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An Examination of Site Response in Columbia, South Carolina:
Sensitivity of Site Response to “Rock” Input Motion and the Utility of V(30)

Alanna Paige Lester
ABSTRACT:

This study examines the sensitivity of calculated site response in connection with
alternative assumptions regarding input motions and procedures prescribed in the IBC
2000 building code, particularly the use of average shear wave velocity in the upper 30
meters as an index for engineering design response spectra. Site specific subsurface
models are developed for four sites in and near Columbia, South Carolina using shear
wave velocity measurements from cone penetrometer tests. The four sites are underlain
by thin coastal plain sedimentary deposits, overlying high velocity Paleozoic crystalline
rock. An equivalent-linear algorithm is used to estimate site response for vertically
incident shear waves in a horizontally layered Earth model. Non-linear mechanical
behavior of the soils is analyzed using previously published strain-dependent shear
modulus and damping degradation models.

Two models for material beneath the investigated near-surface deposits are used: B-C
outcrop conditions and hard rock outcrop conditions. The rock outcrop model is
considered a geologically realistic model where a velocity gradient, representing a
transition zone of partially weathered rock and fractured rock, overlies a rock half-space.
Synthetic earthquake input motions are generated using the deaggregations from the 2002
National Seismic Hazard Maps, representing the characteristic Charleston source. The U.
S. Geological Survey (2002) uniform hazard spectra are used to develop 2% in 50 year
probability of exceedance input ground motions for both B-C boundary and hard rock
outcrop conditions. An initial analysis was made for all sites using an 8 meter thick
velocity gradient for the rock input model. Sensitivity of the models to uncertainty of the
weathered zone thickness was assessed by randomizing the thickness of the velocity
gradient. The effect of the velocity gradient representing the weathered rock zone
increases site response at high frequencies.

Both models (B-C outcrop conditions and rock outcrop conditions) are compared with the
International Building Code (IBC 2000) maximum credible earthquake spectra. The
results for both models exceed the IBC 2000 spectra at some frequencies, between 3 and
10 Hz at all four sites. However, site 2, which classifies as a C site and is therefore
assumed to be the most competent of the four sites according to IBC 2000 design
procedures, has the highest calculated spectral acceleration of the four sites analyzed.
Site 2 has the highest response because a low velocity zone exists at the bottom of the
geotechnical profile in immediate contact with the higher velocity rock material,
producing a very large impedance contrast. An important shortcoming of the IBC 2000
building code results from the fact that it does not account for cases in which there is a
strong rock-soil velocity contrast at depth less than 30 meters. It is suggested that other
site-specific parameters, specifically, depth to bedrock and near-surface impedance ratio,
should be included in the IBC design procedures.
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Introduction

It is well known that near-surface conditions can have a strong impact on the
nature of ground motion from earthquakes. H.F. Reid (1910) comments on the effect of
near-surface conditions on shaking intensity during the 1906 San Francisco earthquake:

“Experience shows that the damage done by destructive earthquakes is much

greater on alluvial soil than on solid rock. A glance at the isoseismal map No. 23

will show how well this was exemplified by the California earthquake. Probably

the best example we have is the city of San Francisco itself, which is built
variously on solid rock, on sand, on natural alluvium, and on ‘made ground’. The
description of the destruction done in the city...shows that within its limits the
character of the foundation was a far more potent factor in determining the
damage done than nearness to the fault-line.”

The factors influencing earthquake ground motion at the surface of the Earth are
generally divided into source, path, and site effects (Kramer, 1996, p. 345). Generally,
source effects involve those processes that depend upon the orientation of faulting, the
temporal nature of the slip along a fault, and material properties in the vicinity of the
source. The path effect constitutes wave propagation effects that occur in crystalline
material at depth in the Earth. Site effects are generally recognized to occur in the
shallow subsurface when incident seismic waves encounter reduced seismic velocities
near the surface. The effect involves a response to ground motion propagation that may
alter the amplitude, frequency, and duration of incident strong ground motion at depth.
The local site effect depends upon the arrangement and material properties of the
subsurface sediments, surface topography and strength of the incoming seismic motion.

Earthquake resistant design procedures in the form of Building Codes have been
used for many years. Most strong-motion data and building performance evaluations that

are used as input for national building codes are from the seismically active regions of

western North America; however, the seismic hazard estimates for some parts of the



central and eastern United States (CEUS) approach that of coastal California. In
particular, major earthquakes have occurred in the Mississippi Valley and in South
Carolina since 1800. These areas have very different geologic conditions than typically
encountered in California. In both the Mississippi Embayment and in South Carolina,
bedrock shear wave velocities are generally much greater than encountered in California.
Site effects in the CEUS at high levels of strong motion intensity have not yet been
instrumentally recorded.

This study will evaluate how the current building code in South Carolina,
International Building Code 2000 (IBC 2000), would perform should another event like
the Charleston 1886 magnitude 7 event occurred. Thin coastal plain sediments overlying
the crystalline bedrock would affect the ground motion at Columbia.

In this study, a synthetic earthquake, that is a simulation of the Charleston 1886
M=7 event, is made based on the 2002 national probabilistic seismic hazard maps
developed by Frankel et al. (1996, 2002). The subsurface conditions are defined from
geotechnical data and a layered model is generated that describes the specific parameters
of the sediments, such as velocity and density. Then, using the synthetic bedrock motion
and layered subsurface model, a linear approximation to the non-linear response of the
sites is estimated using the algorithm developed by Schnabel, Lysmer, and Seed (1972).
The response spectra of the surface ground motions from Columbia, SC is compared to
IBC 2000 design response spectra and illustrates the influence of subsurface materials,

commonly called site response, on the incoming seismic waves.



Chapter 1. Geology and Seismic History of South Carolina
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Figure 1.1: General physiographic map of South Carolina from Snipes
et al., 1993, reproduced with permission of publisher.

As shown in figure 1.1, South Carolina contains three physiographic provinces: Blue
Ridge, Piedmont, and Coastal Plain. A small portion of the Blue Ridge province lies in the
northwest corner of the state. Geologists consider that the northeast trending Brevard fault zone
is the boundary between the Blue Ridge and Piedmont provinces. The Blue Ridge province
contains Precambrian and early Paleozoic age crystalline rock. The Piedmont consists of
metamorphic and volcanic rocks that range in age from Paleozoic to middle Mesozoic. The
northeast trending Fall Line is an erosional boundary that separates Piedmont crystalline and
metamorphic rocks from Coastal Plain sediments as shown in figure 1.1. It lies near the center
of the state and passes through Columbia, the state capitol. The Coastal Plain province has
continental and marine deposits that are Holocene to Cretaceous in age and form a seaward

thickening wedge. Thicknesses of the Coastal Plain sediments vary from zero at the Fall Line



and increases to more than 1 km in the southernmost part of the state. A generalized geologic

map of the state is shown below in figure 1.2.

Map prepared by the South Carolina Deparment of Natural Resources, Land, Water,
and Conservation Division, Geological Survey
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Figure 1.2: Generalized Geologic Map of South
Carolina modified from Maybin and Nystrom,
1997, South Carolina Department of Natural
Resources (used with permission).

A large scale seismic reflectionstudy, conducted by the Consortium for Continental
Reflection Profiling or COCORP, in 1979, found that the Blue Ridge and Piedmont provinces
consist of allochthonous thrust sheets of crystalline Precambrian and Paleozoic rock (Cook et a.,
1979). Also, alarge package of late Paleozoic sedimentary rock underlies the crystalline thrust
sheets.

A high resolution Vibroseis reflection profile acquired in preparation for the proposed

AppalachianUltra-Deep Core Hole (ADCOH) project in 1987, near the COCORRP lines, found



that the Blue Ridge fault was not as deep as interpreted on the COCORP profile (Coruh et al.,
1987). Other structures interpreted by Coruh et al.(1987) include a duplex of thrust faults within
Paleozoic strata underlying the Blue Ridge fault and rifts in the Grenville Basement.

Severa reflection seismic surveys in the Coastal Plain near the South Carolina coast
consistently image astrong flat-1ying or slightly dipping reflector that is commonly referred to as
the “J’ reflector and is interpreted as a Jurassic age basalt (Schilt et al., 1983; Hamilton et al.,
1983; Behrendt et al., 1983). A Cretaceous age deposit, referred to as the “ K” reflector, and the
basement or “B” reflector, are dso interpreted by Schilt et d. (1983) and Hamilton et a. (1983);
however, these |ater reflectors are not present on all profiles throughout the coastal South
Carolinaarea. Schilt et a. (1983), Hamilton et al. (1983), and Behrendt et al. (1983) discuss the
details of recognized faults of various ages.

The Precambrian rocks of the Blue Ridge consist of amphibolite and granulate grade
gneiss basement in large scale, low-angle stacked thrust sheets. Late Proterozoic graywacke,
schist and amphibolite overlie the crystalline gneiss and originate from the metamorphism of
deep water sedimentary deposits and dikes (Hatcher and Goldberg 1991). A band of low grade
metamorphic rocks bounds the Proterozoic rocks and is referred to as the Brevard fault zone
(Reed et al.,1970, p. 261).

The Paleozoic age rocks of the Piedmont consist of four different northeast trending
lithologic belts and are listed from the northwestern boundary of the Piedmont (marked by the
Brevard fault zone) to the southeastern border of the Piedmont with the Coastal Plain (Fall Line):
Inner Piedmont, Kings Mountain, Charlotte, and Carolina date belts (Overstreet, 1970). The
largest belt is the Inner Piedmont belt and contains greenschist to amphibolite grade rocksthat

include schist, anphibolite, gneiss, ultramafic and granite intrusions, metavolcanic, and



metasedimentary deposits (Horton and McConnell, 1991, p.44). The KingsMountain lithologic
belt includes schist, marble and quartzite. The Charlotte belt contains intrusive granitoid plutons
and mafic dikes with metamorphosed sequences of sedimentary and volcanic deposits
(Overstreet, 1970). The grade of metamorphism varies and is generally amphibolite grade. The
Carolina Slate Belt is alow grade metamorphic belt consisting of amphibolite and schists.
Mesozoic rocks consisting of sedimentary deposits, basalt flows and dikes are found in a
number of extensional fault-bounded basins within the Piedmont and beneath the Coastal Plain.
Buried Mesozoic basins include the Florence basin (near Florence, SC), Dunbarton basin (near
Aiken SC), and Jedburg basin (near Jedburg, SC). Much of southern South Carolina, from
Charleston to Savannah, and southcentral Georgiais underlain by extensive Mesozoic materials.
This large area is referred to as the South Georgia basin. The Mesozoic sedimentary packages
include siltstones, mudstones, sands and red beds (Olsen et al., 1991, p.142). The basalt flows
can be very thick; however, they generally are not laterally extensive. Near Charleston, a deep
corehole (Clubhouse Crossroads Corehole 1) recovered amygdaloidal basalt of Jurassic age from
adepth of 750 to 792 meters (Rankin, 1977). Other cores exceeded 792 meters depth and found
intermittent layers of basalt and a continuous layer of sedimentary redbeds underlying the basalt.
Figure 1.3 shows a general geologic map of the South Carolina Coastal Plain deposits with the

labeled location of Clubhouse Crossroads Corehole (Hazel et d., 1977).



&
. EXPLANATION

s
Quaternary
Miocene and Pliocene

Eocene and Oligocene

m]]ﬂm]l Upper Upper Cretaceous
0 50 100 MILES

}—Hw 4 L J & Lower Upper Cretaceous

T
0 50 100 KILOMETERS

Figure 1.3: General Geologic map of Coastal Plain deposits from Hazel et a. (1977).

South Carolina lies within the North American Plate on the Atlantic Coast and in a
passive margin tectonic setting. However, the coastal margin was quite active in the past. The
first of four orogenic events was the Grenville orogeny that took place 1.1 Billion years ago in
the Proterozoic, followed by rifting to form the Laurentian continent and lagptus Ocean. |In the
early to middle Ordovicianand Silurian subduction of an island arc occurred on the eastern
margin of Laurentia (Taconic orogeny). This event accreted materials onto the eastern margin of
Laurentia, which would later include the eastern United States (Hatcher and Goldberg 1991, p.
13). Further accretion of island arc materials occurred during the Devonian (Acadian ororgeny).
Continental collision of Laurentia and Gondwanaland occurred in the Carboniferous to Permian
and created the supercontinent, Pangea (Hatcher,1987). Rifting and break-up of Pangea began in

the Triassic to form North America and the Atlantic Ocean. Faulting and extensive



sedimentation occured in rift basins along the eastern margin of North America aong with
volcanism and igneous intrusion in the form of diabase dikes and basalt flows (Olsen et al., 1991,
p. 170).

The southeastern margin of North America has been a passive continental margin since
Cretaceous times. The Atlantic Coastal Plain has developed by erosion and deposition of the
ancestral Appalachian mountains, beginning in the Cretaceous and continuing throughout the
Cenozoic. Subtle post-Mesozoic deformation has occurred on the passive margin. As shownin
figure 1.4, the modern coastline of South Carolinais bordered to the north by the Cape Fear arch
whose fold axis is approximately parallel to the North Carolina state boundary. The margin has

also been the site of earthquakes in Coastal South Carolina
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Figure 1.4: Southeastern United States map showing locations of
various physiographic provinces and features from Rankin 1977.

Seismic History of South Carolina

Figure 1.5 shows the epicentral locations of earthquakes with magnitudes 3 to 7 occurring
in South Carolina from 1689 to 2002, from the historical earthquake catalog and from
instrumental data recorded in recent years by regiona seismic networks. Notice that earthquakes
have occurred across the state with varying magnitudes. Thereisalarge cluster of earthquakes

in the vicinity of Charleston that includes the 1886 magnitude 7 earthquake and more recent

instrumentally located earthquakes.
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Figure 1.5: Historical epicenter locations of South Carolina from 1689 to 2002
(Southeastern U.S. Seismic Network Operators, 2004)

On August 31, 1886, Charleston and the surrounding area experienced a large magnitude
earthquake. At the time of this earthquake, there were no instruments present in the area.
Therefore, al of the magnitudes associated with this event are estimates based on felt area and
intensity effects. The moment magnitude based on interpretation of historical intensity vaues
include: 6.9 (Bakun and Hopper 2004), 7.0 (Bollinger 1977) and 7.3 (Johnston 1996).

Investigation and analysis of paleoliquefaction features in coastal South Carolina indicate
that the average recurrence interval of alarge magnitude event near Charleston is approximately
every 500 to 600 years (Talwani and Schaffer, 2001). This paleoliquefaction evidence forms the
basis for estimating return periods of large magnitude earthquakes in the Charleston area and has

been incorporated in the latest version of the national seismic hazard maps (Frankel et a., 2002).
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Dutton (1889) remarks upon the variable nature of shaking during the 1886 Charleston,
SC earthquake. He draws special attention to the intensity of shaking in Columbia, SC and in
other areas of South Carolina, North Carolina and Georgiathat are situated in relatively thin
sections of coastal plain sediments. He contrasts the strong shaking in those areas with lesser
intensity motions at locations nearer the coast. In regard to North Carolina, Dutton (1889, p.329)
states the following:

“Throughout the State of North Carolina the vigor of the shocks was very great. Not a

locality which has been interrogated has failed to report proofs of intensity sufficient to

arouse and alarm the entire population. Not a village escaped minor damages, such as the
loss of chimneys and plastering; and wherever brick structures exist the accounts of
cracked walls are frequent. There is, however, a notable difference as a general rule
between the eastern part of the State within the coastal region and the Piedmont and

mountain region. It was notably less forcible in the coastal plain. In Wilmington, N.C.,

the shocks, though alarming everybody and shaking buildings with an energy that caused

no little apprehension, did not produce the complete consternation which seized upon all
classes in the towns and cities of the interior; and this statement holds good in full view
of al qualification which might be expected to arise from the different distances of
localities from the centrum.”

Dutton goes on to state his belief that the great thickness of the coastal plain sediments
along the coast resulted in less damage to structures than would have been the case were those
structures sited on crystalline or metamorphic rocks that outcrop in the Piedmont. Chapman et
a. (1990) demonstrate that Dutton’ s observations may be explained at least in part by anelastic
absorption inthe coastal plain deposits.

The fault location or mechanisims are not well defined for the large earthquakes that have
occurred in coastal South Carolina. No surface fault rupture was found within the highest
intensity areaof the 1886 event (Dutton, 1889). Seismic reflection data from the 1886 epicentral

area indicate a number of lithology changes with a gentle dip; however, the fault(s) responsible

for the 1886 earthquake has not been conclusively identified (Yantis et a. 1983).
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Several seismotectonic models have been proposed for the Charleston area. Tawani
(1982) introduced the northeast trending Woodstock fault and the Ashley River fault that has a
northwest orientation. Talwani (1999) revised his proposed faults and hypothesized that the
Ashley River bisected the Woodstock fault to make a system of intersecting faults. The
proposed faults in the Charleston area are also part of the proposed East Coast Fault System
which has a north northeast trend extending through Virginia, North Carolina, and South
Carolina (Marple and Talwani 2000). Weemset a. (1997) proposed an additional fault in the
Summerville area that trends east- northeast and connects to the Ashley River fault. The
Charleston fault is another proposed fault that has a northwest trend and is not connected to the
other proposed faults (Lennon 1986). Another fault is proposed by Weems and Lewis (2002)
named the Adams Run fault which trends north and is hypothesized to be influenced by the Cape
Fear arch and the Southeast Georgia embayment.

The geological evidence of paleoliquefaction features in coastal South Carolina (Talwani
and Schaefer, 2001) points to repeated occurrence of moderate to major magnitude earthquakes
inthisarea. Thisbehavior isinterpreted as indicative of "characteristic" earthquake activity
(Y oungs and Coppersmith 1985; Schwartz and Coppersmith, 1984). In this model, repeating
earthquakes of approximately the same magnitude occur within the same region

Defining the magnitudes and tectonic environment of the paleoseismicity in coastal South
Carolinais outside the scope of this study. However, treatment of this problem in the context of
the National Seismic Hazard Maps is important because they define the basis for devel opmert of
ground motions used in this study to investigate site response. In 2002, the National Seismic
Hazard Maps were modified to include a complex logic tree for the characteristic Charleston

source with variations in size of the fault area and magnitudes. The range of magnitudes, 6.8 to

12



7.5, isincluded in the source model with associated weighting and a smaller return interval of
550 years. The source for the Charleston characteristic source model is defined by a
combination of two area source zones. The broad source zone encompasses the region of

pal eoliquefaction features in coastal South Carolina and the smaller area source represents the

Woodstock fault scenario from Tawani (1982, 1999).
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Chapter 2: Strong Motion Basics: One-Dimensional Site Response Analysis
Seismologists divide factors influencing earthquake ground motion into source, path, and

site effects. The earthquake source describes the fault motion that depends on the fault
geometry, rupture propagation along the fault, and dlip velocity along the fault. The path effect
involves transmission of the seismic waves to the near surface and will depend on density and
velocity changes in the Earth. In this study, the path will represent the seismic wave propagation
in crystalline or metamorphic rock with shear wave velocities approximately 3.5 kilometers per
second or greater. The site effects are the influences of highly variable near-surface geology
overlying the crystalline bedrock on the ground motion. Figure 2.1 shows a schematic of the

parameters included in calculating surface motion in the frequency domain.

Surface Motion (f) = Source x Path x Site

RN A aT FEFEFN

5 S ay FEEN
AN FE RN
"N FFEN
.y FFFE
n §FE

Figure 2.1: Schematic of parameters used to generate a surface
motion in the frequency domain.
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The separation of source, path and site effects for earthquake ground motion parameters
can be somewhat artificial. A strong site response can occur where athin soil or sedimentary
layer deposit overlies hard bedrock. In that case, the presence of the soil layer may represent the
largest seismic velocity contrast present along the ray-path, and a well-defined site response is
due to near-surface geologic conditions. However, sedimentary basins, such as the Los Angeles
basin or thick deposits of sediments in areas such as the Atlantic, and Gulf coastal plains, may
have gradual velocity contrasts extending over several kilometers of ray-path length that could
be considered a path property rather than a property of the near surface. For these thick deposits,
the response of the incoming seismic waves may involve complicated 2-D and 3-D phenomera
due to wave scattering, focusing, and anelastic absorption (Olsen, 2000).

Sndll’ s law governs the angle of refraction for seismic waves encountering a material
boundary. Generally, seismic velocity will decrease as seismic waves approach the surface.
When unconsolidated sediments are present, this change in velocity becomes so great near the
surface that the incident rays will become almost normal to the surface.

In this case, the incoming earthquake motions will consist largely of horizontal shear
waves. Generadly, the horizontal component of the shear wave is greater in amplitude than the
vertical component of the shear wave or the incident p wave. Also, most of the damage to
buildingsis from horizontal forces because structures are generally designed to withstand only
vertical forces. For this anaysis, al of the models will have sediments present above the
crystalline bedrock, and, due to the large velocity changes in the near surface, vertical incidence
of incoming seismic waves will be assumed.

The site effect of the near-surface materials will be modeled using a seriesof horizontal

layers with varying density, thickness, damping, and shear wave velocity. These layers represent
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soils, sedimentary deposits, and weathered rock and are assumed to be laterally continuous and
uniform. An elastic half-space representing crystalline bedrock underlies the layered subsurface
model and contains the earthquake source. The half-space is a continuum that has only one
defined boundary: the interface with the layered model. The subsurface layers are assumed to be
viscoelatic materials with an associated damping. An important aspect of the moddl is the fact
that shear wave velocity and damping are treated as strain-dependent quantities. At high strain
levels, soil layers exhibit nonlinear behavior such that damping and the shear modulus depend on
the amount of strain applied (Kramer, 1996, p. 191)
Wave Equations for Linear Elastic and Viscoelastic M aterials
Elastic materials with linear behavior

The following is adetailed discussion based on Schnabel, Lysmer, and Seed (1972) and
Schnabel, Seed, Bolton, and Lysmer (1972 and 1973). Severa of the ideas and equations are
included in the publications.

The one-dimensional wave equation for a vertically propagating shear wave in an

isotropic medium is:

Tu 1t

N—s=— 21

> Tz
In equation 2.1, tistime, r is materia density, u is displacement in the horizonta direction and t
isshear stress on a horizontal plane. The wave is assumed to propagate in the vertical z
direction assuming z is positive downward. For linear behavior, the shear stressis alinear
function of the shear strain ?, where the constant of proportionality is the modulus of rigidity, G.

For the one-dimensional elastic case, stress, strain, and displacement are related through:
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t :Gg:GE 2.2

9z

For an elastic material, the equation of motion is usually expressed as:

- = , 2.3
Mt*  ér ¢1Z° 12
where c is the constant shear wave velocity:
, G
c =—. 24
r
Steady-state solutions of equation 2.3 are of the form
u(z '[) — Aei(kz+vvt) + Bei (- kz+wt) o5

where w is angular frequency and k = w /c is known as the wave number. Equation 2.5
represents two harmonic waves traveling upward and downward in the material with amplitudes
A and B, respectively.
Viscoelastic materials

Soils do not behave as linear elastic materials under strong shaking. Even at very small
strain values, soils exhibit absorption of high frequency energy. Thisrequires the use of another
formof equation 2.1 to model the motion. A common approach to incorporate anelastic
absorption of wave energy assumes viscoelastic behavior. Kramer (1996, p. 175) states, "For the
purpose of viscoelastic wave propagation, soils are usually modeled as Kelvin-Voigt solids, (i.e.,
materials whose resistance to shearing deformation is the sum of an elastic part and a viscous
part).” Inthis case, the shear stressdepends on the rate of change of stain, aswell as the strain

magnitude. This dependence is given by:
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t =Gg +h§%§,

2.6

where ? is the viscosity of the material. Differentiation of equation 2.6, with respect to the

gpatial coordinate z, leads to:

it _gT9,, 1%

: 2.7
1z 1z Mz Mt
Substitution of 2.7 into the right hand side of equation 2.1 gives
2
u
r 1 :Gﬂg +hlﬂ—g. 2.8

M Tz Tz
Equation 2.8 (above) is the one-dimensiona wave equation for a viscoelastic material.
can be written entirely in terms of displacement, u, by noting that shear strain is, in general,
_Tu
1z

Substitution of equation 2.9 into equation 2.8 and introducing index j to represent the material

29

properties for a viscoelastic medium consisting of j =1,2,3....n horizontal layers leads to the

following equation of motion for shear waves in each layer:

, ﬂ—zu =G. ﬂzu +h ﬂ3u

rJ ﬂtz J ﬂZZ j ﬂzzﬂt )

2.10

It

Following the developmert given by Schnabel, Lysmer and Seed (1972), a steady-state harmonic

solutionis assumed for each model layer withthe following form:

u(zt) =U(2)e™ 2.11
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U(2) can be regarded as the Fourier coefficient of u(z,t), at a single frequency, w, and represents
the complex amplitude and phase of a harmonic displacement. Substitution of equation 2.11 into

equation 2.10 leads to anordinary differential equation:

rw?U(z) = (G+|Wh)d2uz(z) 2.12

The general solution of 2.12 for U(z), which we will hereafter interpret as representing the
complex amplitudes of the harmonic components of motion in each layer is given by:

ik: z

_ IkJ z - 1K
U;(2=Ee’" +Fe 7" 2.13
In equation 2.13, the subscript j represents the particular layer. The complex wave number k is
related to the materia properties of the j'th layer through:

o T w?

[ 214
G +|Wh

Equations 2.11 and 2.13 give the solutiors to the wave equation for harmonic displacements
u(z,t) of frequency w in thej'th layer:

ikjz+iwt

u(zt)=Ee"”
The first term on the right hand side of equation 2.15 is a plane harmonic wave traveling
in the negative z, upward, direction and the second term is the downward traveling plane
harmonic wave. This solution isvalid at any point in a given layer, where it is understood that
u(z = 0,t) is motion at the top of alayer and u(z = h,t) is motion at the bottom of the layer, where
h is the layer thickness. As shown in the following equations, amplitude coefficients, E and Fj,
can be expressed in terms of E+; and Fj+1 such that motions can be defined at all points within all

layers, as described below.
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Recursion relations

Conditions of continuity of displacement and stress across layer boundaries permit the
development of recursive relationships relating motions at any depth in a given layer to motions
within any other layer. Displacements at the top, z= 0, and bottom, z= h, of thej'th layer are,

respectively:
u, (0,t) =(E; +F,)e", 2.16

_ ik h; ikih;
u;(h;,t)=(Ee”’’ +Fe He 2.17
Shear stressis given by substituting 2.9 into 2.6:

ﬂg ﬂu +h ﬂzuj

t(zt)=G,g+h, — =G, —+h, . 2.18
J J JﬂZ ﬂz Jﬂzﬂ't
Differentiation of 2.15 and substitution into 2.18 leads to:
. : A -k z - 1K Z 0wt
tj(z,t)—lkj(G+|?\N)gEje I“- Fje JEle | 219

Hence, shear stresses at the top and the bottom of the j'th layer are, respectively,

t (0,t) =ik, (G+ihw)|E, - F,Je", 220

: ) A - kJ h. | k h CLwt
.(h. =ik . ] - 1
tj (. =ik GrihvyEe % -
Displacements across all layer interfaces must be continuous. This condition is expressed by
equating 2.16 and 2.17, where there are two layers shown with the indices j and j+1 that share an

interface:

ik _ik h;
E,.tF.,=Ee’ +Fe 7. 222
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Also, stress must be continuous across all layer interfaces Equating 2.20 and 2.21 for two

different layers shown with indicesj and j+1 leads to:

ik (G, +ih.w ik h. _ikih.
Ej+l- Fj+1:- J( ) " ) ) (EjekjhJ = FJe thJ). 223
1Kj41(Gjalh W)

To simplify notation, the complex shear modulus G* is introduced:
G, =G, +iwh; . 2.24

The damping ratio, b, of the material is related to viscosity by (Schnabel, Lysmer and Seed,
1972, p. 4):

wh =2Gb . 2.25

Schnabel, Lysmer and Seed (1972) assume that G and b are essentially independent of frequency

for soils and substitution of 2.25 in 2.24 leads to:
G, =G;(1+i2b)). 2.26

From 2.14, the complex wave number is defined as:

k?=—1— 227

Using equations 2.27 and 2.24, equation 2.23 is rewritten as:

h.

ik;h; - ik;
Ej+1_ FJ+1:aJ(EJe R FJe : J), 228

where ajis a complex impedance ratio defined by:

a _®r1 G 9}/2

| o 2.29
M 4G g
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The complex amplitudes of the up-going and down-going wave field in different layers

are shown below. Adding 2.28 and 2.22 results in:

= :%Ej[(1+aj)e(ikihi)]+% F [(1 aj)e('ik"h")]. 2.30

Subtraction of 2.28 from 2.22 |eads to:

Fiu :%Ej[(l' a; )e(ikjhj) +%Fj [(1+aj )e(_ikjhj)]. 231

Equations 2.30 and 2.31 can be applied recursively to express amplitudes at any point in the
model in terms of amplitudes at any other point.

Treatment of Site Response for Engineering Applications

Equation2.13, in conjunction with 2.29 and the recursion relations 2.30 and 2.31 allows

the development of transfer functions, whichrelate motions at any two locations in an Earth
model. The model consists of n horizontal layers overlying a half-space, where thej = 1 layer
represents the surface layer and the j = n layer represents the deepest layer adjacent to the half

gpace. The half space is represented by the index j = n+1. The downward direction is

represented by positive z and the upward direction will be represented by negative z. Figure 2.2

shows an illustration of a genera Earth model.
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Ground Surface

j=n+1

i—la,lf—space

Figure 2.2: Schematic for generalized Earth model

At thetop of thej = 1 layer, the Earth's free surface, the shear stress is zero. From
Equation 2.20, substitutingin z=0and j = 1 results in:
t,(z=0,t) =ikG (E, - F)e™ =0. 2.32
Therefore, for the j =1 layer, the up-going and down-going Fourier coefficient amplitudes are
equal, E; = F1. For smplicity, setting E; = F;, =1 allows a recursive computationof E and F; for
al layer interfaces in the model and allows the ratio of motions to be defined in the frequency

domain at any two points in the model. Beginning with the surface layer, j = 1, equations 2.30

and 2.31 are used to evaluate B+, and Fj+; at successive interfaces.
For example, assume that the ground motion is recorded on the free surface of a model
consisting of n layers over ahaf-space. The material properties of the layers are known and the

motions at the top of the half- space are required. The Fourier transform of the ground
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displacement time series on the surface of the layered model is represented by A;(z=0,w) and the
Fourier transform of the time series of the half- space motion isrepresented as An+1(z=0,w). The
motion at the two depths is related through a transfer function T(w) as shown below. This

function acts like a filter in the frequency domain and is the ratio of the Fourier coefficients:

T(W) — Un+1(Z = O’W) 2133
U,(z=0,w) '

An+1, the motionon the top of the half- space, in terms of the motion on the free surface, A1(z =
0), is

Un+1(Z = O)
U,(z=0)

Anu(z=0)= A(z=0). 2.34

Using equation 2.13, the half-space and free-surface coefficients become, respectively,

U,.(z=0)=E,,; +F. ... 2.35
and
U,(z=0)=E, +F =2. 2.36

Equation 2.34 can be expanded to encompass any location in the Earth model. This

generalization of equation 2.34 is shown below:

(2) = Y,(2) (2) = Epeikpz i Fpe-ikpz (2) 2.37
AP Uq(Z) A\] quiqu + qu- ikqz Ah ’ ’

wherep=1,2,...nt1land q=1,2,....n+1 are the indices referring to differing locations in the
Earth model for n layers overlying a half space and z refers to depth within a given layer. In
2.37, it is assumed that displacement Aq(z) is known and Ay(2) is determined with knowledge of

the layer thicknesses and material properties.
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The most frequent engineering application involves calculation of motions at various
points in an Earth model, given recorded motions on an outcrop of the half-space material. This

problem will be treated in the following chapters. In this study, a half-space outcrop motion,

represented by A°n+1, will be assumed as the input motion. The input motion will be multiplied
by an appropriate transfer function to produce the surface motion. The desired output will be the
free surface motion on the layered Earth structure. In the notation of equation 2.37, the motion at

the local depth z within any layer j, given motions recorded on a half- space outcrop is given by:
ik z -
U;(2 Ejel"+Fje

—Aho 1~ : Aho 1 2.38
+ +1. .
Un+1 2En+1

ka

Aj (Z) =

In this case, assuming that E; = F1 = 1, the motion on the free surface of thej = 1 layer is given
by:

2
2En+1

(0]
Ans1 239

A(z=0)=

Strains a any point in the model may be determined by:

9,(2) = 14 (2) : 2.40

9z

For the case wherein the half-gpace outcrop motion is known and used to calculate motions at

other points in the model, equations 2.38 and 2.40 lead to:

ik (€97 - Fje""iz)Ar?

+1. 241
2En41

gj(2 =

Figure 2.3 shows avisualization of using the transfer functions to calculate the free surface

motions of the Earth model:
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Fourier Transform of Filter =Transfer Function Fourier Transform of
Input Motion Surface Motion

Figure 2.3: Demonstration of how the surface motiors are calculated using transfer functions

After the surface motions are calculated, an inverse Fourier transform is used to obtain the
resultant motion in the time domain and produce a surface motion time series.
Non-Linear Behavior and the SHAKE Algorithm

In addition to anelastic absorptionor viscoelastic behavior, soils may exhibit strain
dependent or nontlinear behavior. In effect, the complex shear modulus G* is strain dependent
under strong earthquake ground motions. The equations of motion above assume that G* is
independent of strain and the material exhibits linear behavior. Schnabel, Seed, Bolton and
Lysmer, 1972 and 1973 introduced an approximate solution to the non linear problem using an
iterative application of the linear viscoelastic solution detailed above. A well-known computer
program that implements this algorithm is called SHAKE (Schnabel, Seed, Bolton ,and Lysmer,
1972 and 1973; Schnabel, Lysmer ,and Seed, 1972) and it has been used by the engineering
community for many years. The method is often referred to as an "equivalent linear" approach,
and is viable for certain circumstances. However it is more accurately described as a linear
approximation. This equivalent linear approach assumes that the near-surface materials are
undergoing symmetric cyclic forces with small strains and that permanent deformation of the
near-surface model does not occur (Kramer 1996, p. 231).

The equivaent linear modeling approach refers to how the near-surface material

mechanical behavior is described. Empirical data show that energy dissipation occurs at low
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strain levels causing the stress-strain graph to be eliptical or hysteretic in shape (Kramer 1996,

p. 238) as shown in Figure 2.4a

SHEAR STRESS
T

G /G, A

1 1 1 1
0.0001 0.001 0.01 (2] 1 10

CYCLIC SHEAR STRAIN, 7% (%)

BACKBONE CURVE

Figure 2.4a: Hysteresis loop for soil showing Figure 2.4b: Simplified normalized shear

the stress changing with different shear strain modulus and damping versus shear strain

(from Vucetic and Dobry, 1991, used with curves (from Vucetic and Dobry, 1991,

permision of publisher, ASCE) used with permission of publisher,
ASCE)

As soils are subjected to several cycles of stress, the stress-strain diagram for the soil will
be acomplicated path made up of a number of continuous hysteresis loops. The path will trend
towards the horizontal shear strain axis. This complex stress-strain path diagrams the
mechanical parameters, shear modulus ,and damping of the soil.

The linearized approach assumes an average shear modulus value of the path of the
hysteretic loop called Ge and the G Value will decrease as the shear strain increases. G IS
defined as the ratio of critical shear stress to critical shear strain and lies at the point where the

hysteresis loop changes slope, shown as point D in figure 2.4a:

G, .=—. 2.41.

The shear modulus vaue used in this equivalent approximation is aratio of Gee t0 Gnax and is

referred to as G, the normalized shear modulus. Gnax iS the maximum shear modulus value and
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isthe equal to Gy at low shear strain values. An example of a normalized shear modulus versus

strain curve is shown in figure 2.4b.

g(%)
3

-100
t (kPa)

Figure 2.5: Hysteresis diagram for one cycle of stress that shows the
portions of the curve used to calculate the damping ratio (Olgun 2004)

The damping ratio, 13, is aso dependent upon the hysteretic behavior of the soil and the

amount of energy absorption. It is generally defined as:

1 DW
b=—x—— 2.42
4p W

where AV is the area of the triangle, shown in orange in figure 2.5, that is bordered by the line
tangent to the G point and the intersecting portions of the axes. W, shaded in blue in figure
2.5, represents the area of the hysteresis loop and is related to the amount of energy dissipated.

Severa of these diagrams, generated from empirical tests, will combine to create acritica

damping ratio versus shear strain curve as shown in figure 2.4b and this curve will be used in the

linear approximation
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The equivalent linear algorithm requires normalized shear modulus and damping versus
strain curves, velocity, density, and thickness for each layer and an input acceleration time series
for the outcropping half-space. The normalized shear modulus and damping versus strain curves
are for arange of strain. These curves are dependent upon the type of material and can be
different for each model layer. They can be generated for the specific site with geotechnical
laboratory data. However, the following generalized shear modulus and damping models are the
most commonly used: Assimaki et al. (2000) for deep materias, Vucetic and Dobry (1991) for
fine materials, and Ishibashi and Zhang (1993) for sands. Figure 2.6 shows examples of

normalized shear modulus and damping versus strain for the aforementioned models.
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Figure 2.6: An example Normalized Shear modulus and material damping curves as a function
of shear strain. The solid lines are for sands (from Ishibashi and Zhang, 1993). The thin
dashed lines are for deep materials (Assimaki et al., 2000, 2001).

An approximation used by the equivalent linear approach involves “effective strain”.
The algorithm uses a constant measure of strain for the entire earthquake time series in any given
layer. This effective strain is less than the maximum strain during the earthquake. The effective
strain is the peak value of strain for each layer multiplied by a magnitude dependent constant.

As aresult, asingle value for normalized shear modulus and damping is used throughout the
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earthquake event in each layer. Both of these assumptions are approximations. However, this
approach is computationally inexpensive and is a good approximation for small strains. Other
approaches that describe the soil’ s stress-strain behavior more accurately require additional
information on material behavior and are computationally extensive.

Comparisons by Hartzell et al. (2004) of the equivalent linear algorithm with other
equivalent linear frequency dependent and nonlinear algorithms indicate that the equivalent
linear algorithm produced approximately the same results for small strain levels. Over damping
from the equivaent linear algorithm was observed at motion levels beyond 0.4 g and for softer
Stes.

The equivalent linear algorithmis outlined in figure 2.7. After the complex impedance
ratio and wave number are calculated, the up-going and down-going amplitude coefficients are
calculated along with the transfer functions for the motions and strains in the middle of each
layer. The motions and strains are then calculated by multiplying the Fourier transform of the
input motion with the appropriate transfer function and performing an inverse Fourier transform
to express the motions and strain in the time domain. The effective strain is calculated for each
layer and used to determine the updated normalized shear modulus and damping values. The
previous normalized shear modulus and damping values are compared to the new values. If the
difference is zero, then the algorithm has reached a stable answer. However, if the differenceis
large, the normalized shear modulus and damping value are updated and the process is repeated.
If strains are small in all model layers, approximately 0.03 or less, the algorithm will usually
reach stability within 5 to 10 iterations. If larger strains occur in one or more of the layers, the

algorithm may not stabilize and strain-compatible modulus and damping cannot be determined.
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» | Calculate Transfer Functions for
motions and strains in each layer
Multiply by Fourier
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time domain
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Figure 2.7: Overview of the
equivalent linear agorithm from
Schnabel, Lysmer and Seed (1972)
SHAKE and the current version by

Dr. Chapman

Determine new values of
g/gmax and damping for the

Many revisions have been made to the original SHAKE computer program  Each change
has improved upon its versatility; although, the most recent versiors remain limited in the
number of layers and strain dependent behavior models that can be applied. Thisisamajor
shortcoming when depth dependent shear modulus and damping models are required.

The equivalent linear algorithm implemented in this study used a program developed by
Dr. Martin Chapman. The program does not limit the number of materials or layers for the
subsurface model and offers several improvements with regard to model input and output of

results.
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Chapter 3: Generating Input Motions

This study follows current practice in which scenario earthquakes based on probabilistic
seismic hazard analysis are used to define time series for site response analysis. A recent example of
this approach is a study by the Tennessee Valley Authority (Munsey, 2004). This study uses the
results of the U.S. Geological Survey national seismic hazard mapping project to define scenario
earthquakes, earthquake magnitudes, and the source to site distances for site response analysis.

The national seismic hazard maps are a statistical representation of the seismic hazard across
the United States. The first version was published by Algermissen and Perkins (1976) and has been
updated and revised several times in ensuing years. A major procedural change occurred with the
1996 version of the maps (Frankel, 1995 and Frankel et al., 1996). Frankel (1995) describes the
procedures used in previous versions of the U.S. Geological Survey national hazard maps. The
Frankel et al. (1996) maps have been incorporated as reference maps in the 1997 version of the
National Earthquake Hazards Reduction Program (NEHRP) Provisions (FEMA, 1997). The national
seismic hazard maps were updated in 2002 and this study will use these results (Frankel et al. 2002).

The national seismic hazard maps are made using a method called probabilistic seismic
hazard analysis, or PSHA, which estimates the probability of exceedance of different levels of
ground motion intensity at a given location. This method was originally developed by Cornell
(1968). The fundamental assumption underlying PSHA is that earthquakes follow a stationary
Poisson process, which assumes the events are independent of each other (Ang and Tang, 1975, p.
114). This is approximately valid for earthquake catalogs that have been "declustered", i.e., catalogs
in which all dependent earthquakes, aftershocks and foreshocks, have been deleted. The process is

defined by a single parameter: A, the mean time rate of events that constitute the process.
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The Poisson process is the simplest stochastic process that can be applied to PSHA. In

general, a Poisson process is defined using the Poisson probability distribution:

A"
(A1) e ™ forx=0,1,2,.... 3.1)
x!

P(X, =x)=

In equation 3.1, P(X;= x) represents the probability of occurrence of exactly x "events" in time
interval t. This probability is completely defined by knowledge of A, the mean rate, discussed
below. Equation 3.1 is simplified by examining the probability of at least one event occurring in
time interval t:

P(X,>0)=1-P(X,=0)=1-¢"". (3.2)

In PSHA, A is usually an "expectation" representing the expected rate of at least one
exceedance of a specified ground motion level at a specific location due to occurrence of
earthquakes within a specified magnitude and distance range. The PSHA treats magnitude and
distance as random variables. The expected rate, A, of exceeding a specified ground motion, x, can
be represented by:

Miyax Rinax Emax
A=EX>x)=v | | |f.(m) f.(r|m)- f.(£)- Hy(m,r,e)—x)-de-dr-dm 33
M, R, ¢
where m is magnitude, r is distance from epicenter to site, € is the random variable representing the
variability in the ground motion prediction model, v is the rate of earthquakes with magnitudes
greater than a minimum magnitude My, the probability density function of the earthquake magnitude
is fn(m), the probability density function of the earthquake epicenter to site distances, conditional on
magnitude, is f(r/m) and the probability density function of € is fi(¢). The argument of the Heaviside

function, H, is the difference between a median predicted ground motion value and a specified

ground motion value, x.
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The variable v, in equation 3.3, represents a ground motion prediction model that may
represent any one of several motion parameters, e.g. peak ground acceleration, peak ground velocity,
or oscillator spectral response. This model may be based on empirical earthquake data from various
tectonic settings or upon theoretical models. As shown in equation 3.3, motion prediction depends
on magnitude, distance from the epicenter to the site, and includes an error term. The geologic
setting of the site and scenario earthquake parameters should be consistent with the hazard model
parameters as much as possible. There are several different ground motion prediction models for the
intraplate tectonic setting for the east coast and they generally assume bedrock outcrop conditions.
The prediction models used for the 2002 national seismic hazard maps (Frankel et al., 2002) include:
Toro et al. (1997), Frankel et al. (1996), Atkinson and Boore (1995), Sommerville et al. (2001) and
Campbell (2003).

The national seismic hazard maps are based on the National Earthquake Hazards Reduction
Program or NEHRP (1997) site classification scheme and correspond to motions on sites classified
as B-C material. This site condition is based on an average shear wave velocity of 760 m/s in the top
30 meters (Martin and Dobry 1994). This assumption complicates the use of the national seismic
hazard maps site in cases where the generic site condition does not exist. This issue will be
addressed in Chapter 5.

In equation 3.3, the rate of earthquakes,v, and the probability density function of magnitude
depends upon the history of earthquakes surrounding the site. The historical earthquake catalog is
often used in PSHA to develop a seismicity recurrence relation in the form of the Gutenberg-Richter

relationship (Gutenberg and Richter, 1954):

LogN =a—-bM (3.4)
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For equation 3.4, N is the number of earthquakes per unit time larger than magnitude M. A
truncated form of equation 3.4 is often used for PSHA. Small magnitude events are not of concern
for PSHA because they do not damage buildings. Therefore a minimum magnitude, My, of concern
is defined and typical values are in the range of Mo= 4.5 to My=5.0. Any given earthquake source
will have a maximum magnitude, Mmax, constrained by tectonic setting. The intercept a, in equation
3.4, depends on the strain rate in the area of concern. It reflects the rate of earthquakes per unit area
and therefore has large geographic variability. The b value, slope of equation 3.4, is nearly constant
worldwide with a value of approximately 1.0. The Gutenberg-Richter relationship implies that
earthquakes have an exponential magnitude probability distribution in which small magnitude events
are much more frequent than large magnitude events. As used in PSHA, the parameter v, in
equation 3.3, is the rate of earthquakes with magnitude greater than minimum magnitude M, and less

than maximum magnitude My« hence:

v =10“"Mo 109 PMmax (3.5)
The PSHA model incorporates the upper and lower magnitude bounds, My,,x and My. Therefore, the

magnitude probability density distribution is truncated and has the following form:

Su(m)=0, m<m,

ble ™
f,.(m)= Py P my<ms<m,_._ (3.6)

f,(m)=0, m>m,__
where b' = bIn(10) = b(2.303).

There are other representations of the seismic recurrence that do not follow the Gutenberg-
Richter relationship. Frankel (1995) incorporates a characteristic earthquake model, for source areas
like Charleston, SC, that exhibit geological evidence of recurring large magnitude earthquakes. For

this scenario, a different probability density distribution for magnitude is applied:
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fm (m) = 5(711 o mchar) > mO Sms mmax' (3.6)

Equation 3.6 contains a delta function which represents the occurrence of a repeating or
characteristic earthquake of a specific magnitude, Mcp,r, in a given source.

The conditional probability density distribution for distance to earthquake sources, fi(rjm) in
equation 3.3, depends on the geometry and distance of the source and the site, as well as the
earthquake magnitude. Typical representations of the source include a point, line, or area with a
specified orientation or shape.

The f:(¢) or the probability density distribution for random error in equation 3.3 is defined as
a normal distribution on logarithms of peak ground motions or damped oscillator response. Because
most ground motion prediction models are derived by regression analysis, the standard deviation of
the f:(¢)is often assumed to be equal to the regression standard error of estimate.

Equation 3.3 is a general expression for a single earthquake source. Usually, there are
multiple possible sources near the site and the total seismic hazard is the sum of all the possible
earthquake sources.

A uniform hazard spectrum, UHS, is a response spectrum wherein all ordinate values have
the same hazard or probability of exceedence. This spectrum has contributions from all of the
defined sources used in the PSHA. The UHS may be used as a target design spectrum; however, the
UHS assumes that spectral ordinates at different frequencies are statistically independent and it does
not generally represent the spectrum of a specific scenario earthquake. The exception is in cases
where the seismic hazard is dominated by a specific scenario earthquake, (i.e. where a characteristic
earthquake at a well defined location dominates the hazard). In this case, the shape of the uniform

hazard spectrum will approximately match that of the scenario earthquake.

36



Important information for establishing a scenario earthquake (or earthquakes) can be
extracted by deaggregating the PSHA for a specified probability of exceedance (Chapman, 1995;
McGuire, 1995). Deaggregation amounts to plotting the integrand of equation 3.3. This plot is
typically constructed as a three dimensional graph that shows the percentage of hazard contribution
over the range of specified magnitudes and distances for the study. The deaggregation is calculated
for a specified hazard level or probability of exceedance and is used as a guide in defining scenario
earthquakes for design purposes (e.g. Chapman 1995, McGuire 1995). These graphs are available
from the USGS for all locations in the United States. An example of a deaggregation plot is shown
below in figure 3.1. The colors correspond to different levels of error or € in the ground motion
attenuation models.

For the study site, Columbia, South Carolina, one seismic event controls the seismic hazard.
The seismic event is a magnitude 7.3 event at 123 kilometers distance that represents the
characteristic Charleston seismic source. Chapter 5 discusses using this scenario event in modeling

the site response for the study area.
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Figure 3.1: An example PSHA deaggregation plot from USGS National Seismic
Hazard Mapping Project
website: http://eqint.cr.usgs.gov/eq/html/deaggint2002.html

Input Motions

The largest historical seismic events in the eastern United States include the 1811-1812 New
Madrid and 1886 Charleston events. These events occurred prior to seismic instrumentation on this
continent. Due to the lack of an adequate number of recordings from large magnitude (M > 5)
earthquakes in the eastern United States, the input motions used for this analysis are generated
synthetically using the stochastic model.

The stochastic model has been used for many years to estimate strong motions for sites in
Eastern North America. It has its roots in the work of Hanks and McGuire (1981) and has seen
continual development (e.g. Boore, 1983; Boore and Atkinson, 1987; Atkinson and Boore, 1995;
Boore, 1996). The stochastic model represents high-frequency ground motion from a point source

model and represents specific wave propagation effects that are unique to eastern North America.
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Stochastic Model

As discussed in Chapter 2, shear waves are the primary concern for earthquake engineering.
The stochastic model focuses on representing the high frequency shear wave radiation from
earthquakes in the far field. The Fourier amplitude spectrum of ground acceleration in the stochastic

model has the following form:

a,() =[S(0)]-[P(0)]- ¥ ()

; (3.7)

where S(w) is a source function, P(®) is a path function and ¥() is a stochastic process. The point

source is assumed to have a “Brune” or ™ spectrum (Brune 1970, 1971):

Re(p Mo (02
7" : X (3.8)
AnpV > 1 1+ (i)

S(w) =

where Ry is the average radiation pattern for shear waves, p is the density, Vj is the shear wave
velocity, M, is the static seismic moment, r is the distance from the source, ® is angular frequency
and o equal to 2 © f;, is the corner frequency of the source spectrum. The geometric spreading is
represented by the 1/r variable. The corner frequency, f;, is a function of shear wave velocity, Vs,
static seismic moment, M, and earthquake stress drop, Ac (Boore 1983):

1
£, = 4951007, (2—“}3 . (3.9)

o
The path factor shown in equation 3.10, below, contains a free surface effect, FS, and an exponential
attenuation factor that is dependent upon the frequency, distance from the fault, r, shear wave

velocity and Q, commonly called the quality factor.

P(w)=FS - e_%QVS. (3.10)
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The path, as defined in chapter 2, extends from the earthquake source to the near surface and
represents propagation in crystalline or metamorphic rock with velocities approximately 3.5
kilometers per second. This high shear wave velocity crystalline or metamorphic rock will have
some anelastic absorption of the seismic energy traveling through it. The exponential term exponent
in 3.10 takes into account the anelastic absorption in the path effect, defined by Q which is related to
the inverse of the damping ratio of a material.

The random variable in equation 3.7, ¥(w), is usually represented by Gaussian white noise;
however, this is not a necessary assumption. For this study, W is a stationary process, in the time
domain, meaning that this function will have a constant mean and a standard deviation that is a
nonzero constant throughout time. The Gaussian white noise will be modified by using a shaping
window so that it will resemble the envelope of a squared acceleration time series. Boore (1983)

gives the following suggestion for an appropriate shaping window:
w(t)=at"e " H(1), 3.12

where the values of the constants, a, b, and ¢, used in this study, are defined by Boore (1983) and

H(t) is the Heaviside function. The source duration will be dependent on the corner frequency (e.g.

Hanks and McGuire 1981):

T, :L. 3.13

Je

Scaling time series

Recall that the probability density function for € is a log normal distribution and the function
has non-zero values that go to positive infinity. This function can influence the PSHA a great deal
by incorporating the large variability of the ground motion prediction model. The hazard level of

interest in this study is 2% probability of exceedence in 50 years of exposure. This corresponds to
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an annual exceedence rate of 4.04 x 10 or a mean return period of 2475 years.' This return period
is substantially longer than the mean return period of the characteristic earthquake in the coastal
plain South Carolina sources used by Frankel et al. (1996 and 2002) in developing the national
seismic hazard maps. Hence, the ground motions corresponding to the 2475 year hazard exceed the
median predicted motions of the characteristic events. The synthetic stochastic time series
representing median estimates of motion for the scenario earthquake must be scaled upward to match
the target 2475 year uniform hazard spectrum.

For this study, the synthetic time history was scaled to match the entire uniform hazard
spectrum for the 2500 year event, because the seismic hazard is dominated by the chosen scenario
earthquake (moment magnitude 7.3 at 123 km distance). The uniform hazard spectra for the

locations examined have one dominant contributor to hazard.

1000 T T T R W U ¢

Target Spectrum for
2500 yr event based
on USGS 2002

Unscaled B-C Motion
Scenario Earthquake

Scaled B-C Motion
to match Target
Spectrum

PSA (centimeters per second squared)

| 1 L a4l
0.1 1 10

Frequency (Hertz)
Figure 3.2: An example of scaling synthetic input motions to a

target spectrum, shown in green. The scaled motion is shown in
black.

'P=1- e_/u , where P is probability of exceedance, A is the mean rate of exceedance and t is the exposure interval.
The mean return period is defined as A ~'. For P =0.02, t = 50 years, "' equals 2475.
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Chapter 4: International Building Code

The concept of building standards dates back to 1686 B.C. with the Code of
Hammurabi (Wikipedia, 2004). Building codes typically did not address seismic hazards
until large magnitude earthquakes impacted established cities such as the 1906 San Francisco
earthquake. The genera philosophy of seismic design in building codes is to protect life
safety and withstand collapse from a strong earthquake (Hamburger and Kircher, 2000).
Structures that survive an earthquake, and are built to code, may suffer extensive damage and
be unusable.

The International Building Code, or IBC, is a publication from the International Code
Council, ICC, which includes three well-known building code agencies: Building Officials
and Code Administrators International, Inc., BOCA, International Conference of Building
Officials, ICBO, and Southern Building Code Congress International, Inc., SBCCI (ICC
2004). A maority of the United States has adopted the International Building Code, IBC
2000. IBC 2000 isamodel construction code (ICC 2004) that contains a seismic code that
uses a modified version of the 1996 national seismic hazard mapsto make design response
spectrafor structures.

There were many other building codes prior to the developnment of IBC 2000 that
were region specific and each organization produced their own code. For example, the
western United States had a primary building code, Uniform Building Code or UBC, which
contained a seismic code specific to the frequent seismic activity in the region. The eastern
United States generally used the BOCA code, which contained a very general seismic code

statement.
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In 1977, the National Earthquake Hazards Reduction Program (NEHRP) was created
from public law 95-124 and revised in 1990 with public law 101-614. The main purpose of
NEHRP is to reduce earthquake risk. NEHRP is made up of four federal agencies: Federal
Emergency Management Agency (FEMA), the lead agency, National Institutes of Standards
and Technology (NIST), National Science Foundation (NSF), and United States Geological
Survey (USGS) (FEMA, 2004). FEMA publishes the NEHRP Provisionsevery three years
showing the latest research and observational data in earthquake hazards and performance
based design.

In 1993, the American Society of Civil Engineers adopted the 1991 NEHRP
Provisions in their ASCE-7 publication. Widespread acceptance of the NEHRP Provisions
was facilitated by the federal executive orders from 1990 and 1994, 12699 and 12941
respectively, that required federal buildings to comply with the NEHRP Provisions (FEMA
2004). Accordingly, BOCA and SBCCI adopted the ASCE 7 standards (Hamburger and
Kircher 2000).

A significant step was taken with regard to seismic hazard nationwide when the 1997
version of the NEHRP Provisions adopted the 1996 National Seismic Hazard maps (Frankel
et al 1996). South Carolina adopted the IBC 2000 in July 2000 (Lindberg and Associates),
which incorporates the 1997 NEHRP Provisions. Hence, for the study area, the IBC 2000
code and the U. S. National Seismic Hazard maps form the basic design guidelines. To
anticipate future developments in the IBC code, our ground motion estimates are based on
the most recent version of the U.S. Geological Survey national seismic hazard maps (Frankel

etal., 2002).
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Developing | BC 2000 Design Response Spectrum

To develop the design spectra using the IBC design procedures, the site classification
and spectral accelerations for two periods are required (IBC, 2000). The determination of the
site classification is discussed below. The maps contained in the IBC 2000 are based upon
the 1996 USGS National Seismic Hazard Maps. The IBC 2000 maps are approximately the
same values as shown in Frankel et a. 1996 for the eastern United States. The IBC (2000)
code specifies that the spectral accelerations (SA) for the location, in percent g, at 0.2 and 1.0
second period are used.

The site class is based upon the behavior of subsurface materials and can be
determined by geotechnical investigations, including measurements of shear wave velocity,
average standard penetration resistance and average undrained shear strength The analysis
in this study uses the average shear wave velocity for site classification.

The average shear wave velocity should be determined using individual layer
thickness divided by the vertical shear wave travel time through the layer. The subsurface
velocity information is usually provided in shear wave velocity values over a repeated
interval and should be recalculated to get the total distance using the time traveled in the
complete sampled interval. IBC only requires information for the top 30 meters; therefore,
the total distance should not exceed 30 meters. The following formulais provided in the

building code for summing the shear wave velocity over the individua layers:
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The calculation of the average shear wave velocity, V. , includes the thickness of the



individual soil layer, d;, and the shear wave velocity for the individual layer is vs.

IBC states that if there is not sufficient subsurface information available, the site
should be classified as site class D or lower. See table 4.1 for the complete listing of
classifications adapted from the IBC 2000 classification table.

Table 4.1 Site Classification

Site Class| Average Soil Shear Wave Velocity, Vs (m/s)
A Vs> 1524
B 1524 = Vs> 766
C 766 = Vs> 366
D 366 = Vs>183
E Vs< 183

The site coefficients are found using the spectral acceleration in percent g from the

0.2 and 1.0 second period maps and the site classificationfrom table 4.1.

TABLE 1615.1.2(1)
VALUES OF SITE COEFFICIENT F, AS A FUNCTION OF SITE CLASS
AND MAPPED SPECTRAL RESPONSE ACCELERATION AT SHORT PERIODS (Ss)®

SITE MAPFED SPECTRAL RESPONSE ACCELERATION AT SHORT PERIODS
CLASS Sy =0.25 Se = 0.50 S, =0.75 S = 1.00 Sy =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 | Lo 1.0
D 1.6 1.4 1.2 1.1 i 1.0
| E 2.5 1.7 1.2 0.5 Note b
F Note b Note b Note b Note b Note b
a. Use straight line interpolation for intermediate values of mapped spectral acceleration at short period, S5
b. Site-specific geotechnical investigation and dynamic site response analyses shall be performed to determine approprizte values.
TABLE 1615.1.2(2)
VALUES OF SITE COEFFICIENT F, AS A FUNCTION OF SITE CLASS
AND MAPPED SPECTRAL RESPONSE ACCELERATION AT 1 SECOND PERIOD (S,)*
SITE MAPPED SPECTRAL RESPONSE ACCELERATION AT 1 SECOND PERIOD
CLASS s, 50.1 S, =02 5,=03 S, =0.4 5,2 0.5
A 0.8 0.8 0.8 0.8 0.8
B 1.0 Lo 1.0 1.0 1.0
C 1.7 1.6 1.5 1.4 1.3
D 2.4 20 1.8 1.6 1.5
E 35 32 2.8 24 Note b
F Note b Note b Note b Note b Note b

a. Use straight line interpolation for intermediate values of mapped spectral aceeleration at I-second period, 5.
b. Site-specific peotechnical investigation and dynamic site response analyses shall be performed to determine appropriate values.

Figure4.1: Site Coefficient table for design response spectra.
2000 International Building Code. Copyright 2000. Falls Church,
Virginia: International Code Council, Inc. Reproduced with

permission All rights reserved.

The site coefficients and spectral acceleration values from the IBC maps are used to calculate
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the maximum considered earthquake spectral response acceleration. The equations bel ow
show the maximum considered earthquake spectral response accelerations for both the 0.2

period, Sns, and one second period, Sy, respectively:

S = FaxS 4.2
and
Sni= FvxSs, 4.3

where F; isthe site coefficient for short period, Ss represents the spectral accelerations for
short periods from the IBC map, the site coefficient for 1 second period is Fv and S; isthe
spectral accelerations for 1 second period, also from the IBC 2000 map.

The design spectral resporse acceleration is calculated using the maximum

considered earthquake spectral response accel eration times two-thirds. See formula below:

2

Sps = 3 Srs 4.4

and

S1= E Sn1 45
3

Generating Design Spectra

The acceleration design spectra are defined as follows for a range of fundamental

periods, T:
S =06 STDS*T +04Ss, TET, 46
Sa=Cps, T,<TET,, 4.7
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Sa:%,T>TS, 4.8

where T, = O.th 4.9
S
T. = So 4.10

" Sis
An example of adesign spectra using the above procedure is shown in figure 4.2.
However, this analysis will be using the maximum credible earthquake spectral response
acceleration values for creating a design spectrum. The maximum credible earthquake

spectrum exceeds the design spectrum by a factor of 1.5.
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Figure 4.2: Example IBC design spectra. 2000
International Building Code. Copyright 2000. Falls
Church, Virginia: International Code Council, Inc.
Reproduced with permission. All rights reserved.
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Chapter 5: Processand Analysis

Near-surface Models

This analysis uses results derived from a geotechnical engineering method called Cone
Penetration Testing, or CPT, to attain information about the near-surface materials. This method
uses amodified drill rig that pushes a sensor down to a desired depth. See figures 5.1aand 5.1b
for a schematic showing the CPT method. The sensor tip is a cone of known area and will be
used to measure cone tip resistance and friction behind the cone tip (eeve friction). These basic
measurements are used to characterize layers of different materials. A CPT profile can be
interpreted as a geologic profile, based on correlations of material properties with the measured
test parameters such as cone tip resistance, sleeve friction, and pore pressure. The conetip
resistance, sleeve friction, and pore pressure are sampled frequently and yield a continuous
vertical profile, whereas other forms of geotechnical testing sample discontinuously. Also, CPT
results are highly repeatable, as compared to other sub-surface testing methods (e.g. hollow-stem
auger, Standard Penetration Testing).

Note that the CPT method does not return samples of the soil and stiff materials can
prevent the cone from proceeding to greater depths. Because the soil is not directly sampled, soil

type must be indirectly inferred and in some cases, the soil type remains ambiguous.
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Figure 5.1b: Schematic of the sensor used
T T in Cone Penetration Testing. Courtesy of

Gregg Drilling, Inc., used with permission.

Figure 5.1a: Overview of Seismic Cone
Penetration Testing method . Courtesy of
Fugro Geosciences, Inc., used with
permission.

One of the advantages of CPT isthat different sensors, including geophones, can be used
to record seismic waves. The seismic CPT method uses a seismic source at the surface providing
shear waves that are recorded in the subsurface by a geophone above the cone sensor. Shear
waves are recorded at approximately 1.5 meter intervals. These data are used to determine shear
wave interval velocities as a function of depth. An example of the data attained from a CPT

sounding performed in the Charleston, South Carolina areais shown in figure 5.2.
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Figure 5.2: Example of cone penetration testing results, with the far right
column being a shear wave velocity depth profile (Data provided by

WPC Engineering, Inc., Mount Pleasant, SC).

Sudy Area

The selected study areais Columbia, South Carolina. This siteisin an unusual situation because
of its proximity to the Fall Line. Figure 5.3 shows the location of Columbia, South Carolinag, on
ageneral geologic map of South Carolina (Maybin and Nystrom, 1997). The black line in Figure
5.3 isan approximate location of the Fall Line which separates the Piedmont physiographic
province from the Coastal Plain province and divides the Columbiaregion into two distinct near-

surface environments.
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Figure 5.3: General Geologic Map of South Carolina. Columbia, South
Carolina is shown by the white star and the thick black lineis the
approximate location of the Fall Line. (Generalized Geologic Map of
South Carolina modified from Maybin and Nystrom (1997, South
Carolina Department of Natural Resources, used with permission)

The northwestern portion of the city of Columbialies on the crystalline bedrock that
forms part of the Carolina Slate belt within the Piedmont. The date belt in this area consists of
metasediments and metavolcanic crystalline rock.

Columbia s southeastern portion isin the Coastal Plain province. The Coastal Plain
consists of marine and fluvial sediments that thicken toward the coast. The thickness of the
sediments is negligible at the Fall Line and increases to more that 1000 meters at the coast in
southern South Carolina. Downtown Columbia lies southeast of the Fall Line and the genera
near-surface structure involves athin layer of sediments overlying crystalline rock.

The site condition for Columbia is different from that assumed in constructing the
National Seismic Hazard Maps (Frankel et al., 1996, 2002). These differences are the subject of

this chapter.
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The analysis included datafrom four sites in the vicinity of Columbia, provided courtesy
of the Gage Group, Inc. All of the sites are southeast of the Fall Line, where crystalline bedrock
isoverlain by athin layer of sediments. Approximate locations of the four sites are shown in

figure 5.4.

| ] - N -
I R S =T, o, RS

Figure 5.4: Approximate locations of geotechnical datain Columbia,
SC (shown in green). The black dashed line is the esimated location of
the Fal Line.

rl i

CPT data for Columbia, SC:

Figure 5.5 shows the shear wave velocity profiles for the four sites near Columbia. The
depths sampled range from 13 meters to 33 meters and shear wave velocities range from 175 to
580 meters per second. The shear wave velocity information from the seismic CPT
investigations is in the form of interval velocities determined at intervals Dz of approximately 1.5

m. Travel timet; is measured at depth i Dz wherei = 1,2,....n. Aninterva velocity i is
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calculated from v = Dz /(t; - ti.1). Given strong signal sources at the surface, the interval
velocities can be determined with negligible error. However, the real Earth is not necessarily
horizontally layered, and the velocity discontinuities in the sub-surface do not coincide with the
depths at which interval velocities are measured. Clearly, velocity variations occurring over
depth intervals smaller than Dz are not resolved, and the investigation produces a "smoothed"
version of the sub-surface velocity profile. We interpret the interval velocities vi to exist inn
layers, each of thickness Dz, with the mid-depth of each later at Dz(i - ¥2) meters below the
surface. Thisis an approximation of the actual sub-surface condition.

The CPT soundings cannot be extended into the crystalline bedrock and the subsurface
properties immediately below the depth of maximum penetration are unknown. Crystalline rock
of the Carolina Slate Belt with very high seismic wave velocity is known to exist at depth;
however, the velocity versus depth function in the transition depth range from the base of the
CPT profile to the basement rock at depth is not known. This zone of transition involves
partially weathered rock and residual soils that are so stiff as to stop cone penetration well before
the intact crystalline basement is encountered. This material presumably has shear wave
velocities intermediate in value between that of the softer sediments penetrated and that of
unwesathered crystalline basement.

The Vs or average soil shear wave velocity for the upper 30 meters and the site
classification, as discussed in chapter 4, for each site are also shown in figure 5.5. Sites 1, 3 and
4 classified as D sites. Site 2 classified as C and will have alower spectrum relative to the other
sites, according to IBC 2000 procedures. This topic will be discussed further in the results

section. The soil profile from soil borings and the velocity profile for each site are shown in
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figure 5.5a through 5.5d. The materials encountered were sands, sand and gravel, clay, and

partially weathered rock according to the soil boring logs provided by The Gage Group, Inc.
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Figure5.5: Soil profiles and shear wave velocity profiles for each site in Columbia. The soil boring

data is provided courtesy of The Gage Group, Inc. The average soil shear wave Ve ocity for the upper
30 meters and the IBC 2000 site classification for each site are also provided.




Different near-surface models

Various assumptions concerning the nature of the velocity transition between the CPT
profile and the crystalline basement are investigated below. Various models of this transitionare
tested by calculating the response on the ground surface at the four sites, using scenario
earthquake input motions consistent with the National Seismic Hazard Maps and IBC 2000. A
goal of the study isto compare the site response determined by assuming a basement-soil
transition zone with the direct imposition of B-C site conditions at the base of the CPT sampled
profile. The latter approach isimplied by the IBC (2000) building code and is commonly used
by engineering firms in the study region Our investigations will determine whether or not
significant differences in the modeling approaches exist and, if so, under what conditions can the
IBC procedures result in non-conservative spectra for design purposes.

Recall that the National Seismic Hazard Maps are prepared for B-C boundary site
conditions, where B-C refers to an average shear wave velocity of 760 m/s for the upper 30
meters. This shear wave velocity value exceeds that of all materials sampled by the seismic CPT
at the four sites examined in Columbia, S.C. Asdiscussed above, crystalline rock is known to
exist at shallow depths at these sites. The seismic CPT is terminated when the cone reaches the
partially weathered crystalline rock material that prevents further penetration. The thickness of
this weathered rock zone is not known from direct measurement; although, a range of reasonable
thickness values at the four sites can be inferred from previous experience of the local
engineering community (Phillip Morrison, personal communication, 2004). Velocities of 760
m/s are reached at unknown depth in this weathered zone and presumably increase with depth in
some fashion until unweathered basement rock is reached. Therefore, two different models are

developed to estimate the effects of the unknown subsurface properties for the purpose of
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comparison: 1) application of input motion consistent with B-C outcrop conditions directly at the

bottom of the profile sampled by the geotechnical data and 2) application of the input motion

consistent with bedrock outcrop conditions at the base of a weathering transition zone consisting

of avelocity gradient. The velocity gradient is modeled with 16 discrete layers. The thickness
of the layersis treated as a random variable and will be discussed in more detail below. This

transition zone immediately underlies the materials sampled by geotechnical investigation.

Figure 5.6 shows the two near-surface models with the model for B-C outcrop conditions model

shown in green and the model for rock outcrop conditions model shown in blue.
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Figure5.6: Different subsurface models for site 2. The
B-C outcrop model is shown in greenand the rock
outcrop model isshown in blue. Similar models were
constructed for sites 1, 3 and 4. The models differ only
in the shallow depth range sampled by seismic CPT
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The modd using B-C outcrop input motion assumes that a halfspace consisting of a shear
wave velocity value of 760 meters per second underlies the seismic CPT velocity profiles at each
site. The B-C outcrop conditions are the same conditions represented in the National Seismic
Hazard Maps and used in IBC 2000.

The shear wave velocity gradient in the rock outcrop input model represents the transition
zone of weathered and fractured rock overlying crystalline bedrock. Our estimate of the
weathered rock and underlying hard rock velocities are based on measurements made near Lake
Murray, South Carolina by Odum et al. (2003) and measurements in southeastern Canada by
Bersnev et al. (2002). Lake Murray islocated approximately 20 kilometers to the northwest of
downtown Columbia. Odum et al. report a shear wave velocity of 1184 m/sin the shallow
weathered zone of the Carolina Slate Belt in the depth range of 5 to 25 meters. At depths
exceeding 25 meters, Odum et a. find shear wave velocities of 2674 m/s, in Slate Belt rock. The
value of 2674 m/sis representative of shear wave velocity measurements reported by Beresnev et
al. (2002) for hard rock exposures in southeastern Canada. On the basis of this, a shear wave
velocity of 760 m/s is adopted (B-C boundary or firm rock) for the top of the transition zone and
2600 m/s for the base of the transition zone. Experience from rock core sampling and strength
measurements at hard rock sites in the Columbia area (Phillip Morrison, personal
communication, 2004) provides some range of estimates for likely thickness of the weathered
and fractured rock zone at the four sites.

Input Motions

The process for calculating synthetic time series that is used as the input motion for the

site response analysisis outlined in Chapter 3.

Deaggregation
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The seismic hazard results for 2% probability of exceedance in 50 years of exposure for
the downtown center of Columbia (33.993°N, -81.005°W) determined by Frankel et al. (2002)
are assumed to apply to all four sites. Deaggregation matrices for oscillator frequencies of 0.5,
1.0, 2.0, 3.33, 5.0 and 10.0 Hz, as well as peak ground acceleration (PGA) indicate that the
dominant scenario event should correspond to a magnitude 7.3 earthquake at an epicentral
distance of 123 km. Figure 5.7 shows the Frankel et al. (2002) deaggregation for peak ground

acceleration in Columbia.

8

% Contribution to Hazard
4

0 ¢

Figure 5.7: Peak ground acceleration deaggregation for Columbia,
SC from USGS National Seismic Hazard Mapping Project
website: http://egint.cr.usgs.gov/eg/html/deaggint2002.html

The deaggregation is essentially independent of the assumed B-C boundary site condition and
the Frankel et a. (2002) deaggregations can be used for hard rock sites aswell. With the
scenario earthquake defined, the stochastic method described in Chapter 3 is used to ssimulate
appropriate ground motions for hard basement rock outcrop conditions. This motion is shownin

part A of figure5.8.
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Figure 5.8: Genera process for developing input motion. The scaled B-C time series and the scaled
rock time series are the input for the equivalent linear analysis.

IBC 2000 and the National Seismic Hazard Maps are calibrated to B-C boundary site
conditions. Therefore the time series must be adjusted to match the conditions assumed for the
National Seismic Hazard Mapsand IBC. Recall from Chapter 4 that B-C conditions are
considered “firm-rock” conditions and correspond to an average shear wave velocity of 760
meters per second. The amplification function used in the National Seismic Hazard Maps for the
B-C conditions shown in figure 5.9. This function is defined in appendix A of Frankel et a.
(1996) and is based on the amplitude response of a generic soil profile, assuming anelastic
attenuation defined by kappa equal to 0.01. The time series with the B-C site conditions

amplitude response applied is shown in part B of figure 5.8.
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Figure 5.9: Amplification for B-C outcropping conditions from Appendix A in
Frankel et a. 1996.

Because the scenario earthquake (M=7.3, at a distance of 123 km) dominates the seismic
hazard at Columbia, the shape of the 2475 year return period (2% probability of exceedancein
50 years) uniform hazard spectrum is very similar to that of the scenario earthquake. In this
case, representing the uniform hazard spectrum with a single scenario event is appropriate. The
uniform hazard spectrum for Columbia is shown in figure 5.10 for the 2475 return period from

Frankel (2002).
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Figure 5.10: Uniform Hazard Spectrum for 2% Probability of Exceedence in
50 years for Columbia, SC from USGS website:
http://eqint.cr.usgs.gov/eq/html/deaggint2002.html

The mean return period of the scenario shock (M = 7.3 in the Charleston source area) is
approximately 500-1000 years as modeled in the National Seismic Hazard Maps. Because the
hazard level selected by IBC 2000 represents a mean return period of 2475 years, the uniform
hazard spectrum exceeds the amplitude of the median motions of the scenario event. To match
the uniform hazard spectrum, it is necessary to scale the synthetic input motions developed on
the basis of the M = 7.3 at a distance of 123 kilometers.

The result of scaling of the synthetic input time series for the B-C outcrop conditions to
match the uniform hazard spectrum for Columbia is shown in part C of figure 5.8. This scaling
is done using a phase-invariant, iterative approach. This approach involves the following steps:
1) The Fourier amplitude spectrum of the scenario earthquake acceleration time series on

B-C outcrop is calculated.
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2) The PSA response spectrum of the scenario earthquake is calculated and interpolated using a
cubic spline fit for the Fourier frequencies defined in step 1 above.

3) The 2475 year return period PSA uniform hazard spectrum defined by Frankel et al. (2002) is
interpolated at the same Fourier frequencies and serves as a "target" spectrum.

4) The ratio of the interpolated target to scenario PSA spectra is calculated at the Fourier
frequencies.

5) The Fourier amplitude spectrum of the scenario event is multiplied by the ratio defined in step
4 above. The Fourier phase spectrum is not altered.

6) The result of step 5 is transformed to the time domain.

7) Steps 1 through 6 are repeated as necessary until visual satisfactory agreement between the
PSA motion of the time series and the target PSA spectrum is reached.

The second set of input models examined the application of hazard consistent input
motions at the base of a linear velocity gradient. This suite of models, for the four sites, is
referred to as “rock outcrop” and is shown schematically in the right portion of figure 5.15. The
input motion for the rock outcrop condition is derived from the scaled B-C outcrop motions
shown part C in figure 5.8 by first removing the B-C amplitude response as shown in part D of
figure 5.8 (frequency domain division). A second modification is made by increasing the
amplitude of the input motion by a factor of 1.2 to account for the velocity decrease from that at
seismogenic depth (assumed to be 3500 m/s) to that at the base of the weathered zone in the
shallow crust (here assessed to be 2600 m/s).

The amplification factor of 1.2 applied to the input motion is based on the following
equation from Shearer and Orcutt (1987). This equation is for total transmission in materials

where velocity and density vary smoothly:

62



P
4, _| PN ’ s
4 |LpY,

where A; is the calculated seismic amplitude after passing through the material, A; is the initial
amplitude of the seismic wave, p is the density of the material and V is the seismic velocity of
the material. We assume that: p; and p, are equal to 2600 kg/m3, V; equals 3500 m/s (at
earthquake focal depth) and V; equals 2600 m/s (at the base of the velocity transition zone). The
result of this operation produces a ground acceleration input motion representing motion on hard
rock outcrop with a 2% probability of exceedence in 50 years in figure 5.13.

Figure 5.11 shows the frequency spectrum of all the time series discussed and the target
spectrum for the 2500 year event. Notice that the scaled B-C time series and the target spectrum

match closely.
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Figure 5.11: Response Spectra for the input time series and the uniform
hazard spectrum.
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Results

The surface motion is calculated using the equivalent linear algorithm from Schnabel,
Lysmer and Seed (1972) as implemented in the program created by Dr. Martin Chapman (2004).
(Chapter 2 discussed both topics in detail.) The B-C outcrop input motion and bedrock outcrop
input motion were applied to each of the four sites. In the case of the rock input model, a
velocity gradient was inserted above the bedrock and below the base of the CPT sampled
velocity profiles. See figure 5.12 for a schematic of the two input models.

The initial analysis used an 8 meter thick velocity gradient in the rock outcrop model with a
shear wave velocity of 760 meters per second at the top increasing stepwise to 2600 meters per
second at the bottom in 0.5 meter thick layers. Figure 5.12 shows both the models for bedrock

outcrop input and B-C outcrop input and the respective input and surface time series.
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Figure 5.12: Comparison of B-C and rock outcropping models. The dashed line separates the two
models with the B-C outcropping model on the left and the bedrock outcropping model on the right.
Notice point A that is the interface of the bottom of the geotechnical data and the top of the B-C
halfspace and the velocity gradient.

The spectral acceleration of the calculated surface motion for each site are shown in
figure 5.13, for the B-C outcropping model conditions, and figure 5.14, for the bedrock
outcropping conditions. The response spectra for the B-C conditions will be used for
comparison with the IBC 2000 maximum credible earthquake (MCE) spectra in the following
paragraphs. Figure 5.14 shows only a single scenario of the subsurface for the rock outcropping
conditions model, which may or may not represent the actual conditions present at the site.

Because of the uncertainty of the partially weathered and fractured rock region, the rock
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conditions response spectra will be further analyzed by modeling different thicknesses of the

velocity gradient to produce a range of response spectra.
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Various material properties and behavior of each site derived from the equivalent linear
algorithm analysis, for the B-C conditions model and rock conditions model with 8 meter thick
velocity gradient, are shown in figure 5.15. The graphs, from left to right, are: shear wave
velocity, effective shear strain, normalized shear modulus and damping ratio. All of the
parameters are plotted as a function of depth and are at the same scale for the individual sites.
The low velocity layers exhibit maximum shear strains, minimum values of normalized shear
modulus (G/Gpax), and maximum values of damping. For example, site 1 has a low shear wave
velocity extreme at 20 meters depth, which results in strains on the order of 5x10™*, normalized
shear modulus of 0.6, and damping of 7% critical. The remaining three sites have similar

correlations for low velocity regions.
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Figure 5.15: Material properties versus depth for each site. The graphs show, from left to right: shear
wave velocity, effective shear strain, normalized shear modulus and damping ratio. The B-C
conditions response is the dashed line while the solid line is for the rock conditions model with an 8

meter thick velocity gradient.

Randomization

The rock conditions model is an attempt to define a geologically realistic scenario. The
direct measurement of velocity as a function of depth is limited to the shallow subsurface
investigated by the seismic CPT tests. The existence of a velocity transition zone is inferred
between the base of the sampled profile and hard rock conditions at depth. Because the
thickness of the transition zone is uncertain, it is treated as a random variable. The sensitivity of

the calculated response to the uncertain thickness of this zone is examined by randomizing the
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thickness of the velocity gradient. From discussions with experienced local engineers (Phillip
Morrison, personal communication), the thickness of this zone is modeled as ranging 0 to 40
meters.

Figure 5.14 shows results for one possible scenario with the velocity gradient being 8
meters thick. Several analyses were made using different velocity gradients with variable
thickness. The partially weathered rock and fractured rock zones were modeled separately as
two distinct zones. The thickness of each zone was treated as a random variable with a uniform
probability distribution over the range of 0 to 20 meters. Ninety-nine realizations of the random
rock conditions model were computed using the equivalent linear algorithm. The distribution of
the randomized total thickness for the velocity gradient zone is shown in figure 5.16. Selection
of the two uniformly distributed thicknesses for the partially weathered rock and fractured rock
zones, respectively, results in a general Gaussian shape for the distribution of the total thickness

of the velocity gradient.

Number of Samples

Total thickness of the weathered
and fractured rock transition zone

Figure 5.16: Distribution of the total thickness of the
weathered rock and fractured rock zone used by the randomized
model for the rock outcrop conditions.
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Figure 5.17 shows the 0, 50, and 100 percentile spectral acceleration for the rock
conditions model, at the top of the velocity gradient for outcrop condition (point A in figure
5.12). The figure also shows spectral acceleration for B-C outcrop conditions (also, point A in
figure 5.12). The B-C spectral acceleration has a peak value of 0.7g between 7.5 to 10 Hz. The
rock conditions model exceeds the B-C model for the majority of the simulations at frequencies
greater than 10 Hz. This demonstrates that the effect of the transition zone, representing
weathered and fractured rock, is to increase high frequency amplitude of the input motion at the

base of the soft soil column.
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Figure 5.17: Spectral acceleration at point A in figure 5.15, the top of
the B-C halfspace and the top of the velocity gradient.

Figure 5.18 shows the SA response on the ground surface for the four study sites using
the rock condition model. Separate curves show the 0, 15, 85, and 100 percentile amplitudes of

the 99 simulations.
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Figure 5.18: Spectral response percentiles for the randomized subsurface rock condition model
for each site in Columbia. The 0, 15, 85, and 100 percentiles are shown.

Site amplification can be represented by the ratio of SA response from the ground surface

to the SA response of “rock” material. Figure 5.19 shows the SA response ratio for B-C

conditions and figure 5.20 shows the SA ratio for the model representing rock conditions.

Site 2 has the largest response by far of the four sites. The most outstanding feature of the

response is the amplitude peak in the range 6 to 10 Hz. The other three sites have their

fundamental resonance peaks at somewhat lower frequencies, in the range 2 to 5 Hz. The higher

frequency peak response at site 2 is due to the fact that it has the highest average shear velocity

of the 4 sites combined with a shallow depth to firm rock. This results in smaller vertical travel-

time thru the sediments at site 2 compared to the other 3 sites. Also, there is a low velocity layer

near the base of the sampled profile at site 2. This low velocity layer adjacent to the weathered
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rock transition zone creates a substantial impedance contrast, with contributes to the large

amplitude of the overall response.
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Figure 5.19: Spectral acceleration ratio for the four sites with B-C
conditions.
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Figure 5.20: Spectral acceleration ratio with the randomized models for rock
conditions. The 0, 15, 85, and 100 percentiles are shown for each site.

IBC spectra

Recall from chapter four, that the IBC 2000 response spectra are derived from the
National Seismic Hazard Maps and subsurface geotechnical information. The average shear
wave velocity in the top 30 meters or V; is used to classify the site into a NEHRP category,
shown in table 4.1. Three of the four sites for Columbia classified as D sites. The remaining site
classified as a C site. Their respective IBC 2000 maximum credible earthquake response spectra
are shown in figure 5.21. Note that the IBC 2000 maximum credible earthquake response
spectra, IBC 2000 MCE response spectra, exceeds the IBC 2000 design response spectra by a

factor of 1.5.
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Figure 5.21: IBC 2000 Maximum Credible Earthquake response
spectra for all four sites in Columbia, SC. Site 2 has a different curve
because of its site classification.

Comparison of results to IBC 2000 MCE spectra

The IBC 2000 MCE response spectra are compared with the calculated response spectra
for both B-C and rock outcropping conditions in figure 5.22. Both B-C and rock conditions
response spectra exceed the IBC spectra at specific frequencies at all sites. For every site there
are peaks, for both outcrop conditions, that lie above the flat portion of the IBC spectrum (2.5 to
11 Hz). Two features are prominent: large response peaks exceeding the IBC 2000 spectra occur
at frequencies less than 10 Hz and are largest for the rock condition models. The second feature
is an overall increase in the high frequency amplitudes ( >5 Hz) in the case of the rock condition
models. For example, the large response between 10 and 20 Hz for site 3 is due to the velocity
gradient amplifying the signal for that frequency range, combined with resonance of the soil

structure in that frequency band.
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Site 2 has the largest response by far of the four sites and it is the most significant. Recall
that this site was classified, using IBC 2000, as a C site. Because site 2 has a higher V, the IBC
2000 code considers it to be more competent material and prescribes a slightly lower spectrum
than the other sites. The site 2 response spectrum markedly exceeds the IBC spectrum in the
frequencies from 4 to 10 Hz. This applies for both B-C outcrop conditions and rock conditions,
although most simulations using the rock conditions model considerably exceed the B-C outcrop
model in this frequency band (figure 5.22). This frequency band is important because it
corresponds to the band of structural response for single story construction. The other three sites
feature fundamental site resonances at lower frequencies (2 to 3 Hz), with somewhat smaller
amplitudes compared to site 2. The response of the rock outcrop condition model differs from
the B-C outcrop model most prominently at frequencies greater than 7.5 Hz. Most of the
randomly chosen simulations using the rock outcrop conditions substantially exceed the B-C
outcrop conditions spectra at frequencies greater than 7.5 Hz (figure 5.22). The impedance of
site 2 is greater in the rock input model than the B-C input model and is shown as having the
greatest difference between the two input models response spectra. In summary, the geologically
realistic model (rock outcrop conditions with a velocity gradient) exceeds the MCE spectrum

prescribed by IBC 2000 code procedures.
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Figure 5.22: Spectral acceleration for each site with B-C conditions and rock conditions with
the randomized velocity gradient thickness percentiles shown. The appropriate IBC 2000 MCE
design spectra are also shown for each site.

Conclusions

The results and discussion in previous chapters indicate that application of IBC 2000
code procedures can be ambiguous, for place like Columbia, SC and can lead to under estimation
of site response in some cases.

The basic reasons for this short-coming involve the generic non-hard-rock site conditions
assumed for the USGS National Seismic Hazard Maps (Frankel et al., 2002), and the use of Vi,
average shear wave velocity in the upper 30 m, as the basis for construction of response spectra

as prescribed in IBC (2000).

76



The USGS National Seismic Hazard Maps assume a generic soil site response condition
instead of a hard-rock condition. For site specific dynamic analysis, this assumed site response
should be corrected for or removed altogether at sites similar to those studied here, where hard
rock conditions exist in the shallow subsurface. Compounding the difficulty of rational
application of the IBC 2000 code procedure is the fact that the average shear wave velocity in the
upper 30 meters is used to scale the response spectrum. The procedure does not, in any way,
account for the common situation wherein a transition for soil to hard-rock occurs within the 30
depth range. Thus, the profound amplification effects of a strong soil-rock impedance contrast in
the shallow subsurface is not taken into consideration, leading to the potential for unconservative
design at sites similar to those studied here.

As demonstrated in this study, site response analysis, following code procedures and
parallel analysis using a geologically realistic model of the subsurface, can lead to very different
results. The presence of a geologically realistic velocity gradient makes a significant impact on
the calculated surface motions. The shear wave velocity in the transition zone from soil to rock
is difficult to determine and may require using several geophysical and geotechnical methods,
seismic reflection, seismic refraction, seismic crosshole, etc., in conjunction with CPT, to better
resolve material properties.

The site classification, based on V; (average soil shear wave velocity in the upper 30
meters), may not be a good indicator of site response. The four sites in Columbia, South
Carolina are not an atypical situation, and are common throughout the central and eastern United
States, where shallow soil overlies crystalline bedrock or Paleozoic sedimentary rock. In such
cases, the impedance ratio is very high. As shown in chapter 5, site 2, classified as a “safer” site

according to V, had the highest spectral acceleration values of the four sites investigated.
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The IBC (2000) code is a general building code and as such cannot be expected to handle
all site-specific conditions that may be encountered. The sites studied here are special, in the
sense that they represent a class of site wherein a soil to hard-rock transition exists within 30 m
of the ground surface. The fact that the IBC (2000) procedure underestimates response for such
sites does not negate the utility of the code: it simply points to an area in which the code
procedure needs improvement.

It is recommend that other site specific parameters, e.g. impedance ratio, depth to
bedrock, should be incorporated into the site classification and design procedures. For example,
Rodriguez-Marek et al. (2001) suggest an alternate site classification scheme that includes the
depth to bedrock and a more diverse range of materials. Several major urban areas in the
Eastern United States lie along the Fall Line (Raleigh, NC, Richmond, VA, Washington, DC,
Baltimore, MD) and it is likely that there are many more sites, like site 2 in Columbia, South

Carolina, that have great potential to amplify incoming seismic motion.
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