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ABSTRACT

A new seismic site coefficient model is developedhis dissertation from the
results of over 60,000 total stress, one-dimensi@uuivalent linear and nonlinear
ground response simulations assuming conditionSaath Carolina. Computed site
coefficients F) are plotted versus average shear wave velocitlyariop 30 m\{s3) and
grouped by location, spectral acceleratid®uon) and spectral period. Locations
considered in the Coastal Plain include Aiken, @&son, Columbia, Florence, Lake
Marion, Myrtle Beach, and the South Carolina sitl8@vannah. Locations considered in
the Piedmont include Columbia, Greenville, Greendyaand Rock Hill. In all the plots
of VszoversuskF, the following three distinct trends can be seeh}af increasing trend
in F asVsgpincreases from a low value; (2) a zone of peakeslofF, depending on
Sucrop @nd (3) a decreasing trend khas Vszg increases beyond the zone of péak

values.

Development of the mathematical site coefficiendeidegins by estimating the
peak coefficientKp) and the corresponding average shear wave velP&ityp for each
VssoF plot. Next, the values ¢fr andVssppare studied to determine the most significant
influencing variables. Variables found to be mosfluential are Suwcrop Mean
predominant period of the outcrop ground motidp)( average shear wave velocity in
the top 100 m\(s109, and depth to top of soft rocklg.c) or hard rock lugr). Then,
regression analysis is applied to the valueBpodindVssor  Finally, assuming the best-fit

values ofFp andVs3os median relationships for the plotted site coedfits are expressed



by a linear relationship for lower values &3, and a linear or exponential relationship

for higher values o¥/s3p

The amount of variability within the plotted sitedfficients is characterized by
95% upper bound and 5% lower bound relationship®e 935% upper bounds are, on
average, 42% higher than the median relationskapd; the 5% low bounds are, on

average, 36% lower than the median relationships.

Computed site coefficients for the Coastal Plasfaund to be greater in Myrtle
Beach, followed by Savannah, Charleston, FloreGodymbia, Lake Marion and Aiken.
More closely matching values @f, and T100 may explain the higher site coefficients in

Myrtle Beach and Savannah.

Computed site coefficients for periods of 0.0, &l 1.0 s (designated Bsca,
Fa, and F,, respectively) are compared with the 1994 NatioHalzard Reduction
Program (NEHRPJ, andF, values, which are commonly assumed in current seism
design codes. Significant differences are foundveeh the computed site coefficients
and the NERHP values, particularly for Site Clasard E, and where the top of rock is

at shallow depths.

The computedrpga Fa andF, median relationships are recommended for South
Carolina because they are: (1) based on regiomalittons; (2) continuous witR'szq (3)
considers depth to rock, and (4) consider the faqu (or period) content of the outcrop

motion. If it is desired to design with more camvsgism than the median relationships



provide, the median coefficients can be increasedd86 to obtain values corresponding

to the 95% upper bound.

Because the proposed seismic site coefficient mmdbélased on a very broad
range of soil/rock conditions, much of it can beedily applied to other areas of the
world. Specific variables needed to apply the nhade: Vsza Vsioo He-c Or Hur, Soutcrop
and T,,. The first three variables characterize the sit€éhe latter two variables
characterize the design rock motion. It is impatrt® remember that the soft- or hard-
rock site coefficients selected should correspanthe Syucrop Values available for the
area. A relationship to estimaig based orHyr and site-to-source distance is suggested
for areas influenced by the Charleston Seismic HbhZane. ThisT,, relationship may

not be applicable for other areas.

Finally, the simplified procedure for constructiagceleration design response
spectrum (ADRS), sometimes called the three-poiBtR& method, is shown to be
generally adequate whérsz, > 200 m/s. However, wheWiszo < 200 m/s, significant
spectral peaks may occur at periods greater titas. 1For this reason, it is recommended
that a multi-point ADRS be plotted with the threams ADRS to check if long-period
accelerations are under predicted. Site coeffisiéor long periods (1.6 and 3.0 s) are
included in the proposed model for constructingtimdint ADRS. The objective of the
multi-point ADRS is not to replace the building eophilosophy, but to present an option
for the designer to make sure that longer periaglacations are not under-predicted by

the three-point ADRS.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Local site conditions can greatly influence growugface motions and structural
damage caused by earthquakes (Kramer 1996). Twhqgeakes that emphasized the
influence of local site conditions on site ampbhfiion and had a major impact on seismic
building codes were the 1985 Michoacan, Mexico, #n@d1989 Loma Prieta, California,
earthquakes (ldriss 1990; Borcherdt 1994). Conastiof importance include the travel
path geology, the underlying basin structure, thiekhesses of soil layers, the small-
strain stiffness and material damping of each layer variation of stiffness and material

damping with shearing strain amplitude of eachiaged the site topography.

Presented in Figure 1.1 is a schematic of earthejua&tion propagation from
source to site. The rupture at the fault initiasde®ss waves that propagate through the
earth to the bedrock beneath the soil layers, aralyf through soil layers to reach the
ground surface. The rupture mechanism and waveagessffects through rock are
modeled in general seismic hazard analysis stydigs, U.S. Geological Survey hazard
maps), which provide ground motion parameters atttp of soft or hard rock. Site
response analysis mainly deals with ground motioopggation from the bedrock

through the soil layers.



Several investigators have noted the particulanifsoignce of small-strain
stiffness represented by shear modulus or sheae walocity on dynamic behavior
(Idriss 1990; Borcherdt 1994; Boore et al. 1994/néw et al. 1994). Because a complete
characterization of small-strain shear wave veyoi;) to bedrock and a site-specific
ground response analysis are often not economitedhlible, the averagé in the top 30
m (Vs39 has been adopted for seismic site classificaf@orcherdt 1994; Seed et al.

1994; Dobry et al. 2000). The value\&fspis computed by:

30
m i (1.1

i=1 Vsj

Vsso =

whereH; is the thickness in meters of laygWs; is the shear wave velocity in m/s of layer

i; andm s the number of layers in the top 30 m.

Profiles withVs3g > 1,500 m/s, 760 ¥s30< 1,500 m/s, 360 ¥/s30< 760 m/s, 180
< Vs30< 360 m/s and/s3p< 180 m/s correspond to site classes designated Bs @, D
and E, respectively, assuming no special cond{iog., peats, highly organic clays, very
high plasticity clays, very thick soft/medium stdfay) that are designated as Site Class
F. These site classes are often referred to adN#tienal Hazard Reduction Program
(NEHRP) site classes after the program study whieeg were first introduced (BSSC

1995).

One of the outputs of ground response analysikdssite acceleration response
spectrum, which is a plot of the maximum spectcaleteration responses of a series of

single degree-of-freedom systems, typically with 8&bnping, for a given base motion.



From the site response spectrum and the input cobtkrop response spectrum, the site

coefficient §) is calculated by:

S

F — S site (12)

outcrop

where S is the soft-rock

site

is the site spectral acceleration at a selectadgieand S,

utcrop

outcrop spectral acceleration at the same period.

The site coefficients for short-period or 0.2Fs)(and long-period or 1.0 $)
adopted in the American Society of Civil EngineStandard ASCE 7-10 (ASCE 2010),
the International Building Code (ICC 2012), and 5&SHTO guide (AASHTO 2011)
first appeared in the 1994 NEHRP provisions (BS9@5). Values of, andF, at small
levels of shaking (peak ground acceleratien®.1 g) were derived from empirical
investigations using strong motion data recordethénSan Francisco Bay area during the
1989 Loma Prieta earthquake (Borcherdt 1994; Joghat. 1994). At stronger levels of
shaking, values df, andF, were derived from the results of one-dimensiow@liealent
linear and nonlinear site response analyses asguvestern U.S. geologic and seismic
general conditions (Seed et al. 1994; Dobry eR@00). These site factors are herein

referred to as the NEHRPR, andF, values.



Figurel.l Schematic ground motion propagation from sourcgteo(after Kramer, 1996).




1.2 Problem Statement

The problem statement of this dissertation is ciweck from the concerns
highlighted by a number of investigators regardimg NEHRPF, andF, values as well
as the recommended site-class based procedure. &dimese concerns include: (1) the
appropriateness of using the 1994 values for swilitions different from the Western
United States; (2) the appropriateness of usingngles value for an entire site class,
regardless of variations in stiffness within a sitass; and (3) the appropriateness of

using a single value that is independent of thetd&ptop of rock.

Several studies using non-Loma Prieta strong maleta sets have providéd
andF, values that are somewhat different from the NEHRRNdF, values. Borcherdt
(2002) obtainedF, and F, values that are slightly greater based on amptibos
observed during the 1994 Northridge, Californiatieguake. Stewart et al. (2003) and
Choi and Stewart (2005) also obtained slightly bigh, and F, values using various
California earthquakes. Park and Hashash (2004yvesthdhat the NEHRHA-, and F,
values may be over-conservative at short periodsusconservative at long periods for
thick soil deposits. Silva et al. (2000) obtaineghgicantly higherF, andF, for C and D
site classes, and lowéi, and F, for E site class using point-source model stodhast
ground motions. Most recently, Baska and Tang (2@idsented response spectra from
the February 2011 Christchurch, New Zealand easkejuhat greatly exceeded design
response spectra based on NEHRRandF,, especially at long periods. Crouse (2011)

indicated that the NEHRP, andF, and the commonly used procedure for constructing



design response spectra may not always captureplemgd acceleration response greater

than 2.0 s.

In South Carolina, studies have shown that the NEHR and F, can be
unconservative (Hwang et al. 1997; Power et al.819%ster and Chapman 2005;
Chapman et al. 2006). Lester and Chapman (2008)nwut peak spectral accelerations in
Columbia that significantly exceeded values predidty the NEHRP values, especially
at spectral periods around 1.0 s. Chapman et @06(2presented results of a ground
response study for conditions in Charleston whegeand F, exceeded the NEHRP
factors. Engineers at SCDOT have also observednsecaative predictions with design
response spectra using NEHRPandF,, compared to the results of site-specific ground
response analysis. Thus, updated seismic siterfaate needed for South Carolina, and

other parts of the world.



1.3 Objectives

The objectives of this dissertation are:

1. To derive new generalized mathematical model&fy F, andF,, as well as site
coefficients at other periods based on conditiopgical of South Carolina.
Conditions typical of Aiken, Charleston, Columbkiorence, Lake Marion, Myrtle
Beach, and the South Carolina side of Savannahr{@goare considered in the
Coastal Plain. In the Piedmont, conditions typia#l Columbia, Greenville,
Greenwood and Rock hill areas are considered. ifhesefficients are derived as a
function of amplitude)Vsso (or stiffness of the soil in top 30 m), mean-pedwant
period of the base motioit{), and fundamental period of the soil in top 10QTaa0).
Computed values df are plotted versu¥sspand grouped by amplitude and period.
For the plottedvVssgF data pairs, median, 95% upper bound and 5% lowandb
curves are constructed. The derived site coeffisiane compared with the NEHRP
Fa andF, values and previous studies.

2. To identify conditions where the commonly used (awinetimes called 3-point)
simplified procedure for constructing acceleratitasign response spectra may not be
appropriate, and to recommend modifications taptteeedure where needed.

3. To investigate the effect of depth to soft rotlg.¢) and depth to hard rock(r) on
the derived models, and to recommend adjustmelrifideats. The effect oHg ¢ is
investigated by assuming hypothetieh).c values of 1.5, 5, 10, 20, 30, 50, 100, and

>100 m. The effect oHyr is investigated by considering geologic information



Aiken, Charleston, Columbia, Florence, Lake Maribtyrtle Beach, and Savannah
areas.

4. To investigate the effect of duration of earthquaketion on predicted surface
acceleration, and to recommend adjustment codfficieThe effect of duration of
earthquake motion is quantified by considering heprake moment magnitud®)

of 5, 6, 7, and 8.

1.4 Dissertation Outline

Chapter 2 presents a literature review of notaldghgquakes that prompted
seismic site response (or site amplification) stsadand the results of those studies. Also
presented in Chapter 2 is the procedure for onexdémonal site response analysis, which

includes equivalent linear frequency domain andliveear time domain analyses.

Discussed in Chapter 3 is a ground response stedgrmed for the Charleston
area (Aboye et al. 2011, 2013b). The contributibthis chapter is a continuo¥sse and
amplitude-dependent seismic site coefficient moRelpresentative soil/rock conditions,
deaggregated seismic hazard parameters, genearattistories, and recommended site
coefficients for the Charleston area are presetked.adequacy of the 3-point procedure
of constructing ADRS curves is checked for shonid éong-period amplification cases,
and a practical recommendation is suggested. Tieetedf geologic realistic and hard-

rock models on seismic response is also discusstisi Chapter 3.



In Chapter 4, the site coefficient model developedthe Charleston area in
Chapter 3 is extended to the South Carolina Cod3tah. Soil/rock, geologic and
seismic conditions representative of sites in Ajk€olumbia, Florence, Lake Marion,
Myrtle Beach, and Savannah are considered. Additiproxy variables not considered in
Chapter 3 are identified. The site coefficient mMosgEommended in Chapter 4 is a

function ofVs3q amplitude Ty, T100, He-c, andHyr.

Chapter 5 presents the results of ground resparalgsis based on conditions in
the South Carolina Piedmont (SCP). Soil/rock andlagc conditions typical of
locations in Columbia, Greenville, Greenwood, aratiRHill are considered. Effects of
multiple earthquake sources, matching target freges, and rock model are analyzed.
The recommended site coefficient model for the S€Rompared with the model

recommended in Chapter 4 for the SCCP.

Presented in Chapter 6 are tabulated maximum mesiti@arcoefficients within a
seismic site class computed from the generalizedesadeveloped in Chapters 4 and 5.
Also presented in Chapter 6 is a discussion orsiiigecoefficients and the acceleration
design response spectra (ADRS) procedure basedeo8duth Carolina Department of

Transportation Geotechnical Design Manual (SCDOTM3D

Presented in Chapter 7 are the conclusions andh@ettcontributions of this

dissertation, and the recommendations for futurdyst



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

The significance of local site conditions on growudface motions and structural
damage caused by earthquakes has been known for yeans (Kramer 1996). Using
damage to structures data from the 1906 San Fmna@&@arthquake, Lawson (1908)
recognized that ground motion intensity can be elated with local geology. Using
microseismic data, Gutenberg (1927) related ancplifon coefficients with subsurface
conditions. Strong motion records from the 1940 &ntro earthquake showed the
damaging effects of long-period ground motions tmucsures far from the epicenter
(Kramer 1996). Since these early observationsinthgence of local conditions has been
illustrated in earthquakes around the world (e.§33 Long Beach, 1957 San Francisco,

1967 Caracas, 1985 Mexico City, 1989 Loma Prietd,2094 Northridge).

Presented in this chapter are: (1) a review oftsletaarthquakes that emphasized
the influence of local site condition on shakingemsity, (2) a brief overview of site
specific seismic response analysis, and (3) a wewk previous seismic site response

studies.
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2.2 Review of Selected Significant Earthquakes

2.2.1 The 1906 San Francisco Earthquake

As reported by Lawson (1908), the San Franciscthgaake occurred on April
18, 1906. It ranks as one of the most significastionic earthquakes, particularly with its
large horizontal displacements and great ruptungtke The rupture occurred from the
San Andreas Fault, and extended as far as 80 kidksnmland from the fault trace. The
intensity of this earthquake was estimated to bet¥1IX on the Modified Mercalli
Intensity (MMI) scale. The earthquake was felt frawuthern Oregon to south of Los
Angeles and inland as far as central Nevada. €hrthquake took the lives of 700

people, and caused fire in the San Francisco area.

Lawson (1908) reported that damage to buildingsftbe 1906 San Francisco
earthquake was strongly related to both the desinghconstruction of the structure, and
the local geology. Structures situated on softreedtary soils sustained stronger shaking

compared to nearby rock sites.

2.2.2 The 1933 Long Beach Earthquake

Based on Heck and Neumann (1933), the 1933 LongclBeg&alifornia,
earthquake occurred along the Newport-Inglewoodt.fés intensity was estimated to be
VIIl on the MMI scale, and had a moment magnitutig)( of 6.4. Although it is a
moderate earthquake in terms of magnitude, it chgseious damage to weak masonry

structures on land fill from Los Angeles south tguna Beach. Most of the damage was

11



reported to occur on landfills, deep water-soaked/iam or sand, and poorly designed

buildings. Property damage was estimated to bendifion, and 115 people were killed.

2.2.3 The 1957 San Francisco Earthquake

As reported by Seed and Idriss (1969), the 1957 F8ancisco earthquake (also
called Lake Merced earthquake) occurred on Marchl237. The epicenter was located
on the San Andreas Fault near Lake Merced, SouBaofFransisco. It had &, of 5.3,

and caused injuries to 40 people and property darnaghe order of $1 million.

Presented in Figure 2.1 are four strong motion rascdrom the 1957 San
Francisco earthquake. These records were madé-am8 100 m- thick unconsolidated
soils and two rock sites. The recordings indicateoasiderable difference in spectral
acceleration depending on the soil/rock conditiditse surface spectral acceleration on
the rock sites (marked by (a) in Figure 2.1) waghhat the short-period; and low at long-
period. This demonstrates the attenuation of loeged (high frequency) amplitudes in
stiff soils. For the soil sites (marked by (b) a@jl in Figure 2.1), the surface spectral
acceleration was low at short-period, and highoaigiperiod. This demonstrates the

amplification of long-period amplitudes in soft Isoi

2.2.4 The 1967 Caracas Earthquake

Seed and Idriss (1982) studied damage that occdwadg an earthquake with
M,, = 6.6 that occurred near the coast of Venezuelaluty 29, 1967. The damage was

estimated to be 240 deaths and $100 million prgpleds. Seed and Idriss (1982)

12



showed that the damage was most severe in: (19-ttodive-story buildings founded on

30 to 50 m thick soil, (2) five- to nine-story hdiihgs founded on 50 to 70 m thick sail,
and (3) 10-plus story building founded on 100 mspihick soil. The selective nature of
the damage highlights the influence of matchingomasice frequencies between the

building structures and the underlying soil columns
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Figure 2.1 Comparison of recorded response spectra from 8% 1San Francisco
Earthquake (Seed and Idriss 1969).
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2.2.5 The 1985 Mexico City Earthquake

According to Seed et al. (1988), thd,, = 8.1 Michoacan, Mexico City,
earthquake occurred on September 19, 1985. It mmturom subduction movement
along the Pacific Coast of Mexico. Damage was mnetdenear the epicenter and
significant some 350 km away in Mexico City. Compleollapse of 7- to 22-story

buildings, death toll of 10,000 people, and propdemage of $6 billion were reported.

Presented in Figure 2.2 are recorded spectral eratieins at one rock and two
soft soil sites with depth to the hard rock of @,&\d 58 m, respectively. The rock site
consisted of &/ = 500 m/s material; and the soil sites consisfeclayey material with
Vs = 75-80 m/s. Based on Seed et al. (1988), shorbghemplitudes were significantly
amplified at the 37-m thick clayey site comparedhe 58-m thick clayey site and the
rock site. For example, tHeGA at the 37-m thick clayey site was about five-tintes
PGA at the rock site. Also noted from Figure 2.2 i® dong-period amplification
(particularly afT > 3.0 s) at the 58-m thick clayey site compacethé 37-m thick clayey

site and the rock site.
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Figure 2.2 Recorded spectral acceleration from the 1985 MeKity earthquake (Seed
et al. 1988).

2.2.6 The 1989 L oma Prieta Earthquake

As reported by Seed et al. (1994), Mg = 7.1 Loma Prieta earthquake occurred
on October 17, 1989 in the Santa Cruz Mountain€alifornia, about 100 km south of
San Fransisco. The death toll was reported to b&,600 housing units were destroyed
and the estimate of total property damage was $8lén. On the MMI scale, the
shaking in the epicentral region was VIII, and kX $an Fransisco and Oakland. This
selective shaking demonstrated the dependencertbiggake damage on site-to-source

distance.
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Presented in Figure 2.3 are plots of spectrallaceon at Yerba Buena Station
(YB) and Treasure Island recording stations (TIheTYB station represented a rock
outcrop withVs = 980 m/s, while the TI station represented a l#ck loose sand
underlain by 17 m of bay mud. The site-to-sourcgadlices of the two stations were
practically the same. However, tHGA and peak spectral acceleratiofS@ were
recorded to be different. The YB station had 0.08 @.17 g°PGA andPSA respectively.
The corresponding values at the TI station wer® @iid 0.75. The amplification at the
Tl station was 2 to 3 times at the short-period] ario 6 times at long-period (Seed et al.
1994). Thus, the difference in amplification empbed the significance of local site

condition during the Loma Prieta earthquake.
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Figure 2.3 Recorded spectral acceleration from the 1989 LBneta Earthquake (after
Seed et al. 1994).
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2.2.7 The 1994 Northridge Earthquake

As summarized by Somerville (2003), tid, = 6.7 Northridge earthquake
occurred on January 17, 1994 in the Santa Susanatsios bordering the San Fernando
Valley, California. Because of the proximity of teicenter to the densely populated
parts of Los Angeles metro area, the effect from tuake is recorded to be the most
costly in United States history. Fifty-seven peopiere killed, 9,000 were injured, and
20,000 people were temporarily displaced. The damags magnified by physical

coefficients, such as ground water depth and defptblluvium and alluvial deposits.

Damage was most severe on channel fills in alludggdosits. Exceptionally high
ground motion PGA = 1.82 g) were recorded at the Tarzana Statioatéolcabout 6 km
from the epicenter. The recordBéAwas 0.3 to 1.3 g at a distance of 10 km; and 0.9 g
and at a distance of 30 km. The Northridge eartkgishowed that near fault ground
motions produce long-period pulses and permanesplatiements, which was not
recognized in the lateral force provisions in then-existing building codes (Somerville

2003).

2.2.8 The 1995 Kobe Earthquake

According to Bachman (1995), thd,, = 6.9 Kobe earthquake occurred on
January 17, 1995 in Japan. It is one of the mosastating earthquakes that had hit
Japan. This earthquake took the lives of 5,500 leeapjured 26,000 people, heavily
damaged over 100,000 buildings, and caused a piyopss of about $200 billion. Kobe

was built on very loose uncompacted soil which ighly susceptible to earthquake-

17



induced liquefaction. Accelerations at these losises were increased by two to three

times compared to rock sites.

2.3 Site Specific Seismic Response Analysis

Site specific ground response analysis takes iotount the rupture mechanism
at the earthquake source, the propagation of seisaves from the earthquake source to
the top of the bedrock, and the modification of desmic waves as they reach the
ground surface (Park and Hashash 2004). The priolggctive of seismic site response
analysis is predicting ground surface acceleratidre steps needed to predict ground
surface acceleration are: accurate characterizaifon soil rock/model, selection of
candidate base motions, realistic representationsaf nonlinear response, and

computational programs (Silva et al. 2000, Rodrightarek et al. 2001).

Characterization of idealized soil/rock model regsi geophysical and
geotechnical investigation, laboratory and fielstitey. Laboratory and field tests may be
designed to calibrate the parameters needed fatitgtive relationships of soil dynamic
behavior. Most of these relationships require sisiadin shear wave velocity, and shear
modulus reduction and damping ratio versus sheatnagn curves. Such characterization
has been generally adopted by the engineering caitynior conducting site response

analysis (Crouse and McGuire 1996).

Selection of candidate ground motions requires@napriate set of recorded or

synthetic rock motions consistent with the seishagzard at the site. This stage requires

18



an interaction with seismologist (Seed et al. 193drcherdt 1994, Joyner and Boore

2000, Lester and Chapman 2005).

Numerical programs such as SHAKE2000, D-MOD2000EBEOIL, STRATA,
and FLAC have been widely used to propagate thdidate motions vertically through
the idealized soil/rock profiles to predict growsutface acceleration. These programs use
equivalent linear, nonlinear or both formulatiors dolve for the wave propagation

equation (Hashash and Park 2001, Ordofiez 2011 sMataand Orddfiez 2011)

Because the formulations and underlying assumptainsquivalent linear and
nonlinear site response approaches are differente glifferences in the results from the
two formulations are expected (Park and Hashask)200s summarized by (Kramer
(1996), the advantages of the equivalent lineamédation are: (1) it can be efficient
when the input motion can be characterized by smaltber of terms in Fourier series;
and (2) it needs less number of parameters andebdased computational time cost. The
limitations related with the equivalent linear nmdhare: (1) it can result in high
amplification due to a coincidence of the strongiponent of the input motion with one
of the natural frequencies of the soil, (2) it ddter out high frequency components of
the input motion, and underestimate surface grouation at long periods, and (3) it can
lead to an overdamped system when the peak shean & much larger than the
remainder of shear strains, and to an underdamystdns when the peak shear strain is

nearly uniform.
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Based on Mataso#i(1993) and Hashash and Park (2001), the nonleygamach
can be formulated in terms of effective stressesllmv modeling of the generation,
redistribution and dissipation of pore pressuramduand after an earthquake. However,
it requires a reliable constitutive model repreatan, and the parameters needed to

describe such models are not as well establishéibas of the equivalent linear method.

2.4 Review of Seismic Site Response Studies

Previous seismic site response studies can be ggoumio two categories: (1)
those using empirical procedures that are baseeéamrded ground motion data, and (2)
numerical simulations that are based on measuesdir®d properties. The empirical
studies are important and useful in that they canubed to understand seismic site
response in general, and to validate results oddaifrom numerical simulations.
However, empirical procedures have limited applidgbBecause (1) not all places have
recorded time histories during past earthquaketserg., eastern U.S), and (2) in places
where there are recordings, the time histories nwycover the range of all amplitudes
needed for seismic design (e.g., 1989 Loma Priaetdnguake). Numerical simulations,
on the other hand, can be applied to all situatwimsre measured or estimated inputs are
available. The objective of this section is to esviselected empirical and numerical site

response studies in chronological order.
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2.4.1 Empirical Studies

Seed et al. (1976) used recordings made at roéksail, deep cohesionless soil,
and soft to medium clay sites from the 1969 Samdisao earthquake to compute
normalized plots of spectral acceleration, as mteskin Figure 2.4. Surface spectral
accelerations at these sites were normalized wghact tdPGA at rock site PGAc). It
can be seen from Figure 2.4 that spectral accalagare greatly amplified in deep and

soft soil sites when the spectral peridjl ¥ 0.6 s.

Presented in Figure 2.5 are relationshipP&fA on soft-soil sites KGAsott soild
compared tPGAqck It can be seen that valuesRB A soiswere lower thafPGAqck at
higher amplitudesRGA > 0.2 g). At smaller amplitude®GAock < 0.2 g), however,

the difference was not significant.

Idriss (1990) used data from the 1985 Mexico Cig &alifornia earthquakes to
study the relationship betwed?GAok and PGAyt soiis Idriss (1990) showed that at
smaller and moderate amplitudE¥5Ao« < 0.4 g),PGAut soiswere likely to be higher
than PGAock, as shown in Figure 2.6. The 1985 Mexico City arel 1889 Loma Prieta
data plotted on Figure 2.6 confirm the observatinhigher amplitudesRGAq« > 0.4
0), PGAock was found that was higher thB®G Ak soils This deamplification is related to

damping and nonlinearity in soft soils at high aitoples.
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Borcherdt (1994) used 35 strong-motion recordirgsfthe 1989 Loma Prieta
earthquake to compute empirical relationship ofre& site coefficients as a function of
Vs3zo and amplitude. The site coefficients were compwted ratio of recorded Fourier
amplitude spectra at soil sites to Fourier ampétagdectra at rock sites. Short-periég)
and mid-period K,) site coefficients were defined &t= 0.2 and 1.0 s, respectively,
andF, were computed as arithmetic averages over a geotd band (0.1-0.5s) and a
mid-period band (0.4-2.0 s), respectively. The nafee rock site used in Borcherdt

(1994) was characterized Bg3o= 795 m/s.

Crouse and McGuire (1996) analyzed data from l6fdCaia earthquakes that
occurred between 1933 and 1992 to derive site icomits as a function of NEHRP site

classes. The site coefficients were derived aegati spectral acceleration in NEHRP E,
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D and C sites to spectral acceleration in NEHRR& 5, andF, were defined at = 0.3
and 1.0 s, respectivellf, was computed as an arithmetic average of sitdiciegits atT

=1.0, 2.0, and 3.0 s. The reference rock wasachenized byszo= 1,500 m/s.

Harmsen (1997) derivedsso dependent site coefficients for short-perie@.07-
0.5 s) and long-periodQ.5-2 s) using main shock data in the San Fernafadley and
Los Angeles basin areas. The site coefficients vaeraputed as ratios of recorded
Fourier amplitude spectra at soil sites to Fouamplitude spectra at rock sites. The
reference rock site was characterized/lgy between 1,140 and 1,370 m/s. The Harmsen

(1997) site coefficients were amplitude independent

Dobry et al. (2000) used 47 strong-motion recordoega from the 1994
Northridge earthquake to compute site coefficieggs function of NEHRP site classes.
The site coefficients were computed as a ratio adf ® rock response spectra. The
definition and derivation of, andF, were similar to Borcherdt (1994), except they used
response spectra acceleration instead of Fourigtitache acceleration. A/s3o= 1,500

m/s material was used as a reference rock site.

Rodriguez-Marek et al. (2001) derived attenuatielatronships using the 1989
Loma Prieta and 1994 Northridge earthquake data.eBoh earthquake data set, site
coefficients were computed as a ratio of recorgestisal acceleration at Site Class C and
D to Site Class B. The site classification usedRwdriguez-Marek et al. (2001) was
different from the NEHRP site classification systefie authors used soil and rock

stiffness, and depth to rock as a means to classiés. F, and F, were defined as
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averages over period rangds< 0.1-0.5 s for,;, and 0.4-2.0 s foF,), and at discrete

periods of 0.3 and 1.0 s féy andF, respectively.

Joyner and Boore (2000) estimatedandF, values as a function sz, pseudo
spectral velocity and site-to-source distartegandF, were defined at discrete periods of

0.2 and 1.0 s, respectively. TWespof the reference rock site was 1068 m/s.

Steidl (2000) computed site coefficients at 0.30, 13.0 s, andPGA by
normalizing spectral accelerations obtained froooreéings in Southern California. The
site coefficients were derived as a functio’Vefs A Vszo= 1,054 m/s material was used
as the reference rock site. Field (2000) also cdetpsite coefficients based on a

reference site witNs3g= 760 m/s.

Borcherdt (2002) analyzed data from 127 strong-omotrecordings of the
Northridge earthquake. The definition and derivataf F, and F, were similar to the
earlier work by Borcherdt (1994). Measured andnestedVs3p values were used as a
proxy for the regression analysis. The referenck ite was underlain by granite and

metamorphic rock witlVszo= 850 m/s.

Stewart et al. (2003) computeld, and F, values by normalizing spectral
acceleration from recordings by spectral accel@natobtained from the Abrahamson and
Silva (1997) attenuation relationships. Sites wadassified based on surficial geology,
age, depositional environment, material compositeordVszo Fa andF, were computed

at discrete periods of 0.3 and 1.0 s. Two refereites were used: (1)\&3z0= 520 m/s
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rock site, and (2) a shallow soil site (< 20 m gbitkness) underlain bys = 620 m/s

rock.

Choi and Stewart (2005) derived amplitude- angsdependent amplification
coefficients by normalizing recorded surface sm@c@rccelerations by reference site
spectral accelerations. Compared to Stewart §2@03), Choi and Stewart (2005) used
more attenuation relationships, and added the retirectivity effects into their study.
Nonlinearity was observed to be higher in NEHRR &itass E, and decreasesVaso
increasesk, andF, were defined at discrete periods of 0.3 and li@spectively. The
reference rock sit¥szpwas regressed as a function of spectral pefioBpr most values

of T, Vs3p0f the reference sites range from 530 to 660 m/s.

2.4.2 Numerical Simulations

Silva et al. (2000) used parametric site respoms¢yses to computE, andF,,
Silva et al. (2000) used idealiz¥d profiles representative of the NEHRP Site Clag3es
D, and E. For Site Classes C and D, soil profilptie were arbitrary varied from 30 to
340 m, and two sets of shear modulus reducti®fGf,,) and damping @) versus
shearing strain amplitudes) (were used. For Site Class E, soil profile deptlese
arbitrarily varied from 30 to 200 m, and one seGd6nax andD versusy was usedF,
and F, were computed at discrete periods of 0.3 s andsli@spectively. Silva et al.
(2000) also computeH, andF, valuesas averages over a short-period range (0.1-0.5 s)

and a long-period range (0.4-2.0s) for direct comspa with site coefficients in the
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NEHRP Provisions. The discrete periegandF, were found to be 1 to 1.25 times larger

thanF, andF, computed based on averages over the period ranges.

Hashash and Park (2001) used nonlinear one-dimeaissite response analyses
to compute site coefficients for deep unconsolidiatieposits of the Mississippi
Embayment over the New Madrid Seismic zovie profiles considered range from 100
to 1000 m. The study used a modified hyperbolic eh@dth extended Masing criteria to
represent the soil-hysteretic behavior under seidoading. Long-period amplification
(F\) was noted to be as large as 5 in deep soil dspdsie study highlighted the need to

account for depth-dependent seismic site coeffisien

Chapman et al. (2006) performed ground responsé/sasaon near-surface
materials in Charleston, South CaroliNgprofiles were compiled from measurements at
52 locations in the vicinity of Charleston. Poimiusce synthetic ground motions were
used in the study. The study highlighted the ingooee of impedance contrast between
the Mesozoic basement and Cretaceous sedimentgharghallow impedance contrast
between the Quaternary and Tertiary sediments. Qiedficients were computed at

discrete periods of 0.2 and 1 s, for rock accatemabf 0.1, 0.3, and 0.5 g.

Lester and Chapman (2006) examined seismic respaneir sites located in
Columbia, South Carolina, using one-dimensionalvadent linear algorithm. The sites
represent thin Coastal Plain sediments overlWQg 3,500 m/s Mesozoic\Paleozoic
crystalline rock. The study highlighted the shomaaogs of the NEHRP procedure in

accounting for large impedance contrast betweensthie and the crystalline rock,
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particularly at depth less than 30 m. The authecemmended future studies to look for
parameters accounting for the effect of depth tdrdcek and near-surface impedance

ratio.

Andrus et al. (2006) examined seismic site respofseven soil/rock profiles in
Charleston, South Carolina using equivalent liqgagram. The soil/rock profiles were
806 m deep, and were characterized by differenttépuary thicknesses. Point source
synthetic ground motions were used in the studydras et al. (2006) showed that peak

spectral acceleration generally increases withe@®ing Quaternary thickness.

Fairbanks et al. (2008) studied the relationshiggvben damage during the 1886
Charleston earthquake and building dynamic heitiné. study used the soil/rock profiles
in Andrus et al. (2006), and equivalent linear métssite response analysis. The study
found that in addition to thickness of the Quateynsediments, the Marl and deeper
soil/weak rock layers also contribute greatly tougrd response in Charleston. The study
showed that damage was independent (or only sfiglghendent) on building height for

the structures shaken by the 1886 Charleston emkieg.

2.4.3The 1997 NEHRP Provisions

The 1997 NEHRP site coefficients for the short- &mh-period ranges;, and
F. were developed after a consensus made during 2 ri#&tbnal workshop.F, andF,
were defined as spectral acceleration ratios aedrager period ranges of 0.1-0.5 s and
0.4-2.0 s, respectively. The values computed agQinplitude were based on empirical

studies by Borcherdt (1994) and Seed et al. (1994d)ues at higher amplitudes were
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based on numerical simulations by Dobry et al. £)98nd Seed et al. (1994). The
workshop resulted in (1) the table of the NEHRPugalas presently being used in the
U.S. Seismic code provisions (ASCE 2010; BSSC 28KEHTO 2011, ICC 2012), and
(2) modifications of the NEHRP D-E boundary from02@® 180 m/s and the B-C

boundary from 700 to 760 m/s (Dobry et al. 2000).

Presented in Figure 2.7a is the origing;sF, data presented by Borcherdt
(1994). The data was obtained from the 1989 Lonmetdearthquake and was presented
in a log-log scale. Displayed in Figure 2.7b is tteda in Figure 2.7a re-plotted on a
linear scale. The NEHRP recommendggdvalue forPGAs.c = 0.01 g is also plotted in
Figures 2.7a and 2.7b. The NEHRPsuggests that maximum amplification occur in Site
Class E. However, from Figure 2.7b, it can be tyeseen that maximum amplification
occurs in Site Class D. The log-log plotting appetar have seemingly minimized the

scatter in the data, and therefore might have émibed the selection of the recommended

Fa value.
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Figure 2.7 Loma Prieta (1989) data plotted in (a) log-logls¢as it was originally
presented), (b) linear scale.
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2.5 Summary

Presented in Tables 2.1-2.3 are the short-perioghplification coefficients
computed by the different investigators for the NEEH Site Classes C, D and E,
respectively, and for the range ®&GAoucrop between 0.1 to 0.5 g. Long-period
amplification coefficientsK,) obtained by the same investigators are presentédbles
2.4-2.6. Compared to the NEHRP (1997) values, Stval (2000), Rodriguez-Marek et
al. (2001), and Borcherdt (2002) obtained largeuesF, for Site Classes C and D. For
Site Class E, Silva et al. (2000) obtained sigatiiity lower F, values. Regarding,
Silva et al (2000) and Rodriguez-Marek et al. (208dtained lower values for C, D and

E site classes, respectively.
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Table 2.1 Summary of short-period amplification coefficieRt) reported by previous
studies for NEHRP Site Class C.

StUdy PGA)utcrop g)

0.1 0.2 0.3 0.4 0.5
Borcherdt (1994) 1.26 1.18 1.07 0.97 --
Crouse & McGuire (1996) 1.30 1.30 1.30 1.30 --
NEHRP (1997) 1.20 1.20 1.40 1.00 1.00
Harmsen (1997) 1.30 -- -- -- --
Dobry et al. (2000) 1.36 -- - -- -
Silva et al. (2000) 1.80 1.70 1.60 1.60 1.40
Steidl (2000) 1.10 - -- -- --
Field (2000) 1.25 -- -- -- --
Joyner & Boore (2000) 1.23 1.16 1.10 1.04 0.99
Rodriguez-Marek et al. (2001) 1.46 1.31 1.23 1.17 --
Borcherdt (2002) 1.62 1.54 1.46 1.38 1.29
Stewart et al. (2003) 1.31 1.23 1.19 1.16 1.14
Choi & Stewart (2005) 1.36 1.29 1.24 1.22 1.20

*Values recommended in current design codes artkgoes.

Table 2.2 Summary of short-period amplification coeffici€rt) reported by previous
studies for NEHRP Site Class D.

Study PGAuuteror (9)

0.1 0.2 0.3 0.4 0.5
Borcherdt (1994) 1.57 1.38 1.13 0.94 --
Crouse & McGuire (1996) 1.60 1.50 1.40 1.30 -
NEHRP (1997) 1.60 1.40 1.20 1.10 1.00
Harmsen (1997) 1.80 -- -- -- --
Dobry et al. (2000) 1.46 -- - - --
Silva et al. (2000) soil model | 1.70 1.30 1.00 0.90 0.75
Steidl (2000) 1.20 -- -- -- --
Field (2000) 1.60 -- -- -- --
Joyner & Boore (2000) 1.51 1.35 1.20 1.07 0.98
Rodriguez-Marek et al. (2001) 1.81 1.61 1.50 1.42 -
Borcherdt (2002) 2.06 1.88 1.71 1.54 1.36
Stewart et al. (2003) 1.63 1.58 1.56 1.54 1.52
Choi & Stewart (2005) 1.81 1.47 1.27 1.19 1.13

*Values recommended in current design codes ardkegoes.
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Table 2.3 Summary of short-period amplification coeffici€rt) reported by previous
studies for NEHRP Site Class E.

Study PGAvutcror (9)

0.1 0.2 0.3 0.4 0.5
Borcherdt (1994) 1.98 1.62 1.21 0.91 --
Crouse & McGuire (1996) 2.10 1.90 1.80 1.70 --
NEHRP (1997)* 2.50 1.70 1.20 0.90 0.90

Harmsen (1997) -- -- -- - -
Dobry et al. (2000) -- -- - -
Silva et al. (2000) soil model | 1.30 0.80 0.60 0.50
Steidl (2000) -- -- -- - -
Field (2000) -- -- -- - --
Joyner & Boore (2000) -- -- -- -- -
Rodriguez-Marek et al. (2001) - -- -- -- -
Stewart et al. (2003) 2.10 1.64 1.36 1.21 1.07
Choi & Stewart (2005) 2.24 1.60 1.28 1.12 1.02
*Values recommended in current design codes ardkegoes.

Table 2.4 Summary of long-period amplification coefficiefit) reported by previous
studies for NEHRP Site Class C.

Study PGAutcror (9)

0.1 0.2 0.3 0.4 0.5
Borcherdt (1994) 1.54 1.49 1.43 1.35 -
Crouse & McGuire (1996) 1.70 1.70 1.70 1.70 --
NEHRP (1997)* 1.70 1.70 1.50 1.40 1.30
Harmsen (1997) 1.50 -- -- -- --
Dobry et al. (2000) 1.37 - - - -
Silva et al. (2000) 1.80 1.80 1.80 1.90 1.90
Steidl (2000) 1.25 -- -- - --
Field (2000) 1.50 -- - -- --
Joyner & Boore (2000) 1.80 1.80 1.80 1.80 1.80
Rodriguez-Marek et al. (2001) 1.32 1.28 1.25 1.24 --
Stewart et al. (2003) 1.80 1.75 1.74 1.72 1.70
Choi & Stewart (2005) 1.62 1.56 1.54 1.52 1.51

*Values recommended in current design codes ardkegoes.
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Table 2.5 Summary of long-period amplification coefficiefit) reported by previous
studies for NEHRP Site Class D.

Study PGAuutcror (9)

0.1 0.2 0.3 0.4 0.5
Borcherdt (1994) 2.29 2.16 1.98 1.79 --
Crouse & McGuire (1996) 2.00 2.00 1.90 1.90 --
NEHRP (1997)* 2.40 1.80 1.80 1.60 1.50
Harmsen (1997) 2.30 -- -- -- --
Dobry et al. (2000) 1.61 -- - - -
Silva et al. (2000) 2.60 2.40 2.40 2.10 2.00
Steidl (2000) 1.70 - -- - --
Field (2000) 2.60 -- -- -- -
Joyner & Boore (2000) 3.20 3.20 3.20 3.20 3.20
Rodriguez-Marek et al. (2001) 2.04 1.94 1.89 1.85 --
Stewart et al. (2003) 2.39 2.35 2.34 2.33 2.32
Choi & Stewart (2005) 2.60 2.14 1.92 1.74 1.66

*Values recommended in current design codes ardkegoes.

Table 2.6 Summary of long-period amplification coefficiefit) reported by previous
studies for NEHRP Site Class E.

Study PGAvutcror (9)

0.1 0.2 0.3 0.4 0.5
Borcherdt (1994) 3.51 3.21 2.81 241 -
Crouse & McGuire (1996) 2.90 2.70 2.60 2.60 -
NEHRP (1997)* 3.50 3.20 2.80 2.40 2.4

Harmsen (1997) -- -- -- -- -
Dobry et al. (2000) - -- -- -- -
Silva et al. (2000) 3.30 270 | 2.10 1.85 1.50
Steidl (2000) -- -- - -- -
Field (2000) -- -- -- -- -
Joyner & Boore (2000) -~ -- -- -- -

Rodriguez -Marek et al. (2001) -- -- -- -- --
Stewart et al. (2003) 3.50 2.60 2.20 1.90 1.70
Choi & Stewart (2005) 3.60 2.63 2.16 1.90 1.70

*Value recommended in design codes and guidelines.
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CHAPTER THREE

SEISMIC SITE COEFFICIENTS AND DESIGN RESPONSE SPECTRA BASED

ON CONDITIONSIN CHARLESTON, SOUTH CAROL INA*

3.1 Introduction

The Charleston area, as displayed in Figure 3lbceted within the lower part of
the Atlantic Coastal Plain physiographic provinGeidlines in Figure 3.1 represent 7.5-
minute quadrangle boundaries. Major rivers flowthgough the area into the Atlantic
Ocean include the Ashley, the Cooper, the StonaldVando. The subsurface geology
consists of ocean-ward thickening Cretaceous andger sediments down to depths of
700-1000 m (Chapman and Talwani 2002). Near-surfsediments are typically
unconsolidated Quaternary deposits ranging fronthoearrier island sand to estuarine
sand and clay to fluvial sand and silt (McCartanakt 1984; Weems et al. 1993).
Exposures of Tertiary sediments exist in limiteéaar along the stream banks in the
northwest part of Figure 3.1. Tertiary and Cretasesediments are compacted, but
weakly lithified. Beneath the Tertiary and Cretac®o sediments are hard

Mesozoic/Paleozoic basement rock.

Y A similar version of this chapter was accepted tine) 2013 for publication in EERI'Earthquake
Spectra Aboye, S.A., Andrus, R.D., Ravichandran, N., Blam, A.H., and Harman, N., 2013. “Seismic
Site Factors for Constructing Response SpectradBBase€onditions in Charleston, South Carolina.”
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With moment magnitude of ~7.0, the Charleston eardkg of August 31, 1886 is
the largest historic earthquake to have occurredhm southeastern United States
(Bollinger 1977). The epicentral area was locateshrnSummerville, Ladson and
Middleton Place. Displayed in Figure 3.1 is the Wstock fault zone as delineated by
Dura-Gomez and Talwani (2009), which is the likelyurce of the 1886 Charleston
earthquake. Shaking was felt as far as Boston, &thssetts; Havana, Cuba; Bermuda,;
and lowa City, lowa (Dutton 1889). C6té (2006) restied 124 deaths were caused by the
earthquake. From paleoliquefaction investigatiodiglwani and Schaeffer (2001)

estimated the recurrence rate for 1886-like eadkesi to be about 500 years.
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3.2 Dynamic Soil\rock model

The stress-strain path of a material during streaghquake loading is complex
and made up of several continuous hysteresis loafsch depends on stiffness,
damping, and other properties of the material. Estein shear modulusG{,a,) andVs
are directly related by
G, = J/T—VSZ (3.2)

g
where y; is the total unit weight of the material; agdis the acceleration due to gravity.
Typically, when evaluating ground response for ratieal structuresys is measured in
situ and the variations of normalized shear mod(B/&n.,) and material damping ratio
(D) with shearing strain amplitude are estimatedgigi@neric relationships (e.g., Stokoe

et al. 2004; Zhang et al. 2005, 2008).

In this chapter, fifty-siXVs profiles are used to represent the variationsndlls
strain soil/rock stiffnesses in the Charleston aRr@sented in Figure 3.2a are twenty-
eight Vs profiles that extend to a soft-rocks(= 700 m/s) half space at a depth of 137 m.
TabulatedVs values for the reference profile are given in €aBI1. Above the depth of
80 m, values o¥/; are taken from the statistical study by Andrusle{2006) based on
compiled in situ measurements conducted by difter@restigators during the years of
1998-2004. Most of th¥s measurements were made by the seismic cone paoretiest
method. Some were conducted by the seismic downlsplectral-analysis-of-surface-

waves, suspension logger and seismic refractiomadst Above the depth of 10 m, the
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Vs value of 190 m/s is the average for the 100,0G0-g&d Wando Formation. Between
the depths of 10 and 80 m, the value¥gafanging from 400 to 530 m/s are averages of
measurements from the Tertiary-age sediments. Betwee depths of 80 and 137 m, the
values ofVs are averages of measurements made at one lobgtite suspension logger

method for the South Carolina Department of Trartsgion (SCDOT) in 2006.

The Vs profiles plotted in Figure 3.2a are created taesent the range of likely
variations in thickness of the Quaternary 8@f the Quaternary and Tertiary within the
Charleston area. Quaternary thicknesses are asdorbed, 10, 20 and 30 m. Variations
in Vs are included by applying £1, -2 and -3 standandad®ns of In{/s) to the reference
profile above the half space. The standard devigtd of In(Vs) is used becausé, data
typically follow lognormal distributions. As givan Table 3.1, the average valuessadf

In(Vs) are 0.32 for the Wando, and 0.14 to 0.31 forTteeiary-age sediments.

The other twenty-eights profiles are plotted in Figure 3.2b and are cozr®d to
investigate spectral response differences thattrésm propagating hard-rock outcrop
motions from a depth of 806 m versus propagatirftsreck outcrop motions from a
depth of 137 m in Charleston. TMg profiles presented in Figures 3.2a and 3.2b are
identical in the top 137 m. Below 137 m in Fig@t&b, commonly assumed valuesvgf

for Charleston are used (Andrus et al. 2006).

Displayed in Figure 3.3 are thé; profiles shown in Figure 3.2a grouped by
NEHRP site classes. Also plotted is the referengerofile which has &/szp0f 295 m/s.

The number oW; profiles corresponding to the NEHRP site classe® Bnd C is 12, 13

38



and 3, respectively. The lognormal me¥gs, value of the generateWls profiles is

computed to be 208 m/s.
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Table 3.1 Reference soil/soft rock profile with top of hafface at a depth of 137 m (modified from Andrusl.e2006).

Total Shear Standard - Mean
Layer Layer . wave . Plasticity . .
: unit . deviation | . effective | Geologic age
number(s)| thickness . velocity, index, Pl .
weight v of In(Vs) stressgm
S
(m) (KN/m3) (m/s) (m/s) (%) (kPa)
1-3 1 18.2 190 0.32 15 15 Quaternary
(Wando
4-10 1 18.2 190 0.32 15 50 formation)
11-25 1 18.5 400 0.312 .
26-37 1 185 435 0101| 220 Tertiary
38-41 5 18.9 530 0.197
42-44 6 18.9 660 0.169 15 600 Tertiary
45-49 6 18.9 630 0.262
50-52 3.5 19.6 380 0.262
Terti
53 25 19.6 640 0139 | 1400 eriary
54 Half 20 5 760 Tertiary and

space

older
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The Zhang et al. (2005, 2008) relationships thatressed variations db/Gnax
and D with shearing strain amplitude)(in terms of geologic age, mean effective
confining pressure, and soil plasticity index arsedi SampleG/Gnaxy and D-y
relationships for Tertiary deposits with mean difex confining stresses of 220 kPa
(depth= 24 m) and 1400 kPa (depthl30 m) are displayed in Figure 3.4. Also displayed
are the +& G/Gnaxy andD-y relationships. For the half space witkso= 700 m/s, purely
linear relationships dB/Gnaxy andD-y are assumed. This is done by entef@iGmnax= 1
andD = 0.5% for ally values. A value oD = 0.5% is taken to be representative for soft

rock in the South Carolina Coastal Plain (SCDOT8&00

25 T T T
Pl =50 %,c,,=220 kPa
Pl =15 %,5,,=1400 kP

0.8

0.6

0.4

Material Damping, D (%)

02T, Pl = 50 %,,'=220 kP

| — — PI=15%0,=1400 kPa

0
0.0001 0.001 0.01 0.1 1
Shear Strain, y (%) Shear Strain, y (%)

Normalized Shear Modulus, G/G,,,

Figure 3.4 SampleG/Gnaxy andD-y relationships (Zhang et al. 2005, 2008).
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3.3 Input Motions

A computer program called Scenario_PC was usedhtolate outcrop motions,
because actual strong motion records are not @&lmiléor the Charleston area.
Scenario_PC was developed by Chapman (2006) femseihazard analysis in South
Carolina. The program generates acceleration timtories based on a point-source
stochastic model (Atkinson and Boore 1995). Neagssauts for Scenario_PC include:
(1) rock model; (2) earthquake moment magnitudg;s{&-to-source distance; and (4)

return period.

Chapman and Talwani (2002) defined two rock modetsSouth Carolina in
program Scenario_PC. The first model is referredddhe geologic realistic condition
and consists of a very thick, outcropping soft r¢¢k= 700 m/s) layer over hard rock.
The thickness of the soft rock layer is equal t® ttickness of Tertiary and Cretaceous
sediments (e.g., 700-1000 m in the Charleston aréag second model is referred to as
the hard-rock outcropping condition, which const250 m of weathered hard roc¥s(
= 2,500 m/s) underlain by a half space of unweathdrard rock \(s = 3,500 m/s).
Scenario_PC uses a B-C amplification function @ngfer the hard-rock motions to
geologic realistic soft-rock motions (Chapman 2006he two main advantages of
performing ground response analysis based on thlegje realistic condition are (1) the
input Vs profiles need only to extend to about 137 m inr@&séon, and (2) the computed
site coefficients can be directly applied to theGESB-C rock accelerations to construct

the design response spectra.
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Deaggregation analyses of the seismic hazard aissidator frequencies (0, 0.5,

1, 2, 3.33, 5 Hz) are performed for the centertheftwenty-four 7.5-minute quadrangles
shown in Figure 3.1 wusing the 2002 USGS deaggm@gatiprogram

(https://geohazards.usgs.gov/deaggint/2002/index.plccessed March 26, 2010). The
return periods considered are 10% and 2% probakilaf exceedance in 50 years (or
return periods of 475 and 2475 years, respectiva@lygse return periods are referred to
in SCDOT (2008) as the Functional Evaluation Eartieg (FEE) and the Safety
Evaluation Earthquake (SEE), respectively. Fonamiguadrangle and return period, the
predominant moment magnitudé,{) and modal site-to-source distan&® are found to

be practically the same for all of the six specpatiods. The observation agrees with
Chapman (2006) and SCDOT (2008). For the entirdystwea and both return periods,
the deaggregated data suggest that the hazard spealtral periods is dominated by

events withM,, between 7.2 and 7.4, aRdbetween 6 and 36 km.

Presented in Figure 3.5 are sample synthetic impotions generated for the
center of the Charleston quadrangle and three oiighboring quadrangles (i.e., Johns
Island, North Charleston and Fort Moultrie) for tREE and SEE conditions. The
synthetic motions are generated to match with thdoum hazard spectra points.
Displayed in Figure 3.6 are the respective respspsetra plots for the motion shown in
Figure 3.5. It can be seen that the relative difiees in period contents between the SEE
and FEE motions are small, and periods at whiclk @eaelerations occur are about

0.15s.
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Because one of the objectives of this study isrtwvide site coefficients that are
comparable with the NEHRP coefficients, the peadugd acceleration at the soft-rock
outcrop surfaceRGAg.c) of the motions need to match with the range mhediin the
NEHRP. This is achieved by scaling tR&Ag.c of the motions to match with the
NEHRPPGAg.c. Even though this step removes the associatiomdast the scaled time
histories and the stated probability of exceeddPee values, it is acceptable because it
does not bring an additional bias to the responseligted. This is confirmed by a
sensitivity analysis performed using the FEE motaond a scaled SEE motion. The
scaled SEE motion predicts the same surface spaciralerations as the FEE motion.
This is an expected observation, because the seisazard is dominated by a single
earthquake source. Park et al. (2012) suggestédstich arbitrary scaling may be used

when the seismic hazard is dominated by a singtbgqaake source zone.

Twelve sites, two return periods, and Big6Ag ¢ scaling values lead to a total of
144 acceleration time histories that are used @4 isoft-rock outcrop motions. The soft-

rock motions are applied at the half space locateddepth of 137 m in Figure 3.2a.

For the analysis involving the deepérprofiles presented in Figure 3.2b, twenty-
four acceleration time histories representing tarirock outcropping condition are used
and applied at the hard-rock half space located depth of 806 m in Figure 3.2b.
Sample hard-rock acceleration time histories aesgmted in Figure 3.7. Displayed in

Figure 3.8 are the respective response spectra folothe motion shown in Figure 3.7. It
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can be seen that the relative differences in petmutents between the SEE and FEE

motions are small, and periods at which peak aa#b@s occur are about 0.9s.
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3.4 Ground Response Analysis

The computer programs SHAKE2000 (Ordofiez 2011) @and1OD2000
(Matasové and Ordoiiez 2011) are used to perform one-dimeakitotal stress ground
response analysis. The one-dimensionality assumpsiotaken to be valid for three
reasons. First, due to subsequent refractions eysdil layers, stress waves propagate
from the earthquake focus to the earth’s surfacenmearly vertical path, especially close
to the surface. Second, much of the Charleston @rdtat within the source-to-site
distance range, with ground surface elevations tleas about 15 m above mean sea
level. Third, soil properties generally vary moegpidly in the vertical direction than in
the horizontal direction making the vertical s@itk column more important. The stated
justifications for one-dimensional analysis do teke into account topography of the
bedrock or earthquake directivity effects, whiche amot well established for the

Charleston area. Thus, one-dimensional analysisrisidered adequate.

SHAKE2000 is based on the original SHAKE programSmhnabel et al. (1972)
and uses the equivalent linear method of modeliv rionlinear response of a one
dimensional horizontally layered soil profile tortreally propagating shear waves.
Although a nonlinear formulation is preferred forodeling nonlinear systems,
SHAKE2000 is considered adequate when computed geaknd acceleration is less
than 0.4 g and computed valuesyddre less than 2% (Kramer and Paulsen 2004). The
advantage of SHAKE2000 is that it takes much lessputation time and has less input

needs than computer programs based on a nonlioaulation.
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D-MOD2000 is an enhanced version of D-MOD (Mataéal®93) and uses a
nonlinear formulation where the stress-strain hgsie response of soil is modeled by a
degraded backbone curve generated by unloadingehielg rules developed by Masing
and extended by Pyke (1979). Because this typerofiflation considers only hysteretic
damping, an external viscous damping formulationinsorporated in the form of
Rayleigh damping. This requires an initial calibatstep for D-MOD2000 to obtain
suitable values of the viscous dampigdnd an odd integen) related to the modes at
which target damping is matched. The calibratioives running D-MOD2000 at a low
input value of PGAgc and adjustingé and n until the response spectrum from D-
MOD2000 matches the response spectrum from SHAKE&2@Q low loading, the
hysteretic damping is insignificant because theenmtbehaves linearly even with non-
linear material model. Th&andn that produces the best match between spectrhame t

used in running D-MOD2000 at the desired HRfBAs ¢ level (Bhuiyan et al. 2013).

Non-linear time domain analysis also requires spedttention to layer
thicknesses. Subdividing of major layers is ofone by requiring a minimum
fundamental frequency of 15-25 Hz for sublayersabee higher frequencies contain a
relatively small amount of energy in an earthquktegling (Schnabel et al. 1972). The
fundamental frequency of a layer is computedvgyth, whereh is the thickness of the

sublayer.

For this study, SHAKE2000 is used whBGAs.c < 0.3 g; and D-MOD2000 is

used wherPGAg.c > 0.3 g. Values of andn for use in D-MOD2000 are determined by
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running both programs mostly wittGAs.c = 0.1 g. The best frequency calibration pairs
are obtained to be eithef € 0.75,n=7); ¢ =05n=7); or ¢ =0.5,n=5). The

criterion of layer frequency 25 Hz is shown to be sufficient to ensure “layer-
independent” results, based on analyses performsedming cutoff frequencies of 15, 20

and 25 Hz. Thus, sublayer thicknesses could naek¢/100

3.5 Results

Average values df are computed for six spectral period rangés< 0.01, 0.01-
0.4, 0.41-0.8, 0.81-1.2, 1.21-2.0 and 2.01-4.0espectively based on the geologic
realistic, soft-rock condition. These ranges aferred to by their middle range periods.
The respective site coefficients are denote&mag Fo2 (or Fa), Fos F1 (OrF,), F16and
Fso Presented in Figures 3.9-3.11 are compiliggh Fa and F, values, respectively,
plotted versusVssy Each data point is determined by averaging aeefrajues from
twelve simulations involving twelve different tintestories. The data plotted in Figures

3.9-3.11 are results of over 9,000 SHAKE simulaiand 4,500 D-MOD simulations.

Averaging values ofF over a spectral period range is consistent with th
development of the NEHRIF, and F, recommended values. It should be noted,
however, that the NEHRP, andF, were determined assuming the spectral period eange
of 0.1-0.5 s and 0.4-2.0 s, respectively (BorctEifi4). Narrower period ranges allow
for better predictions of spectral accelerationscause the periods at which spectral

peaks occur can vary greatly from site to site @atexceed 1.0 s.
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The plottedVs3gF data pairs exhibit three general features--(1)irameasing
trend inF asVssoincreases from a very low value; (2) a zone of geaklues, depending
on Suerop and (3) a decreasing trend finas Vszp increases beyond the zone of péak
values. Similar general features can be observethia reported by other investigators
(Silva et al. 2000; Chapman et al. 2006; Fairbagikal. 2008) and are supported by
vibration theory, wher&/ssois an index for site period. These three generaluires are

assumed in developing mathematical models. of

When Vs is less than the estimatafso corresponding tdhe peakF value
(Vs309, the medianF curves plotted in Figures 3.9-3.11 can be exptedse the

following linear relationship:

F
F= (_PJVS% for all valuesandVsso < Vssop (3.2)

VS3O P

whereFs is the estimated ped&kvalue.Fp andVssppare calculated by:

I:p = X.LSoutcrop+ )g (33a)

VSSOP = XSSoutcrop+ )51 (33b)

wherexy, X, X3 and % are regression coefficients given in Table 3.2.

When Vs3zp > Vs3op the medianF curves plotted in Figures 3.9-3.11 can be

expressed by the following linear or exponentittrenships:
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( Fo —l) ( 760—V330)
F = +1 forT < 0.2 sandVs3o> Vssop (3.4a)
760_VS30P

F = a+ be¥s for > 0.2 s and Y50 > Vs3op (3.4b)
where a is a regression coefficient given in Table 3.2d dnand c are regression

coefficients calculated from:

1-a
b= (3.5)
In[ 1-a ]
_ F,—a (3.6)
760-Vg50p

Table 3.2 Regression coefficients for estimating site caosffits.

pS eF;?OC;T.?_l Soutcrop X1 X2 X3 X4 a 295 Zo.05
(s) Cp) (@ m/s) | (m/s)
0.0 PGA -1.88 1.99 359 142 - 1.38 0.64
0.2 S -0.83 2.05 105 176 0.65 1.48 0.63
0.6 Qs -3.53 3.09 207 156 0.85 1.4( 0.70
1.0 S -4.16 3.76 127 154 0.90 1.4( 0.68
1.6 Sis -5.36 3.86 198 121 0.97 1.4( 0.68
3.0 So -8.20 2.80 394 80 0.99 1.3d 0.65
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Equations 3.2 and 3.4 are derived to satisfy thogglitions. First, Equations 3.2
and 3.4 provide the sankevalues atVszor Second, Equation 3.2 assunkes 0 when
Vs30= 0 m/s. This assumption agrees with the factieterial with zero stiffness cannot
support shear waves and, for this reasoishould be zero regardless ®ficrop Third,
Equation 3.4 satisfies the condition tiat= 1.0 whenVs3z,= 760 m/s, which is the

assumed reference soft-rock outcrop site usedeilNEHRP provisions.

The development of Equations 3.2 and 3.4 involved@step procedure. First,
median curves are derived based on residual asadyghe individual subset of data in
Figures 3.9-3.11. The appropriateness of the mediames is checked by studying
residuals. The residuad, is defined here aB of the plotted data divided by of the
median curve. Presented in Figures 3.12a and 3at@lprobability plots of the residuals
assuming normal and lognormal distributions, respely. The coefficient of
determination 1) associated with Figures 3.12a and 3.12b are @8d@ 0.99,
respectively. The higher value of obtained in Figure 3.12b indicates thatollows
lognormal distribution better than normal distribat Presented in Figures 3.13 and 3.14
are sample plotsVssge, and lognormal probability distribution functionsf e,
respectively. It can be seen from Figures 3.132td that the computed median values
of ¢ are approximately equal to 1.0, which indicatest tine median relationships are
unbiased in predictingg and the models have central tendencies. In otlwedsy the
predictions underestimate the response just as @ftethey overestimate. Based on

Figures 3.13, it is noted that the predictor vdgalyspis shown to have little or no bias
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in the median relationships expressed by EquaBidhand 3.4, because plots\@hge do

not show any systematic structure.

The next step involves obtaining linear regressipproximations ofF, andVszop
as a function o&ucrop (Equation 3.3). Sample, andVszopVversusSucrop plotsare shown
in Figure 3.15a-f for spectral periods of 0.0, 0.2, and 1.@ san be seen from Figure
3.15 thatF, decreases andssopincreases with increasiryuicrop Based on the regressed

Fp andVs3op Equations 3.2 and 3.4 are established usingritie elata set for a given F.

The upper and lower bound curves shown in Figur@s83 1 are drawn to bound
95% and 5%, respectively, of all the data points dogivenF. They are drawn by
multiplying Equations 3.1 and 3.3 by the averagmdard Z-scores (i.eZp.g50r Zo o)
listed in Table 3.2. The Z-scores are obtained flogmormal cumulative distribution of

F-residuals for each set of data.

3.4 Discussions

Recommended Site Coefficients

For comparison, the NEHRP, andF, values are also plotted in Figures 3.9, 3.10
and 3.11. It can be seen in Figure 3.9 that tleegwod general agreement between the
computed median values and the NEHRPvalues. However, computed medigg
values are higher than the NEHRR for site class C and D when the spectral
accelerations at the soft-rock outcrop for 0.59 @re less than 0.75 g (Figures 3.10a-

3.10d). This finding generally agrees with Silvaakt(2000) and Borcherdt (2002), who

55



also obtained~, values greater than the NEHRP for site class D.die class E, the

computed mediak, values plot significantly lower than the NEHRPual

Concerningr,, it can be seen in Figure 3.11 that there is gpateral agreement
between the computed medi&y values and the NEHRP value. For site class C,
computed mediafr, values are typically less than the NEHRP valuer dite class D,
computed mediafr, values are often higher than the NEHRP value.s Diiservation
generally agrees wit8ilva et al. (2000), Borcherdt (2002), Stewartle{2003) and Choi
and Stewart (2005) who also obtairfedralues greater than the NEHRP for site class D.
For site class E, the computed medigrvalues are more often lower than the NEHRP

value.

Based on the findings discussed above and becaoisditions typical of
Charleston are used, the relationships definedduatons 3.2 and 3.4 are recommended
for constructing design response spectra curvéiseirCharleston area. Differenceskn
andF, values obtained in this study and the NEHRP magx{mptained by (1) differences
in assumed soil/rock conditions; (2) differencesapplied ground motions; and (3) the
fact that the NEHRP uses a single site coefficiatie for a given site class. The 95%
upper bound and 5% lower bound curves shown inregyB.9-3.11 represent the
variations that are likely for a given value \&f3p The variables affecting (in order of
decreasing relative contribution) a¥&sa G/Gnaxy and D-y, earthquake time history

(return periods of 475 or 2475 years), &delow 30 m.
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While the functional forms proposed for the sitefficient model (Equations 3.2
and 3.4) may not lend themselves well to code eafins, they do provide a more
accurate representation of the computed coeffisidrdn do the NEHRP coefficients. |If
code developers prefer a single site coefficiemievdor a given seismic site class, the
functional forms can be used to determine thatesal&or example, the largest median

value within a site class could be used for desimgte applications.
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Application

The simplified procedure for constructing an ac@len design response
spectrum (ADRS) outlined in AASHTO (2011), can bensnarized in the following four
steps: First, the NEHRP site class is determinedofd,PGAs.c, S andS, are obtained
from probabilistic seismic hazard maps. Third, $ite classPGAs.c, S andS, are used
to selectFpca Fa andF, that account for the effect of local site condioFourth, three

points of the ADRS are obtained as follows

PGA= K * PGA . (3.7)
Sos = RS (3.8)
S=FK3 (3.9

where Sys is thedesign short-period (0.2 s) spectral response exat&ln at the ground
surface; andsy; is thedesign long-period (1.0 s) spectral response aetela at the

ground surface.

lllustrated in Figure 3.16 is the AASHTO (2011) pedure for constructing what
is called the 3-point ADRS. The procedure implciissumes: (1) all significant peaks
are expected to occur @t 1.0 s or close to 1.0 s; (2) the plateau defime8hs provides
a conservative bound for these peaks; and (3) rgpectcceleration descends
proportionally with 1T, whenT > T (Ts = $1/Spg). However, as presented below, we
observed that (1) significant peaks may not alwagsur at shorter periodd € 1.0 s),
especially wherVssp < 200 m/s; and (2) the plateau cannot always etk asSys,

unlessTs< 1.0 s &1 < Sy).
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Presented in Figures 3.17a-3.17d are sample resmmpectra for four profiles
with Vs = 428, 295, 170 and 138 m/s, respectively, B@Ps.c = 0.2 g. Plotted in each
figure are the site-specific response spectrum #red soft-rock outcrop response
spectrum. Also plotted are the 3-point ADRS cursesstructed based on the AASHTO
LRFD guideline, and medidfeca Fa andF, values derived in this study. It can be seen
that the AASHTO 3-point curves anaconservative when 02T < 0.5 s for the profiles
with Vs = 428 and 295 m/s; and excessively over conseevativenT < 1.0 s for the
profiles with Vs = 170 and 138 m/s. The 3-point ADRS curves basedaamificients
derived in this study provide better approximatiofshe site-specific spectra, except for

Vs =138 m/s profile and 14T<1.8s.

Because the 3-point ADRS method implicitly assurtined all significant peaks

occur belowT = 1.0 s, the 3-point ADRS curve based on sitefmefits derived in this
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study underpredicts the site-specific curveV\ggo= 138 m/s profile, when 14 T< 1.8

s (Figure 3.17d). Additional comparisons indicdtat the 3-point ADRS method may be
unconservative whef > 1.0 s andVsz < 200 m/s andPGAg.c > 0.1 g. This finding
agrees with Power et al. (1998) who showed that 3hgoint method can be
unconservative in the Central and Eastern UnitedieStfor spectral periods between 1.0
and 3.0 s. Therefore, a multi-point ADRS methodl$® shown in Figure 3.17d based on

SCDOT (2008).

The multi-point ADRS for theVszy = 138 m/s shown in Figure 3.17d is
constructed by determinin§ucrop fOr several spectral periods (i.e., 0.0, 0.0850(.2,
0.3, 0.5, 1.0, 2.0 and 3.0 s) and applying the rapptopriate mediaR value (i.e.Fpca,

Fa, Fa, Fa, Fa, Fos Fu, Fie and R, respectively. Connecting the resulting points with
straight line segments provides a reasonable fil@csite-specific spectrum, as shown in

Figure 3.17d.

In practice, whei/szo< 200 m/s, it is recommended that both 3-point iauudti-
point ADRS curves be constructed. The valuesSgf.op can be obtained from the
uniform hazard spectrum using the USGS ground matalculation program for 475 or
2475 year return periods (http://earthquake.usgthgaards/designmaps/javacalc.php;
accessed August 20, 2011). If any point of the rmdint ADRS exceeds the 3-point

ADRS, the multi-point ADRS (or a modified 3-poinDRS) should be used.
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Comparison of Resultsbased on Two Rock Models

Computed surface spectral accelerations at0.0, 0.2, 0.6, 1.0, 1.6, 3.0 s based on
the geologic realistic and hard rock models arepamed in Figure 3.18. The comparison
is made such that each data point plotted in Fi§uk8 has the sam& profile above 137
m for both models. The spectral accelerations dasethe hard rock model are, on

average, slightly greater than the spectral acaiters based on the geologic realistic
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model forT < 0.2 s. Foil > 0.2 s, the spectral accelerations based on tlterbek model
are, on average, less than accelerations basedheomeologic realistic model. The

average difference in computed accelerations ig sigsificant forT = 3.0 s.

Thus, the overall effect of the deeper soil staickshe hard rock model, not
captured by Scenario_ PC and the assumed mateoleies, is to filter the low
frequency amplitudes and slightly amplify the hidgrequency amplitudes. This
observation is in good agreement with a ground aesp study of Columbia, South
Carolina by Lester and Chapman (2005). Given that average spectral surface
accelerations for the soft and hard rock modelsgaresrally within 20% and also given
that the material property information below 137 isnseverely limited, the results

presented in Figure 3.18 justify the use of thdaggo realistic model for this study.
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Limitations

There are some limitations concerning the resdlthis Chapter that should be
noted. Although th&/ profiles shown in Figure 3.2 represent a realisditge, they are
generated assuming a constant multiple of the atdndeviation and ignoring any
correlations between layers. The full correlatassumption is not as realistic as data
driven correlated models (Toro 1995). However,usate correlated model results
require (a) information about the correlation beswéayers, (b) accurate upper and lower
bound values, and (c) a large number of generatedilgs. Even if reasonable
assumptions on (a) and (b) are made, computatiimal is great to take care of (c),
especially with the non-linear code. Graizer (20t&ncluded that the Toro-typés
generation may lead to unreasonable results, daangenerations are not handled with
the up-most care. Further study is needed to img@hémealistic randonVs generation

models in the region.

Similar to the NEHRF~, andF, values, the site coefficients calculated in this
study are amplitude dependent and return periodp@adent. The intrinsic discrepancy
between the probabilistic nature of rock acceleratiand the deterministic nature of the
NEHRPF, andF, values is not dealt in this Chapter. However, taahkhet al. (2008) and
Park et al. (2012) have shown that this discrepamay be of important significance in

future studies and recommendations.
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The effect of depth t&/s = 700 m/s material is not considered in this Céapt
Studies have shown that the depth to soft rockd@pth to hard rock) can produce
significant variability in ground response resultsit is dependent on spectral period

(Silva et al. 2000, Hashash et al. 2008). Thisctffequantified in Chapter 4 and 5.

Finally, the results of this Chapter are most appate for the Charleston area,
where the area is relatively flat to support thel@ation of 1-D ground response
analysis. The assumptions made do not take intmuat¢he actual topography of the bed
rock and earthquake directivity effects. The resuoftay be appropriate for other areas,

but additional ground response analysis is neealedrify this conclusion.

3.5 Conclusions

Seismic site coefficients at average spectral germf 0.0, 0.2, 0.6, 1.0, 1.6 and
3.0 s were calculated for conditions typical of @éston based on over 12,000 ground
response simulations. The site coefficients weuged by spectral acceleration and
plotted versud/szo From the plotted/ssgsite coefficient data pairs, median, 95% upper
bound and 5% lower bound relationships were deeelofgach relationship exhibited a
peak value somewhere betwe&fs;p of 80 and 320 m/s, depending on spectral
acceleration and period. The relationships weraesged by a linear model fdfssp <
Vssopand a linear or exponential model #é$30> Vs3or The amount of uncertainty that
can be expected with estimating site coefficiergg@iVsso was represented by 95%

upper bound and 5% lower bound relationships.
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The computed relationships for periods of 0.0,dnd 1.0 s were compared with
the NEHRPF, and F, values. It was shown that the computed medtaga values
compare well with the NEHRP, values. The computed medi&g values plot slightly
above the NEHRH, values forVssp > 180 m/s. The computed medign values plot
above the NEHRF, values by as much as about 1.5 times for18@3,< 300 m/s. For
Vs30< 180 m/s, the NEHRF, andF, are shown to be conservative. The NEHRHs

also shown to be adequate ¥3y30> 360 m/s.

The computedFpga Fa and F, median relationships were recommended for
Charleston because they are based on regionaltmmsdand are continuous witfssg
Because the relationships are continuous Wty the NEHRP site classes (A, B, C, D

and E) may not be needed.

The 3-point procedure for constructing ADRS curwes shown to be generally
adequate wheWs3p > 200 m/s. However, wheWiszp < 200 m/s, significant peaks may
occur atT > 1.0 s. For this reason, it was suggested thamitié-point ADRS curve be
plotted with the 3-point curve, to check if longrpel accelerations are under predicted.
Models to calculate site coefficients at long pesigl = 1.6 and 3.0 s) were provided to
check predicted surface accelerations at long @geridhe objective of the multi-point
ADRS is not to replace the building code philosgpbyt to present an option for the
designer to make sure that longer period acceteratare not under-predicted by the 3-

point ADRS design curve.
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CHAPTER FOUR

SEISMIC SITE COEFFICIENT MODEL FOR DESIGN BASED ON

CONDITIONSIN THE SOUTH CAROLINA COASTAL PLAIN?

4.1 Geology and Seismology

Presented in Figure 4.1 is the geologic map of IS@arolina published by the
South Carolina Department of Natural Resources ($R[2005). Highlighted on the
map are the Fall Line, the Brevard Fault, and tibes sselected for ground response
analysis. The Piedmont physiographic province teeshe west of the Fall Line and
extends to the Brevard Fault. Outcrops of residodland highly weathered crystalline
rock are common in the Piedmont. The Coastal Rihysiographic province lies to the
east of the Fall Line, where relatively undeformsetliiments of mainly Quaternary,
Tertiary and Cretaceous ages lie on top of MesdRaleozoic folded, faulted and
recrystallized basement rocks (Wheeler and Crarg@0;20dum et al. 2003). Common
depositional processes in the Coastal Plain amugfir marine and fluvial actions during
periods of retreating ocean shoreline caused bstaruplift and sea level fluctuations.

The basement rock includes granite, schist, antggiiéd/eems and Lewis 2002).

> A similar version of this chapter is to be subnuttéor possible publication in th@ulletin of
Seismological Society of Americaboye, S.A., Andrus, R.D., Ravichandran, N., Blam, A.H., Martin,
J.R. ll, and Harman, N., “New Seismic Site Coeéiiti Model Based on Conditions in the South Carolina
Coastal Plain.”
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Based on geology and available profile information, the SCCP is divided into
the following four general areas: (1) Charlestong®mah, (2) Myrtle Beach, (3)
Columbia-Florence-Lake Marion, and (4) Aiken. Tdadésur general areas are similar to
areas assumed by Silva et al. (2003). The Chan&sawannah area is located within the
lower part of the SCCP as displayed in Figure 4Quaternary geology of the lower
SCCP consists of beach/barrier ridges represefdimger stands of sea level, as well as
fluvial and backbarrier deposits. Barrier deposigically consist of sandy material.
Backbarrier deposits typically consist of clayeytenal. Underlying Cretaceous and
Tertiary sediments consist of marine deposits ofl,n@mented sand and limestone,
which were typically incised to varying degreessiiygam activity prior to the deposition

of Quaternary sediments.

The Myrtle Beach area also lies in the lower pdrthe SCCP. Near-surface
sediments in the Myrtle Beach area, however, aenaiflder and stiffer than near-surface
sediments in the Charleston-Savannah area at the depths. Theses sediments are late
Cenozoic marine and fluvial deposits consistindimé gravel, poorly sorted, stratified
and coarse sand, and interbedded silts and clayBgiD1987, Owens 1989). Along the
Little Pee Dee River valley, Holocene floodplaindaRleistocene fluvial deposits are
found. Underlying Cretaceous and Tertiary stratasiiing of marl, cemented sands,
calcitic sandstone, and sandy limestone gentlybdifh to the south and to the north
forming what is called the Cape Fear Arch (DuBa87,90wens 1989; Mosses 2002).

The Cape Fear arch is a main structural featurthenSCCP, which has a northwest-
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southeast trending axis between the mouth of thpe(@ear River and the North

Carolina—South Carolina state line (Weems and L@@G2).

The Columbia-Florence-Lake Marion area is locatedhe middle and upper
parts of the SCCP. One of Columbia's most promigentogic features is the Fall Line.
Extending east of Columbia and the Fall Line, reaface weathered crystalline rock
gently dips to the southeast beneath the overlyigstocene, Pliocene and upper
Cretaceous sediments. These sediments were depositea non-marine fluvial
environment and consist of sand to silty sand vintierbeds of floodplain clay and

channel fill sand (Maybin and Nystrom 1995; Odunale003).

The Aiken area is located in the upper part of SRECP. Prowell (1996) indicated
that Paleocene, Eocene and Miocene Tertiary setinferm the majority of surface
exposures in the area. These sediments typicaflgctemarine and fluvial paleo-
environments dominated by delta sedimentation.deéalee deposits consist of clayey and
silty quartz sand, kaolinitic clay and silt. Eoceteposits consist of silty micaceous sand,
silt, silty sand and clay. Miocene deposits are ibated by sand resulting from uplift and
erosion of the Piedmont province. Also presentglihhe Savannah River valley is a mass
of compact and lithified alluvial deposits derivedm erosion of the local landmass.
These deposits consist of fine to very coarse gusamd in a sparse clay matrix (Prowell

1996).
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Figure 4.1 Geologic map of South Carolina (SCDNR 2005) shgwire Fall Line and sites considered in groundorse

analysis.
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Presented in Figure 4.2 is an isopach map of ttestabPlain sediment thickness
by Chapman and Talwani (2002). As illustrated iguFe 4.2, the thicknesses of
sediments is 600-1,200 m in the Charleston-Savamnaehq; 300-600 m in the Myrtle
Beach area; and 0-700 m in the Columbia-Florende=Marion area; and 0-700 m in
the Aiken area. These sediment thicknesses rougbiyespond to the depths to

weathered basement rock.
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Figure 4.2 Isopach map of the Coastal Plain sediment thicknasneters (Chapman and
Talwani 2002).
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Seismicity of the SCCP is dominated by the Chastes$eismic Hazard Zone
located about 30 km northwest of downtown Charlest&everal major (liquefaction-
inducing) earthquakes have occurred during the @80 years in the SCCP (Talwani
and Schaeffer 2001). Among these earthquakes isAtlgust 31, 1886 Charleston
earthquake with an estimated moment magnitidg) ©f 6.9 + 0.3 (Bollinger 1986,
Bakun and Hopper 2004, Talwani and Gassman 2008aH&and Andrus 2010, Cramer
and Boyd 2011) to 7.3 0.3 (Martin and Clough 1994, Johnston 1996). Damads386
included severe lateral and vertical displacemémhare than 80 km length of railroad
track as well as numerous sand blows, ground fisguand building failures (Dutton
1889). The maximum damage intensity of the 1886ri€si@mn earthquake is estimated to
be X on the Modified Mercalli Intensity Scale. Thpicenter is roughly located at the
Middleton Place. It is estimated that earthquaKeth® size of the 1886 event occur, on

average, every 500 years in the SCCP (Talwani ahdffer 2001).

4.2 Dynamic Soil/Rock M odel

Four reference/s profiles and 108 othevs profiles are used in this chapter to
represent the variations in small-strain soil/r@tiffnesses in the SCCP. Presented in
Figures 4.3a-d are thés profiles assumed for the Charleston-Savannah, #ydach,
Columbia-Florence-Lake Marion and Aiken areas, eespely. The dynamic soil\rock

model (including thé&/s profiles) described in Chapter 3 is used for Gfsidn-Savannah.
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For Myrtle Beach, the referendé profile shown in Figure 4.3b is based on
averages of profiles presented in Silva et al. 8@hd Odum et al. (2003). Values\Gf
in the reference profile shown in Figure 4.3b verom 200 to 300 m/s in the top 10 m;
and from 300 and 650 m/s between the depths ohil01&0 m. A soft-rock half space

with Vs of 700 m/s is assumed below the depth of 150 m.

For Columbia-Florence-Lake Marion, the referengeprofile shown in Figure
4.3c is derived from information presented in Sibtaal. (2003), Odum et al. (2003),
Chapman and Lester (2005) and Andrus et al. (200&lues ofVs in this reference
profile vary between 200 and 400 m/s in the topr8@nd from 400 to 700 m/s between
the depths of 30 m and 137 m. Additional profilaeven in appendix H (Figures H1-H7)
are considered to account for the likely possipitif shallower soft rock (i.eVs = 700
m/s) in the middle and upper parts of the SCCP.pgrbéles shown in Figures H1-H7 are
generated by varying the depth to the= 700 m/s half space shown in Figure 4.3c (i.e.,
depth to half space = 0.5, 1.5, 5, 10, 20, 30,180, and 137 m) and using the ground

motions generated for the Columbia area.

For Aiken, the referenc¥s profile shown in Figure 4.3d is the average peofil
presented in Silva et al. (2003) based on measuntsmeade at the Savannah River Site.
Values ofVsin this reference profile vary between 350 and 42§ above the depth of 50
m; and increase from 400 to 600 m/s between théhdeg 50 and 145 m. The top of the

soft-rock half space with's of 700 m/s is assumed at the depth of 145 m foehik
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The otherVs profiles shown in Figures 4.3a-d are derived frtiva reference
profiles assuming estimates of standard deviatpmgsed on the study by Andrus et al.
(2006). Respective histograms 83, for the Vs profiles shown in Figures 4.3a-d are
presented in Figures 4.4a-d. The lognormal néagvalues for the profiles in Figures

4.3a-d are 208, 220, 270, and 260 m/s, respectively

Predictive relationshipsf G/Gnaxy and D-y derived by Zhang et al. (2005) for
Quaternary and Tertiary and older sediments ard teseescribe the nonlinear behavior
of each layer in the profiles. The Zhang et al0&/Gnaxy relationships are defined as
function of mean effective stress ) and plasticity indexKl). The D-y relationships are
defined as function 0B/Gnax om andPl. For thes,, calculation, the coefficients of at-
rest earth pressure is assumed to be 0.5 and l@uiaternary and Tertiary sediments,
respectively. Also, for the, calculation, it is assumed that the groundwateletdepth
is 1.5 m. Presented in Figure 4.5 are sample n@&B..xy and D-y relationships
assumed for the Quaternary and Tertiary layers. Uimeertainty associated with the

relationships is considered by & G/Gnaxy andD-y relationships (Zhang et al. 2008).

For the soft-rock half spaces in Figures 4.3a-delgulinear relationships of
G/Gmaxy andD-y are assumed. This is done by ente@1max= 1 andD = 0.5% for all
y values. A damping ratio of 0.5% was assumed fdr ik in the ground motion

modeling study by Chapman (2006).
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Figure 4.3 Shear wave velocity profiles considered for (a)af#ston-Savannah, (b)
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Figure 4.5 Sample mearG/Gnhacy and D-y relationships used in ground response
analyses.

4.3 Input Ground Motions

The deaggregated seismic hazard parameters asailator frequencies (i.e., O
Hz or free-field, 1, 2, 3.33, 5 and 10 Hz) are cated using the USGS deaggregation

website ttp://eqint.cr.usgs.gov/deagqint/20Pfr the centers of 12, 4, 4, 5, 4, 4 and 15,

Quadrangles (1:24,000 scale) in the Charlestonar8ah, Myrtle Beach, Columbia,
Florence, Lake Marion and Aiken, respectively. Taeurn periods considered are 475
and 2,475 years (or 10% and 2% probabilities okesance in 50 years, respectively).
The former return period is sometimes referred $o the Functional Evaluation
Earthquake (FEE); and the latter return periodometimes referred to as the Safety

Evaluation Earthquake (SEE).
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For all six spectral frequencies and both retunmopls, the modal mome,, of
7.3 and the modal site-to-source distance for argsite are found to be practically the
same, because the seismic hazard in the SCCP isatech by the 1886 Charleston
earthquake source zone (Chapman 2006). Thus, ¢neration of input motions
matching the entire target uniform hazard spectisuijustified, and one earthquake time

history representing the predominant scenario égjadte for the six spectral frequencies.

The rock model selected in Scenario_PC for the S@&Re geologic realistic
condition, which consists of an outcropping softkoVs = 700 m/s) layer over a
weathered hard rock. The thickness of the soft-lagler at any one location for the
geologic realistic model is equal to the thicknegJertiary and Cretaceous sediments
(e.g., 600-1,200 m in the Charleston-Savannah .afdés main advantages of selecting
the geologic realistic condition are the inpdtprofiles need only to extend to the top of
Vs = 700 m/s material, and the computed site coefiits can be directly applied to the

USGS soft-rock accelerations to estimate local lacagons.

Ninety-four synthetic input motions are used in gnieund response analyses in
this study. Presented in Figure 4.6 are sample &ESEE input motions generated for
the center of the Charleston, Myrtle Beach, Colanbnd Aiken quadrangles. Values of
PGAuuicrop for the sample motions in Figure 4.6 range fro@6Qo 0.14 g for the FEE

condition, and from 0.19 to 0.51 g for the SEE c¢btou.
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Presented in Figure 4.7 are Fourier amplitude pbthe motions in Figure 4.6a
and 4.6b. The general frequency (or period) contétilhese motions can be represented
in terms of the mean predominant per{dd) defined by (Rathje et al. 1999, Stewart et

al. 2001):

n 2
5 )
T, =2 (4.1)
2.C°
i=1
where, f is thei™ discrete Fourier frequency between 0.25 and 20 @zjs the
corresponding Fourier amplitude, ands the number of frequency points between 0.25

and 20 Hz. The computed values ©f are 0.24-0.43 s for the 47 FEE motions

considered; and 0.23-0.37 s for the 47 SEE motions.

Because€l, characterizes the frequency content of the inpo thistories, it is
dependent upon the site-to-source distai®eafid the depth to the top of hard rock
(Hur). Plotted in Figure 4.8 are values Bf versusHur and R for the 94 soft-rock
motions generated by Scenario PC and used in tilnity.s Values ofT,, are computed
from the motions using Equation 4.1; values Rfare obtained from the USGS
deaggregated seismic hazard output; and value$yefare provided by Scenario PC,
which are based on the isopach map by Chapman aleaiii (2002). It can be seen
from Figure 4.8 thal,, increases with increasirig and Hyg, due to attenuation of high

frequency amplitudes with increasing distance ftbensource.
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Figure 4.6 Sample synthetic soft-rock outcrop motions gemerdiy Scenario PC for
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Figure 4.8 Plot of Ty, versus depth to top of hard rock and site-to-sedrstance.

The best fit plane surface shown in Figure 4.8eifsned by:

o R

T.,=0.10 + 0.30l—— |+ 0.23 4.2
" 00 100 #2)

From Equation 4.2, it can be seen that attenuatidnigher frequency (or lower period)
energy is assumed in Scenario_PC to be, on avethge times faster per distance

traveled in the hard rock than in the soft rock.
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Presented in Figure 4.9 are residual plotdpfversus the predicting variables,
Hur andR. The residualg, is defined here a§;, of the plotted data obtained from the
time histories generated by Scenario_PC mihusbtained from Equation 4.2. The mean
values ofe are computed to be zero, suggesting a centraketeydof the predicting
equation. Equation 4.2 gives an unbiased prediabiom,, for the time histories from
Scenario_PC considered, becausestata do not exhibit a systematic pattern wvidtkx

andR. Therefore Equation 4.2 can be used for prediclipm the SCCP.
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Figure 4.9 Residual plots of,, versusHyr andR.
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Presented in Figures 4.10a and 4.10b are ploBG#%,«crop Of the input motions
with respect toHyr and R. The anomaly inPGAyuicrop Values plotted in Figure 4.10a
betweenHur 500 and 900 m is due to the close proximity of @tearleston Seismic

Hazard Zone. This can be seen in Figure 4.10b WP@®ycrop Values are plotted versus

site-to-source distance.
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Figure 4.10 PGAoutcrop Of input motions used versus (@yr, and (b)R.
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4.4 Results

4.4.1 Generalized M odel

Following the approach established in Chapter 3HerCharleston area, average
values ofF are computed for six spectral period ranges £ 0.01, 0.01-0.4, 0.41-0.8,
0.81-1.2, 1.21-2.0 and 2.01-4.0 s, respectiveletham the geologic realistic, soft-rock
condition. These ranges are herein referred to Hgyr tmiddle range periods. The
respective site coefficients are denotedras, Fo» (or Fa), Fos F1 (0r Fy), F16 andFsp.
Computed values oF for the SCCP sites are presented in Figures 4.13-4nd
Appendices A-G. Each data point I6fin Figures 4.11-4.13 and Appendices A-G are
determined by averaging mean values from 12, 4, 4, 4 and 15 simulations involving
different time-histories for the Charleston, SavamnrMyrtle Beach, Columbia, Florence,
Lake Marion and Aiken, respectively. The data pdttin Figures 4.11-4.13 and
Appendices A-G are sampled from over 36,000 SHAKEd al2,000 D-MOD

simulations.

Averaging values oF over a spectral period range (e.g., 0.01-0.4 spmsistent
with the development of the NEHRR andF, recommended values. It should be noted,
however, that the NEHRP, andF, were determined assuming the spectral period eange
of 0.1-0.5 s and 0.4-2.0 s, respectively (BorctE2fi4). Narrower period ranges allow
for better predictions of spectral accelerationscause the periods at which spectral

peaks occur can vary greatly from site to site @atexceed 1.0 s.
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0.05¢, (b)0.19g,(c) 0.2 g, (d) 0.3 g, (e) 0.4yl (f) 0.5 g, based dn, profiles shown in
Figure 4.3b for Myrtle Beach.
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As observed in the data plotted in Figures 4.1B-44dnd all other plots in
Appendices A-G), the plottelsscF data pairs exhibit three general features--(1) an
increasing trend ilF asVsspincreases from a very low value; (2) a zone of geaklues
betweernVssp 150 to 300 m/s, depending 8hicrop and (3) a decreasing trendrrasVszo
increases beyond the zone of p&akalues. Similar general features can be obsenved i
data reported by other investigators (Silva e2@00; Chapman et al. 2006; Fairbanks et
al. 2008) and are supported by vibration theoryesethree general features are assumed

in developing mathematical modelskof

4.4.1.1 Estimating the Peak Site Coefficient

Extending the site coefficient model developed ihafter 3, the peak site
coefficient within a given plotHp) and the corresponding average shear wave velocity

the top 30 mVs309 can be estimated by

%3
F,=|% exp{ XZS"““"}[ Tn | 4q K, (4.3a)
g Tioo
Sou cro * Tm .
Vssop—lx4[ Q; pj £_5 } Ki 2 (4.3b)

wherexy, %, X, %, X% and X are regression coefficients given in Table &licrop iS In
units ofg; g is the acceleration of gravit¥ioois a proxy variable for the site fundamental
period;s is one second to normalidg, andKy; andKy, are dimensionless adjustment

coefficients to account for the influence of shallsoft rock.
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The proxy variabl@ g0 is defined as:

Tioo = ) 1%5100 (4.4)

whereVsigois the averaged shear wave velocity in the top mQQ@vhich is calculated
similar to Vszo Range and reference profile valuesVgiy for the profiles shown in
Figures 4.3a-4.3d are listed in Table 4.2. Alstedsn Table 4.2 are range and reference

profile values ofT100 and T, for the seven areas in the SCCP.

Table 4.1 Regression coefficients for estimating seismie sdefficients in the SCCP.

Soutcrop | X1 X2 X3 X4 X5 X6 a Zos | Zoos
(m/s)

PGA | 7.510| -4.394 1.614| 258 | 0.222 -0.276 -* 0.63 1.40

S 7.305| -1.980 1.546| 245 | 0.209 -0.141 0.65 0.63 1.48

Se | 10.691) -3.382| 1.487 | 142 | 0.18Y] -0.721 0.85 0.63 1.50

S 4929 | -2.734 0.437| 105 | 0.214 -0.87p 0.90 0.62 1.46

Sie | 3.477| -2.55§ 0.185( 128 | 0.224 -0.64]7 0.99 0.68 1.40

So | 0.720| -5.63§ -0.860( 211 | 0.208| -0.03¢ 0.99 | 0.65 1.30

*For PGA, use equation 46
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Table 4.2 Typical values o¥si0q T100, and T,

Vs100 T100 Tm AverageT
Site (m/s) (s) (s) Referencd,,
Range Reference Range Reference Range| Average
9 Profile 9 Profile 9 9
158- 0.64- 0.24-
Charleston 629 377 253 1.06 0.35 0.29 0.27
158- 0.64- 0.37-
Savannah 629 377 5 53 1.06 0.43 0.40 0.38
Myrtle 219- 0.59- 0.35-
Beach 680 474 1.83 0.84 0.38 0.37 0.44
. 201- 0.58- 0.27-
Columbia 635 421 196 0.95 031 0.29 0.30
204- 0.58- 0.29-
Florence 685 421 1.96 0.95 0.31 0.30 0.32
Lake 204- 0.58- 0.26-
Marion | 685 | *21 | 196 | 99 | 31| 028 0.29
) 184- 0.62- 0.24-
Aiken 643 396 217 1.01 0.38 0.31 0.31

Presented in Figures 4.14a-f &g values plotted versuSuicrop and T/ T1o0 fOr

spectral periods of 0.0, 0.2, 0.6, 1.0, 1.6, andl S. respectively. As expectef,

decreases with increasi®ucrop at all spectral periods. This is due to increasauping

and nonlinear effects at high&uwcrop Maximum amplification is expected when the

resonance frequency of a soil column matches wighftequency content of the motion

In Figures 4.14a-f, it can be seen thattends to increase with increasifig/T1o0 for

short periodsT < 0.6 s). For long period3 ¢ 0.6 s), howevelp tends to decrease with

increasingT/T100. Presented in Figures 4.15a-f are respective sahiie/ssop plotted

versus Soutcrop @and T/ Tago for spectral periods of 0.0, 0.2, 0.6, 1.0, 1.6d 8.0 s,

respectively. At smalle®uicrop Maximum amplification occurs in soft soils; arichaher

Souterop Maximum amplification occurs in stiff soils.
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Plotted in Figure 4.16a-4.16b, and tabulated inld 48, are computed values of
Kn1 andKyp, respectively, based on the results of responaby/sia preformed using the
motions from five quadrangles near Columbia andvhprofiles presented in Appendix
H1-H6 with depths to the soft rocldg.c) of 0.5, 1.5, 5, 10, 20, 30, 50, and 100 m.
Summary of inputs and outputs of these ground respanalyses are presented in

Appendix H.

It can be seen in Figure 4.16a tkata andF,; can be much higher at sites where
Hg.c < 100 m than at sites whelflz.c > 100 m. On the other hanBy e, F1, F1.6, andFs
are lower at sites whetédz.c < 100 m than at sites whelg ¢ > 100 m. In Figure 4.16b
it can be seen that soft soils exhibit greater #mation with increasingHs.c. Similarly,

stiff soils exhibit greater amplification with deasingHg.c.

T 2 T T T T 6 T T T
X i x% + O PGA
LIB. 1.6F o o ] 2cr) o S
= O n ‘g 4+ + 4 e i
.g 12r o cs 1 5 o VoS
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Figure 4.16 Depth to top of soft-rock adjustment coefficierdg; andKys.
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Table 4.3 Recommended depth to top of soft rock adjustmeetficients.

S Adjus_tment Depth to soft rockiHs.c (m)
coefficient “o 5T 15 5 | 10| 20] 30| 50| =100
Km: | 096 111| 153 144 126 115 1.02 1.do
PGA
Kee | 271| 2.29] 208 161 12p 147 1.04 1.0
Km | 077] 090] 123 153 136 123 140 1.4o
> Kee | 271] 2.29] 188 150 1.2p 144 1.02 1.40
K | 048] 070] 083 091 10p 144 104 1.4o
e Kie | 2.95| 2.27] 159 1.36 1.3p 114 1.09 1.40
K | 046] 073] 080 084 088 092 096 1.4o
> Kie | 2.86| 2.14] 152 143 12p 1149 1.05 1.40
K | 026] 029] 060 081 088 095 098 1.4o
e Kwe | 353| 2.65| 1.76 147 12p 146 1.03 1.40
Km | 037] 041] 046 06] 06p 0748 089 1.4o
> Kie | 5.36| 4.02| 2.68 188 15p 144 1.07 1.40

Presented in Figures 4.17a-c are example plotsoofpatedFpga F4 and F,
values forHg.c = 10 m. GreateFpcaandF, are predicted wheHg.c = 10 m compared
to Hg.c = 137 m for Site Class D and C. However, lesskregofF, are predicted when
Hs.c = 10 m compared tblg.c = 137 m. This observation agrees with the study by
Hashash et al. (2008) who also found greBteand lesseF, valuesn shallow Site Class

D profiles compared to deep Site Class D profikethe Mississippi Embayment.
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4.4.1.2 Relationship between F and Vs

With the estimates ofp and Vszop the medianVssgF relationships of the
eighteen plots shown in Figures 4.11-4.13 (as asel\ppendix A-H) can be expressed as

follows (Aboye et al. 2014):

F :( Fe JVSSO folVs30< Vssopand all spectral periods (4.5)
S30P
(F,—1)(760-Vgy,)
F= +1 folVs3p> Vszop andT < 0.2 s (4.6a)
760_V830P
F = a+ be farszo > Vszop andT > 0.2 s (4.6b)

where a is a regression coefficient given in Table 4.1d dnand c are coefficients

calculated from:

1-a
b= oo 4.7)
In( 1-a J
_ F,—a (4.8)
760—Vgyp

Equation 4.5 is a linear relationship, and assumes0 whenVsz,= 0 m/s. Equations
4.6a and 4.6b are linear and exponential relatipsshrespectively; and satisfy the
assumed reference soft-rock outcrop conditior-af 1.0 whenVszo= 760 m/s. Both

Equations 4.5 and 4.6 provide the same value @fVs3o= Vs3or
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Following the approach of Aboye et al. (2014), dexelopment of Equations 4.5
and 4.6 involves a three-step procedure. Firstliamecurves are derived by studying the
residuals of the individual data subsets groupedyéylogic area and spectral period.
The residualg, is defined here aB of the computed data divided IByof the median
relationship. Based on the probability plottingthwal, ¢ is shown to follow a lognormal
distribution. The second step involves obtainmeast-squared regression approximations
of F, andVszppas a function 0&uicropand T/ T100.  Finally, based ofrp, Vszos K1 and
K2, Equations 4.5 and 4.6 are established. The poedietriablesVssg Sutcrop T/ T100
and Hg.c are shown to have little or no bias in the mediaiationships expressed by

Equations 4.5 and 4.6, because plots of variabtissnot show any systematic structure.

The upper and lower curves shown in Figures 4.1B-4re drawn to bound 95%
and 5%, respectively, of all the data points fgivenF. They are drawn by multiplying
Equations 4.5 and 4.6 by the average standard &s¢oe.,Zo.050r Zo 05 listed in Table
4.1. The Z-scores are obtained from lognormal datiwe distribution ofF-residuals for

each set of data.

The new seismic site coefficient model defined ly&ions 4.3, 4.5 and 4.6 is
recommended for the SCCP because it provides betieches to the computed values
than do the NEHRP coefficients for all valuesvggs A flowchart of the procedure for
obtaining the recommended site coefficients fronft-sack spectral accelerations is
presented in Figure 4.18. The procedure begink (@) determining four key site

variables (i.e.Vszd Vsi00Or Tios, Hugr; andHg.c) from in situ test results and available
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geologic information; and (2) obtaining three kegund motion variables (i.€Sutcrop=
PGA, 92 96 S, S S R, andTy) from hazard maps or computer programs like
Scenario_ PC. With these inputs, the valuesFpfand Vszop are calculated from
Equations 4.3a and 4.3b, respectively; and the citdficients corresponding to each

value ofSyucropare calculated using Equation 4.5 or 4.6.

4.4.2 Recommended Site Coefficients

Presented in Appendices A-G are computed site icamftsfor the Charleston,
Savannah, Myrtle Beach, Columbia, Florence, Lakeridvla and Aiken areas,
respectively. In decreasing order, the computex efficients were generally found to
be greater in Myrtle Beach, Savannah, Charlestlomekce, Columbia, Lake Marion and
Aiken areas. More closely matching valuesTgfandTioo (i.€., Ty = 0.37 andl'oo = 0.84
for the Myrtle Beach reference profile may explte higher site coefficients obtained
for Myrtle Beach and Savannah. In this sectioselacted discussion is given based on

computed site coefficients for Myrtle Beach area.

Plotted in Figures 4.11, 4.12, and 4.13 Bsea Fa, andF, values computed for
Myrtle Beach, respectively. Also plotted for compan are the NEHRAF, and F,
values. Maximum computed medi&pca values range from 1.2 to 2.6, as shown in
Figure 4.11. The computed mediggsa values are generally greater than the NEHRP
values for all values d&ucrop The difference is most significant for Site Classand
can be greater by as much as 75%. As shown ind-iyd2, maximum computed median

F, values range from 1.25 to 2.6. The computed meBjavalues are greater than the
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NEHRPF, values by as much as 1.8 times. For the Site @a#ise NEHRH-; is found

to be conservative compared to the computed mdgignandF, values from this study.
This finding generally agrees with Silva et al. @2)) Rodriguez-Marek et al. (2001),
Borcherdt (2002), Stewart et al. (2003), Seyhan Stelvart (2011) and the NGA-

GMPEs (ttp://peer.berkeley.edu/ngaeasthose computel, values are greatéor Site

Class D and smaller for Site Class E comparedadNBHRP (Tables 2.1-2.3).

Presented in Figure 4.13 dfgvalues computed for Myrtle Beach. It can be seen
in Figure 4.13 that the computed medirvalues range from 2.0 to 3.7. The computed
maximum mediark, values plot relatively below the NEHRR, values for Site Class E
and C. For Site Class D, the computed me@iaaalues are sometimes greater than the
NEHRP values. Figure 4.13 shows that long-periogldication is critical whenVszgis
between 180-300 m/s. This observation generallyeesyrwith Silva et al. (2000),
Borcherdt (2002), Stewart et al. (2003) and Chal Stewart (2005) who also obtained

Fyvalues greater than the NEHRP for Site Class D Tabdes 2.4-2.6).

It is worth noting that the recommended site cogdfits are based on motions
generated by Scenario_PC assuming the midgadf 7.3 and scaling to different values
of PGAwucrop Additional analysis was performed with soft-ratiotions generated by
assumingM,, of 5, 6, 7 and 8 and scaling the motions to dé#fervalues oPGAyyicrop
Although the motions exhibit varying frequency aants and durations dependingdgp,
there is little to no difference between the comepusite coefficients. The influence of

frequency content of is adequately captured by tfg terms in Equations 4.3a and
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4.3b; and the influence of ground motion duratior-as comparatively small compared
to the influence oPGAwwcrop Thus, the site coefficients described by Equmstid.3a,
4.3b, 4.5 and 4.6 can be applied to soft-rock speatcelerations for all earthquake

magnitudes.

Additional analysis was also performed to invesggae influence oHyr versus
Hg.c. Itis found that much, if not all, of the var@is in computed site coefficients at a
given location due to the depth to top of rock dmn explain byHgc. Thus, the
adjustment coefficient&y; and Ky, are sufficient to capture the influence of shallow

depths (< 100 m) to bedrock.

4.5 Summary

In this Chapter, the model for predicting site ¢oednts developed in Chapter 3
was extended to a generalized seismic site cogfitienodel for the SCCP. Soil/rock and
seismic conditions typical of sites in the SCCE.(iCharleston, Savannah, Myrtle Beach,
Columbia, Florence, Lake Marion, and Aiken) weresidered. Input ground motions
were scaled to obtain good coverage over the spemtceleration range as provided in
codes and guidelines. It was shown that scalingmit motions is justified because the
SCCP is dominated by a single seismic source Zidmegeneralized model was based on
over 48,000 total stress, one-dimensional equivdileear and nonlinear ground response
analyses, and derived at spectral periods of 020,006, 1.0, 1.6 and 3.0 s. The respective
site coefficients were referred to Bsca Fa, Fos Fi.0, F1.6 andFso, and were calculated

as averages over period ranges 6f1, 0.1-0.4, 0.4-0.8, 0.8-1.2, 1.2-2.0, 2.0-4.0 s
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The most important variables identified in devetapthe seismic site coefficient
model are:Vszg spectral acceleration (amplitude), mean predomtipariod of the input
motion (), approximate fundamental frequency of soil/rockumn in the top 100 m
(T100), and depth to soft roclg.c). A relationship to computé, based on depth to hard
rock Hur) and site-to-source distancRB) (was suggested for the SCCP. In decreasing
order, the computed site coefficients were founde@reater in Myrtle Beach, Savannah,
Charleston, Florence, Columbia, Lake Marion andeAikMore closely matching values
of TyyandTygo (i.€., Ty = 0.37 andl'ygo = 0.84 for the Myrtle Beach reference profile) may

explain the higher site coefficients for Myrtle Bba

The computed site coefficients for each of the seaeeas in the SCCP were
grouped by spectral acceleration and plotted vevsus The site coefficient model was
expressed by a linear model 730 < Vszopand a linear or exponential model fég30>
Vssop Each set of data exhibited a peak value somewbereeenVss, of 73 and 320
m/s, depending on soft rock-outcrop accelerati®g(op and period. Site coefficients
decrease with increasirf§ucrop and the rate of decrease is higher wiiggy < 200 m/s.
As Swucrop iNCreases, the induced shear strains increassingauigher hysteretic damping
in the soil. The increased hysteretic damping patsis the wave energy. Because softer
sediments develop larger strains than stiffer sedis) this effect is more pronounced
when Vs3zo < 200 m/s. It is also noted th&bsa and F, attenuate more rapidly with
increasingSutcrop than Fy. The variability in computed site coefficients fsites with

similar Vszowas characterized by 5% lower bound and 95% upmendbcurves.

108



The computed relationships for periods of 0.0, @n@ 1.0 s for Myrtle Beach
were compared with the NEHRP, and F, values. It was shown that the computed
medianFpga values are greater than the NEHRP values by as much as 70%. The
computed mediaf, values also plotted above the NEHRPvalues folVs3o> 180 m/s.
The computed medidn, values plotted above the NEHRRvalues by as much as about
1.4 times for 180< Vs3p< 350 m/s. The computed medi&) values agreed with the
NEHRPF, values forVsz,> 360 m/s. FolVs3, < 180 m/s, the NEHRF, andF, were

shown to be greater than the computed median values

The effect oHg.c was considered by using hypothetielalc values of 0.5, 1.5, 5,
10, 20, 30, 50, 100 and 137 m in Mgprofile in Columbia. Higher amplifications were
found at lower values dflg.c whenT < 0.6 s. WherTl > 0.6 s, higher amplifications
were found at higher values dis.c. The procedure for applying the seismic site

coefficient model is summarized in the flow chaggented in Figure 4.18.

The computedrpga Fa andF, median relationships were recommended for the
SCCP because they are: (1) based on regional comg]it(2) continuous witlVszg (3)
dependent on depth to rock, and (4) dependent @rrdguency content of the design
motion. This chapter addressed some of the liroitgtiof Chapter 3 and Aboye et al.

(2014).
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From in situ test results From seismic hazard maps (or progra
and geologic information, like Scenario_PC), determirfeand
determineVgz, V100 (@nd Shuterop (1-6-, PCA & 6 Sy, S 6andS;

T100» He.c andH, g which correspond td = 0, 0.2, 0.6, 1.0,
’ 1.6, and 3.0 s, respectively)
I 7 |

Determine T,, For a site in the
SCCPT,,, can be estimated from

T, =o.102( Hue ), 0.30EL + 023
1000 100

v
From Table 4.3, obtail,;; andKy,,

v

Calculate

X3
F,= xlexp(—x2 S‘g’;‘”"”j(hJ + 1Ky,

100

S %
Ve 322 (1)

for each value 08, crop Wherex, X, X3, % , % and
Xg are obtained from Table 4.1

No Yes
I
Calculate @
Yes

F R V. Mo
- Vszop .

for each value 08,crop

Calculate Calculate

(F,-1)(760-Vg,) L F =a+be™
+
760—Vgy0p wherea is obtained
from Table 4.1 and

_1l-a
— L760c

b
e

In
__\K-a)
760_Vs3op

for each value 08,

for each value 08,crop

Figure 4.18 Flow chart of obtaining site coefficients for catimhs in the SCCP.
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CHAPTER FIVE

SEISMIC SITE COEFFICIENT MODEL FOR THE SOUTH CAROLINA

PIEDMONT

5.1 Geology and Seismology

The South Carolina Piedmont (SCP) is an area ¢ihgohills that lies between
the Fall line and the Brevard fault, as shown anghologic map presented in Figure 5.1.
The South Carolina Coastal Plain lies to the ehtheFall line. The Brevard fault is a
major topographic and structural feature in Sou#nona. To the west of the Brevard
fault are the Blue Ridge Mountains, which is a Beut continuation of the Appalachian

Mountains.

The SCP is characterized by erosional remains @narent mountain chain with
elevations ranging from 100 to 500 m. It is chagazed by gently rolling topography,
deeply weathered bedrock, and relatively few rookcimps. Based on rock type and
geologic structures, the SCP can be divided inteers¢ physiographic units (belts)
including the Brevard fault unit and the inner Pmht unit (Krinitzsky and Dunbar

1990).

As discussed by Krinitzsky and Dunbar (1990), theev@rd fault unit is
characterized by cataclystic rocks produced by hings and fracturing from fault

movements. Other rock types existing in the Breviaut unit are phyllites, schists
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(chlorite, graphite, and mica), gneiss, amphibajartizites and carbonates. The age of
these rocks is Paleozoic or older. The inner Piednoontains rocks of the highest
metamorphic grade found in the SCP. These inclumleamic and sedimentary rocks
metamorphosed to the Almandine-Amphibolite faciesghibolite, granitic gneiss,

paragneiss, metasandstone, and schist).

DESCRIPTION OF MAF UNITS
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Figure 5.1 Geologic map of South Carolina (SCDNR 2005) showime Fall Line and
the Brevard Fault that bound the South Carolindmant, as well the sites considered in
ground response analysis.

The typical vertical stratigraphic sequence in 8@€P includes 2 to 20 m of

residual soils at the surface underlain by sam®land weathered soils (SCDOT 2008).

Typically, residual soils consist of clayey soiksan the surface, underlain by sandy silts
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and silty sands. Saprolites are physically and dtediy weathered rocks that can be

soft/loose to very hard and dense, and typicaligimehe structure of the parent rock.

Regarding the seismicity of the SCP, there are fioajor fault zones identified as
potentially active seismic sources. These faultezoare the Brevard, the Towaliga-
Middleton-Lowndesville-Kings Mountain, the Goat Relglodoc, and the Augusta Shear
Zones (Hatcher et al. 1977). Most of these faulisez are thrust faults with strike-slip
components, which were mainly formed and activeanduthe Palezoic Era, prior the
opening of the Atlantic Ocean (Krinitzsky and Duntk892). Due to the absence of any
active faults and a high compressional stress regihe seismicity in the SCP is due to
the interaction of an ambient stress field on prsteng zones of weakness. The
predominant zones of weakness are networks ofsjoiius limiting the size of the

largest earthquake in the area (Talwani 1986).

Based on Bollinger (1975), the largest recordedhgaeke within the SCP
occurred in Union County on January 1, 1913, wiiak a Modified Mercalli Intensity
Index (MMI) of VII to VIII. Its magnitude has beerstimated to be between 5.0 and 5.5.
Geologically the estimated epicenter lies on thegkiMountain shear zone. Other small
intensity earthquakes are also known to have oeduim the SCP. These include the
1971 Oconee county earthquake (MMI = VI), and tl9§11 Lake Jocasse earthquake

(MMI = V).
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5.2 Seismic Hazard Assessment

The seismic hazards at the centers of sixteenrgoglts making up the four
selected areas in the SCP (i.e., Columbia, Grdenwdreenwood, and Rock Hill) are
assessed based on the 2008 USGS deaggregation d hamaapping

(http://eqint.cr.usgs.gov/deagqint/2008/index.plagcessed December 15, 2012). The

seismic hazard in these areas, except Greenvitletta western half of Greenwood, is
dominated by modal earthquake moment magnitublg® ¢f about 7.3 for both the SEE
and FEE conditions. The seismic hazard for the @&ie area and the western half of
the Greenwood area is dominated by earthquakeshjth 4.8 and 7.3 for the SEE and
FEE conditions, respectively. This indicates thatjke the SCCP, the seismic hazard in
the SCP is influenced by multiple sources, in addito the Charleston-Summerville

seismic source zone.

Presented in Figures 5.2 is a sample deaggregai&udis hazard output from the
Rock Hill area. It can be observed that the seistragard includes nearer small
earthquakesM,, = 4.5 to 6.0), and farther large earthqualdg € 7.0 to 7.5). Thus, the
justification of single dominant seismic source,a@sumed for the SCCP in Chapters 3
and 4, does not apply in the western half parhefSCP. To account for multiple seismic
source zones, input motions are generated matcthiegseismic hazard at target

frequency values, as will be discussed in Sectidn 5
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Figure 5.2 Deaggregated seismic hazard on NEHRP Site Clasgldfor the Rock Hill
West quadranglehtp://eqint.cr.usgs.gov/deaggint/2008/index.phpcessed December
15, 2012).

5.3 Dynamic Soil/Rock M odel

Presented in Figure 5.3 are representatiyeprofiles assumed in the ground
response analyses for the SCP. The refer¥ngeofile shown in Figure 5.3a is derived
by combiningVs profiles measured by/for different consultantg.(eWPC, S&ME and
URS) with the USGS/s model used by Silva et al. (2003). Méénvalues range from
273 to 300 m/s in the top 10 m. Between the depti® and 20 mY; values vary from
300 to 760 m/s. Between the depths of 20 and 3¥smalues vary from 760 to 2,500
m/s. AVsvalue of 2,500 m/s is the assumed representasikeevior the weathered hard

rock in SCP.
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In addition to the referenc¥ profile, fifty-one otherVs profiles are shown in
Figure 5.3. These other profiles are derived lphapg +1, -2 and -3 standard deviations
of In(Vy) to the reference profile above the weathered r@kspace. Average values of
o of In(Vs) assumed are 0.32 for the Quaternary materialCaBdor the saprolites and
residual soils. Depths to the weathered hard mfckO, 30, 20 and 10 m are also

assumed, as indicated in Figures 5.3a, 5.3b, i@&6ad, respectively.
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Figure 5.3 Representative profiles ofs for the SCP with the top d¥s = 2,500 m/s
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Presented in Figure 5.4 and 5.5 are two soil/rooklets assumed for determining
the variation of normalized shear modul@®Gn,,) and material damping rati®) with
shearing strain amplitude. The soil/rock model iguFe 5.4 contains a 10-m thick
residual soil on top of a saprolite layer. Undex Haprolite layer is the weathered-rock
half space withvs = 2,500 m/s. The soil/rock model in Figure 5.5dentical to Figure
5.4 below the depth of 10 m. Above the depth ofriLih Figure 5.5, properties typical of
the Quaternary flood plain material are assumee. giiound water depth is assumed to

be 5 m in both models.

Similar to Chapters 3 and 4, the Zhang et al. (2Q088) relationships are used
to represent the variations @/Gnax andD with shearing strain amplitude) (in terms of
geologic age, mean effective confining pressure, soil plasticity index. Displayed in
Figure 5.6 are sampl&/Gyaxy andD-y relationships for the Quaternary, and the residual
soil and saprolite layers shown in Figures 5.4 &rfl Also used in ground response
analysis are the 151G/Gnaxy andD-y relationships according to Zhang et al. (2008r F
the half space witNs3o= 2,500 m/s, purely linear relationships@Gnaxy andD-y are
assumed. This is done by enterfBf5max= 1 andD = 0.1% for ally values. A value ob
= 0.1% is taken to be representative for the weatheock half space in the SCP
(SCDOT 2008), therefore, it is different from theftsock damping value assumed in

Chapter 3 and 4.
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Assumed

Vertical At-Rest Mean Minimum
Effective Stress Coefficient Effective Stress Representative Damping
o', (kPa) Ko ¢’ n(kPa) o' (kPa) D,in(%)
Material 1 _
Residual Soils S 411 1.0 68 0.74
P1=15%,2=18.5kN/n¥ --- .
0 1 - 135 135
Material 2 135 135
Saprolites and Residual Soils
PI=0%,5=18.5kN/n? 10 178 0.66
.20 220 220
EE’ Material 3 220 220
= Saprolites and Residual Soils 10 263
8 PI=0%,E=18.5kN/n% :
30 305 305
/V\J\MI\/W <— Geologic Realistic Out crop Input Motion
_| Weathered Rock Half Space (Geologically Realistadition, SC Piedmont Province)
B=22.5kN/n%, V= 2500 m/s

Figure 5.4 Soil/rock model for the Piedmont assuming resicds over saprolites.

Assumed
Vertical At-Rest Mean Minimum
Effective Stress Coefficient Effective Stress Representative Damping
o’ v (kPa) KO o' m(kpa) S'm (kPa) Dmin(%)
Material 1 -
Quaternary Eoemo__ 0.5 45 0.74
P1=15%,8=18.5kN/n# --- .
0 - 135 90
Material 2 135 135
Saprolites and Residual Soils
PI=0%,5=18.5kN/n? 10 178 0.66
~ 20 220 220
EE’ Material 3 220 220
= Saprolites and Residual Soils 10 263
8 PI=0%,E=18.5kN/n% :
30 305 305
/V\J\A/W\l\'. <— Geologic Realistic Out crop Input Motion
_| Weathered Rock Half Space (Geologically Realistadition, SC Piedmont Province)
B=22.5kN/n%, V= 2500 m/s

Figure5.5 Soil/rock model for the Piedmont assuming Quatsgrsails over saprolites.
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Figure 5.6 Sample mearG/Gnhacy and D-y relationships used in ground response
analyses based on Zhang et al. (2005).

5.4 Input Ground Motions

Synthetic ground motions for the SCP are genératsing program
Scenario_PC, similar to the motions used for th€B@n Chapters 3 and 4. However,
different assumptions are made for the SCP. Hing,“geologic realistic” condition
defined in Scenario_PC for the SCP consists ofCar@%hick layer of weathered rocky(
= 2,500 m/s) over a half-space of unweathered hac (Vs = 3,500 m/s). Second,
ground motions are generated (a) by matching themse hazard with the uniform
hazard spectrum (UHS) points, and (b) by matchimgseismic hazard at target spectral
frequency (or periods) points. The latter matchéngeeded to account for contribution of
the seismic hazard from multiple sources. The tapectral periods used are the 0.0, 0.2

and 1s.
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Presented in Figures 5.7-5.10 are sample grountnsotor the Rock Hill West,
Kirksey, and Columbia North quadrangles for 2 % a@®6 probability of exceedance in
50 years. The motions in Figure 5.7 were generatadatch with the UHS points. The
motions in Figures 5.8-5.10 were generated to maith the seismic hazard at 0.0, 0.2

and 1 s spectral periods.
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Figure 5.7 Sample synthetic weathered-rock outcrop motionginrag the UHS for 10%
and 2% probability of exceedance in 50 years febp)(&ock Hill West, (c-d) Kirksey,
and (e-f) Columbia North quadrangles.
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Figure 5.8 Sample synthetic weathered-rock outcrop motionschirdg the seismic
hazard at the PGA or 0.0 s for 10% and 2% prolgmfi exceedance in 50 years for (a-
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Figure 5.9 Sample synthetic weathered-rock outcrop motionsgchirdg the seismic
hazard at 0.2 s for 10% and 2% probability of edeeee in 50 years for (a-b) Rock Hill

West, (c-d) Kirksey, and (e-f) Columbia North
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Figure 5.10 Sample synthetic weathered-rock outcrop motions$cimag the seismic
hazard at 1.0 s for 10% and 2% probability of ede@ee in 50 years for (a-b) Rock Hill
West, (c-d) Kirksey, and (e-f) Columbia North quaagles.

Compared to the UHS matched motions in Figures ®hé, peak ground
accelerationsRGA) of the motions in Figures 5.8 and 5.9 are grelayeas much as 3.2.
This is because the motions in Figures 5.8 andaBe9stronger, on average, at periods
closer to the matching spectral periods (0.0 a2dsQ.respectively). The difference is
small for the Columbia area, and for the 1.0 s spkperiod matched motions (Figure
5.10). Therefore, to obtain a conservative estinmatthe Piedmont, time-histories are

needed to be generated at periods of structunaifisignce.

In this study, Figures 5.8, 5.9, and 5.10 are usetbmpute site coefficients for
the SCP, which is decided after the sensitivitylyses presented in Figure 5.11. The
analyses are intended to illustrate the effectifbér@nt assumptions that can be made in

generating time histories for the Greenwood ardee feference/s profile shown in
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Figure 5.3b (i.e., profile with depth to top ¥t = 2,500 m/s material at 30 m), and

motions in Figures 5.7-5.10(c-d) are used.

It can be seen in Figure 5.11(a) that the peakispexcceleration predicted by the
SEE and FEE motions occur at about the same speetiads. As displayed in Figure
5.11(b), thePGA matched motion predicts higher accelerations &abge (T) < 0.15 s,
and lower accelerations at periods > 0.15 s forS&& condition. Computed spectral
acceleration using th®@GA matched FEE motion is higher than UHS matched FEE
motion by as much as 1.9 timesTat 0.2 s, as shown in Figure 5.11(c). This is because
the PGA matched motion is rich in amplitudes closefite 0.0 s. Compared to the UHS
matched motions, th& = 0.2 s matched motions predict significantly ¢eeapectral
acceleration as shown in Figures 5.11(d) and 5)1Tfee difference can be as much as
2.6 and 2.1 times &t = 0.2 s and 0.0 s, respectively. As shown in EEdull(f) the
predicted spectral acceleration is greater by ashnmas 1.5 times for thé = 1.0 s
matched motions compared to the UHS matched motibinese findings indicate that

little (or no) difference between the period comgesf the SEE and FEE motions

Presented in Figures 5.12 is the plofTgfof the input motions used with respect
to R. The anomaly of T, at R value of about 15 km is for Greenville and part of
Greenwood areas for the SEE condition. For the $&flition, low T, values were
expected for Greenville and part of Greenwood arfeesause these areas are dominated
by modalM,, of about 4.8. However, this is not the case iruf@g.12, which indicates

that the seismology of the western half part ofSI&P is a more complex than the SCCP.
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Figure 5.11 Sample sensitivity of spectral acceleration touagsion in input motion
generation for the Greenwood area.
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5.5 Ground Response Analysis

In this chapter, the computer program SHAKE2000 2hMDD2000 were used to
perform one-dimensional, total stress ground respamnalysis. SHAKE2000 was used
for all the four locations wheRGAyicrop Of the soft-rock outcrop motion 0.3 g; and
D-MOD2000 was used for selected profiles wh@®GAwcop IS > 0.3 g. For
D_MOD2000, the frequency calibration pairs (i.esceus damping and an odd integer

related to the modes at which target damping isheat) was = 0.5,n=5.
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5.6 Results

Presented in Figures 5.13-5.18 are the site coafiiE (i.e.,Fpca Fa, Fo.e Fu, Fi6
and F3z, respectively)derived from ground response analyses plotted se¥&ido
assuming thevs profiles in Figure 5.3b with the weathered hardkrat 30 m. Also
presented in Figures 5.12-5.18 are median, 95% dyoamd 5% bound curves for the
plotted data. Similar to the SCCP, the plotéégsF data pairs in Figures 5.13-5.18
exhibit three general features--(1) an increasiegd inF asVsgpincreases from a very
low value; (2) a zone of pedkvalues, depending d&uwcrop and (3) a decreasing trend

in F asVszpincreases beyond the zone of pEakalues.

The derivation of the seismic site coefficient mofr the SCP is slightly
different from what was proposed for the SCCP imaitar 4. The difference is due to the
assumed reference rock site. The site coefficidetsved in this chapter are meant to
adjust weathered-hard rock accelerations. The SCG§efficients were meant to adjust
soft-rock accelerations. Modifying the site coa#it model developed for the SCCP, the
peak site coefficient within a given pldty) and the corresponding average shear wave

velocity in the top 30 m\{s3op can be estimated by:

X
utcro T
Fo=| % exp[xss’ ”j( . ] +1| K5 (5.1a)
9 Tioo

vV =| x Soutcrop Xll(hjxﬁ KH (5_1b)
S30P 0 g s 4
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wherexz, Xs, %o, X0, X11 @and x. are regression coefficients given in Table &licropis in
units ofg; g is the acceleration of gravit¥;oois a proxy variable for the site fundamental
period;s is one second to normalidg, andKy; andKy, are dimensionless adjustment
coefficients to account for the influence of defutlihe weathered hard rock. Presented in
Table 5.2 are range and reference profile valudsgfandT,, for the four selected areas
in the SCP. Presented in Table 5.3 is the deptiwdaathered hard rock adjustment

coefficients.

128



6 T TT T TT 61— T T T T

< |Ste B D c | o |SteE D, c , B

© |class o SEE motioh o |class o SEE motioh

L | | ¢ FEE motior b= I I ¢ FEE motiol

w | — = NEHRPF, = | | I — NEHRPF,

34 | —— This stud ear | | i ]

S} y < This study

< | o |

V] o

[a : g = |

5 — — 0 S - —

= ' ' 5

s 2k S 2t

g i [ 8

L L

) | e e Q

= = = 5% 7]

(0 | | n | | | b
ol by, @ o L L oo, O

0 200 400 600 800 1000 0 200 400 600 800 1000

Average Shear Wave Velocity in Top 30%30(m/s) Average Shear Wave Velocity in Top 30Wyzq(m/s)

61— T T TT
Site E D

6= T
C B Site g D

T T

< [ [ ! < | | c L B
8 class o SEE motion g class o SEE motion
g ! ! o FEE motion B I I ¢ FEE motio
o | | — — NEHRPF, o I I - — NEHRPF,
S4r | - 1 S4r . .
< —— This study < | | —— This study
0] | | O} | | |
o o

P | = | |

S S
A=) o

= | = |

*8 2 g 2F

& [~ @ |

e [ g

) )
= =

n n

0 0
0 200 400 600 800 1000 0 200 400 600 800 1000

Average Shear Wave Velocity in Top 30vy3,(m/s) Average Shear Wave Velocity in Top 30Wy3o(m/s)

61— T T T T 61— T TT T TT
< Site E | D | C , B Site D | C |
<
8 class o SEE motion 8 class | o SEE motion
B I I *  FEE motiof B I I ¢ FEE motion)
) I I — — NEHRPF, o | | — - NEHRPF,
S | i 1 S4r | i ]
—— This study | —— This study
< <
O] | | | O | | |
o - [a 8 .
5 | | | 5 | | |
5 | | = | | |
=20 QS ok
3] | S |
© ©
w L |
2 - £ L e - = = — — —
n I (e 0 ro ° 5% (f)
0 II I 1 1 I 1 0 1 I 1 1 I 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Average Shear Wave Velocity in Top 30viy30(m/s) Average Shear Wave Velocity in Top 30%yzo(m/s)
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Table 5.1 Regression coefficients for estimating seismie sdefficients in the SCP.

Soutcrop | X7 Xg X9 X10 X11 X12 a Zoos | Zoos
(m/s)
PGA | 2.861| -4.064 -0.562| 606 | 0.157| 0.187 - 0.71 1.3¢
S 2.659 | -1.381 -0.657| 538 | 0.162| 0.182 0.88 0.71 1.41
Se | 3.245| -2.981] -0.445| 538 | 0.162| 0.228 0.98 0.66 1.4D
S 1.496 | -0.912 -0.759| 374 | 0.090| 0.333 0.98 0.60 1.50
S | 1.159| -1.420 -0.003| 405 | 0.153| 0.333 0.99 0.66 1.4D
S | 0.712| -5.638 -0.860| 212 | 0.208| -0.036 0.99 0.67 1.30
*For PGA use equation withowt
Table 5.2 Typical values oVs10g T100, and T, for the SCP.
Vs100 T100 Tm A T
Site (m/s) (s) (s) _Averagel,
Ranqe | REfErence o | Reference | Average Referencd,,,
9 Profile 9 Profile 9 9
. 0.25-
Columbia 0.28 0.27 1.04
. 0.27-
Rock Hill 1025- 0.21- 0.29 0.28 1.07
1833 1553 0.39 0.26 0.27-
Greenwood ' ' 0.35 1.35
0.42
. 0.28-
Greenville 0.38 0.33 1.27
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Table 5.3 Depth to weathered-hard rock adjustment coefftsien

Adjustment Depth to soft rock,Hug (M)

Soutcrop | COefficient | 5 10 20| 30| 40| 50 100
Kys 0.33 | 0.35| 1.001.00| 0.94| 0.88| 0.58

PGA Kna 783 | 7.33| 1.671.00|0.97|0.93| 0.77
Kus 0.33 | 0.34| 1.131.00|0.92| 0.84| 0.45

Ss Kya 7.03 | 6.25| 1.411.00(0.97|0.94|0.78

Kus 0.27 | 0.29| 0.58 1.00| 1.03| 1.05| 1.18

S Kna 9.69 | 9.39| 2.86 1.00| 0.97| 0.94]| 0.79

Kus 0.35 | 0.33| 0.431.00|1.17|1.33]| 2.17

S Kya 12.63| 12.11] 3.791.00| 0.95| 0.89| 0.63

Kus 059 | 0.59| 0.76 1.00| 1.01| 1.03| 1.10

Sie Kya 12.00| 11.00; 3.601.00| 0.95| 0.90| 0.65

Kys 0.76 | 0.76| 0.911.00|1.02|1.03|1.11

S Kua 13.16| 11.58 3.791.00| 0.89| 0.79]| 0.26

Presented in Figure 5.19 is a sample residual gfldtr versus the predicting
variables in Equation 5.1&utcrop and T/ T100, fOr short-period spectral acceleration and
depth to weathered-hard rock equals 30 m. Theuakig is defined here aBp of the
plotted data minu§p obtained from Equation 5.1a. The mean values axe computed
to be about zero, suggesting the central tendericthe predicting Equation 5.1a.
Equation 5.1a gives an unbiased predictiorFgf because the data do not exhibit a

systematic pattern witGycrop @aNd T/ T100

Plotted in Figure 5.20 is a sample residual ploWefoe versus the predicting
variables,Suicrop aNd Ty, for short-period spectral acceleration and depthvéathered-

hard rock equals 30 m. The residualis defined here agssop Of the plotted data minus
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VssopObtained from Equation 5.1b. Similar to Figure%.the mean values efplotted in
Figure 5.20 are scattered about zero, ancttlata do not exhibit a systematic pattern

Wlth S)utcrop andTm.
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Plotted in Figure 5.21 are computed values=ga for PGAytcrop = 0.05 g, and

Hur = 50, 30, 20, and 10 m. It can be seen from FiguPd thatVssop increases with

decreasinddyr, and maximum amplification occurs whelag is somewhere between 50

and 30 m. This is confirmed by comput&dTioo values using reference profiles with

Hur = 50, 30, 20, and 10 m. TAg/Tigovalues are 0.49, 1.18, 1.21 and 1.44, wHgr =

50, 30, 20, and 10 m, respectively. This confirtmgt tmatching betweei,, and T100

occurs whemyg is between 50 and 30 m.
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Figure 5.21 ComputedFpga for PGAyicrop = 0.05 g and depth to weathered hard-rock
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With the estimates dfp andVssopfrom Equation 5.1a and 5.1b, the medi&ss

F relationships of the plots shown in Figures 5.135an be expressed as follows:

F= (VFP jvsw foNVs30< Vszopand all spectral periods (5.2)
S30P
(F,—1)(2500-Vgy,)
F= +1 foVs30> Vs3op andT < 0.2 s (533.)
2500-Vgzp
F =a+bes fArsz0> Vszop andT > 0.2 S (5.3b)

where a is a regression coefficient given in Table 5.1¢d énand c are coefficients

calculated from:

_1-a
b——ezso(b (5.4)
In
~|F-a (5.5)

C=
2500-Vyy

Equation 5.2 is a linear relationship, and assumes0 whenVszy= 0 m/s. Equations
5.3a and 5.3b are linear and exponential relatipsshrespectively; and satisfy the
assumed reference soft-rock outcrop conditiofr ef 1.0 whenVszo= 2,500 m/s. Both

Equations 5.2 and 5.3 provide the same value @fVs3op
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5.7 Recommended Site Coefficients

Maximum computed mediaRpca Values range from 1.5 to 3.3, as shown in
Figure 5.13. The computed medigssa values are significantly greater than the NEHRP
Fa values for all values dkuicrop The difference is significant for Site Class Qldb,
and can be as much as 2.2 times. As shown in Figu, the maximum computed
medianF, values range from 1.5 to 3.25. The computed meBjanalues are greater
than the NEHRH-, values by as much as 2.0 times. Thus, the useeoNEHRPF,
values to adjust short-period acceleratioRGAucop and S) in the SCP is very
unconservative. For the Site Class E, the NEHRRsalues generally agree with the

computed values.

ConcerningF,, the maximum computed median value can be betvegrand
2.6, as shown in Figure 5.15. Maximum compgdccurs at D-sites withs3pbetween
180 and 250 m/s. Compared to the NEHRPthe computed values are slightly higher

when$S, > 0.2 g.

5.8 Summary

A seismic ground response study based on conditionthe South Carolina
Piedmont (SCP) was presented in this Chapter.r8cki/and seismic conditions typical
of four locations within the SCP (i.e., ColumbiaydR Hill, Greenville, and Greenwood)
were considered. Because the seismic hazard iB@keis dominated by multiple seismic
sources, time-histories generated by matching tdrgquencies provided better results

compared to time-histories generated by matchiagitiiform hazard spectra points.
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Over 10,000 total stress, one-dimensional equivdleear and nonlinear ground
response analyses were used to derive a modestianaging seismic site coefficients in
the SCP. Proxy variables used wek&z, spectral acceleration (amplitude), mean
predominant period of the input motioi§, approximate fundamental frequency of
soil/rock column in the top 100 nT4yg), and depth to weathered-hard roék£). The
model was expressed by a linear relationshipvigap < Vssopand a linear or exponential
relationship forVssp> Vs3or Adjustment coefficients foHg were also proposed. It was
found that maximum amplification occurs whidpr is somewhere between 30 and 50 m.
The procedure for applying the seismic site comdffitmodel is summarized in the flow

chart presented in Figure 5.22.

Maximum computed mediaReca Fa andF, were found to be 3.3, 3.25 and 2.6,
respectively. The computdébca andF, were found to be significantly greater than the
NEHRP F, for Site Class C and D. The computedvalues also plotted slightly above

the NEHRPF, value. Thus, the use of the NEHRPandF, in the SCP is unjustified.

The seismic site coefficient model developed iis thapter is recommended for
constructing ADRS curves in the SCP. Howeverhdwd be used exclusively used for
adjusting weathered hard rock outcropping speca@ielerations. The coefficients
derived in this chapter should not be used to adpdft-rock (B-C boundary)

accelerations.
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From in situ test results From seismic hazard maps (or progra
and geologic information, like Scenario_PC), determifand
determineVs,, Vsiqo (and Soutcrop (18, PGA & S5 S, S sandS;

Ti00» @ndH 5 which correspond td = 0, 0.2, 0.6, 1.0,
1.6, and 3.0 s, respectively)
|

v
DetermineT,, For a site in the SCF
dominated by the Charlestg
Seismic Hazard zoneTl,, can be
estimated from

T, = 0.30{i] +0.23
1000
v
From Table 5.3, obtail,,; andK,,
v

Calculate

X9
F=|% exp{—xss’”mp][-r—m] + 1Ky
g -I;.OO

Soutcrop &
Vsaop = XlO(T] (meu) Kiia

for each value 08, crop Wherexy, %, %, X0, %11
and X, are obtained from Table 5.1

=]

No Yes
[
Calculate @
E No Yes
F= [P]Vsso
S30P
for each value 0§, crop Calculate Calculate
(F,—1)(760-Vg) L F=a+be™
= 7/ 4
760—Vgy0p wherea is obtained
for each value 08,ycrp from Table 5.1 and
b 1-a
= 250
1-a
In
F,-a
2500-Vgyp

for each value 08,0

Figure 5.22 Flow chart of obtaining site coefficients and domsting ADRS curve for
conditions in the SCP.
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CHAPTER SIX

IMPROVED PROCEDURE FOR CONSTRUCTING ACCELERATION DESIGN

RESPONSE SPECTRUM

6.1 Introduction

Summarized in this chapter are recommended proesdi@ar constructing the
horizontal acceleration design response spectrudR@) to improve Chapter 12 of
SCDOT (2008). The procedures are based on reswdtemed in Chapters 4 and 5.
Presented in Chapter 4 were results of ground nsgpanalysis from seven areas in the
SCCP (i.e., Charleston, Savannah, Myrtle Beachyi@bia, Florence, Lake Marion, and
Aiken). Presented in Chapter 5 were results of gdowesponse analysis from four areas
in the SC Piedmont (i.e., Columbia, Greenwood, Riddk and Greenville). Tabulated
site coefficients recommended in SCDOT (2008) amamared with maximum median
site coefficients within a seismic site class dedifor the SCCP and SC Piedmont. The

maximum median values within site classes are pteddor a conservative comparison.
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6.2 Local Site Effect on PGA

In SCDOT (2008), the local site peak horizontalugr surface acceleration (i.e.,
free-field or spectral period = 0 s) is determined by adjusting the mapped mekk

horizontal ground surface acceleration using ttieieng equation:

PGA=Fpga X PGA)utcrop (6-1)

wherePGAIis thepeak horizontal ground acceleration at the siteiggosurface adjusted
for local conditions;PGAuucropiS the mapped rock peak horizontal ground acceberat
obtained from the SC Seismic Hazard maps for thogpiate design earthquake (i.e.,
Functional Evaluation Earthquake, FEE, or Safetwl&ation Earthquake, SEE); and

Frcais the site coefficient based on the site classraappedGAouicrop

Presented in Table 6.1 aFega values recommended in SCDOT (2008). The
selection of thes€pga vValues for design is based solely on seismicciss (i.e., A, B,

C, D, E, and F) anBGA)utcrop-

Presented in Tables 6.2-6.5 are computed maximudiamEpga values within a
site class derived in Chapter 4 for four selecteshsin the SCCP: (1) Charleston (2)
Myrtle Beach, (3) Columbia, and (4) Aiken, respesly. The tabulated site coefficients
for Site Classes C, D and E in the SCCP are fod#igrent depths to the B-C boundary
(Hs-c = 5, 10, 20, 30, 50, arel100 m). It can be seen from Tables 6.2-6.5 thaFpca
values derived in this study are sometimes muchtgrehan the values recommended in

SCDOT (2008).
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Presented in Tables 6.6 are computed maximum mégiaqvalues within a site
class derived in Chapter 5 for SC Piedmont area. t&hulated site coefficients for Site

Classes C, D and E in the Piedmont are for sixekfit depths to material wits =

2,500 m/silur = 5, 10, 15, 20, 30, arel50 m).

It is important to note that when using Tables &2-PGAyucrop is for B-C

boundary conditionRGAg.c); and when using Table 6.BGAuucropis for weathered hard
rock condition(PGAR).

Table 6.1 Fpgaas a Function of Site Class and Mapp&iis.c SCDOT (2008).

Site Class| Peak Horizontal Ground AccelerdtipRGAs . (Period = 0.0 s)

<0.10g | 020g 030g 0.40g] >0.50g
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 14 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.9
) N/A N/A N/A N/A N/A

Byse linear interpolation for intermediate value$ Ay c.
@sijte-specific response analysis shall be performed.
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Table 6.2 Maximum MediarFpca as a Function of Site Class da&Ags.c Derived in this
Study for Charleston.

Site Hem Peak Ground AcceleratihPGAg.c (Period = 0.0 s)
B-C»
Class <005g | 0.1g| 02g| 03d 04432059
A@ - _ _ _ _ _ _
B 0 1.0 10| 10| 10| 1.0 1.0
5 3.2 29 | 24| 21| 1.9 1.8
10 2.7 26 | 22| 19| 17 1.6
c 20 2.2 21| 18| 17| 15 1.4
30 2.0 19 | 17| 15| 14 1.3
50 1.8 1.7 | 15| 13| 1.2 1.2
>100 1.8 16 | 14| 13| 1.2 1.1
5 3.1 24 | 17| 14| 11 1.0
10 2.9 26 | 19| 15| 1.3 1.2
5 20 2.6 23| 19| 17| 15 1.4
30 2.4 22| 18| 16| 14 1.3
50 2.1 19| 16| 14| 13 1.2
>100 2.1 19| 16| 14| 12 1.2
5 1.5 12| 08| 07| 06 0.5
10 1.8 14| 10| 08| 07 0.6
c 20 2.1 16 | 11| 09| 08 0.7
30 2.1 16 | 11| 09| 08 0.7
50 2.1 1.6 | 11| 09| 08 0.7
>100 2.1 1.6 | 12| 09| 08 0.7
F9 1 N/A N/A N/A | NJA | NJA | NIA | N/A

BUse linear interpolation for intermediate value$ 6 A c.
@sijte-specific response analysis shall be performed.
®)Site Class A not presented in the Charleston &teaesponse analysis performed.
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Table 6.3 Maximum MediarFpca as a Function of Site Class da&Ags.c Derived in this
Study for Myrtle Beach.

Site Hem Peak Ground AcceleratihPGAg.c (Period = 0.0 s)
B-C»
Class <005g | 0.1g| 02g| 03d 04432059
A@ - _ _ _ _ _ _
B 0 1.0 10| 10| 10| 1.0 1.0
5 4.0 35| 28| 23| 21 1.9
10 3.3 31| 26| 21| 19 1.7
c 20 2.6 25| 21| 18| 1.6 1.5
30 2.4 22| 19| 17| 15 1.4
50 2.1 20| 17| 15| 13 1.2
>100 2.1 19| 16| 14| 13 1.2
5 3.9 30| 20| 16| 13 1.1
10 3.6 32| 23| 18| 15 1.3
5 20 3.2 28 | 23| 19| 17 1.5
30 3.0 26 | 21| 18| 15 1.4
50 2.6 23| 19| 16| 14 1.2
>100 2.6 23| 18| 15| 13 1.2
5 2.0 15| 10| 08| 0.6 0.6
10 2.2 1.7 | 12| 09| 07 0.6
c 20 2.7 20| 14| 11| 09 0.7
30 2.6 20| 14| 10| 09 0.7
50 2.6 20| 14| 10| 0.9 0.7
>100 2.6 20| 14| 11| 0.9 0.8
F9 1 N/A N/A N/A | NJA | NJA | NIA | N/A

BUse linear interpolation for intermediate value®&A; c.

@sijte-specific response analysis shall be performed.
®Sijte Class A not presented in the Myrtle Beachréponse analysis performed.
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Table 6.4 Maximum MediarFpca as a Function of Site Class da&Ags.c Derived in this
Study for the Columbia area in SCCP.

Site Hem Peak Ground AcceleratihPGAg.c (Period = 0.0 s)
B-C»
Class <005g | 0.1g| 02g| 03d 04432059
A@ - _ _ _ _ _ _
B 0 1.0 10| 10| 10| 1.0 1.0
5 3.0 27| 23| 20| 18 1.7
10 2.6 25| 21| 18| 17 1.6
c 20 2.1 20| 18| 16| 15 1.4
30 1.9 18| 16| 15| 14 1.3
50 1.7 16 | 14| 13| 1.2 1.1
>100 1.7 16 | 14| 13| 1.2 1.1
5 2.8 22| 16| 13| 11 1.0
10 2.7 25| 18| 14| 1.2 1.1
5 20 2.4 22| 18| 16| 15 1.3
30 2.2 20| 17| 15| 14 1.3
50 2.0 1.8 | 15| 13| 1.2 1.2
>100 2.0 18| 15| 13| 1.2 1.1
5 1.4 11| 08| 06| 05 0.5
10 1.6 12| 09| 07| 0.6 0.5
c 20 1.9 15| 11| 08| 07 0.6
30 1.9 14| 10| 08| 07 0.6
50 1.9 14| 10| 08| 07 0.6
>100 1.9 15| 11| 09| 07 0.7
F9 1 N/A N/A N/A | NJA | NJA | NIA | N/A

BUse linear interpolation for intermediate value$ 6 A c.
@sijte-specific response analysis shall be performed.
®sijte Class A not presented in the Columbia ar&d&P. No response analysis performed
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Table 6.5 Maximum MediarFpca as a Function of Site Class da&Ags.c Derived in this
Study for Aiken.

Site Hem Peak Ground AcceleratihPGAg.c (Period = 0.0 s)
B-C»
Class <005g | 0.1g| 02g| 03d 04432059
A@ - _ _ _ _ _ _
B 0 1.0 10| 10| 10| 1.0 1.0
5 2.9 26 | 22| 20| 18 1.7
10 2.5 24 | 21| 18| 17 1.6
c 20 2.0 19| 17| 16| 15 1.4
30 1.9 18| 16| 15| 14 1.3
50 1.7 16 | 14| 13| 1.2 1.1
>100 1.6 15| 14| 12| 1.2 1.1
5 2.8 21| 16| 13| 11 1.0
10 2.7 24| 18| 14| 1.2 1.1
5 20 2.4 21| 18| 16| 15 1.3
30 2.2 20| 17| 15| 14 1.3
50 1.9 1.8 | 15| 13| 1.2 1.1
>100 1.9 1.7 | 15| 13| 1.2 1.1
5 1.4 11| 08| 06| 05 0.5
10 1.6 12| 09| 07| 0.6 0.6
c 20 1.9 14| 11| 09| 07 0.7
30 1.8 14| 10| 08| 07 0.7
50 1.8 14| 10| 08| 07 0.7
>100 1.9 15| 11| 09| 07 0.7
F9 1 N/A N/A N/A | NJA | NJA | NIA | N/A

BUse linear interpolation for intermediate value$ 6 A c.
@sijte-specific response analysis shall be performed.
®Sijte Class A not presented in the Aiken area. @éponse analysis performed
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Table 6.6 Maximum MediarFpca as a Function of Site Class ar&Aqr Derived in this
Study for Columbia in SCP.

Site | Hur Peak Ground AcceleratiBhPGAr (Period = 0.0 s)
Class m

<005g | 010g] 020d 030§ 0.40[g>050g
A - 1.0 1.0 1.0 1.0 1.0 1.0
5 0.6 0.5 0.4 0.3 0.3 0.3
10 0.7 0.6 0.4 0.3 0.3 0.2
B 20 2.7 2.4 2.0 1.7 15 1.3
30 2.8 2.5 2.0 1.7 15 1.4
50 2.3 2.0 1.7 14 1.2 1.1
100 1.6 14 1.2 1.0 0.9 0.9
5 0.9 0.9 0.9 0.9 0.9 0.9
10 0.9 0.9 0.9 0.9 0.9 0.9
c 20 3.0 2.6 2.1 1.7 15 1.3
30 3.2 2.9 2.3 1.9 1.6 15
50 2.6 2.3 1.8 15 1.3 1.2
100 1.7 15 1.2 1.0 0.9 0.9
5 0.3 0.3 0.3 0.3 0.3 0.3
10 0.3 0.3 0.3 0.3 0.3 0.3
D 20 2.2 1.7 1.2 0.9 0.8 0.7
30 3.3 2.9 2.2 1.7 1.4 1.2
50 2.6 2.3 1.8 15 1.2 1.1
100 1.7 15 1.2 1.0 0.9 0.8

5 - - _ - _ -

10 - - - - - -
£ 20 1.1 0.9 0.6 0.5 0.4 0.3
30 2.0 1.6 1.1 0.9 0.7 0.6
50 1.7 1.3 1.0 0.7 0.6 0.5
100 1.4 1.1 0.8 0.6 0.5 0.4

F2 | N/A N/A N/A N/A N/A N/A N/A

DyUse linear interpolation for intermediate value®&A .
@sijte-specific response analysis shall be performed.
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6.3 Local Site Effectson Short- and Long-Period Spectral Accelerations

The local site short-period (= 0.2 s) and the long-period & 1.0 s) horizontal
spectral response accelerations are determinedljogtad mapped rock spectral values

using the following equations:

Sos =FaxSs 6.2)
S1=Fy xS 6.3)

whereSysin the design short-period horizontal spectral oese acceleration adjusted for
local site conditions;Sy; is the design long-period horizontal spectral resgo
acceleration adjusted for local site conditiofgis the short-period site coefficier; is
the long-period site coefficiengsis the mapped short-period horizontal spectralarse

acceleration, an8, the mapped long-period horizontal spectral respanseleration.

Presented in Tables 6.7 and 6.8 are respeEtjandF, values recommended in
SCDOT (2008). Presented in Tables 6.9-6.12 ande$ah14-6.17 are computéd and
F, values, respectively, for the SCCP. Presentedbyiek 6.13 and 6.18 are respectye
andF, values for the SCP. It should be noted that wisnguTables 6.9-6.12 and Tables
6.14-6.17,PGAoutcrop IS for B-C boundary conditionPGAs.c); and when using Tables

6.13 and 6.18PGAyucropis for weathered hard rock conditidPGAR).
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Table 6.7 F, as a Function of Site Class adRecommended in SCDOT (2008) for B-C
Boundary Mapped Soft-Rock Acceleration.

Site Class Mapped Horizontal Spectral AcceleratipReriod of 0.2'8, S
<0.25¢ 0.50 g 0.75 g 1.00g >1.25¢
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.2 1.2 1.1 1.0 1.0
D 1.6 14 1.2 1.1 1.0
E 2.5 1.7 1.2 0.9 0.9
) N/A N/A N/A N/A N/A
BUse linear interpolation for intermediate valueSof

@sijte-specific response analysis shall be performed.

Table6.8 F, as a Function of Site Class aidRecommended in SCDOT (2008) for B-C
Boundary Mapped Soft-Rock Acceleration.

Site Class Mapped Horizontal Spectral AcceleragipReriod of 1.0'3), §
<0.10 g 0.20 g 0.30 g 0.40g]| >050g
A 0.8 0.8 0.8 0.8 0.8
B 1.0 1.0 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 2.4 2.0 1.8 1.6 1.5
E 3.5 3.2 2.8 2.4 2.4
2 N/A N/A N/A N/A N/A
Byse linear interpolation for intermediate valueSpf

@sijte-specific response analysis shall be performed.
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Table 6.9 Maximum MediarF,as a Function of Site Class and Mapfgtbr the B-C

Condition Derived in this Study for Charleston.

Mapped Spectral Acceleration at Short-Péftddr the B-C

Site | He.c, Condition (Period = 0.2 sec)
Class| m
- <0.15g| 025g | 050g| 0.75g| 1.00g | 1.25¢g
A - - - - - - -
B 0 1.0 1.0 1.0 1.0 1.0 1.0
5 2.5 2.3 1.9 1.6 15 14
10 2.5 2.6 2.4 2.1 1.9 1.7
C 20 2.1 2.0 1.9 1.7 1.6 15
30 1.8 1.8 1.6 15 14 1.3
50 1.7 1.6 15 1.3 1.3 1.2
>100 1.6 15 14 1.2 1.2 1.1
5 2.6 2.1 15 1.2 1.0 0.9
10 3.3 2.9 2.3 1.8 1.6 14
D 20 2.9 2.5 2.1 1.8 1.6 15
30 2.6 2.3 1.9 1.6 15 14
50 2.3 2.1 1.7 1.5 1.3 1.2
>100 2.1 1.9 15 1.3 1.2 1.1
5 1.3 1.0 0.7 0.6 0.5 04
10 2.1 1.6 1.2 0.9 0.8 0.7
E 20 2.2 1.7 1.2 1.0 0.8 0.7
30 2.4 1.9 1.3 1.0 0.9 0.8
50 2.2 1.7 1.2 1.0 0.8 0.7
>100 2.0 1.6 1.1 0.9 0.8 0.7
F9 | N/A N/A N/A N/A N/A N/A N/A

) Use linear interpolation for intermediate valué$o
@sijte-specific response analysis shall be performed.

®)Site Class A not presented in the Charleston &teaesponse analysis performed.
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Table 6.10 Maximum MediarF, as a Function of Site Class and Mapgetbr the B-C
Condition Derived in this Study for Myrtle Beach.

Mapped Spectral Acceleration at Short-Péftddr the B-C

Site | Hec, Condition (Period = 0.2 sec)
Classi m

- <0.15g| <0.15g| <0.15g| <0.15¢g | <0.15g | <0.15¢
B 0 1.0 1.0 1.0 1.0 1.0 1.0
5 3.0 2.8 2.2 1.8 1.6 14
10 2.9 3.0 2.7 2.3 2.0 1.8
c 20 2.4 2.3 2.1 1.9 1.7 1.6
30 2.1 2.0 1.8 1.6 15 14
50 1.9 1.8 1.6 1.4 1.3 1.2
>100 1.8 1.7 15 1.3 1.2 1.1
5 3.2 2.5 1.7 1.3 1.1 0.9
10 4.0 3.5 2.7 2.1 1.7 15
D 20 3.5 3.0 2.4 2.0 1.7 15
30 3.2 2.8 2.2 1.8 1.6 14
50 2.8 2.5 1.9 1.6 14 1.3
>100 2.6 2.2 1.8 1.5 1.3 1.2
5 1.7 1.3 0.8 0.6 0.5 0.5
10 2.6 2.0 1.3 1.0 0.8 0.7
£ 20 2.8 2.1 14 1.1 0.9 0.8
30 3.0 2.3 15 1.2 1.0 0.8
50 2.8 2.1 14 1.1 0.9 0.8
>100 2.6 1.9 1.3 1.0 0.8 0.7

F2 | N/A N/A N/A N/A N/A N/A N/A

) Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.

®Sijte Class A not presented in the Myrtle Beach.axearesponse analysis performed.
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Table 6.11 Maximum MediarF, as a Function of Site Class and Mapgetbr the B-C

Condition Derived in this Study for Columbia in SEC

Mapped Spectral Acceleration at Short-Péftddr the B-C

Site | Hec, Condition (Period = 0.2 sec)
Classi m

- <0.15g| <0.15g| <0.15g| <0.15¢g | <0.15g | <0.15¢
B 0 1.0 1.0 1.0 1.0 1.0 1.0
5 2.4 2.2 1.8 1.6 14 14
10 2.4 2.5 2.3 2.0 1.8 1.7
c 20 2.0 2.0 1.8 1.7 1.6 15
30 1.8 1.7 1.6 1.4 14 1.3
50 1.6 1.6 14 1.3 1.2 1.2
>100 15 15 1.3 1.2 1.1 1.1
5 2.4 1.9 14 1.1 0.9 0.9
10 3.1 2.7 2.2 1.7 15 1.3
D 20 2.7 2.4 2.0 1.7 1.6 14
30 2.4 2.2 1.8 1.6 14 14
50 2.2 1.9 1.6 14 1.3 1.2
>100 2.0 1.8 15 1.3 1.2 1.1
5 1.2 0.9 0.7 0.6 0.5 04
10 1.9 15 1.1 0.9 0.7 0.7
£ 20 2.0 1.6 1.1 0.9 0.8 0.7
30 2.2 1.7 1.2 1.0 0.9 0.8
50 2.0 1.6 1.1 0.9 0.8 0.7
>100 1.9 14 1.0 0.8 0.7 0.7

F2 | N/A N/A N/A N/A N/A N/A N/A

) Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.
®Sijte Class A not presented in the Columbia areareldponse analysis performed.
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Table 6.12 Maximum MediarF, as a Function of Site Class and Mapgetbr the B-C

Condition Derived in this Study for Aiken.

Mapped Spectral Acceleration at Short-Péftddr the B-C

Site | Hec, Condition (Period = 0.2 sec)
Classi m

- <0.15g| <0.15g| <0.15g| <0.15¢g | <0.15g | <0.15¢
B 0 1.0 1.0 1.0 1.0 1.0 1.0
5 2.3 2.1 1.8 1.6 14 14
10 2.4 2.4 2.2 2.0 1.8 1.7
c 20 2.0 1.9 1.8 1.7 1.6 15
30 1.7 1.7 15 1.4 14 1.3
50 1.6 1.6 14 1.3 1.2 1.2
>100 15 15 1.3 1.2 1.1 1.1
5 2.4 1.9 14 1.1 0.9 0.9
10 3.0 2.7 2.1 1.7 15 14
D 20 2.6 2.3 1.9 1.7 1.6 14
30 2.4 2.1 1.8 1.6 14 14
50 2.1 1.9 1.6 14 1.3 1.2
>100 1.9 1.7 14 1.3 1.2 1.1
5 1.2 0.9 0.7 0.5 0.5 04
10 1.9 15 1.1 0.9 0.7 0.7
£ 20 2.0 15 1.1 0.9 0.8 0.7
30 2.2 1.7 1.2 1.0 0.9 0.8
50 2.0 15 1.1 0.9 0.8 0.7
>100 1.8 14 1.0 0.8 0.7 0.7

F2 | N/A N/A N/A N/A N/A N/A N/A

) Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.
®Sijte Class A not presented in the Aiken area. parse analysis performed.
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Table 6.13 Maximum MediarF, as a Function of Site Class and Mapfetbr the
Weathered Hard Rock Condition Derived in this SttatyColumbia in SCP.

Mapped Spectral Acceleration at Short-Pefdtbr the

Site Hiir Weathered Hard Rock Condition (Period = 0.2 sec)
Class m
<0.15¢ 0.25g| 0.50¢d 0.75¢g 1.00lg>1.25¢g
A 1.0 1.0 1.0 1.0 1.0 1.0
5 0.6 0.6 0.6 0.6 0.6 0.6
10 0.6 0.6 0.6 0.6 0.6 0.6
B 20 1.9 1.9 1.8 1.6 15 14
30 1.6 1.6 15 14 1.3 1.2
50 15 14 1.3 1.2 1.2 1.1
100 1.1 1.1 0.6 0.6 0.6 0.6
5 0.6 0.6 0.6 0.6 0.6 0.6
10 0.6 0.6 0.6 0.6 0.6 0.6
c 20 3.2 2.9 2.4 2.0 1.7 1.6
30 2.6 2.5 2.1 1.8 15 14
50 2.2 2.0 1.8 15 1.3 1.2
100 1.2 1.1 0.6 0.6 0.6 0.6
5 0.6 0.6 0.6 0.6 0.6 0.6
10 0.6 0.6 0.6 0.6 0.6 0.6
D 20 2.7 2.2 1.6 1.3 11 0.9
30 2.8 2.5 2.0 1.6 1.3 1.1
50 2.4 2.1 1.8 14 1.2 1.0
100 1.3 1.1 0.6 0.6 0.6 0.6
5 - - - - - -
10 - - - - - -
£ 20 14 1.1 0.8 0.6 0.6 0.6
30 1.7 14 1.0 0.8 0.7 0.6
50 1.5 1.2 0.9 0.7 0.6 0.6
100 1.0 0.8 0.6 0.6 0.6 0.6
F) N/A N/A N/A N/A N/A N/A N/A

W Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.
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Table 6.14 Maximum MediarF, as a Function of Site Class and Mapfetbr the B-C
Boundary Condition Derived in this Study for Chatten.

_ Mapped Horizontal Spectral Acceleration at Peribdl.0 s” for the
Site | He.c, B-C Boundary Condition
Class| m
<0.05g| 0.1¢g 0.2g 0.3 ¢ 04g| 2059
AG _ . . _ . . .
B 0 1.0 1.0 1.0 1.0 1.0 1.0
5 1.9 1.9 1.9 1.7 1.6 14
10 1.8 1.9 1.8 1.7 1.6 15
C 20 1.8 1.8 1.8 1.7 1.6 14
30 1.8 1.8 1.8 1.7 1.5 14
50 1.8 1.8 1.7 1.6 1.5 14
>100 1.8 1.8 1.7 1.6 1.5 14
5 2.9 2.7 2.2 1.9 1.6 14
10 3.1 2.8 2.3 2.0 1.7 15
D 20 3.3 2.9 2.5 2.1 1.8 1.6
30 3.3 3.1 2.6 2.2 1.9 1.6
50 3.2 3.2 2.7 2.3 2.0 1.7
>100 3.2 3.2 2.8 2.4 2.0 1.8
5 2.4 1.9 14 1.0 0.8 0.7
10 2.7 2.1 1.5 1.2 0.9 0.8
£ 20 3.1 2.4 1.8 14 1.1 0.9
30 34 2.8 2.0 15 1.2 1.0
50 3.5 3.2 2.3 1.8 15 1.2
>100 3.7 3.4 2.6 2.0 1.6 14
F2 | N/A N/A N/A N/A N/A N/A N/A

) Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.
®)Site Class A not presented in the Charleston &teaesponse analysis performed.
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Table 6.15 Maximum MediarF, as a Function of Site Class and Mapfetbr the B-C
Boundary Condition Derived in this Study for Myreach.

, Mapped Horizontal Spectral Acceleration at Peribdl.0 s” for the
Site | He.c, B-C Boundary Condition
Class| m
<0.05g| O0.1¢ 0.2g 0.3g 04g| 205¢g
AG) _ _ _ _ _ _ _
B 0 1.8 1.9 1.8 1.7 1.6 14
5 1.8 1.9 1.8 1.7 1.6 14
10 1.8 1.8 1.8 1.7 15 14
c 20 1.8 1.8 1.7 1.6 15 14
30 1.8 1.8 1.7 1.6 1.5 14
50 1.8 1.8 1.7 1.6 15 14
>100 3.2 2.9 2.4 2.0 1.7 15
5 3.3 3.0 2.5 2.1 1.8 1.6
10 34 3.2 2.6 2.2 1.9 1.6
D 20 34 3.3 2.7 2.3 2.0 1.7
30 3.3 3.2 2.8 2.4 2.1 1.8
50 3.3 3.3 3.0 2.5 2.1 1.9
>100 2.9 2.2 1.6 1.2 1.0 0.8
5 3.2 2.5 1.8 14 1.1 0.9
10 3.5 2.9 2.1 1.6 1.3 1.1
E 20 3.6 3.3 2.3 1.8 15 1.2
30 3.8 3.5 2.8 2.1 1.7 14
50 4.0 3.6 3.0 2.3 1.9 1.6
>100 1.8 1.9 1.8 1.7 1.6 14
F2 | N/A N/A N/A N/A N/A N/A N/A

) Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.
®sijte Class A not presented in the Myrtle Beach.axearesponse analysis performed.
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Table 6.16 Maximum MediarF, as a Function of Site Class and Mapfetbr the B-C
Boundary Condition Derived in this Study for Coluain SCCP.

_ Mapped Horizontal Spectral Acceleration at Peribdl.0 s” for the
Site | Hec, B-C Boundary Condition
Class| m
<0.05g| O0.1¢ 0.2g 0.3g 04g| 2059
A(3) _ _ _ _ _ _ _
B 0 1.9 2.0 2.0 1.9 1.6 14
5 1.9 2.0 2.0 1.9 1.7 15
10 1.9 1.9 1.9 1.8 1.6 15
C 20 1.9 1.9 1.8 1.7 1.6 15
30 1.8 1.8 1.8 1.7 1.6 15
50 1.8 1.8 1.8 1.7 1.6 15
>100 2.9 2.6 2.2 1.8 15 1.2
5 3.0 2.7 2.3 1.9 1.7 14
10 3.2 2.9 2.4 2.0 1.8 1.6
D 20 3.3 3.0 2.5 2.1 1.8 1.6
30 3.4 3.1 2.6 2.2 1.9 1.7
50 3.4 3.3 2.7 2.3 2.0 1.8
>100 2.1 1.6 1.2 0.9 0.7 0.6
5 2.3 1.8 1.3 1.0 0.8 0.7
10 2.7 2.1 15 1.2 1.0 0.8
E 20 3.1 2.4 1.7 1.3 1.1 0.9
30 3.4 2.8 2.0 1.6 1.3 1.1
50 3.6 3.1 2.2 1.7 14 1.2
>100 1.9 2.0 2.0 1.9 1.6 14
F9 | N/A N/A N/A N/A N/A N/A N/A

) Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.
®)Site Class A not presented in the Columbia in S@R. No response analysis performed.
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Table 6.17 Maximum MediarF, as a Function of Site Class and Mapfetbr the B-C

Boundary Condition Derived in this Study for Aiken.

Mapped Horizontal Spectral Acceleration at Peribdl.0 s for

Site | Hec, the B-C Boundary Condition
Class| m
<0.05qg| O0.1¢ 0.2¢ 0.3g 04g| 205¢g
A(3) _ _ _ _ _ _ _
B 0 1.0 1.0 1.0 1.0 1.0 1.0
5 1.9 1.9 1.9 1.8 1.6 14
10 1.9 1.9 1.9 1.8 1.6 15
c 20 1.8 1.8 1.8 1.7 1.6 15
30 1.8 1.8 1.8 1.7 1.6 15
50 1.8 1.8 1.7 1.6 1.5 1.4
>100 1.8 1.8 1.7 1.6 15 14
5 2.9 2.6 2.2 1.8 1.6 1.3
10 3.0 2.7 2.3 1.9 1.7 15
D 20 3.1 2.8 2.4 2.0 1.7 15
30 3.3 3.0 2.5 2.1 1.8 1.6
50 3.2 3.1 2.6 2.2 1.9 1.7
>100 3.2 3.2 2.7 2.3 2.0 1.7
5 2.2 1.7 1.2 1.0 0.8 0.7
10 2.5 1.9 1.4 1.1 0.9 0.7
E 20 2.8 2.2 1.6 1.2 1.0 0.9
30 3.2 2.5 1.8 1.4 1.2 1.0
50 34 3.0 2.1 1.7 1.4 1.1
>100 3.6 3.2 2.4 1.8 1.5 1.2
F9 | N/A N/A N/A N/A N/A N/A N/A

) Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.
®sijte Class A not presented in the Aiken area. pamese analysis performed.
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Table 6.18 Maximum MediarF, as a Function of Site Class and Mapeébr the

Weathered Hard Rock Condition Derived in this SttatyColumbia in SCP.

Site

Mapped Horizontal Spectral Acceleration at Peribd.0 sV for

Hugr, M the Weathered Hard Rock Condition
Class

<0.05¢g 0.1¢g 0.2g 0.3¢g 049/ =205g¢g
A - 1.0 1.0 1.0 1.0 1.0 1.0
5 0.6 0.6 0.6 0.6 0.6 0.6
10 0.6 0.6 0.6 0.6 0.6 0.6
B 20 1.2 1.1 0.6 0.6 0.6 0.6
30 1.6 1.6 1.5 1.4 1.3 1.2
50 1.8 1.8 1.6 1.5 1.5 1.4
100 2.1 2.0 1.9 1.8 1.7 1.6
5 1.2 1.2 1.2 1.2 1.2 1.2
10 1.2 1.2 1.2 1.2 1.2 1.2
c 20 1.2 1.2 1.2 1.2 1.2 1.2
30 2.6 2.5 2.1 1.8 1.5 1.4
50 3.2 3.1 2.7 2.4 2.1 1.8
100 4.3 4.1 3.6 3.2 2.9 2.6
5 2.1 2.1 2.1 2.1 2.1 2.1
10 2.1 2.1 2.1 2.1 2.1 2.1
D 20 2.1 2.1 2.1 2.1 2.1 2.1
30 2.8 2.5 2.1 2.1 2.1 2.1
50 3.8 3.4 2.8 2.4 2.1 2.1
100 6.1 55 4.5 3.9 3.3 3.0

5 - - - - - -

10 - - - - - -
e 20 2.1 2.1 2.1 2.1 2.1 2.1
30 2.1 2.1 2.1 2.1 2.1 2.1
50 2.5 2.1 2.1 2.1 2.1 2.1
100 5.8 4.7 3.4 2.7 2.3 2.1

F NA NA NA NA NA NA

) Use linear interpolation for intermediate valuéSo
@sijte-specific response analysis shall be performed.
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6.4 Three-Point Acceleration Design Response Spectrum

This section discusses the procedure for constgicin acceleration design
response spectrum (ADRS) recommended in SCDOT (2868 AASHTO (2011a).
First, the siteVszg is determined. Secon®GAwucrop S and S; are obtained from
probabilistic seismic hazard maps. Third, ¥eo PGAuucop S and S are used to
calculate site coefficients;pca Fa andF, using Equations 6.4, 6.5 and 6.6 that account
for the effect of local site conditions. Fourthre@ points of the ADRS are obtained as

follows:

PGA: I:PGA* I:)G”%utcrop (64)
SDS = FaSs (65)
S =FRS (6.6)

where PGA Ss, and Sy, are the design peak ground acceleration, shoroghd.2 s)
acceleration and long-period (1.0 s) spectral nespaacceleration, respectively, at the

site. Finally the ADRS is constructed as illustdaite Figure 6.1.
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Figure 6.1 Three-point ADRS curve (SCDOT 2008).

The procedure illustrated in Figure 6.1 implicithgsumes: (1) all significant
peaks are expected to occurTak 1.0 s; (2) the plateau defined ISgs provides a
conservative bound for these peaks; and (3) spextcaleration descends proportionally
with /T, whenT > T (Ts = $51/Ss).  However, it was shown in Chapter 3 that (1)
significant peaks may not always occur at shorgiops T < 1.0 s), especially when

Vs30< 200 m/s; and (2) the plateau cannot always firetbasSys, unlessTs< 1.0 s &1

< S9).

The 3-point procedure for constructing ADRS curwes shown in Chapter 3 to
be generally adequate wh¥gz0> 200 m/s. However, whevisz3o< 200 m/s, significant
peaks may occur dt > 1.0 s. For this reason, it was suggested thanthig-point ADRS
curve be plotted with the 3-point curve, to cheiclong-period accelerations are under
predicted. Models to calculate site coefficientdoaiy periods T = 1.6 and 3.0 s) were

provided in Chapters 4 and 5.
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6.5 Multi-Point Acceleration Design Response Spectrum

The objective of the mu-point ADRS is to present a chetir the designer t
make sure that longer period accelerations areinde-predicted by th -point ADRS
design curve. The mulpeint ADRS is drawnby first constructing the thr-point
ADRS curve and then evlaying on the same graph the m-point ADRS values a

illustrated in Figure 6.2.

SC Seismic Hazard Map ADRS Curve

= Thrae-Point Mathod - # -MultiPoint Method —=—Inpul PSA

-
=

s
2
|
|

0.8 S—

or 44— IS N - N | -

Spoctral Response Acceleration, 5a (g)

000 020 040 060 020 100 920 140 160 B0 200 220 240 2B0 2ED 300
Period, T [see]

Figure 6.2 Example three-g@int/multi-point ADRS curvegor a Site Class C locatic
(SCDOT 2008).

After the multi-pint horizontal ADRS curve has been constructhe thre-point
ADRS is checked toee if il is underestimating spectral accelerationsif it is not

representative of the acceleration resp spectrum.In certain circumstances there nr
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be a shift that is not captured by the three-pADRS; this is particularly true in the
Eastern United States where the peak of the aatiElerresponse spectrum is shifted
towards the 1.0 s period. This shift appears tupat locations where the soil column is

deep and/s3p< 200 m/s (SCDOT 2008).

The ADRS curves shown in Figure 6.3 provide an gdamnwhere discrepancies
between the three-point and the multi-point methouicate spectral accelerations
significantly underestimated at the 1.0 s period aignificantly dissimilar acceleration
response spectrum shape. For this particularly pignthe Site Class is E and the
difference is important because the fundamentabgef the bridge being designed was

1.0 s (SCDOT 2008).
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Figure 6.3 Example three-point/multi-point ADRS curves fosiée Class D location
(SCDOT 2008).
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It should be noted that the multi-point method ently described in SCDOT
(2008) can give ambiguous results (Power and CR@fl0), becausE, is used for alll
less than or equal to 0.2 s dngis used for alll greater than or equal to 1.0 s to compute
the response spectrum. To improve the currentiypaibt method, additional site
coefficientsFg 6, F1.6 andF3 o were developed in this study férvalues of 0.6, 1.6 and 3.0
s, respectively. Recommendé&ds Fi16 and F3 values can be calculated from the

models developed in Chapters 4 and 5.

6.6 Discussion

Presented in Figure 6.4, 6.5 and 6.6 are bar clshdsiing maximum median
Frea Fa, andF,, respectively, grouped by the NEHRP site classe€harleston, Myrtle
Beach, Columbia and Aiken. Also plotted are the WEH-pga Fa, andF, values for
comparison. It can be seen in Figure 6.4 that th&imum medianFpga for the four
selected areas are within 20%. The maximum meéiasy decrease by area in the
following order: Myrtle Beach, Charleston, Columb&nd Aiken. For Site Class C and

D, the NEHRFFpga can be exceeded by as much as 70%.

As shown in Figure 6.5, the computed maximum meHBiavalues are the highest
for Myrtle Beach. For Site Class D, the compute&kimam mediarF, in Mytrle Beach,
Charleston, Columbia, and Aiken can be as much.@s114, 1.3, and 1.2 times the
NEHRPF,, respectively. For Site Class E, the NEHRHs found to be greater than the
computed values. The computéglvalues for Columbia are found to be very clostho

computedr, values for Aiken.

167



Presented in Figure 6.6 are bar charts comparingnmuen medianF, values for
the four selected SCCP sites and the NEHRPIt can be seen that the computed
values are all close for Site Classes C and DS#erClass D, the computé&d in Mytrle
Beach, Charleston, Columbia, and Aiken can be ashmas 1.5, 1.4, 1.4, and 1.4 times
the NEHRPF,. For Site Class C, the computéd values are slightly greater than the

NEHRPF,.

Presented in Figures 6.7-6.9 are sample depth-dep&Reca Fa, andF, values
grouped by amplitude and site class for Charlestdso plotted are the corresponding
depth-independent NEHRP values. The plots shove¢hnsitivity of site amplification at

shallow depths to soft rockig.c< 50 m).

As shown in Figure 6.%pca andF, generally increase with decreasidg.c, for
Site Classes C and D. For Site Class E, howdugs, and F, slightly decrease with
decreasindis.c. Concerning~,, the computed depth-dependent coefficients daliffer
much for Site Class C. For Site Classes D andr Elecreases with decreasiity.c.
These observations agree fairly well with a deppehdent site response study for the
Mississippi Embayment (Hashash et al. 2008). Hasbkasl. (2008) obtained increasing

Fa and decreasing, with decreasing depfior Site Class D.
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6.7 Summary

In this Chapter, seismic site coefficients recomdeehin SCDOT (2008) are
compared with site coefficients computed in thigdgt It was shown that the computed
Fpcafor areas in the SCCP are within 20%. For Sites€[@ and C, the NEHRP-ga Ccan
be exceeded by as much as 70% in the SCCP. Theutedhpmaximum mediak, in
Mytrle Beach, Charleston, Columbia, and Aiken carab much as 1.6, 1.4, 1.3, and 1.2
times the NEHRPF,, respectively. Similarly, the computeld, in Mytrle Beach,
Charleston, Columbia, and Aiken can be as much.Bas114, 1.4, and 1.4 times the

NEHRPF,,

Unlike the NEHRP values, the coefficients derived this study are depth
dependenti-pga andF, generally increase with decreasidgc for Site Classes C and D.
F, decreases with decreasiffp.c for Site Classes D and Epcp Fa andF, slightly

decrease with decreasiity.c for Site Class E.

It was shown that multiple tables will be neededtourately represent the new
site coefficients and to account for all signifitasonditions. Thus, the use of the
continuous relationships of site coefficients Wiégo presented in Chapters 4 and 5 is a

more efficient approach to defining the recommenrsitgicoefficients for seismic design.
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CHAPTER SEVEN

CONCLUSIONSAND RECOMMENDATIONS

7.1 Conclusions

New generalized models for predicting seismic sitefficients were developed in
this dissertation based on over 60,000 total st@ss-dimensional equivalent linear and
nonlinear ground response analyses. Soil/rocksammic conditions typical of sites in
the SCCP (i.e., Charleston, South Carolina sid8axfannah, Myrtle Beach, Columbia,
Florence, Lake Marion, and Aiken), and sites in 8@P (i.e., Columbia, Greenwood,
Rock Hill and Greenville) were considered. Inpubgrd motions were scaled to obtain
good coverage over the spectral acceleration raagyerovided in seismic design codes

and guidelines.

The initial model for predicting seismic site coeints was developed for the
Charleston area in Chapter 3, and was definedeatrs periods of 0.0, 0.2, 0.6, 1.0, 1.6
and 3.0 s. The respective site coefficients weliermed to ad=pca, Fa, Fos F1.0, F1.6, @nd
Fs.0 and were calculated as averages over period samfige 0.1, 0.1-0.4, 0.4-0.8, 0.8-
1.2, 1.2-2.0, 2.0-4.0 s. The site coefficients wgreuped by spectral acceleration, and
plotted versud/szp From the plotte&ssgsite coefficient data pairs, median relationships
were developed. Each relationship exhibited a pedéke somewhere betwedas, of 80

and 320 m/s, depending on spectral accelerationpaned. The relationships were
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expressed by a linear model 30 < Vszopand a linear or exponential model #ég30>
Vssor The variability in computed site coefficients feites with similarVszy was

characterized by 5% lower bound and 95% upper boungks.

The computed relationships for periods of 0.0,dnh@d 1.0 s were compared with
the NEHRPF, andF, values. The computed medi&psa andF, values typically plotted
above the NEHRHF, values forVszo > 180 m/s. The computed medi&qn values also
typically plotted above the NEHRR, values by as much as about 1.5 times for 480
Vs30< 300 m/s. FoVszo < 180 m/s, the computde, andF, values plotted below the
NEHRP values. Because the computed site coeftgienchapter 3 are based on local

conditions, they were recommended for the Chanteatea.

Also, in Chapter 3, the 3-point procedure for comding ADRS curves was
shown to be generally adequate whég, > 200 m/s. WherVszy < 200 m/s, peaks
exceeding the 3-point ADRS curves can occuil a¢ 1.0 s. For this reason, it was
recommended that multi-point ADRS curves also battgdl to check if long-period
accelerations are under predicted. Models neededalculate the long-period site

coefficients were proposed.

In Chapter 4, the model for predicting site coedints developed in Chapter 3
was modified to accommodate variations in the er€CP. It was shown that scaling
of input motions is justified because the SCCPamhated by a single seismic source

zone. Site coefficients decrease with increaSing.o, and the rate of decrease is higher
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when Vs3p < 200 m/s. It was noted thd&ipca and F, attenuate more rapidly with

increasingSoutcrop thanF.

The most important variables identified in devetmpthe seismic site coefficient
model in Chapter 4 areV/szq spectral acceleration (amplitude), mean predonipariod
(Tr), approximate fundamental period of soil/rock cofuin the top 100 mTgog), and
depth to soft rockHg.c). A relationship to comput&;, based on depth to weathered hard
rock Hur) and site-to-source distancB) (was suggested for use in the SCCP. It was
shown that attenuation of higher frequency (or loperiod) energy is three times faster
per distance traveled in the hard basement rockiththe soft rock. In decreasing order,
the computed site coefficients were found to beatgrein Myrtle Beach, Savannah,
Charleston, Florence, Columbia, Lake Marion andeAikMore closely matching values
of Ty and T100 (€.9., Tm = 0.37 andTio = 0.84 for the Myrtle Beach reference profile)

may explain the higher site coefficients in Myreach.

The computed site coefficients for Myrtle Beach eveompared with the NEHRP
site coefficients. The computde, and F, values for Myrtle Beach were found to be
significantly greater than the NEHRR, andF, when the depth to soft rock < 100 m,
particularly forF,. The results clearly indicated that the assumptiba single value of

Fa andF, for a wide range 0¥szovalues (a Site Class) is an overly simplified aagh.

In Chapter 5, the model for predicting site coedints was extended to the South
Carolina Piedmont. Because there was limitethformation, a single dynamic soil/rock

model was assumed for the entire SCP and adjustadcbunt for variations in stiffness
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and depth to weathered hard rodk € 2,500 m/s). It is found that both the FEE and
SEE conditions in the SCP were dominated by eaatkegiwith modaM,, = 7.3, except

in the western half of the SCP where the SEE camdivas dominated by earthquakes
with modal M,, = 4.8. Becaus¢he seismic hazard in the SCP can be dominated by
multiple sources, generation of input motions miaigtthe uniform hazard points was
shown to give unconservative results. Thereforgguinmotions matching target
frequencies were used. The site coefficients dg@eglon Chapter 5 for the SCP were not
comparable with the NEHRP, andF, values, because the input motions used in the
SCP were generated for weathered hard rogk £ 2500 m/s) and the NEHRP

coefficients should be applied to accelerationglierB-C boundary condition.

In Chapter 6, the models developed in Chapters45awere used to calculate
and tabulate maximum site coefficients of the mediarve within a site class. The
coefficients were then compared with coefficienecammended by the NEHRP.
Multiple tables were needed for the new site coiffits to account for all significant
conditions. Thus, use of the continuous modelsemted in Chapters 4 and 5 are more

efficient in defining the recommended site coeéids.

The computedFpga F4 andF, median relationships were recommended for South
Carolina because they are: (1) based on regiomalittons; (2) continuous witR'szq (3)
dependent on depth to rock, and (4) dependent enpériod content of the design

motion.

179



Much of the new seismic site coefficient models bandirectly applied to other
areas of the world. In addition to the need fort-sofk and weathered-rock spectral

accelerations, an estimate of the mean predompeiad will be needed.

7.2 Recommendations

The following future studies are recommended:

1. Additional ground response analyses are needegkfine the seismic site
coefficient models, particularly in the SCP. Thisrw should further characterize the

effect of the mean predominant period on the ddrsite coefficients.

2. Because only synthetic ground motions were usekis study, the results are
limited to the assumptions made in generating ttaurgd motions. Real (recorded)
ground motions should be considered to compare thélrecommended site coefficients

based on synthetic motions.

3. Characterization of mean predominant periodsdiffierent regions of the
United States and other parts of the world wilballfor the application of the proposed

site coefficient model in these areas.

4. Because this study is based on one-dimensiossiingtion. It will be
interesting to investigate the effects of two-disienal assumption on computed site

coefficients.

5. Additional work is needed to investigate thduahce of layer correlation on

the seismic site coefficient models and to makeeefients as needed. In the ground
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response analyses conducted in this dissertaBaspnable ranges of shear wave velocity
(Vo) profiles for the SCCP and the SCP were consideyedssuming a reference profile
and applying reasonable standard deviation valudhus, the influence of layer

correlation is one of the limitations of this stualyd should be investigated.
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APPENDIX A

SUMMARY OF INPUTS AND OUTPUTS OF SITE RESPONSE ANXSIS FOR
THE CHARLESTON AREA
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Figure A.1: Shear wave velocity profiles considei@dthe Charleston area without a low
velocity layer at depth = 125 to 135 m, and softkrbalf space at depth = 137 m. The
reference profile and standard deviation valuedased on Andrus et al. (2006).
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Figure A.2:Vszohistogram of shear wave velocity profiles in Figuy.1.
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Table A.1: Table of best fit values Bf andVszop

Figure| Fp | Vsaop| @

A3a | 20| 152 | -

A3b 18| 179 | -

A3c |15| 224 | -

A3d | 14| 256 | -

A3e |1.0| 320 | -

A3f |1.0] 350

Ada | 2.0] 160 | 0.63

A4b |1.7| 180 | 0.63

A4dc | 15| 250 | 0.65

A4d | 1.4| 290 | 0.65

Ade |1.1]| 310 | 0.67

A4f |1.0] 330 | 0.67

Ab5a | 3.0| 160 | 0.84

A5b |2.6| 170 | 0.86

Ab5c | 25| 214 | 0.85

AS5d | 2.1| 217 | 0.85

Ab5e | 15| 245 |0.85

A5f |1.4] 250 | 0.84

A.6a | 3.7| 160 | 0.98

A.6b | 3.3| 165 | 0.96

A6c | 2.9| 183 | 0.88

A.6d | 2.7| 193 | 0.70

A.6e |1.9]| 207 | 0.80

A6f |1.8] 215 |0.71

A7a |4.1]| 114 | 1.00

A.7b |3.5| 134 | 1.00

A.7c |3.1] 149 | 0.99

A.7d | 2.8| 159 | 0.98

A7e | 2.0] 184 | 0.93

A7f |1.9] 195 |0.91

A.8a |1.9]| 100 | 0.99

A8b | 2.0| 120 | 0.99

A.8c | 2.3| 145 | 0.99

A.8d | 2.3| 150 | 1.00

A.8e | 1.7]| 155 |0.97

A8f |1.6] 160 | 0.85
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APPENDIX B

SUMMARY OF INPUTS AND OUTPUTS OF SITE RESPONSE ANXSIS FOR
THE MYRTLE BEACH AREA
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Table B.1: Table of best fit values I6f andVs3zop

Figure| Fp | Vszop| a

B.3a | 2.8 152 -

B3b | 2.4 179 -

B.3c | 2.0 224 -

B3d | 1.8 256 -

B.3e | 1.0 360 -

B.3f 1.0 380

Bda | 2.7 160 | 0.80

B.4b | 2.3 200 | 0.85

B.4c | 2.0 250 | 0.91

B4d | 1.9 270 | 0.95

B.de | 1.0 300 | 0.99

B.4f 1.0 320 | 0.99

B.5a | 3.7 160 | 0.97

B.5b | 3.2 170 | 0.92

B.5c | 2.9 214 | 0.95

B.5d | 2.7 217 | 0.93

BSe | 14 245 | 0.94

B.5f 1.4 250 | 0.96

B.6a | 3.9 140 | 0.99

B.6b | 3.7 150 | 0.99

B.6c | 34 170 | 0.99

B.6d | 3.2 190 | 0.99

B.6e | 1.6 210 | 0.65

B.6f 1.6 220 | 0.60

B.7a | 4.0 114 | 1.00

B.7b | 3.9 134 | 1.00

B.7c | 34 149 | 1.00

B.7d | 3.2 159 | 1.00

B.7e | 1.6 184 | 0.99

B.7f 15 195 | 0.99

B.8a | 1.7 73 | 0.99

B.8b | 1.7 80 | 0.99

B.8c | 1.7 130 | 0.96

B8d | 1.6 160 | 1.00

B.8e | 1.5 180 | 0.97

B.8f 14 210 | 0.85
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APPENDIX C

SUMMARY OF INPUTS AND OUTPUTS OF SITE RESPONSE ANXSIS FOR
THE COLUMBIA AREA
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Table C.1: Table of best fit valuesef andVszop

Figure| F, Vs3op a

C.3a 2.0 198 -

C.3b 1.6 240 -

C.3c 1.1 270 -

C.3d 1.1 350 -

C.3e 1.0 300 -

C.3f 1.0 310

C.4a 2.2 140 0.99

C.4b 15 220 0.99

C.4c 1.1 300 0.70

C.4d 1.0 360 0.70

C.4e 1.0 250 0.70

C.4Af 1.0 280 0.70

C.5a 2.4 220 0.72

C.5b 2.0 230 0.46

C.5¢c 1.8 240 0.99

C.5d 1.4 260 0.99

C.5e 14 260 0.99

C.5f 1.3 290 0.99

C.6C 2.8 173 0.83

C.6b 2.6 198 0.83

C.6c 2.3 251 0.83

C.6d 2.0 278 0.83

C.6e 2.0 280 0.83

C.6f 1.9 300 0.83

C.7a 3.0 125 0.98

C.7b 2.6 150 0.94

C.7c 2.3 170 0.59

C.7d 2.2 200 0.31

C.7e 2.4 220 0.73

C.7f 2.4 250 0.75

C.8a 2.3 90 0.99

C.8b 2.2 110 | 0.99

C.8c 2.0 130 0.96

C.8d 2.4 150 1.00

C.8e 2.4 190 0.75

C.8f 2.4 220 0.80
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Figure C.3: Site coefficients for 0.0 s spectraliqek (free-field) withPGA equal to (a)
0.059,(b)0.19,(c)0.2g,(d)0.3g, (e) 0.4and (f) 0.5 g, based on, profiles shown in
Figure C.1 for the Columbia area.

204



N

A

; C | Site E D C | B

| class o SEE motion class | SEE motion
[ l l ¢ FEE motio l FEE motio

3 ' I - NEHRPF,| | 3r | — - NEHRPF,| |
—_— | — This study _— -|

N
T

T
I
I
I
| — This study
|
I
]

[y
—T
[N
T

Median—|

I I | 5%

@
I 1 I 1 1 I 1 0
0 200 400 600 800 1000 0 200 400 600 800 1000
Average Shear Wave Velocity in Top 30Wy30(m/s) Average Shear Wave Velocity in Top 30Wyzo(m/s)

Site Factor for Short Period (0.2 s), F,
T
Site Factor for Short Period (0.2 B),

o

A

4r— T
| Site E D

- T T

g (SeEe’ D c . B & ; c . B
N class o  SEE motion N class | o SEE motion
S I | ' e I I :

° FEE motion ° FEE motio
83r | | 1 83 | | ]
2 — - NEHRPF, k=2 — - NEHRPF,

& [ [ —— This study S_’ | | —— This study
= | | | I | |
c 2F 1 < 2F 1
A & °l | | |
S S
hel 95% e [ 95%
S — -
o e |
cir MEdian o1 I I Mettram—
L L
Q | Q | 5%
= 5% = 4 N
n | © O 7 A1® | (d)
0 1 0 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Average Shear Wave Velocity in Top 30wyzo(m/s) Average Shear Wave Velocity in Top 30%yzo(m/s)

41— T T T T — T —TT T T —TT
Steg D c , B @ | Sitte = D C |
class | ! ©  SEE motion | class ! ! o SEE motion
l l ° FEE motio r l l FEE motio
s I I I - NEHRPF,| ] 3r I I — - NEHRPF,| ]|
| | — This study | | — This study
| | | | | I
2 | ] T | ]
I f I

[N

Site Factor for Short Period (0.2 B),
Site Factor for Short Period (0.2

o

0
0 200 400 600 800 1000 0 200 400 600 800 1000
Average Shear Wave Velocity in Top 30vg30(m/s) Average Shear Wave Velocity in Top 30vgz0(m/s)
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APPENDIX D

SUMMARY OF INPUTS AND OUTPUTS OF SITE RESPONSE ANXSIS FOR
THE AIKEN AREA
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Figure D.1: Shear wave velocity profiles considdidhe Aiken area with soft rock half
space at depth = 148 m. The reference profileoim fGilva et al. (2003), and the standard
deviation values are based on a study by Andrat €2006).
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Table D.1: Table of best fit values I6f andVszop

Figure Vs30p Fp a
D.3a 160 2.3 -
D.3b 185 1.8 -
D.3c 230 1.7 -
D.3d 260 1.3 -
D.3e 450 1.0 -
D.3f 460 1.0 -
D.4a 180 2.1 0.98
D.4b 220 1.8 0.98
D.4c 250 1.4 0.99
D.4d 270 1.2 0.99
D.4e 410 1.0 0.99
D.4f 440 1.0 0.99
D.5a 180 2.6 0.72
D.5b 190 2.3 0.46
D.5c 214 2.2 0.90
D.5d 260 1.8 0.70
D.5e 320 1.1 0.99
D.5f 320 1.0 0.99
D.6a 180 3.2 0.85
D.6b 190 3.0 0.85
D.6c 200 2.8 0.85
D.6d 220 2.5 0.85
D.6e 290 1.1 0.85
D.6f 300 1.1 0.85
D.7a 114 3.5 0.85
D.7b 134 3.3 0.85
D.7c 149 3.0 0.83
D.7d 200 2.9 0.85
D.7e 270 1.4 0.85
D.7f 280 1.4 0.85
D.8a 73 2.4 0.90
D.8b 90 2.3 0.90
D.8c 180 2.2 0.90
D.8d 200 2.1 0.90
D.8e 210 1.7 0.90
D.8f 280 1.6 0.90
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APPENDIX H

SUMMARY OF INPUTS AND OUTPUTS OF SITE RESPONSE ANXSIS FOR
DIFFERENT B/C BOUNDARY FOR THE COLUMBIA AREA
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Figure H.1: Shear wave velocity profiles considdi@dColumbia-Florence-Lake Marion
area with soft rock half space at depth = 100 e fidference profile is compiled from
Odum et al. (2003), Silva et al. (2003), Chapmaal.ef2006) and Andrus et al. (2006),
and the standard deviation values are based oru&radral. (2006).
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Figure H.2: Shear wave velocity profiles considdi@dColumbia-Florence-Lake Marion
area with soft rock half space at depth = 50 m. fdference profile is compiled from
Odum et al. (2003), Silva et al. (2003), Chapmaal.e(2006) and Andrus et al. (2006),
and the standard deviation values are based oru&radral. (2006).
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Figure H.3: Shear wave velocity profiles considdi@dColumbia-Florence-Lake Marion
area with soft rock half space at depth = 30 m. fdference profile is compiled from
Odum et al. (2003), Silva et al. (2003), Chapmaal.e(2006) and Andrus et al. (2006),
and the standard deviation values are based oru&radral. (2006).
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Figure H.4: Shear wave velocity profiles considdi@dColumbia-Florence-Lake Marion
area with soft rock half space at depth = 20 m. fdference profile is compiled from
Odum et al. (2003), Silva et al. (2003), Chapmaal.e(2006) and Andrus et al. (2006),
and the standard deviation values are based oru&radral. (2006).
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Figure H.5: Shear wave velocity profiles considdi@dColumbia-Florence-Lake Marion
area with soft rock half space at depth = 10 m. fdference profile is compiled from
Odum et al. (2003), Silva et al. (2003), Chapmaal.e(2006) and Andrus et al. (2006),
and the standard deviation values are based oru&radral. (2006).
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Figure H.6: Shear wave velocity profiles considdi@dColumbia-Florence-Lake Marion
area with soft rock half space at depth = 5 m. fiéference profile is compiled from
Odum et al. (2003), Silva et al. (2003), Chapmaal.e(2006) and Andrus et al. (2006),
and the standard deviation values are based oru&radral. (2006).
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Figure H.7: Site coefficients for 0.0 s spectraii@e (free-field) withPGAequal to 0.2 g
and soft rock half space at depth equal to (a)rip() 50 m, (c) 30 m, (d) 20 m, (e) 10
m, (f) 5m, (g) 1.5 m, (h) 0.5 m, and (i) 0.0 m é&a®nVs profiles shown in Figures C.2-
C.7 for the Columbia area.

248



66— T — T T T T T T T
@ | Site El D | C | B
N class SEE motion
S) | | - ]
FEE motio
o
2 | | I — NEHRPF,
Qo ar I I —— Thisstudy| |
5 I I Z =100 ni
2 _
n I I |
5,0 | .
S I b
% Median
L R —
° |
= 5% 1
n | @ ]
0 1 N
0 200 400 600 800 1000

6

&# Site E T D TT CI : T B

N class | ! o  SEE motion

=) I | . 5
04 FEE motio

kS | |

9 — — NEHRPF,

— 4 | 4

& | | —— This study

5 ' ' z=30ml!

2 i

7] I I I

5,0 | | | 504

S I L

% Median

L [J —_—— —

[0}

= 5%

5 %g$§rwrﬁg‘-__4 ©

0 N 1 N 1 N 1 N 1
0 200 400 600 800 1000

Average Shear Wave Velocity in Top 303q(m/s)

(o2}

C | B

o SEE motion
° FEE motiol

Site E ' D ;
|
| — - NEHRPF,
|
|
|

[ class

= This study

Z=10m!

£
T

N

Site Factor for Short Period (0.2 s), F5

o

400 600 800 1000
Average Shear Wave Velocity in Top 30tgz0(m/s)

6 . T TT T TT

@ | Sie EI D | c , B

N class o SEE motion

=) I | ; ]
° FEE motio

e)

ke) [ [ - — NEHRPF,

F— 4_ .

S_’ [ [ —— This study

5 ' ' Z=50m!

e ]

n I | |

“E oL | |

S |

2 T

IS

L

Q

=

0
0 200 400 600 800 1000

Average Shear Wave Velocity in Top 30y35(m/s)

66— T L T T T T T
@ | Site B, P c , B
N class ©  SEE motion
=) | | ) ]
© FEE motion
©°
k] [ [ - — NEHRPF,
& | | — This study
5 ' ' Z=20m!
o ]
n I I I
S
= oL ! 95%
8 —
S
IS
L
9
=
0
0 200 400 600 800 1000

Average Shear Wave Velocity in Top 30tyz(m/s)

66— T T T T T T T T

@ |Site EI D I Cc , B

oy |[class o SEE motion

) I I . 5
4 FEE motio

3 | |

2 — - NEHRPF,

o Ar . §

& [ [ —— This study

5 | | lZz=5m

= _

7y I I I .

S

9 —

Q

©

L

i)

2. T I I

0 200 400 600 800 1000

Average Shear Wave Velocity in Top 30u30(m/s)

249



N - o2}

Site Factor for Short Period (0.2 s), F5

o

Average Shear Wave Velocity in Top 30%g30(m/s)

Site E D I B ]
class | | | ]
_ Z=151h
o SEE motion | ]
o FEE motio |
r — = NEHRPF, | 7
— This study |
I I I ]
I
— I
—
L1, . L, 91
0 200 400 600 800 1000

Site Factor for Short Period (0.2 B),

(o2}

IN

N

o

Site' E '

T
rclass | | |
©  SEE motioh [ Z=05m
° FEE motio [
| — — NEHRPF, | ]
l = This study |
I I
| | | )
L l l l 95% a
- — | |
r mﬂ Median
/|\—‘ 5%
h
AP R
0 200 400 600 800 1000

Average Shear Wave Velocity in Top 30z0(m/s)
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Figure H.11: Site coefficients for 1.6 s spectratipd with S; ¢ equal to 0.1 g, and soft
rock half space at depth equal to (a) 100 m, (bin5@c) 30 m, (d) 20 m, (e) 10 m, (f) 5
m, (g) 1.5 m, and (h) 0.5 m, based dq profiles shown in Figures C.2-C.7 for the
Columbia area.
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Figure H.12: Site coefficients for 3.0 s spectratipd with S;pequal to 0.04 g, and soft
rock half space at depth equal to (a) 100 m, (bin5@c) 30 m, (d) 20 m, () 10 m, () 5
m, (g) 1.5 m, and (h) 0.5 m, based dq profiles shown in Figures C.2-C.7 for the

Columbia area.

258



8 T T T ]
I Vgsopadjustment _
L for Fpga ]
s °f ]
2] 1 o
1 w
= | 1 %
= 1] ©
g 4T 1w
> [ ] ”N
||:: L . 4 <
N i . ]
2F . ]
I .
® o]
I @ 1
0 1 1 1 1
0.01 0.1 1 10 100
Depth to B-C (m)
8 T T T
I o Vswpadiustment ]
for F, p
s °f ]
2] 1 o
1 w
2@ L 1
2 1] ©
& 4T 1w
> 9 : ”N
II\—| i L] _. xN
X .
2+ . .
. L]
® o oo
I © 1
0 | PR | PR | PR |
0.01 0.1 1 10 100
Depth to B-C (m)
8 T T
Vgzopadjustment
for Fy ]
s OT E
0 o
1 w
2 <
= N
§ 44 i
> . ||ﬁ
" 1 ¥
X o
2+ o -
® o
[
* o e
©
O 1 1 1 1
0.01 0.1 1 10 100
Depth to B-C (m)
Figure H.13:

and (e-f)Fole,

2 T T T
Fe adjustmen
*
16k for Foga
*
1.2} AN
* *
. o o
0.8}
<
04}
(b)
0 | PR | P | PR |
0.01 0.1 1 10 100
Depth to B-C (m)
2 T T
Fe adjustmen
for F,
16}
1.2} * .
*
* MRS
.
0.8 .
<
04}
@
0 | PR | PR | PR |
0.01 0.1 1 10 100
Depth to B-C (m)
2 T T
[ Fe adjustmen
| for Fog
16
1.2
*
L - *
0.8 * o
r *
- *
<
04
- )
0 1 1 1 1
0.01 0.1 1 10 100

Depth to B-C (m)

Depth to B-C adjustment coefficiemts; and Ky, for (a-b)Fpga, (C-d)Fa,

259



T AR ]
o Vgzopadjustment _
for F, ]
2 °f 7
3 ]
2 ]
S ]
% 4
3 Y 3 .
> . ]
I 3
N ° E
2 - -
LY ., :
e o .—_
@ 1
0 1 1 1 1
0.01 0.1 1 10 100
Depth to B-C (m)
8 T AR
I o Vswpadjustment ]
for Fy ¢ E
2 °f 7
b L] ]
20 ]
o L ]
[N 4
g 4r * ]
> i ]
n, hd _
X i . ]
2r ° ]
L [ ] ° 1
¢ *]
I © 1
0 | ul PR | sl
0.01 0.1 1 10 100
Depth to B-C (m)
8 T T ]
Vgypadjustment ]
¢ for Fy, E
s °f E
a3 ] ]
2 ]
g
s
o 4 ) .
> ]
I 3
N . ]
4 ]
2 ° ]
b ° 4
e o o
(© 1
0 1 1 1 1
0.01 0.1 1 10 100
Depth to B-C (m)
Figure H.14:

and (e-f)Fglo,

K= FP(Z)/ Fo

K= FP(Z)/ Fo

K= FP(Z)/ Fo

2 T T
F, adjustmen
for F,
16 .
1.2
* &
*
0.8} .
*
*
*
04¢ .
(b)
0 1 1 1 1
0.01 0.1 1 10 100
Depth to B-C (m)
2 T T
F» adjustmen
for F ¢
16
1.2
*
0.8
*
*
o *
*
041 .
L 4 . i
)
0 | ool | |
0.01 0.1 1 10 100
Depth to B-C (m)
2 T T
F» adjustmen
for Fy,
16
1.2}
*
0.8} .
. *
. *
04¢ * ¢
)
0 1 1 1 1
0.01 0.1 1 10 100

Depth to B-C (m)

Depth to B-C adjustment coefficietts; and K, for (a-b)F,, (c-d)Fye,

260



SN

IN

T T T
- | | | C | B | Site E "'p | C | B
o | class o  SEE motioh $ |class | ! SEE motioh
L ; | L s FEE motio Iﬁ% | () s FEE motio
@ : :e o — — NEHRPF, S 3r I gle © — - NEHRPF,| ]
o —— Z=137m = —_— =
<) o s‘°§ p: I, 'g‘°s Z=137m
g | s I° "¢ | g | I (DS |
o 2r | | 1 S : | i
o) I . | o
5 | ] 95% § | 95%
5.0 I L ] S I
| | | | Median e VA | | Median |
o |gz=m | 5% o[ | Z=>m s
- L | I\I/Iot|on atI 137 rr|1 . €Y - | | Motion at 5 mI (b) 1
O L L L L L 0 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000

Average Shear Wave Velocity in Top 3030(M/S)  Average Shear Wave Velocity in Top 30Wyz0(m/s)

Figure H.15: Site coefficients for 0.0 s spectreipd (free-field) withPGAequal to 0.05
g and soft rock half space at depth equal to 5 henamotion is applied at a depth of (a)
137 m, and (b) 5 m.

261



APPENDIX |

EFFECT OF NORMALIZED PERIOD

262



Residuals

Residuals

1 T T T T T 1 T T T
+  Charleston + 0.05g
08l O Columbia | 0sh & 01g |
& Aiken O 02g
+  Myrtle Beach = 0.3g
06k Maan H 06 &0 04g |
*  (A5g
04t 4 04t mean 4
02f + O A 02F B
it
i & O = ®» g 5 %
. S EE + 2 2
é
* + +
p2t O 4 L + 4
0.2 ~ 0.2 ¢
3 *
041 + 4 041 i B
06 A 061 B
08 A 08¢ B
1 1 1 1 1 1 1 1 1 1
0 01 0.2 0.3 0.4 05 0.6 2 25 3 35
Sloutcrop. (g) T100/Tmean

Figure I.1: Residuals d¥p for 0.0 s spectral period (free-field).
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Figure 1.2: Residuals d¥p for 0.2 s spectral period (short-period).
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APPENDIX J

INFLUENCE OF MOMENT MAGNITUDE
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