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ABSTRACT

We evaluate the influence of topography on motions recorded at the base and crest of an
approximate 3H:1V, 20 m single-faced slope. The motions were recorded during the 1983 Coalinga
earthquake mainshock and two aftershocks. Mainshock peak accelerations at the crest and base
transverse to the slope face were 0.59g and 0.38g, respectively. The spectral amplification of crest
motion occurred across T ~ 0 to 2 s. Differences between the crest/base motions are postulated to
result principally from soil-structure interaction (base instrument is in a structure), variations in local
ground response, and topography. Transfer functions quantifying soil-structure interaction (SSI)
effects are evaluated and the base motion is modified at short periods to correct it to an equivalent
free-field motion. The different levels of ground response at the crest and base are identified based
on location-specific measurements of soil shear wave velocities. Differences between crest/base
motions not accounted for by SSI or differential ground response are attributed to topographic
effects. By these means, topographic spectral amplification (i.e., amplification relative to level
ground conditions) is estimated to be about 1.2 at the crest and about 0.85-0.9 at the base across the

period range T ~ 0.4-1.0 s.

INTRODUCTION

Seismic body waves propagating towards the ground surface can be modified by near-surface
geologic structure and surface topography. With respect to topographic effects, the issue of principal
engineering interest is the modification of ground motion in areas near slopes relative to level
ground conditions for a consistent subsurface geology. In this paper, we document a case history of
topographic effects on strong ground motions recorded immediately above and below a cut slope
during the My = 6.4 1983 Coalinga earthquake mainshock and several aftershocks. The site under

consideration is a water pumping plant, the location of which is shown in Figure 1. A cross section



through the site is shown in Figure 2, which shows a pumping plant structure at the base of the slope
and a switchyard at the top of slope. The slope is approximately 20 m tall with an inclination of
3H:1V.

Mainshock motions were recorded by triaxial accelerographs mounted on the foundation of
the pumping plant structure and in an instrument shelter in the switchyard. Peak horizontal
accelerations (in both directions) were about 0.5g at the top-of-slope and about 0.3g at the base-of-
slope. Differences in the recordings result principally from three effects; surface topography,
different levels of local ground response, and soil-structure interaction effects associated with the
pumping plant structure. In this paper we evaluate the differential ground response and soil-structure
interaction effects so that the topographic effects on recordings from both locations can be
estimated.

Previous studies have investigated the influence of topography on ground motion using both
theoretical/numerical studies and observational field data. Theoretical/numerical studies of
topographic effects have investigated amplification across isolated, two-dimensional, double-sided
ridges that overlie a homogeneous halfspace [e.g., 1, 2], single-faced slopes [3, 4, 5], and canyons
[e.g., 6, 7]. Most studies have focused on motions transverse to the slope, for which amplification
levels are typically slightly greater than in the longitudinal direction [2]. Observational studies of
topographic effects have generally either (1) documented concentrated damage patterns near the
crests of ridges [8, 9, 10], (2) interpreted ground motion recordings of unexpectedly large-amplitude
from single seismographs near ridge crests [11, 12], or (3) interpreted weak motion data from arrays
across 2-D or 3-D surface geometries [e.g. 13, 14, 15, 16].

Only the third type of observational study is directly useful for validation of

theoretical/numerical models of topographic effects. The available data applies principally to ridges,



with limited previous work for single-faced slopes. Moreover, most previous observational studies
do not account for variations in ground response effects due to different geologic conditions at the
base and crest of the slope. Accordingly, the levels of amplification attributed to topographic effects
in previous observational studies have often far exceeded those expected from theoretical models
[2]. As a result of this misinterpretation of field recordings, models for topographic effects remain,
for most practical purposes, uncalibrated.

The present work is useful and original in that it provides a validation data set for
topographic effects on single-faced slopes and it accounts for geologic amplification effects on the

observed crest/base ground motion variations.

SITE DESCRIPTION

As shown in Figure 2, the site consists of a pumping plant and adjacent canal that are located within
a large excavation. Located immediately above the excavation southwest of the plant is an electric
switchyard. The cut slope has an effective slope angle of 3H:1V and is approximately 15 to 21 m in
height around the plant, approximately 21 m at the switchyard. The plant structure consists of a two-
level building housing a series of water pumps and motors. The base of the structure is a concrete
box 15 m by 61 m in plan view and 7 to 11 m in height. Located above this box is an 11m tall light
steel frame providing cover for a pump service bay.

The site is located near the western edge of the San Joaquin Valley, California (Figure 1).
The site is underlain by alluvial sediments that extend to depths of 300 to 600 m [17, 18].
Geotechnical properties of shallow soils were investigated using cone penetration testing (CPT) and
a boring near the switchyard with a maximum depth of exploration of 122 m. Inferred soil
conditions at the site based on subsurface exploration are summarized in Figure 3(a) for the

switchyard location and Figure 3(b) for the plant location. The velocity data for the switchyard



location is derived from a nearby seismic CPT and suspension logging measurements in the boring.
Data for the plant location is based on another seismic CPT and inference of suspension logging
data from the switchyard for common elevations with appropriate corrections for differing
overburden pressures [19]. The soils consist of interbedded, loose to medium dense, silty and clayey
sands with occasional gravel layers. The plasticity index and fines content of the soil ranges from
about 4-12 and 11-23%, respectively. The nonlinear properties of these soils were modeled using

relationships for shear modulus reduction and damping for sands from [20].

GROUND MOTION DATA

As shown in Figure 2, three strong motion accelerographs are located within the plant structure: at
the base level 5.2 m below the plant grade, at plant grade, and on the roof of the steel frame for the
service bay. An instrument is also located within the switchyard, 85 m southwest of the plant and 21
m above plant grade. The switchyard accelerograph is installed on a 1.3 m square concrete pad in a
steel instrument shelter.

Recordings from the site are available from the May 2, 1983 My, = 6.4 Coalinga mainshock
and aftershocks on May 9, 1983 (My = 5.0) and July 22, 1983 (Myw = 5.8) [21, 22]. Closest site-
source distances for these events are 8.5, 14.6 and 17.4 km, respectively. Switchyard and plant base
level recordings are available from each event. Peak accelerations, velocities and displacements at
the two locations are listed in Table 1, and mainshock acceleration, velocity, and displacement
waveforms are shown in Figure 4.

Plant motions are significantly smaller than switchyard motions, which can be attributed
principally to the effects of soil-structure interaction, different levels of local ground response at the
plant and switchyard, and topographic effects. As indicated in Table 1 and Figure 4, these

differences are most pronounced in peak acceleration, but are non-negligible in velocity as well



displacement. As noted in [21], plant base- and grade-level motions are nearly identical, indicating
nearly monolithic motion of the concrete box foundation. In the analyses that follow, emphasis is
placed on motions transverse to the slope face, for which topographic amplification effects are

expected to be maximized [2].

SOIL-STRUCTURE INTERACTION EFFECTS

Some of the differences between the plant and switchyard motions are a result of kinematic soil-
structure interaction (SSI) effects on the plant base-level motions. The kinematic constraint imposed
upon a wave field by the embedded, stiff box foundation will tend to filter foundation motions
relative to free-field motions. This filtering results principally from the embedment of the
foundation and so-called “base slab averaging” effects associated with incoherent or inclined
incident waves.

The kinematic SSI effects on foundation-level motions are quantified by a transfer function
(Hy) relating the transverse motion at the base-level of the plant (up) to the “free-field” motion that

would be expected at the plant location had the structure not been present (U ),

H, (f) =) )

Uy ()
Motion up is referred to subsequently in the text as the modified plant (MP) motion. The transfer
function amplitude was evaluated using available models for embedded foundations subject to
vertically incident shear waves [23] and an empirical model for base slab averaging of shallow
foundations [24]. The more significant of these effects for the present site is the embedment effect.
The resulting transfer function amplitude was used to scale the Fourier amplitude spectra of
the plant base-level motions, which were then combined with the original phase spectra to calculate

Ups through an inverse Fourier transform. Response spectra for the original and modified plant



motions transverse to the slope are presented in Figure 5 along with the spectra for the switchyard
(top-of-slope) motion. As expected, the SSI modification enhances the high frequency components

of Uy relative to up.

RELATIVE GROUND RESPONSE EFFECTS

Ground response effects are different at the plant and switchyard locations as a result of different
shear wave velocities of the underlying soils (Figure 3). Accordingly, analyses were performed to
evaluate the relative levels of ground response at the plant and switchyard.

Those analyses involved the calculation for both the plant and switchyard locations of
transfer functions associated with 1D vertical propagation of shear waves through the soil. It is
necessary to use 1D models (even though the site geometry is more nearly 2D) because the intent of
these calculations is to identify the relative ground response effects so that the remaining difference
(due to 2D topographic effects) can be estimated. Each of these transfer functions represent
variations in ground motion amplitude between the surface and an elevation within the soil profile
for which the seismic velocities at the plant and switchyard locations are comparable (this depth was
taken as 122 m below the switchyard, but the outcome of the analyses is insensitive to the selected
depth). The calculations were carried out with equivalent-linear ground response analysis
procedures [25] using location-specific velocity profiles and de-convolved motions for the 122 m
depth derived from us and up . The motions calculated at the ground surface from these analyses are
denoted us1p for the switchyard (SY) and uys1p for the modified plant (MP). Additional details on
these analyses are presented in [26].

The results are presented in Figure 6 as the ratio of the response spectra (RRS) for motions
Us1p/Upfrip from the mainshock and an aftershock. This RRS represents the relative effect of the

different velocity profiles on the expected spectral accelerations based on 1D analysis. There is



small variability in the results for a given earthquake because of slightly different 1D ground
responses associated with the different de-convolved motions. The curves in Figure 6 are averages
across the different motions.

Results for the two events with strong and relatively weak motions are similar. Relative
amplification factors are as large as 1.4 for periods between about 0.4 and 1.0 s, which is associated
with relatively soft soils near the surface at the switchyard. The relative ground response effect is
not significant outside of that period range.

The results in Figure 6 and subsequent figures are presented across the period range T = 0.2-
3's. Longer periods are not plotted because the data are not reliable as a result of high-pass filtering
used during data processing. Shorter periods are not plotted because of non-physical fluctuations in
the RRS functions, which likely result from numerical errors in the de-convolution analyses. Such
errors at high frequencies are commonly associated with the use of de-convolved motions [27, 28].
Since independent validation of the soil-structure interaction and relative ground response effects is
not possible with the available strong motion data, we can not rigorously confirm that the results are
accurate across the central period range of T = 0.2-3 s. However, since the engineering models for
those analyses have been previously validated against case histories, our expectation is that the
results in Figure 6 and subsequent figures provide reasonable first-order estimates of the effects

considered.

EVALUATION OF TOPOGRAPHIC AMPLIFICATION EFFECT

Figure 7 illustrates the SY/MP RRS as calculated directly from the motions us and u, (thick line),
along with the relative ground response RRS from Figure 6, i.e., Us1p/Up 1o (thin line). The thick-
line RRS represents the differences between the SY and MP motions associated with both geologic

and topographic amplification. Results are presented for the mainshock, but the aftershock data



shows similar trends [26]. From Figure 7, the geologic amplification effect (i.e., the amplification
illustrated with the 1D analysis results) is seen to contribute significantly to the total amplification
for periods up to about 3 s.

The offset between the thick and thin lines in Figure 7 represents the estimated topographic
effect on the SW/MP ground motion variations. It should be noted that these topographic effects
include amplification at SY and de-amplification at MP. For all three events investigated, the
topographic amplification is most pronounced across the period range T = 0.4 to 1.0 s, for which the
maximum amplification is approximately 1.4. This period range corresponds to wavelengths of
about 80 — 200 m (approximately 4-9 x slope height). This bandwidth of topographic amplification
is fairly consistent with the findings of [3] that topographic amplification of single-faced slopes is
most pronounced at wavelength = 5 x slope height

The issue of principal engineering interest is the expected modification of ground motion in
areas near slopes relative to level ground conditions for a consistent subsurface geology. We
provide this representation of topographic effects on the MP and SY motions by evaluating for each
location RRS of the total motion (which includes geologic and topographic effects) to calculated
motions from the 1D analysis (which lacks the topographic effect). Results for all three events are
summarized in Figure 8(a) for SY and Figure 8(b) for MP. The maximum topographic amplification
at SY is about 20%, and occurs across the period range T ~ 0.4 - 1.0 s. The largest de-amplification
of MP is about 10-15%, which occurs across the same period range.

Also shown in Figure 8(a) is the transfer function amplitude from [4] for a 30 degree slope
with vertically incident waves (dashed line). The amplification levels of the model and data are
comparable. However, the data indicates more narrowly banded amplification than predicted by the

model.



Ref. [26] presents the results from Figures 7-8 in the form of transfer functions as well as
response spectral ratios. When measured using transfer functions, the amplitude of SY amplification
and MP de-amplification was more variable, but generally similar in magnitude to the response
spectral ratios shown above. The period range across which SY amplification and MP de-
amplification were observed was similar for the transfer function and response spectral ratio

approaches.

SUMMARY AND CONCLUSIONS

The objective of this study was to evaluate topographic effects on strong ground motions recorded
above and below a single-faced slope during the 1983 Coalinga earthquake mainshock and two
aftershocks. Recorded motions at the crest of the slope were significantly larger than those at the
base, which is attributed to soil-structure interaction effects (on base motions, which were recorded
in a structure), as well as differential ground response and topographic amplification effects. To
isolate the topographic effects on the ground motion at the crest and base of the slope, the soil-
structure interaction and differential ground response effects were removed using established
engineering models.

Soil-structure interaction was found to affect the base motion principally at small periods (T
< 0.35 s). Geologic amplification significantly contributed to the amplification observed at the crest
relative to the base for periods up to about 3 s. The remaining crest/base amplification is attributed
to topographic effects. Topographic effects are most pronounced for T ~ 0.4-1.0 s (wavelengths ~ 4-
9 slope heights), which is reasonably consistent with the recommendations of [3]. Across the period
range of T ~ 0.4-1.0 s, approximately half of the observed amplification is due to geologic effects in
each of the three events.

Using spectral ratios of recorded (crest) and recorded/SSI-corrected (base) motions to 1D



calculated motions, the maximum topographic amplification at the slope crest is found to be
approximately 1.2 (i.e., 20% greater than the anticipated motion at a level site), and the maximum
topographic de-amplification at the slope base is on the order of 0.85-0.9 (i.e., 10-15% less than the
anticipated motion at a level site). This magnitude of crest spectral amplification (about 1.2) is
consistent with amplification levels predicted by the models presented in Ref. [4] for vertically

propagating waves.
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Table 1: Summary of strong motion recordings at plant base-level and switchyard

Plant Base-Level Switchyard
acc vel dis acc vel dis
(9 Jemis)| (cm) | (9@ | (cm/s)| (cm)
MS v 0.21 12.2 2.5 0.35 16.1 2.3

tr(045) | 038 | 324 | 6.4 | 059 | 602 | 88
In(135) | 029 | 191 | 2.6 | 055 | 36.3 | 4.0
AS1 v 004 | 14 | 02 [ o010 26 | 03
tr(045) | 005 | 58 | 07 | 010 | 77 | 10
In35) | 013 | 65 | 05 | 021 | 99 | 07
AS2 v 013 | 59 | 25 [ 032 | 128 | 09
tr(045) | 041 | 189 | 57 | 060 | 348 | 81
In(135) | 023 | 216 | 62 | 033 | 120 | 23
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