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Table 3. Dynamic material properties of layers

Materials Shear Wave Shear Modulus Poisson’s Unit Weight
Velocity (m/sec) (MPa) Ratio (g/cm3)
Uncontrolled fill 200 76.6 0.35 1.92
Marine clay 90 to 120 14.4 t0 23.9 0.45 1.60
Glacial soil 245 119.7 0.35 1.92
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Figure 5. Finite element model of single column with shear wave velocity profile

As shown in Figs. 4 and 5, two-dimensional quadrilateral elements were used to model
the soil. The shear wave velocity value for each layer as listed in Table 3 are plotted with depth
along the single column model in Figure 5. For both 1-D and 2-D FEM models, the bottom
boundary is assumed to be a fixity at bedrock and the side boundaries are restrained in the
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vertical direction and free to move horizontally. The five selected earthquakes are modified to
meet the specified levels as ground motion inputs (in the form of acceleration time history) at the
bedrock boundary. Time history analysis is performed at an interval of 0.02 sec throughout the
input duration varying between 20 and 40 sec to develop responses at the ground surface.

ANALYSIS FINDINGS

Finite element analysis results in the forms of ground surface spectral response acceleration are
presented in Figs. 6 to 10. The amplifications represented by the site coefficients F, and F, are
generated through comparing the spectral input at bedrock to those at the ground surface in
accordance with IBC (2009) and plotted in Figs. 11 to 15. The weighted averages of spectral
acceleration around 0.2 sec period (from 0 to 0.4 sec) and 1.0 sec period (from 0.5 to 1.5 sec) are
used for calculating the amplifications. The methodology and justifications for the averaging are
discussed by Borcherdt (1994). The findings are summarized as follows:

1. The site coefficient F, for the short-period surface spectral acceleration using the single
column analysis varies between 0.76 and 0.94 for the five earthquake records. The
magnitude of the acceleration spectrum within the short period band (between 0 and 0.5
sec) is subsided. As shown, the peak acceleration has shifted to the right in all cases
(Figs. 6 to 10) as result of the earthquake transmitting through the soil media, with its

2. magnitude either increased or decreased. In contrast, the response spectrum from the
sloping soil/rock profile is substantially amplified. The average amplification is about 1.5
for all five earthquakes. Variation of F, is not substantial along the horizontal profile (as
the depth to rock varies).

3. The site coefficient F, of the 1-sec period surface spectral acceleration typically increases
with thickness of the soil profile. However, this trend does not hold near the ends of the
sloping soil/rock profile. On the far left end, where the soil is thickest, F, either increases
or decreases without a pattern. These phenomena appear to be attributed to the drop of
ground elevation. On the far right, the behavior of F, is similar to that on the far left but
its change is minor.

4. The single soil column analyses yield a somehow similar coefficient of F, corresponding
to the left end of the sloping soil/rock profile (east-west section) which is represented
more or less by the single column in terms of overburden thickness.

5. F, and F, are developed by averaging the spectrum over a band of period. For F,, the
band range can be from 0 to 0.4 sec or from 0 to 0.5 sec. The results of F, usually do not
vary greatly with the band width. However, F) varies substantially depending on the band
range. Typically, a narrower band, e.g., 0.5 to 1.5 sec yields a higher average of F), than a
wider band, e.g., 0.4 to 2.0 sec.

CONCLUSIONS

Short period responses across a sloping rock are substantially magnified in the 2-D analysis. The
single soil column 1-D analysis underestimates the short period response and thus the site
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coefficient F,, compared to the 2-D analysis. The site coefficient F, of the 1-sec period surface
acceleration spectrum typically increases with thicker soil profile.

1-D SHAKE analysis or single soil column (finite element) analysis can be used for
generally horizontal soil and rock profile. When site conditions indicate a sloping soil/rock
profile or highly variable depth to rock, the result from a 1-D analysis is questionable and the
analysis may not be conservative for short period responses. Therefore, 2-D finite element
analysis should be used to capture the variations in the soil/rock profile.
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Figure 6. Response spectral acceleration from modified El Centro 1940
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Figure 7. Response spectral acceleration from modified Loma Prieta 1989
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Figure 8. Response spectral acceleration from modified Northridge 1994
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Figure 9. Response spectral acceleration from modified NY Massena 1944
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Figure 10. Response acceleration spectral from modified NH Franklin Falls Dam 1982
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Figure 11. Site coefficients F, and F, from modified El Centro 1940
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Figure 12. Site coefficients F, and F, from modified Loma Prieta 1989
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Figure 13. Site coefficients F, and F, from modified Northridge 1994
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Figure 14. Site coefficients F, and F, from modified NY Massena 1944
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Figure 15. Site coefficients F, and F, from modified NH Franklin Falls Dam 1982
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Abstract

This study quantifies uncertainty in Central and Eastern North America (CENA) Reference Rock
(RR), Weathered Zone (WZ), and resulting earthquake ground surface site response predictions.
The assumptions used for modeling the WZ have an effect on the predicted ground surface
response. Random modeling of the RR and WZ is implemented using a simple Taylor Series
expansion. Equivalent linear site response analysis is performed with a synthetically generated
motion and includes the site attenuation parameter, kappa (k), for modeling site damping.
Probabilistic site response spectra and ratios of response spectra are presented. This study
introduces a simple method for quantifying uncertainty in ground surface response while
capturing RR and WZ variability.

BACKGROUND

Weathering of rock can vary significantly over short distances leading to a variable rock surface
and thickness/strength of residual materials above intact rock. This can have significant impacts
on the response of a site during an earthquake. For example, Lester and Chapman (2005) present
analyses performed at sites near Columbia, SC showing that the weathered zone tends to amplify
ground surface site response.

The objective of this study is to develop a probabilistic site amplification model of
Central and Eastern North America (CENA) accounting for uncertainties in reference rock and
the weathered zone. The fundamental relationships between reference rock and the weathered
zone are first presented in a base model. The base model is then modified to incorporate
parameter uncertainties within a probabilistic framework.

BASE MODEL

A simple base model of the CENA reference rock and weathered zone is subsequently presented.
The base model consists of three layers: (1) the hard rock halfspace (HRH), (2) the reference
rock (RR), and (3) the weathered zone (WZ). Figure 1 provides a schematic illustrating the three
model layers. The HRH layer has a shear wave velocity of 3,500 m/s, V; yry. The most likely
shear wave velocity at the top of the RR layer, Vs zz is 3,000 m/s and the layer is modeled with a
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unit weight of 27 kN/m’ (after Hashash et al., 2014). The most likely shear wave velocity at the
top of the WZ layer, V.7 is 2,000 m/s after Hashash et al (2014). The thicknesses of the RR and
WZ layers are referred to as Hgg and Hyz, respectively.

¥,=2,000m/s
Weathered Zone (WZ)
V,=13,000 m/s
Reference Rock (RR)
V,=13,500 m/s
Hard Rock Halfspacc (HRH)

0

Figure 1. Schematic of reference rock and weathered zone velocity model (not to scale).

Site attenuation is incorporated into the base model with the site attenuation parameter, K,
after Anderson and Hough (1984). The k, parameter is computed with Equation 1:

H;
VsiQi

Ko =X Eq. (1)
Where H; is layer thickness, Vj; is the shear wave velocity of the layer and Q; is the
dimensionless quality factor; all for the /™ layer. Kappa is not directly related to the total
thickness, average Vs and Q but rather the integration of these parameters over the entire layer
thickness. The kappa for each individual model layer, kgz and Ky the kappa for each is
computed by summing over the respective model sublayer thicknesses. For the purpose of
simplifying the base model, k, estimates are assumed to be discrete.
The quality factor is a function of shear wave velocity and is computed with Equation 2:

Q =yl Eq. (2)

Where 7 is the linear quality-velocity ratio; similar to kappa, the quality factors are computed for
each sublayer (7). The small-strain damping ratio in decimal format, , can then be computed
with Equation 3.

§i =55 Eq. (3)

Campbell (2009) presents relationships between V; and Q for semi-consolidated
sediments in Eastern North America shown in Figure 2. Campbell’s plot indicates that Q values
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and the corresponding quality-velocity ratios contain uncertainty. The uncertainty can be a
combination of model or computational errors, the actual distributions and spatial variability of
the parameters in the field.
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Figure 2. Q versus V; (from Campbell, 2009) from studies of Eastern North American semi-
consolidated sediments.

Hashash et al. (2014) recommend that the site attenuation parameter for the RR layer,
Kgr, ranges from 0.002 s to 0.009 s in CENA with a most likely value of 0.006 s (6 msec).
Hashash et al. (2014) also present computed velocity gradients within the RR layer, (dV/dz)gg,
ranging from -64 to 46 (m/s)/m with a most likely value of 2 (m/s)/m. This large range of
gradients, including negative values, appears to be associated with internal sublayer trends within
reference rock as a decrease in velocity gradient is expected with increased depth. Hashash et al.
(2014) indicate that within a specific profile, (dV/dz) generally decreases as the profile transitions
from weathered rock to reference rock.

Rearranging the terms of Equation 1 and solving for the quality factor leads to the

following equation:
H
Q= Eq. (4)

Vsko

The thickness of the reference rock layer was not measured or evaluated by Hashash et al (2014).
The following discussion presents three different thicknesses for the RR layer in terms of the
quality factor to justify selecting a most likely Hgz for the base model. Using the average values
for the entire RR layer (k, = 0.006 s and V= 3,250 m/s) and assuming a constant (dV/dz)gg in the
RR layer leads to an average quality factor for the RR, Ogr, equal to 0.051Hgg. If we consider
three possible values for Hgz: 250, 1,000, and 3,000 m, the corresponding Q values are 13, 51,
and 153. These three assumed values of Hrr can also be used to compute the corresponding shear
wave velocity gradients using Equation 5: 2, 0.5, and 0.17 (m/s)/s.
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