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SUMMARY 
 

We performed probabilistic and deterministic seismic hazard analyses to develop site-specific horizontal 
and vertical response spectra for use in the seismic renovation program for the Utah State Capitol.  We 
considered a range of earthquake source parameters, recurrence data, and Poissonian, real-time, and fault 
slip rate models to characterize the potential occurrence of large earthquakes on the nearby Wasatch fault. 
Both firm soil and soft rock attenuation relationships were used in the analysis. The rock results were 
modified for the firm soil site conditions using region-specific soil amplification factors.  Near-field 
effects were incorporated from consideration of alternative rupture geometries.   
 

INTRODUCTION 
 

The Utah State Capitol Preservation Board has undertaken a comprehensive restoration and construction 
project for the purpose of renovating the Utah State Capitol in Salt Lake City, Utah.  The purpose of this 
study was to develop site-specific response spectra of earthquake ground motions for use in the design of 
the seismic retrofit of the State Capitol building.  The response spectra and other data presented in this 
paper are documented in detail in a report prepared by Geomatrix for AMEC Earth and Environmental, 
Inc. (AMEC [1]).  These results were developed for use in evaluation and retrofit design of the Capitol 
consistent with guidelines of FEMA 356 (Federal Emergency Management Agency [FEMA] [2]). 
 
The State Capitol was constructed between 1913 and 1915, is about 404 feet long (east-west) by 240 feet 
wide (north-south), and is 283 feet in height. The structural system includes a reinforced concrete frame 
and floor slabs, with granite and marble columns, and steel trusses in the roof and dome.  The foundation 
consists of reinforced concrete spread footings (Cooper/Roberts Team [3]).  The planned retrofit includes 
installation of a base isolation system at the level of the existing footings. 
 
Geomatrix worked closely with personnel from AMEC Earth & Environmental, Inc. (Anaheim and Salt 
Lake City offices) in developing the response spectra, and with personnel at Reaveley Engineers, Salt 
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Lake City, Forell Elsseser Engineers, San Francisco, and members of the Utah State Capitol Preservation 
Committee in the selection of response spectra for use in design of the base isolation system. 
 

SEISMIC SOURCE CHARACTERIZATION 
 
To evaluate site-specific earthquake ground motions for this study, a probabilistic seismic hazard analysis 
(PSHA) was performed to estimate the relationship between the level of ground shaking and the 
probability that the level will be exceeded during specified time periods.  The basic components of a 
PSHA are a seismic source model that characterizes potential sources of earthquakes in the site region and 
attenuation relationships that predict ground motion amplitudes at the site as a function of seismic source 
parameters and source-to-site distances.  An important part of the current methodology for conducting a 
comprehensive site-specific PSHA is the explicit incorporation of uncertainty in characterizing the input 
parameters: location and geometry of seismic sources, maximum earthquake magnitudes, frequency of 
occurrence of potentially damaging earthquakes, and the characteristics of earthquake ground motion 
attenuation.  This approach allows the resulting uncertainty in the analysis results to be quantified and the 
sensitivity to different modeling assumptions to be examined.  A logic tree approach is used to 
incorporate credible alternatives for seismic source interpretations, seismic source parameters, and ground 
motion attenuation models (Figure 1).  
 
Seismic sources include all structures that have some potential for causing strong ground shaking at the 
site.  The seismic source model developed for this study includes two types of sources: (1) fault-specific 
sources, which include mapped late Quaternary faults, and (2) seismic source zones to account for 
seismicity that cannot be attributed to fault-specific sources included in the model. 
 
Fault Sources 
We evaluated potential active faults located within 50 km of the State Capitol site (Figure 2) that were 
judged to be capable of generating magnitude 5 or larger earthquakes and are inferred to have had 
multiple Holocene-late Pleistocene displacements.  The key parameters used to define the seismic hazard 
potential of significant crustal fault seismic sources are: total fault length and plan view geometry; 
probability of activity; maximum magnitude; and recurrence parameters.  The assessment of these 
parameters is based on consideration of the maximum rupture length of faults, seismogenic crustal 
thickness and downdip geometry (used to estimate downdip width), fault slip rates, and paleoearthquake 
event intervals, and timing of paleoearthquakes.  Because the result of the hazard analyses (as described 
later in this paper) showed that the dominant contribution to hazard results from the Wasatch fault zone, 
we present a summary of the source characterization data only for the Wasatch fault zone in this paper.  
The source characterization for other active faults is included in the Geomatrix report (AMEC [1]). 
 
Wasatch Fault Zone 
The 370-km-long Wasatch fault zone forms the eastern boundary of the Basin and Range province 
(Figure 2), and is characterized by nine westward-dipping normal fault segments that exhibit late 
Pleistocene or younger activity (Machette [4]); Hecker [5]).  Three of the central five segments of the 
Wasatch fault zone extend to within 30 km of the site: the Weber, Salt Lake City, and Provo segments.  
Paleoseismic studies show that there have been repeated large-magnitude (moment magnitude, M ~7 or 
larger) earthquakes during the Holocene along these segments of the Wasatch fault zone.  A summary of 
the tectonic data for each of the nine segments is shown in Table 1.  A summary of the geometry of the 
Salt Lake City segment, the closest to the Capitol site, is provided below. 
 
The 46-km-long Salt Lake City segment of the Wasatch fault zone consists of three left-stepping surface 
traces that bound the western base of the Wasatch Range within Salt Lake City (Machette [4]).  The 
northern trace comprises the Warm Springs fault, the central traces comprise the East Bench fault, and the 
southern traces comprise the Cottonwood section.  Two traces of the Warm Springs fault are 

2



0.701
(0.023)

0.808
(0.225)

1.022
(0.251)

0.915
(0.452)

1.129
(0.049)

Attenuation 
Model

Empirical Soil
(0.3)

Modeled
Rock  &

Amplification
(0.1)

Empirical Rock  
& Amplification

(0.6)

Attenuation
Relationship

Maximum
Seismogenic

Depth
Sources Segmentation Segments Dependency

Segment
Interaction

State of
Activity

Total 
Length

Dip
(degrees)

Maximum
Magnitude

Slip Rate/
Recurrence

Rate
(mm/yr or
events/yr)

b-value
Recurrence

Model

Coefficient
of

Variation

15 km
(0.4)

AS 97
(0.358)

SAO 99
(0.134)

Sadigh 97
(0.143)

Idriss 1995
(0.093)

Campbell, 1997
(0.157)

BJF 97
(0.148)

AS 97
(0.325)

Sadigh 97
(0.158)

SAO 99
(0.147)

Wong 02
(1.0)

BJF 97
(0.164)

Campbell, 1997
(0.173)

Collinston

EGSL
O-M

TH

Brigham City

Weber

SLC & 
WV

Provo & 
UL

Nephi

Levan & F

Unsegmented (A)
(0.2)

Segmented (B)
(0.3)

Segmented (C)
(0.4)

Segmented (D)
(0.1)

18 km
(0.4)

20 km
(0.2)

Far West

West

Central

East

Unsegmented
(0.2)

Dependent
(0.5)

Independent
(0.5)

Dependent
(0.5)

SLC & WV

SLC Active
(1.0)

46 km
(1.0)

Active
(1.0)

N/A

55
(0.34)

65
(0.33)

45
(0.33)

N/A

WV

Provo & UL

Provo

UL

Independent
(0.5)

Segmented
(0.8)

N/A

7.0
(0.233)

6.9
(0.634)

5.5
(0.2)

5.75
(0.2)

6.25
(0.2)

6.0
(0.2)

6.5
(0.2)

7.1
(0.133)

Paleoearthquake -
Renewal -

Log-normal (0.4)

Paleo-
earthquake -
Renewal -

Weibel (0.4)

Truncated
Exponential

(1.0)

Slip Rate
(0.2)

1.0
(0.6)

0.8
(0.2)

0.5
(0.5)

0.25
(0.5)

N/A

N/A

1.2
(0.2)

0.75
(0.63)

0.65
(0.185)

0.85
(0.185)

East Canyon

RV & DC

FV & BM & PP

EGSL-O-
M-TH

Wasatch & 
WV & UL

EGSL
O
M
TH

EGSL & O
M & TH

2.007
(0.167)

2.306
(0.329)

2.970
(0.150)

2.605
(0.317)

3.336
(0.037)AS 97 - Abrahamson and Silva, 1997

BJF 97 - Boore, Joyner, and Fumal, 1997
Sadigh 97 - Sadigh et al., 1997
SAO 99 - Spudich et al., 1999
Wong 02 - Wong et al., 2002
UL = Utah Lake
WV = West Valley
EGSL = East Great Salt Lake

O = Oquirrh
M = Mercur
TP =Topliff Hill
FV&BM&PP = Frog Valley & Bald 
                        Mountain & Parleys Park
RV & DC = Round Valley & Deer Creek
F = Fayetteville 

 Notes:

1. Weighting for alternative branches (angled) 
shown in parentheses.

2. Recurrence relationships used with slip rates 
for all faults include (1) truncated exponential 
(0.22), (2) characteristic earthquake (0.65), 
and (3) maximum movement (0.13).
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Figure 1.  Seismic Hazard Logic Tree for PSHA 
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Figure 2.  Map Showing Quaternary Faults in Site Region 
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inferred to extend southward from the range front into Salt Lake City, with the eastern-most trace lying 
about 0.3 km west of the State Capitol (AGRA [6]).  This fault trace, which dips westward away from the 
site, is the closest approach of the Wasatch fault to the site.   
 

Table 1.  Tectonic Activity Information – Wasatch Fault Zone2 
 

 
Segment 

Age of Most 
Recent Movement 

(years)  

Slip Rate (mm/yr) 
[Time Period, ka] 

Recurrence Interval 
(years)  

[Time Period, ka] 

Displacement 
Per Event (m) 

Length 
 (km) 

Collinston Late Pleistocene    30 
Brigham 

City 
3,600 

2,125 ±104 
0.75  [<4.7] 

1.0 – 1.3  [<15] 
1,100 – 3,600 [<4.7] 

1,282 ±138 
1.0 – 2.5 40 

Weber 500? 
1,000 

1 – 3  [~6] 
0.5 – 1.9  [<15] 

1,300 [~6] 
1,782 ±102 

1 – 3 61 

Salt Lake 
City 

1,100 – 1,800 
1,230 ±62 

>1.0  [<8-9] 
0.8  [<19] 

4,000 [<8-9] 
2,400 – 3,000  [<19] 

1441 ±182 

1.5 – 5.0? 46 

Provo 500 – 650 
618 ±30 

1.1 – 1.3 [<5.3] 
1.0 – 1.7  [<15] 

2,400 [<5.3] 
2,297 ±70 

1.5 – 3 70 

Nephi 300 or 500? 
1,148 ±68  

0.8 – 1.3?  [<5.5?] 
0.4 [70 to 4.3] 

1,700 – 2,700? [<5.5?] 
2,716 ±248 

1.4 – 2.5 43 

Levan 1,000? <0.3  [<7.3] >6,300  [<7.3] 1.8 –2.0 30 
 
The west-dipping East Bench fault lies about 3 km east of the south end of the Warm Springs fault.  We 
also consider an alternative rupture scenario where the East Bench fault extends northwestward in the 
subsurface to form a continuous fault with the Warm Spring fault.  For this scenario, the State Capitol is 
considered to lie on the footwall block of the Wasatch fault.  Alternatively, if the East Bench fault 
continues northward in the subsurface, it is possible that the northern extent of this fault may pass east of 
and beneath the site, such that the State Capitol could lie in the hanging wall of the East Bench fault.  For 
this scenario, the closest approach of the East Bench fault is about 1.6 km.  The 61-km-long Weber 
segment is about 5 km north of the State Capitol site at its closest approach, and the 69-km-long Provo 
segment is about 30 km south of the site at its closest approach.   
 
Two rupture models for the Wasatch fault are considered: an unsegmented model and a segmented model.  
In the unsegmented model, the maximum rupture length is not constrained by the geologically defined 
segment boundaries and maximum rupture lengths up to 100 km are considered, allowing for the 
simultaneous rupture of adjacent segments (Youngs [7]).  Based on the results of paleoseismic 
investigations, which suggest the segments have ruptured independently during past earthquakes (Youngs 
[7]; Machette, [4]), relatively low weight [0.2] is assigned to the unsegmented model compared to the 
segmented model [0.8].  Given the unsegmented model, the average slip rate is judged to be in the range 
of 0.5 to 3.0 mm/yr based on the range of values reported by Hecker [5] for the central five segments of 
the Wasatch fault (including the Brigham City, Weber, Salt Lake City, Provo, and Nephi segments).  
Given the segmented model, the maximum rupture length for each segment is taken as the total length of 
the geologically defined segments.  The frequency of earthquakes is based on the recurrence data for past 
surface-faulting events compiled by McCalpin [8] for each of the segments.   
 

                                                 
2  Data from Hecker [5], Black [29]; Lund [30]; Mattson [31]; McCalpin [8]. 
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We use three alternative methods to estimate the recurrence of earthquakes on the five central segments of 
the Wasatch fault (Figures 1 and 2).  We consider that the paleoseismic data for recurrence intervals, as 
summarized by McCalpin [8], provides the best estimate of the recurrence of large earthquakes.  We 
assign 0.8 weight to estimates based on these data.  As discussed by McCalpin [8], there are two 
approaches for using these data.  The first is to make the standard assumption of a Poisson process and 
use the data to assess the average frequency of earthquakes.  The second approach is to use so-called “real 
time” probabilistic models that assume a more periodic behavior for the occurrence of large earthquakes 
and use a renewal recurrence model to assess the probability of occurrence in the next t years, give that to 
years have elapsed since the last earthquake.  We use two standard forms for the renewal model 
distribution presented in McCalpin [8], the Weibel distribution and the log-normal distribution, giving 
equal weight to each.   
 
The critical parameter of the renewal model is the coefficient of variation (COV) of the recurrence 
intervals on an individual fault.  We use two equally weighted estimates of 0.25 and 0.5 for the COV to 
compute probabilities of large (characteristic) earthquakes in the next fifty years for the five central 
segments.  The smaller value is consistent with much of the late Holocene paleoseismic data from the 
Wasatch fault that indicates regular behavior, whereas the variation in late Pleistocene versus late 
Holocene recurrence for rupture of the Salt Lake City segment indicates that the fault behavior is not 
regular, favoring a higher COV, as noted by McCalpin [8, 9].  The recurrence rate for smaller earthquakes 
on the central five segments of the Wasatch fault is an exponential distribution (up to M 6.4) based on 
earthquakes occurring in a narrow zone along the Wasatch fault.  The third alternative for recurrence 
estimation, weighted 0.2, uses the fault slip rates with the three recurrence models (truncated exponential, 
characteristic, and maximum moment) to estimate earthquake occurrence in the same manner as for the 
other faults.  
 
Other Active Faults 
Other Quaternary faults within 50 km of the site that are reported to have Holocene and/or Late 
Pleistocene displacement include the West Valley fault zone, Utah Lake fault zone, Topliff Hill fault, 
Mercur fault, Oquirrh fault, East Great Salt Lake fault zone, and several minor back valley faults located 
east of the Wasatch fault zone (Figures 1 and 2).  Each of these faults was characterized and included in 
the source model as an independent seismic source, except that we assigned a weight of 0.5 to a model 
where the West Valley fault ruptures simultaneously with the Salt Lake City segment, and the Utah Lake 
fault ruptures simultaneously with the Provo segment of the Wasatch fault.  The recurrence for each of 
these faults is based on available fault slip rate information, such as summarized by Hecker [5]. 
 
Regional Aerial Sources 
Four areal source zones are incorporated into the seismic hazard model for this study, with the Wasatch 
fault zone forming the boundary between the central and eastern zones.  These are shown as the East, 
Central, West, and Far West sources on the logic tree (Figure 1).  We developed a catalog of independent 
earthquakes for the project region using available earthquake catalogs for the Intermountain Region.  We 
analyzed the completeness of the catalog prepared for this study, and we used the maximum likelihood 
technique of Weichert [10] and the periods of complete catalog reporting to estimate the recurrence 
parameters for each of the seismic source zones.  The uncertainty in the recurrence relationship for each 
source zone was modeled by specifying a range of possible b-values and seismicity rates and computing 
the relative likelihood that each of the resulting recurrence relationships generated the observed 
earthquake catalog.  These relative likelihoods were normalized into discrete probability distributions for 
the recurrence parameters. We consider the maximum magnitude for an earthquake occurring in the 
seismic source zones to be uniformly distributed in the range of M 5.5 to 6.5, with a mean value of 6.0.   
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SITE GEOLOGIC SETTING 
 

At the State Capitol site, which is located on the north side of Salt Lake City, mapped surficial deposits 
include upper Pleistocene lacustrine sand and gravel that ranges in thickness from a few feet to as much 
as 80 feet (Personius [11]).  The surficial deposits overlie middle to lower Pleistocene lacustrine and 
alluvial deposits that extend to a depth of about 400 to 900 feet.  The Pleistocene deposits directly overlie 
Tertiary conglomerate along the southern margin of the Salt Lake Salient (north of the Capitol) (Van 
Horn [12]), and these Tertiary rocks are inferred to underlie the Pleistocene deposits at the Capitol site. 
 
Based on the available geologic mapping, geotechnical borings, 
and geophysical measurements, including downhole, refraction 
microtremor (ReMi) and spectral analysis of surface waves 
(SASW) techniques, AMEC [1] recommended that the ReMi 
profile shown at the right be adopted to represent the shear wave 
velocity profile at the Capitol site.  The average shear wave 
velocity for the upper 30 m (VS30) of the ReMi profile (from 0 to 
100 feet depth) is about 1380 feet per second (ft/sec).  Based on the 
site classes listed in FEMA 356 (FEMA [2]) and the preferred 
shear wave velocity measurements for VS30, the soils at the State Capitol site are classified as Site Class 
C, very dense soil and soft rock.  The selection of the shear wave velocity profile was based on detailed 
analysis of multiple data sets (as listed above), some of which were characterized by much higher or 
much lower shear wave velocities, and corresponding to Site Class B or to Site Class D.  
 

GROUND MOTION ATTENUATION MODELS 
 

For this study, we utilize the results of the Yucca Mountain Ground Motion Expert Panel study (CRWMS 
M&O [13]) to modify California and Basin and Range region empirical ground motion relationships to 
the tectonic environment of the State Capitol site in Utah.  These modifications account for the effects of 
the characteristics of the earthquake source and the crustal wave propagation path.  Also following the 
Yucca Mountain Expert Panel approach, we adjust the selected attenuation relationships for the lower rate 
of ground motion attenuation (higher Q) in north-central Utah as compared to California.   
 
Selected Empirical and Other Attenuation Relationships 
Empirical attenuation relationships for firm soil conditions developed by Abrahamson [14], Boore [15], 
Campbell [16], Sadigh [17], and Spudich [18] are used in this study as the empirical firm soil attenuation 
group. Empirical relationships for soft rock site conditions by the previously listed authors and by Idriss 
[19], modified for the firm soil conditions at the State Capitol site (as described below), are used in this 
study as the empirical rock attenuation group.  The relative weighting of each relationship as defined by 
the Yucca Mountain project team is shown on Figure 1. 
 
Another recent study for the Salt Lake Valley region used both empirical attenuation relationships for soft 
rock site conditions and a numerical modeling approach (Wong [20]) to evaluate ground motion hazards.  
The numerical modeling approach used by Wong [20] is a point-source version of a stochastic ground 
motion model developed by Silva [21].  This stochastic attenuation model was utilized to compensate for 
the lack of region-specific attenuation relationships, and was developed for a soft rock site condition.  We 
also use the Wong [20] stochastic attenuation relationship in this study, with modification for firm soil 
conditions as described below.  
 
Region-Specific Soil Amplification Factors 
Wong [20] developed a series of amplification factors for the various soil types and thickness ranges 
present in the Salt Lake Valley region to use with the empirical and stochastic attenuation relationships 

Depth (feet) Shear Wave 
Velocity (VS, ft/sec) 

0-23 730 

23-43 1750 

43-243 1930 

243-833 3000 

833-4770 6400 
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for soft rock conditions.  We used the factors for the older alluvial fan/glacial gravel site response units 
for 400 to 800 feet thickness range.  In addition, we represent the site factors as the average of the 
amplifications developed using the Electric Power Research Institute (EPRI [22]) and Peninsular Ranges 
modulus reduction curves (EPRI, [22]), and Silva [21], respectively).  These soil amplification factors are 
applied to the empirical rock attenuation group, and to the rock attenuation relationship developed from 
the stochastic numerical ground motion modeling approach. 
 
Attenuation Models for the PSHA 
In summary, three groups/models for ground motion attenuation are included in the PSHA (with weights 
as shown on Figure 1): an empirical soil group; an empirical rock group with site amplification; and a 
numerical-modeled rock relationship with site amplification.  The rock attenuation relationships with soil 
amplification are assigned larger weight in the logic tree because these relationships are considered to 
better represent the site conditions at the State Capitol site than the soil attenuation relationships.   
 
A further modification of the ground motions is made to account for the fault interaction between the 
West Valley fault and Salt Lake City segment, and the Utah Lake fault zone and the Provo segment.  In 
the situation where simultaneous rupture occurs on these fault pairs, the mean and standard deviation of 
the log amplitude of ground motion are increased by the average of the factors developed by the expert 
panel for the Yucca Mountain project (CRWMS M&O [13]) to account for interaction between 
simultaneous ruptures on parallel normal faults. 
 
Comparison of Attenuation Relationships with Site Response Results 
We calculated probabilistic and deterministic spectra, as described in the following section, both with and 
without the site amplification factors for comparison to the results of the site response studies carried out 
by AMEC [1] using the SHAKE computer program.  We calculated amplification factors for three 
probabilities of exceedance (2%, 10%, and 50% in 50 years) and for a deterministic scenario earthquake 
for the empirical rock attenuation group (with amplification/without amplification) and we calculated 
amplification factors from a comparison of the empirical soil versus empirical rock attenuation 
relationships for the deterministic scenario earthquake.  These amplification ratios are shown on Figure 3 
along with the mean amplification ratios calculated from the results of the SHAKE site response analysis 
performed by AMEC [1].  The ratios plotted from the empirical and stochastic (modeled) attenuation 
relationships using the selected site amplification ratios are in good agreement with the ratios obtained 
using SHAKE.  The maximum amplification of about 2 occurs at a period of about 1 second and 
decreases to a value of about 1.25 at periods equal to or greater than about 4 seconds.  In contrast, the 
amplification based on the lower-weighted empirical soil attenuation relationships reaches a constant 
value of about 1.75 at periods equal to or greater than about 1.5 seconds. 
 

PROBABILISTIC AND DETERMINISTIC SEISMIC HAZARD RESULTS, AND 
DEVELOPMENT OF HORIZONTAL AND VERTICAL RESPONSE SPECTRA 

 
The results of the probabilistic seismic hazard analysis (PSHA) are presented as horizontal equal-probability-
of-exceedance (i.e., equal-hazard) response spectra. Deterministic response spectra are developed for 
significant (controlling) seismic sources identified from the PSHA.  These spectra are used to develop 
recommended design-level horizontal and vertical response spectra.   
 
Probabilistic Seismic Hazard Results 
For hazard computations, the fault-specific sources were modeled as segmented planar surfaces.  The areal 
source zones were modeled as a set of closely spaced parallel fault planes occupying the source regions.  The 
probability density function for distance to earthquake rupture for each source was computed assuming 
earthquake ruptures were uniformly distributed along the length of the fault plane.  The depth distribution for 
earthquakes was based on the observed depth distribution for well-located earthquakes.  The distance density 
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functions were computed consistent with the distance measure used in each of the attenuation relationships.  
A rectangular rupture area for a given size earthquake is located at a random point on the fault plane for the 
distance calculations. 
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Figure 3. Comparison of Amplification Ratios from Wong [20] Amplification Factors and Rock 

Attenuation Relationships with Mean Soil-to-Rock Amplification from SHAKE Analysis 
 
The rupture size of an event was specified by the relationship: ln (area [km2]) = 2.095M – 7.88 developed 
from the results presented in Wells [23].  The specified relationship gives the mean rupture area for a specific 
magnitude rather than the median (mean log) rupture area.  The hazard was computed with the distribution in 
peak ground motion about the median attenuation relationships truncated at three standard deviations. 
 
Distributions for the annual frequency of exceeding various levels of peak ground acceleration (PGA) and 
spectral acceleration (SA) were developed by performing hazard computations with the input parameters 
defined by each branch of the logic tree.  The hazard was computed considering the contributions of 
earthquakes of magnitude M 5 and larger.  At each ground motion level, the complete set of results forms a 
discrete distribution for frequency of exceedance.  The computed distributions were used to obtain the mean 
frequency of exceeding various levels of peak ground motion (mean hazard curve).  The logic tree represents 
our best judgment as to the uncertainty in defining the input parameters. 
 
The computed mean total hazard curves for horizontal PGA and for 5%-damped horizontal SA at a period of 
1.0 second at the site, based on the empirical soil attenuation relationships, are shown on Figure 4.  Also 
shown on Figure 4 are the mean hazard curves for the individual fault sources and the combined areal source 
zones. We note that the relative contributions to hazard from different seismic sources using the empirical soil 
attenuation relationships are representative of the relative contributions to hazard based on the empirical rock 
and modeled rock attenuation relationships.  Figure 4 shows that as the level of ground motion increases with 
increasing return period, the Wasatch fault increasingly dominates the hazard at the site. 
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Figure 4. Contributions from Seismic Sources to Total Mean Hazard (Emp. Soil Attenuation) for 

Peak Ground Acceleration and 5%-Damped Spectral Acceleration at a Period of 1.0 Sec. 
 
Magnitude and distance contributions to the total hazard for probabilities of exceedance of 10% in 50 years, 
corresponding to a return period of 475 years, are shown on Figure 5. The plots for the 475 year return period 
(and for the 2475 year return period) show that the dominant contribution to hazard results from earthquakes 
of M 6.75 to 7.25 occurring on the Salt Lake City and Weber segments of the Wasatch fault at distances of 
less than 10 km.  For the 72 year return period, the contributions to hazard are broadly distributed from 
earthquakes of M 5.25 to 7.25, occurring at distances of 0 to 75 km. 
 
Based on the above analyses and additional sensitivity analyses completed for the Geomatrix report (AMEC 
[1]), the major contributors to the uncertainty in the hazard are the selection of the alternative attenuation 
relationships, and assessment of maximum magnitude, recurrence rate and form of the magnitude distribution 
for the faults.   
 
Development of Equal-Hazard Response Spectra  
Probabilistic (equal-hazard) response spectra were developed from interpolation of the seismic hazard curves 
computed for PGA and 5%-damped SA at eight periods (0.07, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, and 4.0 seconds).  
The spectra represent the average horizontal component of ground motions incorporating the predictions of 
the ground motion attenuation relationships.  The response spectra for the amplified empirical rock, amplified 
modeled rock, and soil attenuation groups were combined using the weighting shown on Figure 1 (weights of 
0.6, 0.1, and 0.3, respectively) to develop mean equal-hazard response spectra.  These results are 5%-damped 
equal-hazard horizontal response spectra for probabilities of exceedance of 50%, 10%, 5%, ~3.3%, ~2.5%, 
and 2% in 50 years, corresponding to return periods of 72, 475, 975, 1500, 2000, and 2475 years, 
respectively. 
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Figure 5.  Relative Contributions from Earthquakes in Different Magnitude and Distance Intervals 
to Hazard for Peak Ground Acceleration and 5% Damped Response Spectral 
Acceleration at a Period of 1.0 Second for 10% Probability of Exceedance in 50 Years 

 
Development of Deterministic Response Spectra and BSE-1 and BSE-2 Response Spectra 
Two levels of ground motions, Basic Safety Earthquake 1 (BSE-1) and BSE-2, were developed following 
the guidelines of FEMA 356 (FEMA, [2]).  BSE-1 and BSE-2 ground motions are recommended for use in 
consideration of life safety and collapse prevention performance criteria, respectively.  These spectra are 
developed from median probabilistic (2% and 10% probability of exceedance [PE] in 50 years), and 
median deterministic response spectra based on the characteristic earthquake for the controlling fault.  
The seismic hazard curves (Figure 4) and magnitude-distance contribution plot (Figure 5) for 2% and 
10% PE in 50 years (and for 2% PE in 50 years) show that the controlling deterministic event is 
appropriately represented by a M 7.0 earthquake occurring on the Salt Lake City segment of the Wasatch 
fault at a distance of 0.3 km from the Capitol site.   
 
Following FEMA 356, we select the lower of the spectral accelerations from the 2% PE in 50 years 
spectra and 1.5*median deterministic spectra to represent the BSE-2 spectrum (Figure 6).  We found that 
these spectra are very similar (within about 2% to 7% of each other at all periods).  The mean 10% PE in 
50 years spectrum is selected as the BSE-1 spectrum (Figure 6) because it is always lower than 2/3*BSE-
2 spectrum.  Adjustment of these spectra for near-field fault effects is described in the following section 
 
Modification of Equal-Hazard Response Spectra and BSE-1 and BSE-2 Response Spectra for Near-
Field Fault Rupture Effects  
The effects of rupture directivity and fault-normal/ fault-parallel motions on the ground motion hazard 
were incorporated using the model developed by Somerville [24].  The State Capitol site is located close 
to the Wasatch fault zone such that adjustment of the response spectra for both rupture directivity and 
fault normal-fault parallel effects need to be considered. We evaluated the contributions from earthquakes 
in different magnitude and distance ranges to the ground motion hazard at each probability level and for 
various ground motions (PGA, 1.0 second, and 4.0 second).  Based on the dominant contribution of 
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characteristic earthquakes 
(~M 7) occurring at 
distances of less than 10 km 
on the Wasatch fault zone 
for the 10%, 5%, 3.3%, 
2.5%, and 2% PE in 50 
years levels, we judge that it 
is appropriate to adjust these 
spectra for near-field 
effects.  At the higher 
probability level of 50% in 
50 years, the ground motion 
hazard results from 
earthquakes having a wide 
range of magnitudes and 
distances (primarily 
earthquakes of less than M 
6.75 at distances greater 
than 5 to 10 km).  Because  

there is no single nearby controlling seismic source for the higher probability level, and because near-field 
effects do not appear to be significant at the mean magnitude and distance ranges of the contributing 
sources for the higher probability level (50% in 50 years), we judge that these response spectra do not 
need to be adjusted for near-field effects. 
 
To estimate the near-field effects, it is necessary to characterize the geometry of the fault source/ 
earthquake rupture with respect to the site location.  The Wasatch fault trends generally north-south, 
which represents the fault parallel direction.  The fault normal direction is east-west.  Because the Capitol 
site lies near a stepover region between the Warm Springs and East Bench faults, it is possible that the 
effective position of the Capitol site is either on the hanging wall or on the footwall with respect to 
potential near-field effects for rupture on the Wasatch fault.  Therefore, we evaluated two potential 
geometries for the location of the Capitol site with respect to the Wasatch fault.   
 
In one scenario, the Capitol site lies on the footwall, at a distance of 0.3 km from the surface trace of the 
Warm Springs fault (dipping 55° westward away from the Capitol site).  In the second scenario, the 
Capitol site is located in the hanging wall at a distance of 1.6 km from the East Bench fault (dipping 55° 
westward under the Capitol site).  We also considered two possible depths for rupture on the fault, the 
mean maximum depth of seismogenic rupture on the Wasatch fault (17.2 km) and a rupture at an 
intermediate depth on the fault plane (10 km).  The mean fault dip (55°) from the seismic source 
characterization logic tree for the Wasatch fault (Figure 1) is used to construct the geometries used to 
evaluate values of Υ and Φ for the directivity equations of Somerville [25].  We calculated mean 
directivity factors from the resulting four combinations of Υ and Φ.  We used equations with and without 
dependence on Φ (equally weighted) to evaluate fault normal and fault parallel factors.  The directivity 
and fault normal/fault parallel factors were combined into a single period-dependent near-field factor that 
ranges from 1.0 at 0.5-second SA for both fault normal and fault parallel components to 1.7 at 4.0-second 
SA for the fault normal component and to 1.1 at 4.0-second SA for the fault parallel component.  The 
fault parallel component is based on the average horizontal component for directivity, without reduction 
for fault parallel factors of less than 1.0, because we are uncertain that a reduction in SA due to a fault 
parallel effect is appropriate.  The resulting BSE-1 and BSE-2 fault normal and fault parallel components 
of ground motion are shown on Figure 6.  
 

Figure 6.  Horizontal Design Response Spectra for 50% Probability 
of Exceedance in 50 Years, BSE-1, and BSE-2. 
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Additional Analyses 
Additional analyses that were completed included comparison of the BSE-1 and BSE-2 with the General 
Response Spectra of FEMA 356, assessment of factors for higher damping ratios, and development of 
vertical response spectra.  We developed General Response Spectra for BSE-2 and BSE-1 following the 
general procedure in FEMA 356 to compare to the site-specific BSE-2 and BSE-1 spectra described 
above.  Specifically, FEMA 356 indicates that the design spectra should not be less than 70% of the 
corresponding General Response Spectra (GRS).  Comparison of the site-specific BSE-2 spectra modified 
for near-field effects with the 70% level of the GRS for BSE-2 indicates that the site-specific BSE-2 spectra 
are higher than the 70% level GRS spectra, except at short periods (~0.1 sec.).  The site-specific short period 
SA therefore could be increased to the 70% level of the corresponding GRS, if these periods are significant 
for structural analyses.  Comparison of the site-specific BSE-1 spectra modified for near-field effects with the 
70% level of the GRS for 10% PE in 50 Years (BSE-1) indicates that the site specific BSE-1 spectrum is 
always higher than the 70% level GRS for BSE-1. Therefore no adjustment for BSE-1 was recommended.  
 
We developed period-dependent factors for use in modifying the 5%-damped spectra to higher damping 
ratios of 10% and 20%.  The factors are based on consideration of theoretical (Rosenblueth [25]) and 
empirical relationships (Abrahamson [26]; Idriss [19]) as described in Risk Engineering [27], as well as 
previous studies of the effects of damping on response spectra by Geomatrix. 
 
To develop vertical response spectra, we evaluated ratios of vertical to horizontal ground motions 
estimated for the deterministic earthquake scenario described above and using vertical and horizontal 
ground motion attenuation relationships of Abrahamson [14], Campbell [16], and Campbell [28].  We 
considered ratios based on attenuation relationships for stiff soil (firm soil and very firm soil) and soft 
rock at the median and 84th percentile levels, with adjustments for normal faulting as recommended by the 
authors.  The final ratios selected for use in the analysis are the average of the ratios for 84th percentile 
ground motions for stiff soil (firm soil) attenuation relationships of Abrahamson [14] and Campbell [29].  
These ratios were developed for PGA and SA at periods equal to or less than 0.5 second, which was the 
period range of interest for vertical ground motion response of the Capitol. 
 

CONCLUSIONS 
 
Elements of the analyses especially significant for development of the design-level ground motions, 
specifically in incorporating all types of data relevant for the analyses and fully characterizing the 
uncertainty in the ground motions include the following items: 

1. Characterization of the site conditions from multiple geotechnical and geophysical data sets to assess 
the depth to hard rock and the shear wave velocity at the site; 

2. Incorporation of fault slip rate, event interval, and real-time probabilities for rupture on the Wasatch 
fault, including assessment of the coefficient of variation for recurrence intervals; 

3. Modification of ground motions to account for fault interaction during simultaneous rupture of the 
Salt Lake City segment and West Valley fault; 

4. Selection and weighting of multiple soil and rock attenuation models, including empirical 
relationships and numerical modeling approaches; 

5. Evaluation and selection of region-specific site amplification factors; 

6. Assessment of near-field fault rupture effects on ground motions, including development of 
alternative rupture models incorporating variation in fault geometry, hypocentral depth, and location 
for initiation of rupture of the Wasatch fault; and 

13



7. Evaluation of ratios of vertical to horizontal spectral accelerations based on empirical attenuation 
relationships for development of vertical response spectra. 
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