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Abstract

The surface wave (S-wave) method has gained popularity in engineering practice for determining S-wave velocity depth profiles.

A growing trend is towards the application of S-wave testing for spatially 2-D S-wave velocity tomography, ignoring the assumption of

horizontally layered medium. A fourth-order velocity-stress finite difference method is used to perform numerical simulations of S-wave

testing in earth models with lateral variation. Results show that the lateral heterogeneity induces a non-stationary property in the space

domain, resulting in false depth-related dispersion or higher modes if conventional approach based on stationary assumption is used for

the dispersion analysis. Artifacts maybe introduced in spatially 2-D S-wave velocity imaging if the effect of lateral heterogeneity is not

accounted for. As a potential countermeasure, a high-lateral-resolution S-wave method is proposed to reduce the effect of lateral

heterogeneity while maintaining the resolution and depth range of dispersion analysis. It consists of a walk-away survey and a phase-

seaming procedure when synthesizing seismograms with different nearest source-to-receiver offset, allowing wide-wavelength dispersion

analysis within a small spatial range. The proof of concept is given with several numerical examples. They show that the high-resolution

S-wave method can greatly alleviate the effect of lateral heterogeneity and increase spatial resolution.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Seismic surface wave (S-wave) profiling is gaining
popularity in engineering practice for determining shear-
wave velocity profile [1,2]. The main advantage of S-wave
methods is essentially related to its non-destructive and
non-invasive nature that allows the characterization of
hard-to-sample soils without the need for boreholes that
makes the subsurface seismic methods (such as down-hole
and cross-hole methods) expensive and time consuming. S-
wave testing is not affected by sample disturbance or
insertion effects and is capable of sampling a representative
volume of the ground even in difficult materials such as
fractured rock or gravelly deposit. Based on the S-wave
velocity profile or spectral amplitude obtained from S-wave
testing, the method has been successively applied to various
problems, such as profiling sub-ground stiffness [3],
e front matter r 2006 Elsevier Ltd. All rights reserved.
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delineating potential liquefaction area [4], evaluating
thickness and condition of pavement [5,6], evaluating
efficiency of soil improvement [7], characterizing waste
disposal site [8,9] and detecting underground objects [10].
S-wave methods are based on the dispersive nature of

Rayleigh (or Love) waves in vertically heterogeneous
media. The variation of S-wave-phase velocity with
frequency results from the variation of S-wave velocity
with depth. The dispersion curve is experimentally deter-
mined from the wave field data related to the propagation
of a perturbation generated by a dynamic source and
recorded by geophones or accelerometers on the ground
surface. A subsequent inversion process, based on the
numerical simulation of wave propagation in layered
media, leads to an estimate of the S-wave velocity profile.
S-wave testing in geotechnical engineering have been for a
long time associated to the two-station setup used in the
spectral analysis of surface wave (SASW) method [e.g.,
11–13]. To improve inherent difficulties in evaluating
and distinguishing signal from noise with only a pair of
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Fig. 1. Illustration of the finite-difference mesh used for computing the

synthetic seismograms of surface wave testing.
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receivers by this method, new techniques incorporating
multi-station receivers and 2-D wavefield transformation,
named as the multi-station analysis of surface wave
(MASW), were developed [e.g., 14–17]. This method
simplifies the testing procedure and the data analysis is
better automated. While improvements on MASW method
are continued to be studied, especially in the inversion
phase, engineering applications utilizing MASW method
are growing rapidly in recent years. A growing trend is
towards the application of MASW for spatially 2-D S-wave
velocity imaging [e.g., 4,18–22]. However, S-wave methods
assume that the propagation medium is horizontally
layered. This assumption is inherent to the inverse problem
required during dispersion curve interpretation. Using a
1-D profiling method to map 2-D structure may be justified
if the survey line is short relative to the lateral variation.
But MASW typically requires long receiver spread in order
to have enough depth coverage. The accuracy and lateral
resolution of 2-D S-wave velocity imaging by S-wave is
questionable.
MASW has been used to map lateral variation of S-wave

velocity overlooking the assumption of horizontally
layered medium. Little work has been done regarding the
effect of lateral heterogeneity on S-wave testing. As a first
approach to this problem, finite difference method is used
to compute synthetic seismograms of S-wave testing for
two simple earth models with lateral heterogeneity. The
effects and implications of lateral heterogeneity on S-wave
dispersion are discussed. As a countermeasure, a newly
developed method, called high-lateral-resolution S-wave
method, is proposed to reduce the effect of lateral
heterogeneity. The effectiveness of the countermeasure is
assessed by numerical simulations.

2. Methods

2.1. Finite difference simulations of surface wave testing

The 2-D, fourth-order, staggered-grid, velocity-stress
finite difference method developed by Levander [23] was
used to compute seismograms for earth models with lateral
heterogeneity. Instead of using the wave equation which is
a second-order hyperbolic system, the staggered-grid,
velocity-stress scheme utilizes the equations of motion
and Hooke’s Law and applies time derivative to Hooke’s
Law to form a coupled first-order partial differential
equations. The scheme is second-order accurate in time and
fourth-order accurate in space.
Four boundary conditions need to be specified: one free

surface condition and three radiation conditions for
simulating the infinite earth. For the free surface, image
method [24] is used, in which velocity is simply set equal to
zero everywhere above the free surface. For radiation
conditions at two sides and bottom, absorbing technique
introduced by Cerjan et al. [25] is applied to reduce the
reflections from the boundaries. The absorbing technique
applies a window function, at each time step, which tapers
the amplitudes from 1 toX0.92 across the boundary zone.
The stability condition for the numerical scheme, according
to Levander [23], is

Dto
6

7
ffiffiffi
2

p
h

Vp max
, (1)

where Dt is the time step, h is the grid spacing, and Vpmax is
the maximum P-wave velocity. In addition, to minimize the
effects of grid dispersion and grid anisotropy, the grid
spacing should be smaller than one-fifth of the shortest
wavelength of interest,

ho
lSmin
5

, (2)

where lSmin is the shortest (S-wave) wavelength of interest.
Typical experimental configurations are used to simulate

the seismograms recorded by MASW tests. The first
derivative of the Gaussian function is taken as the normal
stress point source applied to the free surface. As a first
approach, parametric studies were performed on two
simple earth models, one showing a two-layer vertical
structure and the other simulating a vertical fault in a near-
surface setting. The earth models, although simple, can
clearly illustrate the effect of lateral velocity variation on
the S-wave dispersion. They are also used to test the
performance of the newly proposed countermeasure. Fig. 1
shows the finite difference mesh whereas the parameters
used for calculations are listed in Table 1. The study zone is
placed at the center of the mesh. Although absorbing
boundary has been applied, the size of the mesh is extended
to avoid any S-wave reflections from the boundaries within
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Table 1

Parameters used for the 2-D finite difference modeling

Parameter Value

Nx (cells) 1200

Ny (cells) 600

Nt (steps) 4096

h (m) 0.5

Dt (s) 0.00024

Source Wavelet g(t) ¼ �2at exp(�at2)

a 2500

b (cells) 60
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the recording time. Only the vertical components of the
velocities at the geophone locations are recorded, thus
simulating the typical S-wave testing. The stress–time
relation of the source function is also shown in Fig. 1. It
is continuous and smooth both in time domain and
frequency domain to ensure numerical stability. Changing
the parameter of the source function would only affect the
frequency content of resulting synthetic seismograms. The
small pulse width was used to have a wide frequency
bandwidth.

2.2. Analysis of surface wave dispersion

To avoid further complication and uncertainty involved
during S-wave velocity inversion, the effect of lateral
heterogeneity is investigated on the dispersion character-
istics of S-wave. Various algorithms of wavefield transfor-
mation exist for analysis of S-wave dispersions, such as p–f

(slowness–frequency) transform [26], f–k (frequency–wave-
number) transform [27], and f–v (frequency–velocity)
transform [28]. It will be shown that these transforms are
equivalent and a unified algorithm is introduced in which
the wavefield can be transformed into f–k, f–p, f–v, or f–l
(frequency–wavelength) domain. The algorithm starts with
a discrete Fourier transform (DFT) of the multi-station
data u(tm, xn) in the time domain

Uðf i;xnÞ ¼
1

M

XM�1

m¼0

uðtm;xnÞ expð�j2pf itmÞ, (3)

where u is the velocity recorded by the receivers, U is the
real part of the DFT of u, j ¼

ffiffiffiffiffiffiffi
�1

p
, tm ¼ mDt, fi ¼ iDf ¼

i/[(M�1)Dt], and xn ¼ nDx. The subscripts i, n, and m in
Eq. (3) are integer indices to represent respectively discrete
points in the frequency, space, and time domain. For each
frequency component, the wavefield U(fi, x) becomes a
harmonic function of space. The wavenumber k can be
determined from the wavenumber analysis (spectral analy-
sis in space). The wavenumber analysis of the multi-station
signals can be performed using the discrete-space Fourier
transform

Y ðf i; kÞ ¼
XN�1

n¼0

Uðf i; xnÞ expð�j2pkxnÞ, (4)
where Y(fi, k) represents the wavefield in the frequency–
wavenumber domain. For a fixed space coordinate (x), the
wavenumber (k) can take positive value or negative value,
each representing the forward and backward propagating
wave depending on the source location.
The discrete-space Fourier transform is different from

the DFT in that the wavenumber remains continuous but
the fast algorithm (FFT) cannot be used [29]. The number
of receivers is typically much less than the number of
samples in the time domain. The discrete-space Fourier
transform rather than DFT is used in the space domain, so
that the resolution in the wavenumber domain can be
arbitrarily chosen. The wavenumber {k} of the S-wave
can be identified at the peaks of the amplitude spectrum of
Y(fi, k). The phase velocity is then determined by the
definition v ¼ 2pf/k. Spectra in other domains can be
derived from Eqs. (3) and (4) by simply changing the
variable k ¼ 2� pfp for the frequency–slowness domain,
k ¼ 2� pf/v for the frequency–velocity domain, or
k ¼ 2� pf/l for the frequency–wavelength domain. For
example, the frequency–velocity (f–v) transform can be
obtained as

Y ðf i; vÞ ¼
XN�1

n¼0

Uðf i;xnÞ exp �j
2pf i

v
xn

� �
; (5)

where Y(fi, v) represents the wavefield in the frequency–
velocity domain. This algorithm is used to process the
synthetic seismograms and the amplitude spectrum of the
2-D transform is presented in f–v domain.
3. Results and discussion

3.1. Effect of lateral heterogeneity

Fig. 2a depicts a simplified earth model used to generate
a seismogram to illustrate the effect of lateral hetero-
geneity. The earth model consists of two vertical layers.
The S-wave velocity of the softer material to the left is
260m/s and the stiffer material to the right has a S-wave
velocity equal to 530m/s. Seventy geophones with 1-m
interval are spread out at the vertical interface. The
resultant seismogram, shown in Fig. 2b, reveals two
apparent phenomena. The distance-arrival time curve to
the left and right of the vertical interface has distinct slopes
and the geophones to the left of the vertical interface
records backward-propagated reflected waves. By taking
Fourier transforms of the wavefield u(tm, xn) with respect to
time (i.e. applying Eq. (3)), Fig. 2c presents the spectral
amplitude of U(fi, xn) as a function of frequency and
source-to-receiver offset. The predominant frequencies are
similar at both sides, but the amplitude spectra at the left
side of the vertical interface has a oscillated feature due to
the interference of reflected waves. Therefore, the spectral
amplitude U(fi, xn) may serve as a simple tool to detect
presence of lateral variation. Fig. 2d shows the real part
of the transformed wavefield U(fi, xn) as a function of
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Fig. 2. A simple example illustrating the effect of lateral heterogeneity on surface wave testing (a) two-layer vertical structure representing a simplified case

of lateral variation in elastic properties, (b) synthetic seismogram of surface wave testing, (c) spectral amplitude as a function of frequency and source-to-

receiver offset, (d) real part of the transformed wavefield as a function of source-to-receiver offset at three frequencies components (20, 40, and 70Hz).
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source-to-receiver offset for three frequency components
(20, 40, and 70Hz). Apparently, the signal to the left of the
vertical interface integrates the forward and backward
propagating waves with a shorter wavelength, while the
signal to the right of the vertical interface shows a forward-
propagating wave with a longer wavelength. Fig. 2d clearly
reveals that the lateral heterogeneity induced non-station-
ary property in the space domain. As a consequence, the
wavelength of S-wave is not only a function of frequency
but also a function of source-to-receiver offset.
If only 24 geophones are used in the field for data

acquisition, as is the case for many practical applications,
the dispersion analysis is expected to depend on the
location of the geophone spread. Fig. 3 shows the f–v

amplitude spectra for three different locations of geophone
spread near the vertical interface. The non-stationary
property due to lateral heterogeneity results in ‘‘false’’
dispersion or higher modes if conventional approach based
on stationary assumption is used for dispersion analysis.
The degree of influence on the dispersion curve depends
not only on the location of the geophone spread but also
on the frequency or wavelength, with lower frequency (i.e.
higher wavelength) component deviating from uniform
dispersion more. When making the horizontally layered
assumption during inversion as usual, the lateral variation
of S-wave velocity will be falsely recognized as the vertical
variation, hence producing artifacts in 2-D S-wave velocity
imaging.
Fig. 4a depicts a two-layer step structure to simulate a

vertical fault in a near-surface setting. While the two-layer
vertical structure (Fig. 2a) represents a simple case of
lateral variation in elastic properties, the two-layer step
structure (Fig. 4a) is used to illustrate the effect of lateral
variation in layer thickness. The vertical step is located at
the center point of a 70-geophone spread. All the modeling
parameters are the same as in the two-layer vertical
structure. The resulting seismogram, as shown in Fig. 4b,
also shows distinct waveforms at different sides of the
vertical step. However, no backward-propagated reflected
wave can be visualized in the seismogram. The amplitude
spectrum in the frequency–space domain (Fig. 4c) reveals a
shift in the dominant frequencies. The dominant frequen-
cies increase as the thickness of the first layer (low-velocity
layer) decreases. It appears that the first step of the
wavefield transformation (Eq. (3)) can be used as a
first approach to detect major lateral variation of earth
structure within the geophone spread, as shown in Figs. 2c
and 4c. Fig. 4d presents the real part of the transformed
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Fig. 3. Effect of lateral heterogeneity on MASW dispersion analysis (a) three cases of geophone spread near the vertical interface of the two-layer vertical

structure (b–d) f–v amplitude spectra for each case.
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wavefield as a function of source-to-receiver offset for three
frequency components (20, 40, and 70Hz). The signals to
the left and right sides of the vertical step have different
apparent wavelengths only at lower frequencies, in which
the corresponding wavelength is greater than the upper
block depth. This is consistent with the fact that the lateral
variation takes places only beyond a certain depth. Non-
stationary property is manifested when the wavelength is
greater than such depth and becomes more obvious with
greater wavelength. But the non-stationary property will
eventually become weaker as the wavelength becomes
significantly larger than the thickness of the top layer since
the lower half space remains homogeneous.
Fig. 5 shows the f–v amplitude spectra for three different

locations of a conventional 24-geophone spread in the two-
layer step structure. The S-wave ‘‘samples’’ the earth with a
sampling depth approximately equal to one wavelength.
The phase velocity represents some integrated and
weighted average of the S-wave velocities within the
sampled depth. The sampling weighting for shallow depth
is much higher than for deep depth. Hence, the lateral
variation in Rayleigh-wave phase velocity is much less
dramatic than lateral variation in the first-layer thickness.
In such a case, the experimental dispersion curve appears
to change smoothly from the case of lower block to upper
block. As observed from Figs. 3 and 5, the dispersion curve
obtained from the MASW method reflects not only the
vertical variation but also the lateral variation in an earth
model. Vertical heterogeneity causes frequency dependency
while lateral heterogeneity causes space dependency to the
Rayleigh-wave velocity. Inherent to the S-wave propaga-
tion, variations of Rayleigh-wave velocity in the frequency
and space domain are both more sensitive to heterogeneity
in shallow depths than in large depths.

3.2. A Countermeasure: high-lateral-resolution surface wave

method

The assumption of horizontally layered medium is
inherent to the inverse problems required for estimating
the S-wave velocity profiles from dispersion curves. The
velocity dispersion due to lateral heterogeneity in a MASW
test will be misinterpreted as vertical variation of S-wave
velocity. To minimize the effect of lateral heterogeneity on
the estimation of depth–velocity profile, one might think
of reducing the geophone spread. However, the geophone
spread in a MASW test should be sufficiently long for
two reasons: (a) to reduce spectral leakage and (b)
distinguish between fundamental mode and possible higher
modes [17]. The wavefield recorded during S-wave testing is
truncated by the geophone spread. Consequently, the
maximum wavelength where the velocity can be accurately



ARTICLE IN PRESS

Fig. 4. Example illustrating the effect of lateral heterogeneity on surface wave testing (a) two-layer step structure representing a simplified case of lateral

variation in layer thickness, (b) synthetic seismogram of surface wave testing, (c) spectral amplitude as a function of frequency and source-to-receiver

offset, (d) real part of the transformed wavefield as a function of source-to-receiver offset at three frequencies components (20, 40, and 70Hz).
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determined is proportional to the geophone spread. For
deposits with S-wave velocity varying irregularly with
depth, even longer geophone spread may be required to
separate fundamental mode from higher mode(s). In a
multi-mode S-wave propagation, the experimental disper-
sion curve obtained from a short geophone spread
represents the location-dependent apparent dispersion
curve [17], which may be different from modal dispersion
curves. Therefore, a long geophone spread is critical to
ensure the fundamental modal dispersion curve is correctly
obtained. As a consequence, within the long geophone
spread in a MASW test, the assumption of horizontally
layered medium is often violated.
The non-stationary property in the space domain due to

lateral heterogeneity may be analyzed by non-stationary
signal processing techniques, such as band-pass filters and
wavelet transforms. However, the trade-off between the
wavenumber (spatial frequency) and spatial resolution
limits its applicability. While a small spatial window is
desired for detecting lateral variation with high spatial
resolution, good wavenumber resolution requires large
spatial window. An alternative countermeasure, named the
high-lateral-resolution S-wave method, is proposed to
reduce the effect of lateral heterogeneity and increase
lateral resolution. It is based on conducting the field survey
and collecting the data in a special manner. As an example
to explain the high-lateral-resolution S-wave method,
Fig. 6 shows a survey line deploying three geophones with
spacing Dx, geophone spread L, and nearest source-to-
receiver offset X0. Multiple shots are recorded with shot
interval equal to geophone spread L such that the farthest
source-to-receiver offset of the preceding shot is equal to
the nearest source-to-receiver offset of the subsequent shot.
The offset range is initially from X0 to (X0+L) when using
the conventional multi-station configuration. After three
consecutive walk-away shots, all collected field data can be
synthesized into one seismic record according to the
source-to-receiver offset. The synthesized seismogram has
an extended offset range from X0 to (X0+3L). If the
number of shots is significantly greater than the number of
geophones, the shots and geophones can be interchanged
to increase the survey efficiency (Fig. 7).
Lateral variation of the stratum might induce static

errors when synthesizing seismic records from different
shots. For example, Fig. 8a shows a walk-away test on the
two-layer vertical structure. Although, the last trace of the
first shot and the first trace of the second shot have the
same source-to-receiver offset, they have different phase
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Fig. 5. Effect of lateral heterogeneity on MASW dispersion analysis (a) three cases of geophone spread near the vertical step of the two-layer step structure

(b–d) f–v amplitude spectra for each case.

Fig. 6. Illustration of the high-lateral-resolution surface wave method.
Fig. 7. Unwrapped phase angle at f ¼ 65Hz vs. source-to-receiver offset

for Case a shown in Fig. 8a, illustrating the ‘‘phase-seaming procedure’’

associated with the high-lateral-resolution surface wave method.
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delays due to lateral heterogeneity (i.e. lateral variation in
Rayleigh-wave velocity). This can be observed from Fig. 9a
(the synthetic seismogram for the case shown in Fig. 8a)
that the last trace of the first shot and the first trace of the
second shot have different arrival times in S-wave packets.
If simply synthesizing the seismic records according to the
source-to-receiver offset, a static phase error may be
induced between different shots. This is illustrated by the
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Fig. 8. Various cases used for numerical simulations of the high-lateral-resolution surface wave method in the two-layer vertical structure.
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circles in Fig. 7, in which the unwrapped angles are plotted
against source-to-receiver offset for frequency f ¼ 65Hz.
The lateral heterogeneity results in a phase difference in the
same source-to-receiver offsets of two consecutive shots.
This static error is in general frequency dependent. An
additional data reduction procedure associated with the
high-lateral-resolution S-wave method is required when
static errors are present. At each frequency, the static phase
error between the last waveform of the preceding shot and
the first waveform of the subsequent shot is first
determined. The static error is then deducted from all
traces of the subsequent shot. By doing so, the static error
can be corrected as shown by the asterisks in Fig. 7. This
data reduction procedure is named as the ‘‘phase-seaming
procedure.’’ It is applied when static errors occur.
The length of survey line L and the nearest source-to-

receiver offset X0 are two most intangible but important
parameters in a conventional field configuration due to
near-field effect, far-field effect, and multiple modes. Using
the high-lateral-resolution S-wave method, one can deter-
mine the Dx according to the shallowest depth of interest
and let X0 ¼ Dx. The lateral spatial resolution of interest
then determines the parameter L. The field survey gathers
as many walk-away shots as possible depending on the
space available and S-wave attenuation. The high-lateral-
resolution S-wave method reduces the effect of lateral
heterogeneity while maintaining the resolution and depth
range of dispersion analysis. It establishes an expansive
offset range in the same spatial range by synthesizing
seismic records with different nearest source-to-receiver
offsets.

3.3. Numerical simulation of high-lateral-resolution surface

wave method

To assess the effectiveness of the high-lateral-resolution
S-wave method, a few examples shown in Fig. 8 for the
two-layer vertical structure and in Fig. 10 for the two-layer
step structure were numerically simulated. In these cases,
the geophone spread consists of 6 geophones with 1-m
geophone spacing, resulting in only 5m of offset range in a
single shot. Different locations of geophone spread and
seismic source are chosen to test the performance in
different scenarios. As shown in Figs. 8 and 10, Case a and
b represents the geophone spread near the vertical interface
but on different sides; Case b and c are used to investigate
the effect of shot direction; Case b and d are related to the
distance of the geophone spread from the vertical interface.
Nine shots were used and the resultant synthesized
geophone spread is 45m.
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Fig. 9. Synthetic shot gathers and f–v amplitude spectra from the synthesized records for (a, b) Case a, (c, d) Case b, (e, f) Case c, and (g, h) Case d of the

two-layer vertical structure.
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Fig. 9 shows the first four shot gathers and the f–v

magnitude spectra of the synthesized records for Case a, b,
c, and d of the two-layer vertical structure. The theoretical
dispersion curves for each of the vertical layer are
represented by solid lines and the experimental dispersion
curve represented by circles. The frequency range selected
to represent the theoretical dispersion curve is based on the
frequency range that is not affected by numerical disper-
sion. By applying the high-lateral-resolution S-wave
method, the experimental dispersion curve is much more
representative of the dispersion characteristics of the
stratum beneath the 5m geophone spread. Some differ-
ences still occur when the sources and receivers are on
different sides with respect to the interface, as shown in
Case a and c. The differences may be explained by the near
field effect. In these cases, the first geophone is only 4m
away from the vertical interface even though sources are at
least 15m away. The vertical interface acts as a new source
location, causing near field effect to the experimental
dispersion curve. The near field effect in Case a is more
prominent than in Case c because the layer underneath the
geophone spread in Case a has a higher velocity and hence
larger wavelength than in Case c. In Case b and d, where
the sources and receivers are on the same side with respect



ARTICLE IN PRESS

Fig. 10. Various cases used for numerical exercises of the high-lateral-resolution surface wave method in the two-layer step structure.
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to the interface, the experimental dispersion curves match
the theoretical values extremely well. The result is not
affected by the distance between the geophone spread and
the interface. The spatial resolution is therefore enhanced
by applying the high-lateral-resolution S-wave method.
Similarly, Fig. 11 shows the first four shot gathers and

the f–v magnitude spectra of the synthesized records for
Case a, b, c, and d of the two-layer step structure. Using the
high-lateral-resolution S-wave method, the dispersion
curves obtained for all four cases correctly reflect the
dispersion curve of the earth structure underneath the 5m
geophone spread. Some discrepancy is noted for Case c,
which may be explained by the near field effect due to
diffraction at the corner edge. As shown in Figs. 9 and 11,
both exercises demonstrate that the high-lateral-resolution
S-wave method can greatly alleviate the effect of lateral
heterogeneity and increase spatial resolution. When the
conventional MASW method is used, a long geophone
spread is required to have enough depth coverage. A large
area will be affected by the lateral heterogeneity, as shown
in Figs. 3 and 5. On the contrary, only a small area is
affected by the lateral heterogeneity in the high-lateral-
resolution S-wave method. It should be noted that,
however, results similar to Figs. 3 and 5 will be obtained
when the short survey line is right across the vertical
structures. This implies that there is an abrupt lateral
variation of earth structure within that short distance. In
most cases, the assumption of a horizontally layered
medium is better justified when the geophone spread is
within a small range.

4. Conclusions

MASW has been increasingly used to map not only the
vertical variation but also the lateral variation of S-wave
velocity ignoring the assumption of a horizontally layered
medium. This paper discusses the effect of lateral hetero-
geneity on the conventional dispersion analysis of S-wave
by means of numerical simulations. Results show that the
lateral heterogeneity induces a non-stationary property in
the space domain, resulting in false depth-related disper-
sion or higher modes if conventional approach based on
stationary assumption is used for the dispersion analysis.
When making usual assumption of a horizontally layered
medium during inversion, the lateral variation of S-wave
velocity will be falsely recognized as the vertical variation,
hence introducing artifacts in 2-D S-wave velocity imaging.
A countermeasure, named here the high-lateral-resolution
S-wave method, is proposed to reduce the effect of lateral
heterogeneity while maintaining the resolution and depth
range of dispersion analysis. It consists of a walk-away
survey and a phase-seaming procedure for allowing wide-
wavelength dispersion analysis within a small spatial range.
The sources and receivers are deployed in such a way that
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Fig. 11. Synthetic shot gathers and f–v amplitude spectra from the synthesized records for (a, b) Case a, (c, d) Case b, (e, f) Case c, and (g, h) Case d of the

two-layer step structure.
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the farthest source-to-receiver offset of the preceding shot
is equal to the nearest source-to-receiver offset of the
subsequent shot. A phase-seaming procedure is devised to
correct potential static errors when synthesizing the seismic
records with different nearest source-to-receiver offsets.
Numerical simulations show that the high-lateral-resolu-
tion S-wave method can greatly alleviate the effect of
lateral heterogeneity and increase spatial resolution. As a
first attempt to clearly illustrate the effect of lateral
heterogeneity, the earth model used in this study maybe
over simplified. Other more complex cases will be
investigated in future studies. The high-lateral-resolution
S-wave method still assumes a horizontally layered
medium. It may be a time to start thinking in terms of
direct 2-D modeling and inversion in S-wave testing
applications.
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