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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 
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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.   
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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 Iaeptus Ocean.  In the 

early to middle Ordovician and 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 

 

Figure 1.3: General Geologic map of Coastal Plain deposits from Hazel et al. (1977). 
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sedimentation occurred in rift basins along the eastern margin of North America along 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 shown in 

figure 1.4, the modern coastline of South Carolina is 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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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 regional seismic networks.  Notice that earthquakes 

have occurred across the state with varying magnitudes.  There is a large cluster of earthquakes 

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

instrumentally located earthquakes.   

 

Figure 1.4: Southeastern United States map showing locations of 
various physiographic provinces and features from Rankin 1977. 
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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, all 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 values 

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 a large 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 al., 2002).   

 
Figure 1.5: Historical epicenter locations of South Carolina from 1689 to 2002 
(Southeastern U.S. Seismic Network Operators, 2004) 
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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 Georgia that 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 ent ire 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 all 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 

al. (1990) demonstrate that Dutton’s observations may be explained at least in part by anelastic 

absorption in the coastal plain deposits.   

The fault location or mechanisms 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 area of 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 al. 1983).   
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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 ε 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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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.   

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  
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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:  

)()P()S()(as ωωωω Ψ⋅⋅= ,  (3.7) 
 
where S(ω) is a source function, P(ω) is a path function and Ψ(ω) is a stochastic process.  The point 

source is assumed to have a “Brune” or ω-2 spectrum (Brune 1970, 1971):   
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where Rθφ is the average radiation pattern for shear waves, ρ is the density, Vs is the shear wave 

velocity, Mo is the static seismic moment, r is the distance from the source, ω is angular frequency 

and ωc, equal to 2 π fc,  is the corner frequency of the source spectrum.  The geometric spreading is 

represented by the 1/r variable.  The corner frequency, fc, is a function of shear wave velocity, Vs, 

static seismic moment, Mo, and earthquake stress drop, ∆σ (Boore 1983):  
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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.   
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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, Ψ(ω), is usually represented by Gaussian white noise; 

however, this is not a necessary assumption.  For this study, Ψ 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:  

H(t)eatw(t) ctb −= ,   3.12 

where the values of the constants, a, b, and c, 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):  

c
d f

T 1
= .       3.13 

Scaling time series 
 

Recall that the probability density function for ε 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 10-4 or a mean return period of 2475 years. 1  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.   

 

                                                 
1 teP λ−−= 1 , where P is probability of exceedance, λ is the mean rate of exceedance and t is the exposure interval.  
The mean return period is defined as λ – 1.  For P = 0.02, t = 50 years, λ-1 equals 2475.   

 
Figure 3.2: An example of scaling synthetic input motions to a 
target spectrum, shown in green.  The scaled motion is shown in 
black.
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T
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 An example of a design 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.   

 

 

 
 
 
 

 

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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conditions response spectra will be further analyzed by modeling different thicknesses of the 

velocity gradient to produce a range of response spectra.   

 

 

Figure 5.14: Response Spectra for the calculated surface 
motions using the scaled rock input motion, with 8 meter thick 
velocity gradient. 

 

Figure 5.13: Response Spectra for calculated surface motion 
using the scaled B-C input motion. 
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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/Gmax), 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 5x10-4, 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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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 

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.   
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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.   

 

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.   

 

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.   

 

 

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.   
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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 

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.   
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rock transition zone creates a substantial impedance contrast, with contributes to the large 

amplitude of the overall response.   

 

Figure 5.19: Spectral acceleration ratio for the four sites with B-C 
conditions.   
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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 Vs 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.     

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.   
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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.   

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.   

 



75 

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 Vs, 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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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 Vs, 

average shear wave velocity in the upper 30 m, as the basis for construction of response spectra 

as prescribed in IBC (2000). 

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. 
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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 Vs (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 Vs, 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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