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Abstract

The Spectral-Analysis-of-Surface-Waves (SASW) testing method is a nondestructive and nonintrusive seismic method. The
method utilizes the dispersive nature of Rayleigh-type surface waves propagating through a layered material to evaluate the
shear wave velocity profile. Dispersion in surface wave velocity arises from changing stiffness properties with depth.
SASW field testing involves generating surface waves at one location on the exposed material surface and simultaneously
measuring the motions perpendicular to the surface created by the passage of surface waves between multiple pairs of
surface receivers. All measurement points are arranged along a radial path from the source. Successively larger spacings
between receiver pairs and between the source and first receiver are used to measure progressively longer wavelengths. The
profiling depth generally equals about one-half of the longest wavelength which also corresponds to the largest spacing
between receiver pairs. Spectral analysis is used to separate the waves by frequency or wavelength to determine the
experimental (“field”) dispersion curve of the site. A forward modeling or inversion procedure is then used to approximate
the field dispersion curve with a one-dimensional system of horizontal layers with varying stiffnesses and thicknesses. The
dynamic stiffness matrix method is the modeling algorithm used in the matching or inversion process. SASW measurements
are illustrated using four example projects with Vg profiles ranging in depths from 5 to 450 m. For the deeper profiling, a
large hydraulically-operated mobile shaker, called Ligquidator, was used.
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1. Introduction

The Spectral-Analysis-of-Surface-Waves (SASW) method was introduced in the 1980’s by researchers at the
University of Texas in Austin (Nazarian and Stokoe 1984 [1] and Stokoe and Nazarian 1985 [2]). The SASW
method is a nondestructive and nonintrusive seismic method that evolved from the steady-state Rayleigh-wave
method discussed in Richart et al. 1970 [3]. The method involves using active surface sources to generate
Rayleigh-type surface waves and surface receivers to monitor the passage of these waves along a linear array.
The objective of the field measurements is to determine phase velocities of Rayleigh waves over a wide range in
frequencies or wavelengths (typically more than two orders of magnitude). The SASW method was developed to
perform faster, more efficient and more accurate measurements than any previous surface-wave method at that
time (early 1980s). The field testing incorporated new, portable, digital equipment for recording and performing
real-time frequency analysis and phase measurements between pairs of surface receivers as well as real-time
viewing of the phase for quality control. In addition, the dynamic stiffness matrix method developed by Kausel
and Roesset 1981[4] became the theoretical basis for modeling the field dispersion curve of phase velocity
versus wavelength from which the shear wave velocity (V) profile of the site is determined. An overview of the
SASW method is initially presented using one example project. Three additional examples are then presented to
illustrate the field measurements, modeling field dispersion curves and resulting Vs profiles. These examples are
also presented to show a wide range of applications.
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2. Overview of SASW Test Method

The SASW method utilizes the dispersive nature of Rayleigh-type surface waves propagating through a layered
material to evaluate the shear wave velocity profile of the material (Stokoe et al 1994 [5]). In this context,
dispersion arises when surface wave velocity varies with wavelength or frequency. Dispersion in surface wave
velocity arises from changing stiffness properties of the soil and rock layers with depth. This phenomenon is
illustrated in Fig.1 for a multi-layered solid. A high-frequency surface wave, which propagates with a short
wavelength, only stresses material near the exposed surface and thus only samples the properties of the shallow,
near-surface material (Fig.1b). A lower-frequency surface wave, which has a longer wavelength, stresses
material to a greater depth and thus samples the properties of the shallower and deeper materials (Fig.1c).
Spectral analysis is used to separate the waves by frequency or wavelength to determine the experimental
(field") dispersion curve for the site as illustrated in Fig.1d. A forward modeling procedure is then generally
used to calculate theoretical dispersion curve that fits the field dispersion curve with a one-dimensional layered
system of varying layer stiffnesses and thicknesses (Joh 1996 [6]). The one-dimensional shear wave velocity
profile that generates a dispersion curve which most closely fits the field dispersion curve is often presented as
the shear wave velocity profile. However, due to the non-uniqueness of the surface wave inverse or forward-
modeling problem, a family of Vs profiles which fit within the uncertainty bounds of the field dispersion data
should be considered in future studies as discussed by DiGiulio et al 2012 [7] and Cox and Teague 2016 [8].

The SASW testing process involves using active sources to generate surface waves at one location on the
exposed material surface while simultaneously measuring vertical motions on the surface created by the passage
of surface waves between pairs of receivers. The normal testing configuration consists of a source and two
receiver pairs oriented in a linear array as illustrated in Fig.2. In this configuration, called the common-middle-
receiver geometry, the middle receiver (R2) is located at the centerline of the test array and is not moved during
testing, assuming no space constraints. The distance (x) between the source and receiver R1 is kept equal to the
distance (x) between receivers R1 and R2 in the first pair as shown in Fig.2. At the same time, the middle
receiver (R2) is used as the first receiver in the second receiver pair (receivers R2 and R3). In this case, the
distance (2x) between the source and first receiver in the second pair equals the distance (2x) between the two
receivers in the second receiver pair. Using this source-receiver configuration, successively longer spacings
between receiver pairs and between the source and first receiver in each pair are used to measure progressively
longer wavelengths. Testing is performed with multiple (typically 8 or more) sets of source-receiver spacings (X,
2x, 4x, 8x, etc.), depending on the profiling depth and lateral variability inferred by viewing the dispersion data
during field measurements. The totality of all sets of source-receiver spacings is called an SASW array.
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The variation in phase shift with frequency is recorded for surface waves propagating between each
receiver pair. The phase velocity is calculated at each frequency using the relationship Ve, = (f (360/¢)%d) in
which Vg, is the phase velocity in m/s, f is the frequency in Hertz (cycles per sec), ¢ is the phase angle in
degrees (at frequency f), and d is the distance between the receivers in the pair in meters. From this calculation, a
plot of phase velocity versus frequency, called an individual dispersion curve, is generated for each receiver pair.
This procedure is repeated for all source-receiver spacings used at the site and involves significant overlapping
in the dispersion data between adjacent receiver pairs. The individual dispersion curves from all receiver pairs
are combined into a single composite dispersion curve called the “field”, “global”, or “experimental” dispersion
curve. The field dispersion is also considered the “signature of the site” which represents the global nature of
these measurements at most geological sites compared with the localized nature of seismic measurements using
boreholes. This process is illustrated in Section 3.3.
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Once the composite field dispersion curve is generated, an iterative forward modeling procedure or an
inversion procedure is used to create a theoretical dispersion curve that matches the experimental dispersion
curve. The software program named, WIinSASW [6], or an equivalent software is used for this purpose.
WInSASW uses an algorithm that is based on the stiffness-matrix approach [4] to generate a theoretical
dispersion curve for a given shear wave velocity profile. The theoretical dispersion curve is generated using a
complete solution that includes all modes and both surface and body waves (termed the 3D approach)
(Foinguinos 1991 [10], Roesset et al 1991 [11] and Lin et al 2014 [12]). With the iterative procedure, an initial
shear wave velocity profile is first assumed based on the characteristics of the measured experimental dispersion
curve. A theoretical dispersion curve is generated and compared with the experimental curve. The features of the
shear wave velocity profile (wave velocities and layer thicknesses) are iteratively changed until an acceptable fit
between the theoretical and experimental curve is achieved. The “goodness of fit” in forward modeling is
generally based on visually determining a best fit based on the combined judgements and experiences of the
experts performing the tests and analyses. This process is illustrated in Section 3.4. Sometimes, the inversion
analysis in WinSASW is used to confirm and/or refine the Vs profile determined by forward modeling. The

1 . o\ 0.5
inversion analysis is based on “RMS Error” defined as Errorg,,s = (—Z 1(Vi_Vi)] in which Vi and
n ="

Vi are measured and theoretical velocities for the i'" data, respectively. Also n is the number of data in the
dispersion curve.

3. Example Field Testing and Analysis Procedures
3.1 Field Equipment and Testing Procedures

The active-source SASW testing that was performed in the examples presented in this paper involved three
different types of sources and two different types of receivers. In terms of active sources, the simplest and least
energetic source is some type of hand-held hammer such as the sledge hammer shown in Fig.3a. The sledge
hammer is used to apply transient, vertical impacts to the exposed surface. Hammer sources are mainly used at
short spacings, generally less than 5 m at soil sites and less than 10 m at rock sites. The second type of source is
a random noise generator such as the bulldozer shown in Fig.3b. The bulldozer is used to move continuously
back and forth over distances of 3 to 5 m at one end of the array as illustrated in Fig.3c. Quick stops and starts
are important in generating lower frequencies, say 2 to 5 Hz. Also, in the writers’ experience, steel-tracked
bulldozers are better generators of lower frequencies than large drop weights. The third type of source is a large
vibroseis. The one-of-kind, low-frequency vibroseis named Liquidator that is operated by the University of
Texas is shown in Figure.3d. Liquidator is operated in a downward, stepped-sine sweeping mode as illustrated in
Fig.3e.

The two types of receivers are accelerometers and vertical velocity transducers (commonly called vertical
geophones). Accelerometers are used on high-stiffness materials such as rock, concrete or pavements as
discussed subsequently in the second example. At soil sites or sites with soil over rock, vertical velocity
transducers are used. In this case, 4.5-Hz or 1-Hz geophones are used, depending on the frequency content of the
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signal. Generally, 4.5-Hz geophones have a usable frequencies range from about 1 Hz to above 1000 Hz. On the
other hand, 1-Hz geophones have an operating range from 0.3 to 500 Hz and a calibration factor (output) about
ten times a 4.5-Hz geophone. In the testing shown in Fig.3a, 1-Hz geophones are being used.
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Fig. 3 — Active sources used in performing SASW field testing
3.2 Spectral Calculations

A dynamic signal analyzer is used in the field to measure time-domain records (x(t) and y(t)) from the two
receivers in each receiver pair. These time records are then transformed into the frequency domain (X (f) and Y
(f)) and used to calculate the power spectra (Gxx and Gvy) and the cross power spectrum (Gxy) as follows:

GXX:X*(f).X(f) 1)

Gyy =Y (f)eY(f) )
GXY:X*(f).Y(f) 3)
¢(f)=arctan ¢ (Im(G,,)/Re(Cy,)) 4)

1 .
where GXY(f)zﬁzith (f)eY,(f) is the cross power spectrum from coherent signal averaging, (*)

represents the complex conjugate of the quantity, Im and Re signify the imaginary and real parts of the

expression, respectively, and ¢ ( f ) is the relative phase of the cross power spectrum between the pair of
receivers.

The relative phase from the cross power spectrum ¢ ( ) is the key spectral quantity in SASW testing. The
spectral functions are determined using signal averaging. The number of averages varies with source type and
averaging is concluded once a stable average is reached as determine by viewing the record in real time. Five
averages are often used when the sledge hammer is employed. When Liquidator is used, a stepped sinusoidal

4
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loading is used (Fig.3d) with three averages at shorter spacings and more averages (5 or more) at longer
spacings. The relative phase of the cross spectrum, simply called the phase hereafter, represents the phase
difference between the motions measured by the receiver pair. An example of the wrapped phase spectrum from
one receiver pair is shown in Fig.4a. These data were collected using Liquidator as the source and 366-m
spacings between source and R1 and between the receiver pair. These data were collected at a site in West Texas
where seismic response analyses were required in a site application. This site is referred to as Example #1
hereafter.
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Fig. 4 — Phase of the cross power spectrum and resulting individual dispersion curve: Liquidator as the seismic
source and receiver pair with a spacing of 366 m at the West Texas Example #1 site

3.3 Construction of Individual and Composite Field Dispersion Curves

Construction of an individual dispersion curve from each receiver pair involves loading the wrapped phase plots
into the program WinSASW [6]. A masking procedure is then performed to manually eliminate portions of the
data with poor signal quality and/or portions of the data with near-field waveform components. In Fig.4a, the
masking applied to the phase plot is shown. In this example, the only portion of the record assumed to be
potentially distorted is that portion consider to include near-field data which is marked by the darkened zone
from 0 to 1.46 Hz. The near-field data are assumed to be composed of wavelengths longer than twice the spacing
of the receiver pair, hence, A > 732 m. (This criterion can also be expressed as wavelengths greater than twice
the S-R1 distance.) The masking information is used in the WinSASW program to unwrap the phase plot, and
then calculate the individual dispersion curve.

As an example of the process followed in constructing an individual dispersion curve, consider Points A,
B and C in Fig.4a. Points A, B and C represent seismic waves with one, two and five wavelengths between the
receivers, respectively. The unwrapped phase angles are 360° (one wavelength), 720° (two wavelengths) and
1800° (five wavelengths). The frequencies associated with Points A, B and C are 2.3, 3.6 and 7.8 Hz,
respectively, which results in phase velocities of 842, 659 and 571 m/s, respectively. The complete individual
dispersion curve calculated from the unmasked portion of the wrapped phase record in Fig.4a is shown in Fig.4b.
This process is repeated for all receiver spacings which results in a composite experimental (field) dispersion
curve that covers a wide range of wavelengths. The composite experimental dispersion curve for the West Texas
site using a sledge hammer and Liquidator as the seismic sources is shown in Fig.5a. The maximum wavelength,
Amax, Measured at the site was 730 m. This wavelength was measured with S-R1 = 183 m and R2 - R3 = 366 m.
In this case, the wrapped- phase record was well conditioned and phase data were used beginning at a wrapped
phase of 160°. (As noted above, unwrapping of phase records generally begins at 180°.) The maximum depth to
which the Vg profile was determined at this site with Liquidator is Amax /2 0r 365 m as discussed below.

3.4 — Forward Modeling and Resulting Vs Profile
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With the composite field dispersion curve shown in (Fig.5a), an iterative forward modeling procedure is used to
determine a Vg profile by matching the field dispersion curve with a theoretically-determined dispersion curve.
Apparent phase velocities are measured in SASW field testing. These velocities correspond to the superposed
modes of fundamental and higher-mode surface waves and body waves. The forward modeling algorithm
normally used in the SASW analysis is the 3-D global model in WinSASW ([6], [11] and [12]). In this model,
the first and second receivers in the receiver pair are assumed to be located at 2 A and 4 A from the source,
respectively; hence, far-field measurements. The theoretical dispersion curve using the 3-D global model was
fit to the West Texas
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Fig. 5 —Composite experimental dispersion curve, forward-modeling fit of the theoretical dispersion curve based
on 3-D global modeling and resulting Vs profile for the West Texas Example #1 site

field dispersion curve and the results are shown in Figs.5b and 5c. In Fig.5b, the Vg, — log A plot permits the
dispersion data with short-to-moderate wavelengths to be easily examined. In Fig.5¢c, the Ve, — X plot permits the
dispersion data with moderate-to-long wavelengths to be easily examined. This combination of two plots allows
one to judge more easily the data quality and the completeness of the fit. Clearly, the fit is robust and there is at
least one shift between modes in the wavelength range of about 40 to 70 m. The resulting Vs profile is presented
in Fig.5d and is tabulated in Table 1.
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The resulting Vs profile in Fig.5d for the West Texas site was quite straightforward to evaluate even
though there was a shift between modes as noted above. The site is normally dispersive, and reasonably laterally
uniform as shown by little variability around a robust trend in the field dispersion data. The generalized
geological model of stiff (possibly cemented) soil over moderately stiff rock is supported by comparison with the
reference Vs profiles of dense sand, dense gravel and cemented alluvium that are plotted to a depth of 150 m in
Fig.5d. The moderately stiff rock (Vs~1300 m/s) occurs at a depth of about 150 m. The Vs profile is presented
to a depth of 365 m which equals Anax / 2 and also equals the maximum R2-R3 spacing.
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Table 1 — Profile parameters used to develop theoretical dispersion curve shown in Figs.5b and 5¢

Layer Layer Depth to Top S-Wave Assumed P-Wave Assumed Total
No. Thickness, m of Layer, m Velocity, m/s Poisson’s Ratio Velocity, m/s Unit Weight, t/m?
1 0.40 0.00 177 0.33" 351 1.9
2 0.67 0.40 183 0.33" 363 1.9
3 1.37 1.07 250 0.33" 496 1.9
4 3.66 2.44 305 0.33Y 605 1.9
5 12.19 6.10 579 0.33Y 1150 2.0
6 128.02 18.29 732 0.35 1524 % 2.1
7 213.70 146.30 1311 0.33 26022 2.1
8* Half Space 360 1311 0.33 26024 2.1

v Assumed Poisson’s ratio for stiff soil above water table.
* Assumed P-wave velocity for stiff soil below the water table.
A Assumed Poisson’s ratio for rock; * Layer extends below maximum depth (Amax / 2) Of the Vs profile.

4. Example #2 — Evaluation of a Concrete-Lined Tunnel and Surrounding Host Rock

Many uses of Vs profiles evaluated with the SASW method have involved profiling constructed systems and
their geotechnical foundation materials to assist in engineering analyses and forensic studies as well as seismic
site response studies. A forensic study of a concrete-lined tunnel in rock is discussed in this example. A
generalized cross section of the tunnel is shown in Fig.6a. The tunnel has an inside diameter of about 3.5 m, with
a concrete liner that was designed to have a nominal thickness of 30 cm. An extensive investigation was
conducted in which SASW testing was performed at more than 100 locations along the longitudinal axis of the
tunnel. SASW testing was performed with hand-held hammers as sources and accelerometers as receivers. The
accelerometers were held magnetically to metal disks that were glued to the concrete liner before testing in a pre-
selected array configuration. This general configuration is illustrated in Fig.6b. Testing was conducted to profile
along two planes into the liner-rock system. One profile was along the springline and the other profile was near
the crown as illustrated in Fig.6b. Testing in progress along an array near the crown is shown in Figure 6c.

The SASW testing program was designed to investigate the following: (1) thickness and quality of the
concrete liner in the springline and crown areas, (2) thickness and quality of grout in the crown area, (3)
identification of any voids in the crown area, and (4) the stiffness and variability of the rock behind the liner.
(Grouting in the crown area was done after construction of the concrete liner.) The program successfully
answered these questions. Due to space limitations, only results from one location along the springline are
presented.
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Fig. 7 — Examples of the wrapped-phase recorded in the field, composite field and theoretical dispersion curves,
and resulting Vs profile in the concrete liner and host rock.

The wrapped phase determined with a pair of accelorometer receivers spaced 1.2 m apart are shown in
Fig.7a. The results are excellent as shown by the continuous, “sawtooth” wrapped-phase relationship. The high
wave velocities of both the concrete liner and surrounding host rock allowed a significant amount of high-
frequency (f > 10 kHz) energy to be transmitted along the tunnel axis. As noted earlier, these results are viewed
in the field during testing so that one can immediately judge how well the test is being conducted and determine
if any adjustments to the testing procedure should be made.

The composite field dispersion curve at this location is shown in Fig.7b, with each portion of the curve
identified according to receiver spacing. As seen in Fig 7b, only three receiver spacings were required to
evaluate the liner and the rock immediately behind it. Wavelengths ranging from about 0.1 to 8 m were used.
The fitting of the theoretical and field dispersion curves is also shown in Fig.7b. The resulting stiffness profile is
presented in Fig.7c. The forward model used in these initial analyses was based on a flat, horizontally-layered
model. (Subsequently, the analysis for a circular cavity with concentric layers was developed, and the theoretical
dispersion curve is essentially the same as the curve shown.) The Vs profile in Fig.7c shows a high-quality
concrete liner (Vs ~ 2500 m/s) that is about 30 cm thick. At this location, the liner is in direct contact with the
rock (as was found at all test locations), and the rock is stiffer than the concrete at this location.
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5. Example #3 — Stage Testing of a Test Fill to Predict the Vs Profile in a Deep
Engineered Fill Before Construction

A test fill was constructed to estimate if a deep (28-m thick) engineered fill to be constructed with the same soil
as the test fill would exhibit values of Vs > 300 m/s at a depth of about 12 m below the surface. The 12-m depth
is the proposed depth of the bases of two nuclear islands in the deep engineered fill and one part of the seismic
design of the nuclear power plants requires Vs > 300 m/s at this level. The test fill had plan dimensions of 6 by
18 m as shown in Fig.8a. A total of seven SASW arrays were tested at each of the four stages during
construction of the test fill. The array centers are identified in Fig. 8a by letters A through G. The test fill was
constructed with a silty sand using 23-cm loose lifts. Each lift was compacted to a density greater than 95%
modified Proctor density. SASW testing at the four construction stages occurred when the test-fill thicknesses
were nominally 1.5, 3, 4.5, and 6 m. SASW testing was performed using a bulldozer source and 4.5-Hz
geophones. SASW testing in progress at Stage 2 (fill thickness about 3 m) is shown in Fig.8b.

The Vs profiles determined at Stage 2 and Stage 4 are presented in Figs.8c and 8d, respectively. All seven
Vs profiles are shown in each figure along with some slightly deeper Vs measurements in the natural soil. (Note
that a depth of 0 m in each figure represents the existing fill surface at that construction stage.) Clearly, all seven
Vs profiles at each stage are nearly the same, with only small differences near (~ 1.5 m) the fill surface. A best-
fit curve to the seven Vs profiles in each stage was added for comparison purposes. The four, best-fit Vs curves
are presented in Fig. 8e. These four Vs profiles clearly illustrate how the small-strain stiffness of the silty sand in
the
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Fig. 8 — SASW testing to determined Vs profiles in a test fill in stages during construction for use in predicting
Vs values in a deep engineered fill before construction

test fill as well as the stiffness of the natural soil beneath the test fill increased as the test-fill thickness increased.
Horizontal lines starting at initial best-fit curves of Stages 1, 2 and 3 and extending to the best-fit Vs profile for
Stage 4 show how the stiffness of the soil in the lower stages increased with loading as the fill thickness
increased.

An average Vs profile selected to represent the fill is presented in Fig.8f. This profile is also compared in
Fig.8f with several Vs profiles determined by dynamic laboratory testing of fill specimens using the torsional
resonant column (RC) method. The laboratory specimens were constructed with the same silty soil used in the
test fill. The specimens were also constructed to the same density and water content as the fill. Three important
points that are shown by the field and laboratory Vs profiles in Fig.8f are the following. First, extrapolation of
the representative Vs profiles in the test fill demonstrates that Vs will be greater than 300 m/s at a depth of 12 m
in the deep engineered fill. Second, the laboratory Vs profiles determined by torsional RC testing agree well
with the average Vs profile in the test. This close comparison was expected because both the test fill and
laboratory soils represent the same soil that has been processed (compacted to the same density and water
content) so that any depositional and aging effects have been removed. Third, close comparison between field
and laboratory Vs measurements indicate that laboratory testing of other soils (for instance, a gravelly sand)
could be used successfully to predict the stiffness of the fills constructed with different granular soils.

6. Example #4 — Deep Vs Profiling with Liqudator around Yucca Mountain, Nevada

About 35 years ago, Yucca Mountain, Nevada, was initially approved as the site for development of a geologic
repository for high-level radioactive waste and spent nuclear fuel in the United States. The U.S. Department of
Energy conducted studies to characterize the site and assess its future performance as a geologic repository. As
part of these studies, a comprehensive program of deep seismic profiling was conducted around Yucca Mountain
to evaluate the Vs structure of the repository block and adjacent areas where support facilities might be located.
The resulting Vs data were used as input into the development of ground motions for the preclosure seismic
design of the repository and for postclosure performance assessment. The SASW method was employed in the
deep profiling which was defined as profiling to depths of 300 to 450 m.
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Two key elements in successfully performing the deep Vs profiling at Yucca Mountain were the shear
wave velocities of the rocks and the lowest frequencies generated by the active seismic source. Yucca Mountain
consists of stacked layers of tuffs with Vs generally above 800 m/s at depths greater than 80 m. Therefore,
profiling depths in these rocks will be more than twice the depths possible in moderately soft soils. The second
key element is the low frequency range that can be generated by the active source. In this case, Liquidator
(shown in Fig.3d) was an excellent source because frequencies as low as 1.0 Hz could be generated with this
unique, large vibroseis. Typically it was only possible to test one site per day due to the time required to deploy
receivers over large distances (up to 1000 m) in rough terrain combined with the extended duration of the
stepped-sine sweep (see Fig.3e) at low frequencies which required more than 45 minutes of constant shaking.
Nevertheless, deep profiling was performed at a total of 17 sites.
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Fig. 9 — Statistical analysis of the 9 deep, Vs profiles in Group 1 at Yucca Mountain; small
gradient in median Vs profile and softer rock at repository level
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Fig. 10 — Statistical analysis of 8 deep, Vs profiles in Group 2 at Yucca Mountain; moderate
gradient in median Vg profile and stiffer rock below 220 m

Once the Vs profiles of the 17 sites were determined, it became clear that the Vg profiles could be sub-
divided into two groups The following statistical data were determined for each group: (1) median, 16" and 84"
percentile profiles of Vs, (2) coefficient of variation (COV) which is equal to one standard deviation divided by
the mean of the Vs profiles at each depth, and (3) number of profiles (N) that were measured at each depth. The
data sets for Groups 1 and 2 are presented in Figs.9 and 10, respectively. The first group, presented in Fig.9, has
a smaller gradient in the median Vs profile and somewhat lower Vs values around the proposed repository level
(depth about 300 m). The Group-2 profiles, presented in Fig.10, were located in a general area where the
proposed repository level was shallower (about 240 m). The Group-2 Vs profiles exhibit a larger gradient and
higher Vs values around the repository level compared to Group 1. It is also interesting to note that low COV
values were evaluated over much of the profile for both groups, generally less than 0.13. The COV values
increased to around 0.20 at depth in each group. The increased in COV values seem to be due more to the
variations in the depth of the layer boundaries rather than variations in the velocities of adjacent layers. Finally,
median Vs values and 16" and 84" percentiles of the primary tuff (Tptpmn) in the exploratory tunnel within
Yucca Mountain are presented in Figs.9 and 10. The measurements of Vs were performed following the same
general SASW testing procedure discussed in Example #2 (see Fig.6). As seen in Figs.9 and 10, the Vs values of
the tuff divide into two groups just like the Vs profiles determined by SASW testing on Yucca Mountain.
Furthermore, the spatial locations of the surface and tunnel SASW testing locations agree quite well.

7. Summary and Conclusions

The SASW seismic method is a nondestructive and noninvasive method of Vs profiling. The method is used in
geotechnical, geophysical and seismological studies, particularly those involved in predicting the dynamic
response of the built and natural environments during earthquake shaking. The basis for the method, field
procedures and equipment, data analysis procedures and example Vs profiles are presented using four example
projects. The projects range from shallow Vs profiling (depth < 5 m) of a concrete-lined tunnel for a forensic
study to deep Vs profiling (depths from 300 to 450 m) of tuffs at Yucca Mountain, Nevada, for earthquake
response studies. The four example projects demonstrate that the SASW seismic method is theoretically based,
robust, and most helpful in terms of characterizing geotechnical and geological sites which also leads to
generating a more comprehensive understanding of the material.
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