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CHAPTER 1 INTRODUCTION 

1.1 Research Goals and Objectives 

The Jackson Wilson Bridge over the Snake River between Jackson and Wilson, WY is planned 

to be replaced by WYDOT within the next three to four years.  The site is about 6 km from the 

Teton fault, which is capable of producing a magnitude 6.6 earthquake, according to the United 

States Geological Survey (USGS). The seismic forces used for design of the bridge can be 

determined using a number of methods.  The method presented in this project, one-dimensional 

(1D) site response analyses, involves modeling the soil using measured soil stiffness parameters 

and propagating earthquake motions from the bedrock layers through the modeled soil layers 

and predicting the surface accelerations.  The predicted surface accelerations using the 1D site 

response analysis yielded a lower design response spectra than the generic site class code based 

procedure at most periods.  Surface wave testing was performed as part of this project to 

measure the shear wave velocity profile at both bridge abutments yielding a Site Class D 

(AASHTO 2014) designation for both sides of the river.   

 

1.2 Report Organization and Research Goals 

In order to properly perform a site response analyses, the soil properties must be measured or 

correlated to similar soil types, appropriate input ground motions must be obtained, and an 

analyses must be performed. In order to explain the complexities involved with each of these 

parameters and steps, this report is organized into six chapters and is organized as follows.  The 

interested reader is referred to a more in-depth and complete report written by Frazier (2019) 

 

Chapter 1 includes the introduction, project goals, and project motivation. Chapter 2 includes a 

brief literature review. Chapter 3 provides the reader with the project site details including, 

previously recorded borehole data, the surface wave data gathering locations and analyses 

procedures, and other necessary information to model the site and determine the shear wave 

velocity for each abutment. 

 

Chapter 4 includes the procedures used in the 1D site response analysis. These procedures 

include the scaling and determination of the input ground motions, the analysis types used in the 

procedure and the dynamic soil properties used for the models for the east and west side of the 

river. Additionally, chapter 4 presents the 1D site response results including uncertainty 

analyses and modeling for near fault effects. Chapter 5 presents the final design response spectra 

and the procedures used for its determination as well as the conclusions and future research 

recommendations.  

 

The goal of this project is to perform a 1D site specific seismic site response analysis at the 

bridge location, and to provide design earthquake accelerations for the structural bridge design 

team.  The project is motivated by a desire to provide a more accurate estimate of the design 

ground motions when compared with the standard code based procedure. The desirable 

possibility of reduced design acceleration was realized in this project and the bridge design team 

may elect to use these reduced design accelerations which may result in significant cost savings.  
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CHAPTER 2 LITERATURE REVIEW 

2.1 Introduction 

In Wyoming, the Jackson Wilson Bridge over the Snake River is due to be replaced by the 

Wyoming Department of Transportation (WYDOT) in the next 3-4 years. The goal of this 

project is to perform a 1D site-specific seismic site response analysis at the bridge location, and 

to provide more realistic seismic design spectral accelerations for the WYDOT structural bridge 

design team. In order to perform these analyses, surface wave data has been measured at the 

site, input ground motions have been obtained, and the soil properties have been modeled. This 

chapter provides the reader’s background information to familiarize themselves with 1D site-

specific seismic site response analysis, surface wave testing, and the models used to perform the 

site-specific seismic site response analysis.    

 

2.2 Code versus Advanced Procedure  

The American Association of State Highway and Transportation Officials (AASHTO), 

American Society of Civil Engineers (ASCE), and International Building Code (IBC) have all 

specified similar seismic design regulations to prevent the loss of life and prevent structure 

collapse. The current codes; ASCE 7, 2016, IBC, 2018, and AASHTO, 2014, help guide the 

design of most structures in the U.S. with each focusing on a unique structural type (i.e. 

buildings, bridges and roadways). These codes also encourage the use of site-specific analyses 

for sites with high seismic demands and thick soil deposits, in areas with very soft or liquefiable 

soils, wherein the code mandates a site-specific seismic site response analysis be performed, or 

in locations that lack recorded data. These codes each use the same seismic site classification 

procedures. The site classes, A-F, are based on the weighted average shear wave velocity over 

the top 30 meters of soil (Vs30).  This project utilized the design guidelines in the Load 

Resistance Factor Design (LRFD) Seismic Bridge Design Guide (AASHTO, 2014). Current 

AASHTO code (AASHTO, 2014) requires site-specific seismic site response analysis for sites 

that classify as site class E or F.  

 

A site-specific procedure may consist of a site-specific hazard analysis, a site-specific ground 

motion analysis, or both. The site-specific hazard analysis should be considered, regardless of 

the site classification, if one of the following conditions are met: 1) the structure is deemed 

critical and a desire to meet the seismic performance objectives is desired, or 2) information 

about one or more of the active seismic sources in the project’s location has become available 

since the development of the 2006 USGS/AASHTO Seismic Hazard Maps, and the new 

information will result in a significant change to the seismic design of the site (AASHTO, 

2014). 

  

2.3 Site-Specific Seismic Site Response Analysis 

Site response analyses are a powerful tool that can be used to predict the design forces used in 

seismic design for geotechnical and structural engineering applications. These include retaining 

walls, liquefaction susceptibility, bridges, buildings, tunnels and others.  In order to perform 1D 

site response analysis, one must determine appropriate 1) type of analysis (equivalent linear, 
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nonlinear, etc.), 2) input ground motions, 3) dynamic soil properties, and 4) soil stiffness and 

layering. The proper determination of each of these variables can have an effect on the predicted 

ground motions at the site and may influence the overall cost of the project or remediation 

needed to withstand the design forces. The remaining four sections of this chapter provide the 

reader with a brief review of previous literature and important information regarding each of the 

four important inputs used for 1D site response analyses.   

 

 2.3.1 Analysis Procedure 

When performing advanced site response analyses there are many model types (including 1D, 

2D and 3D models), as well as analyses types (linear, equivalent linear and fully nonlinear). One 

dimensional seismic site response analysis employing either equivalent linear or nonlinear 

analyses are the most common. These analyses are much less complicated than the 2D and 3D 

analyses, while still accounting for soil nonlinearity. One dimensional site response analyses are 

valid at sites that lack of topographic or basin effects (Kramer, 1996), and usually result in a 

more accurate estimate of the design ground motions at a site than those produced by the 

standard code based site class procedures. Due to its common use in practice and research, this 

study implemented a total stress 1D site response analysis using both the equivalent linear 

(EQL) and nonlinear (NL) analyses procedures. Figure 1 presents a schematic of a 1D site-

specific seismic site response analysis (Nikolaou, 2009).  

 

Many software packages have been developed to model 1D site response analysis, including 

Shake, DEEPSOIL and Strata (GeoMotions, 2009; Hashash et al., 2016; Rathje and Kotke, 

2018, respectively). DEEPSOIL was used in this analysis because of the user-friendly format, 

the software’s ability to perform the EQL and NL analyses simultaneously, and DEEPSOIL is a 

freely available software that WYDOT personal can download and use in the future. 

   

 
Figure 1. Site Specific Seismic Site Response Analysis (from Nikolaou, 2009). 
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2.3.2 Input Ground Motion and Scaling 

Input ground motions can be determined synthetically, from recorded ground motions or a 

combination of the two. Synthetic ground motions require special consideration, which have not 

been used in this study, and therefore, will not be discussed further. Databases of recorded 

motions, including the Pacific Earthquake Engineering Research Center (PEER) or Kik-net 

databases (Okada, 2004; PEER, 2018; NIED, 2018); which includes recorded data from past 

earthquakes for many countries, which are typically used in ground motion selection.  These 

data have the advantage of coming from real recorded earthquakes at surface locations.  To help 

determine appropriate motions for a specific site the data can be sorted by distance from the 

fault, magnitude, and fault type among other variables. When using scaled ground motions and 

the user desires to preserve uncertainty Rathje and Kottke (2013) recommend using at least 10 

to 15 motions.  

 

2.3.3 Dynamic Soil Properties 

The dynamic soil properties used in 1D analyses are the shear modulus (G) and damping ratio 

(D). Many relationships have been developed to model these dynamic soil properties of various 

soil types (Kondner and Zelasko, 1963; Hardin and Drnevich, 1972; Hasash and Park, 2001). 

Each of these models build upon, and modify the modulus and damping relationship of previous 

researchers, however, each are based on the shear stress shear strain cyclic behavior outlined by 

Masing (1926). It is important to note that the accuracy of both the EQL and NL solutions is 

heavily dependent on the assumed G and D curves for each layer. This project utilized the G and 

D curves developed by Stokoe and Menq (2003), which modified G and D from Stokoe and 

Darendeli (2001) to include course grained material data, such as gravels.  

    

2.3.4 Surface Wave Testing 

The most common surface waves result from body wave interactions with the surface of the 

earth and can be categorized as either: Rayleigh or Love waves. Rayleigh waves are a result of 

an interaction between primary waves and secondary vertical waves creating both a vertical and 

horizontal motion resulting in a retrograde elliptical particle motion. Love waves are a result of 

secondary horizontal waves and have no vertical motion, but can be oriented in either a vertical 

or horizontal direction with the particle motion transverse to the direction of propagation.  

 

In practice, measurement of surface waves can be performed using active and passive 

techniques. The active technique is used when a seismic energy source is generated at a set 

location, or shot location, relative to the seismic sensor array.  Typically the data recording is 

triggered by the trigger switch attached to the hammer source, and collection occurs over a set 

time period (Eker et al., 2012). Within active surface wave testing there are two main types of 

tests: spectral analysis of surface waves (SASW) and multichannel analysis of surface waves 

(MASW). Nazarian, et al. (1983) pioneered the SASW method in the 1980’s. As computation 

and recording ability increased, Park et al. (1999) developed MASW. The MASW test utilized 

more sensors and allowed a site to be mapped without the need to reconfiguring the sensors as 

often as the SASW method. 
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In contrast to active testing, passive testing uses the ambient earth motions as a signal, instead of 

an introduced source. Passive surface wave testing data is continuously collected as a 

continuous time series and motions from ambient field sources are recorded. Passive surface 

wave testing can be categorized as either the refraction micro-tremor (ReMi; Louie, 2001) or 

micro-tremor array method (MAM; Okada, 2003; Hayashi, 2008).  In general, passive surface 

wave testing results in much lower frequency content than active testing. By combining the two 

methods, it is possible to sample both the near surface as well as deeper velocity information as 

proposed by Foti et al. (2009). The surface wave testing process includes the 1) collection of 

data, 2) dispersion curve construction and 3) the back-calculation (inversion of the dispersion 

curves) of the shear wave (Vs) profile for the site-specific seismic site response analysis. The 

dispersive nature of surface waves, wherein different frequencies travel at different velocities, 

allows this signal to be utilized to infer near-surface elastic properties of the soil (Nazarian et 

al., 1983; Stokoe et al., 1994; Park et al., 1998; Cox et al., 2014).  

 

Once data has been collected, using any of the above methods a dispersion curve can be 

determined. Engineers are interested in both the near surface Vs, as well as depth to bedrock and 

the Vs of the deep soil layers. In order to determine both the near surface and deeper soil Vs 

both high and low frequency data must be obtained. Generally the higher frequency data comes 

from the MASW data collection, while the lower frequency from the ambient MAM data.   

 

There are many methods that can be used to estimate the dispersion curve from the recorded 

data, these include, frequency domain beamformer (FDBF) for MASW data, frequency-wave 

number transformation (FK), the modified spatial auto-correlation (MSPAC), and the 

high-resolution frequency-wave number transformation (HRFK) for MAM data (Capon, 1969; 

Zywicki, 1999; Bettig et al., 2001). Once the passive and active data have been analyzed, they 

compose the combined dispersion curve at all measured frequencies. This measured data can 

then be used to constrain the forward problem and search for Vs profiles that produce theoretical 

solutions that match the experimental data. Ideally, the collected dispersion data will have an 

overlap between the MASW and MAM data, helping guide the trend selection and create a 

useable measured dispersion curve for the inversion process.  

 

Because of the nonlinear, ill-posed, and mixed determined nature of the inverse problem (Foti et 

al., 2009) it is not possible to directly solve for the Vs profile from the experimental dispersion 

data. A number of inversion schemes are available to determine the Vs profile from an 

experimental dispersion curve including linear regression models, Tikhonov regularizations and 

iterative least-squares models (Santamarina and Fratta, 2005; Aster et al., 2013). 

 

Iterative least squares solutions allow for automation of the inversion (Xia et al., 1999) and use 

a trial layered earth model with assumed or assigned P-wave velocity (or Poisson’s ratio), Vs, 

mass density and layer thickness, from which an associated theoretical dispersion curve is 

calculated. The model then compares the measured experimental dispersion curve with the 

calculated theoretical dispersion curve associated with the trial Vs profile, if a satisfactory fit 

between the two curves is found, the Vs profile is assumed an appropriate solution for the 

experimental data. Wathelet et al. (2004) developed a computation of the misfit between the 

theoretical and experimental data, wherein lower misfit values correspond to a better fit between 

experimental and theoretical dispersion curves.  
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As outlined by Griffiths et al. (2016b), the Geopsy (2005) software package, used in the 

inversion process, uses a forward 1D seismic wave propagation model developed originally by 

Thomson (1950) and Haskell (1953) and later modified by Dunkin (1965) and Knopoff (1964) 

to calculate theoretical dispersion curves for each trial layered earth model. The Geopsy (2005) 

software allows the user to define an initial trial model with variable stiffness and thickness 

constraints. Geopsy (2005) then uses a Neighborhood algorithm (Wathelet et al. 2004; Wathelet, 

2008) to search for all layered earth models within the model bounds that fit within the 

uncertainty of the experimental data. 

 

Cox and Teague (2016) outlined an approach to determine the initial Vs parameters without any 

prior information based on a layering ratio selected for the site. Borehole data can be used to 

establish layer thickness if desired.  Using the layering ratio approach with the maximum depth 

of resolution outlined by Comina et al. (2011), the depth of the inversion models can be 

established for the calculated Vs profile. The layering thickness constraints are also defined in 

the layering ratio method by the maximum depth of resolution and the layering ratio defined. Vs 

profiles should have enough layers to model the soil column under investigation.  

 

2.4 Conclusion  

In order to perform a site-specific seismic site response analyses determination of: 1) analysis 

procedures (equivalent linear, nonlinear, etc.), 2) input ground motions, 3) dynamic soil 

properties, and 4) soil stiffness and layering are necessary. This chapter has provided the reader 

with a brief review of relevant information concerning analysis type, input ground motions, and 

dynamic soil properties.   The interested reader is referred to Frazier (2019) for a more detailed 

review. The basics of surface wave testing which are used to determine soil layering and 

stiffness has been reviewed and can be broken into three main steps: 1) data collection, 2) data 

analysis and 3) inversion. There are many methods available for each of these three steps, and 

some of these where covered in this chapter. The end result of surface wave testing is a measure 

of the stiffness, shear wave velocity, of the site that is necessary for the soil model used in the 

site response analysis. These analyses can be performed for any site, but are required for sites 

that are classified as E and F (AASHTO, 2014).  
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CHAPTER 3 SUB-SURFACE INVESTIGATION AND SURFACE WAVE DATA 

ANALYSIS 

3.1 Introduction 

This chapter presents information concerning the bridge and fault location, borehole and 

subsurface data collected as well as the data analyses used to determine the Vs profile. Data for 

this project was collected on both sides of the river at four locations during two separate trips, 

one in September 2017 and the other in September 2018. The measured data resulted in an 

experimental dispersion curve that was used in the inversion analyses to determine appropriate 

Vs profiles. Because uncertainty analyses are an important part of any site response analyses, 

multiple Vs profiles (in this case 1000) where determined for each abutment. This chapter 

presents how these Vs profiles where determined and identifies site will be used for further site 

response analyses.  

 

3.2 Project Site 

The Jackson Wilson Bridge crosses the Snake River on Wyoming Highway 22 between the 

cities of Jackson and Wilson in northwest Wyoming. The current five span, two-lane bridge is 

approximately 265 m (880 ft.) long and has been in service since the early 1960’s. It is due to be 

replaced in fiscal year 2022. The bridge site is 3.8 km (2.4 miles) away from the Teton Fault at 

the closest point. Figure 2 shows the project site’s relation to the Teton Fault. 

 

Based on boring data from 1958, a boring performed upstream of the bridge in 2012 and deep 

boring performed in coordination with this project, gravelly soils are confirmed to a depth of 

approximately 27.5 m (90 ft.). Figure 3 presents the locations of the borings performed in 1958 

for the current bridge, 2012 for the pedestrian path upstream from the vehicle bridge, and 

borings performed in 2018 as part of this subsurface investigation and research project. 

 

The 1958 borings performed by a third party hired by WYDOT, the borings were all terminated 

at varying depths, but all four borings indicated gravelly soils at the site. The borings performed 

by Nelson Engineering (Figure 3) terminated at a depth of 12.6 m (41.5 ft.)  The WYDOT 

borings (performed by Authentic Drilling) were completed at three locations with two of the 

borings terminated around a depth of 22.9 m (75 ft.) and one of the borings being completed to a 

depth of 27.5 m (90 ft.). This deeper boring (ST18-01) includes standard penetration test (SPT) 

data to a depth of 24.4 m (80 ft.) but at greater depths, due to difficult drilling, no SPT tests 

were performed and only cuttings where logged. The soil boring data logs are included in 

Appendix A. 

 

This soil boring data often provides useful information concerning soil type and thicknesses to 

help constrain surface wave data analyses. At this site, based on SPT data, no definitive soil 

layering information was discernable; however, the gravelly material appears to become denser 

as depth increases.     
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Figure 2. Approximate location of the Jackson Wilson Bridge in northwest Wyoming.  Inset 

presents approximate location of Teton fault relative to the Jackson Wilson Bridge which is 3.8 

km (2.4 miles) away (Google, Inc., 2018). 

 

 
Figure 3. All boring locations used on the Jackson Wilson project site (Google, Inc., 2018). 
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To accurately classify the site and model the soil profile, surface wave data were collected on 

the east and west sides of the river. Figure 4 presents the testing locations at this site. Surface 

wave data was collected in September 2017 and again September 2018. Due to access 

limitations from the water and vegetation on the site, two data collection sites on the west side 

of the bridge were used. These are labeled as Jackson Wilson West (JWW1) and Jackson 

Wilson West 2 (JWW2), and were collected during the same data collection trip as the Jackson 

Wilson East (JWE) data in September 2017. Due to a poor depth of resolution following the 

data analyses, a return trip to the west side of the river in September 2018 was performed.  This 

data is termed the Jackson Wilson West 3 (JWW3) data.  For this report, for brevity, only data 

from the Jackson Wilson East (JWE) site and JWW3 site will be discussed 

 

Prior to field data collection, geologic maps, well logs (water and natural resource), and other 

available information were used to try to estimate the depth to bedrock. One of the goals of this 

project was to determine the depth of the soil layers above competent rock at the bridge site, 

which can be an important factor in site response analysis. While the depth to bedrock was not 

determined prior to field data collection, due to lack of information, it was determined that the 

bedrock depth was at least greater than 30 m (100 ft.). 

 

 

 
Figure 4. Approximate surface wave testing locations for the Jackson Wilson project site 

(Google, Inc., 2018). 

 

 

The subsurface investigation consisted of a number of methods, including: 1) P-wave refraction, 

2) MASW, 3) micro-tremor array measurements (MAM), and 4) Horizontal to vertical spectral 

ratio (H/V). While not every testing method nor array layout was used at each site, each of these 
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methods was used at least once throughout the project. Details concerning specific tests for each 

trip and/or site will be discussed in sections 3.3 and 3.4. 

 

3.3 East Side of River 

Based on the boring logs, differences in lithology and layering from the east and west side of the 

river are not apparent. As mentioned, it was hoped that the data collected on the east side of the 

river would yield a depth to bedrock, however, as will be shown the data did not yield 

discernable data at greater depths (i.e. low frequency). This section presents the surface wave 

testing, dispersion curve processing, and inversion analyses performed for the east side of the 

river.  

 

3.3.1 Jackson Wilson East Site Layout and Data Collection 

On the east side of the river, multiple tests were performed site including: MASW Rayleigh 

wave testing, P-wave refraction testing, MAM passive testing, and H/V testing. The testing was 

performed at the locations and array configurations presented in Figure 5. The P-wave 

refraction, MASW, and L-array data were collected on the levee parallel to the river, while the 

triangular passive data were collected on an exposed gravel bar in the middle of the river at a 

time of low water. Due to the lack of open space and vegetation, the ideal testing location within 

the stand of trees was not possible.   

  

The P-wave refraction and MASW data were collected using 24, 4.5 Hz vertical oriented 

geophones spaced at 2 m (6.6 ft.) intervals, and a single Geometrics Geode seismograph. This 

yielded a total array length of 46 m (150 ft.). The total P-wave record length was 2 seconds with 

a sampling rate of 0.125 ms and shot locations at each end of the array. As the active source, a 

5.4 kg (12 lb.) sledgehammer hitting a steel plate was used. Data collection was triggered using 

a trigger switch attached to the hammer with a -0.25 second delay. While the P-wave refraction 

data can be used in the inversion, it was only used on this project to determine the depth to the 

water table, which was found to be 1.5 m (5 ft.). The depth to bedrock was not determined using 

refraction testing because the array length was not long enough to sample to these depths and 

other surface wave testing were expected to yield an accurate estimate of bedrock depth.  

 

MASW data were collected using the same layout and equipment as the P-wave refraction data; 

only the trigger delay, sampling rate, and record length were changed to 0 second, 4 ms, and a 

4-second recording interval, respectively. The MASW testing were completed using six shot 

locations of 5 m (16 ft.), 10 m (32 ft.), and 20 m (65 ft.) from each end of the array. Individual 

traces were stacked using 10 records at each shot location. Data for each end of the array were 

analyzed separately and the better of the two data where used for further analyses, which will be 

discussed, further in section 3.3.2. 
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Figure 5. Array locations for the Jackson Wilson surface wave investigation on the east side of 

the Snake River (JWE). Passive triangular array were performed at time of low water level on a 

gravel bar (Google, Inc., 2018). 

 

The L-array MAM used the same 24, 4.5 Hz vertical geophones as the P-wave and MASW 

testing, however, the spacing between geophones were increased to 5 m (16.5 ft.).  The layout 

for the L-array consisted of half of the 24 sensors oriented north/south with the remaining 

sensors turned ninety degrees east/west, as presented in Figure 3.4. This produced an L-array 

with leg lengths of 55 m (180 ft.) and 60 m (196 ft.). The L-array data were recorded for 30 

minutes without an active source using a sampling rate of 8 ms. The L-array was placed along a 

paved bike and pedestrian path.  Coupling the sensors to the paved surface was accomplished   

using moist mounded sand. While this coupling may not produce ideal results, the researchers 

were forced to think creatively when lack of open space and limited options were available. 

 

MAM testing using the nested triangular arrays utilized six Nanometrics Centaur digitizers 

connected to 120-second three component Trillium compact broadband seismometers. A gravel 

bar between two flowing channels of the Snake River provided the best open space option 

available where the researchers had permission to test. Sensors were laid out in a nested 

equilateral triangular pattern as large as the gravel bar would allow, with the larger triangle 

having leg lengths of 55 m (180 ft.), and the smaller triangle having leg lengths of 27.5 m (90 

ft.). MAM data were collected over a period of 30 minutes and were also used to perform H/V 

analyses. Once the MASW and MAM data were collected, a measured dispersion curve (DC) 

was estimated for the site using the procedures discussed in the next section.  

 

3.3.2 Jackson Wilson East Data Analyses 

The DC consists of the MASW data above 10 Hz and the L-array MAM and triangular MAM 

passive data below 15 Hz. Overlap of the frequency from the two data types established the 
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measured DC used to model the site under investigation. The MASW Rayleigh data were 

analyzed using the frequency domain beamformer (FDBF) method (Zywicki, 1999). Passive L-

array and triangular array data were analyzed using frequency-wave number transformation 

(FK) and the high-resolution frequency-wave number transformation (HRFK), respectively. The 

FDBF method produced a measured DC of all the MASW Rayleigh wave shot locations. The 

FK and HRFK produced measured DC for the L-array MAM and triangular array MAM data, 

respectively. The modified spatial auto-correlation (MSPAC) method (Capon, 1969; Bettig et 

al., 2001) was also used to spatially analyze the triangular MAM data.  

 

The passive and active dispersion data were combined into a single plot and, any data that did 

not follow a clear trend were trimmed and thrown out as part of the data refinement process. 

The remaining data were combined into a single DC with uncertainty determined as +/- one 

standard deviation at select frequencies. This data combination resulted in a single DC for the 

JWE site, where MASW and MAM data were combined to preserve uncertainty, as described 

by Wood and Cox (2012). 

 

As stated previously, one of the goals of this research project was to determine the depth to 

competent rock. This requires data at low frequencies (i.e., less than 10 Hz). The triangular 

array data included data at the lower frequencies desired (less than 10 Hz) but it did not produce 

any discernable trend and was disregarded in its entirety.  The lack of coherent data at low 

frequencies made determination of the depth to bedrock an impractical goal at this site. It is also 

noteworthy to mention that the H/V data obtained from the triangular array did not produce any 

discernable H/V peaks at reasonable frequencies.  The poor triangular array MAM passive data 

is thought to be a factor of the poor coupling experienced between the sensors and gravels and 

cobbles (2.5 in. to 10 in. diameter material) on the gravel bar as well as the small size of the 

array.  

 

Figure 6 presents the trimmed measured DC for the JWE site. The L-array MAM and MASW 

Rayleigh wave data overlap between 10 and 15 Hz, which is expected and helps with the data 

analyses.  Included in Figure 6 is the median DC that will be used in the inversion process, 

along with a +/- one standard deviation.  While the depth and low frequency data did not allow 

for an accurate determination of depth to bedrock, the maximum depth of resolution, as outlined 

by Comina et al. (2011), allowed the soil profile to be constructed to a depth of 42 m (138 ft.). 

AASHTO (2014) defines the site classification based on the top 30 m (100 ft.) of soil, thus the 

42 m resolution allowed the research team to construct a soil model deep enough to accurately 

determine the site class. The measured DC was used as the input for the inversion, which is used 

to determine the Vs profile at the JWE site. 
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Figure 6. East abutment combined active and passive dispersion data for JWE, after trimming 

incoherent data, with the median data points included. 

 

3.3.3 Jackson Wilson East Inversion 

The Geopsy (2005) software was used for the inversion process in obtaining the Vs profile. 

Within Geopsy (2005), the median DC, calculated from the measured DC was used as the 

starting model to which the theoretical DC would be compared. To determine the initial Vs 

parameters a combination of borehole data and the layering ratio approach, as presented by Cox 

and Teague (2016), was used. In total, 37 starting models were investigated with around 

200,000 inversions performed for each model. After observing many starting models involving 

the borehole data and layering ratio information, it was determined; that the borehole 

information was constraining the top soil layers and negatively affecting the deeper soil layers. 

Although millions of models were tested only the best 1000 DC and Vs profiles, determined by 

the minimum misfit values (Wathelet et al., 2004), were extracted from the inversion process.  

 

A layering ratio of 1.4 produced an acceptable DC, with a minimum misfit of 0.538. It is 

understood that when using the layering ratio approach (Cox and Teague, 2016) without any 

initial layer boundary conditions that the layering boundaries may not correspond to actual layer 

interfaces. However, the standard penetration test (SPT) and other boring information did not 

produce any conclusive boundary layers and the chosen boundaries produced acceptable 

solutions to the experimental data. The experimental data includes a maximum useable 

wavelength of 84 m (230 ft.), resulting in a maximum depth of resolution of 42 m (115 ft.) 

(Comina et al., 2011).  
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The 1000 theoretical DC are presented in Figure 7 with the corresponding Vs profiles presented 

in Figure 8. These Vs profiles were each determined using the same starting model (i.e., 

layering ration of 1.4) described previously. The 1000 theoretical DC fill the uncertainty 

boundaries for this model (Figure 7), which will allow for uncertainty to be accounted for in 

subsequent Vs profiles and site response analyses. The large variation in the 1000 theoretical Vs 

profiles is due to the inversion analyses producing a number of satisfactory theoretical solutions 

that fit within the uncertainty bounds of the experimental dispersion data. Variation in the 1000 

theoretical models is apparent in depth and velocity throughout all depths considered (Figure 8).  

The 1000 theoretical Vs profiles each increase in stiffness as depths increases because velocity 

reversals where not allowed in the inversion analyses.  Included in Figure 8 is the minimum 

misfit Vs profile (blue solid line) and the counted median Vs profile (red dashed line), which 

was calculated from the 1000 theoretical Vs profiles. The median Vs has an average Vs over the 

top 30 m (Vs,30) of 321 m/s (1,056 ft. /s), which classifies as a soil site class D according to 

AASHTO (2014).  In fact, for this site the velocities range from 195 m/s (640 ft./s) to 434 m/s 

(1420 ft./s), and all 1000 of the theoretical Vs profiles classify as soil site class D (AASHTO, 

2014). The minimum misfit profile is the theoretical profile that fit the measured DC the most 

accurately, while the counted median is a median Vs profile from each of the 1000 best misfit 

solutions. The JWE inversion analysis presented in Figure 8 will be used to model the east side 

of the river in the SRA in future chapters. 

 

 
Figure 7. East abutment dispersion data with layering ratio 1.4 including 1000 minimum misfit, 

counted median dispersion, and experimental dispersion. 
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Figure 8. East abutment Vs profiles from the 1000 minimum misfit dispersion results with the 

minimum misfit and counted median Vs profile. 

 

3.4 West Side of River 

This section presents the surface wave testing, dispersion curve processing, and inversion 

analyses performed for the west side of the river for data collected during JWW3.  Data analyses 

of the other two data collection sites on the west side of the river are discussed in Frazier (2019).  

 

3.4.1 Jackson Wilson West Three Site Layout and Data Collection  

At JWW3 multiple tests were performed including: MASW Rayleigh wave testing, MASW 

Love wave testing, triangular array MAM passive testing and H/V testing. Figure 9 presents the 

location and orientation of the data collection arrays. The MASW Rayleigh and Love wave data 

were collected on a levee parallel to the river, while the triangular array MAM data was 

collected in the park to the west of the river. 

 

The MASW Rayleigh wave data were collected using the same sensors and data collection 

parameters outlined at the JWE site. P-wave refraction data was not collected during this data 

collection trip. The same shot locations utilized at the JWE site were used at the JWW3 site with 

10 records staked for each shot location. 
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Figure 9. West abutment array locations for the Jackson Wilson surface wave investigation 

including passive and active data at JWW3 (Google, Inc., 2018). 

 

The MASW Love wave data were collected using 24 horizontal oriented geophones spaced at 2 

m (6.6 ft.) intervals using the Geometrics Geode seismograph as the MASW Rayleigh wave 

testing. The MASW Love wave sensors were placed at the same locations as the MASW 

Rayleigh wave sensors.  The same acquisition parameters, active source 5.4 kg (12 lb.) hammer 

(striking a shear plank) used for the MASW Rayleigh wave testing were also used for Love 

wave testing. The Love wave plank was used to generate the horizontal motion of Love waves, 

instead of the rolling motion of Rayleigh waves. The MASW Rayleigh and Love wave data 

were analyzed separately from one another and will be discussed further in section 3.4.6. 

 

MAM testing using the nested triangular arrays was performed using the Trillium Broadband 

Seismometers. Four nested triangle arrays were used for this location as described in the 

following sequence for the long sides of the array; 1) 25 m (80 ft.), 2) 50 m (160 ft.), 3) 100 m 

(320 ft.) and 4) 200 m (640 ft.). The four triangular MAM arrays discussed all had smaller, 

nested triangular MAM arrays within them consisting of leg lengths half the distance of the long 

leg. Sensor locations were determined before the data collection fieldwork using Google Earth 

(2018) and global position system (GPS) coordinates. Each array was collected individually 

beginning with the 25 m (80 ft.) array and moving outward until the 200 m (640 ft.) array was 

constructed. MAM triangular data were collected over a period of 60 minutes for each 

individual array and were also used to perform H/V analyses. Once the MASW and MAM data 

were collected, a measured DC was constructed for the JWW3 site through the data analysis 

process. 
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3.4.6 Jackson Wilson West 3 Data Analyses 

The measured DC consists of the MASW Rayleigh wave data above 10 Hz and the four 

triangular MAM passive data sets below 15 Hz similarly to the data discussed at the JWE site. 

The Love wave data collected from the active and passive sensors was only used to check that 

the correct mode was being used for the analyses. The MASW Rayleigh wave data and the 

triangular array MAM data were analyzed using same procedure described in section 3.3.2.  

 

The passive and active dispersion data were combined into a single plot and trimmed using the 

same guidelines described for the JWE site. Figure 10 presents the trimmed combined passive 

and active dispersion data. The triangular array MAM data from the 25 m nested triangle 

overlaps the MASW Rayleigh wave data from 10 Hz to 13 Hz. The lower frequencies collected 

by the triangular array MAM data relate to the longer wavelengths necessary to sample deeper 

depths into the soil profile 

 

The +/- one standard deviation median DC begins to increase where the triangular array MAM 

and MASW Rayleigh wave data begin to overlap because there is more variance in the data at 

this point. The maximum depth of resolution outlined by Comina et al. (2011) allowed the soil 

profile to be constructed to a depth of 82 m (138 ft.). This depth of resolution allowed the  

research team to construct a soil model well beyond the code required 30 m depth for the west 

side of the river.  

 

 
Figure 10. West abutment combined active and passive dispersion data after trimming for 

JWW3, with experimental dispersion curve. 
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3.4.7 Jackson Wilson West 3 Inversion 

The inversion calculations for the JWW3 site follow the same procedures outlined in the JWE 

inversion discussion in section 3.3.3. The theoretical DC from the inversion procedure for the 

west side of the river are presented in Figure 11 with the corresponding Vs profiles presented in 

Figure 12. As expected, the uncertainty in the dispersion increases at lower frequencies.  For 

this analysis, 24 starting models were investigated with around 200,000 inversions performed 

for each starting model.  A starting model using a layering ratio of 1.5 produced the most 

acceptable results, yielding a minimum misfit of 0.834.  Figure 11 includes the 1000 “best” fit 

models that are all acceptable DC when considering the experimental data (i.e. all the 1000 

theoretical models are within the error bars of the experimental data). Highlighted in Figure 11 

and 12 are the median Vs profile (blue solid line) with its theoretical DC and the minimum 

misfit Vs profile (red dashed line) with its theoretical DC. The layering ratio approach outlined 

by Cox and Teague (2016) defined the layer boundary depths for the inversion solutions. The 

depth of investigation was more than enough to determine an accurate site classification 

according to the AASHTO LRFD Design Manual (AASHTO 2014); however, it still did not 

reveal an accurate thickness of soil above competent rock. 

 

 
Figure 11. West abutment dispersion data with layering ratio 1.5 including 1000 minimum 

misfit, counted median dispersion, and experimental data. 
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Figure 12. West abutment Vs profiles from the 1000 minimum misfit dispersion results with the 

minimum misfit and counted median Vs profile. 

 

The Vs profiles presented in Figure 12 were each determined using the same starting model (i.e. 

layering ration of 1.5). The 1000 theoretical DC fill the uncertainty boundaries for this model 

(Figure 11), which will allow uncertainty to be accounted for in subsequent SRA. Variations in 

the 1000 theoretical models are apparent in depth and velocity throughout all depths considered 

(Figure 3.19).  The 1000 theoretical Vs profiles each increase in stiffness as depths increase, 

much like the east side models, because velocity reversals were not allowed. The median Vs has 

an average Vs over the top 30 m (Vs,30) of 349 m/s (1,146 ft./s), which classifies as a site class 

D according to AASHTO (2014).  

 

3.5 Conclusion 

The Jackson-Wilson bridge site was characterized using borehole data from 11 borings collected 

from 1958 to 2018. The location of the bridge is within 4.0 km of the Teton fault, which is the 

only earthquake hazard for this site.  The borehole data combined with the well logs confirm 

gravelly soil to a depth around 90 ft.  On the east side of the river depths up to 45 m were 

sampled and on the west site depth of 100 m where sampled. The west abutment provided larger 

areas, where passive sensors could be spread out to sample much greater depths.  Although the 

Vs profiles confirmed stiff soils at depths near 100 m (on the west abutment), no large stiffness 

contrast was evident in either the dispersion or Vs profiles.  Thus, an accurate depth to bedrock 
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could not be determined.  Vs profiles for both the east and west abutments that will be used for 

further site response analyses were presented along with the dispersion curves used to estimate 

the Vs profiles. 
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CHAPTER 4 SITE-SPECIFIC SEISMIC SITE RESPONSE ANALYSIS FOR THE 

JACKSON WILSON BRIDGE SITE 

4.1 Introduction 

This chapter presents the site response analysis (SRA) for the Jackson Wilson bridge site. The 

desire of the SRA is to predict the design spectral accelerations at the surface of the site.  The 

prediction will be used for the design of the bridge. SRA includes 1) input ground motion 

selection and scaling, 2) the determination of the analysis type, and 3) modeling of the dynamic 

soil properties, which includes modulus reduction curves (G/Gmax) and Vs profile information. 

 

The analyses presented within this chapter modeled the east and west sides of the bridge 

independently. According to AASHTO design guidance (AASHTO, 2014), both sides of the 

river should be modeled separately and the side with the larger spectral accelerations should be 

used in design. Uncertainty analyses have been completed by using additional Vs profiles which 

were selected from the 1000 “best” profiles. The uncertainty analyses were only completed on 

the west abutment because this side of the river yielded greater spectral accelerations than the 

east side.  

 

4.2 Site Specific Seismic Ground Motions 

In order to perform site response analyses input ground motions are propagated up through the 

“soil” column (i.e. model developed with Vs and dynamic soil properties). These motions can 

be obtained through a variety of methods as stated in chapter 2. For this analysis, ground 

motions where obtained from the PEER database and scaled to the hazard expected at the site by 

developing a uniform hazard spectrum using the USGS (USGS, 2018) design tool. 

 

4.2.1 Input Ground Motions 

The input ground motions used in the site response analysis come from recorded time histories 

of past seismic events at surface recording stations. Using the USGS de-aggregation tool 

(USGS, 2018), a uniform hazard spectra (UHS) was developed for the Jackson Wilson site. This 

UHS was given as a site class B/C boundary site condition from the USGS tool (2018), and was 

used as a target to find input ground motions for the project. The USGS (2018) de-aggregation 

tool returned seismic parameters at the Jackson Wilson site of a magnitude (MW) 6.5 earthquake 

and a Joyner-Boore distance of 7 km. Figure 13 presents the de-aggregation results from the 

USGS (2018) results. The Joyner-Boore distance is defined as the shortest distance from a site 

to the surface projection of the rupture surface (Kramer, 1996). The information from the USGS 

de-aggregation tool is used as the search criteria in the PEER (NIED, 2012; PEER, 2018) 

ground motion database to search for recorded acceleration time histories. 

 

The PEER database includes recorded time histories from many countries as mentioned in 

section 2.3.2. The search of ground motion database using a magnitude range of 6-7 and a 

distance of 10-50 km resulted in 116 unique time histories. These ground motions do not 

account for soil characteristics of the site nor do they match the expected hazard.  To account  
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Figure 13. USGS (2018) de-aggregation results returned for the Jackson Wilson Bridge site. 

 

for the hazard at the site, Sigma Spectra (Rathje and Kootke, 2013) was used to select a suite of 

ground motions most similar to the UHS developed for the site.  

 

Jackson Wilson site, as well as the 16 input ground motions that were selected, are  the most 

similar to the UHS. Once the 16 input ground motions were selected to represent a seismic event 

at the Jackson Wilson site, they were scaled to match so that on average they matched the UHS. 

Figure 14 presents the UHS, the scaled ground motions, and the median of the 16 time histories 

in terms of the response spectra. Presented in Table 1 are the scaling factors used for each input 

ground motion along with the distance, magnitude and fault type for each time history. 

 

4.2.2 Analysis Types 

The analysis types used in this research are the equivalent linear (EQL) nonlinear (NL) analyses. 

Both solutions use the recorded time history of seismic events from surface recording stations, 

as mentioned in section 4.2.1. The EQL solution solves the site response analysis in the 

frequency domain while the NL solution solves the site response analysis in the time domain. 

 

The EQL solution, as discussed in section 2.3.1, uses an iterative solution to account for the 

nonlinearity of the dynamic soil properties in each individual layer. The NL solution, also 

discussed in section 2.3.1, tracks the stress strain history as a function of time using the hysteric 

stress-strain relationship defined at the beginning of each time step. To eliminate filtering of 

input ground motions in thick layers, the NL solution requires smaller sublayers to be used in 

the model construction.  
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Figure 14. Uniform hazard spectrum, scaled input ground motions and the lognormal median of 

the input motions. 

 

Table 1. Ground motion scaling factors used for each time history. 

 

Motion 
Scaling 

Factor 

Rjb 

(km) 
MW Mechanism 

1125 Kozani 11.66 47.79 6.4 Normal 

1137 Dinar 4.45 35.59 6.4 Normal 

1139 Dinar 4.25 43.13 6.4 Normal 

1141 Dinar 0.66 0.0 6.4 Normal 

1752 China 0.96 9.98 6.1 Normal 

284 Italy 4.44 9.52 6.9 Normal 

287 Italy 5.5 44.62 6.9 Normal 

291 Italy 2.08 27.49 6.9 Normal 

298 Italy 8 43.5 6.2 Normal 

313 Corinth 0.84 10.27 6.6 Normal Oblique 

4472 Aquila 3.47 17.82 6.3 Normal 

4475 Aquila 8.82 19.08 6.3 Normal 

4478 Aquila 8.5 11.12 6.3 Normal 

4480 Aquila 0.58 0.0 6.3 Normal 

4503 Aquila 7.37 39.04 6.3 Normal 

587 New Zeal 0.92 16.09 6.6 Normal 
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The defined dynamic soil properties for each layer are dependent on the soil type in the 

individual layer and are used to calculate the shear modulus (G) and damping (D) curves for the 

EQL solution. 

 

4.2.3 Dynamic Soil Properties 

The Jackson Wilson site consists of gravelly soils to a depth of 30 m (100 ft.). Consequently, the 

pressure dependent Stokoe and Menq (2003) dynamic soil property relationship for gravely soils 

was used to define the G and D characteristics for all layers and all analyses performed as part 

of this research. The Stokoe and Menq (2003) G and D relationships are programmed into 

DEEPSOIL (2016), and didn’t require any modification while building the model. However, the 

dynamic soil properties for each individual layer require shear strength information. The shear 

strength was calculated at the midpoint of every input layer in the model using the equation 

Mohr-Coulomb strength criteria. 

 

4.3 East Side of the River 

To model the site properly, both the east and west sides of the river need to be modeled 

independent of one another and the site with the higher spectral acceleration values will be 

passed on for the final design recommendation. The counted median Vs profile, discussed 

previously, was subdivided and used for the initial SRA. 

 

4.3.1 Modeling Profile 

The nine layer counted median model, referred to as the median Vs model for the east side of 

the river, was used as the constructed 1D soil profile for the east side of the river. The nine-layer 

model needed to be subdivided into smaller layers for the NL solution. Subdivision of all layers 

in the 1D soil model was done so that frequencies less than 50 Hz were not numerically filtered.  

This resulted in a NL model with twenty-three sub-layers. DEEPSOIL (2016) has the ability to 

calculate the EQL and NL solution simultaneously. As such, the subdivided twenty-three 

sub-layered model was used to represent the original nine-layer model for both the EQL and NL 

analyses.  

Figure 15 presents the counted median Vs profile east side of the river. The Vs,30 for the profile 

is 317 m/s (1039 ft./s), classifying the site as site class D. AASHTO (2014) states the scaled 

input motions shale be introduced into the model at a defined bedrock layer or where a large 

contrast in Vs is observed. Due to sampling limitations experienced at the test site, the deepest 

layer of the model is the bedrock layer that has a Vs of 387 m/s (1270ft./s) at a depth of 42 m 

(138 ft.).  

 

4.3.2 Results 

Once the model was constructed, and every sub-layer had the dynamic soil properties defined, 

the input motions from all sixteen seismic events were run through the model using DEEPSOIL 

(2016). The analyses included both the EQL and NL surface time history prediction.  This 

resulted in a total of 32 individual analyses.  In order to compare answers from each input time 

history, the lognormal median was calculated for both the EQL and NL solutions independently. 
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Figure 16 presents the EQL (red) and NL (blue) response spectra for the east side of the river, 

with  +/- one standard deviation.  Figure 16 also includes the site class D design response 

spectra, determined using AASHTO (2014), and the reduced two-thirds site class D response 

spectra.  The site class D response spectra is used in this Figure because it represents the design 

response spectra if no advanced testing and analyses had taken place. 

 

 
 

Figure 15. Median Vs profile from the JWE site, used for the site response analysis for the east 

side of the river with bedrock at 42 m (138 ft.). 

 

The EQL solution provides higher spectral accelerations than the NL solution for all periods 

observed. The EQL solution surpasses the spectral acceleration defined by the 2/3 reduced site 

class D design response spectra from periods slightly greater than 0.1 seconds to 1.0 seconds. 

The NL solution surpasses the spectral acceleration defined by the 2/3 reduced site class D 

design response spectra from periods 0.2 seconds to 0.4 seconds, and 0.6 seconds to 0.8 

seconds. Neither solution exceeds the site class D design response spectra in terms of spectral 

acceleration. The +/- one standard deviation response spectra from the EQL and NL analyses are 

included so the user of the response spectra can have an idea of the magnitude of the 

uncertainties associated with the analyses.  
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Figure 16. East side (JWE) EQL and NL response spectra with the site class D design response 

spectra and 2/3 reduced site class D design response spectra. 

 

4.4 West Side of the River 

This section presents Vs and predicated response spectra from the west side of the river.  

Although multiple sites and data were initially tested, only data from the JWW3 site was used in 

the analyses.  As such, this site was used to determine the Vs, and was used for the model 

development, and was used to predict the spectral accelerations on the west side of the river.  In 

a later section, the predicted spectral accelerations from the east and west sides of the river will 

be compared prior to recommending a final design response spectra.  

 

4.4.1 Modeling Profile 

The counted median profile, referred to as the median Vs model for the west side of the river, 

was used as the 1D soil profile for the west side of the Snake River. The Vs model for the west 

side of the river was subdivided into thirty-five sub-layers. The greater number of sublayers 

used in the west, compared to the east, is due to the greater depth of investigation on the west 

abutment. Figure 17 presents the eight layer median Vs model (35 sub-layer) used to model the 

west side of the river. The Vs,30 for this Vs profile is 349 m/s (1146 ft./s), classifying the site as 

site class D. Due to the inability to accurately locate bedrock, the deepest layer of the model is 

used as the bedrock layer. The bedrock Vs for this model is 1062 m/s (3484 ft./s), at a depth of 

78 m (256 ft.). The input bedrock classifies as a site class B, justifying scaling the input ground 

motions to the site class B/C UHS. 
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Figure 17. Median Vs profile from the west site, used for the site response analysis soil profile 

for the west side of the river at 78 m (256 ft.). 

 

4.4.2 Results 

Once the west side model was constructed into the thirty-five layer model, and every layer had 

the dynamic soil properties defined, the input motions from all sixteen scaled time histories 

were run through the model, in the same manner as the east side model. This resulted in 32 

unique predicted response spectra. The lognormal median of the EQL and NL solution were 

calculated for each of the sixteen input time histories. This yielded two RS for the west side of 

the river. Figure 18 presents the EQL (red) and NL (blue) solution for the west side of the river, 

as well as the site class D design response spectra (RS), and the two-thirds site class D design 

response spectra (AASHTO, 2014). Figure 18 also presents the +/- one standard deviation for 

both the EQL and NL solutions.  

 

The EQL solution provides higher spectral accelerations than the NL solution for all periods 

observed. The EQL solution surpasses the spectral acceleration defined by the 2/3 reduced site 

class D design response spectra from periods slightly greater than 0.1 seconds to 2.0 seconds. 

The NL solution surpasses the spectral acceleration defined by the 2/3 reduced site class D 

design response spectra from periods 0.2 seconds to slightly greater than 1.0 seconds. The EQL 

solution exceeds the site class D design response spectra for periods of 0.2 seconds to 0.4 

seconds, and again from 0.6 to 0.9 seconds. The +/- one standard deviation response spectra 

from the EQL and NL solution provide a measure of the uncertainty associated with the 

solution.  
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Figure 18. West side EQL and NL response spectra with the site class D design response spectra 

and the 2/3 reduced site class D design response spectra. 

 

The west side of the river yielded larger spectral accelerations for both the EQL and NL 

solutions than the predicted spectral acceleration on the east side of the river. Due to the larger 

spectral accelerations, the west data will be used in the final design recommendations.  

Accordingly, the west side data will also be used for perform uncertainty analyses that are used 

to better account for uncertainty in the final design response spectra recommendations. 

 

4.5 Uncertainty and Near Fault Analysis 

AASHTO (2014) requires that uncertainty be for accounted when performing SRA.  However, 

how to account for these uncertainties is not clarified.  The EQL and NL solutions will account 

for a portion of the uncertainty in the final design RS recommendation. However, to account for 

a larger amount of uncertainty in the solution, 9 additional profiles were randomly selected from 

the 1000 “best” fit Vs profiles. In addition to accounting for uncertainty AASHTO (2014) also 

requires SRA to account for near fault effects, if the site is located within 10 km (6 miles of the 

fault).  The Jackson-Wilson bridge is located 7 km from the fault, and as such, near fault effects 

must be accounted for in design.  

 

4.5.1 Additional Profiles 

Nine additional Vs profiles were selected from the 1000 best fit Vs profiles.  In order to make 

sure these nine profiles are acceptable solutions to the inversion they are plotted with the 

experimental data (Figure 19). 
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Figure 19. Counted median DC with the additional nine DC from the randomly sampled profiles. 

 

It is clear the nine additional Vs profiles provide acceptable answers to the measured data, and 

they also provide answers within the uncertainty bounds of the experimental data, which will 

help carry the uncertainty from the experimental data into the final predicted response spectra.    

 

In addition to the DC of the nine additional profiles, the Vs profiles were compared to the 1000 

“best” fit Vs profiles to ensure that soil models constructed for the site response analysis would 

capture a multiple Vs and depth profiles of the soil models presented in the inversion process. 

Figure 20 presents the Vs profile associated with the nine additional DC, in Figure 19, and the 

median Vs profile from the west site. Due to inversion constraints, less variability is present 

towards the surface of the inversion models.  This is expected due the small uncertainty 

measured at high frequencies.  Alternatively, the DC has greater uncertainty at low frequencies 

resulting in greater variation in the Vs profiles at depth.  These trends are visible in both Figure 

19 and 20.  

 

Figure 21 presents the sigma natural logarithm of the nine Vs profiles along with sigma ln of the 

1000 Vs profiles generated in the inversion process.  The similarity of the sigma ln ensures that 

the nine additional profiles statistically represent the 1000 Vs profiles. 
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Figure 20. Counted median Vs with the additional nine Vs from the randomly sampled profiles. 

 

4.5.2 Additional Ground Motions 

In order to account for near fault effects, time histories that contain significant near fault effects 

are to be used in the SRA.  AASHTO (2014) includes a procedure to determine the proportion 

of pulse time histories versus regular time histories to use for SRA.  Following that procedure 

72 percent of the time histories used at the Jackson Wilson bridge site should be pulse time 

histories.  AASHTO (2014) also recommends using a minimum of seven time histories, which 

corresponds to at least five pulse time histories being used.  However, because we used 16 time 

histories in our analyses, approximately 11 should be pulse time histories.  Accordingly, 12 

pulse time histories were obtained, scaled to the UHS, and used to perform SRA.   

 

4.5.3 Uncertainty Results from Additional Profiles 

The nine additional Vs profiles were used to construct models in DEEPSOIL (2016). The same 

scaled input ground motions, analysis types, and dynamic soil property model procedures were 

used for the additional nine profiles as described in the previous analyses. All nine additional Vs 

profiles were divided into sub-layers to ensure numerical filtering below 50 Hz did not occur. 
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Figure 21. Calculated sigma ln of the 1000 "best" fit profiles and the nine additional profiles. 

 

The shear strain and PGA values were calculated at the layer interfaces in DEEPSOIL (2016).  

These plots are not included here for brevity, however, the interested reader is referred to 

Frazier (2019). It is noted that the PGA’s and shear strains predicted for this analyses are within 

the range that is appropriate for and EQL solution as reported by Kaklamanos et al. (2013).  

 

Figure 22 presents the EQL median solution from all nine additional Vs profiles with the 

median Vs EQL solution for the west site. The median EQL solution from the nine additional 

profiles and the median Vs EQL solution for the west is also presented. Also presented in Figure 

22 is the median plus one standard deviation and the median minus one standard deviation for 

all ten Vs profiles.  Because each of the additional Vs profiles was subject to 16 input time 

histories, Figure 22 represents 160 total analyses.  

 

From Figure 22 the predominant period of the calculated median solution of the 10 profiles is 

approximately 0.4 seconds. The nine additional solutions share the predominant period and the 

median Vs profile solution is approximately 0.3 seconds. Figure 23 presents the NL median 

predicted response spectra from all nine additional profiles with the median Vs NL predicted 

response spectra for the west site.  Similar to Figure 22 expect in this figure the NL instead of 

the EQL predicted response spectra are presented.   

 

The predominant period of the calculated median solution of the 10 profiles is approximately 

0.4 seconds,. and most of the additional profiles yielded response spectra that is less than the 2/3 

site class D response spectra except periods from 0.5 to 1.0 second. 
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Figure 22. Additional Profile EQL response spectra, including the lognormal median of the nine 

additional profiles, and the counted median profile with the site class D design response spectra 

and the 2/3 reduced site class D design response spectra. 

 

 
Figure 23. Additional Profile NL response spectra, including the lognormal median of the nine 

additional profiles, and the counted median profile with the site class D design response spectra 

and the 2/3 reduced site class D design response spectra. 

 



 

35 
 

4.5.4 Results from Near Fault Effects 

Figure 24 presents a comparison between the predicted response spectra using the original 16 

scaled ground motions, and the response spectra using just the near fault ground motions for both 

the NL and EQL analyses.  The predicted response is very similar for both the directionality 

(pulse) time histories, and the original scaled 16 time histories.  However, accounting for near 

fault effects should be performed by selecting 12 pulse time histories from a total of 16 ground 

motions.  This would result in a total of 12 pules and 4 non-pulse motions being combined to 

determine the final design response spectrum.   

 

 
Figure 24. Response spectra comparison between the pulse and the non-pulse time histories. 

 

4.6 Conclusion 

The site response analysis for the Jackson Wilson bridge site was presented in this chapter. To 

reduce overall design costs, the site response analysis aims to lower the spectral accelerations 

used for design.  The site response analysis includes 1) input ground motion selection and 

scaling, 2) the determination of the analysis type, 3) modeling of the dynamic soil properties, 

and 4) the model of the soil stiffness. To properly design for the highest spectral accelerations 

predicted at the site, both sides of the river have been modeled independent of each other. The 

counted median Vs profile is used to perform the site response analysis on each side of the river.  

With the predicted response from the west side of the river yielding greater spectral 

accelerations. To account for more uncertainty in the design, additional profiles were sampled 

from the 1000 “best” fit Vs profiles, and additional analyses where performed.  The next chapter 

will combine these result and determine a final design recommended response spectra.  
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CHAPTER 5 DESIGN RECOMMENDATIONS 

5.1 Introduction 

This chapter present the design recommendations based on the EQL and NL solution types from 

the ten Vs profiles, and includes accounting for the near fault effects.  Only the analyses from 

the west side of the river are used because this side of the river produced the largest predicted 

response spectra.  The design recommended response spectra cannot be lower than 2/3 of the 

site class of the site according to AASHTO (2014). Accordingly, the final design recommended 

response spectra is a combination of the many analyses performed and the allowable reductions 

according the site class of the site.  

 

5.2 Preliminary Solutions 

The uncertainty analyses discussed at the conclusion of chapter 4, took into account ten Vs 

profiles, the NL and EQL analyses, and near fault effects.  Figure 25 presents the median of the 

ten solutions from the EQL and NL solutions with the median Vs profile EQL and NL solution. 

Figure 26 presents the median EQL and NL solutions of the ten profiles used to model the west 

side of the river with the calculated plus/minus on standard deviation of the ten solutions, 

alongside the site class D design response spectra and 2/3 reduced site class D design response 

spectra. The EQL and NL solution were previously discussed and presented in chapter 4. For 

structural analyses these response spectra must be combined into a single response spectrum, 

which will be a composite spectrum from each of these analyses. 

 

 
Figure 25. Median EQL and NL solution from the ten individual Vs profiles with the ten 

individual RS and the median Vs EQL and NL solution. 
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Figure 26. EQL and NL median RS from the ten Vs profiles with the calculated Plus/Minus 1 

standard deviation of the ten profiles. 

 

5.3 Design Recommendations 

AASHTO (2014) recommends, though does not mandate, a procedure that takes into account 1) 

the median input GM, 2) the composite response spectrum at the surface, 3) the amplification 

spectra of the soil column, and 4) the input bedrock site class response spectrum.  The 

recommended, though not mandated, procedure requires the user to determine the amplification 

spectrum by dividing the predicted surface response spectrum by the average input ground 

motion response spectrum to obtain the amplification spectrum.  Then the amplification 

spectrum is multiplied by the code designated bedrock site class to determine the design 

response spectrum.  The code allows the user to smooth out the determine design response 

spectrum by lessening the peaks and increasing the valley’s with the final response spectrum.   

 

Once completed, the user then compared the smoothed spectrum to the code based site class 

spectrum, and the user is not allowed to reduce the design spectral acceleration by less than 2/3 

code based site class spectrum.  However, this procedure of determining the amplification 

spectrum, and multiplying it by the site class of the bedrock, is seen as an unnecessary and 

over-complicated task.  The predicted response spectra inherently account for the bedrock 

stiffness in the EQL and NL formulation.  As such, the authors have chosen to diverge from the 

recommended AASHTO procedure and use the predicted response spectra from the EQL and 

NL analyses directly. 
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Figure 27 presents the NL and EQL response spectra.  These response spectra were combined 

into a weighted composite response spectra by weighting the NL and EQL solutions by 50 

percent each.   The median scaled input GM used in the site response analysis is also presented 

in Figure 27, which allows the user to easily see the period that have been attenuated or 

amplified. 

 

 
Figure 27. EQL and NL calculated median from the ten Vs profiles, weighted composite RS 

from equal parts of the EQL and NL solution and the median input GM. 

 

The final design recommended design response spectra for the Jackson Wilson site is a 

combination of the weighted composite response spectrum that accounts for the variations in the 

Vs profiles, analyses type, and pulse motions.   Figure 28 presents the weighted composite 

response spectra with the site class D and 2/3 reduced site class D design response spectra. The 

design recommendation cannot be reduced to lower than 2/3 the site class D design response 

spectra. The final design recommendations presented in Figure 28 are accompanied by Table 2 

 

5.4 Conclusions 

At periods below 0.3 seconds, the design recommended response spectrum suggests reductions 

to the 2/3 reduced site class D response spectrum. For periods of 0.6 seconds to 1.0 seconds, the 

design recommended response spectrum can be lowered to the predicted spectral accelerations.  

The analyses and design response spectra results in a reduction in the design spectral 

accelerations at nearly all periods when compared to the site class D response spectra, which 

represents the response spectra that would have been used for design if no advanced testing or 

analyses would have been performed.  Hence the advanced testing and analyses likely 

represents a significant cost saving for WYDOT. 
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Figure 28. Design recommended RS for the Jackson Wilson Bridge considering the composite 

spectra and the code allowable reduction in the design accelerations. 
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Table 2. Final design recommended response spectra. 

Period 

(s) 
SA (g)  

Period 

(s) 
SA (g)  

Period 

(s) 
SA (g)  

Period 

(s) 
SA (g) 

0.0100 0.311  0.0570 0.382  0.3247 0.803  1.8498 0.146 

0.0106 0.311  0.0606 0.382  0.3455 0.787  1.9685 0.132 

0.0113 0.311  0.0645 0.378  0.3676 0.797  2.0947 0.122 

0.0120 0.311  0.0687 0.382  0.3912 0.829  2.2290 0.111 

0.0128 0.312  0.0731 0.378  0.4163 0.845  2.3719 0.098 

0.0136 0.313  0.0777 0.382  0.4430 0.804  2.5240 0.084 

0.0145 0.315  0.0827 0.381  0.4714 0.782  2.6858 0.072 

0.0155 0.315  0.0880 0.381  0.5016 0.781  2.8580 0.064 

0.0164 0.317  0.0937 0.389  0.5338 0.763  3.0413 0.057 

0.0175 0.318  0.0997 0.401  0.5680 0.762  3.2363 0.049 

0.0186 0.322  0.1061 0.425  0.6044 0.757  3.4438 0.044 

0.0198 0.327  0.1129 0.435  0.6431 0.761  3.6646 0.039 

0.0211 0.331  0.1201 0.444  0.6844 0.747  3.8995 0.034 

0.0224 0.333  0.1278 0.456  0.7283 0.689  4.1496 0.029 

0.0239 0.330  0.1360 0.476  0.7750 0.651  4.4156 0.026 

0.0254 0.334  0.1447 0.502  0.8246 0.622  4.6987 0.023 

0.0270 0.331  0.1540 0.535  0.8775 0.569  5.0000 0.020 

0.0288 0.334  0.1639 0.565  0.9338 0.489  5.3206 0.018 

0.0306 0.337  0.1744 0.601  0.9937 0.439  5.6617 0.016 

0.0326 0.343  0.1856 0.626  1.0574 0.397  6.0248 0.013 

0.0347 0.352  0.1975 0.639  1.1252 0.346  6.4110 0.012 

0.0369 0.348  0.2101 0.695  1.1973 0.317  6.8221 0.010 

0.0392 0.356  0.2236 0.714  1.2741 0.288  7.2595 0.009 

0.0418 0.367  0.2379 0.741  1.3558 0.257  7.7250 0.007 

0.0444 0.364  0.2532 0.744  1.4427 0.222  8.2203 0.006 

0.0473 0.367  0.2694 0.733  1.5352 0.201  8.7474 0.006 

0.0503 0.372  0.2867 0.769  1.6336 0.185  9.3082 0.005 

0.0535 0.376  0.3051 0.801  1.7384 0.165  9.9051 0.004 
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CHAPTER 6 CONCLUSION 

The objective of this research project was to perform a 1D-site response analysis at the Jackson 

Wilson bridge site for the Wyoming Department of Transportation (WYDOT). The proposed 

bridge replacement will likely take place in the next 3-4 years on Highway 22, between Jackson 

and Wilson, WY, over the Snake River. This report includes; a literature review, data collection, 

data analyses and design recommendations for the seismic accelerations that can be used for 

bridge design. The surface wave testing performed as part of this project includes the site 

classification, which is an important aspect for design accelerations and seismic design 

category. 

 

Passive and active surface wave testing was performed on both sides of the river.  Dispersion 

data was analyzed using the FDBF (Zywicki, 1999), as well as the MSPAC (Capon, 1969; 

Bettig et al., 2001) for the active and passive data, respectively. The resulting composite 

dispersion curves where used along with the layering ratio approach (Cox and Teague, 2016), to 

determine acceptable shear wave velocity profiles. Inversion analyses where completed using 

the open source computer software, Geopsy (2005), which uses a neighborhood algorithm to 

search the parameter space for acceptable solutions (Wathelet et. al, 2003). From the millions of 

searched models a layering ration of 1.4 and 1.5 resulted in acceptable answers for the east and 

west abutments, respectively. On the east side of the river, the maximum depth of resolution 

was 42 m and the site classified as a seismic site class D.  On the west side of the river, better 

low frequency data resulted in a depth of resolution of 82 m and a seismic site class D. Although 

efforts to determine the depth to bedrock were attempted, no evidence based on Vs values 

greater than 2,500 m/s (8,200 ft./s) concerning a hard, stiff bedrock layer were discovered in the 

surface wave, borehole or well log data. 

 

A disaggregation determined the site was approximately 7 km (4.4 miles) from the Teton Fault, 

a normal fault that is capable of producing a magnitude 6.6 earthquake (USGS, 2018). Input 

ground motions for the site response analyses were obtained using the PEER strong motion 

database (NIED, 2012; PEER, 2018), and scaled to the hazard at the site using a target UHS 

based on the probability exceedance of 7 percent in 75 years (USGS, 2018). In total, to predict 

uncertainty accurately 16 ground motions were used in the site response analyses. The freely 

available software program DEEPSOIL (Hashash et al., 2016) was used to perform both EQL 

and NL analyses for both sides of the river.  Using 16 time histories, two Vs profiled and both 

EQL and NL analyses, resulted in over 64 site response analyses being performed. The west 

side of the river proved to have higher predicted spectral accelerations than the east site, and in 

order to account for uncertainty in the Vs profiles, an additional nine Vs profiles were randomly 

selected from the west side data for additional site response analyses. This resulted in an 

additional 288 analyses. Near fault effects were accounted for by collected an additional 12 time 

histories.   

 

The AASHTO (2014) design guide recommends accounting for uncertainty associated with site 

response analyses but does not specify the manner of accounting for this uncertainty.  Therefore, 

the authors used a few different methods to determine a final design response spectrum. A 

median response spectrum was calculated using 10 spectra for both EQL and NL analyses. 

These median responses were then combined into a single composite spectrum using an average 

of the two computed medians.  The input time histories included all 16 non pulse and 12 pulse 
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motions that were scaled the UHS for this site.  The composite spectrum was determined and 

can be used for design if the governing agency (i.e. WYDOT) chooses. Alternatively, the 

AASHTO (2014) code encourages additionally conditioning to determine the design response 

spectra.  This conditioning is done by computing the amplification spectra then multiplying the 

amplification spectra by the generic bedrock code response spectra on a period-by-period basis 

to determine the final design response spectra.  The final design spectra can then be used for 

design. It is the author’s opinion, the composite spectra, determined from the median results, 

adequately captures the response from the site and additional conditioning is not necessary, 

especially if uncertainty bounds are included with the final design response spectrum.  

 

Regardless of the method used to determine the final design response spectra, AASHTO (2014) 

does not allow the final design spectral acceleration to be less than 2/3 of the seismic site class 

determined response spectra (2/3 of site class D, for this site). Likewise, the design response 

spectra does not need to be greater than the seismic site class D response spectra. Therefore, the 

final design response spectra is a combination of the site class D, 2/3 site class D and the 

composite spectra. In a period-by-period fashion the design response spectra is the greater of the 

2/3 site class D response spectra or the composite response spectra, and it is never greater than 

the site class D response spectra. The final design response spectra when combined with the 

generic site class shows that at many periods the design spectra is less than the site class D 

response spectra. Depending on the period of the bridge (not yet determined), this may result in 

a substantial cost savings. The site response analysis provided more accurate seismic loading 

scenarios for the bridge site than the standard code based design. 

 

Future work concerning pile driving and shear wave velocity correlations could result in better 

predictions of drivability. The difficulties of measuring surface wave data at gravelly sites, is a 

concern and future work may include attempting to develop better analytical tools or analyses 

procedures to get better signals in these conditions.  Future research could also include a 

determination of how much cost saving were achieved due to advanced studies or revolve 

around how to better predict modulus reduction and damping curves for a gravely site current 

work in the latter area has not yet been performed as gravel are difficult to sample and large lab 

apparatus are needed for lab tests. 
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	CHAPTER 1 INTRODUCTION 
	1.1 Research Goals and Objectives 
	The Jackson Wilson Bridge over the Snake River between Jackson and Wilson, WY is planned to be replaced by WYDOT within the next three to four years.  The site is about 6 km from the Teton fault, which is capable of producing a magnitude 6.6 earthquake, according to the United States Geological Survey (USGS). The seismic forces used for design of the bridge can be determined using a number of methods.  The method presented in this project, one-dimensional (1D) site response analyses, involves modeling the s
	 
	1.2 Report Organization and Research Goals 
	In order to properly perform a site response analyses, the soil properties must be measured or correlated to similar soil types, appropriate input ground motions must be obtained, and an analyses must be performed. In order to explain the complexities involved with each of these parameters and steps, this report is organized into six chapters and is organized as follows.  The interested reader is referred to a more in-depth and complete report written by Frazier (2019) 
	 
	Chapter 1 includes the introduction, project goals, and project motivation. Chapter 2 includes a brief literature review. Chapter 3 provides the reader with the project site details including, previously recorded borehole data, the surface wave data gathering locations and analyses procedures, and other necessary information to model the site and determine the shear wave velocity for each abutment. 
	 
	Chapter 4 includes the procedures used in the 1D site response analysis. These procedures include the scaling and determination of the input ground motions, the analysis types used in the procedure and the dynamic soil properties used for the models for the east and west side of the river. Additionally, chapter 4 presents the 1D site response results including uncertainty analyses and modeling for near fault effects. Chapter 5 presents the final design response spectra and the procedures used for its determ
	 
	The goal of this project is to perform a 1D site specific seismic site response analysis at the bridge location, and to provide design earthquake accelerations for the structural bridge design team.  The project is motivated by a desire to provide a more accurate estimate of the design ground motions when compared with the standard code based procedure. The desirable possibility of reduced design acceleration was realized in this project and the bridge design team may elect to use these reduced design accel
	  
	CHAPTER 2 LITERATURE REVIEW 
	2.1 Introduction 
	In Wyoming, the Jackson Wilson Bridge over the Snake River is due to be replaced by the Wyoming Department of Transportation (WYDOT) in the next 3-4 years. The goal of this project is to perform a 1D site-specific seismic site response analysis at the bridge location, and to provide more realistic seismic design spectral accelerations for the WYDOT structural bridge design team. In order to perform these analyses, surface wave data has been measured at the site, input ground motions have been obtained, and 
	 
	2.2 Code versus Advanced Procedure  
	The American Association of State Highway and Transportation Officials (AASHTO), American Society of Civil Engineers (ASCE), and International Building Code (IBC) have all specified similar seismic design regulations to prevent the loss of life and prevent structure collapse. The current codes; ASCE 7, 2016, IBC, 2018, and AASHTO, 2014, help guide the design of most structures in the U.S. with each focusing on a unique structural type (i.e. buildings, bridges and roadways). These codes also encourage the us
	 
	A site-specific procedure may consist of a site-specific hazard analysis, a site-specific ground motion analysis, or both. The site-specific hazard analysis should be considered, regardless of the site classification, if one of the following conditions are met: 1) the structure is deemed critical and a desire to meet the seismic performance objectives is desired, or 2) information about one or more of the active seismic sources in the project’s location has become available since the development of the 2006
	  
	2.3 Site-Specific Seismic Site Response Analysis 
	Site response analyses are a powerful tool that can be used to predict the design forces used in seismic design for geotechnical and structural engineering applications. These include retaining walls, liquefaction susceptibility, bridges, buildings, tunnels and others.  In order to perform 1D site response analysis, one must determine appropriate 1) type of analysis (equivalent linear, 
	nonlinear, etc.), 2) input ground motions, 3) dynamic soil properties, and 4) soil stiffness and layering. The proper determination of each of these variables can have an effect on the predicted ground motions at the site and may influence the overall cost of the project or remediation needed to withstand the design forces. The remaining four sections of this chapter provide the reader with a brief review of previous literature and important information regarding each of the four important inputs used for 1
	 
	 2.3.1 Analysis Procedure 
	When performing advanced site response analyses there are many model types (including 1D, 2D and 3D models), as well as analyses types (linear, equivalent linear and fully nonlinear). One dimensional seismic site response analysis employing either equivalent linear or nonlinear analyses are the most common. These analyses are much less complicated than the 2D and 3D analyses, while still accounting for soil nonlinearity. One dimensional site response analyses are valid at sites that lack of topographic or b
	 
	Many software packages have been developed to model 1D site response analysis, including Shake, DEEPSOIL and Strata (GeoMotions, 2009; Hashash et al., 2016; Rathje and Kotke, 2018, respectively). DEEPSOIL was used in this analysis because of the user-friendly format, the software’s ability to perform the EQL and NL analyses simultaneously, and DEEPSOIL is a freely available software that WYDOT personal can download and use in the future. 
	   
	 
	Figure
	Figure 1. Site Specific Seismic Site Response Analysis (from Nikolaou, 2009). 
	 
	2.3.2 Input Ground Motion and Scaling 
	Input ground motions can be determined synthetically, from recorded ground motions or a combination of the two. Synthetic ground motions require special consideration, which have not been used in this study, and therefore, will not be discussed further. Databases of recorded motions, including the Pacific Earthquake Engineering Research Center (PEER) or Kik-net databases (Okada, 2004; PEER, 2018; NIED, 2018); which includes recorded data from past earthquakes for many countries, which are typically used in 
	 
	2.3.3 Dynamic Soil Properties 
	The dynamic soil properties used in 1D analyses are the shear modulus (G) and damping ratio (D). Many relationships have been developed to model these dynamic soil properties of various soil types (Kondner and Zelasko, 1963; Hardin and Drnevich, 1972; Hasash and Park, 2001). Each of these models build upon, and modify the modulus and damping relationship of previous researchers, however, each are based on the shear stress shear strain cyclic behavior outlined by Masing (1926). It is important to note that t
	    
	2.3.4 Surface Wave Testing 
	The most common surface waves result from body wave interactions with the surface of the earth and can be categorized as either: Rayleigh or Love waves. Rayleigh waves are a result of an interaction between primary waves and secondary vertical waves creating both a vertical and horizontal motion resulting in a retrograde elliptical particle motion. Love waves are a result of secondary horizontal waves and have no vertical motion, but can be oriented in either a vertical or horizontal direction with the part
	 
	In practice, measurement of surface waves can be performed using active and passive techniques. The active technique is used when a seismic energy source is generated at a set location, or shot location, relative to the seismic sensor array.  Typically the data recording is triggered by the trigger switch attached to the hammer source, and collection occurs over a set time period (Eker et al., 2012). Within active surface wave testing there are two main types of tests: spectral analysis of surface waves (SA
	 
	In contrast to active testing, passive testing uses the ambient earth motions as a signal, instead of an introduced source. Passive surface wave testing data is continuously collected as a continuous time series and motions from ambient field sources are recorded. Passive surface wave testing can be categorized as either the refraction micro-tremor (ReMi; Louie, 2001) or micro-tremor array method (MAM; Okada, 2003; Hayashi, 2008).  In general, passive surface wave testing results in much lower frequency con
	 
	Once data has been collected, using any of the above methods a dispersion curve can be determined. Engineers are interested in both the near surface Vs, as well as depth to bedrock and the Vs of the deep soil layers. In order to determine both the near surface and deeper soil Vs both high and low frequency data must be obtained. Generally the higher frequency data comes from the MASW data collection, while the lower frequency from the ambient MAM data.   
	 
	There are many methods that can be used to estimate the dispersion curve from the recorded data, these include, frequency domain beamformer (FDBF) for MASW data, frequency-wave number transformation (FK), the modified spatial auto-correlation (MSPAC), and the high-resolution frequency-wave number transformation (HRFK) for MAM data (Capon, 1969; Zywicki, 1999; Bettig et al., 2001). Once the passive and active data have been analyzed, they compose the combined dispersion curve at all measured frequencies. Thi
	 
	Because of the nonlinear, ill-posed, and mixed determined nature of the inverse problem (Foti et al., 2009) it is not possible to directly solve for the Vs profile from the experimental dispersion data. A number of inversion schemes are available to determine the Vs profile from an experimental dispersion curve including linear regression models, Tikhonov regularizations and iterative least-squares models (Santamarina and Fratta, 2005; Aster et al., 2013). 
	 
	Iterative least squares solutions allow for automation of the inversion (Xia et al., 1999) and use a trial layered earth model with assumed or assigned P-wave velocity (or Poisson’s ratio), Vs, mass density and layer thickness, from which an associated theoretical dispersion curve is calculated. The model then compares the measured experimental dispersion curve with the calculated theoretical dispersion curve associated with the trial Vs profile, if a satisfactory fit between the two curves is found, the Vs
	 
	As outlined by Griffiths et al. (2016b), the Geopsy (2005) software package, used in the inversion process, uses a forward 1D seismic wave propagation model developed originally by Thomson (1950) and Haskell (1953) and later modified by Dunkin (1965) and Knopoff (1964) to calculate theoretical dispersion curves for each trial layered earth model. The Geopsy (2005) software allows the user to define an initial trial model with variable stiffness and thickness constraints. Geopsy (2005) then uses a Neighborho
	 
	Cox and Teague (2016) outlined an approach to determine the initial Vs parameters without any prior information based on a layering ratio selected for the site. Borehole data can be used to establish layer thickness if desired.  Using the layering ratio approach with the maximum depth of resolution outlined by Comina et al. (2011), the depth of the inversion models can be established for the calculated Vs profile. The layering thickness constraints are also defined in the layering ratio method by the maximu
	 
	2.4 Conclusion  
	In order to perform a site-specific seismic site response analyses determination of: 1) analysis procedures (equivalent linear, nonlinear, etc.), 2) input ground motions, 3) dynamic soil properties, and 4) soil stiffness and layering are necessary. This chapter has provided the reader with a brief review of relevant information concerning analysis type, input ground motions, and dynamic soil properties.   The interested reader is referred to Frazier (2019) for a more detailed review. The basics of surface w
	  
	  
	 
	CHAPTER 3 SUB-SURFACE INVESTIGATION AND SURFACE WAVE DATA ANALYSIS 
	3.1 Introduction 
	This chapter presents information concerning the bridge and fault location, borehole and subsurface data collected as well as the data analyses used to determine the Vs profile. Data for this project was collected on both sides of the river at four locations during two separate trips, one in September 2017 and the other in September 2018. The measured data resulted in an experimental dispersion curve that was used in the inversion analyses to determine appropriate Vs profiles. Because uncertainty analyses a
	 
	3.2 Project Site 
	The Jackson Wilson Bridge crosses the Snake River on Wyoming Highway 22 between the cities of Jackson and Wilson in northwest Wyoming. The current five span, two-lane bridge is approximately 265 m (880 ft.) long and has been in service since the early 1960’s. It is due to be replaced in fiscal year 2022. The bridge site is 3.8 km (2.4 miles) away from the Teton Fault at the closest point. Figure 2 shows the project site’s relation to the Teton Fault. 
	 
	Based on boring data from 1958, a boring performed upstream of the bridge in 2012 and deep boring performed in coordination with this project, gravelly soils are confirmed to a depth of approximately 27.5 m (90 ft.). Figure 3 presents the locations of the borings performed in 1958 for the current bridge, 2012 for the pedestrian path upstream from the vehicle bridge, and borings performed in 2018 as part of this subsurface investigation and research project. 
	 
	The 1958 borings performed by a third party hired by WYDOT, the borings were all terminated at varying depths, but all four borings indicated gravelly soils at the site. The borings performed by Nelson Engineering (Figure 3) terminated at a depth of 12.6 m (41.5 ft.)  The WYDOT borings (performed by Authentic Drilling) were completed at three locations with two of the borings terminated around a depth of 22.9 m (75 ft.) and one of the borings being completed to a depth of 27.5 m (90 ft.). This deeper boring
	 
	This soil boring data often provides useful information concerning soil type and thicknesses to help constrain surface wave data analyses. At this site, based on SPT data, no definitive soil layering information was discernable; however, the gravelly material appears to become denser as depth increases.     
	 
	 
	Figure
	Figure 2. Approximate location of the Jackson Wilson Bridge in northwest Wyoming.  Inset presents approximate location of Teton fault relative to the Jackson Wilson Bridge which is 3.8 km (2.4 miles) away (Google, Inc., 2018). 
	 
	 
	Figure
	Figure 3. All boring locations used on the Jackson Wilson project site (Google, Inc., 2018). 
	 
	 
	 
	 
	To accurately classify the site and model the soil profile, surface wave data were collected on the east and west sides of the river. Figure 4 presents the testing locations at this site. Surface wave data was collected in September 2017 and again September 2018. Due to access limitations from the water and vegetation on the site, two data collection sites on the west side of the bridge were used. These are labeled as Jackson Wilson West (JWW1) and Jackson Wilson West 2 (JWW2), and were collected during the
	 
	Prior to field data collection, geologic maps, well logs (water and natural resource), and other available information were used to try to estimate the depth to bedrock. One of the goals of this project was to determine the depth of the soil layers above competent rock at the bridge site, which can be an important factor in site response analysis. While the depth to bedrock was not determined prior to field data collection, due to lack of information, it was determined that the bedrock depth was at least gr
	 
	 
	 
	Figure
	Figure 4. Approximate surface wave testing locations for the Jackson Wilson project site (Google, Inc., 2018). 
	 
	 
	The subsurface investigation consisted of a number of methods, including: 1) P-wave refraction, 2) MASW, 3) micro-tremor array measurements (MAM), and 4) Horizontal to vertical spectral ratio (H/V). While not every testing method nor array layout was used at each site, each of these 
	methods was used at least once throughout the project. Details concerning specific tests for each trip and/or site will be discussed in sections 3.3 and 3.4. 
	 
	3.3 East Side of River 
	Based on the boring logs, differences in lithology and layering from the east and west side of the river are not apparent. As mentioned, it was hoped that the data collected on the east side of the river would yield a depth to bedrock, however, as will be shown the data did not yield discernable data at greater depths (i.e. low frequency). This section presents the surface wave testing, dispersion curve processing, and inversion analyses performed for the east side of the river.  
	 
	3.3.1 Jackson Wilson East Site Layout and Data Collection 
	On the east side of the river, multiple tests were performed site including: MASW Rayleigh wave testing, P-wave refraction testing, MAM passive testing, and H/V testing. The testing was performed at the locations and array configurations presented in Figure 5. The P-wave refraction, MASW, and L-array data were collected on the levee parallel to the river, while the triangular passive data were collected on an exposed gravel bar in the middle of the river at a time of low water. Due to the lack of open space
	  
	The P-wave refraction and MASW data were collected using 24, 4.5 Hz vertical oriented geophones spaced at 2 m (6.6 ft.) intervals, and a single Geometrics Geode seismograph. This yielded a total array length of 46 m (150 ft.). The total P-wave record length was 2 seconds with a sampling rate of 0.125 ms and shot locations at each end of the array. As the active source, a 5.4 kg (12 lb.) sledgehammer hitting a steel plate was used. Data collection was triggered using a trigger switch attached to the hammer w
	 
	MASW data were collected using the same layout and equipment as the P-wave refraction data; only the trigger delay, sampling rate, and record length were changed to 0 second, 4 ms, and a 4-second recording interval, respectively. The MASW testing were completed using six shot locations of 5 m (16 ft.), 10 m (32 ft.), and 20 m (65 ft.) from each end of the array. Individual traces were stacked using 10 records at each shot location. Data for each end of the array were analyzed separately and the better of th
	 
	 
	 
	Figure
	Figure 5. Array locations for the Jackson Wilson surface wave investigation on the east side of the Snake River (JWE). Passive triangular array were performed at time of low water level on a gravel bar (Google, Inc., 2018). 
	 
	The L-array MAM used the same 24, 4.5 Hz vertical geophones as the P-wave and MASW testing, however, the spacing between geophones were increased to 5 m (16.5 ft.).  The layout for the L-array consisted of half of the 24 sensors oriented north/south with the remaining sensors turned ninety degrees east/west, as presented in Figure 3.4. This produced an L-array with leg lengths of 55 m (180 ft.) and 60 m (196 ft.). The L-array data were recorded for 30 minutes without an active source using a sampling rate o
	using moist mounded sand. While this coupling may not produce ideal results, the researchers were forced to think creatively when lack of open space and limited options were available. 
	 
	MAM testing using the nested triangular arrays utilized six Nanometrics Centaur digitizers connected to 120-second three component Trillium compact broadband seismometers. A gravel bar between two flowing channels of the Snake River provided the best open space option available where the researchers had permission to test. Sensors were laid out in a nested equilateral triangular pattern as large as the gravel bar would allow, with the larger triangle having leg lengths of 55 m (180 ft.), and the smaller tri
	 
	3.3.2 Jackson Wilson East Data Analyses 
	The DC consists of the MASW data above 10 Hz and the L-array MAM and triangular MAM passive data below 15 Hz. Overlap of the frequency from the two data types established the 
	measured DC used to model the site under investigation. The MASW Rayleigh data were analyzed using the frequency domain beamformer (FDBF) method (Zywicki, 1999). Passive L-array and triangular array data were analyzed using frequency-wave number transformation (FK) and the high-resolution frequency-wave number transformation (HRFK), respectively. The FDBF method produced a measured DC of all the MASW Rayleigh wave shot locations. The FK and HRFK produced measured DC for the L-array MAM and triangular array 
	 
	The passive and active dispersion data were combined into a single plot and, any data that did not follow a clear trend were trimmed and thrown out as part of the data refinement process. The remaining data were combined into a single DC with uncertainty determined as +/- one standard deviation at select frequencies. This data combination resulted in a single DC for the JWE site, where MASW and MAM data were combined to preserve uncertainty, as described by Wood and Cox (2012). 
	 
	As stated previously, one of the goals of this research project was to determine the depth to competent rock. This requires data at low frequencies (i.e., less than 10 Hz). The triangular array data included data at the lower frequencies desired (less than 10 Hz) but it did not produce any discernable trend and was disregarded in its entirety.  The lack of coherent data at low frequencies made determination of the depth to bedrock an impractical goal at this site. It is also 
	noteworthy to mention that the H/V data obtained from the triangular array did not produce any discernable H/V peaks at reasonable frequencies.  The poor triangular array MAM passive data is thought to be a factor of the poor coupling experienced between the sensors and gravels and cobbles (2.5 in. to 10 in. diameter material) on the gravel bar as well as the small size of the array.  
	 
	Figure 6 presents the trimmed measured DC for the JWE site. The L-array MAM and MASW Rayleigh wave data overlap between 10 and 15 Hz, which is expected and helps with the data analyses.  Included in Figure 6 is the median DC that will be used in the inversion process, along with a +/- one standard deviation.  While the depth and low frequency data did not allow for an accurate determination of depth to bedrock, the maximum depth of resolution, as outlined by Comina et al. (2011), allowed the soil profile to
	 
	 
	Figure
	Figure 6. East abutment combined active and passive dispersion data for JWE, after trimming incoherent data, with the median data points included. 
	 
	3.3.3 Jackson Wilson East Inversion 
	The Geopsy (2005) software was used for the inversion process in obtaining the Vs profile. Within Geopsy (2005), the median DC, calculated from the measured DC was used as the starting model to which the theoretical DC would be compared. To determine the initial Vs parameters a combination of borehole data and the layering ratio approach, as presented by Cox and Teague (2016), was used. In total, 37 starting models were investigated with around 200,000 inversions performed for each model. After observing ma
	 
	A layering ratio of 1.4 produced an acceptable DC, with a minimum misfit of 0.538. It is understood that when using the layering ratio approach (Cox and Teague, 2016) without any initial layer boundary conditions that the layering boundaries may not correspond to actual layer interfaces. However, the standard penetration test (SPT) and other boring information did not produce any conclusive boundary layers and the chosen boundaries produced acceptable solutions to the experimental data. The experimental dat
	The 1000 theoretical DC are presented in Figure 7 with the corresponding Vs profiles presented in Figure 8. These Vs profiles were each determined using the same starting model (i.e., layering ration of 1.4) described previously. The 1000 theoretical DC fill the uncertainty boundaries for this model (Figure 7), which will allow for uncertainty to be accounted for in subsequent Vs profiles and site response analyses. The large variation in the 1000 theoretical Vs profiles is due to the inversion analyses pro
	 
	 
	Figure
	Figure 7. East abutment dispersion data with layering ratio 1.4 including 1000 minimum misfit, counted median dispersion, and experimental dispersion. 
	 
	 
	Figure
	Figure 8. East abutment Vs profiles from the 1000 minimum misfit dispersion results with the minimum misfit and counted median Vs profile. 
	 
	3.4 West Side of River 
	This section presents the surface wave testing, dispersion curve processing, and inversion analyses performed for the west side of the river for data collected during JWW3.  Data analyses of the other two data collection sites on the west side of the river are discussed in Frazier (2019).  
	 
	3.4.1 Jackson Wilson West Three Site Layout and Data Collection  
	At JWW3 multiple tests were performed including: MASW Rayleigh wave testing, MASW Love wave testing, triangular array MAM passive testing and H/V testing. Figure 9 presents the location and orientation of the data collection arrays. The MASW Rayleigh and Love wave data were collected on a levee parallel to the river, while the triangular array MAM data was collected in the park to the west of the river. 
	 
	The MASW Rayleigh wave data were collected using the same sensors and data collection parameters outlined at the JWE site. P-wave refraction data was not collected during this data collection trip. The same shot locations utilized at the JWE site were used at the JWW3 site with 10 records staked for each shot location. 
	 
	 
	 
	Figure
	Figure 9. West abutment array locations for the Jackson Wilson surface wave investigation including passive and active data at JWW3 (Google, Inc., 2018). 
	 
	The MASW Love wave data were collected using 24 horizontal oriented geophones spaced at 2 m (6.6 ft.) intervals using the Geometrics Geode seismograph as the MASW Rayleigh wave testing. The MASW Love wave sensors were placed at the same locations as the MASW Rayleigh wave sensors.  The same acquisition parameters, active source 5.4 kg (12 lb.) hammer (striking a shear plank) used for the MASW Rayleigh wave testing were also used for Love wave testing. The Love wave plank was used to generate the horizontal 
	 
	MAM testing using the nested triangular arrays was performed using the Trillium Broadband Seismometers. Four nested triangle arrays were used for this location as described in the following sequence for the long sides of the array; 1) 25 m (80 ft.), 2) 50 m (160 ft.), 3) 100 m (320 ft.) and 4) 200 m (640 ft.). The four triangular MAM arrays discussed all had smaller, nested triangular MAM arrays within them consisting of leg lengths half the distance of the long leg. Sensor locations were determined before 
	 
	3.4.6 Jackson Wilson West 3 Data Analyses 
	The measured DC consists of the MASW Rayleigh wave data above 10 Hz and the four triangular MAM passive data sets below 15 Hz similarly to the data discussed at the JWE site. The Love wave data collected from the active and passive sensors was only used to check that the correct mode was being used for the analyses. The MASW Rayleigh wave data and the triangular array MAM data were analyzed using same procedure described in section 3.3.2.  
	 
	The passive and active dispersion data were combined into a single plot and trimmed using the same guidelines described for the JWE site. Figure 10 presents the trimmed combined passive and active dispersion data. The triangular array MAM data from the 25 m nested triangle overlaps the MASW Rayleigh wave data from 10 Hz to 13 Hz. The lower frequencies collected by the triangular array MAM data relate to the longer wavelengths necessary to sample deeper depths into the soil profile 
	 
	The +/- one standard deviation median DC begins to increase where the triangular array MAM and MASW Rayleigh wave data begin to overlap because there is more variance in the data at this point. The maximum depth of resolution outlined by Comina et al. (2011) allowed the soil profile to be constructed to a depth of 82 m (138 ft.). This depth of resolution allowed the  
	research team to construct a soil model well beyond the code required 30 m depth for the west side of the river.  
	 
	 
	Figure
	Figure 10. West abutment combined active and passive dispersion data after trimming for JWW3, with experimental dispersion curve. 
	 
	 
	3.4.7 Jackson Wilson West 3 Inversion 
	The inversion calculations for the JWW3 site follow the same procedures outlined in the JWE inversion discussion in section 3.3.3. The theoretical DC from the inversion procedure for the west side of the river are presented in Figure 11 with the corresponding Vs profiles presented in Figure 12. As expected, the uncertainty in the dispersion increases at lower frequencies.  For this analysis, 24 starting models were investigated with around 200,000 inversions performed for each starting model.  A starting mo
	 
	 
	Figure
	Figure 11. West abutment dispersion data with layering ratio 1.5 including 1000 minimum misfit, counted median dispersion, and experimental data. 
	 
	 
	Figure
	Figure 12. West abutment Vs profiles from the 1000 minimum misfit dispersion results with the minimum misfit and counted median Vs profile. 
	 
	The Vs profiles presented in Figure 12 were each determined using the same starting model (i.e. layering ration of 1.5). The 1000 theoretical DC fill the uncertainty boundaries for this model (Figure 11), which will allow uncertainty to be accounted for in subsequent SRA. Variations in the 1000 theoretical models are apparent in depth and velocity throughout all depths considered (Figure 3.19).  The 1000 theoretical Vs profiles each increase in stiffness as depths increase, much like the east side models, b
	 
	3.5 Conclusion 
	The Jackson-Wilson bridge site was characterized using borehole data from 11 borings collected from 1958 to 2018. The location of the bridge is within 4.0 km of the Teton fault, which is the only earthquake hazard for this site.  The borehole data combined with the well logs confirm gravelly soil to a depth around 90 ft.  On the east side of the river depths up to 45 m were sampled and on the west site depth of 100 m where sampled. The west abutment provided larger areas, where passive sensors could be spre
	could not be determined.  Vs profiles for both the east and west abutments that will be used for further site response analyses were presented along with the dispersion curves used to estimate the Vs profiles. 
	  
	CHAPTER 4 SITE-SPECIFIC SEISMIC SITE RESPONSE ANALYSIS FOR THE JACKSON WILSON BRIDGE SITE 
	4.1 Introduction 
	This chapter presents the site response analysis (SRA) for the Jackson Wilson bridge site. The desire of the SRA is to predict the design spectral accelerations at the surface of the site.  The prediction will be used for the design of the bridge. SRA includes 1) input ground motion selection and scaling, 2) the determination of the analysis type, and 3) modeling of the dynamic soil properties, which includes modulus reduction curves (G/Gmax) and Vs profile information. 
	 
	The analyses presented within this chapter modeled the east and west sides of the bridge independently. According to AASHTO design guidance (AASHTO, 2014), both sides of the river should be modeled separately and the side with the larger spectral accelerations should be used in design. Uncertainty analyses have been completed by using additional Vs profiles which were selected from the 1000 “best” profiles. The uncertainty analyses were only completed on the west abutment because this side of the river yiel
	 
	4.2 Site Specific Seismic Ground Motions 
	In order to perform site response analyses input ground motions are propagated up through the “soil” column (i.e. model developed with Vs and dynamic soil properties). These motions can be obtained through a variety of methods as stated in chapter 2. For this analysis, ground motions where obtained from the PEER database and scaled to the hazard expected at the site by developing a uniform hazard spectrum using the USGS (USGS, 2018) design tool. 
	 
	4.2.1 Input Ground Motions 
	The input ground motions used in the site response analysis come from recorded time histories of past seismic events at surface recording stations. Using the USGS de-aggregation tool (USGS, 2018), a uniform hazard spectra (UHS) was developed for the Jackson Wilson site. This UHS was given as a site class B/C boundary site condition from the USGS tool (2018), and was used as a target to find input ground motions for the project. The USGS (2018) de-aggregation tool returned seismic parameters at the Jackson W
	 
	The PEER database includes recorded time histories from many countries as mentioned in section 2.3.2. The search of ground motion database using a magnitude range of 6-7 and a distance of 10-50 km resulted in 116 unique time histories. These ground motions do not account for soil characteristics of the site nor do they match the expected hazard.  To account  
	 
	Figure
	Figure 13. USGS (2018) de-aggregation results returned for the Jackson Wilson Bridge site. 
	 
	for the hazard at the site, Sigma Spectra (Rathje and Kootke, 2013) was used to select a suite of ground motions most similar to the UHS developed for the site.  
	 
	Jackson Wilson site, as well as the 16 input ground motions that were selected, are  the most similar to the UHS. Once the 16 input ground motions were selected to represent a seismic event at the Jackson Wilson site, they were scaled to match so that on average they matched the UHS. Figure 14 presents the UHS, the scaled ground motions, and the median of the 16 time histories in terms of the response spectra. Presented in Table 1 are the scaling factors used for each input ground motion along with the dist
	 
	4.2.2 Analysis Types 
	The analysis types used in this research are the equivalent linear (EQL) nonlinear (NL) analyses. Both solutions use the recorded time history of seismic events from surface recording stations, as mentioned in section 4.2.1. The EQL solution solves the site response analysis in the frequency domain while the NL solution solves the site response analysis in the time domain. 
	 
	The EQL solution, as discussed in section 2.3.1, uses an iterative solution to account for the nonlinearity of the dynamic soil properties in each individual layer. The NL solution, also discussed in section 2.3.1, tracks the stress strain history as a function of time using the hysteric stress-strain relationship defined at the beginning of each time step. To eliminate filtering of input ground motions in thick layers, the NL solution requires smaller sublayers to be used in the model construction.  
	 
	Figure
	Figure 14. Uniform hazard spectrum, scaled input ground motions and the lognormal median of the input motions. 
	 
	Table 1. Ground motion scaling factors used for each time history. 
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	The defined dynamic soil properties for each layer are dependent on the soil type in the individual layer and are used to calculate the shear modulus (G) and damping (D) curves for the EQL solution. 
	 
	4.2.3 Dynamic Soil Properties 
	The Jackson Wilson site consists of gravelly soils to a depth of 30 m (100 ft.). Consequently, the pressure dependent Stokoe and Menq (2003) dynamic soil property relationship for gravely soils was used to define the G and D characteristics for all layers and all analyses performed as part of this research. The Stokoe and Menq (2003) G and D relationships are programmed into DEEPSOIL (2016), and didn’t require any modification while building the model. However, the dynamic soil properties for each individua
	 
	4.3 East Side of the River 
	To model the site properly, both the east and west sides of the river need to be modeled independent of one another and the site with the higher spectral acceleration values will be passed on for the final design recommendation. The counted median Vs profile, discussed previously, was subdivided and used for the initial SRA. 
	 
	4.3.1 Modeling Profile 
	The nine layer counted median model, referred to as the median Vs model for the east side of the river, was used as the constructed 1D soil profile for the east side of the river. The nine-layer model needed to be subdivided into smaller layers for the NL solution. Subdivision of all layers in the 1D soil model was done so that frequencies less than 50 Hz were not numerically filtered.  This resulted in a NL model with twenty-three sub-layers. DEEPSOIL (2016) has the ability to calculate the EQL and NL solu
	Figure 15 presents the counted median Vs profile east side of the river. The Vs,30 for the profile is 317 m/s (1039 ft./s), classifying the site as site class D. AASHTO (2014) states the scaled input motions shale be introduced into the model at a defined bedrock layer or where a large contrast in Vs is observed. Due to sampling limitations experienced at the test site, the deepest layer of the model is the bedrock layer that has a Vs of 387 m/s (1270ft./s) at a depth of 42 m (138 ft.).  
	 
	4.3.2 Results 
	Once the model was constructed, and every sub-layer had the dynamic soil properties defined, the input motions from all sixteen seismic events were run through the model using DEEPSOIL (2016). The analyses included both the EQL and NL surface time history prediction.  This resulted in a total of 32 individual analyses.  In order to compare answers from each input time history, the lognormal median was calculated for both the EQL and NL solutions independently. 
	Figure 16 presents the EQL (red) and NL (blue) response spectra for the east side of the river, with  +/- one standard deviation.  Figure 16 also includes the site class D design response spectra, determined using AASHTO (2014), and the reduced two-thirds site class D response spectra.  The site class D response spectra is used in this Figure because it represents the design response spectra if no advanced testing and analyses had taken place. 
	 
	 
	Figure
	 
	Figure 15. Median Vs profile from the JWE site, used for the site response analysis for the east side of the river with bedrock at 42 m (138 ft.). 
	 
	The EQL solution provides higher spectral accelerations than the NL solution for all periods observed. The EQL solution surpasses the spectral acceleration defined by the 2/3 reduced site class D design response spectra from periods slightly greater than 0.1 seconds to 1.0 seconds. The NL solution surpasses the spectral acceleration defined by the 2/3 reduced site class D design response spectra from periods 0.2 seconds to 0.4 seconds, and 0.6 seconds to 0.8 seconds. Neither solution exceeds the site class 
	 
	Figure
	Figure 16. East side (JWE) EQL and NL response spectra with the site class D design response spectra and 2/3 reduced site class D design response spectra. 
	 
	4.4 West Side of the River 
	This section presents Vs and predicated response spectra from the west side of the river.  Although multiple sites and data were initially tested, only data from the JWW3 site was used in the analyses.  As such, this site was used to determine the Vs, and was used for the model development, and was used to predict the spectral accelerations on the west side of the river.  In a later section, the predicted spectral accelerations from the east and west sides of the river will be compared prior to recommending
	 
	4.4.1 Modeling Profile 
	The counted median profile, referred to as the median Vs model for the west side of the river, was used as the 1D soil profile for the west side of the Snake River. The Vs model for the west side of the river was subdivided into thirty-five sub-layers. The greater number of sublayers used in the west, compared to the east, is due to the greater depth of investigation on the west abutment. Figure 17 presents the eight layer median Vs model (35 sub-layer) used to model the west side of the river. The Vs,30 fo
	 
	 
	Figure
	Figure 17. Median Vs profile from the west site, used for the site response analysis soil profile for the west side of the river at 78 m (256 ft.). 
	 
	4.4.2 Results 
	Once the west side model was constructed into the thirty-five layer model, and every layer had the dynamic soil properties defined, the input motions from all sixteen scaled time histories were run through the model, in the same manner as the east side model. This resulted in 32 unique predicted response spectra. The lognormal median of the EQL and NL solution were calculated for each of the sixteen input time histories. This yielded two RS for the west side of the river. Figure 18 presents the EQL (red) an
	 
	The EQL solution provides higher spectral accelerations than the NL solution for all periods observed. The EQL solution surpasses the spectral acceleration defined by the 2/3 reduced site class D design response spectra from periods slightly greater than 0.1 seconds to 2.0 seconds. The NL solution surpasses the spectral acceleration defined by the 2/3 reduced site class D design response spectra from periods 0.2 seconds to slightly greater than 1.0 seconds. The EQL solution exceeds the site class D design r
	 
	 
	Figure
	Figure 18. West side EQL and NL response spectra with the site class D design response spectra and the 2/3 reduced site class D design response spectra. 
	 
	The west side of the river yielded larger spectral accelerations for both the EQL and NL solutions than the predicted spectral acceleration on the east side of the river. Due to the larger spectral accelerations, the west data will be used in the final design recommendations.  Accordingly, the west side data will also be used for perform uncertainty analyses that are used to better account for uncertainty in the final design response spectra recommendations. 
	 
	4.5 Uncertainty and Near Fault Analysis 
	AASHTO (2014) requires that uncertainty be for accounted when performing SRA.  However, how to account for these uncertainties is not clarified.  The EQL and NL solutions will account for a portion of the uncertainty in the final design RS recommendation. However, to account for a larger amount of uncertainty in the solution, 9 additional profiles were randomly selected from the 1000 “best” fit Vs profiles. In addition to accounting for uncertainty AASHTO (2014) also requires SRA to account for near fault e
	 
	4.5.1 Additional Profiles 
	Nine additional Vs profiles were selected from the 1000 best fit Vs profiles.  In order to make sure these nine profiles are acceptable solutions to the inversion they are plotted with the experimental data (Figure 19). 
	 
	Figure
	Figure 19. Counted median DC with the additional nine DC from the randomly sampled profiles. 
	 
	It is clear the nine additional Vs profiles provide acceptable answers to the measured data, and they also provide answers within the uncertainty bounds of the experimental data, which will help carry the uncertainty from the experimental data into the final predicted response spectra.    
	 
	In addition to the DC of the nine additional profiles, the Vs profiles were compared to the 1000 “best” fit Vs profiles to ensure that soil models constructed for the site response analysis would capture a multiple Vs and depth profiles of the soil models presented in the inversion process. Figure 20 presents the Vs profile associated with the nine additional DC, in Figure 19, and the median Vs profile from the west site. Due to inversion constraints, less variability is present towards the surface of the i
	 
	Figure 21 presents the sigma natural logarithm of the nine Vs profiles along with sigma ln of the 1000 Vs profiles generated in the inversion process.  The similarity of the sigma ln ensures that the nine additional profiles statistically represent the 1000 Vs profiles. 
	 
	 
	Figure
	Figure 20. Counted median Vs with the additional nine Vs from the randomly sampled profiles. 
	 
	4.5.2 Additional Ground Motions 
	In order to account for near fault effects, time histories that contain significant near fault effects are to be used in the SRA.  AASHTO (2014) includes a procedure to determine the proportion of pulse time histories versus regular time histories to use for SRA.  Following that procedure 72 percent of the time histories used at the Jackson Wilson bridge site should be pulse time histories.  AASHTO (2014) also recommends using a minimum of seven time histories, which corresponds to at least five pulse time 
	 
	4.5.3 Uncertainty Results from Additional Profiles 
	The nine additional Vs profiles were used to construct models in DEEPSOIL (2016). The same scaled input ground motions, analysis types, and dynamic soil property model procedures were used for the additional nine profiles as described in the previous analyses. All nine additional Vs profiles were divided into sub-layers to ensure numerical filtering below 50 Hz did not occur. 
	 
	 
	Figure
	Figure 21. Calculated sigma ln of the 1000 "best" fit profiles and the nine additional profiles. 
	 
	The shear strain and PGA values were calculated at the layer interfaces in DEEPSOIL (2016).  These plots are not included here for brevity, however, the interested reader is referred to Frazier (2019). It is noted that the PGA’s and shear strains predicted for this analyses are within the range that is appropriate for and EQL solution as reported by Kaklamanos et al. (2013).  
	 
	Figure 22 presents the EQL median solution from all nine additional Vs profiles with the median Vs EQL solution for the west site. The median EQL solution from the nine additional profiles and the median Vs EQL solution for the west is also presented. Also presented in Figure 22 is the median plus one standard deviation and the median minus one standard deviation for all ten Vs profiles.  Because each of the additional Vs profiles was subject to 16 input time histories, Figure 22 represents 160 total analys
	 
	From Figure 22 the predominant period of the calculated median solution of the 10 profiles is approximately 0.4 seconds. The nine additional solutions share the predominant period and the median Vs profile solution is approximately 0.3 seconds. Figure 23 presents the NL median predicted response spectra from all nine additional profiles with the median Vs NL predicted response spectra for the west site.  Similar to Figure 22 expect in this figure the NL instead of the EQL predicted response spectra are pres
	 
	The predominant period of the calculated median solution of the 10 profiles is approximately 0.4 seconds,. and most of the additional profiles yielded response spectra that is less than the 2/3 site class D response spectra except periods from 0.5 to 1.0 second. 
	 
	 
	Figure
	Figure 22. Additional Profile EQL response spectra, including the lognormal median of the nine additional profiles, and the counted median profile with the site class D design response spectra and the 2/3 reduced site class D design response spectra. 
	 
	 
	Figure
	Figure 23. Additional Profile NL response spectra, including the lognormal median of the nine additional profiles, and the counted median profile with the site class D design response spectra and the 2/3 reduced site class D design response spectra. 
	 
	4.5.4 Results from Near Fault Effects 
	Figure 24 presents a comparison between the predicted response spectra using the original 16 scaled ground motions, and the response spectra using just the near fault ground motions for both the NL and EQL analyses.  The predicted response is very similar for both the directionality (pulse) time histories, and the original scaled 16 time histories.  However, accounting for near fault effects should be performed by selecting 12 pulse time histories from a total of 16 ground motions.  This would result in a t
	 
	 
	Figure
	Figure 24. Response spectra comparison between the pulse and the non-pulse time histories. 
	 
	4.6 Conclusion 
	The site response analysis for the Jackson Wilson bridge site was presented in this chapter. To reduce overall design costs, the site response analysis aims to lower the spectral accelerations used for design.  The site response analysis includes 1) input ground motion selection and scaling, 2) the determination of the analysis type, 3) modeling of the dynamic soil properties, and 4) the model of the soil stiffness. To properly design for the highest spectral accelerations predicted at the site, both sides 
	 
	CHAPTER 5 DESIGN RECOMMENDATIONS 
	5.1 Introduction 
	This chapter present the design recommendations based on the EQL and NL solution types from the ten Vs profiles, and includes accounting for the near fault effects.  Only the analyses from the west side of the river are used because this side of the river produced the largest predicted response spectra.  The design recommended response spectra cannot be lower than 2/3 of the site class of the site according to AASHTO (2014). Accordingly, the final design recommended response spectra is a combination of the 
	 
	5.2 Preliminary Solutions 
	The uncertainty analyses discussed at the conclusion of chapter 4, took into account ten Vs profiles, the NL and EQL analyses, and near fault effects.  Figure 25 presents the median of the ten solutions from the EQL and NL solutions with the median Vs profile EQL and NL solution. Figure 26 presents the median EQL and NL solutions of the ten profiles used to model the west side of the river with the calculated plus/minus on standard deviation of the ten solutions, alongside the site class D design response s
	 
	 
	Figure
	Figure 25. Median EQL and NL solution from the ten individual Vs profiles with the ten individual RS and the median Vs EQL and NL solution. 
	 
	 
	Figure
	Figure 26. EQL and NL median RS from the ten Vs profiles with the calculated Plus/Minus 1 standard deviation of the ten profiles. 
	 
	5.3 Design Recommendations 
	AASHTO (2014) recommends, though does not mandate, a procedure that takes into account 1) the median input GM, 2) the composite response spectrum at the surface, 3) the amplification spectra of the soil column, and 4) the input bedrock site class response spectrum.  The recommended, though not mandated, procedure requires the user to determine the amplification spectrum by dividing the predicted surface response spectrum by the average input ground motion response spectrum to obtain the amplification spectr
	 
	Once completed, the user then compared the smoothed spectrum to the code based site class spectrum, and the user is not allowed to reduce the design spectral acceleration by less than 2/3 code based site class spectrum.  However, this procedure of determining the amplification spectrum, and multiplying it by the site class of the bedrock, is seen as an unnecessary and over-complicated task.  The predicted response spectra inherently account for the bedrock stiffness in the EQL and NL formulation.  As such, 
	 
	  
	 
	 
	Figure 27 presents the NL and EQL response spectra.  These response spectra were combined into a weighted composite response spectra by weighting the NL and EQL solutions by 50 percent each.   The median scaled input GM used in the site response analysis is also presented in Figure 27, which allows the user to easily see the period that have been attenuated or amplified. 
	 
	 
	Figure
	Figure 27. EQL and NL calculated median from the ten Vs profiles, weighted composite RS from equal parts of the EQL and NL solution and the median input GM. 
	 
	The final design recommended design response spectra for the Jackson Wilson site is a combination of the weighted composite response spectrum that accounts for the variations in the Vs profiles, analyses type, and pulse motions.   Figure 28 presents the weighted composite response spectra with the site class D and 2/3 reduced site class D design response spectra. The design recommendation cannot be reduced to lower than 2/3 the site class D design response spectra. The final design recommendations presented
	 
	5.4 Conclusions 
	At periods below 0.3 seconds, the design recommended response spectrum suggests reductions to the 2/3 reduced site class D response spectrum. For periods of 0.6 seconds to 1.0 seconds, the design recommended response spectrum can be lowered to the predicted spectral accelerations.  The analyses and design response spectra results in a reduction in the design spectral accelerations at nearly all periods when compared to the site class D response spectra, which represents the response spectra that would have 
	 
	Figure
	Figure 28. Design recommended RS for the Jackson Wilson Bridge considering the composite spectra and the code allowable reduction in the design accelerations. 
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	CHAPTER 6 CONCLUSION 
	The objective of this research project was to perform a 1D-site response analysis at the Jackson Wilson bridge site for the Wyoming Department of Transportation (WYDOT). The proposed bridge replacement will likely take place in the next 3-4 years on Highway 22, between Jackson and Wilson, WY, over the Snake River. This report includes; a literature review, data collection, data analyses and design recommendations for the seismic accelerations that can be used for bridge design. The surface wave testing perf
	 
	Passive and active surface wave testing was performed on both sides of the river.  Dispersion data was analyzed using the FDBF (Zywicki, 1999), as well as the MSPAC (Capon, 1969; Bettig et al., 2001) for the active and passive data, respectively. The resulting composite dispersion curves where used along with the layering ratio approach (Cox and Teague, 2016), to determine acceptable shear wave velocity profiles. Inversion analyses where completed using the open source computer software, Geopsy (2005), whic
	 
	A disaggregation determined the site was approximately 7 km (4.4 miles) from the Teton Fault, a normal fault that is capable of producing a magnitude 6.6 earthquake (USGS, 2018). Input ground motions for the site response analyses were obtained using the PEER strong motion database (NIED, 2012; PEER, 2018), and scaled to the hazard at the site using a target UHS based on the probability exceedance of 7 percent in 75 years (USGS, 2018). In total, to predict uncertainty accurately 16 ground motions were used 
	 
	The AASHTO (2014) design guide recommends accounting for uncertainty associated with site response analyses but does not specify the manner of accounting for this uncertainty.  Therefore, the authors used a few different methods to determine a final design response spectrum. A median response spectrum was calculated using 10 spectra for both EQL and NL analyses. These median responses were then combined into a single composite spectrum using an average of the two computed medians.  The input time histories 
	motions that were scaled the UHS for this site.  The composite spectrum was determined and can be used for design if the governing agency (i.e. WYDOT) chooses. Alternatively, the AASHTO (2014) code encourages additionally conditioning to determine the design response spectra.  This conditioning is done by computing the amplification spectra then multiplying the amplification spectra by the generic bedrock code response spectra on a period-by-period basis to determine the final design response spectra.  The 
	 
	Regardless of the method used to determine the final design response spectra, AASHTO (2014) does not allow the final design spectral acceleration to be less than 2/3 of the seismic site class determined response spectra (2/3 of site class D, for this site). Likewise, the design response spectra does not need to be greater than the seismic site class D response spectra. Therefore, the final design response spectra is a combination of the site class D, 2/3 site class D and the composite spectra. In a period-b
	 
	Future work concerning pile driving and shear wave velocity correlations could result in better predictions of drivability. The difficulties of measuring surface wave data at gravelly sites, is a concern and future work may include attempting to develop better analytical tools or analyses procedures to get better signals in these conditions.  Future research could also include a determination of how much cost saving were achieved due to advanced studies or revolve around how to better predict modulus reduct
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