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ABSTRACT

In May 2002, both active- and passive-source surface wave data were acquired using 4-channel

arrays at six selected bridge sites in southeast Missouri. Processing of acquired data (increase of signal-

to-noise ratio, estimation of phase velocities) was carried out and dispersion curves of Rayleigh wave

phase velocities were constructed. Each fundamental mode dispersion curve was then inverted by

linearised optimization to a layered shear-wave velocity profile to depths of up to 60 m.

The estimated shear-wave velocity profiles were compared to other geotechnical data that had

been previously acquired at each test site for the Missouri Department of Transportation (MoDOT)

including cone penetrometer test (CPT) data, borehole lithologic control, seismic cone penetrometer

test (SCPT) shear-wave data and cross-borehole (CH) shear-wave data. The surface wave models,

although smoother than the destructive test logs, are accurate and consistent (17% average difference

with CH results on two sites), and, moreover, provide information on lithology above the water

table and at depths beyond the SCPT and CH limitations, in a more logistically-easier and cost-

effective manner.

Introduction

Information about the in situ shear modulus of soils at

bridge sites is critically important for the evaluation of foun-

dation integrity. This is particularly true in terms of assessing

the soil’s response to strong ground motion. A wide variety

of field techniques and tests are available for the estima-

tion of the shear modulus of soils. There are several seismic

methods which involve the measurement and interpretation

of waveforms at different points on the earth’s surface and

represent non-invasive and non-destructive field techniques.

The Spectral Analysis of Surface Wave (SASW)

technique, introduced by Nazarian et al. (1983), is a seismic

method that uses the dispersive characteristics of Rayleigh-

type surface waves to determine the variation of the shear-

wave velocity of layered systems with depth. The SASW

method and its analogs (MASW and others; Park et al.,
2000) are very attractive due to relatively low acquisition,

processing and interpretation costs. SASW data can also

be acquired in areas inaccessible to drill rigs and at depths

or in soils that cannot be tested using conventional SCPT

technologies. On the other hand, field acquisition parameters

are target and site specific. Additionally, the processing of

SASW data is not always straight forward because surface

wave phase velocities are connected to the shear modulus of

layered strata in a complicated manner.

In May 2002, a geophysics crew consisting of sci-

entific researchers from the University of Missouri-Rolla

(USA) and the Mining Institute of Perm (Russia) tested

a modification of the SASW method at six bridge sites in

southeast Missouri (Fig. 1). Surface wave phase velocities

were determined from the analysis of square array field data

obtained during both ‘‘active’’ seismic testing and ‘‘passive’’

seismic monitoring. These phase velocities were inverted

and used to generate vertical shear-wave velocity profiles

with maximum depths in the order of 60 m. The estimated

shear-wave velocity profiles were compared to other geo-

technical data provided by MoDOT, including SCPT and

CH shear-wave velocity profiles, and lithologic control de-

rived from both borehole sampling and CPT testing.

Basic Principles Surface Wave Methods

The surface wave method uses the dispersive char-

acteristics of surface waves (Rayleigh waves in this case) to

determine how the shear-wave velocity of a layered sub-

surface varies with depth. This method generically com-

prises three main stages:

Stage 1: Field Measurements

Rayleigh wave data can be acquired using active

and/or passive methods. In the active method an artificial
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impulsive or vibrating seismic source is used to generate

higher frequency Rayleigh waves, which are recorded using

a linear array of ground-coupled, low-frequency geophones.

In the passive method, lower-frequency seismic waves

arising from microtremors and/or urban (traffic) noise are

recorded using two-dimensional arrays of geophones

(Zywicki and Rix, 1999; Liu et al., 2000). The use of

geophone arrays allows phase velocities of wave trains to be

determined simultaneously with the direction to their source.

However, as shown by Louie (2001), even a linear geophone

array can be used. But it demands special processing of the

acquired data. It is generally assumed in the passive method

that the fundamental mode of Rayleigh waves prevails on the

field-recorded waveforms. Other types of seismic waves,

including body waves and higher modes of Rayleigh waves

are also recorded, however these are considered as noise.

The combination of active and passive methods has

these advantages.

— the active method can provide high-quality Rayleigh-

wave dispersion data in a relatively high-frequency

range, so we obtain accurate constraints on near-surface

layer velocities.

— the passive method is favorable for resolution of longer

wavelengths, which contain information about deeper

layers.

In conventional SASW, two receivers are used, either

expanded about a common midpoint or common receiver

point to measure progressively larger wavelengths. We will

show by a modified array SASW method, variation of source

azimuth and offset relative to an array provides a smoother,

path averaged dispersion curve.

Stage 2: Processing the Data to Obtain the

Observed Dispersion

In the active method, the Rayleigh wave dispersion

curves are generated on the basis of the analysis of the phase

spectra of recorded waveforms from various source near-

offsets and geophone spacings. In the passive method,

frequency-wavenumber analysis can help to extract in-

formation about coherent wave packets passing through an

array of geophones. The output of processing is a dispersion

curve, which is the phase velocity vs. frequency relationship

of a given mode(s) of Rayleigh waves.

Stage 3: Inversion of Observed Dispersion to a

Shear-wave Velocity Profile

Inversion represents the estimation of the vertical

shear-wave velocity profile that best matches the Rayleigh

wave dispersion curve. Usually, only shear-wave velocity is

inverted for (not compressional-wave velocity or density) as

the Rayleigh wave dispersion curve is most sensitive to this

parameter. There are two main inversion strategies: global

search and local search. Global-search procedures sample

a broader model space and can easily incorporate any number

of parameters (e.g., layer thicknesses) but require more

iterations than local search procedures, which iteratively

improve the likelihood of the shear-wave velocity profile

based on linearity about an initial estimate.

Field Procedures

Field measurements were conducted using the Russian

mobile seismic station ‘‘ISK-2’’ and an array of seismolog-

ical geophones (model SM3-KV). These geophones repre-

sent broadband electromagnetic pendulum vertical velocity

transducers. They have a flat response characteristic over the

frequency range 0.7–40 Hz (Fig. 2) and enable the recording

of displacements in the range 10�9–5.10�3 m.

Active-source Modified SASW

Active Rayleigh wave data were generated at all bridge

sites using both a track-mounted Bison EWG weight drop

source and a sledge hammer source. Unlike conventional

SASW, which usually employs a source and two receivers in

a linear arrangement, we employ a ‘‘modified SASW,’’

where Rayleigh waves were recorded using 4-geophone

square arrays (network). The size of the rectangular side was

varied on every site in the range 5 m to 50 m. The larger

spacing between geophones was used for longer source-

geophone offsets and the smaller for shorter offsets. The

Bison unit generated higher-amplitude Rayleigh waves and

Figure 1. Map of southeast Missouri showing location
of six SASW test sites: #1: A-3709 bridge; #2: A-5648
bridge; #3: L-472 bridge; #4: A-1466 bridge; #5: L-302
bridge; #6: A-5460 bridge.
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was employed when the source was more than 50 m from the

nearest geophone. The sledge hammer source generated

lower-amplitude Rayleigh waves and was employed when

the source was less than 50 m from the nearest geophones

and very often in areas inaccessible to track-mounted weight

drop. Multiple active-source Rayleigh wave records were

generated at each site. The measurements were repeated for

different azimuths of source relative to the array.

Figure 3 illustrates segments of seismograms obtained

at two different bridge sites using the Bison unit as a source

of seismic signals. Noise levels were low at Bridge Site #6

(RMS noise amplitude is near 1 lm/s) and well-defined

Rayleigh waves at near offset distance of 90 m. The level of

traffic noises at Bridge Site #2 was high (RMS noise am-

plitude is near 40 lm/s), so it was rather difficult to select

useful signal from recorded data.

For any given array, we usually fired 20 to 100 times,

each shot on average about 5 seconds apart, to ensure the

entire dispersive wave train was measured, while record-

ing continuously.

The typical waveforms of signals generated using a

sledge hammer source and a Bison EWG weight drop

source and their amplitude spectra are presented in Fig. 4.

As illustrated in Fig. 4, these active sources generate rela-

tively high-frequency Rayleigh waves (6–30 and 6–20 Hz,

respectively).

Passive Array Measurements

Passive seismic data were also acquired at all bridge

sites. The arrays with maximum size 50 m were used. The

time of the continuous recording was 20–30 minutes. We

suppose that traffic or vibrating mechanism were the pri-

mary source of the recorded passive Rayleigh waves. These

passive sources generated Rayleigh waves with measurable

frequencies as low as 3 Hz.

Data Processing

Passive-source Rayleigh wave data were used to gen-

erate lower-frequency phase velocity curves (in the range 3–

12 Hz) at each bridge site. The largest wavelength obtained

there was 220 m. Active-source Rayleigh wave data were

used to generate higher-frequency phase velocity curves (in

the range 7–20 Hz). Even with a maximum geophone spac-

ing of 50 m, the active measurements only allowed wave-

lengths up to 50 m to be resolved. Two Rayleigh wave

dispersion curves (passive and active) were combined during

processing to form broader frequency-phase velocity curves

(in the range 3–30 Hz) for each bridge site.

Active-source Modified SASW

The initial processing of active test data included two

procedures: a) stacking of multiple signals generated for a

Figure 2. Gain-frequency characteristic of geophone
SM3-KV.

Figure 3. Fragments of seismograms at test sites with low (Bridge Site #6) and high (Bridge Site #2) levels of traffic noise.
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constant source-array configuration and b) the construction

of dispersion curve.

Field experience has shown that Rayleigh wave

signals generated by multiple discharges of the same source

for a constant source-geophone configuration exhibit signif-

icant resemblance, and that stacking can be effectively used

to suppress of noises from different sources (traffic, etc.)

thereby increasing the signal-to-noise ratio for Rayleigh

waves. The stacking process is realized for each source-

geophone configuration and for every geophone channel. It

consists of the following steps.

� Identify and select a single superior signal (segment of

relatively noise-free waveform with Rayleigh waves

generated from single weight-drop or sledge hammer

impact similar to shown on Fig. 5a).

� Calculate the cross-correlation function between the

selected signal segment and entire waveform. Relative

maximums on the cross-correlation function were con-

sidered to correspond to signal arrivals.

� Stack fragments of the entire waveform near calculated

signal arrivals.

As a result more resolving signals were obtained (Fig.

5b) for each source-geophone configuration and for every

geophone channel. These signals were used to construct the

dispersion curve t( f).
The existence of spherical wave front that passed all

sensors of the array was implied in the course of t( f) con-

struction (i.e., points source and 1D velocity model under

the array were assumed). Estimation of phase velocities was

realized by means of minimization of the functional

X4

i¼1

tð f Þuið f Þ � uiþ1ð f Þ þ 2pki

2pf
� ðdi � diþ1Þ

� �2

;

where

ui( f)—value of phase spectra of the signal on the ith
channel (for the sake of computation simplification

the 1st channel was duplicated on the 5th channel)

di—distance from the source to the ith sensor

ki—integer number taking into account possible phase

turnovers between signals on ith and (i þ 1)th

channels.

During calculations different values of ki (. . .,�2,�1,

0, 1, 2, . . .) were tested and as a result different variants

of phase velocities t( f) were obtained. The variant with

minimal error was chosen.

Results of the described technique application to

Bridge Site #5 data are presented on Fig. 6. Two dispersion

curves (R0 and R1) are observed that could be interpreted as

fundamental and 1st modes of Rayleigh waves.

Passive Array Measurements

Dispersion information was also recovered from the

waveforms of microtremors recorded during passive moni-

toring (assuming microtremors were primarily fundamental

mode Rayleigh waves induced by non-controlled sources

such as traffic). The technique employed consisted of

Figure 4. Typical waveforms for sledge hammer
source and Bison source and their amplitude spectra.

Figure 5. Fragment of waveform with single signal
from source (a) and corresponding stacked signal (b).

Figure 6. Dispersion curves obtained from active moni-
toring at Bridge Site #5.

246

Journal of Environmental and Engineering Geophysics



calculating and plotting semblance parameters for different

frequencies and phase velocities of plane waves passing

through the array. This technique is time-domain equivalent

of the conventional frequency-wavenumber analysis. Cer-

tain maximums on the semblance plots were associated with

Rayleigh waves. For illustration purposes, two semblance

plots for Bridge Site #5 are depicted in Fig. 7. Array #1 data

were acquired using a 27 m geophone spacing; Array #2

data were acquired using an 8 m spacing (Fig. 7). The

fundamental harmonic dispersion curve in the interval 3–

9 Hz is characterized by velocities in the 150–350 m/s

range. These phase velocities correlate well in the high

frequency range with dispersion data obtained during active

monitoring (Fig. 6). The combination of the dispersion data

displayed in Fig. 6 and 7 were used to generate the com-

posite dispersion curve of Fig. 8 (frequency range 3–20 Hz).

Inversion Algorithm

Shear-wave velocity inversion (re: SASW technique)

is essentially the process of determining the shear-wave

velocity profile b(z) that best satisfies the calculated cumu-

lative dispersion curve t( f) and a priori information.

In the common case, phase velocities of surface

waves are connected with medium parameters (density,

Figure 7. Dispersion images obtained from passive monitoring at Bridge Site #5.

Figure 8. Composite dispersion curves (a) and inverted vertical shear-wave velocity profile (b) for Bridge Site #5.

247

Malovichko et al.: Active-passive Array Surface Wave Inversion



compressional-wave and shear-wave velocities) by non-

linear functional dependencies:

tð f Þ ¼ EðbðzÞÞ ð1Þ

The form of E can be found in Aki and Richards (1980). The

relation equation (1) can be transformed into a discrete form

by approximating the medium (subsurface) as a set of

M homogeneous beds with shear-wave velocities bj ( j¼ 1,

2, . . . , M) and introducing vector b with length M where:

b ¼ ½b1; . . . ; bM�
T
:

The dispersion curve t( f) over N frequencies ( f1, . . . , fN)

can similarly be represented as vector t where:

t ¼ ½tð f1Þ; . . . ; tð fNÞ�T :

Equation (1) can then be expressed in the form:

ti ¼ Ei b
� �

; i ¼ 1; 2; . . . ;N ð2Þ

We implemented the solution of nonlinear equation

(2) by the Marquardt method (Aki and Richards, 1980)

which consists of three iterative stages.

1. Obtaining the linear equations connecting the observed

and target values: Equation (2) is linearized by Taylor

expansion. The kth iteration approximate solution bðkÞ is:

�ti ’ Fij �bj; ð3Þ

where �ti¼ ti� Ei(b
ðkÞ), �bj¼ bj� bðkÞj and Fij¼ @Ei/

@bj. F represents a matrix of partial derivatives of phase

velocities with respect to shear-wave velocities. We have

used a variational algorithm for calculating the matrix F
(as described by Aki and Richards, 1980) which is more

stable than one used by Xia et al. (1999). Equation (3)

sets rough linear joint between the correction to the

velocity model �b and the difference �t between the

observed and calculated values for the model bðkÞ

dispersion curves.

2. Determination of correction to model: Taking into ac-

count the rough equation (3) correction, �b is determined

through the minimization of the functional

� ¼ j�t� F�bj2 þ e2j�bj2; ð4Þ

where e is damping factor, that decreases resolving power

but increases the stability of the solution. Xia et al. (1999)

recommend using e values from 0.3 to 0.8 during com-

putations. The next expression gives the minimum of �

�b ¼ Vð�2 þ e2IÞ�1
�UT�t ð5Þ

where

F¼U KVT is the singular value decomposition (SVD) of

partial derivatives matrix

I is the identity matrix

The SVD procedure was based on Press et al. (1992).

3. Insertion correction into model: The correction calculat-

ed by equation (5) is inserted in initial model for the kth

iteration such that

bðkþ1Þ ¼ bðkÞ þ�b:

The obtained model bðkþ1Þ is used as the initial one in the

first stage of the next iteration. The described inversion

algorithm is the similar to one of Herrmann (1996).

Results and Interpretation

The site-specific dispersion curves generated from

field-acquired Rayleigh wave data were transformed into

vertical shear-wave velocity profiles using the algorithm

described above. Transformations were based on the fol-

lowing assumptions (Savich et al., 1990), which satisfactory

correspond to a great variety of soil situations:

� compressional-wave velocity to shear-wave velocity ratio

a/b decreased from 3.0 (for shallowest layers, having

depths less then 10 m) to 1.71 (for deepest layers, having

depths more then 25 m);

� q ¼ 1.64 þ 0.0008 b, where q is density and b in m/s.

We did not analyze in detail the uniqueness of our

inverted shear-wave profiles. The information about errors

in dispersion curves was not used in the inversion. The

shear-wave velocity model giving the best fit to an observed

dispersion curve was regarded as the final solution. As a

result a single shear-wave velocity profile was obtained for

every site.

We now consider results of the combined active-

passive array measurements and interpretations for bridge

sites #5 and #4 in detail.

Bridge Site #5

The composite Rayleigh wave dispersion curves

(observed values plotted as circles and theoretical values

as a continuous line) and estimated vertical shear-wave

profile from Bridge Site #5 are shown in Fig. 8. On the basis

of average estimated interval shear-wave velocity, the

SASW profile can be divided into five units: Unit 1 (;0–

6 m; ;120–140 m/s); Unit 2 (;6–10 m; ;155–175 m/s);

Unit 3 (;10–18 m; ;190–250 m/s); Unit 4 (;18–48 m;

;275–320 m/s); and Unit 5 (.48 m; .400 m/s). The

division into units was made arbitrarily such that the layer

velocity difference in the limits of the one unit did not

exceed 15–30%.

Unit 1 (as per the STA 133þ58 boring log supplied by

MoDOT) correlates with a zone comprised mostly of

moderately stiff to stiff clay with some sand layers (log depths

;0–6 m); Unit 2 correlates with a zone comprised mostly of

medium dense, gray sand with sparse gravel (;6–9 m); and
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Unit 3 and the top of Unit 4 correlate with a zone comprised of

mostly dense to very dense, medium to coarse grained sand

with some light gravel (;9 m to base of log at ;20 m). Unit 5

was not intersected at the Bridge Site #5 borehole location,

however the general trend of the surface wave shear-wave

velocity model also compared favorably with data acquired at

the Bridge Sites #1 and #2 (not shown). At these locations,

higher shear-wave velocities at progressively greater depths

were associated with increasingly compacted sediment (pre-

dominantly sands). The surface wave models and lithological

log data suggest a near-direct correlation between Vs and soil

type.

Bridge Site #4

Shear-waves velocity profiles for Bridge Site #4 (Fig.

1) are presented as Fig. 9. The different curves represent

results obtained by the combined active-passive array

method, the cross borehole method (BH), and trial of the

seismic cone penetrometer test (SCPT).

On the basis of average estimated interval shear-wave

velocity, the SASW profile can be divided into six units:

Unit 1 (;0–4 m; ;130–170 m/s); Unit 2 (;4–12 m; 190–

230 m/s); Unit 3 (;12–43 m; ;250 m/s); Unit 4 (;43–48 m;

;370 m/s); and Unit 5 (.48 m; .460 m/s).

Unit 1 (as per B2 lithology log provided by MoDOT)

corresponds with a zone comprised mostly of brown, sandy

silt to silty sand (borehole depths ;0–4 m); Unit 2 correlates

with a zone comprised of gray, stiff to very stiff, sandy silt

to silty sand (;4–11 m); Unit 3 correlates with a zone com-

prised of mostly dense to very dense fine sand (;11 m to

base of borehole at ;31 m).

These results indicate there is a reasonable correlation

between surface wave inverted shear-wave velocities and

subsurface lithologies. The SCPT shear-wave velocities

(Fig. 9) also appear to correlate reasonably well with both

subsurface lithology and surface wave models. For example,

the near-surface brown sandy silts and brown silty sands

(,4 m depth) at the B2 site are characterized by SCPT

shear-wave velocities ranging from ;160–200 m/s; the un-

derlying stiff to very stiff sandy silts and silty sands are

characterized by SCPT shear-wave velocities ranging from

;160–220 m/s.

The cross-borehole shear-wave velocity data acquired

at vicinity of Bridge Site #4 are also presented in Fig. 9 (CH

curve). Cross-borehole surveying used twinned boreholes

separated by surface distance 4 m. These cross-borehole

shear-wave seismic velocities correlate on average to within

17% with those derived from surface wave inversion.

More specifically, the surface wave model is charac-

terized by shear-wave velocities that increase step-wise from

about 130 m/s to 350 m/s. The same interval on the CH

profile is characterized by shear-wave velocities that in-

crease gradationally (with minor irregularities) from about

150 to 380 m/s. Note: the cross-borehole data acquired at

Bridge Site #4 range in quality from poor to good. The

quality of these data was adversely affected by the high

volume of traffic on interstate I–55.

The surface wave models and lithological log data

suggest a near-direct correlation between Vs and soil type.

Figure 9. Composite dispersion diagram (a) and shear-wave velocity profiles from various methods (b) for Bridge
Site #4.
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Conclusions

Shear wave velocity models were inverted from array

surface wave measurements at 6 bridge sites in Missouri.

The combined active-passive procedure provided reliable

shear-wave velocity profiles down to 60 m depth. Although

smoother than destructive test logs, estimated models com-

pare well with borehole derived measurements and provide

information on lithology above the water table and at depths

beyond the SCPT and CH limitations.

More specifically, surficial clays, described as silty, are

characterized by shear-wave velocities ranging from ;90 m/s

to 140 m/s. Clays described as containing sand are

characterized by velocities ranging from ;120 m/s to ;170

m/s. Clayey silts to silty sands are characterized by velocities

ranging from;130m/s to;230m/s, with sediments described

as stiffer exhibiting characteristically higher velocities.

The surface wave inverted shear-wave velocities of

sediments described as sand varied significantly at each

bridge site, however there appears to be a very definite

pattern to the observed velocity variations. The shear-wave

velocities of sand increase almost monotonically (in a step-

wise manner) with depth at each test site, suggesting that the

shear-wave velocities of these unconsolidated sands are

a function of depth of burial. In terms of sands with similar

depths of burial, those described as dense to very dense

exhibit relatively higher shear-wave velocities. The estimat-

ed shear-wave velocity profiles at Bridge Sites #2 and #4

(Fig. 9) correlates quite well with available cross-borehole

shear-wave control (average difference 17%).
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