (2007) analyzed broadband 

waveforms from small-to-moderate events in the San Francisco Bay Area and found that the 

best-fitting path-attenuation model was given by the relationship Q = 180 f 0.42 for geometric 

attenuation given by R–1.0 spreading within 30 km and R–0.6 spreading at larger distances.  This 

model is similar to that of Raoof et al. (1999), who found Q = 180 f 0.45 for geometric 

attenuation given by R–1.0 spreading within 40 km and R–0.5 spreading at larger distances.  Fatehi 

and Hermann (2008) determined high-frequency scaling in the Pacific Northwest and northern 

and central California by analyzing broadband waveforms in these regions. They found both 

geometric and anelastic attenuation to be regionally dependent.  Spreading rates were found to 

vary between R–1.0 and R–1.1 within 40 km, except for very high frequencies in northern 



         149 

California, which had a rate of R–1.3.  Spreading rates at longer distances were found to be more 

variable, ranging from R–0.8 to R0.5 from distances of 40 to 100 km and R–0.5 to R–0.9 at larger 

distances. Anelastic-attenuation parameters were also found to be variable with Q0 = 210–280 

and η = 0.35–0.55, depending on the region. 

Mahani and Atkinson (2013) investigated the rate of geometric attenuation of ground motion 

from small-to-moderate earthquakes across North America and found spreading rates that varied 

between R–1.1 and R–1.3 at near-source distances.  At longer distances, typically beyond 40 to 100 

km, ground motions are dominated by surface waves whose path attenuation depends on fault 

mechanism, focal depth, and crustal structure (Yenier and Atkinson, 2015b; Burger et al., 1987; 

Ou and Herrmann, 1990).  Yenier and Atkinson (2014) found that geometric spreading from 11 

well-recorded earthquakes in California is generally steeper than R–1.0 at short distances. Yenier 

and Atkinson (2015b) considered a bilinear geometric spreading term and near-source spreading 

rates of both R–1.0 and R–1.3, decreasing to R–0.5 beyond a transition distance of 50 km. They 

determined that both of these near-source spreading rates could be made to fit the recordings by 

using calibration factors of 1.08 and 3.16, respectively, to adjust the stochastic point-source 

simulation GMIMs over all magnitudes and frequencies.  They concluded that the steeper near-

source spreading rate provided the best fit to the path attenuation in California.  As discussed 

previously, Yenier and Atkinson (2015b) used the Raoof et al. (1999) anelastic attenuation term, 

which after scaling to a shear-wave velocity of 3.7 km/s in the vicinity of the source, was 

modified to Q = max(100, 170.3 f 0.45). The maximum value of 100 was based on the 

recommendations of Boore (1983) and Yenier and Atkinson (2014). 

In this study, we used the path-attenuation terms determined from the inversion of the NGA-

West2 GMPEs.  For consistency with the CENA seismological model, a trilinear geometric 

attenuation term with transition distances of 45 km and 125 km were used to perform the 

inversions. These transition distances were selected to match the WNA transition distances used 

by Boore and Thompson (2015) in their path-duration model (Figure 3-2).  The inversion 
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resulted in a geometric spreading rate of R–1.0 to 125 km, beyond which an assumed spreading 

rate of R–0.5 consistent with surface-wave attenuation was used (Table 3-3). The resulting 

anelastic attenuation term was found to be Q = 202 f 0.54 (Table 3-3). 

 

Ground Motion Prediction Equations for WNA 

One important component of the HEM approach is using appropriate empirical GMPEs in the 

host region. Pezeshk et al. (2011) incorporated the five GMPEs from the PEER NGA-West1 

project (Power et al., 2008) to derive empirical ground-motion estimates for WNA in their 

HEM-based GMPE for CENA. Campbell (2007, 2008, 2011) used a single NGA-West1 GMPE 

(Campbell and Bozorgnia, 2008) to demonstrate how the new NGA-West1 models might impact 

the Campbell (2003) HEM-based GMPE in CENA.. 

In this study, we used the five GMPEs developed as part of the PEER NGA-West2 project 

(Bozorgnia et al., 2014) to derive the empirical GMIM estimates in the WNA host region. These 

GMPEs are referred to as ASK14 (Abrahamson et al., 2014), BSSA14 (Boore et al., 2014), 

CB14 (Campbell and Bozorgnia, 2014), CY14 (Chiou and Youngs, 2014), and I14 (Idriss, 

2014) in the remainder of this report.  These GMPEs used a vastly expanded NGA-West2 

database (Ancheta et al., 2014) that included over 20,000 recordings from shallow crustal 

earthquakes in California (M < 5.5) and in other similar active tectonic regions throughout the 

world (M > 5.5).  We used the weighted geometric mean of the RotD50 (Boore, 2010) average 

horizontal GMIM predictions from the five GMPEs in order to derive empirical estimates that 

are consistent with the inversions performed.  We assigned the same weights that were used to 

evaluate the NGA-West2 GMPEs for the 2014 update of the U.S. national seismic hazard model 

(Petersen et al., 2014).  In this scheme, the weights were distributed evenly between four of the 

GMPEs with I14 being given one-half the weight of the other models. 
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Except for the BSSA14 model, which is developed for the RJB distance metric, the other GMPEs 

use the closest distance to the fault-rupture surface, represented by the RRUP distance metric.  

Since the proposed model in this study is based on RRUP, we converted RJB to RRUP for 

evaluating the BSSA14 model using the relationships developed by Scherbaum et al. (2004). 

Following Campbell (2003, 2007), we used a generic style of faulting to evaluate the NGA-

West2 GMPEs, because there is no empirical evidence in CENA that there are differences in 

ground-motion amplitude between faulting styles.  This generic style of faulting is an average of 

strike-slip and reverse faulting mechanisms, because of the predominantly compressional stress 

regime in CENA, and was implemented by setting FRV = 0.5  and FNM = 0 in the ASK14, CB14, 

and CY14 GMPEs; SS = 0.5, RS = 0.5, NS = 0, and U = 0 in the BSSA14 GMPE, and F = 0.5 

in the I14 GMPE. We did not include the hanging-wall effect in the evaluation of the ASK14, 

CB14, and CY14 models, because of the unknown strikes of earthquakes and the general 

absence of known faults in CENA.  All the NGA-West2 GMPEs that included regional site-

response and anelastic attenuation terms were evaluated for the California region and for 

NEHRP B/C (BSSC, 2009) site conditions consistent with VS30 = 760 m/s.  The CY14 GMPE 

was evaluated for average directivity effects and for an “inferred” value of VS30, which only 

affects the value of the standard deviation.  We used a dip of 90° to evaluate those GMPEs that 

had the dip of the fault-rupture plane as a predictor variable.  

The ASK14, CB14, and CY14 GMPEs include the depth to the top of rupture, ZTOR, as one of 

the predictor variables.  For each of these models, the default value of ZTOR recommended by the 

developers for a future California earthquake was used.  The ASK14, BSSA14, and CY14 

GMPEs use Z1.0, or the depth to the 1 km/s shear-wave velocity (VS) horizon beneath the site, to 

model sediment-depth and basin effects.  The CB14 GMPE uses Z2.5, or the depth to the VS = 2.5 

km/s horizon beneath the site, to model these effects.  For these GMPEs, the default values of 

Z1.0 and Z2.5 recommended by the developers for a California site were used. 
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Ground Motion Prediction Equations for CENA 

Median estimates of the desired GMIMs in CENA are obtained by scaling the NGA-West2 

empirical estimates of PGA and PSA with the stochastically derived adjustment factors derived 

using the SMSIM computer program (Boore, 2005) with the sets of seismological parameters 

listed in Table 3-3. The GMIMs are evaluated for 9 values of magnitude ranging from M = 4.0–

8.0 in 0.5 magnitude increments and for 25 values of distance given by the array RRUP = 1, 2, 5, 

10, 15, 20, 30, 40, 50, 60, 70, 80, 100, 120, 140, 180, 200, 250, 300, 400, 500, 600, 700, 800, 

and 1000 km. Since the GMPEs were developed for a CENA reference hard-rock site with VS30 

= 3000 m/s and κ0 = 0.006 s (Hashash et al., 2014a), the GMIM predictions must be modified 

for other site conditions using an appropriate site-response method.  One such method will be 

developed as part of the NGA-East project. 

A limitation of the empirical GMIM estimates and, therefore, the HEM approach is the general 

invalidity of the NGA-West2 GMPEs beyond distances of around 300 km.  Because of the 

lower rate of attenuation in CENA, GMIM amplitudes of engineering significance can occur at 

distances farther than 300 km and possibly as far as 1000 km for the M = 7.5–8.0 events as 

occurred in New Madrid in 1811 and 1812 (Petersen et al, 2014).  To handle this limitation in 

the pre-NGA GMPEs, Campbell (2003) supplemented the GMIMs that were estimated from the 

HEM approach for CENA with stochastically simulated GMIMs for RRUP > 70 km.  He scaled 

the stochastically simulated GMIMs for each magnitude by a factor that made them equal to the 

median HEM estimate for the same magnitude at RRUP = 70 km. Tavakoli and Pezeshk (2005) 

and Pezeshk et al. (2011) employed the same approach in the development of their HEM-based 

models. Campbell (2008, 2011) also used the same approach to scale the empirical GMIM 

estimates from the Campbell and Bozorgnia (2008) NGA-West1 GMPE, which although was 

nominally valid to distances of 200 km was practically only valid to around 100 km.  Although 

the approach used previously is perfectly valid, we decided to use a different procedure in this 

study.  We used the HEM approach to estimate GMIMs to the maximum distance of 1000 km 
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and then compared these estimates to recordings from the NGA-East CENA database (Goulet et 

al., 2014; see Data and Resources Section).  We used a calibration factor to adjust any bias that 

existed between the GMIM estimates from the HEM approach and the CENA observations. A 

single calibration factor was used for all magnitudes, distances, and spectral periods to prevent 

any distortions in the shape of the predicted response spectra. 

After calibration, the HEM-simulated GMIMs were used together with nonlinear least-squares 

regression to derive the model coefficients in a GMPE defined with a specified functional form.  

GMPEs were developed for PGA and for 5%-damped PSA for M ≤ 6, RRUP ≤ 1,000 km, and 21 

spectral periods ranging from T = 0.01–10 s, consistent with the set of periods used in the NGA-

West2 models.  Magnitude scaling for M > 6 was estimated using two methods, referred to as 

stochastic scaling and empirical scaling. These methods are described later in this section.  After 

trial and error, the GMPE functional form that was found to best model the HEM GMIM 

estimates is given by the expression: 

 

   

log(Y ) = c1 + c2M + c3M
2 + c4 + c5M( )× min log(R),log(60)⎡⎣ ⎤⎦

  + c6 + c7M( )× max min l og(R / 60),log(120 / 60){ },0⎡⎣ ⎤⎦   

+ c8 + c9M( )× max log(R / 140),0⎡⎣ ⎤⎦ + c10R            

 (3-5) 

where 

 R = RRUP
2 +C11

2  (3-6) 

 

In these equations,  is the median value of PGA or PSA (g), M is moment magnitude, and 

RRUP is closest distance to the fault-rupture surface (km). The coefficients in these equations are 

given in Tables 4 and 5 for the large-magnitude stochastic-scaling and empirical-scaling 

methods, respectively. 

The aleatory variability characterizes the inherent randomness in the predicted GMIMs that 

results from any unmodeled characteristics of the ground motion (Campbell, 2007).  In this 

study, we constructed the mean aleatory variability model from the weighted average of the 

Y
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standard deviations of the five NGA-West2 GMPEs, similar to the approach of Campbell (2003, 

2007), Tavakoli and Pezeshk (2005), and Pezeshk et al., 2011). Except for I14, the other four 

NGA-West2 GMPEs partition the total standard deviation, σ, into components that represent 

between-event variability (τ) and within-event variability (φ).  We used the weighted average of 

the between-event and within-event standard deviations from these four NGA-West2 models to 

derive the aleatory variability model proposed in this study.  All of the NGA-West2 GMPEs 

have standard deviations that vary with magnitude and some that vary with distance and site 

conditions.  Since the GMPEs were evaluated for firm-rock site conditions, the dependence on 

site conditions could be neglected.  Also, because of the relatively weak distance-dependence of 

the average standard deviations, we chose to simplify the model by excluding distance as a 

parameter and instead averaged the standard deviations over the 25 distance values used to 

evaluate the NGA-West2 GMPEs for each magnitude. The resulting natural log standard 

deviations are given by the expressions: 

 

   

τ =

c12             
c13 + c14M
c15 + c16M
c17 + c18M

 M ≤ 4.5
         4.5 < M ≤ 5.0
         5.0 < M ≤ 6.5

M > 6.5

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 (3-7) 

and 

 

   

φ =

c19 + c20M  
c21 + c22M  
c23 + c24M  
c25                     

M ≤ 4.5        
 4.5 < M ≤ 5.0
 5.0 < M ≤ 6.5
M > 6.5        

⎧

⎨

⎪
⎪⎪

⎩

⎪
⎪
⎪

 
(3-8) 

The total aleatory standard deviation, excluding the variability of the regression, is calculated 

from the between-event and within-event standard deviations by the equation: 

 2 2σ τ φ= +  (3-9) 



         155 

The total aleatory standard deviation that includes the variability of the regression is given by 

the equation: 

 
  
σ T = σ logY

2 +σ Reg
2  (3-10) 

The model misfit is much smaller than the other aleatory variability components and can be 

neglected for many seismic-hazard applications (e.g., Pezeshk et al., 2011). The coefficients in 

Equations (3-7) and (3-8) are listed in Tables 3-6 and 3-7, respectively.  Note that even though 

the GMPE is given in terms of common logarithms the standard deviations are given in terms of 

natural logarithms. This is done to be consistent with the natural log standard deviations of the 

NGA-West2 GMPEs and the common means of reporting these standard deviations in the 

literature. 

It should be noted that an evaluation of epistemic uncertainty is not included in this study.  

Based on the mathematical framework given in Campbell (2003), the major sources of 

epistemic uncertainty in the HEM approach are due to: (1) uncertainty in the seismological 

parameters used in the stochastic simulations, and (2) uncertainty in the empirical GMPEs.  We 

did not include epistemic uncertainty in our model because, in practice, this type of uncertainty 

is typically evaluated by using alternative GMPEs and the within-model uncertainty associated 

with an individual GMPE, such as that proposed by Al Atik and Youngs (2014), is not generally 

included (e.g., Campbell, 2007, 2014; Pezeshk et al. 2011). 

The GMIM predictions from the empirical GMPEs used in the inversions performed to develop 

the WNA stochastic model seismological parameters were limited to events with M ≤ 6.0 in 

order to limit them to a range of magnitudes for which the point-source assumption used in the 

stochastic simulations is valid.  Therefore, we believe that HEM-based GMIM estimates and the 

WNA and CENA stochastic models used to derive them are well-constrained by empirical data 

for M ≤ 6.0, after applying an average empirical calibration factor of 0.32 (a factor of 2.09) to 

the HEM estimates.  This calibration factor is included in the c1 coefficient of Equation (3-5).  
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For events with M > 6, we considered two approaches to account for magnitude scaling: (1) 

using the HEM-based simulations for all magnitudes, assuming that the HEM approach can be 

extrapolated to magnitudes larger than those used to develop the WNA and CENA 

seismological models (hereafter referred to as the stochastic-scaling approach), and (2) using the 

HEM simulations to model magnitude scaling for M ≤ 6.0 and using the magnitude-scaling 

predicted by the NGA-West2 GMPEs to model magnitude scaling for M > 6.0 (hereafter 

referred to as the empirical-scaling approach). Figures 3 and 4 display the magnitude-scaling 

characteristics of the PSA predicted by our CENA GMPE for RRUP = 5, 10, 30, and 70 km using 

the stochastic-scaling and empirical-scaling approaches, respectively. These figures show that 

the empirical-scaling approach does not exhibit as much oversaturation at large magnitudes, 

short distances, and short periods as the stochastic-scaling approach. Since the consensus 

amongst engineering seismologists is to preclude oversaturation in GMPEs (e.g., see ASK14 

and CB14), we prefer the version of the CENA GMPE that is based on the empirical-scaling 

approach. 

 

Comparison with Previous Models 

Figure 3-5 shows a comparison of the distance-scaling (attenuation) characteristics of the 

GMPEs developed in this study (hereafter referred to as PZCT14) with those of Pezeshk et al. 

(2011) (hereafter referred to as PZT11) and the hard-rock version of Campbell (2007, 2008, 

2011) (hereafter referred to as C07).  Plots are shown for PGA and PSA at T = 0.1, 0.2, 0.5, 1.0, 

and 4.0 s, M = 5.0 and 7.0, and RRUP = 1–1000 km.  Both C07 and PZT11 used the HEM 

approach to develop GMPEs for the generic CENA hard-rock site conditions defined by 

Atkinson and Boore (2006), which correspond to NEHRP site class A (BSSC, 2009) with VS30 ≥ 

2000 m/s and κ0 = 0.005 s. To perform a consistent comparison, the estimated GMIMs from 

C07 and PZT11 were adjusted to the reference hard-rock site conditions used in this study, 
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which corresponds to VS30 = 3000 m/s and κ0 = 0.006 s (Hashash et al., 2014a).  This adjustment 

was approximated by multiplying the C07 and PZT11 GMIM predictions by the ratio of the site-

amplification factors in Atkinson and Boore (2006) to those used in this study (Boore and 

Thompson, 2015).  No adjustment for κ0 was done, because we believe that the value of 0.005 s 

used by C07, PZT11, and the value of 0.006 s used this study leads to negligible differences in 

site attenuation for the frequencies of interest in this study. 

PZT11 used a lower median stress parameter for CENA compared to this study (250 versus 400 

bars).  Similarly, C07 used a stress parameter of 280 bars.  Although this appears to be 

inconsistent, we note that these lower stress parameters are consistent with the value of 250 bars 

found by Boore (2009) and Atkinson et al. (2009) in order to approximate the finite-fault 

predictions of Atkinson and Boore (2006), based on a stress parameter of 140 bars, using the 

point-source stochastic simulation program SMSIM.  Since all of these models are calibrated 

with CENA recordings, the differences in the stress parameters are self-consistent and do not 

represent a bias in the GMIM predictions.  From Figure 3-5, we observe that the GMIM 

predictions of C07 and PZT11 are similar to the predictions of this study at high frequencies for 

M = 5.0 and RRUP > 10 km; however, they are generally smaller for M = 7.0.  One important 

difference at short distances is the use of the new effective point-source distance metric defined 

in Equation (3-3) that was used to model the near-source magnitude saturation effects in the 

stochastic-scaling approach.  The use of this distance metric clearly leads to greater saturation 

(in fact oversaturation) at short periods, short distances, and large magnitudes compared to the 

empirical-scaling approach.  PZT11 used a similar effective distance metric, but C07 did not 

(Campbell, 2014).  For longer periods, the C07 and PZT11 predictions are smaller even for M = 

5.0 and RRUP > 10 km. 
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Comparison with Observations 

The GMIM predictions from the GMPEs developed in this study are compared to the PGA and 

PSA values from the NGA-East database (Goulet et al., 2014; see Data and Resources Section) 

for available CENA recordings with M ≥ 3.0 and RRUP < 1000 km.  For this comparison, we 

only use tectonic earthquakes and not the potentially induced events (PIEs) identified in the 

NGA-East database (Goulet et al., 2014), because of the scientific controversy whether PIEs 

have different source and/or attenuation characteristics than tectonic events (e.g., Hough, 2014).  

We used the RotD50 horizontal GMIMs that are listed in the database to be consistent with the 

definition of the GMIMs used in the NGA-West2 GMPEs.  We excluded earthquakes and 

recording stations in the Gulf Coast region, which has been shown to exhibit significantly 

different ground-motion attenuation because of the thick sediments in the region (Dreiling et al., 

2014).  Figure 3-6 displays a map of the recording stations with different colors representing 

their NEHRP site class and Figure 3-7 displays a map of the associated earthquakes.  NEHRP 

site class E (soft-soil) sites were excluded from consideration because of their complex site-

response characteristics and their potential for significant nonlinear site effects.  Figure 3-8 

displays the magnitude-distance distribution of the selected recordings. 

As seen in Figure 3-6, the selected recordings were obtained on a variety of site conditions. To 

perform a consistent comparison between the GMIM predictions from the GMPE developed in 

this study and the observations, the observed GMIMs were adjusted to the CENA hard-rock 

reference site condition used to develop the GMPE based on the same approach used in the 

NGA-East project (C. A. Goulet, personal communication, 2014). We first adjusted the 

observed PSA and PGA values for sites with VS30 < 1500 m/s to NEHRP B/C site conditions 

(VS30 = 760 m/s) using the site term in BSSA14.  This site term is a function of VS30 and PGAR, 

the median value of PGA on NEHRP B/C site conditions. The BSSA14 site term includes two 

parts: a linear term, FLIN, that is a function of VS30 only, and a nonlinear term, FNL, that is a 

function of both VS30 and PGAR. In order to avoid an iterative process, an estimate of PGAR for 
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each recording was obtained from a point-source stochastic simulation for each magnitude, 

distance, and spectral period of interest using the CENA seismological parameters given in 

Table 3-3, and then adjusted to CENA hard-rock site conditions using the crustal-amplification 

factors for a generic CENA NEHRP B/C site from Table 3-4 of Atkinson and Boore (2006). 

After adjusting the observed GMIM values to the NEHRP B/C site conditions, we used the 

spectral crustal-amplification factors in Table 3-4 of Atkinson and Boore (2006) to adjust the 

GMIMs to CENA hard-rock site conditions. The hard-rock sites with VS30 ≥ 1500 m/s were 

adjusted to VS30 = 3000 m/s using a different method, as discussed below. 
A summary of the method that we used to adjust the observations to the CENA reference hard-

rock site condition can be described as follows (after D. M. Boore, personal communication, 2014):  

1. Compile generic VS and density profiles corresponding to VS30 = 760 m/s (Atkinson 

and Boore, 2006), VS30 = 2000 m/s (Atkinson and Boore, 2006), and VS30 = 3000 m/s 

(Boore and Thompson, 2015);  

2. For each recording of given M, RRUP, and VS30 < 1500 m/s, correct to VS30 = 760 m/s 

using the site term in BSSA14 and the value of PGAR from the CENA stochastic 

simulations after correcting to NEHRP B/C site conditions using the ratio of the 

crustal-amplification factors for the VS30 = 760 m/s and VS30 = 3000 m/s site profiles. 

For the few sites with 1500 < VS30 < 2000 m/s, stochastically simulate the value of 

PGA and PSA using the crustal-amplification factors for the VS30 = 2000 m/s site 

profile.  

3. Find the ratio of PGA and PSA values between the VS30 = 760 and VS30 = 3000 m/s 

site profiles or between the VS30 = 2000 and VS30 = 3000 m/s site profiles and use these 

as adjustment factors to correct the recorded GMIM values to the reference hard-rock 

site conditions. 
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Figure 3-9 compares the site factors that were used to adjust the observed PSA values from the 

reference NEHRP B/C site condition, or alternatively from the Atkinson and Boore (2006) hard-

rock site condition, to the CENA reference hard-rock site condition, which includes the effects 

of both crustal amplification and site attenuation. The plots show the spectral ratio of PSA 

between the VS30 = 760 and VS30 = 3000 m/s site profiles (top plot) and between the VS30 = 2000 

and VS30 = 3000 m/s site profiles (bottom plot). Ratios are given for M = 3.5, 4.5, 5.5, and 6.5 

and RRUP = 10 and 100 km. The magnitude range was selected in order to show the adjustment 

factors that are most relevant to the magnitudes of the observed earthquakes. The two distances 

are provided to demonstrate how the adjustment factors vary with distance. These plots show 

that the adjustments can be relatively large for the NEHRP B/C site profile and almost 

negligible for the VS30 = 2000 m/s site profile. 

Figure 3-10 compares the median predicted values of PSA from the GMPE based on stochastic 

scaling at large magnitudes versus the site-adjusted observed PSA at T = 0.2, 1.0, and 2.0 s for 

three one-unit magnitude bins centered at M = 3.5, 4.5, and 5.5.  These comparisons include the 

common log empirical calibration constant of 0.32 (factor of 2.09) that was used to adjust the 

GMIM predictions from the GMPE for the average misfit between the predictions and the 

observations over all magnitudes, distances, and spectral periods.  In general, there is relatively 

good agreement between the PSA predictions and the observations, although there are some 

magnitudes and distances where the comparison is better than others. We note that there is a 

great deal of uncertainty associated with adjusting the observed GMIMs to the reference hard-

rock site conditions in CENA that precludes making definitive conclusions regarding their 

comparison with the predicted values. 

Figure 3-11 shows the total residuals from the GMIM predictions that are based on stochastic 

scaling at large magnitudes as a function of distance for T = 0.2, 1.0, and 2.0 s.  In this figure, 

the size of each circle and its color represents the magnitude of the earthquake.  The squares 

represent the mean values and the error bars represent the 95th-percentile confidence limits of 
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the mean of the binned residuals.  This Figure 3-shows that there is about a 50% statistically 

significant underestimation by the GMPE for binned distances ranging from 50 to 300 km, but 

this underestimation disappears at longer periods (lower frequencies). Otherwise there is no 

substantial trend in the total residuals with distance. 

A variance-component technique proposed by Chen and Tsai (2002) was used to decompose the 

prediction error of the GMIMs into three components, which using the terminology of Al Atik 

et al. (2010) are: (1) the between-event standard deviation τ, (2) the site-to-site standard 

deviation φS2S, and (3) the within-event single-site standard deviation φSS. Figure 3-12 displays 

these residuals for T = 1.0 s as a function of magnitude and distance.  As can be seen in this 

figure, the total residual errors are significantly reduced once they are corrected for the between-

event and the site-to-site components of variability.  This difference can be seen even clearer in 

Table 3-8, which lists the natural log standard deviations of the three components of variability 

for PSA at T = 0.2, 1.0, and 2.0 s.  The standard deviations in this table are given in natural log 

units so that they can be compared more easily with the standard deviations listed in the 

literature as well as those recommended in this study for use with our GMPE [see Equations (3-

7) and (3-8) and the coefficients listed in Tables 3-6 and 3-7]. 

Table 3-8 compares the natural log standard deviations of the between-event variability (τ) and 

the within-event variability (φ) estimated from the CENA observations with those recommended 

in this study for an M = 4.0 event. This magnitude was selected because it is near the average of 

the magnitudes of the observed events. The within-event standard deviation of the observations 

was calculated from the SRSS of φS2S and φSS. The values of τ from the observations are found to 

be similar to or even somewhat smaller than those from the GMPE aleatory variability model. 

However, the values of φ from the observations are generally higher, likely because of the 

additional dispersion that results from the large site adjustment and the uncertainty whether the 

BSSA14 site term is appropriate in CENA. The result is that the total standard deviation (σ) is 

somewhat larger for the observations than for the GMPE aleatory variability model. It is also 
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interesting to compare the within-event and single-site standard deviations of the observations 

with those summarized in Rodriguez-Marek et al. (2013) for different tectonic regions. The 

values of φ and φSS tend to fall in the upper range of the values shown in Figure 3-2 of 

Rodriguez-Marek et al. (2013). This is not surprising considering the relatively large amount of 

uncertainty associated with the large site adjustment that was applied to the observed GMIMs. 

Interestingly, the standard deviations from the observations are similar to those found by 

Rodriguez-Marek et al. (2013) for California, which were derived from events dominated by the 

same magnitude range as the CENA events. 

 

Summary and Conclusions 

The hybrid empirical method of Campbell (2003) was used to develop two new GMPEs for 

CENA. These GMPEs are based on two alternative large magnitude-scaling approaches: (1) 

using HEM-based GMIMs predictions for all magnitudes even though the stochastic simulations 

used to perform the regional adjustments were based only on seismological models that were 

constrained by data with M ≤ 6.0, referred to as the stochastic-scaling approach, and (2) using 

HEM-based GMIM predictions for M ≤ 6.0 and the magnitude-scaling predicted by the NGA-

West2 GMPEs for larger magnitudes, referred to as the empirical-scaling approach. The 

empirical-scaling approach eliminates or significantly reduces oversaturation of GMIM 

predictions at large magnitudes, short distances, and short periods and is, therefore, preferred 

over the stochastic-scaling approach. The new GMPEs are valid for prediction PGA and 5%-

damped PSA for T = 0.01–10 s, M = 3.0–8.0, and nominally for RRUP < 1000 km. However, 

because the developers of the NGA-West2 GMPEs suggest that their models are mostly 

constrained by data at distances within about 300 km, we suggest that the GMIM predictions 

from our new GMPEs become less reliable at RRUP > 300–400 km and should be used with 

caution at these larger distances. The GMIM predictions represent the reference CENA hard-
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rock site condition recommended by Hashash et al. (2014a), which corresponds to a site with 

VS30 = 3000 m/s and κ0 = 0.006 s. The prediction of GMIMs for other site conditions requires 

using appropriate site-amplification factors, such as those used to adjust the CENA recordings 

to the CENA reference hard-rock site condition in this study. We consider our new GMPE to be 

a viable alternative to both the existing set of CENA GMPEs, such as those used by Petersen et 

al. (2008) in the development of the national seismic hazard model, and to other GMPEs that are 

being developed as part of the NGA-East project. Including a GMPE developed using the HEM 

approach will be an important contribution to the distribution of epistemic uncertainty of GMIM 

predictions in CENA. 

The application of the HEM approach in this study used WNA empirical GMPEs developed as 

part of the NGA-West2 project (Bozorgnia et al., 2014) to estimate GMIMs in the host region. 

These GMPEs were evaluated for a reference firm-rock site condition corresponding to VS30 = 

760 m/s and the default earthquake depths and basin effects recommended by the GMPE 

developers. For the WNA stochastic simulations, we used a consistent set of seismological 

parameters that were derived from the NGA-West2 GMPEs. For the CENA stochastic 

simulations, we used an updated set of internally consistent seismological parameters that were 

derived by Boore and Thompson (2015), Yenier and Atkinson (2015a), Chapman et al. (2014), 

and Hashash et al. (2014a). The major assumption in the HEM approach is that the near-source 

scaling and saturation effects observed in active tectonic regions, such as WNA, is a general 

behavior that can be extended to other tectonic regions, such as CENA. The empirical GMIM 

predictions from the host region were adjusted by stochastically simulated GMIM ratios that 

account for the differences in the source, path, and site response between the target (CENA) and 

the host (WNA) regions. These adjustment factors were evaluated using a point-source 

stochastic model with an effective point-source distance metric that mimics the distance from a 

finite-fault rupture plane, such as that used in the NGA-West2 GMPEs. 
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We used a stress parameter of 400 bars estimated by Boore and Thompson (2015), a path-

duration model derived by Boore and Thompson (2014), and an attenuation model developed by 

Chapman et al. (2014) for the CENA stochastic ground-motion simulations. For WNA, all of 

the seismological parameters, except for κ0, were based on the point-source inversions of the 

median predictions of PGA and PSA from the NGA-West2 GMPEs performed for events with 

M ≤ 6.0 and sites with RRUP < 200 km. The value of κ0 was derived from the NGA-West2 

GMPEs using the IRVT approach of Al Atik et al. (2014) and fixed in the inversion in order to 

avoid a tradeoff between Δσ and κ0. An effective point-source distance metric that combines 

those proposed by Atkinson and Silva (2000) and Yenier and Atkinson (2014, 2015a,b) was 

used in the stochastic simulations in both regions in order to capture near-source finite-fault 

geometric attenuation effects. 

The GMIM predictions from the GMPEs developed in this study were compared with the 

observed GMIM values from the NGA-East database (Goulet et al., 2014; see Data and 

Resources Section) by evaluating the residuals between the predictions and the observations, 

after adjusting the latter to the CENA reference hard-rock site condition (Hashash et al., 2014a). 

In general, there is relatively good agreement between the GMPEs and the CENA observations. 

We consider any disagreement between the predictions and site-adjusted observations to be 

acceptable, considering the relatively large adjustments and associated uncertainty that was 

necessary to adjust the observations to the CENA reference hard-rock site condition. A 

comparison between our new GMPEs with those developed previously by the authors shows 

that they closely agree at M = 5 and short periods, but predict lower GMIMs at larger 

magnitudes and longer periods. 
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Table 3-1. Crustal-amplification factors (Boore and Thompson, 2015) 
 

CENA  WNA 
Table 4 of Thompson and Boore (2015) Table 3 of Thompson and Boore (2015) 

f (Hz) A(f) f (Hz) A(f) 
1.00E-03 1.000 1.00E-03 1.00 

7.83E-03 1.003 9.00E-03 1.01 

2.33E-02 1.010 2.50E-02 1.03 

4.00E-02 1.017 4.90E-02 1.06 

6.14E-02 1.026 8.10E-02 1.10 

1.08E-01 1.047 1.50E-01 119 

2.34E-01 1.069 3.70E-01 1.39 

3.45E-01 1.084 6.80E-01 1.58 

5.08E-01 1.101 1.11E+00 1.77 

1.09E+00 1.135 2.36E+00 2.24 

1.37E+00 1.143 5.25E+00 2.75 

1.69E+00 1.148 6.03E+01 4.49 

1.97E+00 1.150 1.00E+02 4.49 

   Note: Crustal-amplification factor do not include the effects of site attenuation. 
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Table 3-2. Path-duration models (Boore and Thompson, 2015) 
 

CENA  WNA 
Table 2 of Thompson and Boore (2015) Table 1 of Thompson and Boore (2015) 

RRUP (km)* TP (s) RRUP(km) TP(s) 
0 0.0 0.0 0.0 

15 2.6 7.0 2.4 

35 17.5 45.0 8.4 

50 25.1 125.0 10.9 

125 25.1 175.0 17.4 

200 28.5 270.0 34.2 

392 46.0   

600 69.1   

Slope of last segment 0.111 Slope of last segment 0.156 

  *Rupture distance must be converted to the effective point-source distance using the pseudo- 
    depth appropriate for each magnitude. 
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Table 3-3. Median values of seismological parameters for stochastic simulations 
 

Parameter WNA CENA 

Source spectrum model Single-corner-frequency 2ω−  Single-corner-frequency 2ω−  
Stress parameter, σΔ (bars)  135 400 
Source velocity, βS (km/s) 3.5 3.7 
Source density, ρS (gm/cc) 2.8 2.8 

Geometric spreading, ( )Z R  

  

R−1.03

R−0.96

R−0.50

R < 45km
45km ≤ R <125km

R ≥125km

⎧

⎨
⎪

⎩
⎪

   

R−1.3

R0

R−0.50

R < 60km
60km ≤ R <120km

R ≥120km

⎧

⎨
⎪

⎩
⎪

 

Quality factor, Q  202 f 0.54  440 f 0.47  
Source duration, TS (s) 0.05R 0.05R 

Path duration, TP (s) Boore and Thompson (2015) 
Table 1 

Boore and Thompson (2015) 
Table 2 

Crustal amplification, ( )A f  Atkinson and Boore (2006) 
Table 4 

Boore and Thompson (2015) 
Table 4 

Site kappa, 0κ (s) 0.035 0.006 (Hashash et al., 2014a) 
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Table 3-4. Coefficients and standard deviations of regression for the stochastic-scaling approach 
 

T(s) c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 σReg
PGA -2.0429E-01 7.8051E-01 -8.0630E-02 -3.9556E+00 3.9011E-01 -3.2591E-01 8.2425E-02 -1.9280E+00 2.5112E-01 -2.3467E-03 -6.3677E+00 6.7572E-02
0.01 4.2645E-01 7.0745E-01 -7.8324E-02 -4.1840E+00 4.0911E-01 -6.4552E-01 1.0491E-01 -2.0559E+00 2.5851E-01 -2.2860E-03 6.6534E+00 6.6835E-02
0.02 6.5733E-01 6.8026E-01 -7.4441E-02 -4.0879E+00 3.9085E-01 -6.3265E-01 5.9299E-02 -2.6446E+00 2.9338E-01 -2.0452E-03 6.7235E+00 7.0188E-02
0.03 3.4203E-01 7.2048E-01 -7.4370E-02 -3.8959E+00 3.7288E-01 6.6284E-03 -1.9709E-02 -2.8483E+00 3.0255E-01 -2.0679E-03 6.5234E+00 7.6110E-02
0.04 -1.2664E-02 7.6522E-01 -7.5579E-02 -3.7526E+00 3.6439E-01 5.4789E-01 -6.7567E-02 -2.5771E+00 2.7111E-01 -2.3762E-03 -6.3318E+00 8.1391E-02
0.05 -2.6083E-01 7.9629E-01 -7.6977E-02 -3.6831E+00 3.6387E-01 7.9036E-01 -7.1234E-02 -2.0936E+00 2.2316E-01 -2.7467E-03 -6.1902E+00 8.6347E-02
0.08 -7.9950E-01 9.0874E-01 -8.4599E-02 -3.5869E+00 3.5907E-01 6.0223E-01 3.5201E-03 -1.0753E+00 1.3978E-01 -3.3186E-03 6.1052E+00 9.2628E-02
0.10 -1.3913E+00 1.0596E+00 -9.4862E-02 -3.4750E+00 3.4391E-01 2.3694E-01 6.8643E-02 -4.5169E-01 8.9673E-02 -3.4808E-03 6.1301E+00 9.0411E-02
0.15 -2.4251E+00 1.3217E+00 -1.1166E-01 -3.3222E+00 3.1772E-01 -3.2248E-01 1.4497E-01 1.8247E-01 8.0811E-03 -3.2161E-03 6.2295E+00 8.4379E-02
0.20 -3.2432E+00 1.5367E+00 -1.2620E-01 -3.2779E+00 3.0621E-01 -5.6426E-01 1.6890E-01 1.6405E-01 -4.1004E-03 -2.6381E-03 6.3660E+00 8.3346E-02
0.25 -3.8580E+00 1.6854E+00 -1.3610E-01 -3.2646E+00 3.0240E-01 -6.5142E-01 1.7420E-01 5.7603E-02 -3.2731E-03 -2.1368E-03 6.3308E+00 8.3841E-02
0.30 -4.2402E+00 1.7716E+00 -1.4189E-01 -3.2909E+00 3.0531E-01 -6.8649E-01 1.7365E-01 -6.0024E-02 2.2210E-03 -1.7435E-03 6.3176E+00 8.1633E-02
0.40 -5.0127E+00 1.9316E+00 -1.5013E-01 -3.2350E+00 2.9190E-01 -6.0955E-01 1.4809E-01 -3.7154E-01 2.4987E-02 -1.0722E-03 6.4935E+00 7.5611E-02
0.50 -5.4414E+00 2.0053E+00 -1.5317E-01 -3.2322E+00 2.8881E-01 -5.2867E-01 1.2618E-01 -6.7709E-01 5.5498E-02 -6.6423E-04 6.5578E+00 6.8966E-02
0.75 -6.0852E+00 2.0701E+00 -1.5330E-01 -3.2007E+00 2.8627E-01 -4.2659E-01 1.0139E-01 -9.8560E-01 8.4097E-02 -3.0398E-04 6.3032E+00 6.3291E-02
1.00 -6.4464E+00 2.0770E+00 -1.4983E-01 -3.1645E+00 2.8139E-01 -3.6049E-01 8.2928E-02 -1.1127E+00 9.2414E-02 -1.8571E-04 6.1868E+00 6.2594E-02
1.50 -6.7270E+00 1.9919E+00 -1.3814E-01 -3.1322E+00 2.8478E-01 -2.7117E-01 6.1717E-02 -1.2716E+00 1.1036E-01 -4.7980E-05 5.8175E+00 6.4354E-02
2.00 -6.8008E+00 1.9072E+00 -1.2889E-01 -3.1617E+00 2.9348E-01 -2.3094E-01 4.8925E-02 -1.4382E+00 1.3165E-01 -3.6122E-06 5.6552E+00 6.5045E-02
3.00 -6.7402E+00 1.7295E+00 -1.1036E-01 -3.1987E+00 3.0191E-01 -1.4433E-01 2.9331E-02 -1.6195E+00 1.5347E-01 1.3089E-05 -5.4468E+00 6.7393E-02
4.00 -6.6382E+00 1.5894E+00 -9.6466E-02 -3.2203E+00 3.0740E-01 -1.2761E-01 2.7137E-02 -1.5748E+00 1.4115E-01 -4.2019E-05 -5.5917E+00 6.5942E-02
5.00 -6.7258E+00 1.5356E+00 -8.9780E-02 -3.2314E+00 3.0888E-01 -1.0632E-01 2.3236E-02 -1.5715E+00 1.3543E-01 -9.1894E-05 5.7262E+00 6.5012E-02
7.50 -7.1935E+00 1.5138E+00 -8.4408E-02 -3.2359E+00 3.1698E-01 -1.7665E-02 1.7312E-02 -1.6579E+00 1.4943E-01 -1.3695E-04 5.8465E+00 6.2654E-02
10.0 -7.5073E+00 1.5223E+00 -8.3930E-02 -3.2898E+00 3.2569E-01 1.8068E-01 -3.0216E-03 -1.6146E+00 1.4614E-01 -1.9393E-04 5.7011E+00 6.8376E-02

 
Table 3-5. Coefficients and standard deviations of regression for the empirical-scaling approach 

 
T(s) c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 σReg
PGA -7.65463E-01 8.99411E-01 -7.87391E-02 -3.53403E+00 2.94791E-01 -4.79922E-01 1.17806E-01 -2.18173E+00 3.02903E-01 -2.32654E-03 6.46122E+00 5.83553E-02
0.010 -1.87094E-01 8.31363E-01 -7.50346E-02 -3.71379E+00 3.03033E-01 -7.79339E-01 1.35992E-01 -2.30678E+00 3.09283E-01 -2.26338E-03 6.74501E+00 5.63673E-02
0.020 8.38693E-02 7.93361E-01 -7.07297E-02 -3.64067E+00 2.89796E-01 -7.69238E-01 9.12407E-02 -2.88487E+00 3.39897E-01 -2.01321E-03 6.81411E+00 5.77429E-02
0.030 -1.78641E-01 8.25599E-01 -7.14761E-02 -3.48914E+00 2.80892E-01 -1.80579E-01 2.31933E-02 -3.07234E+00 3.46923E-01 -2.04325E-03 6.61601E+00 6.48271E-02
0.040 -4.94724E-01 8.65930E-01 -7.35842E-02 -3.37796E+00 2.79637E-01 3.21834E-01 -1.61079E-02 -2.79142E+00 3.15740E-01 -2.36453E-03 6.42491E+00 7.32989E-02
0.050 -7.24554E-01 8.95917E-01 -7.56845E-02 -3.32496E+00 2.83089E-01 5.31827E-01 -1.34413E-02 -2.30051E+00 2.69315E-01 -2.75061E-03 6.27777E+00 8.15609E-02
0.075 -1.25503E+00 1.00888E+00 -8.39703E-02 -3.23738E+00 2.80880E-01 3.43213E-01 6.06517E-02 -1.28945E+00 1.93192E-01 -3.35176E-03 6.18420E+00 9.08520E-02
0.100 -1.84853E+00 1.16017E+00 -9.43571E-02 -3.12502E+00 2.65994E-01 1.61084E-02 1.16830E-01 -6.96951E-01 1.51094E-01 -3.51938E-03 -6.20508E+00 8.90813E-02
0.150 -2.86205E+00 1.41808E+00 -1.11004E-01 -2.98461E+00 2.41626E-01 -4.49375E-01 1.73581E-01 -1.47412E-01 8.22468E-02 -3.22385E-03 -6.32171E+00 8.52373E-02
0.200 -3.66596E+00 1.63158E+00 -1.25557E-01 -2.95175E+00 2.31350E-01 -6.27371E-01 1.84663E-01 -2.47049E-01 7.74139E-02 -2.59108E-03 6.47912E+00 8.30937E-02
0.250 -4.25969E+00 1.77746E+00 -1.35505E-01 -2.95507E+00 2.29811E-01 -6.68077E-01 1.81122E-01 -4.05959E-01 8.04627E-02 -2.04070E-03 6.46963E+00 8.14216E-02
0.300 -4.63036E+00 1.86380E+00 -1.41588E-01 -2.99490E+00 2.34657E-01 -6.77525E-01 1.75957E-01 -5.47859E-01 8.47313E-02 -1.61409E-03 6.47529E+00 7.69199E-02
0.400 -5.40692E+00 2.02896E+00 -1.50595E-01 -2.94995E+00 2.23086E-01 -5.91148E-01 1.49164E-01 -8.40017E-01 9.92077E-02 -9.23060E-04 6.66683E+00 6.87587E-02
0.500 -5.84273E+00 2.10822E+00 -1.54523E-01 -2.95648E+00 2.22183E-01 -5.22723E-01 1.29842E-01 -1.08614E+00 1.19416E-01 -5.30261E-04 6.73299E+00 6.33758E-02
0.750 -6.49908E+00 2.18511E+00 -1.56965E-01 -2.94753E+00 2.25893E-01 -4.59367E-01 1.12022E-01 -1.25183E+00 1.28380E-01 -2.31588E-04 6.46561E+00 6.34840E-02
1.000 -6.86922E+00 2.20396E+00 -1.55719E-01 -2.93253E+00 2.26115E-01 -4.04372E-01 9.55267E-02 -1.29734E+00 1.25976E-01 -1.51633E-04 6.35641E+00 6.57461E-02
1.500 -7.17151E+00 2.14344E+00 -1.48391E-01 -2.94011E+00 2.38686E-01 -3.05307E-01 7.18673E-02 -1.38564E+00 1.33655E-01 -4.13000E-05 5.98611E+00 6.89642E-02
2.000 -7.28730E+00 2.08549E+00 -1.43056E-01 -2.99414E+00 2.53318E-01 -2.54601E-01 5.60472E-02 -1.51930E+00 1.49438E-01 -5.53000E-06 -5.80583E+00 6.90878E-02
3.000 -7.34489E+00 1.95722E+00 -1.30032E-01 -3.03854E+00 2.64881E-01 -1.50614E-01 3.18413E-02 -1.66760E+00 1.64809E-01 7.65000E-06 -5.52790E+00 7.05972E-02
4.000 -7.38680E+00 1.86047E+00 -1.19074E-01 -3.02325E+00 2.63714E-01 -1.51449E-01 3.28799E-02 -1.60344E+00 1.47278E-01 -4.23000E-05 -5.59561E+00 7.01128E-02
5.000 -7.60677E+00 1.83922E+00 -1.13517E-01 -2.97984E+00 2.54473E-01 -1.60000E-01 3.50577E-02 -1.58277E+00 1.37396E-01 -9.03000E-05 -5.66311E+00 7.05975E-02
7.500 -8.25078E+00 1.85078E+00 -1.07189E-01 -2.87880E+00 2.40256E-01 -1.68689E-01 5.01684E-02 -1.64339E+00 1.45477E-01 -1.32983E-04 -5.72138E+00 6.98691E-02
10.000 -8.58111E+00 1.85033E+00 -1.03929E-01 -2.87577E+00 2.36240E-01 -8.46595E-02 5.49995E-02 -1.59869E+00 1.45009E-01 -2.04723E-04 5.60438E+00 7.53778E-02
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Table 3-6. Coefficients of the between-event variability model in natural log units 
 

T (sec) C12 C13 C14 C15 C16 C17 C18
0.000 4.190E-01 7.704E-01 -7.809E-02 5.518E-01 -3.435E-02 3.597E-01 -4.799E-03
0.010 4.188E-01 7.511E-01 -7.384E-02 5.599E-01 -3.560E-02 3.597E-01 -4.799E-03
0.020 4.245E-01 8.039E-01 -8.433E-02 5.569E-01 -3.493E-02 3.611E-01 -4.796E-03
0.030 4.415E-01 8.791E-01 -9.724E-02 5.700E-01 -3.543E-02 3.716E-01 -4.894E-03
0.040 4.570E-01 9.445E-01 -1.083E-01 5.736E-01 -3.414E-02 3.855E-01 -5.215E-03
0.050 4.724E-01 1.010E+00 -1.194E-01 5.772E-01 -3.290E-02 3.993E-01 -5.544E-03
0.075 4.664E-01 8.158E-01 -7.764E-02 5.829E-01 -3.106E-02 4.190E-01 -5.839E-03
0.100 4.366E-01 4.636E-01 -6.004E-03 5.919E-01 -3.166E-02 4.235E-01 -5.754E-03
0.150 4.079E-01 3.565E-01 1.142E-02 5.802E-01 -3.331E-02 3.964E-01 -5.031E-03
0.200 3.959E-01 4.407E-01 -9.948E-03 5.797E-01 -3.775E-02 3.652E-01 -4.754E-03
0.250 3.984E-01 5.756E-01 -3.937E-02 5.773E-01 -3.972E-02 3.499E-01 -4.727E-03
0.300 4.022E-01 6.893E-01 -6.380E-02 5.823E-01 -4.238E-02 3.373E-01 -4.705E-03
0.400 4.116E-01 9.154E-01 -1.120E-01 5.602E-01 -4.091E-02 3.246E-01 -4.675E-03
0.500 4.252E-01 1.027E+00 -1.336E-01 5.582E-01 -3.997E-02 3.287E-01 -4.654E-03
0.750 4.507E-01 1.017E+00 -1.258E-01 5.933E-01 -4.110E-02 3.562E-01 -4.622E-03
1.000 4.716E-01 1.092E+00 -1.378E-01 6.056E-01 -4.057E-02 3.718E-01 -4.608E-03
1.500 4.859E-01 1.053E+00 -1.260E-01 6.367E-01 -4.277E-02 3.886E-01 -4.606E-03
2.000 4.886E-01 1.051E+00 -1.250E-01 6.360E-01 -4.198E-02 3.932E-01 -4.633E-03
3.000 4.907E-01 9.881E-01 -1.105E-01 6.469E-01 -4.230E-02 4.021E-01 -4.632E-03
4.000 5.033E-01 1.228E+00 -1.610E-01 6.062E-01 -3.667E-02 3.977E-01 -4.590E-03
5.000 4.986E-01 1.102E+00 -1.340E-01 6.311E-01 -3.990E-02 4.015E-01 -4.583E-03
7.500 4.910E-01 1.049E+00 -1.240E-01 6.579E-01 -4.578E-02 3.901E-01 -4.583E-03

10.000 4.711E-01 8.446E-01 -8.300E-02 6.848E-01 -5.105E-02 3.828E-01 -4.583E-03
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Table 3-7. Coefficients of the within-event variability model in natural log units 
 

T (sec) C19 C20 C21 C22 C23 C24 C25
0.010 8.338E-01 -2.960E-02 1.872E+00 -2.603E-01 7.813E-01 -4.216E-02 5.073E-01
0.020 8.398E-01 -3.035E-02 1.879E+00 -2.613E-01 7.855E-01 -4.257E-02 5.088E-01
0.030 8.655E-01 -3.313E-02 1.918E+00 -2.670E-01 8.073E-01 -4.489E-02 5.155E-01
0.040 8.846E-01 -3.469E-02 1.966E+00 -2.749E-01 8.216E-01 -4.611E-02 5.219E-01
0.050 9.032E-01 -3.628E-02 2.013E+00 -2.828E-01 8.352E-01 -4.733E-02 5.276E-01
0.075 9.017E-01 -3.537E-02 1.966E+00 -2.718E-01 8.373E-01 -4.615E-02 5.373E-01
0.100 8.923E-01 -3.406E-02 1.859E+00 -2.490E-01 8.420E-01 -4.548E-02 5.463E-01
0.150 8.803E-01 -3.083E-02 1.845E+00 -2.453E-01 8.312E-01 -4.245E-02 5.552E-01
0.200 8.647E-01 -2.821E-02 1.764E+00 -2.281E-01 8.254E-01 -4.035E-02 5.632E-01
0.250 8.411E-01 -2.517E-02 1.683E+00 -2.123E-01 8.064E-01 -3.694E-02 5.663E-01
0.300 8.036E-01 -2.013E-02 1.469E+00 -1.680E-01 7.958E-01 -3.336E-02 5.790E-01
0.400 7.504E-01 -1.371E-02 1.149E+00 -1.023E-01 7.838E-01 -2.924E-02 5.938E-01
0.500 7.140E-01 -9.555E-03 9.077E-01 -5.260E-02 7.721E-01 -2.548E-02 6.065E-01
0.750 6.438E-01 -2.021E-03 5.067E-01 2.845E-02 7.347E-01 -1.714E-02 6.232E-01
1.000 5.979E-01 2.615E-03 3.516E-01 5.735E-02 6.766E-01 -7.641E-03 6.269E-01
1.500 5.427E-01 7.744E-03 2.356E-01 7.598E-02 5.907E-01 4.964E-03 6.230E-01
2.000 5.124E-01 1.186E-02 2.099E-01 7.909E-02 5.524E-01 1.058E-02 6.212E-01
3.000 5.114E-01 1.149E-02 2.437E-01 7.098E-02 5.465E-01 1.042E-02 6.142E-01
4.000 4.971E-01 1.287E-02 2.789E-01 6.137E-02 5.254E-01 1.207E-02 6.039E-01
5.000 4.718E-01 1.563E-02 2.007E-01 7.587E-02 5.093E-01 1.417E-02 6.013E-01
7.500 4.182E-01 2.163E-02 -1.941E-02 1.189E-01 4.891E-01 1.717E-02 6.007E-01

10.000 3.917E-01 2.513E-02 -5.828E-02 1.251E-01 4.869E-01 1.608E-02 5.915E-01
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Table 3-8. Standard deviations segregated by variance components in natural log units 
 

Component of 
Variability 

Period (s) 
Observations GMPE (M = 4.0) 

0.2 1.0 2.0 0.2 1.0 2.0 
Between-Event (τ) 0.357 0.350 0.334 0.396 0.472 0.489 
Site-to-Site (φS2S) 0.668 0.596 0.484 – – – 
Single-Site (φSS) 0.490 0.527 0.550 – – – 
Within-Event (φ) 0.829 0.796 0.733 0.752 0.703 0.560 
Total (σ) 0.902 0.870 0.805 0.850 0.846 0.743 
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Figure 3-1.  Kappa values in seconds for six scenarios computed from the median of the NGA-West2 
ground motion prediction equations using the IRVT approach. 
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Figure 3-2.  Path-duration models for CENA and WNA (modified from Boore and Thompson, 2015). In 
the legend, E represents eastern North America and W represents western North America. 
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Figure 3-3.  Response spectra predicted by the CENA hybrid empirical ground motion prediction 
equation developed in this study based on the stochastic-scaling approach to large-magnitude scaling 
showing its dependence on magnitude at rupture distances (RRUP) of 5, 10, 30, and 70 km. 
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Figure 3-4.  Response spectra predicted by the CENA hybrid empirical ground motion prediction 
equation developed in this study based on the empirical-scaling approach to large-magnitude scaling 
showing its dependence on magnitude at rupture distances (RRUP) of 5, 10, 30, and 70 km. 
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Figure 3-5.  Comparison of PGA and PSA predicted by the CENA ground motion prediction equations 
developed in this study with the predictions of two hybrid empirical models developed previously by the 
authors: (lower curve) M = 5; (upper curve) M = 7; PZT11 (Pezeshk et al., 2011); C07 (Campbell, 2007, 
2008, 2011).  
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Figure 3-6.  CENA recording stations used in the comparisons with the hybrid empirical ground motion 

prediction equation developed in this study. All stations located within Gulf Coast region were excluded. 

The colors of the symbols represent the NEHRP site class of the station.  
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Figure 3-7.  CENA earthquakes used in the comparisons with the hybrid empirical ground motion 
prediction equation developed in this study. All potentially induced earthquakes (PIEs) and events 
located within the Gulf Coast region were excluded.  
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Figure 3-8. The magnitude–distance distribution of the selected CENA ground-motion recordings used to 
compare with the hybrid empirical ground motion prediction equation developed in this study. All 
potentially induced earthquakes (PIEs) and events located within the Gulf Coast region were excluded. 
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Figure 3-9.  Comparisons of the VS30=3000 m/sec to NEHRP B/C (VS30 = 760 m/sec) PSA spectral ratios 

(top) and the VS30 = 3000 to VS30 = 2000 m/sec PSA spectral ratios (bottom) used to adjust the empirical 

observations to the CENA reference hard-rock site condition recommended by Hashash et al. (2014a). 
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Figure 3-10.  Comparisons of the GMIM predictions from the hybrid empirical ground motion prediction 
equation developed in this study with the site-adjusted GMIM observations for spectral periods of 0.2, 
1.0, and 2.0 sec and three magnitude bins: M = 3.5 (3.0–4.0), M = 4.5 (4.0–5.0), and M = 5.5 (5.0–6.0).  
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Figure 3-11.  Plots showing the distribution of the site-adjusted residuals as a function of rupture distance 

(RRUP). The size of each circle and its color represent the magnitude of the event. The squares represent 

the mean binned the binned residuals. 
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Figure 3-12. Plots showing the between-event residuals versus magnitude (upper left), the within-event 

residuals versus magnitude (upper right), the total residuals versus rupture distance (lower left), and the 

within-event single-site residuals versus rupture distance (lower right) for a spectral period of 1.0 sec. 

The size of each circle and its color represent the magnitude of the event.  
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