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Abstract
We discuss five useful equations related to high-frequency surface-wave techniques and
their implications in practice. These equations are theoretical results from published literature
regarding source selection, data-acquisition parameters, resolution of a dispersion curve image in
the frequency-velocity domain, and the cut-off frequency of high modes. The first equation
suggests Rayleigh waves appear in the shortest offset when a source is located on the ground
surface, which supports our observations that surface impact sources are the best source for
surface-wave techniques. The second and third equations, based on the layered earth model,
reveal a relationship between the optimal nearest offset in Rayleigh-wave data acquisition and
seismic setting—the observed maximum and minimum phase velocities, and the maximum
wavelength. Comparison among data acquired with different offsets at one test site confirms the
better data were acquired with the suggested optimal nearest offset. The fourth equation
illustrates that resolution of a dispersion curve image at a given frequency is directly proportional
to the product of a length of a geophone array and the frequency. We used real-world data to
verify the fourth equation. The last equation shows that the cut-off frequency of high modes of
Love waves for a two-layer model is determined by shear-wave velocities and the thickness of
the top layer. We applied this equation to Rayleigh waves and multi-layer models with the
average velocity and obtained encouraging results. This equation not only endows with a
criterion to distinguish high modes from numerical artifacts but also provides a straightforward
means to resolve the depth to the half space of a layered earth model.

Introduction
Shear (S)-wave velocities can be derived from inverting dispersive phase velocities of the
surface (Rayleigh and/or Love) waves (e.g., Aki and Richards, 1980, p. 664). Near-surface Swave velocities can be estimated by Spectral Analysis of Surface Waves (SASW) (Stokoe and
Nazarian, 1983; Stokoe et al., 1989), which analyzes the dispersion curve of the ground roll to
produce near-surface S-wave velocity profiles. The other method developed in the last a few
years utilizes a multichannel recording system to estimate near-surface S-wave velocity from
high-frequency (≥ 2 Hz) Rayleigh waves (Multichannel Analysis of Surface Waves—MASW,
Park et al., 1999a; Xia et al., 1999). Errors associated with S-wave velocities obtained by MASW
method are 15% or less and random (Xia et al., 2002a). Discussion of multi-channel analysis of
surface-wave dispersion can also be found in Lin and Chang (2004).
There are more and more publications on utilizing surface waves in defining near-surface
S-wave velocities (e.g., Xia et al., 2000a; 2003; Beaty et al., 2002; Beaty and Schmitt, 2003) and
1
1089

Downloaded 07/04/14 to 129.237.143.16. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

attenuation properties (Xia et al., 2002b). In environmental studies, the MASW method was
employed to generate 2-D shear-wave velocity fields calculated from inversion of Rayleighwave phase velocities and was successfully used to define bedrock interfaces and near-surface
geological structures from 2 to 50 meters (Xia et al., 1998; Miller et al., 1999) and to determine a
collapse feature in an extremely noisy environment (Xia et al., 2004a). The MASW method is
one of the main components in a unified workflow for engineering seismology (Yilmaz and Eser,
2002). The MASW method was also associated with a fast and efficient method for geophone
deployment —autojuggie (Steeples et al., 1999)— to increase efficiency in acquisition of surface
wave data (Tian et al., 2003a and 2003b). The MASW was also applied in pavement testing
(Ryden et al., 2004) and in shallow marine environment (Luke et al., 1996; Park et al., 2000).
Inversion of the shallow seismic wavefield utilized all signals in a shot gather, including surface
waves and body waves, was discussed by Forbriger (2003a; 2003b). Cross-correlation technique
and Common Mid-Point (CMP) gather were used to generate dispersion image (Hayashi and
Hikima, 2003). MASW applications in near-surface geophysics can be found in other numerous
publications (e.g., Xia et al., 1997; 2002c; Ivanov et al., 2000; Park et al., 1996; 1999b;
Calderon-Macias and Luke, 2002; and Lin et al., 2004). Accuracy and resolution of surface wave
techniques were analyzed by Rix and Leipski (1991) using a numerical modeling method.
Understanding the resolving power of MASW techniques and improving resolution of S-wave
velocity results were discussed by Xia et al. (in view).
In this paper, we will discuss several equations in the published literature and their
potential usage related to high-frequency Rayleigh wave data. The first three equations deal with
acquiring high-quality surface-wave data. The fourth equation is associated with resolution of
dispersion image in the frequency-velocity domain. The last equation, which provides a tool of
cross-checking inverted results and fast estimating the depth to the half space, is related to higher
mode data.

Equations Related to Data Acquisition
With earthquake data, Nakano (1925) showed that the Rayleigh waves do not appear at
places near the sources, i.e., where the epicentral distance x is smaller than
x≤

cR h
V p2 − c R2

or x ≤

cR h
Vs2 − c R2

,

(1)

where h is the depth of source, and cR, Vp, and Vs are velocities of Rayleigh waves, P-wave, and
S-wave, respectively. It was proved that Rayleigh waves do not have their full amplitude near
these limit distances. This is due to interferences with other kinds of waves (Ewing et al., 1957,
p. 66). Equation (1) suggests a source type we should use in high-frequency Rayleigh wave
survey is a ground surface impact source such as a vibrator (e.g., Xia et al., 1999), a weight
dropper (e.g., Miller and Xia, 1999; Xia et al., 2002a), and a sledgehammer (e.g., Miller et al.,
1999; Xia et al., 2002b). The surface impact source would generate Rayleigh waves in the
shortest distance or the shortest time. Based on Equation (1), given a source on the ground
surface, Rayleigh waves would be observed in a very closed offset.
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In reality, Rayleigh waves may not be observed in a very closed offset. One of the critical
parameters in acquisition of high-frequency surface wave data is the nearest offset (Park et al.,
1999a; Xia et al., 2004b). How far away should the first geophone be located in a Rayleigh wave
survey? The following discussion may answer this question. Given a two-layer model (one layer
on the top of the half space), the minimum offset x where the direct Sv-wave meets the reflected
P-wave (the necessary condition for generating dispersive Rayleigh waves), so

x=

2hVs
V −V
2
p

2
s

=

2h
2

,

(2)

V p 
 V  −1
s


where h is the depth to the first interface. It is common for near-surface materials that Vp/Vs is in
the range 2 – 5 so x is in a range of 0.4h to 1.2h. Assuming Vp/Vs is 4, we obtain x ≈ h/2 from
Equation (2), which indicates Rayleigh waves would appear where the offsets are larger than
one-half of the thickness of the first layer. As Vp/Vs is reducing, the minimum offset for Rayleigh
waves to occur could increase to the thickness of the first layer or even larger. When designing a
Rayleigh wave survey, it is necessary to set the nearest offset larger than the minimum offset
determined by Equation (2) if knowledge of Vp/Vs and the thickness of the first layer h are
available.
Because longer wavelength components of Rayleigh waves require longer time or larger
offsets to develop into plane waves, Equation (2) does not provide the optimum offset for the
majority of surface-wave components. Zhang et al. (2004) proposed an optimum offset A based
on a layered earth model,

A=

λ max c R min
,
4 ∆c R

(3)

where λ max , cRmin, and ∆c R are the longest wavelength, the minimum phase velocity of Rayleigh
waves, and the difference between the maximum and minimum phase velocities, respectively.
Zhang et al. (2004) also proposed the geophone spread length C (the distance between the first
geophone and the last geophone) would be the best when C = 2A.
We assessed Equation (3) with data acquired in Virginia Key, Florida, in March 2004.
Surface-wave data were acquired using a 24-channel seismograph with 14-Hz verticalcomponent geophones that were deployed at 0.6-m intervals. The source was a 3.5-kg hammer
vertically impacting a 0.3-m by 0.3-m metal plate. The first shot was acquired with the nearest
offset of 4.5 m (Figure 1a). With the dispersion image (Figure 1b), we determined the longest
wavelength λ max = 500 m/s/25 Hz = 20 m, the minimum phase velocity cRmin = 180 m/s, and the
difference between the maximum and minimum phase velocities ∆c R = 500 m/s – 180 m/s = 320
m/s. So the suggested optimum offset A would be 2.8 m. Figure 2a shows the data acquired with
the nearest offset of 3 m. Its dispersion image is shown in Figure 2b. Comparing Figures 1a and
2a, we noticed linearity of Rayleigh waves is much better with the data acquired with the nearest
offset of 3 m (Figure 2a) than with the nearest offset of 4.5 m (Figure 1a), especially for data in a
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rectangular window. In terms of surface-wave energy in the frequency-velocity (f-v) domain
calculated by SurfSeis© developed by the Kansas Geological Survey (KGS) (Figures 1b and 2b),
it is even clearer that the continuity (especially for frequencies > 30 Hz) and resolution (indicated
by a double-end arrow around frequency of 28 Hz) of the dispersive energy from the data with
the nearest offset of 3 m are better than that of the data with the nearest offset of 4.5 m.

Resolution of Dispersion Curve
Modeling results (Park et al., 1998) show that resolution of the dispersion image in the f-v
domain will increase as the geophone spread length increases. Forbriger (2003a) provided an
analytical result to assess resolution of dispersion image,

∆d = 1 / fC ,

(4)

where ∆d is the half-width between the neighboring minima of dispersion energy in the f-v
domain, f is the frequency, and C is the geophone spread. We understand that resolution of the
dispersion image could vary with algorithms that were used to generate dispersion image in the fv domain. Current comparison of several different algorithms can be found in Dal Moro et al.
(2003). Our discussion will be limited to using the phase shift method (Park et al., 1998).
We used data acquired at the Fraser River delta, near Vancouver, British Columbia,
Canada in 1998 to assess Equation (4). Complete discussion on the data can be found in Xia et
al. (2000b). Multi-channel surface wave data were acquired using 4.5-Hz vertical geophones and
a 60-channel Geometrics StrataView seismograph. Geophones were deployed at each of the
eight sites at either a 0.6 or 1.2 m interval (depending on target depth range) with the nearest
source-to-geophone offset in the range of 1.2 m to a farthest of 90 m. The geophone spread was
placed as close as possible to the measurement well and always within 50 m of it. Three to ten
impacts were vertically stacked at each offset using an accelerated weight drop designed and
built by the KGS. A record length of 2048 milliseconds at a 1-millisecond sample interval was
selected for all sites. Data acquired at three wells were used to assess Equation (4).
The first data set was acquired at well FD92-11 (Figure 3a). The nearest offset was 18 m
with a geophone interval of 0.6 m. Four pairs of results were generated with the data (Figure 3a).
The first pair in Figures 3a and 3b was raw data in the x-t domain and their dispersive energy in
the f-v domain, respectively. To estimate resolution of the dispersion image, we use a double-end
arrow at frequencies 10 Hz and 20 Hz. The double-end arrow at 10 Hz is twice as long as that at
20 Hz. This agrees with Equation (4) that indicates resolution of dispersion image is one half at
10 Hz compared with that at 20 Hz. Even traces were used to generate the second pair (Figures
3c and 3d). The geophone spread C of Figure 3c was the same as Figure 3a but its geophone
interval was doubled. As indicated by Equation (4), resolution of dispersion image should remain
the same. Both double-end arrows in Figures 3b and 3d at 10 Hz were the same length, which
also supports Equation (4) that resolution of dispersion image is determined by the geophone
spread not the geophone interval.
We split the data in Figure 3a into two parts; one contains 30 traces nearer the source
(Figure 3e) and their dispersion image (Figure 3f), and the other 30 traces further from the source
(Figure 3g) and their dispersion image (Figure 3h). The geophone spread is the half of that used
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in Figure 3a, but the geophone interval is the same as in Figure 3a. Based on Equation (4), we
expect to see resolution reduce to one half ( ∆d is doubled) as shown in Figure 3b. Both doubleend arrows in Figures 3f and 3h at 10 Hz are only 50% (not 100%) longer than arrows in Figures
3b and 3d at 10 Hz, respectively.
The second data set was acquired at well FD97-2 (Figure 4a) and their dispersion image
in the f-v domain is shown in Figure 4b. The 30 nearer tracers (Figure 4c) from the source were
used to generate their dispersion image (Figure 4d) so the geophone spread is one half that used
in Figure 4a but the geophone interval is the same as used in Figure 4a. The length of the doubleend arrow in Figure 3d is 75% (not 100%) longer than that in Figure 4b.
The third data set was acquired at well FD97-7 (Figure 5a) and their dispersion image in
the f-v domain (Figure 5b). The 30 nearer tracers from the source (Figure 5c) were used to
generate their dispersion image (Figure 5d) so the geophone spread is one half as used in Figure
5a but the geophone interval is the same as used in Figure 5a. The length of the double-end
arrow 3.7 Hz in Figure 5d is 50% longer than that in Figure 5b.
As discussed in the previous examples, we may expect Equation (4) works well as
frequency changes when the geophone spread is fixed in practice. On the other hand, if we
double the geophone spread for a given frequency, resolution increase is normally less than
100%.

The Cut-off Frequency of Higher Modes
Higher mode data in Rayleigh wave survey are often observed at man-made structures
such as dams and levees. They could be the sole source of information on S-wave velocities
without drilling. Higher modes possess superb properties on penetration depth and resolution of
inverted models in near-surface applications (Xia et al., 2000a, 2003, Beaty et al. 2002). The cutoff frequency fn of the nth higher mode is the frequency that the nth higher modes exists only for
f > fn. The cut-off frequency of the nth higher mode for Love wave is (Aki and Richards, 1980, p.
264)
fn =

nβ1
2h 1 −  β1 
 β2 

2

,

(5)

where β1 and β 2 are S-wave velocities of the top and the half space (a two-layer model),
respectively, h is the thickness of the top layer, and fn is the cut-off frequency of the nth higher
mode. For example, given a two-layer model with β1 = 150 m/s and β 2 = 250 m/s h = 10 m
(Figure 6a), the first higher mode will occur when f1 ≥ 9.37 Hz, the second higher mode f2 ≥
18.75 Hz, and the third higher mode 28.11 Hz (Figure 6b). By knowing the cut-off frequency,
β1 , and β 2 (from the asymptotes at high and low frequencies), we can directly estimate the depth
to the half space. Dispersion curves of the Rayleigh waves of the 2-layer model (Figure 6a) are
also shown in Figure 6c. We may apply Equation (5) to Rayleigh wave data to estimate the depth
to the half space based on the cut-off frequency f1 (= 7 Hz), β1 (= 150 m/s), and β 2 (= 250 m/s).
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The estimated depth is 13.4 m. We should notice, for Rayleigh waves, the asymptote for higher
modes at the high frequency is approaching β1 (=150 m/s) while the fundamental mode
approaches 0.92* β1 and the higher modes at the low frequency reach β 2 (= 250 m/s) while the
fundamental mode approaches 0.92* β 2 .
There is no closed form of the cut-off frequency for Rayleigh waves for the two-layer
model. However, Kennett (2001, p. 339-342) pointed out that the dispersion curves for Love and
Rayleigh waves in the slowness-frequency domain are very similar at high frequencies (f > 0.01
Hz). Modeling results showed that effects of P-wave velocity on higher modes are reduced to a
negligible level compared with that on the fundamental mode (Xia et al., 2003). In the interval
β1 < cR < α1 ( α1 is P-wave velocity of the top layer), S-wave velocity is more dominant in
higher Rayleigh modes, the character of which is akin to Sv Love modes (Kennett and Clarke,
1983). The high-frequency asymptote for phase velocities of higher Rayleigh modes is the Swave velocity of the top layer (Kennett, 2001, p. 339), and the low-frequency component
approaches the S-wave velocity of the half space for a two-layer model (Ewing et al., 1957, p.
194; also see Aki and Richards, 1980, p. 264). These properties are the same as Love waves. The
cut-off frequencies for Rayleigh waves and Love waves are almost identical at least for the first
four higher modes with a little phase shift (see Figures 16.8 and 16.9, Kennett, 2001).
By knowing the cut-off frequency fn, the high-frequency asymptotes, and the low
frequency asymptotes, we are able to directly estimate the depth to the half space and distinguish
higher modes from calculation artifacts in the f-v domain. Furthermore, we can use the Equation
(5) to cross-check the inverted results. In the following discussion, we will apply Equation (5) to
Rayleigh wave data and assess potential capability in cross-checking inverted models with
modeling data. Equation (5) will also be applied to multi-layer models using the time-weighted
n −1

n −1

i =1

i =1

average velocity ( v = ( ∑ ti vi ) /( ∑ ti ) , ti = zi/vi, where zi is the thickness of the ith layer) to

replace velocities on top of the half space.
A six-layer model (Xia et al., 1999) was used to test the feasibility of applying Equation
(5) to six-layer Love and Rayleigh wave data (Figure 7). The depth to the half space is 12.8 m.
The average S-wave velocity of the layer model (top five layers) is 348.6 m/s. The first three
higher modes are shown in Figure 8. The cut-off frequencies of Love waves are: f1 = 18 Hz, f2 =
33 Hz, and f3 = 49 Hz, and of Rayleigh waves: f1 = 13 Hz, f2= 22 Hz, and f3 = 37 Hz. The average
cut-off frequency is 15.5 Hz for the Love waves (Figure 8a) and 12 Hz for the Rayleigh wave
data (Figure 8b). The average cut-off frequency can be used to check the depth to the half space
with the average velocity by Equation (5). In this case, we obtain 12.7 m with the average cut-off
frequency of the Love wave data and 16.5 m with the average cut-off frequency of the Rayleigh
wave data.
It is interesting to calculate an estimated depth to the half space directly from Equation
(5) based on the high-frequency asymptote and the phase velocity at the lowest frequency of the
first higher mode. For Love waves (Figure 8a), we use β1 = 260 m/s, β 2 = 729 m/s, f1 = 18 Hz,
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so the depth to the half space h = 7.7 m. For Rayleigh waves (Figure 8b), we use β1 = 260 m/s,
β 2 = 702 m/s, f1 = 13 Hz, so the depth to the half space h = 10.7 m.
We also applied Equation (5) to a 14-layer model (Figure 9). The average S-wave
velocity (top 13 layers) is 325.2 m/s. The depth to the half space is 13 m. The first three higher
modes are shown in Figure 10. The cut-off frequencies of Love waves are: f1 = 16 Hz, f2 = 31
Hz, and f3 = 46 Hz and the average is 15 Hz (Figure 10a), and of Rayleigh waves: f1 = 11 Hz, f2=
20 Hz, and f3 = 35 Hz and the average 12 Hz (Figure 10b). For this model, using the average
velocity, we obtain 12.2 m with the average cut-off frequency of the Love wave data and 15.3 m
with the average cut-off frequency of the Rayleigh wave data.
In the real world, if only the first higher mode is available, we would still be able to
utilize the concept of the cut-off frequency in estimating an initial model and cross-checking
inverted models or in finding an average velocity model. An estimated depth to the half space
could directly calculated from Equation (5) based on the high frequency asymptote and the phase
velocity at the lowest frequency of the first higher mode. For Love waves (Figure 10a), we use
β1 = 230 m/s, β 2 = 700 m/s, f1 = 16 Hz, so the depth to the half space h = 7.6 m. For Rayleigh
waves (Figure 10b), we use β1 = 250 m/s, β 2 = 660 m/s, f1 = 11 Hz, so the depth to the half
space h = 12.3 m. From two multi-layer examples, it is interesting to notice that the direct
calculation from Rayleigh waves based on the velocities determined by asymptotes provides
better results than that from Love waves.

Conclusions
Five simple equations can be used as rule of thumb or guidelines in surface-wave
surveys. The first equation suggests surface-impact sources were best source in surface-wave
surveys. The second and third equations show the nearest offset is important in acquisition of
surface wave data. Real data demonstrated the optimum offset may be determined by Equation
(3). In practice, doubling the frequency can double resolution of the dispersion image in the f-v
domain as indicated by Equation (4), but doubling the geophone spread may not necessarily
double resolution of dispersion image. The cut-off frequency equation provides a useful tool in
estimating S-wave velocities of the top layer and the half space and the depth to the half space.
Therefore, the cut-off frequency provides extra information that can be used for generating an
initial model (a depth to the half space) and in cross-checking inverted models.

Acknowledgments
The authors are very grateful to Ronald Kaufmann and Richard Benson of Technos, Inc.
for acquiring data used in the paper. The authors thank Marla Adkins-Heljeson of the Kansas
Geological Survey for her assistance in manuscript preparation.

7
1095

Downloaded 07/04/14 to 129.237.143.16. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

References
Aki, K., and Richards, P.G., 1980, Quantitative seismology: W.H. Freeman and Company, San
Francisco.
Beaty, K.S., and Schmitt, D.R., 2003, Repeatability of multimode Rayleigh-wave dispersion
studies, Geophysics, 68(3), 782-790.
Beaty, K.S., Schmitt, D.R., and Sacchi, M., 2002, Simulated annealing inversion of multimode
Rayleigh wave dispersion curves for geological structure: Geophys. J. Int., 151, 622–631.
Calderon-Macias, C. and Luke, B., 2002, Inversion of Rayleigh wave data for shallow profiles
containing stiff layers: 72nd Ann. Internat. Mtg, Soc. of Expl. Geophys., 1396-1399.
Dal Moro, G., Pipan, M., Forte, E. and Finetti, I., 2003, Determination of Rayleigh wave
dispersion curves for near-surface applications in unconsolidated sediments: 73rd Ann.
Internat. Mtg., Soc. of Expl. Geophys., 1247-1250.
Ewing, W.M., Jardetzky, W.S., and Press, F., 1957, Elastic waves in layered media: McGraw
Hill, New York, Toronto, London.
Forbriger, T., 2003a, Inversion of shallow-seismic wavefields: I. Wavefield transformation:
Geophys. J. Int., 153, 720-734.
Forbriger, T., 2003b, Inversion of shallow-seismic wavefields: II. Inferring subsurface properties
from wavefield transforms: Geophys. J. Int., 153, 735-752.
Hayashi, K., and Hikima, 2003, CMP analysis of multi-channel surface wave data and its
application to near-surface S-wave velocity delineation: Proceedings of the Symposium
on the Application of Geophysics to Engineering and Environmental Problems (SAGEEP
2003), San Antonio, TX, April 6-10, 1348-1355.
Ivanov, J., Park, C.B., Miller, R.D., Xia, J., Hunter, J., Good, R.L., and Burns, R.A., 2000, Joint
analysis of surface-wave and refraction events from river-bottom sediments: Technical
Program with Biographies, SEG, 70th Annual Meeting, Calgary, Canada, 1307-1310.
Kennett, B.L.N., 2001, The Seismic Wavefield (Vol. 1): Introduction and Theoretical
Development: Cambridge University press, New Yrk.
Kennett, B.L.N., and Clarke, T.J., 1983, Seismic waves in a stratified half-space-IV: P-Sv wave
decoupling and surface wave dispersion, Geophys. J. R. Astr. Soc. 72, 633-645.
Lin, C.-P., Chang, T.-S., 2004, Multi-station analysis of surface wave dispersion: Soil Dynamics
and Earthquake Engineering, 24(11), 877-886.
Lin, C.-P., and Chang, C.-C., and Chang, T.-S., 2004, The use of MSASW method in the
assessment of soil liquefaction potential: Soil Dynamics and Earthquake Engineering,
24(9-10), 689-698.
Luke, B. A., Lee, B., Stokoe, K. H., II and Wright, S. G., 1996, Influence of higher modes and
test geometry on SASW measurements under water: 66th Ann. Internat. Mtg, Soc. of
Expl. Geophys., 851-854.
Miller, R.D., and Xia, J., 1999, Seismic surveys at Alabama Electric Cooperative’s proposed
Damascus, Alabama site: Kansas Geological Survey Open-file Report 99-12.
Miller, R.D., Xia, J., Park, C.B., and Ivanov, J., 1999, Multichannel analysis of surface waves to
map bedrock: The Leading Edge, 18, 1392-1396.
Nakano, H., 1925, On Rayleigh waves: Japan. J. Astron. Geophys., 2, 233-326.
Park, C.B., Miller, R.D., and Xia, J., 1996, Multi-channel analysis of surface waves using
Vibroseis (MASWV): Technical Program with Biographies, SEG, 66th Annual Meeting,
Denver, Colorado, 68-71.
8
1096

Downloaded 07/04/14 to 129.237.143.16. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

Park, C.B., Miller, R.D., and Xia, J., 1998, Imaging dispersion curves of surface waves on multichannel record: Technical Program with Biographies, SEG, 68th Annual Meeting, New
Orleans, Louisiana, 1377-1380.
Park, C.B., Miller, R.D., and Xia, J., 1999a, Multi-channel analysis of surface waves:
Geophysics, 64(3), 800-808.
Park, C.B., Miller, R.D., and Xia, J., 1999b, Detection of near-surface voids using surface wave:
Proceedings of the Symposium on the Application of Geophysics to Engineering and
Environmental Problems (SAGEEP 99), Oakland, CA, March 14-18, 281-286.
Park, C.B., Miller, R.D, Xia, J., Ivanov, I., Hunter, J.A., Good, R.L., and Burns, R.A., 2000,
Multichannel analysis of underwater surface waves near Vancouver, B.C., Canada:
Technical Program with Biographies, SEG, 70th Annual Meeting, Calgary, Canada,
1303-1306.
Rix, G.J., and Leipski, A.E., 1991, Accuracy and resolution of surface wave inversion: Recent
Advances in Instrumentation, Data Acquisition and Testing in Soil Dynamics:
Geotechnical Special Publication No. 29, ASCE, 17-23.
Ryden, N., Park, C.B., Ulriksen, P., and Miller, R.D, 2004, Multimodal approach to seismic
pavement testing: Journal of Geotechnical and Geoenvironmental Engineering, v. 130
(6), 636-645.
Steeples, D.W., Baker, G.S., and Schmeissner, C., 1999, Toward the autojuggie: Planting 72
geophones in 2 sec: Geophysical Research Letters, 26, 1085-1088.
Stokoe II, K.H., and Nazarian, S., 1983, Effectiveness of ground improvement from spectral
analysis of surface waves: Proceeding of the Eighth European Conference on Soil
Mechanics and Foundation Engineering, Helsinki, Finland.
Stokoe II, K. H., Rix, G. J., and Nazarian, S., 1989, In situ seismic testing with surface wave:
Processing, XII International Conference on Soil Mechanics and Foundation
Engineering, 331-334.
Tian, G., Steeples, D.W., Xia, J., and Spikes, K.T., 2003a, Useful resorting in surface wave
method with the autojuggie: Geophysics, 68(6), 1906-1908.
Tian, G., Steeples, D.W., Xia, J., Miller, R.D., Spikes, K.T., and Ralston, M.D., 2003b,
Multichannel analysis of surface wave method with the autojuggie: Soil Dynamics and
Earthquake Engineering, 23(3), 243-247.
Xia, J., Miller, R.D., and Park, C.B., 1997, Estimation of shear wave velocity in a compressible
Gibson half-space by inverting Rayleigh wave phase velocity: Technical Program with
Biographies, SEG, 67th Annual Meeting, Dallas, TX, 1917-1920.
Xia, J., Miller, R.D., and Park, C.B., 1998, Construction of vertical section of near-surface shearwave velocity from ground roll: Technical Program, The Society of Exploration
Geophysicists and The Chinese Petroleum Society Beijing 98 International Conference,
29-33.
Xia, J., Miller, R.D., and Park, C.B., 1999, Estimation of near-surface shear-wave velocity by
inversion of Rayleigh wave: Geophysics, 64(3), 691-700.
Xia, J., Miller, R.D., and Park, C.B., 2000a, Advantage of calculating shear-wave velocity from
surface waves with higher modes: Technical Program with Biographies, SEG, 70th
Annual Meeting, Calgary, Canada, 1295-1298.
Xia, J., Miller, R.D., Park, C.B., Hunter, J.A., and Harris, J.B., 2000b, Comparing shear-wave
velocity profiles from MASW with borehole measurements in unconsolidated sediments,

9
1097

Downloaded 07/04/14 to 129.237.143.16. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

Fraser River Delta, B.C., Canada: Journal of Environmental and Engineering Geophysics,
5(3), 1-13.
Xia, J., Miller, R.D., Park, C.B., Hunter, J.A., Harris, J.B., and Ivanov, J., 2002a, Comparing
shear-wave velocity profiles from multichannel analysis of surface wave with borehole
measurements: Soil Dynamics and Earthquake Engineering, 22(3), 181-190.
Xia, J., Miller, R.D., Park, C.B., Wightman, E., and Nigbor, R., 2002b, A pitfall in shallow
shear-wave refraction surveying: Journal of Applied Geophysics, 51(1), 1-9.
Xia, J., Miller, R.D., Park, C.B., and Tian, G., 2002c, Determining Q of near-surface materials
from Rayleigh waves: Journal of Applied Geophysics, 51(2-4), 121-129.
Xia, J., Miller, R.D., Park, C.B., and Tian, G., 2003, Inversion of high frequency surface waves
with fundamental and higher modes: Journal of Applied Geophysics, 52(1), 45-57.
Xia, J., Chen, C., Tian, G., Miller, R.D., and Ivanov, J., in review, Resolution of high-frequency
Rayleigh wave data: Journal of Environmental and Engineering Geophysics, Special issue
on Seismic Surface Waves.
Xia, J., Chen, C., Li, P.H., and Lewis, M.J., 2004a, Delineation of a collapse feature in a noisy
environment using a multichannel surface wave technique: Geotechnique, 54(1), 17-27.
Xia, J., Miller, R.D., Park, C.B., Ivanov, J., Tian, G., and Chen, C., 2004b, Utilization of highfrequency Rayleigh waves in near-surface geophysics: The Leading Edge, 23(8), 753759.
Yilmaz, O., and Eser, M., 2002, A unified workflow for engineering seismology: Technical
Program with Biographies, SEG, 72nd Annual Meeting, Salt Lake City, UT, 1496-1499.
Zhang, S.X., Chan, L.S., and Xia, J., 2004, The selection of field acquisition parameters for
dispersion images from multichannel surface wave data: Pure and Applied Geophysics,
161, 185-201.

10
1098

Downloaded 07/04/14 to 129.237.143.16. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

500 m/s at 25 Hz

180 m/s

∆d

b
a

Figure 1. (a) Raw Rayleigh wave data acquired at Virginia Key, Florida, with the nearest
offset of 4.5 m. (b) Dispersion image of the data (a) in the f-v domain. ∆d is a measure of
resolution (sharpness) of dispersion image.

b
a

Figure 2. (a) Raw Rayleigh wave data acquired at Virginia Key, Florida, with the nearest
offset of 3 m that is determined by Equation (3). (b) Dispersion image of the data (a) in the
f-v domain. The double-end arrow is 10% shorter than the one in Figure 1b.
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Figure 3. (a) Raw Rayleigh wave data acquired at well FD92-11 (Xia et al., 2000b) and their
dispersion image in the f-v domain (b). The double-end arrow indicates (a) and (b) is a pair of
results. (c) Only even traces of (a) used to generate their dispersion image (d) so the geophone
spread is the same as (a) but the geophone interval is doubled. Both double-end arrows in (b)
and (d) in 10 Hz are the same length. The double-end arrow at 20 Hz is one half of one at 10
Hz. (e) The 30 nearer traces from the source were used to generate their dispersion image (f)
so the geophone spread is one half of that used in (a) but the geophone interval is the same as
in (a). (g) The 30 further traces from the source were used to generate their dispersion image
(h) so the geophone spread is one half of that used in (a) but the geophone interval is the same
as in (a). Both double-end arrows in (f) and (h) are 50% longer than arrows in (b) and (d) at 10
Hz.
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Figure 4. (a) Raw Rayleigh wave data acquired at well FD97-2 (Xia et al., 2000b) and their
dispersion image in the f-v domain (b). The double-end arrow indicates (a) and (b) are a pair
of results. (c) The 30 nearer tracers from the source in (a) were used to generate their
dispersion image (d) so the geophone spread is one half of (a) but the geophone interval is the
same as (a). The length of the double-end arrow at 10 Hz in (d) is 75% longer than that in (b).
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c

Figure 5. (a) Raw Rayleigh wave data acquired at well FD97-7 (Xia et al., 2000b) and their
dispersion image in the f-v domain (b). The double-end arrow indicates (a) and (b) are a pair
of results. (c) The 30 nearer tracers from the source in (a) were used to generate their
dispersion image (d) so the geophone spread is one half of (a) but the geophone interval is the
same as (a). The length of the double-end arrow at 3.7 Hz in (d) is 50% longer than that in (b).
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Figure 6. (a) A two-layer
model. (b) Love wave
response up to the third
higher mode of a two-layer
model. (c) Rayleigh wave
response up to the third
higher mode of the two-layer
model.
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Figure 7. A six-layer model (Xia et al., 1999).
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Figure 8. (a) Love wave
response up to the third
higher mode of the six-layer
model in Figure 7. (b)
Rayleigh wave response up to
the third higher mode of the
six-layer model in Figure 7.
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Figure 9. A 14-layer model.
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Figure 10. (a) Love wave
response up to the third higher
mode of the 14-layer model in
Figure 9. (b) Rayleigh wave
response up to the third higher
mode of the 14-layer model in
Figure 9.

