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ABSTRACT

We examine subsurface conditions and survey parameters
suitable for successful exploitation of Love waves in near-
surface investigations. Love-wave generation requires the
existence of a low shear-velocity surface layer.We examined
theminimum thickness of the near-surface layer necessary to
generate and record usable Love-wave data sets in the fre-
quency range of 5–50 Hz.We acquired field data on a hillside
with flat-lying limestone and shale layers that allowed for the
direct testing of varying overburden thicknesses as well as
varying acquisition geometry. The resulting seismic records
and dispersion images were analyzed, and the Love-wave
dispersion relation for two layers was examined analytically.
We concluded through theoretical and field data analysis that
a minimum thickness of 1 m of low-velocity material is
needed to record usable data in the frequency range of inter-
est in near-surface Love-wave surveys. The results of this
study indicate that existing guidelines for Rayleigh-wave
data acquisition, such as receiver interval and line length, are
also applicable to Love-wave data acquisition.

INTRODUCTION

Surface-wave methods are a subset of near-surface seismic tech-
niques. First introduced for near-surface applications in the 1950s
�Jones, 1958�, surface-wave methods became viable along with
more conventional near-surface seismic techniques, i.e., reflection
and refraction, in the early 1980s �Steeples, 2005�. Since that time,
surface-wave methods have improved and expanded from the spec-
tral analysis of surface waves �SASW� �Nazarian et al., 1983� to
multichannel analysis of surfacewaves �MASW� �Park et al., 1999�;
the latter includes procedures for both passive and active sources
�Park et al., 2007� as well as methods of utilizing higher-mode ener-
gy �Xia et al., 2000a�.
To date, surface-wave techniques have focused mostly on the ac-

quisition and inversion of Rayleigh-wave data. A strong foundation

of theoretical and field studies has proven thesemethods reliable and
useful in many geotechnical and environmental applications �Xia et
al., 2000b; Miller et al., 1999a; Miller et al., 1999b�. Very limited
work on the use of Love waves has been reported in the literature
�Lee andMcMechan, 1992; Li, 1997�.
Love waves are seldom used in near-surface investigations be-

cause of the relative difficulty in systematically producing a shear-
wave signal and because they require horizontal geophones. Love
waves typically are considered an unwanted signal in near-surface
shear-wave reflection surveys �Miller et al., 2001�.At early times on
seismograms collected with horizontal geophones, Love waves rou-
tinely dominate the seismic record and appear in the same phase-ve-
locity range as reflections of interest.With increasing capability and
decreasing cost of technology, it is becoming more viable to design
shear-wave ormulticomponent surveys in the near-surface.
Potentially, Love waves can yield shear-wave velocity profiles

with little change to theRayleigh-wave procedure. Zeng et al. �2007�
and Song et al. �1989� show that Lovewaves generally aremore sen-
sitive to S-wave velocity changes and layer thickness changes than
Rayleigh waves. An inherent difference is that Love-wave methods
estimate horizontal shear-wave velocity, whereas Rayleigh-wave
methods estimate vertical shear-wave velocity. Joint inversion of
Love and Rayleigh data may yield information about subsurface an-
isotropy �Safani et al., 2005�, such as the presence of fractures.
Extensive literature about Love waves, including the mechanics

of propagation and dispersion, comes from earthquake seismology
and theoretical physics �e.g., Sezawa and Kanai, 1937; Anderson,
1962; Drake, 1980; Kelly, 1983; Kim, 1992; Guzina andMadyarov,
2005�. However, Love-wave surveys in the near-surface have been
used and reported on only a few occasions �Jones, 1958; Song et al.,
1989; Safani et al., 2005�. The utility of the method and acquisition
guidelines have not been investigated thoroughly. Several studies
addressing these issues have been completed for Rayleigh waves
�Beaty and Schmitt, 2003; Zhang et al., 2004�. As surface-wave
techniques continue to become attractive alternatives to other inva-
sive and geophysical methods for near-surface site characterization,
it is important to understand their applicability.
Our objective is to determine the limiting thickness for a low-ve-

locity layer in order to record a usable Love-wave data set in near-
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surface seismology. By recordable, wemean that Lovewaves can be
observed in the seismic record; by usable, we mean that the record
can yield a well-formed dispersion image. We create the images
from multichannel records with the process used by Park et al.
�1998� for Rayleigh waves. Acquisition parameters for Love-wave
surveys follow Rayleigh-wave acquisition guidelines described in
theMASWmethod �Park et al., 1999�.

THEORETICAL CONSIDERATIONS

Surfacewaves travelmostlywithin one seismicwavelength of the
earth’s surface. They spread two-dimensionally and undergo energy
decay at a rate of 1/r, where r is the radial distance from the source.
Body waves spread three-dimensionally, and their energy decays at
1/r2. Rayleigh waves result from the interference of P- and SV-
waves below a free surface. Their particlemotion is retrograde ellip-
tical and is confined to a nearly vertical plane in the direction of prop-
agation. Lovewaves consist of only interfering SH-wave energy and
have particlemotion transverse to the direction of propagation. Ray-
leigh waves can exist in a half-space, although they are not disper-
sive if it is homogeneous and isotropic. Love waves are guided
waves that are totally internally reflected. They require that a low-

velocity layer �or waveguide� of some thickness H be present �see
Figure 1�.
One form of the Love-wave dispersion relation for the two-layer

case is given byAki andRichards �2002� as
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where propagation is in the x-direction;� is angular frequency; cx is
phase velocity; � 1, � 2,�1, and�2, are the shear-wave velocities and
shear-moduli of the waveguide and half-space, respectively; and H
is the thickness of thewaveguide.
We can see by examining this relation that Love-wave dispersion

for horizontal layers is independent of P-wave velocity �; given the
relation cx�� /�x, there are corresponding wavenumber � and
phase velocity pairs that satisfy the relation for any given frequency.
The solution with the lowest phase velocity is the fundamental
mode; other solutions constitute higher modes. The solution to the
relationmust also satisfy� 1�cx �� 2. This implies the phase veloc-
ities of low frequencies will approach the shear-wave velocity of the
half-space � 2, and at high frequencies Love-wave phase velocities
will approach the velocity of thewaveguide� 1.
We evaluated equation 1with typical near-surface parameters �� 1

� 150m/s, 	1� 1600 kg/m3,� 2� 500m/s, 	2� 1800 kg/m3, andH
� 4 m� and plotted the dispersion curves for this model, including
higher modes, in Figure 2. Our analytical models agree with pub-
lished results from Pelton �2005� and are further verified by replicat-
ing results from Stein and Wysession �2003� and Aki and Richards
�2002�. Multiple frequency/phase-velocity pairs satisfy equation 1,
which gives rise to highermodes. The separation between themodes
is given by the cutoff frequency
� �Stein andWysession, 2003�:
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We show the effect of changing H, when only the fundamental
mode is considered, in Figure 3.AsH approaches zerom, the disper-

Figure 1. Two-layer model. Medium 1 is the waveguide; medium 2
is the half-space. The properties of each medium are described by
their P- and S-wave velocities � and � , respectively, and density 	.
The thickness of thewaveguide isH.

Figure 2. Theoretical dispersion curves for the model in Figure 1.
The modes are numbered from the fundamental mode �0� to the
fourth-highermode �4�.

Figure 3. Theoretical fundamental mode dispersion curves for the
model in Figure 1 as a function ofwaveguide thicknessH.
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sion curve extends well beyond the frequency range obtainable in
the field �commonly�50 Hz�. AsH increases, the dispersion curve
drops into the frequency range of interest; when H is greater than 1
m, the entire curve can be observed from 5 to 100 Hz.AsH increas-
es beyond 1 m, the slope of the dispersion curve becomes steeper
and the frequency range at which cx approaches� 2 becomes increas-
ingly narrow.
Figure 4 illustrates the effect of H on the formation of higher-

mode energy. As H increases, 
� decreases such that at greater
thicknesses the separation between the fundamental mode and high-
er modes decreases. Smaller values ofH give the fundamental mode
awider frequency range overwhich to exist before there is the possi-
bility of higher mode contamination, i.e., small waveguide thick-
nesses are favorable in terms of avoiding higher-mode contamina-
tion.
We also examined the effect of velocity contrast between the low-

velocity waveguide and the underlying half-space using equation 1.
Figure 5a shows a plot whereH and � 1 are held constant at 4 m and
150 m/s, respectively, andwhere� 2 varies from1.01 to 10 times� 1.
Maintaining constant waveguide velocity while changing � 2 does
not significantly change the range of frequencies at which cx ap-
proaches � 1 or � 2, but it does change the slope of the dispersion
curve between the minimum and maximum values. As the slope of
the dispersion curve becomes increasingly steep �or as the velocity
contrast becomes increasingly large�, the frequency band over
which it occurs becomes increasingly narrow and more difficult to
record. Varying the waveguide velocity, i.e., contouring � 1, and
holding � 2 constant �Figure 5b� exhibits broader changes in the
range of frequencies at which cx approaches� 1 or� 2 aswell as in the
slope of the dispersion curve.
Phase velocity ultimately controls the wavelengths in the record-

ed data.Wavelength 
 is related to the phase velocity and frequency
f by 
 � cx/f . Recording long wavelengths necessitates longer re-
ceiver lines, which increases the subsurface area being averaged and
can introduce far-field effects during dispersion-curve extraction
and inversion. In high-velocity environments, wavelengths can

lengthen and at some point become impractical for near-surface
Love-wave surveys.
It is important to consider these relations because they have sig-

nificant implications when acquiring and interpreting Love-wave
data.

FIELD METHOD

Afield site over a road cut south of Clinton Lake dam in Douglas
County, Kansas, allowed for the direct testing of the effect of H on
the ability to collect Love-wave data in the field. For the current
study and based on a priori information, the site is parameterized
with two layers. The top layer consists of unconsolidated soils and
eroded shale that form a hill that slopes at 25° to 35° and has a maxi-
mum accessible thickness of 4 m. It is underlain by the Plattsmouth
Limestone, which has an exposed thickness of 5 m below the hill-
forming overburden. The limestone layer is laterally continuous
over a large area and constitutes a horizontal layer. The limestone
layer was assumed thick enough, relative to time and offset range of
interest, to be considered a half-space for this study. The field site is

Figure 4. Cutoff frequency for the model in Figure 1 as a function of
waveguide thicknessH.

a)

b)

Figure 5. Theoretical dispersion curves for varying layer velocity
contrast while maintaining waveguide thickness constant: �a� � 1 is
held constant at 150 m/s and � 2 varies from 1.01 to 10 times � 1.
Maintaining constant waveguide velocity while changing � 2 does
not significantly change the range of frequencies at which cx ap-
proaches � 1 or � 2. �b�Varying � 1 and holding � 2 constant exhibits
broader changes in the range of frequencies at which cx approaches
� 1 or� 2 as well as in the slope of the dispersion curve.
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an excellent analog to themodel described by the dispersion relation
given in equation 1.
We acquired several data sets at the field site to test the effect ofH

and acquisition parameters on Love-wave data usability. Using the
top of the limestone as the zero elevation datum �H � 0 m�, we
placed receiver lines at H � 0.5, 1.0, 2.0, and 4.0 m �see Figure 6�.
Each line consisted of 144, 4.5-Hz horizontal geophones at an inter-
val of 0.25 m.A 5-lb sledgehammer and a shear block were used as
the seismic-energy source, which was located 0.25 m off the north
end of each line.

RESULTS AND DISCUSSION

Raw, relative-amplitude seismograms acquired over varying
waveguide thicknesses are shown in Figure 7.We can observe Love
waves on all records; however, the offset range over which they
extend and their frequency content change significantly with wave-
guide thickness H. At H � 0.5 m, the relative energy of the Love-
wave component of the record dissipates within 10 m of offset and
the dominant frequency in the seismic record is roughly 35 Hz.AsH
increases, the offset range at which Love waves are present increas-
es, and the dominant frequency decreases.AtH � 4 m, Lovewaves
dominate the entire record from 0 to 36 m of offset, and the domi-
nant frequency is 20 Hz.
Analysis of the first arrivals gives � 1 and � 2 estimates of 100 and

700 m/s, respectively. Although the first arrival appears before the
Love waves, it is difficult to interpret because of the low signal-to-
noise ratio. However, dispersion images created from all records
give reliable estimates in accordance with direct arrivals for � 1 of
100 m/s. Figures 8 and 9 show the dispersion images and interpreted
dispersion curves for the lines at H � 1.0 and 4.0 m, respectively.
The shape of these curves is consistent with the analytical models

Figure 6. Field experiment setup. Receiver lines consisting of 144,
4.5-Hz horizontal geophones at an interval of 0.25 m and a near-off-
set distance of 0.25 m were used to collect data at four different
waveguide thicknesses.

Figure 7. Raw, relative-amplitude seismic records corresponding to
different waveguide thicknesses. Love-wave energy dissipates by
300 ms and 10 m of offset on the first record �H�0.5 m�; on the last
record �H�4 m�, it persists over the entire range of offsets to about
850 ms.

Figure 8. Dispersion image created from the receiver line at H�
1.0mwith interpreted dispersion curve.

Figure 9. Dispersion image created from the receiver line at H�
4.0mwith interpreted dispersion curve.
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�Figure 3�, where at H � 1.0 m the curve has a gentler slope over a
larger range of frequencies and at H � 4.0 m it becomes steeper
over a smaller range of frequencies. Both of these curves are
asymptotic to about 100 m/s �� 1� at higher frequencies but become
ambiguous at low frequencies,making� 2 difficult to interpret. From
the dispersion curve atH � 4 m it is possible to independently inter-
pret� 2 to be approximately 700 m/s at 10 Hz,which agreeswith the
refraction velocity. However, there is increasing uncertainty in fre-
quencies less than 12 Hzwhere the phase velocity is 400 m/s, yield-
ing a 
 of approximately 33 m — about the length of the receiver
line.
The energy below 28 Hz in Figure 8 and below 12 Hz in Figure 9

is distorted because of misrepresented longer wavelengths relative
to the receiver line length and other noise such as incidentally in-
cluded body-wave energy, which obscures the upper boundary � 2.
The layer thickness is a controlling factor in producing usable dis-
persion curves from Love-wave data at low frequencies. Figure 8
shows the dispersion curve from H � 1 m; at a phase velocity of
200 m/s, the frequency is 28 Hz, giving a 
 of approximately 7 m.
Even though the receiver line was five times that length, frequencies
below 28 Hz are practically unusable.
Smaller waveguide thicknesses effectively restrain the lower fre-

quencies or longer wavelengths from being generated. Theoretical-
ly, as shown in Figure 3, at thicknesses less than 1 m, the frequency
range over which the dispersion curve is asymptotic to � 2 becomes
large and should be relatively clear. However, in field data collected
where H is less than 1 m, the low-frequency component is missing
and the range of offsets over which Love waves propagate becomes
small. This essentially makes � 2 impossible to interpret from a dis-
persion curve created from data collected where the overburden
thickness is less than about 1 m.

CONCLUSION

Love-wave generation is dependent upon the presence of a slow
shear-velocity waveguide below the free surface. The thickness of
that layer directly relates to the ability to record usable data. We ob-
served Love waves on seismic records where the thickness was as
small as 0.25 m, but they did not become usable until waveguide
thickness was greater than 1 m. The two-layer case study provides
insight into the conditions that must exist for near-surface Love-
wave surveys to be viable. If waveguide thickness is small, regard-
less of the velocity trend or layering within it, low-frequency energy
is not generated within the layer and Love waves will not propagate
to the offsets needed to produce the low-frequency component of the
dispersion image. This cannot be overcome during data acquisition
and constitutes the limiting case for which Love waves are applica-
ble.
The acquisition-parameter guidelines for Rayleigh-wave data

workedwell for Lovewaves in this study.Any difference in field pa-
rameters between the two methods is accounted for by considering
the corresponding shear-wave velocities and the resulting wave-
lengths. The most significant factors in surface-wave survey design
are the highest and lowest velocity and frequency expected. The
highest velocity and lowest frequency yield the longest wavelength,
which should be approximately equal to the total line length, al-
though there are other considerations such as the far-offset effect and
the averaging effect of the inversion procedure. The near-offset dis-
tance should be greater than or equal to one-half of the longest wave-
length to avoid the near-field effect. The lowest velocity and highest

frequency yield the shortest wavelength and determine receiver
spacing,which should be less than or equal to one-half of the shortest
wavelength.
Literature addressing Love waves on a global scale and from a

theoretical standpoint iswidely available, and procedures for acquir-
ing and utilizing Love-wave data are analogous to those for Ray-
leigh-wave data, which are well studied in the near-surface. Howev-
er, continued research, including procedural, numerical, feasibility,
and case studies, are needed so a basis for Love-wave surveys can be
built and relied upon for near-surface site characterization.
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