
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

KTC-07-07/SPR246-02-6F 
(Revised on March 27, 2012) 
 

 
 

SEISMIC-HAZARD MAPS AND TIME HISTORIES FOR THE 
COMMONWEALTH OF KENTUCKY 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Research Report 
KTC-07-07/SPR246-02-6F 

 
 

SEISMIC-HAZARD MAPS AND TIME HISTORIES FOR THE 
COMMONWEALTH OF KENTUCKY 

 
by 

 
Zhenming Wang 

Seismologist and Head, Geologic Hazards Section 
Kentucky Geological Survey 

 
Issam E. Harik 

Professor of Civil Engineering and Program Manager, Structures and Coatings Section, 
Kentucky Transportation Center 

 
Edward W. Woolery 

Assistant Professor, Department of Earth and Environmental Sciences 
 

Baoping Shi 
Seismologist, Kentucky Geological Survey 

 
and 

 
Abheetha Peiris 

Doctoral Research Student, Kentucky Transportation Center 
 
 

Kentucky Transportation Center 
College of Engineering, University of Kentucky 

 
in  cooperation with 

 
Transportation Cabinet 

Commonwealth of Kentucky 
 

and 
 

Federal Highway Administration 
U.S. Department of Transportation 

 
T h e contents of this report reflect the views of the authors who are responsible for the facts and accuracy of the data 
presented herein. The contents do not necessarily reflect the official views or policies of the University of Kentucky, 
the Kentucky Transportation Cabinet, nor the Federal Highway Administration. This report does not constitute a 
standard, specification, or regulation. The inclusion of manufacturer names or trade names is for identification 
purposes and is not to be considered as endorsement. 

 
 
 

June 2008 
(Revised on March 27, 2012)



Technical Report Documentation Page  
1. Report No. 
        KTC-07-07/SPR246-02-6F 

 
2. Government Accession No. 

 
3. Recipient's Catalog No. 

 
4. Title and Subtitle 

 
SEISMIC HAZARD MAPS AND TIME HISTORIES FOR 

THE COMMONWEALTH OF KENTUCKY 
 

 
5. Report Date 

June 2008 
(Revised on March 27, 2012) 
 
6. Performing Organization Code 

 
 

8. Performing Organization Report 
No. 

KTC-07-07/SPR246-02-6F 

 
7. Author(s): Wang Z., Harik I.E., Woolery E.W., Shi B. and Peiris A. 
   
 
9. Performing Organization Name and Address 
 
               Kentucky Transportation Center 
                College of Engineering 
                University of Kentucky 
                Lexington, KY 40506-0281 

 
10. Work Unit No. (TRAIS) 

 

 
11. Contract or Grant No. 
              
 
13. Type of Report and Period 
Covered 
                       Final 

 
12. Sponsoring Agency Name and Address 
 
               Kentucky Transportation Cabinet 
                200 Mero Street 
                Frankfort, KY 40622 

 
14. Sponsoring Agency Code 

 
 
15. Supplementary Notes 

Prepared in cooperation with the Kentucky Transportation Cabinet and the U.S. Department of 
Transportation, Federal Highway Administration. 

 
16. Abstract 
 
 
 

The ground-motion hazard maps for the three earthquake scenarios, expected earthquakes, probable earthquakes, 
and maximum credible earthquakes on the free surface in hard rock (shear-wave velocity >1,500 m/s), were derived 
using the deterministic seismic hazard analysis and the corresponding time histories were developed using the 
composite source model for each scenario earthquake. The results are based on (1) historical observations, (2) 
instrumental records, and (3) current understanding of the earthquake source, recurrence, and ground-motion 
attenuation relationship in the central United States. It is well understood that there are uncertainties in the ground-
motion hazard maps because of the uncertainties inherent in parameters such as earthquake location, magnitude, and 
frequency used in the study. This study emphasizes the earthquakes that would have maximum impacts on humans 
and structures. The ground-motion parameters, including time histories, are intended for use in the recommended zone 
(not site-specific) where the structure is assumed to be situated at the top of a bedrock foundation. For sites underlain 
by soils, and in particular for sites underlain by poorly consolidated soils, it is recommended that site-specific 
investigations be conducted by qualified professionals in order to determine the possibilities of amplification, 
liquefaction, slope failure, and other considerations when subjected to the ground motions.   
 

  17. Key Words 
Earthquake, Seismic Hazards, Ground Motion, 
Response Spectra, Time Histories  

 
18. Distribution Statement 

Unlimited with approval of 
Kentucky Transportation Cabinet 

 
19. Security Classif. (of this report) 

Unclassified 

 
20. Security Classif. (of this page) 

Unclassified 

 
21. No. of Pages 

174 

 
22. Price 

Form DOT 1700.7(8-72)    Reproduction of Completed Page Authorized 



  
  

EXECUTIVE SUMMARY 
 
Background 

Earthquakes, such as the June 8, 2003, Bardwell, Ky., earthquake (M4.0), have 
periodically occurred in and around Kentucky throughout history.  The most widely felt and 
damaging earthquakes in the state are the great earthquakes that occurred in the winter of 1811-
1812 and were centered in northeastern Arkansas, northwestern Tennessee, southwestern 
Kentucky, and southeastern Missouri–the New Madrid Seismic Zone.  The 1811-1812 
earthquakes are reported to have caused damage (i.e., modified Mercalli intensity VII–IX) 
throughout much of the commonwealth. The 1980 Sharpsburg earthquake caused significant 
damage (MMI VII) in Maysville, Ky.  Since earthquakes are not well understood in the central 
United States, it is very difficult to predict them.  Still, they continue to occur in and around 
Kentucky, and will affect humans, buildings, and bridges (i.e., they are seismic hazards) and 
pose risk to society.  

Although seismic hazard and risk have often been used interchangeably, they are two 
fundamentally different concepts. Seismic hazard is a natural phenomenon generated by 
earthquakes, such as a surface rupture, ground motion, ground-motion amplification, 
liquefaction, and induced landslide, that has the potential to cause harm, and is quantified by two 
parameters: a level of hazard and its recurrence interval. Seismic risk, on the other hand, 
describes a probability of occurrence of a specific level of seismic hazard over a certain time 
(i.e., 50 or 75 years), and is quantified by three parameters: probability, a level of hazard, and 
exposure time. These differences are significant for policy consideration by engineers and 
decision-makers. High seismic hazard does not necessarily mean high seismic risk, and vice 
versa. For example, San Francisco, CA, and Paducah, KY, experienced similar intensity (MMI 
VII and greater) during the 1906 and 1811-1812 earthquakes, respectively. This does not 
necessarily mean that Paducah has similar seismic hazard as San Francisco because the 
recurrence intervals of the large earthquake are quite different: about 500 to 1,000 years in the 
central United States and about 100 years in the San Francisco Bay area. The differences in the 
recurrence intervals are important because any highway structure, such as a bridge, has a life, 
normally about 75 years. A bridge would likely experience a large earthquake or ground motion 
generated by the large earthquake over its lifetime (75 years) in San Francisco, but would be 
unlikely to experience a large earthquake or ground motion generated by the large earthquake 
over several life-cycles (couple of hundred years) in Paducah. In terms of seismic risk, the 
probability that a bridge could be struck by at least one large earthquake or ground motion 
generated by the large earthquake in San Francisco is about 53 percent over its lifetime (75 
years), and about 7% to 14% in Paducah.   

In this study, ground-motion hazard maps depicting a level of ground motion on the free 
surface in hard rock (shear-wave velocity >1,500 m/s) with a recurrence interval were developed, 
along with time histories, from all potential earthquake sources in and around Kentucky. Two 
approaches to determine seismic hazard, probabilistic seismic hazard analysis (PSHA) and 
deterministic seismic hazard analysis (DSHA), are widely used in seismic-hazard mapping. The 
two approaches use the same data sets, earthquake sources (where and how big), earthquake 
occurrence frequencies (how often), and ground-motion attenuation relationship (how strong), 
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but are fundamentally different in final products. PSHA uses a series of probabilistic 
computations to combine the uncertainties in earthquake source, occurrence frequency, and the 
ground-motion. PSHA predicts a relationship between a ground-motion value, such as peak 
ground acceleration (PGA), and the annual probability with which that value will be exceeded 
(hazard curve). PSHA addresses the frequency of exceeding a level of ground motion from all 
possible earthquakes. The ground motion derived from PSHA does not have a clear physical and 
statistical meaning and is not associated with any individual earthquake. DSHA develops a 
particular seismic scenario upon which a ground-motion hazard evaluation is based. The scenario 
consists of the postulated occurrence of an earthquake of a specified size at a specified location. 
The advantage of DSHA is that it provides a seismic-hazard estimate from earthquakes that have 
the most significant impact, and the estimate has a clear physical and statistical meaning. This 
advantage is of significance in engineering design and analysis.   

The engineering seismic designs and standards in the United States, as well as in most 
countries around the world, are based on experience learned in California. The ground motion 
specified for bridge design in California is the deterministic ground motion from the maximum 
credible earthquake.  Also, the ground motion from the maximum considered earthquake was 
recommended for building seismic design in California.  In engineering practice in California, 
DSHA, not PSHA, is being used to develop design ground motion. 

 
 

Study Objective 
 

 The objective of this study is to develop ground motions, including peak values and time 
histories, for seismic analysis and design of highway structures in Kentucky using the 
deterministic seismic hazard analysis (DHSA). 

 
 

Study Tasks 
 

The objective of this study is achieved by conducting the following tasks: 
 

Task 1:   Develop the maximum credible earthquake (MCE) ground motion  
Task 2:   Develop the probable earthquake (PE) ground motion 
Task 3:   Develop the expected earthquake (EE) ground motion 

 
 
Ground-motion hazards associated with three earthquake scenarios, the maximum 

credible earthquakes (MCE), probable earthquakes (PE), and expected earthquakes (EE), on the 
free surface in hard rock (shear-wave velocity >1,500 m/s) were developed in this project, along 
with corresponding time histories. MCE is similar to the design earthquake described in the 2002 
American Association of State Highways and Transportation Officials (AASHTO) provisions [4-
ES]. The ground shaking maps provided in the 2002 AASHTO provisions [4-ES] use Site Class 
B as referece, while the maps in this report have been developed with Site Class A as reference. 
Time histories were developed using the composite source model for each scenario earthquake. 
The composite source model takes into account the source effects, including directivity and 
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asperity, and three-dimensional wave propagation, and provides three-component ground 
motions that are physically consistent. Selection of time histories and response spectra for use in 
design depends on (1) the earthquake scenario and (2) the zone being considered. The time 
histories and response spectra developed in this project are not site-specific.  

 
 

Task 1:  Maximum Credible Earthquake (MCE) Ground Motion 
 

MCE is defined as the maximum event considered likely in a reasonable amount of time 
(Fig. 1-MCE in Appendix ES-I). The phrase "reasonable amount of time" is defined by the 
historical or geological records. For instance, the reasonable amount of time for the maximum 
earthquake in the New Madrid Seismic Zone is about 500 to 1,000 years, based on paleoseismic 
records. The reasonable amount of time for the maximum earthquake in the Wabash Valley 
Seismic Zone is about 2,000 to 4,000 years. Thus, the probability that MCE ground motion could 
be exceeded over the bridge life of 75 years varies from zone to zone, about 7% to 14% in the 
New Madrid Seismic Zone, 2% to 4% in the Wabash Valley Seismic Zone, and less than 2% 
percent in other zones. MCE is equivalent to the "large earthquake" defined in the 2002 
AASHTO provisions [4-ES], and similar to the "maximum considered earthquake" defined in the 
2003 Recommended LRFD Guidelines for the Seismic Design of Highway Bridges [2-ES]. MCE 
ground motion is also equivalent to the "upper-level earthquake" ground motion specified in the 
2006 Seismic Retrofitting Manual for Highway Structures [3-ES].  
 

The maximum median peak (horizontal) ground acceleration, and short-period (0.2 s) and 
long-period (1.0 s) response accelerations SS and S1 with 5% damping, for the MCE were 
developed in this study (Figs. 2-MCE to 4-MCE in Appendix ES-III). Figure 5-MCE shows the 
recommended zones of time histories and response spectra for MCE. 

 
 The data and guidelines for generating the time histories and response spectra can be 
downloaded by following these steps:  (1)- Go to web site:  http://www.ktc.uky.edu/ ; (2)- Click 
on "Research Report Search", (3)- Click on "Search by Research Area"; (3)- Select "Structures & 
Coatings" from dropdown box; and (4)- Go to Report "Seismic-Hazard Maps And Time 
Histories For The Commonwealth Of Kentucky". 
 
 The derivation of the "Acceleration Design Response Spectrum" can be done using the 
Microsoft Excel based program “Seismic Input for Kentucky Counties” provided with the report. 
Guidelines on derivation of the “Response Spectra” and “Time History” from the original data 
are presented in Appendix. 
 
 
Task 2:  Probable Earthquake (PE) Ground Motion 
 

PE is defined as the earthquake that could be expected to occur in the next 250 years (Fig. 
A1-PE in Appendix II). The probability that PE ground motion could be exceeded over the 
bridge life of 75 years is about 26% (risk). PE peak ground-motion hazard maps are equivalent to 
the maps of horizontal peak-particle acceleration at the top of rock with a 90% probability of not 
being exceeded in 250 years, which were defined by Street et. al. [5-ES].  PE is equivalent to the 
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"moderate earthquake" defined in the 2002 AASHTO provisions [4-ES] and is similar to the 
"moderate earthquake" defined in the 2003 Recommended LRFD Guidelines for the Seismic 
Design of Highway Bridges [2-ES]. PE ground motion is also equivalent to the "moderate-level 
earthquake" ground motion specified in the 2006 Seismic Retrofitting Manual for Highway 
Structures [3-ES].   

 
The maximum median peak (horizontal) ground acceleration, and short-period (0.2 s) and 

long-period (1.0 s) response accelerations SS and S1 with 5% damping, for the PE were developed 
in this study (Figs. A2-PE to A4-PE in Appendix II).  

 
  
Task 3:  Expected Earthquake (EE) Ground Motion  
 

EE is defined in this study as the earthquake that could be expected to occur any time in 
the bridge lifetime of 75 years (Fig. A1-EE in Appendix I)). The probability that EE ground 
motion could be exceeded over the bridge life of 75 years is about 50% (risk). EE peak ground-
motion hazard maps are equivalent to the maps of horizontal peak-particle acceleration at the top 
of rock with a 90% probability of not being exceeded in 50 years, which were defined by Street 
et. al.  [5-ES]. EE is equivalent to the "small earthquake" defined in the 2002 AASHTO 
provisions [4-ES] and is similar to the "expected earthquake" defined in the 2003 Recommended 
LRFD Guidelines for the Seismic Design of Highway Bridges [2-ES]. EE ground motion is also 
equivalent to the "lower-level earthquake" ground motion specified in the 2006 Seismic 
Retrofitting Manual for Highway Structures [3-ES].   

 
The maximum median peak (horizontal) ground acceleration, and short-period (0.2 s) and 

long-period (1.0 s) response accelerations SS and S1 with 5% damping, for the EE were developed 
in this study (Figs. A2-EE to A4-EE in Appendix I).  
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Appendix ES-I 
 

Maximum Credible Earthquake (MCE) for the 
Commonwealth of Kentucky 
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Notes on the 
Maximum Credible Earthquake (MCE)  

for the Commonwealth of Kentucky 
 

1-  The Maximum Credible Earthquake (MCE) ground motion is the median motion derived from a deterministic approach and is  
equivalent to 2/3 of the "Maximum Considered Earthquake" ground motion defined in the 2003 "Recommended LRFD 
Guidelines for the Seismic Design of Highway Bridges" [2-ES]a which, in turn, is derived from a probabilistic approach and 
has a 3% probability of exceedance in 75 years or a 2500-year return period.  The 2/3 factor is recommended in Chapter 3, 
section 3.4 of the NEHRP 2003 Provisions [1-ES]a. 

 
2-  MCE ground motion is equivalent to the "Upper-Level Earthquake" ground motion specified in the 2006 "Seismic Retrofitting 

Manual for Highway Structures" [3-ES]a, which is derived from a probabilistic approach and has a 5% probability of 
exceedance in 50 years or 1000-year return period. 

 
3-  MCE is also equivalent to the "Large Earthquake" defined in the 2002 AASHTO Standard Specifications [4-ES]a.  

 
4-  The Probability of exceedance of the Maximum Credible Earthquake (MCE) in 75 years is:  7%  (or 1000-year return period) 

to 14%  (or 500-year return period) for New Madrid, 2%  (or 4000-year return period) to 4%  (or 2000-year return period) for 
Wabash Valley, and less than 2% (or 4000-year return period) for all other seismic zones.   

 
5-  It should be noted that, due to the consideration of the local (or background) earthquakes in this study, the maximum 

accelerations in the response spectra in the counties highlighted in Fig. 1-MCE may exceed the maximum accelerations 
derived from the USGS, AASHTO, or NEHRP. 

 
 
a  Number in brackets refer to reference numbers for the Executive Summary on page E-23 
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 Figure 1-MCE.  Maximum Credible Earthquakes (MCEs) for Seismic Zones in and Surrounding the  
    Commonwealth of Kentucky  
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Figure 2-MCE.  Maximum Credible Earthquake (MCE) Median Horizontal Peak Ground Acceleration for the Commonwealth 

of Kentucky, Site Class A (Hard Rock)  
 
Note: Refer to Table ES1 on page E-13 to determine the site factor, Fpga, at zero-period on acceleration spectrum, normalized 

for Site Class A,for use with Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications (Customary U.S. 
Units) 4th Edition, 2007. 
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Figure 3-MCE. Maximum Credible Earthquake (MCE) Median Ground Motion for the Commonwealth of Kentucky:   
 0.2-Sec Horizontal Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock) 
 

Note: Refer to Table ES2 on page E-14 to determine the site factor, Fa, for short-period range of acceleration spectrum, 
normalized for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications 
(Customary U.S. Units) 4th Edition, 2007.  
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Figure 4-MCE.  Maximum Credible Earthquake (MCE) Median Ground Motion for the Commonwealth of Kentucky:   

1.0- Sec Horizontal Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock)  
 

Note: Refer to Table ES3 on page E-15 to determine the site factor, Fv, for long-period range of acceleration spectrum, normalized 
for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications (Customary U.S. 
Units) 4th Edition, 2007. 
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Figure 5-MCE.  Electronic Files Identification Map for theMaximum Credible Earthquake (MCE) Time History and  

Response Spectra for the Commonwealth of Kentucky 
 

(Note:  The data and guidelines for generating the time histories and response spectra can be downloaded by following these steps:  (1)- Go to web site:  
http://www.ktc.uky.edu/ ; (2)- Click on "Research Report Search", (3)- Click on "Search by Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- Go to 
Report "Seismic-Hazard Maps And Time Histories For The Commonwealth Of Kentucky". 
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Appendix ES-II 
 

AASHTO LRFD Bridge Design 
Specification Tables 
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Table ES1 (or Modified AASHTOa Table 3.10.3.2-1): Values of Site Factor,  
       Fpga, at Zero-Period on Acceleration Spectrum - Normalized for  

       Site Class A 
 
a AASHTO LRFD reference: AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007.   
 
The following table is modified for use with peak ground accelerations (PGAs) 
taken from Figure 2-MCE on page E-8 of this report:    
 
Wang, Z., Harik, I.E., Woolery, E.W., Shi, B., and Peiris, A., “Seismic-Hazard Maps and Time 
Histories for the Commonwealth of Kentucky,” Kentucky Transportation Center Research 
Report No. KTC-07-07/SPR246-02-6F, University of Kentucky, Lexington, Kentucky, June 2008 
(Revised March 1, 2012), 174 pp. 
 
 

Site Class 
Peak Ground Acceleration Coefficient (PGA)1,2

 

PGA<0.10 2 PGA=0.20 2 PGA=0.30 2 PGA=0.40 2 PGA>0.50 2 

A 1.0 1.0 1.0 1.0 1.0 

B 
80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

C 
80
21
.
.  

80
21
.
.  

80
11
.
.  

80
01
.
.  

80
01
.
.  

D 
80
61
.
.  

80
41
.
.  

80
21
.
.  

80
11
.
.  

80
01
.
.  

E 
80
52

.

.  
80
71
.
.  

80
21
.
.  

80
90
.
.  

80
90
.
.  

F3 * * * * * 

Notes: 
1 Use Straight-line interpolation for intermediate values of PGA. 
2 PGA values taken from Figure 2-MCE in this report (report No.: KTC-07-

07/SPR246-02-6F)  
3 Site-specific geotechnical investigation and dynamic site response analysis should be 

performed for all sites in Site Class F. 
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Table ES2 (or Modified AASHTOa Table 3.10.3.2-2): Values of Site Factor, Fa, 
       for Short-Period Range of Acceleration Spectrum - Normalized for 
       Site Class A 
 
a AASHTO LRFD reference: AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007. 
 
The following table is modified for use with the 0.2-sec spectral response 
acceleration (SS) taken from Figure 3-MCE on page E-9 of this report:    
 
Wang, Z., Harik, I.E., Woolery, E.W., Shi, B., and Peiris, A., “Seismic-Hazard Maps and Time 
Histories for the Commonwealth of Kentucky,” Kentucky Transportation Center Research 
Report No. KTC-07-07/SPR246-02-6F, University of Kentucky, Lexington, Kentucky, June 2008 
(Revised March 1, 2012), 174 pp. 
 
 

Site Class 
Spectral Acceleration Coefficient at Period 0.2 sec (SS)1,2 

SS<0.25 2 SS =0.50 2 SS =0.75 2 SS =1.0 2 SS >1.25 2 

A 1.0 1.0 1.0 1.0 1.0 

B 
80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

C 
80
21
.
.  

80
21
.
.  

80
11
.
.  

80
01
.
.  

80
01
.
.  

D 
80
61
.
.  

80
41
.
.  

80
21
.
.  

80
11
.
.  

80
01
.
.  

E 
80
52

.

.  
80
71
.
.  

80
21
.
.  

80
90
.
.  

80
90
.
.  

F3 * * * * * 

Notes: 
1 Use Straight-line interpolation for intermediate values of SS. 
2 Ss values  taken from Figure 3-MCE in  this report (report No.: KTC-07-

07/SPR246-02-6F) 
3 Site-specific geotechnical investigation and dynamic site response analysis should be 

performed for all sites in Site Class F. 
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Table ES3 (or Modified AASHTOa Table 3.10.3.2-3): Values of Site Factor, Fv, 
       for Long-Period Range of Acceleration Spectrum - Normalized for  
       Site Class A 
 
a AASHTO LRFD reference: AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007. 
 
The following table is modified for use with the 1.0-sec spectral response 
acceleration (S1) taken from Figure 4-MCE on page E-10 of this report:     
 
Wang, Z., Harik, I.E., Woolery, E.W., Shi, B., and Peiris, A., “Seismic-Hazard Maps and Time 
Histories for the Commonwealth of Kentucky,” Kentucky Transportation Center Research 
Report No. KTC-07-07/SPR246-02-6F, University of Kentucky, Lexington, Kentucky, June 2008 
(Revised March 1, 2012), 174 pp. 

Site Class 
Spectral Acceleration Coefficient at Period 1.0 sec (S1)1,2 

S1<0.1 2 S1 =0.2 2 S1 =0.3 2 S1 =0.4 2 S1 >0.5 2 

A 1.0 1.0 1.0 1.0 1.0 

B 
80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

C 
80
71
.
.  

80
61
.
.  

80
51
.
.  

80
41
.
.  

80
31
.
.  

D 
80
42
.
.  

80
02
.
.  

80
81
.
.  

80
61
.
.  

80
51
.
.  

E 
80
53
.
.  

80
23
.
.  

80
82

.

.  
80
42
.
.  

80
42
.
.  

F3 * * * * * 

Notes: 
1 Use Straight-line interpolation for intermediate values of S1. 
2 S1 values  taken from Figure 4-MCE in this report (report No.: KTC-07-
07/SPR246-02-6F) 

3 Site-specific geotechnical investigation and dynamic site response analysis should be   
performed for all sites in Site Class F. 
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Appendix ES-III  
 

Derivation of the Acceleration Design  
Response Spectrum 
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Acceleration Response Spectra Generation 
For Counties in the Commonwealth of Kentucky 

 
Example: Generate the Maximum Credible Earthquake Acceleration Response Spectra for 

McCracken County, KY.  
 
I. Electronic File Identification Map 
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Step 1: Go to http://www.ktc.uky.edu/ 

Step 2: Click on “Research Report Search” 
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Step 3: Click “Search by Research Area” 

Step 4: Select “Structures & Coatings” 
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This file provides background info. for use of the seismic input data 

Click to view data for generation of time histories and response spectra 

Step 7: Click for program to generate response spectra 
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Click “PDF” to open 
pdf file of report 

Step 5: Click link to generate the 
Response spectra and for more 
information. 

Step 6: Click on “Data for Time Histories and Response Spectra” 
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Step 8: Click “Start” 

Step 9: Click “Select KY County” 



  
  

 

 
 
 

 
 
 
 
 

Step 10: Select County of desired information 

Step 11: Click “Seismic Coefficients” 
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Step 12: Click “Response Spectra” 

Step 13: Click “Exit” to exit 
  

Step 13: Click “Save to File” to save 
results to a file. You will need to provide 
a name and location to save the file. 

Step 13: Click “Print” to print the results. 

Step 13: Click to start over 
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NOTE:  This report is the sixth in a series of six reports for Project SPR 246: “Seismic Evaluation of 
Bridges along Western Kentucky Parkways.”  The six reports are: 

Report Number: Report Title: 

(1) KTC-07-02/SPR246-02-1F Seismic Evaluation of Bridges on and over the Parkways in 
Western  Kentucky – Summary Report 

(2) KTC-07-03/SPR246-02-2F Site Investigation of Bridges on and over the Parkways in 
Western Kentucky 

(3) KTC-07-04/SPR246-02-3F Preliminary Seismic Evaluation and Ranking of Bridges on and 
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1. INTRODUCTION 
 
1.1 Background 
 

Earthquakes have been periodically felt in Kentucky throughout history. An example is 
the June 18, 2002, Evansville, Ind., earthquake (mb,Lg5.0). The most widely felt and damaging 
earthquakes in the state are the great earthquakes that occurred in the winter of 1811–1812 and 
were centered in northeastern Arkansas, northwestern Tennessee, southwestern Kentucky, and 
southeastern Missouri (Fig. 1-1) (Nuttli, 1973a). The 1811–1812 earthquakes were reported to 
have caused damage (i.e., modified Mercalli intensity [MMI] VII–IX) throughout much of the 
Commonwealth (Fig. 1-1). MMI VII effects in Kentucky also occurred as a result of the 6.2 mb,Lg 
earthquake near Charleston, Mo., on October 31, 1895 (Nuttli, 1976). Figure 1-2 is an isoseismal 
map for the event. Two other events have resulted in MM intensity VII damage in Kentucky. 
One is the 5.5 mb,Lg (Mo = 9.7x1023 dyne-cm) southern Illinois earthquake of November 9, 1968 
(Herrmann and Ammon, 1997), and the other is the 5.2 mb,Lg (Mo = 4.1x1023 dyne-cm) 
northeastern Kentucky earthquake of July 27, 1980 (Herrmann and others, 1982). The 1968 
earthquake caused MM intensity VII damage in the Henderson area (Stover and Coffman, 1993) 
and the 1980 earthquake caused MM intensity VII damage in Sharpsburg and Maysville (Street 
and Foley, 1982). 
 

Epicenters of historical earthquakes that have occurred in and near Kentucky, and have 
caused MMI VI or greater damage, are shown in Figure 1-3. As seen in the figure, most of the 
earthquakes have occurred either in northeastern Arkansas, southeastern Missouri, or southern 
Illinois and southern Indiana. A few earthquakes have occurred in the general vicinity of 
Middlesboro, however. The largest of these is the 4.3 mb,Lg earthquake of January 2, 1954. 
Damage caused by the earthquake included cracked foundations, broken windows, and cracked 
plaster. A 4.0 mb,Lg earthquake occurred near Barbourville on January 19, 1976. This earthquake 
resulted in broken windows, cracked roads, and plaster damage. The 1954 and 1976 earthquakes 
are listed as MMI VI events by Stover and Coffman (1993). 
 

Although most of the earthquake damage in Kentucky is the result of events outside the 
state, there is a persistent level of low-magnitude (< 4 mb,Lg) seismicity in certain areas of the 
state: Fulton, Hickman, Carlisle, Ballard, and McCracken Counties of western Kentucky; Union 
and Henderson Counties in northwestern Kentucky; the part of Kentucky north and east of 
Mount Sterling; and the southeastern counties of Bell, Harlan, Knox, and Whitley. 
 
 
1.2. Seismic Hazards 
 

Seismic hazard is a natural phenomenon generated by earthquakes, such as surface 
rupture, ground motion, ground-motion amplification, liquefaction, and induced landslides, that 
have potential to cause harm. How earthquakes affect humans, buildings, and bridges depends on 
how strong the ground motion is. Most damage during an earthquake is caused by ground motion. 
Figure 1-4 shows damage to the I-80 bridge caused by strong ground motion during the 1989 
Loma Prieta earthquake. The level of ground motion depends on earthquake magnitude, the 
distance from the earthquake center (epicenter), and the type of fault on which the earthquake 
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occurred. The larger an earthquake’s magnitude, the stronger the ground motion it will generate. 
The closer a site is to the epicenter, the stronger the ground motion, and vice versa. The ground 
motion generated directly by an earthquake is the primary hazard, referred to as the ground 
motion hazard. This report is focused on the ground-motion hazard and contains detailed 
discussion on how the ground-motion hazard maps are derived and how they can be used. 
 

Strong ground motion can cause secondary hazards, such as ground-motion amplification, 
liquefaction, and landslides, under certain local geologic conditions. Soft soils overlying hard 
bedrock tend to amplify ground motions; this is known as ground-motion amplification. 
Amplified ground motion caused by loose lake deposits contributed to the heavy damage in 
Mexico City during the earthquake of September 19, 1985 (Fig. 1-5), even though the city was 
about 200 km away from the epicenter. Amplified ground motion caused by Ohio River deposits 
contributed to the damage in Maysville during the Sharpsburg earthquake of July 28, 1980 (Fig. 
1-6). Soft sandy soils can be liquefied by strong ground motion, a process called liquefaction. 
Figure 1-7 shows that sandy soil was liquefied and behaved like fluid during the Nisqually, 
Wash., earthquake of February 28, 2001. Strong ground motion can also trigger landslides—
known as earthquake-induced landslides—in areas with steep slope, such as eastern Kentucky. 
Figure 1-8 shows a slope failure caused by the Nisqually earthquake. These secondary hazards 
may be of great concern for bridge engineers. They are site-specific and require detailed 
investigation. Characterization of these secondary hazards is beyond the scope of this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1. Isoseismal map of the Arkansas earthquake of December 16, 1811, 08:15 UTC (first 
of the 1811–1812 New Madrid series). From Stover and Coffman (1993). 
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Figure 1-2. Isoseismal map of the Charleston, Mo., earthquake of October 31, 1895. From Nuttli 
(1976). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-3. Historical earthquakes in and around Kentucky. 
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Figure 1-4. I-80 damage during the 1989 Loma Prieta earthquake.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-5. Complete destruction of a building caused by amplified ground motion in Mexico 
City during the 1985 Mexico earthquake. 
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Figure 1-6. High MMI in Maysville was caused by amplified ground motion during the 1980 
Sharpsburg earthquake. From Hanson and others (1980). 
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Figure 1-7. Road damage caused by liquefaction during the 2001 Nisqualy, Wash., earthquake. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-8. Road damage caused by slope failure during the 2001 Nisqualy, Wash., earthquake. 
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2. EARTHQUAKE MEASUREMENT 
 
2.1. Magnitude 
 

Earthquake size has routinely been given in terms of a magnitude (M). Magnitude scales 
are empirical relations of the form  

 

)(loglog),()( 1010 T
ADDTCTBM ++=        (2-1) 

 
in which A is the amplitude of a particular phase on a seismogram, corrected for instrumental 
response; T is the period of the wave corresponding to the amplitude; and D is the epicentral 
distance. The coefficients B and C are pseudoconstants. B is a scaling factor that depends upon 
the phase and period of the phase used in the magnitude determination. C is obtained from the 
linear approximation of the attenuation with distance of the phase being used in the magnitude 
scale. As such, C is dependent upon the phase, the path of the wave propagation, and is only 
valid over a limited range of epicentral distances. 
 

The earliest magnitude scale, introduced by Charles Richter in 1935 for southern 
California earthquakes, is the local magnitude, ML, often referred to as the “Richter scale.” In the 
central United States, the mb,Lg scale, based on higher-mode Lg waves recorded in the central 
United States (Nuttli, 1973b), is used. Lg waves are shear waves that are reflected supercritically 
between the surface and the Moho. As such, they are a trapped crust wave, and are most strongly 
developed in areas underlain by ancient crustal shields, such as the central United States. The 
formulas are: 
 

)(loglog90.075.3 1010, T
ADm Lgb ++=       45.0 ≤≤ D                (2-2) 

)(loglog66.130.3 1010, T
ADm Lgb ++=        304 ≤≤ D                     (2-3) 

 
where D is the epicentral distance in degrees; A is the amplitude in microns of the ~1-s, vertical- 
component Lg wave; T is the period; and the ratio A/T is expressed in microns per second (zero-
to-peak amplitude). The standard deviation of a typical mb,Lg estimate is ±0.15 to ±0.2 units, 
depending upon the number of seismic stations used, the distribution of the seismic stations, and 
the size of the earthquake.  
 

The most commonly used magnitude is moment magnitude, M, which is related to 
seismic moment, Mo, as follows: 
 

7.10)(log
3
2

10 −= oMM                         (2-4) 

 
where seismic moment is in dyne-cm (10-7 N-m). Moment magnitude was devised by Hanks and 
Kanamori (1979) to overcome the shortcomings of saturation of traditional magnitude scales, 
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such as the Lg-magnitude scale. Most traditional magnitude scales depend on the amplitude and 
period of a particular seismic wave; for example, the Lg-magnitude scale is based on a 1-s Lg 
wave. Seismic waves whose wavelengths are much smaller than the earthquake source do not 
increase in amplitude as the earthquake source size increases. For this reason, seismologists 
prefer to classify earthquakes by their seismic moment, which can be readily converted to M 
using equation 2-4.  
 
Two commonly cited relationships between Nuttli's (1973b) Lg-wave magnitude (mb,Lg) and M 
are Johnston's (1996): 

 
,093.024.014.1 2

,, LgbLgb mmM ++=                (2-5) 
 
and Atkinson and Boore's (1995): 
 

.127.0277.075.2 2
,, LgbLgb mmM +−=               (2-6) 

 
Figure 2-1 compares the two M-mb,Lg relationships with the observed data for the earthquakes 
listed in Table 2-1. Based on the fit of the observed data with Johnston's (1996) M-mb,Lg 
relationship, equation 2-5 was used in this study for converting mb,Lg to M. 
 
Table 2-1. Magnitude mb,Lg, seismic moments, and locations of some well-constrained 
earthquakes in the central United States. 
Date Lat/Long 

(°N/°W) 
Depth 
(km) 

Strike 
(°) 

Dip 
(°) 

Rake 
(°) 

mb,Lg Moment 
(dyne-cm) 

Ref. 

Feb. 2, 1962 36.37/89.51 7.5 350 84 145 4.3 2.5x1022 1 
Mar. 3, 1963 36.64/90.05 15 304 78 -28 4.8 1.1x1023 1 
Aug. 14, 1965 37.22/89.31 1.5 280 70 -20 3.8 2.9x1021 1 
Nov. 9, 1968 37.91/88.37 22 0 46 79 5.5 9.7x1023 1 
Nov. 17, 1970 35.86/89.95 16 220 75 150 4.3 1.6x1022 1 
Apr. 3, 1974 38.55/88.07 15 310 70 0 4.2 3.7x1022 1 
June 13, 1975 36.54/89.68 9 85 60 -20 4.3 4.6x1021 1 
Mar. 25, 1976 35.59/90.48 12 220 65 150 4.9 9.8x1022 1 
July 27, 1980 38.17/83.91 8 30   5.2 4.1x1023 3 
Jun. 10, 1987 38.71/87.95 10 135 70 15 5.2 3.1x1023 1 
Sep. 7, 1988 38.14/83.88 4–7 198 51  4.6 2.0x1022 2 
Sep. 26, 1990 37.16/89.58 15 140 75 50 4.5 3.0x1022 1 
May 4, 1991 36.56/89.83 8 90 67.5 20 4.5 1.8x1022 1 
Feb. 5, 1994 37.36/89.19 16 30 70 170 4.2 6.8x1021 1 
Jun. 18, 2002 37.97/87.78 17–19 30 85 180 5.0 8.1x1022 4 

 
(1) Herrmann and Ammon (1997); (2) Street and others (1993); (3) Herrmann and others (1982); Herrmann, R.B., personal 

communication 
 

Converting mb,Lg to M, or vice versa, implies a level of knowledge about the stress drop 
associated with the event, which is rarely known for events in the central United States. The 
seismic moment and moment magnitude of an earthquake are measures of seismic waves having 
periods between a few to several tens of seconds, depending on the size of the earthquake. For 
most engineering purposes, seismic waves having periods of several seconds and greater are not 
of particular concern. The mb,Lg magnitude scale described above, however, is calibrated to a 1-s 
period wave (the Lg wave at distances > 100 km, and the S wave at distances < 100 km), a period 
that is within the general range of engineering interest.  
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2.2. Modified Mercalli Intensity  
 

In the United States, the assessment of earthquakes based on their effects is done using 
the abridged modified Mercalli intensity scale (MMI) developed by Wood and Neumann (1931). 
The scale is a measure of the intensity of the ground motions by means of human perception 
(such as being awakened from sleep or being unable to stand), by the degree of damage to 
buildings (such as damage to chimneys and plaster), and by the amount of disturbance to the 
surface of the ground (such as liquefaction). There is no direct relationship between MMI and 
magnitude. A larger earthquake will generally generate higher MMI in a larger area, however. 
 

Historical seismicity is seismicity for which there are no or inadequate instrumental 
records that can be used to assess the size of an earthquake. In the central United States, the first 
modern seismographs were not installed until the early 1960's with the advent of the St. Louis 
University Seismograph Network. Prior to the 1960's, miscellaneous seismic stations were in 
cities such as Chicago, Cincinnati, Cleveland, and St. Louis, but the instruments were not 
operated in a consistent manner, and were inadequate in number, gain, and resolution to provide 
well-constrained epicentral locations and magnitudes. Consequently, locations and magnitudes 
for earthquakes that occurred in the central United States prior to 1960 are generally assessed 
from MMI data. Street and Turcotte (1977) estimated that the standard deviation of magnitudes 
based on intensity data is, at a minimum, ±0.3. 
 

For the central United States, Bakun and others (2003) derived a relationship between 
MMI, moment magnitude (M), and distance (D in km) as follows: 
 

DDMMMI 10log08.200345.068.141.1 −−+= .                    (2-7) 
 
MMI has also been related to ground-motion measurement (Wald and others, 1999). Table 2-2 
shows the relationship between MMI and ground-motion measurement (Wald and others, 1999). 
 
Table 2-2. Relationship between MMI and ground-motion measurement. From Wald and others (1999). 

 
 

Although MMI data can be used to evaluate earthquakes and indeed are the only means 
available for evaluating historical events, epicentral locations and magnitudes derived for 
earthquakes on the basis of their intensity data are not well constrained. In 1980, for example, a 
moderately damaging earthquake occurred on July 27, near the community of Sharpsburg. Based 
on the damage reports, however, some researchers initially concluded that the event had occurred 
near Maysville, which is ~50 km north of the actual epicenter. Only after several aftershocks had 
been recorded in the Sharpsburg area was it fully accepted that the event had occurred near 
Sharpsburg. In this case, site conditions, unconsolidated soils at Maysville and bedrock at 
Sharpsburg, and the lack of a nearby seismograph station led to the incorrect initial epicentral 
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location. Based on this example, and other examples involving historical seismicity (Street and 
Green, 1984), the epicentral locations of noninstrumental events could be mislocated by as much 
as 50 km. 
 
2.3. Focal Depth, Epicenter, and Epicentral Distance 
 

Earthquakes are caused by sudden movement along a fault. The starting point of the 
movement is called the focus or hypocenter. The focus is usually beneath the surface at a certain 
depth, called the focal depth. Surface projection of the focus is called the epicenter. The distance 
between the epicenter and an observation point on the surface is called epicentral distance. 
 

The extent of damage in the area of the epicenter of an earthquake can be profoundly 
affected by the focal depth of the event. For example, the earthquakes in southern Illinois on 
August 14, 1965, and November 9, 1968, resulted in a maximum MM intensity of VII in both 
epicentral areas. The magnitudes of the events, however, were very different. The mb,Lg of the 
1965 earthquake was 3.8, whereas the mb,Lg of the 1968 earthquake was 5.5. Both events had the 
same maximum intensity because of their respective focal depths. Herrmann and Ammon (1997) 
gave the focal depth of the 1965 event as 1.5 km and of the 1968 event as 22 km. As another 
example, there were two M4.0 earthquakes in the central United States in 2003, the April 30 
Blythville, Ark., event and the June 6 Bardwell event. The focal depths for the two quakes were 
significantly different: about 23.8 km for Blythville and 2.5 km for Bardwell (Wang and others, 
2003a). The Blythville earthquake had a larger felt area but lower MMI in the epicenter, whereas 
the Bardwell earthquake had a smaller felt area but higher MMI in the epicenter.  
 

The focal depths of most earthquakes in the seismic zones around Kentucky range from 5 
to 15 km in the New Madrid Seismic Zone, and 10 to 25 km in the Eastern Tennessee and 
Wabash Valley Seismic Zones. In Kentucky, the only reliable focal depths are the ones for the 
5.3 mb,Lg July 27, 1980, Sharpsburg earthquake and its aftershocks (Herrmann and others,, 1982); 
the 4.6 mb,Lg September 7, 1988, Judy earthquake and its aftershocks (Street and others, 1993); 
and some of the 1990 Meade County earthquakes (Street and others, 1991). The focal depth of 
the 1980 Sharpsburg main shock is 12 km (Herrmann and others, 1982), and 47 of the 50 
recorded aftershocks were estimated to have focal depths of 8 to 15 km. The focal depth of the 
1988 Judy main shock and 22 of its aftershocks ranged from 4 to 10 km. Street and others (1991) 
estimated focal depths for four of the 1990 Meade County earthquakes at between 5 and 7 km. 
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Figure 2-1. Relationship between moment magnitude (M) and mb,Lg (Atkinson and Boore, 1995; 
Johnston, 1996). 
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3. SEISMIC-HAZARD MAPPING 
 
3.1. Introduction 
 

Seismic-hazard mapping is an effort to estimate what level of ground motion could be 
expected in a region over a certain time, for instance 100 or 500 years. Three data sets are 
required: earthquake sources (where and how big), earthquake occurrence frequencies (how 
often), and the ground-motion attenuation relationship (how strong). In Kentucky, as well as the 
rest of the central United States, answers to the questions “where, how big, how often, and how 
strong” are difficult ones. Except in the New Madrid Seismic Zone, where earthquakes 
concentrate along active faults, earthquakes in the central United States occur in a large area and 
are not associated with any specific zone or fault. In comparison to typical plate-boundary 
seismic zones such as coastal California, the central United States is located in the middle of the 
continent and has a totally different tectonic setting. The exact boundary of the New Madrid 
Seismic Zone is still difficult to define, even though it is the most active and well studied in the 
country. The largest historical earthquakes to have occurred in the central United States were the 
1811–1812 New Madrid events. The estimated magnitude ranges from about M7 to M8—a large 
range, though it has been well studied (Johnston, 1996; Hough and others, 2000; Mueller and 
Pujol, 2001; Bakun and Hopper, 2004). Earthquakes are also infrequent, especially large 
earthquakes that have significant impacts on the built environment. Recurrence intervals for 
large earthquakes are quite long, ranging from about 500 to 1,000 years in the New Madrid 
Seismic Zone to about 2,000 to 4,000 years in the Wabash Valley Seismic Zone; they are even 
longer in other zones. These recurrence intervals were primarily determined from paleoseismic 
studies (Obermeier and others, 1991; Tuttle and Schweig, 1996; Munson and others, 1997; Tuttle 
and others, 2002; Holbrook and others, 2006). Several ground-motion attenuation relationships 
are available for the central United States (Atkinson and Boore, 1995; Frankel and others, 1996; 
Toro and others, 1997; Somerville and others, 2001; Campbell, 2003). All the attenuation 
relationships were based on numerical modeling and sparse strong-motion records from small 
earthquakes, however. Thus, these attenuation relationships are uncertain and predict much 
higher ground motions in comparison with similar-magnitude earthquakes in California.  
 

Two approaches—probabilistic seismic hazard analysis (PSHA) and deterministic 
seismic hazard analysis (DSHA)—are widely used in seismic-hazard mapping. The two 
approaches use the same data sets—earthquake sources (where and how big), earthquake 
occurrence frequencies (how often), and ground-motion attenuation relationship (how strong)—
but are fundamentally different in calculations and final results. Before PSHA and DSHA, as 
well as their results, are discussed in detail, we will briefly discuss seismic risk and the 
relationship between hazard and risk. Although seismic hazard and risk are two fundamentally 
different concepts, they have been used interchangeably, which causes confusion and difficulty 
in understanding seismic hazard and risk (Wnag and Ormsbee, 2005; Wang, 2006).  
 
 
3.2. Seismic Risk 

As discussed in Chapter 1, seismic hazard is a natural phenomenon generated by 
earthquakes, such as surface rupture, ground motion, ground-motion amplification, liquefaction, 
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and induced landslides, that have potential to cause harm, and is quatified by two parameters: a 
level of hazard (i.e., 0.2g PGA and 5 m surface rupture) and its recurrence interval. In contrast to 
seismic hazard, the definition of seismic risk is more broad and subjective. In general, seismic 
risk describes a propability of occurrence of a specific level of seismic hazard over certain time 
(i.e., 50 or 75 years), and is quantified by three parameters: probability, level of hazard or 
consequence to society, and exposure (McGuire, 2004; Wang and Ormsbee, 2005; Wang and 
others, 2005; Malhotra, 2006; Wang, 2006). The relationship between seismic hazard and risk is 
complicated and must be treated very cautiously. Seismic risk depends not only on seismic 
hazard and exposure, but also on the models (i.e., time-independent [Poisson] and time-
dependent ones) that could be used to describe the occurrences of earthquakes. High seismic 
hazard does not necessarily mean high seismic risk, and vice versa.  

It is important to point out that exposure here means both time and societal vulnerability 
(i.e., buildings, humans, etc.). For example, 75 years (time) is commonly referred to as the 
normal life of a highway structure (vulnerability). These two elements of the exposure (time and 
vulnerability) are inseparable. This is analogous to someone driving a car: the driver and car 
(vulnerabilities) are both exposed to a potential car crash (hazard). The probability that the driver 
and car could have a car crash cannot be estimated without knowing how long (time) the driver 
and car will be on the road.  

In earthquake engineering, seismic risk was originally defined as the probability that a 
modified Mercalli intensity or ground motion at a site of interest will exceed a specific level at 
least once in a given period (Cornell, 1968; Milne and Davenport, 1969), a definition that is 
analogous to flood and wind risk (Gupta, 1989; Liu, 1991). This definition is based on the 
assumption that earthquake occurrences follow a Poisson distribution (independent of time and 
independent of the past history of occurrences or nonoccurrences) (Cornell, 1968; Milne and 
Davenport, 1969). Although the Poisson model may not be valid for describing earthquake 
occurrences (Esteva, 1970; Vere-Jones and Ozaki, 1982; Cornell and Winterstein, 1986; Stein 
and Wysession, 2003), it is the standard model for engineering seismic-risk analysis, as well as 
for other risk analyses such as for floods and wind (Cornell, 1968; Milne and Davenport, 1969; 
Gupta, 1989; Liu, 1991; Malhotra, 2006).  

According to the Poisson model, the probability of n earthquakes of interest in an area or 
along a fault occurring during an interval of t years is 
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=                                  (3-1) 

 
where τ is the average recurrence interval of earthquakes with magnitudes equal to or greater 
than a specific size (M). The probability of one or more (at least one) earthquakes with 
magnitudes equal to or greater than a specific size occurring in t years is    
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where the Taylor series expansion et/τ~1-t/τ for t<<τ is used.  
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Eequation 3-2 determines risk in terms of an earthquake (event) with magnitude M or 

greater. In practice, knowing the consequences of an earthquake (i.e., ground motions or 
modified Mercalli intensity at a point or in a region of interest is desirable. For example, PGA 
and response acceleration (S.A.) at a given period are commonly needed for engineering design 
at a site. This is similar to the situation in flood and wind analyses whereby knowing the 
consequences of floods and winds, such as peak discharge and 3-s gust wind speed, is desired for 
a specific site. The ground motions (consequences of an earthquake) and their return periods (i.e., 
hazard curves) are determined through seismic-hazard analyses (Cornell, 1968; Milne and 
Davenport, 1969; Stein and others, 2005; Frankel, 2004), PSHA in particular (Frankel and others, 
1996, 2002; McGuire, 2004; Malhotra, 2006). For example, for ground motions with 500-, 
1,000-, and 2,500-year return periods, equation 3-2 gives exceedance probabilities of about 10, 5, 
and 2 percent in 50 years, respectively (Frankel and others, 1996, 2002; Malhotra, 2006). 
Equation 3-2 also gives exceedance probabilities of about 15, 7.5, and 3 percent in 75 years for 
these ground-motion hazard levels (MCEER, 2001; FHWA, 2006). This example illustrates the 
relationship between seismic hazard (i.e., ground motion with a return period) and seismic risk 
(probability of ground motion being exceeded in a period): seismic risk depends not only on 
seismic hazard, but also on exposure and model (i.e., time-independent [Poisson] or time-
dependent) that could be used to describe the occurrences of earthquakes.  

 
Thus, seismic hazard and risk are fundamentally different: seismic hazard describes 

ground motion and its associated return period, whereas seismic risk describes propability of a 
ground motion being exceeded in a period. These differences are significant for policy 
consideration by engineers and decision-makers that can be illustrated by a comparison of 
seismic hazard and risk between San Francisco, Calif., and Paducah, Ky. (Fig. 3-1 and Table 3-
1). As shown in Figure 3-1, San Francisco and Paducah both experienced similar intensity (MMI 
VII and greater) during the 1906 earthquake and 1811 earthquake, respectively, which suggests 
that San Francisco and Paducah have similar seismic hazard without consideration of the 
recurrence intervals. However, the mean recurrence intervals (MRI) for the large earthquakes are 
quite different, about 100 years in San Francisco and 500 years in Paducah. MRI is also an 
important parameter for policy consideration. A bridge would likely experience at least one large 
earthquake over its life of 75 years in San Francisco Bay area, whereas a bridge would unlikely 
experience one large earthquake over its few life circles in the central United States. With the 
MRIs, the seismic hazard comparison between San Francisco and Paducah, either earthquake 
magnitude with an MRI or intensity with an MRI, may not be so traightforward because the 
mitigation policy is normally made over few years to several decades, but not over huntred to 
several hundred years (Table 3-1). If occurrence of earthquakes follows the Poisson model, we 
can calculate seismic risk in terms of magnitude M7.8 or MMI VII and greater over 75 years. 
The risk comparison (Table 3-1), either M7.8 or MMI VII and greater with a probability in 75 
years, is straightforward for engineers and policy-makers. Table 3-1 shows that the differences 
between seismic hazard and risk in San Francisco and Paducah. Clearly, San Francisco has much 
higher seismic risk than Paducah. That is why we have to spend more recources and efforts to 
mitigate seismic hazard in San Francisco than Paducah.      
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Table 3-1. Seismic hazard and risk comparison between San Francisco and Paducah.  
 Seismic Hazard Seismic Risk 
San Francisco 1) M7.8 with ~100 years  MRI* 

2) MMI VII and greater with 
~100 years  MRI 

1) M7.8 with ~53% in 75 years 
2) MMI VII and greater with 
~53% in 75 years  

Paducah 1) M7.7 with ~500 years  MRI 

2) MMI VII and greater with 
~500 years  MRI 

1) M7.7 with ~14% in 75 years 
2) MMI VII and greater with 
~14% in 75 years 

 *MRI: mean recurrence interval 
 
 

3.3. Probabilistic Seismic Hazard Analysis 
 

The purpose of PSHA is to estimate ground motion hazard using a series of probabilistic 
computations to combine the uncertainties in earthquake source, occurrence frequency, and 
ground-motion attenuation relationship. PSHA consists of four basic elements (Reiter, 1990): 

 
(1) Determination of earthquake sources 
(2) Determination of earthquake occurrence frequencies—selecting controlling 

earthquake(s): the maximum magnitude, maximum credible, or maximum considered 
earthquake 

(3) Determination of ground-motion attenuation relationships 
(4) Determination of seismic-hazard curves. 

 
Mathematically, PSHA uses a triple integration over earthquake sources, occurrence 

frequencies, and ground-motion attenuation relationships (Figs. 3-2a through 3-2c): 
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The results from PSHA are commonly expressed in a series of curves, seismic hazard 

curves, which compare ground-motion value (peak acceleration, peak velocity, response 
acceleration, etc.) with the annual probability or return period (reciprocal of annual probability) 
that the ground motion will be exceeded at a specific site or sites (Fig. 3-2d). Figure 3-3 shows 
0.2 s response spectral acceleration hazard curves for seven selected cities in the United States 
(Leyendecker and others, 2000). The hazard curves provide a range of ground-motion values, 
from 0.01 to 8.0 g, with corresponding annual frequencies of a ground motion being exceeded 
(or return period) from 0.1 to 0.00001 (10- to 100,000-year return periods). What level of ground 
motion or return period should be selected for bridge design from the curves? Currently, three 
levels of ground motion associated with 500-, 1,000-, and 2,500-year return periods are 
commonly used. These represent only three specific points on the hazard curves. All other points 
on the curves would also be equally valid choices. Therefore, in terms of PSHA, the choices of 
ground motion for bridge design are not one, not two, not three, but infinite (Wang and others, 
2003b). This is one of the reasons that the selection of a hazard level is so difficult for 
engineering design and anlysis. The ground motion with different return periods have been 
selected or recommended for engineering design of buildings and bridges in the New Madrid 
Seismic Zone by different communities and organizations. For example, the city of Memphis has 
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selected the ground motion with a return period of 500 years (Frankel and others, 1996) for 
building seismic design (i.e., the 2005 MSC Building Code of the 2005 Technical Codes for 
Mephis and Shelby County, Tennessee), the State of Kentucky has selected the ground motion 
with a return period of 1,000 years (Frankel and others, 1996) for residential building seismic 
design (KRC-2002), and the Federal Highway Administration has also selected the ground 
motion with a return period of 1,000 years (Frankel and others, 1996, 2002) for seismic 
retrofitting highway structure (FHWA, 2006).  

 
There is confusion on the national seismic hazard maps (Wang and others, 2005). As 

shown in Figure 3-3, the ground motions with 500-, 1,000-, and 2,500-year return periods have 
also been equated to those with 10, 5, and 2 percent probabilities of exceedance in 50 years, 
respectively (Frankel and others, 1996, 2002; Malhotra, 2006). Although the ground motions 
themselves are the same, the ground motions with 500-, 1,000-, and 2,500-year return periods are 
fundemantally different from the ground motions with 10, 5, and 2 percent probabilities of 
exceedance in 50 years: the former are seismic hazard, whereas the later are seismic risk. 
Therefore, the three maps produced by the U.S. Geological Survey (Frankel and others, 1996, 
2002), depicting the ground motions with exceedance probabilities of about 10, 5, and 2 percent 
in 50 years, are seismic risk maps by definition, not seismic hazard maps. Unfortunetly, these 
maps have been labeled and used as seismic hazard maps (Frankel and others, 1996, 2002; 
Frankel, 2004).  

 
 
3.4. Deterministic Seismic Hazard Analysis  
 

DSHA is another method that has been widely used in seismic-hazard assessment, 
especially for engineering purposes. DSHA develops a particular seismic scenario upon which a 
ground-motion hazard evaluation is based. The scenario consists of the postulated occurrence of 
an earthquake of a specified size at a specified location. DSHA uses four basic elements (Reiter, 
1990): 
 

(1) Determination of earthquake sources 
(2) Determination of earthquake occurrence frequencies—selecting controlling 

earthquake(s): the maximum magnitude, maximum credible, or maximum considered 
earthquake 

(3) Determination of ground-motion attenuation relationships 
(4) Determination of seismic hazard from a particular scenario. 

 
DSHA determines the ground motion from a single or several earthquakes that have 

maximum impact. It addresses the ground motion from individual (i.e., maximum magnitude, 
maximum probable, or maximum credible) earthquakes. Ground motion derived from DSHA 
represents the ground motion from an individual earthquake.  
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3.5. PSHA versus DSHA 
 

PSHA and DSHA use the same data sets on earthquake source, occurrence frequency, 
and ground-motion attenuation relationship, but the results are fundamentally different. PSHA 
addresses the probability of a level of ground motion being exceeded from all possible 
earthquakes. Ground motion derived from PSHA does not have a clear physical and statistical 
meaning (Wang and others, 2003b, 2005; Wang, 2005, 2006; Wang and Ormsbee, 2005). Figure 
3-4 shows a hypothetical region with three seismic sources (A, B, and C faults) and a site of 
interest. It is assumed that only characteristic earthquakes will repeat along the faults in certain 
periods (recurrence times). The magnitude (M7.5) and recurrence times (Ta, Tb, and Tc) for the 
characteristic faults are shown in Figure 3-4, and the ground-motion attenuation relationship of 
Frankel and others (1996) was used. For each characteristic fault, the annual frequency of a 
particular ground motion being exceeded at the site is equal to the annual recurrence rate (1/T) 
times the probability that the ground motion will be exceeded. For example, for characteristic 
fault A, the annual frequency of the peak ground acceleration of 1.11g being exceeded (0.0004 or 
a return period of 2,500 years) (Fig. 3-5a) is equal to the annual recurrence rate (1/200) times the 
probability of 0.08 (shaded area under ground-motion density function shown in Figure 3-5b) 
that the peak ground acceleration of 1.11g will be exceeded. The total hazard (total annual 
frequency of a ground motion being exceeded) at the site is the sum of the individual hazards 
(annual frequency of a ground motion being exceeded) (Fig. 3-5). The total annual frequency of 
a ground motion being exceeded, of 0.0004 (return period of 2,500 years), is the sum of the 
individual annual frequencies of 0.00025, 0.0001, and 0.00005 from faults A, B, and C, 
respectively (Fig. 3-6). The total annual is not associated with any individual earthquake, but 
with three earthquakes. In contrast to the complicated PSHA, DSHA is straightforward and 
simple for this example. The median ground motion is 0.5g PGA and median plus a standard 
deviation is 1.06g PGA. This ground motion represents a scenario earthquake with a magnitude 
of M7.5 occurring at a distance of 30 km. 

 

In a typical PSHA, the annual frequency of a ground motion being exceeded (total hazard) 
is contributed by many earthquakes. For example, the 1996 USGS national seismic hazard maps 
show that the total hazard in Chicago, Ill., is contributed by a series of earthquakes with 
magnitudes ranging from M5.0 to M8.0 at distances from 0 to 500 km (Harmsen and others, 
1999). It is hard to imagine the actual physical model (i.e., a real earthquake) with ground motion 
that is composed of so many earthquakes. This is one of the disadvantages of PSHA recognized 
by a panel of scientists (National Research Council, 1988). It is well understood that there is an 
uncertainty in seismic-hazard assessment because of the uncertainties inherent in the parameters 
used in the hazard analysis. No matter which method is applied, PSHA or DSHA, the results 
always contain an uncertainty. The biggest advantage of PSHA, it is claimed, is that it could 
incorporate a range of uncertainties inherent in earthquake source, occurrence frequency, and 
ground-motion attenuation relationships. However, recent studies (Wang and others, 2003, 2005; 
Wang, 2005; Wang and Ormsbee, 2005) showed that PSHA inherences some intrinsic drawbacks, 
including (1) unclear physical basis; (2) obscure uncertainty; and (3) difficulty in determining a 
correct choice.  

 



18 
 

As demonstrated in previous sections, the return period (reciprocal of the annual 
probability) derived from PSHA is interpreted as the mean (average) time between occurrences 
of a certain ground motion at a site (McGuire, 2004) and used in seismic risk calculation, 
Equation 3-2. It has been shown that the return period is different from the recurrence interval of 
earthquake (Wang and others, 2003, 2005; Wang, 2005; Wang and Ormsbee, 2005, Malhotra, 
2005, 2006). Actually, the return period is not a temporal measurement of a ground motion at a 
site, but a mathematical extrapolation of the recurrence interval of earthquake (temporal 
measurement) and the ground motion uncertainty (a spatial measurement) (Wang and others, 
2003, 2005; Wang, 2005; Wang and Ormsbee, 2005). Use of the return period in seismic risk 
analysis may be not appropriate (Wang and Ormsbee, 2005).       

 

On the other hand, DSHA, it is claimed, cannot incorporate the range of uncertainties 
inherent in earthquake source, occurrence frequency, and ground-motion attenuation 
relationships. The advantage of DSHA is that it provides seismic-hazard estimate, ground motion 
and recurrence interval, from each individual earthquake that has the most significant impact on 
a site. This advantage is important because seismic hazard derived from DSHA has a clear 
physical and statistical meaning. The recurrence interval of a ground motion derived from DSHA 
is a temporal measure and can be used in seismic risk analysis. As shown by Wang and others 
(2005), a single characteristic earthquake of M7.7 with a 500-year recurrence interval in the New 
Madrid Seismic Zone could generates a median ground motion of about 0.3g PGA in Paducah. 
Because ground motion is a consequence of an earthquake, the median ground motion in 
Paducah also has a recurrence interval of 500 years. Therefore, estimated hazard from the New 
Madrid characteristic earthquake will be about 0.3g PGA (median) with a 500-year return period 
in Paducah. In terms of ground motion, estimated risk is about 10 percent probability that a 
median PGA of 0.3g could be exceeded in 50 years (Table 3-1).  

 

The engineering seismic designs and standards used in the United States, as well as 
throughout the world, are based on California. The ground motion specified for bridge design in 
California is the deterministic ground motion from the maximum credible earthquake (Caltrans, 
1999). Also, the ground motion from the maximum considered earthquake ground motion was 
recommended for building seismic design in California (BSSC, 1998; ICC, 2000). In California, 
DSHA, not PSHA, is being used to develop the design ground motion. The purpose of this 
project is to develop ground motions, including peak values and time histories, for seismic 
analysis and design of highway bridges in Kentucky. We have used DSHA for this project 
because it is more appropriate. 
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Figure 3-1. Areas affected by the 1906 San Francisco and the 1811 New Madrid earthquakes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-2. Steps involved in PSHA (Reiter, 1990). 
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Figure 3-3. Hazard curves for selected cities (Leyendecker and others, 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-4. Hypothetical region with three seismic sources (A, B, and C faults) and a site of 
interest within 30 km of the faults. 



21 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-5. (a) Hazard curve for fault A and (b) ground-motion density function (log-normal) for 
the M7.5 characteristic earthquake with recurrence interval of 200 years. The median ground 
motion is 0.5g and the standard deviation is 0.75. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-6. Total and individual hazards (annual probabilities of a ground motion being 
exceeded) at the site. 
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4. SEISMIC SOURCE ZONE 
 
4.1. Introduction 
 

Two hypotheses have been proposed to explain intraplate seismicity: (a) selective 
reactivation of preexisting faults by local variations in pore pressure, fault friction, or strain 
localization along favorably orientated lower-crustal ductile shear zones formed during earlier 
deformation (Zoback and others, 1985) and (b) local stress perturbations that may produce events 
incompatible with the regional stress field (Zoback and others, 1987). In the central and eastern 
United States the regional stress field is reasonably well known from well-constrained focal 
mechanisms (see Herrmann and Ammon, 1997), yet the link between the stress field and the 
contemporary seismicity remains enigmatic. 
 

Frankel (1995) concluded that historical seismicity could be used to calculate the 
probabilistic seismic hazard in the central and eastern United States without reference to geology, 
and thereby avoided the issue of our generally poor knowledge of how the stress field, geology, 
and seismogenesis are linked. Kafka and Walcott (1998) and Kafka and Levin (1999) arrived at 
approximately the same conclusion. They used small earthquakes in various locations, including 
the New Madrid Seismic Zone and the northeastern United States, to test how well the spatial 
distribution of smaller earthquakes (2 < mb,Lg < 4) could be used to forecast the locations of 
larger earthquakes (> 4 mb,Lg) that have already occurred. They concluded that, on average, 
larger earthquakes occurred in the vicinity of smaller earthquakes more frequently than would be 
expected for a random distribution of large earthquakes. They also noted that there were a 
significant number of large earthquakes that would not have been forecasted based on the 
distribution of the small earthquakes, but they concluded that many of the missed events were 
probably the result of incompleteness in the earthquake catalogs. The Sharpsburg, Ky., 
earthquake of July 27, 1980, might be an example of such an event. It occurred in an area where 
the earthquake catalogs indicated sparse seismicity, but modern instrumentation installed in the 
general vicinity of the epicenter of the earthquake after its occurrence suggests that there are 
more earthquakes in the area then has been generally known (i.e., the earthquake catalog for the 
area is incomplete). 
 

Seismic source zones considered in this study are those suggested by Bollinger and others 
(1992), those used by the U.S. Geological Survey in developing the 1996 national seismic-hazard 
maps (Wheeler and Frankel, 2000), and those suggested by Wheeler and Cramer (2002) for use 
in the 2002 national seismic-hazard maps. For the purposes of this study, seismic zones based 
primarily on the historical distribution of earthquakes (Fig. 4-1) were given the most weight, 
which is in agreement with the studies by Frankel (1995), Kafka and Walcott (1998), and Kafka 
and Levin (1999). 
 

In this section, the historical maximum magnitude event, focal depths, and type of 
faulting, if known, are described for the various seismic zones. The rates of seismicity for 
seismic zones and suggested maximum magnitude earthquakes are presented separately for 
comparative purposes. 
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4.2. New Madrid Seismic Zone  
 

The Reelfoot Rift (Fig. 4-2) is the host geologic and tectonic crustal structure for the New 
Madrid Seismic Zone. The New Madrid Seismic Zone is a tightly clustered pattern of earthquake 
epicenters that extends from northeastern Arkansas into northwestern Tennessee and 
southeastern Missouri (Fig. 4-2). Earthquakes along the northeast-trending alignment of the 
seismic zone in northeastern Arkansas and earthquakes in southeastern Missouri between New 
Madrid and Charleston, are predominantly right-lateral strike-slip events; whereas earthquakes 
along the northwest trend of seismicity extending from near Dyersburg, Tenn., to New Madrid, 
Mo., are predominantly dip-slip events. Focal depths of the earthquakes in the New Madrid 
Seismic Zone typically range between 5 and 15 km (Chiu and others, 1992). 
 

The northeastern extent of the Reelfoot Rift and, consequently, the northeastern terminus 
of the New Madrid Seismic Zone are controversial. Wheeler (1997) suggested there are two 
diffused alignments of northeast-trending seismicity that extend from near New Madrid into 
western Kentucky and along the Kentucky-Illinois border (Fig. 4-3). He referred to these 
alignments as trends 1 and 2, and noted that the historical seismicity apparently terminates along 
the Ohio River near Olmsted, Ill., and Paducah, Ky., respectively. Wheeler (1997) noted that the 
apparent termination of the seismicity is consistent with the geologic criteria he used to delineate 
the northeastern extent of the Reelfoot Rift (i.e., the seismicity should terminate either at or 
southwest of the estimated northeastern boundary of the Reelfoot Rift), based on his examination 
of (1) the ends of and bends in major faults in the area, (2) the border faults of the Reelfoot Rift 
and the Rough Creek Graben, and (3) the northeastern limit of the ultramafic rocks in the 
Reelfoot Rift.     
 

Whether the seismicity in the Jackson Purchase Region of western Kentucky is directly 
related to the New Madrid Seismic Zone is unclear. The seismicity in the Jackson Purchase 
Region, like other seismicity outside the primary cluster of earthquakes in the New Madrid 
Seismic Zone (Fig. 4-2), might be what Bollinger and others (1992) referred to as “off-zone” 
activity resulting from spatial stress perturbations. Seismicity in the Jackson Purchase Region is 
not well located because of the lack of instrumentation in the area; epicentral locations could be 
off by several kilometers, and focal depths are very poorly constrained. A temporary seismic 
network was deployed in the Jackson Purchase in late 2002. Figure 4-4 shows locations and 
intensities of earthquakes between January and June 2003. Only one earthquake, the June 6, 
2003, Bardwell earthquake (M4.0), has occurred in the area since January 2003 (Wang and 
others, 2003a). The focal depth of this earthquake was only about 2.5 km, much shallower than 
those in the central New Madrid Seismic Zone; it is in stark contrast to the 23.7 km focal depth 
of the April 30, 2003, Blythville, Ark., earthquake. These better-located earthquakes suggest that 
the active faults of the New Madrid Seismic Zone may not extend into the Jackson Purchase 
Region. The boundary of the New Madrid Seismic Zone recommended in this study is shown 
Figure 4-5. 
 
4.3. Wabash Valley Seismic Zone 
 

Nuttli and Herrmann (1978) first proposed the seismic zone on the basis of (1) the 
number of earthquakes, (2) the occurrence of five ≥ 5 mb,Lg earthquakes in the seismic zone 



24 
 

between 1875 and 1975, and (3) the presence of the Wabash Valley Fault Zone. The boundaries 
of the Wabash Valley Seismic Zone, as drawn by Wheeler and Frankel (2000), are shown in 
Figure 4-6. Also included in the figure are the epicentral locations of the damaging (MMI ≥ VI) 
earthquakes in the seismic zone (Stover and Coffman, 1993) and the location of the 5.1 mb,Lg 
September 27, 1909, earthquake that occurred just north of the seismic zone. Dates, times, and 
epicentral locations of the damaging earthquakes shown in Figure 4-6 are listed in Table 4-1. 
Unlike the seismicity in the New Madrid Seismic Zone, which is well defined, seismicity in the 
Wabash Valley Seismic Zone is diffused over a broad area. 
 

Despite the number of damaging earthquakes in the Wabash Valley Seismic Zone, the 
number of permanent seismograph stations in the seismic zone is inadequate to derive well-
constrained focal depths or focal mechanisms. Of the 18 events listed in Table 4-1, the only ones 
for which well-determined focal depths and focal mechanisms have been estimated are events 15 
through 18. These four earthquakes were large enough to generate sufficient surface-wave data 
so that their focal depths and focal mechanisms could be estimated using the radiation pattern of 
their Rayleigh and Love waves (Herrmann and Ammon, 1997). 
 
Table 4-1. Damaging earthquakes in the Wabash Valley Seismic Zone. 

 
Event  Date  Time  Lat./Long.   Magnitude   Depth3 
 No. (Mo-Day-Yr) (GMT)   (°N/°W)  mb,Lg1 Mw2   (km)   
 
 1. July 5, 1827   38.0/87.5  4.8 4.4   
 2. Aug. 7, 1827 4:30  38.0/88.0  4.8 4.4   
 3. Aug. 7, 1827 7:00  38.0/88.0  4.7 4.3   
 4. Sep. 25, 1876 6:00  38.5/87.8  4.5 4.1   
 5. Sep. 25, 1876 6:15  38.5/87.8  4.8 4.4   
 6. Feb. 6, 1887 22:15  38.7/87.5  4.6 4.2   
 7. July 27, 1891 2:28  37.9/87.5  4.1 3.7   
 8. Sep. 27, 1891 4:55  38.25/88.5  5.5 5.3   
 9. Apr. 30, 1899 2:05  38.5/87.4  4.9 4.6   
 10. Sep. 27, 1909 9:45  39.8/87.2  5.1 4.8   
 11. Nov. 27, 1922 3:31  37.8/88.5  4.8 4.4   
 12. Apr. 27, 1925 4:05  38.2/87.8  4.8 4.4   
 13. Sep. 2, 1925 11:56  37.8/87.5  4.6 4.2   
 14. Nov. 8, 1958 2:41  38.44/88.01  4.4 4.0   
 15. Nov. 9, 1968 17:01  37.91/88.37  5.5 5.3  22  
 16. Apr. 3, 1974 23:05  38.55/88.07  4.5 4.3  14  
 17. June 10, 1987 23:48  38.71/87.95  5.1 5.0  10  
 18. June 18, 2002  18:37  37.98/87.78  4.9 4.5  17-19  

 
1. Magnitudes (mb,Lg) are from Stover and Coffman (1993) except for those for events 8 and 15. Street (1980) gave a magnitude 

range of 5.5 to 5.8 mb,Lg for the September 27, 1891, event, based on an analysis of all the MM intensity data, whereas Stover 
and Coffman's (1993) mb,Lg of 5.2 is based solely upon the felt area. The 5.5 mb,Lg for event 17, the November 9, 1968, 
southern Illinois event, is more generally accepted than the 5.3 mb,Lg given by Stover and Coffman (1993). The mb,Lg 
magnitude, seismic moment, and epicentral location for event 18 are preliminary estimates based on data from the University 
of Kentucky Seismic and Strong-Motion Network and a personal communication from R. Herrmann at St. Louis University. 

 
2. Except for events 15, 16, and 17, moment magnitudes (Mw) were derived using the mb to seismic moment (Mo) to moment 

magnitude conversion outlined in Appendix A. Moment magnitudes for events 17, 18, and 19 were calculated using the 
seismic moments given in Herrmann and Ammon (1997). 

 
3. Focal depths are from Herrmann and Ammon (1997), except for the depth for event 18, which is based on a personnel 

communication from R.B. Herrmann of at St. Louis University. 
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The largest instrumentally recorded historical earthquake in the Wabash Valley Seismic 
Zone is the November 9, 1968, earthquake (event 15 in Table 4-1). McBride and others (2002) 
believed that this earthquake occurred as a result of the reactivation of a fault plane within a 
series of moderately dipping lower crustal reflectors that are decoupled from the overlying 
Paleozoic structure. The June 18, 2002, Darmstadt, Ind., earthquake (M4.6) was also well located 
(Table 4-1). Kim (2003) believed that the June 18, 2002, earthquake occurred as a result of the 
reactivation of a fault within the Wabash Valley Fault System (Fig. 4-7). 
 

The Wabash Valley Fault System illustrated in Figure 4-7 is a series of north-northeast-
trending normal faults with right-lateral offsets across the Herald-Phillipstown and New 
Harmony Faults. The locations and extent of faulting are well known from the extensive set of 
drill logs and seismic-reflection lines acquired for oil and gas exploration. Between the Albion-
Ridgway and New Harmony Faults is the Grayville Graben (Fig. 4-8), so named by Sexton and 
others (1996) and shown by Bear and others (1997) to exhibit Cambrian extensional slip. Based 
on Bear and others’ (1997) interpretation of the fault movement, Wheeler and Cramer (2002) 
identified the Grayville Graben as Iapetan. They all but dismissed the graben and the Wabash 
Valley Fault System as being seismogenic. 
 

Recently, however, Woolery (2005) acquired several kilometers of shallow SH-wave 
CDP seismic data along an east–west line just south of, but paralleling, the line labeled “Rene 
1995” in Figure 4-7. Based on the seismic data, borehole logs, and radiocarbon dating, Woolery 
(2005) concluded that movement has occurred along the Wabash Island and Hovey Lake Faults 
(Fig. 4-7) as recently as 40,000 years ago. The possibility that the Wabash Valley faults are 
seismogenic is also supported by the occurrence of the June 18, 2002, earthquake (Table 4-1). 
The epicentral location of the event is superimposed on Figure 4-7. 
 
 
4.4. Eastern Tennessee Seismic Zone 
 

In the central and eastern United States, the Eastern Tennessee Seismic Zone (Fig. 4-9) 
releases seismic moment at a volume-normalized rate second only to that of the New Madrid 
Seismic Zone (Powell and others, 1994). The largest earthquake known to have occurred in the 
seismic zone is the 4.6 mb,Lg event of November 30, 1973, which was centered near Maryville, 
Tenn. Figure 4-10 is an isoseismal map of the event. 
 

The Eastern Tennessee Seismic Zone is what Wheeler and Frankel (2000) referred to as a 
seismicity source zone: a cluster of epicenters in which the boundaries of the zone are drawn 
without reference to the geology. Although the factors responsible for the seismicity in the 
Eastern Tennessee Seismic Zone are poorly understood, the seismicity seems to be associated in 
some fashion with the New York–Alabama Magnetic Lineament (Fig. 4-11). The lineament 
marks a near-vertical boundary between blocks of high- and low-velocity crust, as well as the 
boundary between areas of relatively high seismicity to the east and low seismicity to the west 
(Powell and others, 1994; Chapman and others, 1997). The New York–Alabama Magnetic 
Lineament is the western boundary of a 300-km-long and 30-km-wide zone that is the source of 
most of the earthquakes in the seismic zone. 
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Seismicity in the Eastern Tennessee Seismic Zone typically occurs at a depth of 4 to 22 
km and exhibits strike-slip movement involving right-lateral motion along north–northeast-
trending faults, or left-lateral motion along east-southeast-trending faults (Johnston and others, 
1985; Chapman and others, 1997). A statistical analysis of the spatial distribution of the 
epicenters of the earthquakes in the Eastern Tennessee Seismic Zone shows that they tend to line 
up in preferred southwest–northeast directions, which is consistent with the orientations of most 
focal-mechanism solutions in the seismic zone (Chapman and others, 1997; Hawman and others, 
2001). The southwest–northeast trends are interpreted as suggesting a left-stepping pattern of 
earthquakes that is consistent with what would be expected from wrenching associated with 
right-lateral strike-slip motion (Hawman and others, 2001). 
 
 
4.5. Giles County Seismic Zone 
 

The Giles County Seismic Zone (Fig. 4-12) is not included in the U.S. Geological 
Survey’s 1996 or 2002 national seismic-hazard maps because of the lack of seismic activity and 
the belief that this seismic zone is incapable of producing an earthquake as big as what the U.S. 
Geological Survey used as their background maximum magnitude earthquake. Nonetheless, the 
Giles County Seismic Zone has produced one of the larger-magnitude earthquakes in the central 
or eastern United States in historical times: the Giles County, Va., earthquake of May 31, 1897. 
It was an MMI VII–VIII event, which was felt from northern Ohio to central Georgia, and from 
western Kentucky to the Atlantic Coast, as shown in Figure 4-13. Street (1979) estimated its 
mb,Lg as 5¾(±¼). Bollinger and Wheeler (1983) and Bollinger and others (1992) described the 
seismogenic zone as an upper crustal feature that strikes northeast–southwest, dips nearly 
vertically, is 5 to 15 km deep, and has a horizontal extent of approximately 20 to 30 km. Based 
on a variety of criteria, Bollinger and others (1992) estimated a maximum magnitude earthquake 
of 6.3 mb,Lg for the seismic zone. Based on equation 2-5 and Bollinger and others’ (1992) mb,Lg 
estimate, the maximum magnitude earthquake for the Giles County Seismic Zone is M6.3. 
 
 
4.6. The Rough Creek Graben and Rome Trough in Kentucky 
 

In order to account for uncertainty and to obtain a minimum seismic-hazard level, a 
background earthquake is commonly used in seismic-hazard analyses. Large background 
earthquakes (M6.5) were used in the 1996 USGS hazard maps; even larger background 
earthquakes (M7.5) were used for the Rough Creek Graben and Rome Trough in the 2002 USGS 
hazard maps (Figs. 4-14 and 4-15). In PSHA, the background earthquakes do not contribute to 
the total hazard calculation because of (1) a large-area source zone and (2) a longer recurrence 
interval (several thousand years). But if the large earthquakes are possible, they need to be 
reflected on the hazard maps. For example, the background earthquake of M7.5 was used for the 
Rough Creek Graben and Rome Trough in Kentucky, but the hazard maps do not include any 
contribution from the background earthquakes. Use of the large background earthquakes in the 
NEHRP hazard mapping in the central United States is not necessary, but could cause confusion. 
 

No paleoseismological evidence or historical seismicity supports a suggestion that the 
Rough Creek Graben and Rome Trough are currently seismogenic. In fact, as noted by Street and 
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others (2002), the Rough Creek Graben and Rome Trough are among the most seismically 
inactive areas in Kentucky. Based on the lack of paleoseismic and historical activity, as well as 
the findings of Kafka and Walcott (1998) and Kafka and Levin (1999), the rate of seismicity and 
maximum magnitude earthquake for the Rough Creek Graben and Rome Trough in this report 
will be assumed to be the same as that recommended for elsewhere in Kentucky for the 
background seismicity. 
 
 
4.7. Background or Local Seismicity in Kentucky 
 

Earthquakes have occurred throughout Kentucky, many of them not associated with any 
known seismic zone or geologic/tectonic feature. For example, the February 28, 1854, 
earthquake (M3.6 or mb,Lg 4.0) in central Kentucky is not associated with any known seismic 
zone. Many of these earthquakes have been recorded by the University of Kentucky Seismic and 
Strong-Motion Network since 1984 (Street and others, 2002), and are defined as background 
seismicity. In this study, an event of M4.1 (mb,Lg 4.5) is assumed to be the background 
earthquake that could occur anywhere in Kentucky, with the exception of the 28 counties 
highlighted on Figure 4-16. This background seismicity was used in the KTC-96-4 report and 
maps (Street and others, 1996). 
 
 
4.7.1. Northeastern Kentucky 
 

The largest historical earthquake in northeastern Kentucky is the M4.9 (mb,Lg 5.2) event 
on July 27, 1980, near Sharpsburg. The isoseismal for the earthquake is shown in Figure 4-17. 
The earthquake had a maximum MMI of VII and caused about $4 million in damage in Bath, 
Bourbon, Fleming, Mason, Montgomery, Nicholas, and Rowan Counties (Street, 1982). On 
September 7, 1988, an M4.2 (mb,Lg 4.6) earthquake occurred 11 km southeast of the 1980 event 
(Street and others, 1993). Several other minor earthquakes are also known to have occurred in 
northeastern Kentucky and the adjacent areas of Ohio and West Virginia (Street and others, 
1993). Because of this slightly higher seismicity, an expected earthquake (EE) of M5.0 (mb,Lg 5.3) 
is used as the background or local earthquake that can be assumed to occur any time in Bath, 
Bracken, Boyd, Carter, Fleming, Greenup, Lewis, Mason, Menifee, Montgomery, Nicholas, 
Robertson, and Rowan Counties of northeastern Kentucky (Fig. 4-16).  For the probable 
earthquake (PE) and the maximum credible earthquake (MCE) an M5.3 (mb,Lg 5.5) and M5.5 
(mb,Lg 5.7) are assumed, respectively. 
 
 
4.7.2. Southeastern Kentucky 
 

Minor to moderate earthquakes have periodically occurred in Bell, Harlan, Knox, Letcher, 
and Whitley Counties in southeastern Kentucky (Fig. 4-16). The largest one is the M3.9 (mb,Lg 
4.3) event near Middlesboro in 1954 (Stover and Coffman, 1993). Other earthquakes include an 
M3.6 (mb,Lg 4.0) event near Barbourville in 1976, an M2.8 (mb,Lg 3.1) event in Bell County on 
August 28, 1983, and an M3.2 (mb,Lg 3.6) event in Harlan County on August 28, 1990. We 
recommend an event of M4.3 (mb,Lg 4.7) as the maximum background or local earthquake that 
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could occur in these counties at any time.  Consequently, the M4.3 earthquake is selected for the 
expected earthquake (EE), the probable earthquake (PE), and the maximum credible earthquake 
(MCE). 

 
 

4.7.3. Western Kentucky 
 

The maximum magnitude of the background or local earthquake in Ballard, Carlisle, 
Fulton, Graves, Hickman, Livingston, Marshall, and McCracken Counties in western Kentucky 
is M5.0 (mb,Lg 5.3). This magnitude is based on the counties’ proximity to the New Madrid 
Seismic Zone, moderate historical events, and occasional events in the counties that have been 
recorded by the University of Kentucky Seismic and Strong-Motion Network, such as the June 6, 
2003, Bardwell earthquake (Wang and others, 2003a). Within the eight counties, many 
earthquakes measuring M2.7 (mb,Lg 3.0) or larger have been recorded, such as the June 6, 2003, 
Bardwell earthquake (M4.0), which caused some damage. 
 

The largest earthquake to occur in the Henderson area is the M4.2 (mb,Lg 4.6) event on 
September 2, 1925. Earthquakes near Henderson are generally accepted as being associated with 
the other seismicity in the Wabash Valley area, which was discussed in section 3.1.2. The 
maximum magnitude of M5.0 (mb,Lg 5.3) is used for the background or local earthquake in the 
Henderson area (Fig. 4-16) for the expected earthquake (EE), the probable earthquake (PE) and 
the maximum credible earthquake (MCE). 
 



29 
 

Figure 4-1. Historical seismicity in the central United States. 
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Figure 4-2. Reelfoot Rift and tectonic settings in the central United States (Wheeler and Cramer, 
2002). 
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Figure 4-3. Seismicity in the tri-state area of Illinois, Indiana, and Kentucky (Wheeler and 
Cramer, 2002). 
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Figure 4-4. Locations of earthquakes in the New Madrid Seismic Zone between January and 
June 2003 (from the Center for Earthquake Research and Institute, University of Memphis). 
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Figure 4-5. Earthquake source zones in and around Kentucky. NMSZ: New Madrid Seismic 
Zone; WVSZ: Wabash Valley Seismic Zone; ETSZ: Estern Tennessee Seismic Zone; NEKY: 
Northeastern Kentucky Seismic Zone; GCSZ: Gile County Seismic Zone. 
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Figure 4-6. Epicentral locations of damaging earthquakes in the Wabash Valley Seismic Zone. 
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Figure 4-7. Locations of earthquakes and faults in the lower Wabash Valley. 
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Figure 4-8. New Harmony Faults in the Wabash Valley (Sexton and others, 1996). 
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Figure 4-9. Eastern Tennessee Seismic Zone. 
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Figure 4-10. Isoseismal map of the Maryville, Tenn., earthquake of November 30, 1973. 
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Figure 4-11. The New York–Alabama Magnetic Lineament. 
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Figure 4-12. The Giles County Seismic Zone. 
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Figure 4-13. Isoseismal map of the Giles County, Va., earthquake of May 31, 1897. 
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Figure 4-14. The Rough Creek Graben. 
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Figure 4-15. The Rome Trough in eastern Kentucky (Wheeler and Cramer, 2002). 
 
 
 
 



 
 
 
 

    
 
Figure 4-16. Background earthquakes in Kentucky. 
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5. MAGNITUDE-RECURRENCE RELATIONSHIP 
 

The number of earthquakes that occur yearly around the world varies with magnitude; the 
smaller earthquakes are more frequent, and the larger are less frequent. The relationship between 
earthquake magnitude and annual occurrence is called the magnitude-recurrence relationship, 
also called the Gutenburg-Richter relationship. The Gutenburg-Richter relationship is, in 
logarithmtic form, as follows: 
 

,log10 bMaN −=                                         (5-1) 
 
where N is the number of earthquakes with magnitude greater than M occurring yearly, and a and 
b are constants depending on the number of earthquakes in the time and region sampled. In the 
central United States, the Gutenburg-Richter relationship takes the form: 
 

.log ,10 LgbbmaN −=                                      (5-2) 
 

Instrumental and historical records are insufficient to construct the magnitude-recurrence 
relationship for the central United States, because the seismicity is relatively low in comparison 
with that of California. There are no instrumental recordings for strong and large earthquakes 
(M > 6.0) in the central United States. Only two strong historical events (6.0 < M < 6.5), the 
1843 Marked Tree, Ark., earthquake (M6.0) and the 1895 Charleston, Mo., earthquake (M6.0) 
(Bakun and others, 2003) have occurred. The only great events (7.0 < M < 8.0) are the 1811–
1812 New Madrid events. Bakun and others (2003) suggested that the 1895 Charleston, Mo., 
earthquake was actually located in southern Illinois, about 100 km north of Charleston (not in the 
New Madrid Seismic Zone). Prehistoric records (paleoliquefaction) have been used to construct 
the magnitude-occurrence relationship. Figures. 5-1 and 5-2 show the magnitude-occurrence 
relationships for the New Madrid Seismic Zone (Frankel and others, 1996) and the Wabash 
Valley Seismic Zone (Wheeler and Cramer, 2002), based on instrumental, historical, and 
paleoliquefaction records. These figures show that (1) the annual rate derived from instrumental 
records and historical earthquakes is not consistent with that derived from paleoliquefaction 
records and (2) there is a lack of strong earthquakes of M6.0 to M7.0 (an earthquake deficit). 
 

A b-value of 0.95 was used in the USGS national seismic-hazard maps for the central 
United States (Frankel and others, 1996, 2002). Based on instrumental and historical records, the 
annual occurrence of an M7.5 earthquake is less than 0.0001 (reccurence interval is longer than 
10,000 years) in the New Madrid Seismic Zone (Fig. 5-1). Paleoliquefaction records revealed an 
annual occurrence of 0.00218 (reccurence interval of about 459 years) for an M7.5 earthquake in 
the New Madrid Seismic Zone, however (Fig. 5-1). According to PSHA, all earthquakes from 
about M4.0 to M8.0 contribute to the total hazard (Fig. 3-2). But in the central United States, 
there is a lack of instrumental, historical, and geologic records for earthquakes between M6.0 
and M7.0. The inconsistency between the instrumental and historical rate and the geologic rate 
makes performing PSHA difficult in the central United States. The earthquakes that are of 
engineering concern are large (M7.0 or larger) and infrequent, which makes DSHA a good 
alternative for deriving ground motion for engineering design in the central United States. 
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The following magnitude-recurrence relationships were used in this study: 
 
1. Eastern Tennessee Seismic Zone (Bollinger and others, 1989): 
 

bmN 90.075.2log10 −=                               (6-3) 
 
2. Giles County Seismic Zone (Bollinger and others, 1989): 
 

bmN 64.0065.1log10 −=                              (6-4) 
 
3. Wabash Valley Seismic Zone (Nuttli and Herrmann, 1978): 
 

bmN 92.010.3log10 −=                               (6-5) 
 
4. New Madrid Seismic Zone (Nuttli and Herrmann, 1978): 
 

bmN 92.090.3log10 −= .                              (6-6) 
 

 
Figure 5-1. Magnitude-frequency relationship for the New Madrid Seismic Zone (Frankel and 
others, 1996). 
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Figure 5-2. Magnitude-frequency relationship for the Wabash Valley Seismic Zone (Wheeler 
and Cramer, 2002). 
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6. GROUND-MOTION ATTENUATION RELATIONSHIP 
 
6.1. Introduction 
 

The ground-motion attenuation relationship is used to estimate strong ground motion for 
site-specific and regional seismic-hazard analyses. The relationship is a simple mathematical 
model that relates a ground-motion parameter to an earthquake magnitude, source-to-site 
distance, and other seismological parameters, such as style of faulting and local site conditions 
(Campbell, 2003). The most commonly predicted ground-motion parameters are peak ground 
acceleration (PGA), peak ground velocity (PGV), and pseudo-response spectral acceleration 
(PSA). In areas such as western North America and Japan, where strong-motion recordings are 
abundant, these attenuation relationships are developed empirically. In many regions of the 
world, however, including the central United States, there are not enough recordings to develop 
reliable empirical attenuation relationships. When the number of strong-motion recordings is 
limited, but good seismological data are available, it is possible to derive simple seismological 
models that can be used to describe how ground motion scales with earthquake source size and 
distance from the source. 
 

The most widely used methods to develop the attenuation relationships are the stochastic 
point-source model (Hanks and McGuire, 1981; Boore, 1983; Boore and Atkinson, 1987; Toro 
and McGuire, 1987) and the stochastic finite-fault model (Atkinson and Silva, 1997; Beresnev 
and Atkinson, 1997). Stochastic models use the findings of Hanks and McGuire (1981) that 
stated observed ground motions can be characterized as finite-duration band-limited Gaussian 
noise with an amplitude spectrum specified by a simple source model (Brune model) and 
propagation processes. Although they have been successful and are simple, stochastic models 
have two obvious problems. First, the model breaks down near the source: it cannot take the 
near-source effects, such as rupture propagation and directivity, into consideration. Second, the 
models do not consider two- and three-dimensional wave propagation. Source effects and wave 
propagation have a significant influence on simulated ground motion. 
 

With the improvement of computers, it has become possible to use more sophisticated 
numerical methods for simulating strong ground motion based on empirical or theoretical source 
functions and two- and three-dimensional wave propagation theory (Somerville and others, 1991; 
Anderson and others, 2003). Somerville and others (1991) developed a semi-empirical model 
that will take into account the near-source effects and three-dimensional wave propagation in 
detail; it has been successfully used in ground-motion simulations for many earthquakes 
(Somerville and others, 1991, 2001; Saikia and Somerville, 1997). A ground-motion attenuation 
relationship was also developed from the semi-empirical model (Somerville and others, 2001) 
for the central United States. Figure 6-1 shows ground-motion attenuation relationships that are 
widely used in seismic-hazard assessments in the central United States. Figure 6-2 shows 
response spectra for several ground-motion attenuation relationships for an M7.5 earthquake at a 
distance of 30 km. Significant differences between the stochastic models and the semi-empirical 
model are that semi-empirical models predict (1) much lower ground motion near the source and 
(2) higher ground motion far afield. 
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Zeng and others (1994) developed a composite source model that will take into account 
the near-source effects and three-dimensional wave propagation in detail. The composite source 
model has also been successfully used in ground-motion simulations (Yu, 1994; Zeng and others, 
1994; Zeng and Anderson, 1995; Anderson, 1997; Anderson and others, 2003). Recent success 
in predicting ground motions for the MW 7.9 Alaska earthquake by both the semi-empirical and 
composite source models (Anderson and others, 2003) demonstrates that the methods provide 
very reasonable simulation of ground motions for large earthquakes. The ground-motion 
attenuation relationship of Somerville and others (2001) was used in this study. We chose the 
composite source model to generate time histories because it does not require an empirical 
source function, nor does it require separate simulations for high and low frequencies. As Saikia 
and Somerville (1997) pointed out, the empirical source function is difficult to obtain because of 
the scarcity of strong-motion recordings in the central United States. 

 
 
6.2. Composite Source Model 
 

The composite source model (Zeng and others, 1994) uses Green’s functions for the 
generation of synthetic strong ground-motion seismograms for a layered medium. For the 
Green’s function synthetic computation, a generalized reflection and transmission coefficient 
matrix method, developed by Luco and Apsel (1983) and coded by Zeng and Anderson (1995), 
has been used to compute elastic wave propagation in a layered elastic half-space in 
frequency/wave number domain. The generalized reflection and transmission coefficient matrix 
method is advantageous in synthetic seismogram computation because it is based on solving the 
elastodynamic equation complying with the boundary conditions of the free surface, bonded 
motion at infinity, and continuity of the wave field across each interface. The composite source 
is described with superposition of a circular subevent. The number of subevents of a given radius 
(R) follows a power-law distribution (~R–D). All the subevents have the same stress drop (∆σ). 
The largest subevent has a radius (Rmax) that fits within the fault, and the smallest is chosen so 
that it does not have any effect on the numerical outcome of the computations. The total number 
of subevents is constrained to match the desired seismic moment of the earthquake. Thus, as ∆σ 
is increased, the overall number of subevents decreases. The subevents are placed randomly 
within the fault plane, and the boundaries of subevents are allowed to overlap (intersect). Each 
event is given a source time function defined by a Brune pulse (1970, 1971). The duration of 
each subevent’s time function is proportional to its radius, and the amplitude is proportional to 
∆σ. Rupture on the fault starts at the hypocenter, and the radiation from each subevent begins 
when the rupture front, propagating at a constant rupture velocity, reaches the center of the 
subevent. An important feature of the composite source model is that all of its input parameters 
have the potential to be constrained by independent physical data. The input parameters that 
were used in this study are listed in Table 6-1. 
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Table 6-1. Parameters for ground-motion simulation. 
Parameter Range of Values 
Magnitude (Mw) 4.5~8.0 
Fault mechanism Strike-slip and thrust 
Crust structure USGS model1 and Midcontinent model2 (α, β, ρ, Q, h) 
Site condition Surface geologic and geophysical data  
Centroid depth 0~30 km 
Distance 0–500 km 
Fault length and width Derived from source scaling law2 
Fault area Derived from source scaling law2 
Stress drop ∆σ=50~500 bars 
Rmax (largest radius of 
circular subevent) 

Derived from source scaling law2 

Slip time function Brune’s pulse (Brune, 1970, 1971) 
Rupture velocity Constant and less than shear-wave velocity 
Fractal dimension D=2 
Seismic moment Derived from moment-magnitude scale (Hanks and Kanamori, 1979) 

1. Frankel and others (1996) 
2. Somerville and others (2001) 

 

The composite source model was applied to the June 18, 2003, Darmstadt, Ind., 
earthquake. The Kentucky Seismic and Strong-Motion Network and the U.S. Army Corps of 
Engineers’ strong-motion stations recorded this earthquake (Wang and others, 2003c), providing 
a valuable ground-motion data set. The parameters used in the modelling are listed in Table 6-2. 
Figures 6-3 and 6-4 show the synthetic seismograms and real data recorded by the stations at J.T. 
Myers and Newburgh Lock and Dam, which had epicentral distances of 30 km and 35 km, 
respectively. In each figure, the right column shows three recorded components of acceleration 
and velocity time histories, and the left column gives the corresponding synthetic results. Several 
key parameters of the source model used for these calculations were obtained by repeated trial 
and by examining the resultant seismogram at the J.T. Myers and Newburgh stations. 

Table 6-2. Parameters of the composite model for the June 18, 2003, Darmstadt, Ind., earthquake. 

Parameter Value 
L (fault length along the strike) 2.5 km 
W (rupture width) 2.0 km 
Mo (seismic moment) 3.52*1023 dyne cm 
Rmax (largest subevent radius) 0.5 ~0.75 km 
∆σ (subevent stress drop) 150 bars 
Vr (rupture velocity) 2.8 km/sec 
D (fractal dimension)  2.0 

 
A composite source model simulation was also conducted for an Mw8.0 earthquake from 

the New Madrid Fault Zone. We used the velocity model given by the USGS (Frankel and others, 
1996). The dimension of the fault is 122 km long by 36.5 km wide with a dipping angle of 60o. 
The rupture breaks to the free surface with a constant stress drop of 100 bars (Shi and others, 
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2006). The largest radius of circular subevent derived from the source scaling relation 
(Somerville and others, 2001) is about 8 km. Figure 6-1 compares the simulated ground motions 
versus the epicentral distance using the attenuation relationship of Somerville and others (2001). 
The resulting peak ground accelerations are consistent with those of the empirical model of 
Somerville and others (2001). 

 

 

Figure 6-1. Ground-motion attenuation relationships for an M8.0 earthquake in the central 
United States. 
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Figure 6-2.  Response spectra for an M7.5 earthquake at 30 km for several attenuation 
relationships in the central United States. 
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Figure 6-3.  Comparison of observed and synthetic ground motion at J.T. Myers Lock and Dam. 
Observed acceleration and velocity are in the right column. The horizontal components ax and ay 
refer to instrument orientations, and the vertical component is denoted by az. 
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Figure 6-4. Comparison of observed and synthetic ground motion at Newburgh Lock and Dam. 
Observed acceleration and velocity are in the right column. The horizontal components ax and ay 
refer to instrument orientations, and the vertical component is denoted by az. 
 
 
 
 
 
 
 
 
 
 
 
 



55 
 

7. DETERMINITIC SEISMIC HAZARD ANALYSIS 
 
7.1. Expected Earthquake and the Associated Ground Motion 
 

Note: Maximum credible earthquake is specified in the AASHTO LRFD Bridge Design 
Specifications. The expected earthquake is provided herein for additional information. 

 
The expected earthquake is defined in this study as the earthquake that could be expected to 

occur in a bridge’s lifetime of 75 years. The probability that EE ground motion could be 
exceeded over the bridge life of 75 years is about 50% (risk). EE peak ground-motion hazard 
maps are equivalent to the maps of horizontal peak-particle acceleration at the top of rock with a 
90% probability of not being exceeded in 50 years, which were defined by Street et. al. This is 
equivalent to the “small earthquake” specified in the existing AASHTO provisions. EE in the 
study area is the background earthquakes in Kentucky and the surrounding areas. Figure 4-16 
shows the EE’s that are recommended in this study and used to generate ground motions and 
time histories. Table 7-1 lists the expected earthquakes for the New Madrid and other seismic 
zones. EE is similar to the “expected earthquake” defined in the 2003 Recommended LRFD 
Guidelines for the Seismic Design of Highway Bridges (MCEER, 2001), and also equivalent to 
the “lower-level earthquake” ground motion specified in the 2006 Seismic Retrofiting Manual 
for Highway Structures (FHWA, 2006) 
 
Table 7-1. Expected, probable, and maximum credible earthquakes for the seismic zones. 

Seismic Zone 
Expected Earthquake 
(M) 

Probable Earthquake 
(M) 

Maximum Credible 
Earthquake (M) 

New Madrid 6.3 7.2 7.7 
Wabash Valley 5.3 5.9 6.6 
Eastern Tennessee 4.4 5.5 6.3 
Giles County 4.1 5.2 6.3 
 

The ground motion generated from the expected earthquake is called the expected 
earthquake ground motion. The expected earthquake ground motion is equivalent to the ground 
motion with a 90 percent probability of not being exceeded in 50 years, specified in the KTC-96-
4 report (Street and others, 1996). The maximum median peak (horizontal) ground acceleration, 
and short-period (0.2 s) and long-period (1.0 s) response accelerations SS and S1 with 5% 
damping, were developed in this study for expected earthquakes in Kentucky and are shown in 
Figures 7-1 through 7-3. Figure 7-4 shows the recommended zones of time histories and 
response spectra for EE. The data and guidelines for generating the time histories and response 
spectra can be downloaded by following these steps:  (1)- Go to web site:  
http://www.ktc.uky.edu/ ; (2)- Click on "Research Report Search", (3)- Click on "Search by 
Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- Go to Report 
Number "KTC-07-07/SPR246-02-6F". 
 
 The derivation of the "Acceleration Design Response Spectrum" is presented in Appendix -V 
and the derivation of the “Time History” is presented in Appendix -VI. 
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7.2. Probable Earthquake and the Associated Ground Motion 
 

Note: Maximum credible earthquake is specified in the AASHTO LRFD Bridge Design 
Specifications. The Probable Earthquake is provided herein for additional information. 

 
 

The probable earthquake is defined in this study as the earthquake that could be expected to 
occur in the next 250 years. The probability that PE ground motion could be exceeded over the 
bridge life of 75 years is about 26% (risk). PE peak ground-motion hazard maps are equivalent to 
the maps of horizontal peak-particle acceleration at the top of rock with a 90% probability of not 
being exceeded in 250 years, which were defined by Street et. al. This is equivalent to the 
“moderate earthquake” applied in the existing AASHTO provisions. The probable earthquakes 
in the various seismic zones were determined from the magnitude-recurrence relationships of 
Bollinger and others (1989) and Nuttli and Herrmann (1978). The probable earthquakes that are 
recommended in this study are shown in Figure 4-16. Table 7-1 lists the probable earthquakes 
for the New Madrid and other seismic zones. 
 

The ground motion generated from the probable earthquake is called the probable 
earthquake ground motion. The probable earthquake ground motion is equivalent to the ground 
motion with a 90 percent probability of not being exceeded in 250 years, specified in the KTC-
96-4 report (Street and others, 1996). The maximum median peak (horizontal) ground 
acceleration, and short-period (0.2 s) and long-period (1.0 s) response accelerations SS and S1 

with 5% damping, were developed in this study for probable earthquakes in Kentucky and are 
shown in Figures 7-5 through 7-7.  Figure 7-8 shows the recommended zones of time histories 
and response spectra for PE. The data and guidelines for generating the time histories and 
response spectra can be downloaded by following these steps:  (1)- Go to web site:  
http://www.ktc.uky.edu/ ; (2)- Click on "Research Report Search", (3)- Click on "Search by 
Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- Go to Report 
Number "KTC-07-07/SPR246-02-6F". 
 
 The derivation of the "Acceleration Design Response Spectrum" is presented in Appendix -V 
and the derivation of the “Time History” is presented in Appendix -VI. 

 
 
7.3. Maximum Credible Earthquake and the Associated Ground Motion 
 

Bollinger and others (1992) defined the maximum-magnitude earthquake as: 
 

(1) The largest possible earthquake that can occur given the current in-situ 
source conditions, or 
(2) The largest possible earthquake that might occur with a specified 
probability during a specified exposure time, or 
(3) The largest earthquake considered likely to occur in a "reasonable" amount 
of time. 
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Defining the maximum-magnitude earthquake for an area for which there is no clearly 
defined seismogenic source and only sparse seismicity is a subjective procedure. Areas can have 
different maximum-magnitude earthquakes. The rate of strain accumulation, the orientation, age 
and friction on a fault surface, material properties of the host rock, occurrence or lack of 
seismicity in nearby areas, etc., are some of the variables that influence the rate of seismicity and 
maximum-magnitude earthquake in an area. 
 

Defining the maximum-magnitude earthquake for an area with a continuing level of 
seismicity and a seismogenic feature is almost as subjective as defining the maximum-magnitude 
earthquake for an area for which there is no clearly defined seismogenic source and only sparse 
seismicity. As Chinnery (1979) pointed out, there is no unequivocal way to know with certainty 
if the maximum-magnitude earthquake is in a given catalog or not. At the same time, it is not 
necessarily correct to linearly extrapolate the magnitude-recurrence curve for an area. Youngs 
and Coppersmith (1985), among others, showed that the difference between the rate of historic 
seismicity and large characteristic earthquakes in the western United States is nonlinear. 
 

In this study, the maximum credible earthquake is defined as the maximum event considered 
likely in a reasonable amount of time. The phrase "reasonable amount of time" is determined by 
the historical or geological records. For instance, the reasonable amount of time for the 
maximum earthquake in the New Madrid Seismic Zone is about 500 to 1,000 years, based on 
paleoseismic records. The reasonable amount of time for the maximum earthquake in the 
Wabash Valley Seismic Zone is about 2,000 to 4,000 years. Thus, the probability that MCE 
ground motion could be exceeded over the bridge life of 75 years varies from zone to zone, about 
7% to 14% in the New Madrid Seismic Zone, 2% to 4% in the Wabash Valley Seismic Zone, and 
less than 2% percent in other zones.  

 
 

 
7.3.1. New Madrid Seismic Zone 
 

The largest earthquakes to have occurred in the New Madrid Seismic Zone are the 1811–
1812 New Madrid series. Nuttli (1973a) used the falloff-of-intensity technique to estimate the 
mb,Lg magnitudes of the three largest events in the sequence (i.e., December 16, 1811, at 2:15 
a.m.; January 23, 1812; and February 7, 1812) to be 7.2, 7.1, and 7.4 (M7.3, 7.2, and 7.7), 
respectively. Street (1982), working with a more complete set of intensity estimates, concurred 
with Nuttli's (1973a) magnitude estimates. Hough and others (2000) lowered several of the MM 
intensities assigned to communities in the central and eastern United States by Nuttli (1973a) and 
Street (1982), and argued that the large area of liquefaction observed in the Upper Mississippi 
Embayment was the result of unusually soft soil conditions. Based on these revisions, Hough and 
others (2000) suggested that the magnitude of the largest earthquake in the 1811–1812 New 
Madrid sequence, the earthquake of February 7, 1812, was approximately M7.4 to 7.5. On the 
other hand, Atkinson (2001) argued that the MM intensities for the New Madrid earthquakes are 
broadly consistent with the M8 extrapolated from the Atkinson and Boore (1995) relationship. 
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In this study, the maximum credible earthquake is the largest earthquake of the 1811–
1812 sequence, which occurred on February 7, 1812, with a magnitude of M7.7. The maximum 
credible earthquake will occur along the central seismicity zone (Fig. 4-5). 

 
 
7.3.2. Wabash Valley Seismic Zone 
 

Nuttli and Herrmann (1978) concluded that the maximum-magnitude event for the 
Wabash Valley Seismic Zone is an mb,Lg 6.6 (M6.8) event. Using a very different approach, 
Johnston and Nava (1990) concluded that what they referred to as the “Wabash Lobe” of their 
seismic zone B is capable of a maximum-magnitude event of mb,Lg 6.5 (M6.6). Recent 
paleoliquefaction studies (Obermeier and others, 1991; 1993; Pond and Martin, 1997) suggested 
that several large earthquakes (M7.0 or larger) occurred in the geologic history. A closer 
examination of the paleoliquefaction studies indicated that the magnitudes are in the range of 
M6.0 to 7.0, however (Street and others, 2004). Olson and others (2005) revised the magnitude 
estimates of Obermeier and others (1991; 1993) and Pond and Martin and gave a magnitude 
estimate about 0.6 unit lower. The maximum credible earthquake of mb,Lg 6.5 (M6.6) is used in 
this study for the Wabash Valley Seismic Zone. 
 
7.3.3. Eastern Tennessee and Giles County Seismic Zones 
 

The Eastern Tennessee and Giles County Seismic Zones are located in similar structural 
environments, a compressional reactivation of Iapetan faults (Wheeler, 1995). Bollinger and 
others (1992) considered that the two seismic zones have similar maximum-magnitude 
earthquakes of mb,Lg 6.3. This event was used as the 500-year earthquake in the KTC-96-4 report 
(Street and others, 1996). In this study, an event of mb,Lg 6.3 was the maximum credible 
earthquake for the Eastern Tennessee and Giles County Seismic Zones. 
 

The ground motion generated from the maximum credible earthquake is called the maximum 
credible earthquake ground motion. MCE is equivalent to the ground motion with a 90 percent 
probability of not being exceeded in 500 years, specified in the KTC-96-4 report (Street and 
others, 1996). MCE is similar to the “maximum considered earthquake” ground motion defined 
in the 2003 Recommended LRFD Guidelines for the Seismic Design of Highway Bridges 
(MCEER, 2001). MCE is also equivalent to the “upper-level earthquake” ground motion 
specified in the 2006 Seismic Retrofiting Manual for Highway Structures (FHWA, 2006). The 
maximum median peak (horizontal) ground acceleration, and short-period (0.2 s) and long-
period (1.0 s) response accelerations SS and S1 with 5% damping, for the MCE were developed in 
this study for Kentucky and are shown in Figures 7-9 through 7-11. Figure 7-12 shows the 
recommended zones of time histories and response spectra for MCE.  The data and guidelines for 
generating the time histories and response spectra can be downloaded by following these steps:  
(1)- Go to web site:  http://www.ktc.uky.edu/ ; (2)- Click on "Research Report Search", (3)- 
Click on "Search by Research Area"; (3)- Select "Structures & Coatings" from dropdown box; 
and (4)- Go to Report Number "KTC-07-07/SPR246-02-6F". 
 
 The derivation of the "Acceleration Design Response Spectrum" is presented in Appendix -V 
and the derivation of the “Time History” is presented in Appendix -VI. 



 
 
 
 

Figure 7-1.  Expected Earthquake (EE) Median Horizontal Peak Ground Acceleration for the Commonwealth of Kentucky, 
Site Class A (Hard Rock) 
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Figure 7-2.  Expected Earthquake (EE) Median Ground Motion for the Commonwealth of Kentucky:  0.2-Sec Horizontal 
Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock) 
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Figure 7-3.  Expected Earthquake (EE) Median Ground Motion for the Commonwealth of Kentucky:  1.0-Sec Horizontal 
Spectral Response Acceleration, S1 (5% of Critical Damping), Site Class A (Hard Rock) 
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Figure 7-4.   Electronic Files Identification Map for the Expected Earthquake (EE) Time History and Response  
Spectra for the Commonwealth of Kentucky 
 

(Note:  The data and guidelines for generating the time histories and response spectra can be downloaded by following these steps:  (1)- Go to web site:  
http://www.ktc.uky.edu/ ; (2)- Click on "Research Report Search", (3)- Click on "Search by Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- Go 
to Report Number "KTC-07-07/SPR246-02-6F 
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Figure 7-5.  Probable Earthquake (PE) Median Horizontal Peak Ground Acceleration for the Commonwealth of Kentucky, 
Site Class A (Hard Rock) 
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Figure 7-6.  Probable Earthquake (PE) Median Ground Motion for the Commonwealth of Kentucky:  0.2-Sec Horizontal 
Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock) 
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Figure 7-7.  Probable Earthquake (PE) Median Ground Motion for the Commonwealth of Kentucky:  1.0-Sec Horizontal 
Spectral Response Acceleration, S1 (5% of Critical Damping), Site Class A (Hard Rock) 
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Figure 7-8.   Electronic Files Identification Map for the Probable Earthquake (PE) Time History and Response  

Spectra for the Commonwealth of Kentucky  
 

(Note:  The data and guidelines for generating the time histories and response spectra can be downloaded by following these steps:  (1)- Go to web site:  
http://www.ktc.uky.edu/ ; (2)- Click on "Research Report Search", (3)- Click on "Search by Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- 
Go to Report Number "KTC-07-07/SPR246-02-6F 

66 



42 
 

 
 

 
 

Figure 7-9.  Maximum Credible Earthquake (MCE) Median Horizontal Peak Ground Acceleration for the Commonwealth 
of Kentucky, Site Class A (Hard Rock) 

 

67 

 



 
 

 
 

Figure 7-10.  Maximum Maximum Credible Earthquake (MCE) Median Ground Motion for the Commonwealth of Kentucky:   
0.2-Sec Horizontal Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock) 
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Figure 7-11. Maximum Credible Earthquake (MCE) Median Ground Motion for the Commonwealth of Kentucky:   
1.0-Sec Horizontal Spectral Response  Acceleration, S1 (5% of Critical Damping), Site Class A (Hard Rock) 
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Figure 7-12.   Electronic Files Identification Map for theMaximum Credible Earthquake (MCE) Time History and  
Response Spectra for the Commonwealth of Kentucky 
 

(Note:  The data and guidelines for generating the time histories and response spectra can be downloaded by following these steps:  (1)- Go to web site:  http://www.ktc.uky.edu/ ; (2)- Click on 
"Research Report Search", (3)- Click on "Search by Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- Go to Report Number "KTC-07-07/SPR246-02-6F 
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8. CONCLUSIONS AND RECOMMENDATIONS 
 

In Kentucky, as well as in the central United States, the question is not “do we have 
earthquakes, seismic hazards, and risk?” but “where, how big, how often, and how strong?” Even 
though the New Madrid Seismic Zone in the central United States is well known and well 
studied, we still do not fully understand many aspects of earthquakes here, including source 
mechanics and location. The biggest historical earthquakes to have occurred in the central United 
States were the 1811–1812 New Madrid events. The estimated magnitude ranged from about M7 
to M8—a large range, though it has been well studied. Earthquakes are also infrequent, 
especially large earthquakes that have significant impacts on humans and structures. Limited 
paleoseismic data suggest the recurrence intervals for large earthquakes in the New Madrid 
Seismic Zone are about 500 to 1,000 years and about 2,000 to 4,000 years in the Wabash Valley 
Seismic Zone; they are even longer in other zones. There is no ground-motion record from large 
earthquakes for the central United States. All the ground-motion attenuation relationships were 
developed based on numerical modeling and sparse strong-motion records from small 
earthquakes. All these models show that there is a large uncertainty inherent in seismic-hazard 
and risk estimates in Kentucky. 
 

Seismic hazard and risk are two fundamentally different concepts. Seismic hazard 
describes ground motion and its associated return period, whereas seismic risk describes 
probability of a ground motion being exceeded over a period. The relationship between seismic 
hazard and risk is complicated and must be treated very cautiously. Seismic risk depends not 
only on seismic hazard and exposure, but also on the models (i.e., time-independent [Poisson] 
and time-dependent) that could be used to describe the occurrences of earthquakes. There is still 
confusion between seismic hazard and risk, however. For example, maps showing ground 
motions with 10, 5, and 2 percent PE in 50 years depict seismic risk by definition, but have been 
called hazard maps (Frankel and others, 1996, 2002). This project is an effort to predict or 
estimate seismic hazard: the ground motions that could be expected in Kentucky in a certain 
period, 75, 250, and 500 to several thousand years.  
 

The purpose of seismic-hazard analysis, either PSHA or DSHA, is to provide an estimate 
of seismic hazard: a level of ground motion and its return period or annual probability of 
exceedance. Although PSHA is the most widely used method to assess seismic hazard, it 
contains some technical difficiencies (Wang and others, 2003, 2005; Wang, 2005, 2006; Wang 
and Ormsbee, 2005). These technical difficiencies make PSHA difficult to use and understand 
(Wang and others, 2003, 2005; Wang, 2005, 2006; Wang and Ormsbee, 2005). DSHA develops 
a particular seismic scenario upon which a ground-motion hazard evaluation is based. The 
scenario consists of the postulated occurrence of an earthquake of a specified size at a specified 
location. DSHA addresses the ground motion from individual (i.e., maximum magnitude, 
maximum credible or maximum considered) earthquakes. Ground motion derived from DSHA 
represents ground motion from an individual earthquake. In the central United States, the 
earthquakes that are of engineering significance are infrequent and large. Therefore, DSHA is 
more appropriate for use in the central United States. 
 

This study determined the ground-motion hazard for three earthquake scenarios (expected 
earthquake, probable earthquake, and maximum credible earthquake) on the free surface in hard 



 

72 
 

rock (shear-wave velocity >1,500 m/s) using deterministic seismic-hazard analysis. Response 
spectra and time histories were derived as part of this study. The results are based on (1) 
historical observations, (2) instrumental records, and (3) our best understanding of the 
earthquake source, recurrence, and ground-motion attenuation relationship in the central United 
States. There are uncertainties in the results because of uncertainties inherent in the input 
parameters, such as earthquake location, magnitude, and frequency. The emphasis of this study is 
on earthquakes that would have major impacts. The study provides ground-motion parameters 
for the seismic design of highway structures and bridges in Kentucky. 
 

The ground-motion parameters, including time histories, are intended for use at sites 
where the structure is assumed to be situated at the top of a bedrock foundation. For sites 
underlain by soils, and in particular for sites underlain by poorly consolidated soils, we 
recommend that site-specific investigations be conducted by qualified professionals in order to 
determine the possibilities of amplification, liquefaction, slope failure, and other problems when 
subjected to ground motion. 
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Appendix-I 
 

Expected Earthquake (EE) for the 
Commonwealth of Kentucky 

 
Note: Maximum Credible Earthquake is specified in the AASHTO LRFD Bridge Design 
Specifications. The Expected Earthquake is provided herein for additional information.
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Notes on the 
Expected Earthquake (EE) for the 

Commonwealth of Kentucky 
 

Note: Maximum credible earthquake is specified in the AASHTO LRFD Bridge Design Specifications. 
 

1-  The Expected Earthquake (EE) is defined as the earthquake that could be expected to occur in the next 100 years.  
 

2-  EE is equivalent to the "Expected Earthquake" defined in the 2003 "Recommended LRFD Guidelines for the Seismic Design 
of Highway Bridges" [2-ES]a.  

 
3-  EE ground motion is equivalent to the "Lower-Level Earthquake" ground motion specified in the 2006 "Seismic Retrofitting 

Manual for Highway Structures" [3-ES]a, which is derived from a probabilistic approach and has a 50% probability of 
exceedance in 75 years or 100-year return period. 

 
4-  EE is equivalent to the "Small Earthquake" defined in the 2002 AASHTO Standard Specifications [4-ES]a.  

 
5-  EE peak ground-motion hazard maps are equivalent to the maps of horizontal peak-particle acceleration at the top of rock with 

a 90 percent probability of not being exceeded in 50 years as defined by Street et. al. [5-ES ]a. 
 

6-  The Probability of exceedance of the Expected Earthquake (EE) in 75 years is 50% (or 100-year return period).   
 
7-  It should be noted that, due to the consideration of the local (or background) earthquakes in this study, the maximum 

accelerations in the response spectra in the counties highlighted in Fig. 1-EE may exceed the maximum accelerations derived 
from the USGS, AASHTO, or NEHRP. 

 
 
 
a  Number in brackets refer to reference numbers for the Executive Summary on page E-23 
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  Figure A1-EE.  Expected Earthquakes (EEs) for Seismic Zones in and Surrounding the Commonwealth of Kentucky  
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viii 
 

 

 
Figure A2-EE.  Expected Earthquake (EE) Median Horizontal Peak Ground Acceleration for the Commonwealth of Kentucky, 

Site Class A (Hard Rock) 
 
Note: Refer to Table A-ES1 on page 102 to determine the site factor, Fpga, at zero-period on acceleration spectrum, normalized 

for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007. 
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ix 
 

               

 
Figure A3-EE.  Expected Earthquake (EE) Median Ground Motion for the Commonwealth of Kentucky:  0.2-Sec Horizontal 

Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock) 
 
Note: Refer to Table A-ES2 on page 103 to determine the site factor, Fa, for short-period range of acceleration spectrum, 

normalized for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications 
(Customary U.S. Units) 4th Edition, 2007. 
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Figure A4-EE.  Expected Earthquake (EE) Median Ground Motion for the Commonwealth of Kentucky:  1.0-Sec Horizontal 

Spectral Response Acceleration, S1 (5% of Critical Damping), Site Class A (Hard Rock) 
 
Note: Refer to Table A-ES3 on page 104 to determine the site factor, Fv, for long-period range of acceleration spectrum, 

normalized for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications 
(Customary U.S. Units) 4th Edition, 2007. 
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Figure A5-EE.  Electronic Files Identification Map for the Expected Earthquake (EE) Time History and Response  
Spectra for the Commonwealth of Kentucky 
 

(Note:  The data and guidelines for generating the time histories and response spectra can be downloaded by following these steps:  (1)- Go to web site:  
http://www.ktc.uky.edu/ ; (2)- Click on "Research Report Search", (3)- Click on "Search by Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- Go to 
Report "Seismic-Hazard Maps And Time Histories For The Commonwealth Of Kentucky". 
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Appendix-II 

 
Probable Earthquake (PE) for the 

Commonwealth of Kentucky 
 

Note: Maximum Credible Earthquake is specified in the AASHTO LRFD Bridge Design 
Specifications. The Probable Earthquake is provided herein for additional information. 

 
 
 
 
 

 

87 



 

xiii 
 

 
Notes on the 

Probable Earthquake (PE) for the 
Commonwealth of Kentucky 

 
Note: Maximum credible earthquake is specified in the AASHTO LRFD Bridge Design Specifications. 
 

1 -  The Probable Earthquake (PE) is defined as the earthquake that could be expected to occur in the next 250 years.  
 
2-  PE is equivalent to the "Moderate Earthquake" defined in the 2003 "Recommended LRFD Guidelines for the Seismic Design 

of Highway Bridges" [2-ES]a.  
 
3-  PE ground motion is equivalent to the "Moderate-Level Earthquake" ground motion specified in the 2006 "Seismic 

Retrofitting Manual for Highway Structures" [3-ES]a, which is derived from a probabilistic approach and has a 26% 
probability of exceedance in 75 years or 250-year return period. 

 
4-  PE is equivalent to the "Moderate Earthquake" defined in the 2002 AASHTO Standard Specifications [4-ES]a.  
 
5-  PE peak ground-motion hazard maps are equivalent to the maps of horizontal peak-particle acceleration at the top of rock with 

a 90 percent probability of not being exceeded in 250 years as defined by Street et. al. [5-ES]a. 
 
6-  The Probability of exceedance of the Probable Earthquake (PE) in 75 years is 26% (or 250-year return period).   
 
7-  It should be noted that, due to the consideration of the local (or background) earthquakes in this study, the maximum 

accelerations in the response spectra in the counties highlighted in Fig. 1-PE may exceed the maximum accelerations derived 
from the USGS, AASHTO, or NEHRP. 

 
 
a  Number in brackets refer to reference numbers for the Executive Summary on page E-23 
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 Figure A1-PE.  Probable Earthquakes (PEs) for Seismic Zones in and Surrounding the Commonwealth of Kentucky  
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xv 
 

 

 
Figure A2-PE.  Probable Earthquake (PE) Median Horizontal Peak Ground Acceleration for the Commonwealth of Kentucky, 

Site Class A (Hard Rock) 
 

Note: Refer to Table A-ES1 on page 102 to determine the site factor, Fpga, at zero-period on acceleration spectrum, normalized 
for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007. 
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xvi 
 

 

 
Figure A3-PE.  Probable Earthquake (PE) Median Ground Motion for the Commonwealth of Kentucky:  0.2-Sec Horizontal 

Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock) 
 
Note: Refer to Table A-ES2 on page 103 to determine the site factor, Fa, for short-period range of acceleration spectrum, 

normalized for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications 
(Customary U.S. Units) 4th Edition, 2007. 
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xvii 
 

 

 
Figure A4-PE.  Probable Earthquake (PE) Median Ground Motion for the Commonwealth of Kentucky:  1.0-Sec Horizontal 

Spectral Response Acceleration, S1 (5% of Critical Damping), Site Class A (Hard Rock) 
 
Note: Refer to Table A-ES3 on page 104 to determine the site factor, Fv, for long-period range of acceleration spectrum, 

normalized for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications 
(Customary U.S. Units) 4th Edition, 2007. 
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xviii 
 

 

 
Figure A5-PE.  Electronic Files Identification Map for the Probable Earthquake (PE) Time History and Response Spectra for  

the Commonwealth of Kentucky  
 

(Note:  The data and guidelines for generating the time histories and response spectra can be downloaded by following these steps:  (1)- Go to web site:  
http://www.ktc.uky.edu/ ; (2)- Click on "Research Report Search", (3)- Click on "Search by Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- Go to 
Report "Seismic-Hazard Maps And Time Histories For The Commonwealth Of Kentucky".  
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Maximum Credible Earthquake (MCE) for the 
Commonwealth of Kentucky 
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xx 
 

Notes on the 
Maximum Credible Earthquake (MCE)  

for the Commonwealth of Kentucky 
 

Note: Maximum credible earthquake is specified in the AASHTO LRFD Bridge Design Specifications. 
 

1-  The Maximum Credible Earthquake (MCE) ground motion is the median motion derived from a deterministic approach and is  
equivalent to 2/3 of the "Maximum Considered Earthquake" ground motion defined in the 2003 "Recommended LRFD 
Guidelines for the Seismic Design of Highway Bridges" [2-ES]a which, in turn, is derived from a probabilistic approach and 
has a 3% probability of exceedance in 75 years or a 2500-year return period.  The 2/3 factor is recommended in Chapter 3, 
section 3.4 of the NEHRP 2003 Provisions [1-ES]a. 

 
2-  MCE ground motion is equivalent to the "Upper-Level Earthquake" ground motion specified in the 2006 "Seismic Retrofitting 

Manual for Highway Structures" [3-ES]a, which is derived from a probabilistic approach and has a 5% probability of 
exceedance in 50 years or 1000-year return period. 

 
3-  MCE is also equivalent to the "Large Earthquake" defined in the 2002 AASHTO Standard Specifications [4-ES]a.  

 
4-  The Probability of exceedance of the Maximum Credible Earthquake (MCE) in 75 years is:  7%  (or 1000-year return period) 

to 14%  (or 500-year return period) for New Madrid, 2%  (or 4000-year return period) to 4%  (or 2000-year return period) for 
Wabash Valley, and less than 2% (or 4000-year return period) for all other seismic zones.   

 
5-  It should be noted that, due to the consideration of the local (or background) earthquakes in this study, the maximum 

accelerations in the response spectra in the counties highlighted in Fig. 1-MCE may exceed the maximum accelerations 
derived from the USGS, AASHTO, or NEHRP. 

 
 
a  Number in brackets refer to reference numbers for the Executive Summary on page E-23 
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 Figure A1-MCE.  Maximum Credible Earthquakes (MCEs) for Seismic Zones in and Surrounding the  
    Commonwealth of Kentucky  
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xxii 
 

 

Figure A2-MCE.  Maximum Credible Earthquake (MCE) Median Horizontal Peak Ground Acceleration for the 
Commonwealth of Kentucky, Site Class A (Hard Rock)  

 
Note: Refer to Table A-ES1 on page 102 to determine the site factor, Fpga, at zero-period on acceleration spectrum, normalized 

for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007. 
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Figure A3-MCE. Maximum Credible Earthquake (MCE) Median Ground Motion for the Commonwealth of Kentucky:   
 0.2-Sec Horizontal Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock) 
 

Note: Refer to Table A-ES2 on page 103 to determine the site factor, Fa, for short-period range of acceleration spectrum, 
normalized for Site Class A, for use instead of Table 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications 
(Customary U.S. Units) 4th Edition, 2007.  
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Figure A4-MCE.  Maximum Credible Earthquake (MCE) Median Ground Motion for the Commonwealth of Kentucky:   
1.0-Sec Horizontal Spectral Response Acceleration (5% of Critical Damping), Site Class A (Hard Rock)  
 

Note: Refer to Table A-ES3 on page 104 to determine the site factor, Fv, for long-period range of acceleration spectrum, 
normalized for Site Class A, for use instead of T able 3.10.3.2-1 in the AASHTO LRFD Bridge Design Specifications 
(Customary U.S. Units) 4th Edition, 2007. 
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Figure A5-MCE.  Electronic Files Identification Map for theMaximum Credible Earthquake (MCE) Time History and  

Response Spectra for the Commonwealth of Kentucky 
 

(Note:  The data and guidelines for generating the time histories and response spectra can be downloaded by following these steps:  (1)- Go to web site:  http://www.ktc.uky.edu/ ; (2)- Click on 
"Research Report Search", (3)- Click on "Search by Research Area"; (3)- Select "Structures & Coatings" from dropdown box; and (4)- Go to Report "Seismic-Hazard Maps And Time Histories For The 
Commonwealth Of Kentucky". 
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Appendix-IV 
 

AASHTO LRFD Bridge Design 
Specification Tables 
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Table A-ES1 (or Modified AASHTOa Table 3.10.3.2-1): Values of Site Factor,  
       Fpga, at Zero-Period on Acceleration Spectrum - Normalized for  

       Site Class A 
 
a AASHTO LRFD reference: AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007.   
 
The following table is modified for use with peak ground accelerations (PGAs) 
taken from Figures A2-EE, A2-PE, or A2-MCE on pages 83,   90, and 97, 
respectively of this report:    
 
Wang, Z., Harik, I.E., Woolery, E.W., Shi, B., and Peiris, A., “Seismic-Hazard Maps and Time 
Histories for the Commonwealth of Kentucky,” Kentucky Transportation Center Research 
Report No. KTC-07-07/SPR246-02-6F, University of Kentucky, Lexington, Kentucky, June 2008, 
174 pp. 
 

Site Class 
Peak Ground Acceleration Coefficient (PGA)1,2

 

PGA<0.10 2 PGA=0.20 2 PGA=0.30 2 PGA=0.40 2 PGA>0.50 2 

A 1.0 1.0 1.0 1.0 1.0 

B 
80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

C 
80
21
.
.  

80
21
.
.  

80
11
.
.  

80
01
.
.  

80
01
.
.  

D 
80
61
.
.  

80
41
.
.  

80
21
.
.  

80
11
.
.  

80
01
.
.  

E 
80
52

.

.  
80
71
.
.  

80
21
.
.  

80
90
.
.  

80
90
.
.  

F3 * * * * * 

Notes: 
1 Use Straight-line interpolation for intermediate values of PGA. 
2 PGA values taken from Figures 2-EE, 2-PE, or 2-MCE in this report (report No.: 

KTC-07-07/SPR246-02-6F)  
3 Site-specific geotechnical investigation and dynamic site response analysis should be 

performed for all sites in Site Class F. 
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Table A-ES2 (or Modified AASHTOa Table 3.10.3.2-2): Values of Site Factor,   
    Fa, for Short-Period Range of Acceleration Spectrum - Normalized  
   for Site Class A 
 
a AASHTO LRFD reference: AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007. 
 
The following table is modified for use with the 0.2-sec spectral response 
acceleration (SS) taken from Figures A3-EE, A3-PE, or A3-MCE on pages  84, 
91, and 98, respectively of this report:    
 
Wang, Z., Harik, I.E., Woolery, E.W., Shi, B., and Peiris, A., “Seismic-Hazard Maps and Time 
Histories for the Commonwealth of Kentucky,” Kentucky Transportation Center Research 
Report No. KTC-07-07/SPR246-02-6F, University of Kentucky, Lexington, Kentucky, June 2008, 
174pp. 
 

 

Site Class 
Spectral Acceleration Coefficient at Period 0.2 sec (SS)1,2 

SS<0.25 2 SS =0.50 2 SS =0.75 2 SS =1.0 2 SS >1.25 2 

A 1.0 1.0 1.0 1.0 1.0 

B 
80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

C 
80
21
.
.  

80
21
.
.  

80
11
.
.  

80
01
.
.  

80
01
.
.  

D 
80
61
.
.  

80
41
.
.  

80
21
.
.  

80
11
.
.  

80
01
.
.  

E 
80
52

.

.  
80
71
.
.  

80
21
.
.  

80
90
.
.  

80
90
.
.  

F3 * * * * * 

Notes: 
1 Use Straight-line interpolation for intermediate values of SS. 
2 Ss values  taken from Figures 3-EE, 3-PE, or 3-MCE in  this report (report No.: 

KTC-07-07/SPR246-02-6F) 
3 Site-specific geotechnical investigation and dynamic site response analysis should be 

performed for all sites in Site Class F. 
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Table A-ES3 (or Modified AASHTOa Table 3.10.3.2-3): Values of Site Factor,  
   Fv, for Long-Period Range of Acceleration Spectrum - Normalized  
   for Site Class A 
 
a AASHTO LRFD reference: AASHTO LRFD Bridge Design Specifications (Customary 
U.S. Units) 4th Edition, 2007. 
 
The following table is modified for use with the 1.0-sec spectral response 
acceleration (S1) taken Site Class A from Figures A4-EE, A4-PE, or A4-MCE 
on pages 85, 92, and 99 respectively of this report:     
 
Wang, Z., Harik, I.E., Woolery, E.W., Shi, B., and Peiris, A., “Seismic-Hazard Maps and Time 
Histories for the Commonwealth of Kentucky,” Kentucky Transportation Center Research 
Report No. KTC-07-07/SPR246-02-6F, University of Kentucky, Lexington, Kentucky, June 2008, 
174 pp. 
 

Site Class 
Spectral Acceleration Coefficient at Period 1.0 sec (S1)1,2 

S1<0.1 2 S1 =0.2 2 S1 =0.3 2 S1 =0.4 2 S1 >0.5 2 

A 1.0 1.0 1.0 1.0 1.0 

B 
80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

80
01
.
.  

C 
80
71
.
.  

80
61
.
.  

80
51
.
.  

80
41
.
.  

80
31
.
.  

D 
80
42
.
.  

80
02
.
.  

80
81
.
.  

80
61
.
.  

80
51
.
.  

E 
80
53
.
.  

80
23
.
.  

80
82

.

.  
80
42
.
.  

80
42
.
.  

F3 * * * * * 

Notes: 
1 Use Straight-line interpolation for intermediate values of S1. 
2 S1 values  taken Figures 4-EE, 4-PE, or 4-MCE in this report (report No.: KTC-07-
07/SPR246-02-6F) 

3 Site-specific geotechnical investigation and dynamic site response analysis should be   
performed for all sites in Site Class F. 
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Appendix V 
 

Derivation of the Acceleration Design  
Response Spectrum 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

106 
 

Acceleration Response Spectra Generation 
For Counties in the Commonwealth of Kentucky 

 
Example: Generate the Maximum Credible Earthquake Acceleration Response Spectra for 

McCracken County, KY.  
 
I. Electronic File Identification Map 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Step 1: Go to http://www.ktc.uky.edu/ 

Step 2: Click on “Research Report Search” 
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Step 3: Click “Search by Research Area” 

Step 4: Select “Structures & Coatings” 



 

108 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Step 6: Click on “Data for Time Histories and Response Spectra” 

Click “PDF” to open 
pdf file of report 

Step 5: Click link to 
generate the Response 
spectra and for more 
information. 
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Step 7: Click to view data for generation of time histories and response spectra 

Step 8: Click on “Maximum Credible Earthquake (MCE)” 



 

110 
 

Step 9: Click on “MCE-Electronic File Identification Map.JPG” 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-MCE.  Electronic Files Identification Map for the Maximum Credible Earthquake 
 (MCE) Time History and Response Spectra for the Commonwealth of Kentucky 
 

Step 11: Locate “McCracken County, KY” and 
the corresponding “Peak Ground Acceleration”  
(0.30g-1 MCE for this example) 

Step 10: Go to Figure 5-MCE 
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II. Acceleration Response Spectra 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Step 12: Go back to the “Maximum Credible Earthquake (MCE)” Screen 

Step 13: Click on “MCE-Data for Response Spectra” 

Step 15: Download the file directly or save it to your computer and open it 

Note: This file will be locked so you will have to copy and paste the data 
to a new worksheet in order to use it. 

Step 14: Click on “0.30g-1 MCE-Response Spectra.xls” 
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Step 16: Click on “Enable Editing” 

Step 17: Click on the upper left part of the sheet to select the entire sheet 
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Step 18: Right click any point on the shaded area 

Step 19: Click on “Copy” 

Step 20: Click on “File” and then select “New” 

Step 21: Double click on “Blank workbook” 
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Step 23: Click the “Paste” button 

Step 22: Right click cell A1 

Step 24: Select data in columns ‘A’ and ‘B’ corresponding to 
the ‘Period’ and ‘Horizontal-1 Acceleration’ for 5% damping 
Note: Select up to a period of 5 seconds (rows 14 - 259), as this has been  

 found to be adequate for plotting the Response Spectra. 
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Step 25: Select the “Insert” tab 
Step 26: Click the “Scatter” button, and then 
select the preferred chart type 

Step 27: Select “Design” tab and then click the “Select Data” button 
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Step 28: Click the “Edit” button  

Step 29: Type “Name” of Series 1 

Step 30: Press “OK” 
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Step 31: Click the “Add” button to enter Series 2 

Step 32: Enter ‘Name’ of Series 2 

Step 33: Press and select data 
for ‘Period’ in column A (rows 
14-259) for ‘X-Values’, (click 
and drag to select cells) 

Step 34: Press and select data for 
‘Horizontal-2 Acceleration’ in 
column C (rows 14-259) for ‘Y-
Values’, (click and drag to select 
cells) 
 
 

Step 35: Press “OK” 
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Step 36: Press “OK” again 
 

Step 37: Select the “Layout” tab and then click the “Chart Title” button 

Step 38: Click on desired title style 
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Step 40: Under the “Layout” tab, click the “Axis Titles” button, then 
select “Primary Horizontal Axis Title” 

Step 41: Click on “Title Below Axis” 

Step 39: Enter “Chart Title”  
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Step 42: Enter “X-axis Title”  

Step 43: Under the “Layout” tab, click the “Axis Titles” button, then 
select “Primary Vertical Axis Title” 

Step 44: Click on desired axis style 
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Step 45: Enter “Y-axis Title”  

Step 47: Click on “Format Data Series…” 

Step 46: Right click line on graph  
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Step 48: Under the “Marker 
Options” tab, select “none” 

Step 49: Click on “Close” 

Step 50: Repeat steps 46-49 to remove markers on other line 
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Step 52: Click on “Move Chart…” 

Step 51: Right click chart  

Step 53: Select “New sheet” 
and enter name         
e.g.: 0.30g-1 MCE Graph 

Step 54: Press “OK”  
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Step 55: Click on “File” and then select “Print” 

Step 56: Click on “Print” 
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III. Design Response Spectra  
 
                          
                    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Step 57: Plot manually or in Microsoft Excel the 
‘Design Response Spectra’  
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Appendix VI 
 

Derivation of the Time History  
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Time History Generation 

For Counties in the Commonwealth of Kentucky 
 
Example: Generate the Expected Earthquake Horizontal-1 Acceleration Time History for 

McCracken County, KY.  
 
I. Electronic File Identification Map 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Step 1: Go to http://www.ktc.uky.edu/ 

Step 2: Click on “Research Report Search” 
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Step 3: Click “Search by Research Area” 

Step 4: Select “Structures & Coatings” 
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Step 6: Click on “Data for Time Histories and Response Spectra” 

Click “PDF” to open 
pdf file of report 

Step 5: Click link to 
generate Time History 
and for more information. 
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Step 7: Click to view data for generation of time histories and response spectra 

Step 8: Click on “Expected Earthquake (EE)” 
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Step 9: Click on “EE-Electronic File Identification Map.JPG” 

 Step 10: Locate “McCracken County, KY” and 
the corresponding “Peak Ground Acceleration”  
(0.10g-1 EE for this example) 
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II. Time History 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Step 11: Go back to the “Expected Earthquake (EE)” Screen 

Step 12: Click on “EE- Data for Time History” 

Step 13: Click on “0.10g-1 EE-Time History.xls” 

Step 14: Download the file directly or save it to your computer and open it 

Note: This file will be locked so you will have to copy and paste the data 
to a new worksheet in order to use it. 
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Step 15: Click on “Enable Editing” 

Step 16: Click on the upper left part of the sheet to select the entire sheet 
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Step 17: Right click any point on the shaded area 

Step 18: Click on “Copy” 

Step 19: Click on “File” and then select 
“N ” 

Step 20: Double click on “Blank workbook” 
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Step 22: Click the “Paste” button 

Step 21: Right click cell A1 

Step 23: Select data in columns ‘A’ and ‘B’ corresponding 
to the ‘Time’ and ‘Horizontal-1 Acceleration’  
Note:  Select all rows of data in columns ‘A’ and ‘B’ by pressing  

   “Shift+Ctrl+↓” 
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Step 24: Select the “Insert” tab 
Step 25: Click the “Scatter” button, and then 
select the preferred chart type 

Step 26: Select “Design” tab and then click the “Select Data” button 
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Step 27: Click the “Edit” button  

Step 28: Type “Name” of Series 1 

Step 29: Press “OK” 
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Step 30: Press “OK” again 
 

Step 31: Select the “Layout” tab and then click the “Chart Title” button 

` 

Step 32: Click on desired title style 
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Step 33: Enter “Chart Title”  

Step 34: Under the “Layout” tab, click the “Axis Titles” button, then 
select “Primary Horizontal Axis Title” 

Step 35: Click on “Title Below Axis” 
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Step 36: Enter “X-axis Title”  

Step 37: Under the “Layout” tab, click the “Axis Titles” button, then 
select “Primary Vertical Axis Title” 

Step 38: Click on desired axis style 
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Step 39: Enter “Y-axis Title”  

Step 41: Click on “Move Chart…” 

Step 40: Right click chart  



 

142 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
             
                          
                    
 
 
 
 
 
 
 
 
 
 

Step 42: Select “New sheet” 
and enter name         
e.g.: 0.10g-1 EE Hor 1 

Step 43: Press “OK”  

Note :  To plot any other Time History, for example the Expected  
Earthquake Horizontal-2 Velocity Time History go back to step 23,   
select data in columns ‘F’ and ‘H’ and repeat the above process. 
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