FINAL REPORT
U.S. Department of Energy

SEISMIC SURFACE WAVE TOMOGRAPHY OF WASTE SITES

Principal Investigator: Leland Timothy Long
Institution: Georgia I nstitute of Technology
School of Earth and Atmospheric Sciences

221 Bobby Dodd Way
Atlanta, GA 30332-0340

Project Number: G-35-W02
Grant Number: DE-FG07096ER 14706
Grant Project Officers. Nick Woodward
Project Duration: 15 September 1998 to 14 September 2000



Table of Contents

SEISMIC SURFACE WAVE TOMOGRAPHY OF WASTE SITES.....ccooeeeee 0
TaADIE OF CONLENES......cviiceeeist et e b r e nesn e enennas 1
EXECULIVE SUMIMEIY ...ttt bbbt b e bbb e e enes 2
RESEACH ODJECLIVES........eceecee ettt et s re et e s reenteeneenns 3
MEhOOS @NO RESUITS ...t b e 4

INEFOAUCTION...... ettt bbbt e e e b e ne e nn s 4
Surface Wave TOMOGIrapNY .........coceiiiiieieee et eeee e sseeeeenaenneas 6
Data ACQUISITION 8N PrOCESSING ....c.ueeueeeeeeieiesiesie st sre e e e sn b snesne s ene e 7
RESUIES AN DiISCUSSION. ...ttt st b et se et se e sb e r e st e e e s 13
CONCIUSIONS ...ttt b e bbbt bt et e e s et e s b et nbeebeese e e enes 16
ACKNOWIBAGMIENES. ...ttt s a e s bt e beeeesaeesbeensesneenneas 17
Relevance, Impact and Technology TranSfEr ........covevieeeeeesece e 17
ProjECt PrOTUCTIVITY. ...ttt 18
Personnel SUPPOITEA ........coueeieiieeiece ettt te et ae e e s e e e aeesbeeneesreesreennesneenneas 18
PUBIICELIONS ...ttt bbbt et e e et b e s benaeeneeneeneas 19
INtEraCtioNS @N0 MEELINGS .....voiueiiieeiieie ettt bbbt s ae e sae e 19
TTANSITIONS ...ttt E st r e e e Rt n et n e r e nenre s 20
PAEEINES ... 20
FULUPE WWOTK ...ttt ettt bbb e ene e 20
LITEraIUNE CITEA ...ttt bbbttt e e et b beneeeneene e 21



Executive Summary

Because the Rayleigh waves generdly have the largest amplitude of dl waves generated
by a veticd suface impact and because the near-surface shear-wave veocty primaily
determines the Rayleigh wave veocity, the Rayleigh waves may be used to image shdlow shear-
wave dructures. The Rayleigh wave group velocity can be measured from records of surface
waves that have traversed a study area, typicaly, with a surface source on one Sde and an array
of geophones adong the opposite sde. After data processng and noise suppression, group-
velocity travel times from different source and recelver locations can be used in a tomographic
inverson to image the didribution of group veocity within the sudy area.  Then, verticd shear-
wave velocity structure at any point can be interpreted from its dispersion curve.

The objective of this sudy was to develop andyss programs for surface-wave group-
velocity tomography and apply these to three test areas. We succeeded by obtaining data
covering two sgquare areas that were 30 meters on a Side and one that was 16 meters on asde, in
addition to processng data from the Oak Ridge Nationd Laboratory sSte, a collaborative effort.
At dl dtes usable group velocities were obtained for frequencies from 16 to 50 Hz usng a
dedgehammer source. The resulting tomographic images and velocity anomdies were sufficient
to delineate suspected burid trenches (one 4-meters deep) and anomaous velocity dructure
related to rocks and disturbed soil. The success was not uniform because in portions of one area
the inverson for shear-wave structure became unstable. More research is needed to establish a

more robust inversion technique.



Resear ch Objectives

The objectives of our contract (D-FGO07-96ER14706) were to develop the computer
programs and acquistion sysem for surface-wave group-velocity tomogrephy and test these a
three dtes. An overview of surface-wave group-veocity tomography is given in our paper
submitted to Journa of Environmental and Exploration Geophysics (JEEG). As described in the
JEEG paper and summarized below, we have developed recording and anaysis techniques to
obtain the group velocity disperson curves for a portion of a sudy area with a resolution
theoreticaly limited only by the wavelengths of the surface waves.

Surface waves ae uniquely suited for the edimation of near-surface shear-wave
veocities They ae usudly the largest amplitude waves generated by a surface impact, their
velocity is determined primarily by the shear-wave velocity of materids in a depth range of %
waveength, and ther disperdon propeties dlow sepaation of different waveengths for
interpretation of velocity as a function of depth. In seismic tomography, waves crossng a study
area are measured on its boundary in order to image the interior. The resolution of the image is
limted by wavdength and imaging technique.  Surface-wave group-veocity tomography has
been used in seismology for over 30 years to study globa crustal structure and recently to study
regiona sructure and sedimentary basins (Kafka and Reiter, 1987; Kocaoglu and Long, 1993).
In this project, we have gpplied the tomographic inverson of surface-wave veocities to areas
with dimensons appropriate for near-surface dructures that ae often encountered in
environmenta problems.

The application of suface-wave tomography to near-surface structures has advantages
and problems. The problems are introduced by the complexities of the sructure and by the
indirect and computationdly intendve techniques tha ae inherent in  suface wave
interpretation. Structures in the near surface often do not satisfy the layering of mogt andyticd
modds developed origindly for a predominantly layered eath. If the dructure varies
ggnificantly within a wavelength of the surface wave, a converson of wave motion to higher
modes of propagation can interfere with interpretation of the fundamenta mode. The veocity
contrasts may aso be great a shdlow depths, grading quickly from loose sands to unwegathered
granite. These conditions lead to wave modding and resolution problems. However, the
interpretation techniques presented in this paper were not dgnificantly affected by converted
waves and the computationd complexity was eedly within the capabiliies of portable
computers. The advantages of tomography are sufficient to warrant the use of surface waves in
wade dSte evauations. For example, an image of shalow dructure can be obtained from the
periphery of stes with limited access. In areas where trenches were used to dump wastes, the
aea of the trench will be revealed as an anomaous veocity. In areas where seepage from a
wade dte is controlled by dructure, the sructures may be defined and used as a guide for
drilling and sampling. The sengtivity of surface wave velocity to fluid content could eventualy
dlow surface-wave tomography to track fluid movement with time.

Shear waves are very senstive to the existence of fluids in soils when the fluids are at or
near to saturation. Hence, the mapping of time variations in the depth to the water table in soils



may become possible without having to drill many wellsto get single point vaues. These could
include detection of the existence of dense fluids as contaminates.

To date we have limited our studiesto shalow and small areas. With alarger source, the
use of lower frequencies could increase the depth of effective imaging and dlow gpplications
with larger and deeper targets.

Surface-wave group-velocity tomography should be compared to those of SASW.
However, the tomography should provide structures in three dimensions, not just average
structure with depth. Tomography should improve the spatia resolution over that possible with
multiple SASW tests and provide it with significantly lessfidd effort. Shear-wave velocity, or
equivaently shear modulus, is a very important parameter in the design of foundations for
dructures. Additiona evidence for the vadidity of surface-wave group-ve ocity tomography
could help support the use of SASW and rdated surface wave techniques in providing estimates
of shear modulus for congtruction.

Few organizations other than Georgia Tech are currently investigating surface-wave,
group-velocity tomography. With the exception of isolated attempts, such asthefidd trids
reported through personad communication from Juhani Korkeal aakso, chief research scientist in
the Technical Research Centre of Finland (VTT), we know of few atempts to develop this
technique for near-surface applications. The reasons for this are obvious. Execution of the
technique isinvolved, requiring signa processing and multiple datainversons. Noise or errors
in any one of these processes can lead to unstable solutions and the final structure can be
recovered only after successful completion of al data processing steps. Such techniques and
skills are not generdly avalable to practicing environmenta geophysicists and most would be
reluctant to undertake development of the analysis programs without proof that the analysis
works. During the course of the work, we have developed computer programsto carry out the
unique aspects of surface-wave group-veocity tomography. We believe that our computer
programs and preliminary results demondirate that useful data can be obtained using surface-
wave group-velocity tomography. The Smplest way to present the current State of knowledgeis
to condense and annotate our paper submitted to JEEG.

M ethods and Results

The methods and results for this investigation are adapted from the paper titled “Surface-
Wave Group-Vdocity Tomography for Shallow Structures’ by L.T. Long and A. H. Kocaoglu.
Sections representing research not presented in the paper are inserted as appropriate.

I ntroduction

Surface waves are suited for the estimation of near-surface shear-wave velocities. They
are usudly the largest amplitude waves generated by a surface impact, their velocity is
determined primarily by the shear-wave velocity of materiasin a depth range of quarter
waveength, and their dispersion properties alow separation of different wavelengths for
interpretation of velocity as afunction of depth. When examining near- surface structures, these
factors give the surface-wave method an advantage over the body wave methods used in seismic



reflection and refraction. Most surface-wave methods used in the evauation of near-surface
velocity structure are based on measurements of phase velocity. When the sgndls are generated
by sngle-frequency sgna generators and measured in the field a discrete frequencies, the
surface wave technique is generaly referred to as SASW (Spectral Andysis of Surface Waves)
testing in the engineering literature (Stokoe et d., 1989). The SASW test utilizes two (or more)
sensors over the test zone and messures phase velocity in the frequency domain from the phase
shift between two or more sensors. In order to examine the spatia variation in the near-surface
shear-wave velocities, the SASW test would have to be repeated at many points over an area.
Because the precison of phase velocity measurement is proportional to sensor spacing, the
gpatia resolution islimited. Park et d., 1999, improve the accuracy of phase velocity
measurements by increasing the number of geophones in amulti-channe analysis of surface
waves (MASW) technique and gain spatia resolution by repeating the measurement dong aling,
as donein conventiond seismic reflection data acquisition. The phase velocity in MASW isthe
average phase veocity in the window defined by the dimensions of the array.

In contrast, seismic tomographic methods yield images representing the spatia variation
of velocity with dimensgons smdler than the array of geophones. In seismic tomography, waves
crossing a study area are recorded a its boundary in order to image the interior. The resolution of
the image is limited by wavelength and imaging methods, not just sensor spacing. Either phase
velocity or group velocity can be measured. However, with large sensor spacing the disperson
shifts phases through a wide band of frequencies and the identification of phase veocity a
discrete frequencies becomes more difficult. Group veocity measurements are confined to
narrow frequency bands and are independent of phase identification. Hence, for areas large
relative to the wavelength of the surface wave, group velocities are more appropriate for velocity
determination. Surface-wave group-velocity tomography has been used in sasmology for over
30 years to study crustal structure (e.g., Tarr, 1969) and recently to study regiona structure and
sedimentary basins (Kafka and Reiter, 1987; Kocaoglu and Long, 19933). In this andyss, we
goply the tomogrephic inverson of surfacewave veocities to an aea with dimensons
aopropriate for imaging near-surface dructures that are often encountered in environmenta
problems.

Surface-wave tomography has advantages and problems when agpplied to the imaging of
near-surface sructures. The problems are introduced by the complexities of the Structure and by
the indirect and computaiondly intendve techniques that ae inherent in  surface-wave
interpretation. Structures in the near surface often do not saidfy the andyticd modes developed
origindly for a predominantly layered earth. If the dructure varies dgnificantly within a
waveength of the surface wave, a converson of wave motion to higher modes of propagation
can interfere with interpretation of the fundamentd mode. The vedocity contrasts may dso be
great & shdlow depths, grading quickly from loose sands to unweathered granite. These
conditions lead to waveform modding and resolution problems. However, the interpretation
techniques presented in this paper were not significantly affected by converted waves and the
computationa complexity was within the capabilities of portable computers. The advantages of
tomogrephy are aufficient to warrant the use of surface waves in waste Ste evduations.  For
example, an image of shdlow dructure can be obtained from the periphery of stes with limited
access.  In areas where trenches are used to contain wastes, the area of the trench may be



reveded as an anomaous veocity. In areas where seepage from a waste dte is controlled by
Sructure, the structure might be defined and used as a guide for drilling and sampling.

Surface Wave Tomogr aphy

Surface-wave group velocity is used is this sudy in order to generate a tomographic
image of the Swave velocity dructure. We measure group velocity of a sdlected frequency from
the travel time of surface-waves traveling from a source to an aray of sensors. In this analyss
ray theory is assumed. That is, we assume tha the dtructures vary only dightly within distances
of a wavdength. Elagtic waves in generd tend to average maerid properties with dimensions
gndler than a quarter of a wavdength and this effect limits the ability of dagtic waves to resolve
detall. Formadly in ray theory, the trave time is computed from the integrd of the downess dong
agiven raypath

t = Qs d Q)

where s is the downess (reciprocal of velocity) and dl is the line dement dong the
raypath. A common gpproach in sesmic tomography is to divide the medium into smal blocks
(pixels of the image) and edimate the downess in each block from the observed travel times.
The minmum-time paths for waves traversng a medium with anomaous velocity dructure are a
function of downess and ae curved. However, in media with dight velocity anomdies the
deviaion of the paths from a draght line will either be the same magnitude as the dimension of
the blocks or be less than a quarter wavdength. Deviaions smdler than the block sze will not
introduce sgnificant errors and deviaions less than a quater waveength will be within the
limits of image resolution. In media with large velocity anomdies, the generd ray theory
inverson becomes nonlinear. The iterative solution in this paper could accommodate a nonlinear
solution by using numericd techniques (eg. ray tracing) to identify those blocks tha influence
the propagation dong each curved ray path. We solve linear discrete tomography problem by
goproximating Eq. (1) with constant downess vaues in finite blocks. The discrete form of EQ.
(1) isamatrix,

t = Ls 2
where t is the vector of observed travel times, s is the downess of the blocks, and L is an
M~ N marix of raypath segments, with M rays crossng the medium and N blocks in the
moddl.

The problem of tomography is to solve Eq. (2) for the unknown group downess, the
reciprocd of group veocity. The measured group velocity a each frequency contains
information about the underlying velocity sructure to depths corresponding to approximately
one-quarter wavelength of that frequency. The frequency dependence of group velocity is the
disperson curve corresponding to the dructure below that postion in the image. The disperson
curve is a direct indicator of the subsurface shear-wave veocity. The shear-wave veocity versus
depth a that point is determined from the group-velocity disperson curves by fitting the
observed dispersion curve to one computed from alayered model.

Mog geophyscd inverse applications lack sufficient data to guarantee uniform coverage
and to remove dl the dngularities in the leas-squares solution. In geophysical applications,



noise in measured travel times can degrade the solution and can produce spurious velocity
anomdies. The generdized inverse, usng damped least squares or singular value decompostion,
and the conjugate gradient techniques are among many used in tomogragphic inversons to
minimize the effects of noise. The advantage of a generdized inverse computed using these
methods is that the modd and data resolution matrices and the error covariance matrix can be
computed. An inherent drawback of generdlized inverse methods is that they require extensve
computationa resources (CPU time and memory) making it difficult to obtain detalled images in
red-time under the fidld condraints commonly experienced in the acquistion of data for surface-

wave tomography.

In order to obtain a solution to Eqg. (2), we use iteration to find the damped least-square
error solution. We start with a guess, an a priori solution, s, and find the new solution,szk*l),
using the aternate form for damped and weighted least squares (Menke, 1989, p. 55, Eq. 3.40),
S = 0+ WTLTILW, LT e, T (e - 1), 3)

where, Wy, is weight assgned to each block. In this sudy the weght is the number of times a
block is sampled by a ray. W; is the covariance matrix for the observed times, and e is the
damping coefficient, which is chosen by trid and eror to give the greatest resolution without
causng ingability in the inverson. For smdl damping, the solution approaches the weighted
least-squares solution and for large damping the solution gpproaches the weighted minimum-
length solution. The solution to Eqg. (3) becomes the next guess and the iteration is repeated until
the guess converges to the solution. Because the block weights and reading errors are generdly
independent, W, and W;, may be assumed to be diagonad and their inverse is trivid. However,

the inverse to [LWb'lLT +eNt'1] is difficult to compute for large data sets and we approximate

this teerm by its diagond. This gpproximation is judified when most of the dements of L are
zero and tend to canced out the off-diagond dements. This is generdly the case in tomography
because each ray samples only a smal subset of blocks comprising the modd. A consequence of
avoiding the large matrix inverdons in the exact least-squares solution is the inability to directly
compute the data and modd resolution matrices. The lack of a resolution matrix is not generdly
a problem for surface wave tomography because the ray path coverage can be made arbitrarily
uniform by the desgn of the shot and recever pogtions. Also, the man function of the
resolution marix is to examine odid vaidions in the &bility to resolve individud cdls
Because the data can be made arbitrarily dense, resolution is primarily limited by wavelength.
The damped and weighted least-squares solution of Eqg. (3) is computationaly a more rigorous
verdon of the smultaneous iterative recongruction technique (SIRT) (see Lo and Inderwiesen,
1994, p. 36, Eq. (46)). In SIRT, the resduas between observed and predicted travel times are
back projected to obtain average downess perturbations to be used to update the latest downess
moddl.

Data Acquisition and Processing

Site Description

The dte chosen for presentation in this study is located in east central Georgia, USA, in
an unused portion of Hamburgh State Park. In the study area, the near-surface materids are
sands and clays characteristic of the Coastal Plain sediments of Cretaceous age. The area is near



the boundary between the coastd plane sediments and the crystdline Piedmont Province rocks.
The test area is on a smooth dope down to the south with a drop of approximately 3.0 m over 30
m. Theareais an open grassy field bounded by a young pulpwood pine forest.

Data

The test geometry sdected for the 30
surface-wave tomography experiment is a
29.3 m (96 ft) square on a Sde. The sensors
were placed 1.8 m (6 ft) apat dong the
north (top) and west sdes. The shots were
symmetricaly placed 1.8 m (6 ft) agpart 20-
adong the south and the east ddes. The
combination of 16 shots and sensors on y(m)
opposite sdes provided extensve coverage
of the area (Fig. 1). The dendty of ray
coverage for the study area ranges from 10 10
to 40 paths crossng imaging pixels of 0.9
m (3 ft) in 9ze, and is aufficiently dense for
this area geometry to dlow pixels that are
hdf the sasmometer spacing in the interior
of the rectangle.  Along the edge the 0
dability of the tomogrephic inverson is
reduced because the pixels have a lower hit )((m)
dengty and are primarily dependent on the
adjacent shot or sensor locations. A | Figurel. Ray geometry for arectangular
refraction line was obtained to complement | test area showing the density of ray paths.
the tomography data. The 16 geophones
were placed 3 m (10 ft) apart dong a line striking N 60° W centered on the tomography square
and passing 1 m south of its northwest corner. Shots were taken between the geophones, spaced
a 3 m (10 ft) intervas, and extending 70 m from the center of the line in both directions. Field
time to collect al data was approximately 4 hours.

At digances of less than 75 m, a dedgehammer provides sufficient energy for recording
the surface waves. We used an eight-pound hammer with a trigger switch atached to the
hammer's head. The drike plate was a block of wood which, unlike the rigid meta drike plate
used in mogt shdlow refraction studies, does not put as much high-frequency energy into the P
and S waves and directs more of the energy into the lower-frequency surface waves. A typica
recording (Fig.2) shows the moveout with distance expected for a shot point in one corner. The
amplitude decay of coherent phases shows the consstency of the phase velocities. The dominant
amplitudes correspond to the surface waves, principaly the fundamentd mode of Rayleigh
waves, recorded on the 1.0 Hz verticd component seismometers used with our recording system.
The 1.0 Hz seilsmometers have a flat response from 1.0 to 100 Hz. We recorded 16 channels at
6250 samples per second (sps) for 0.640 s. For andyss, the traces were filtered with a band-pass
Butterworth filter extending from 5 to 170 Hz. The tet area was isolated from dectricad
interference and no specid filtering for 60-Hz electrica noise was needed.
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Figure 2 Seismic traces from a single shot located near the upper right-hand
(northeast) corner of the square. The traces are recorded on the western border and
extend from north (1) to south (16).

Egimation of Group Trave Times by Multiple-filtering

The multiple filter method (for details see Kocaoglu and Long, 1993b) was used to
identify the arriva times of the surface waves a sdected frequencies. The sdected frequencies
were limited by the energy in the recorded traces and by their wavelength. In this sudy rdiable
energy was observed for frequencies from 16 to 50 Hz. These frequencies provided appropriate
wavelengths for imaging the top 1 to 8 m. Frequencies below 15 Hz had waveengths grester
than 20 m and were limited in ther ability to resolve structures within the shdlow depths of the
dudy aea  Higher frequencies are atenuated in the near-surface soils and obscured by
interfering scattered body waves.

In the multiple filter technique, seigmic data are filtered with a narrow-band filter. The
group velocity for frequencies a the center of the narrow-band filter is esimated from the arriva
time of the pesk indantaneous amplitude. The center frequency of the narrow-band filter in our
andyss is changed successvely from 16 to 50 Hz at 1 Hz increments to dlow tracking of group
velocity as a function of frequency. The narrow-band filtering is performed in the frequency



domain with a Gaussan filter whose bandwidth is proportiona to the center frequency. In order
to obtan the ingtantaneous amplitudes for each filtered trace, we compute the andytic sgnd,
which is a complex signd with its red pat defined by the actud trace and its imaginary part
defined by the Hilbert transform of the red part. The indantaneous amplitude of the output is the
magnitude of the complex trace in the time domain. The results of multiple filtering are shown
for frequencies of 16 (Fig. 3a) and 24 Hz (Fig. 3b). The trace-to-trace variation in ariva times of
the peak ingantaneous amplitudes for a given frequency indicates the group veocity anomay
adong the ray-paths of the particular source-recever geometry. Anomaous travel times of the
surface wave are determined by comparing arrival times at adjacent geophones.
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Figure 3a Filtered traces (Ieft) and analytic signal (right) for 16 Hz. The line indicates the
interpreted arrival time.
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Figure 3b Filtered traces (left) and analytic signal (right) for 24 Hz. The line indicates the
interpreted arrival time.

Unlike non-dispersive P-wave arivads and other phases for which the trace correaes directly
with the arivd, the picking of ariva times for determination of group velocity is achieved
through the indirect multiple filter process. Along a line, the arrivd of the wave group may shift
across phases as can be seen in Fig. 3aat 16 Hz.

The amplitude pesks in the filtered record may be dtered by noise.  Slight noise may
only introduce scatter in the location of the pesk amplitudes, but noise thet is large relative to the
surface wave amplitude could cause peeks at extraneous times. Also, when waves are focused or
scattered by anomaous dructures and arive a anomaous times, the interfering waves may
introduce peaks at extraneous times. In order to minimize the picking of arriva times of pesks
corresponding to interfering waves, such as the shear wave, the Rwave, the acoudtic air wave or
other sources of noises, we limited the picking of pesks to times close to the expected group
arrival time of that frequency. The expected group veocity for a set of traces was found by
gacking dl filtered trace amplitudes with respect to group veocity. When a strong dispersed
surface wave exigts, the pesk of this stack indicates the expected group veocity and the width
indicates reasonable limits for expected variations in the group velocity. Alternatively, the range
of acceptable time picks could be determined interactively through direct observation of the
filtered traces. We applied an accept/rgect condition to eiminate ariva times tha fel outsde
the range of expected variations in the group velocity or that were inconsstent with neighboring
ariva times. For some traces, particularly those that are a higher frequencies and a greater
disgances, no obvious pesk may exig in the ingantaneous amplitude and these spurious vaues
ae ds0 diminated with the accept/rgect condition. The times corresponding to pesks in the
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Figure4. Filtered traces and analytic signal from therefraction line showing the
offset and itsinterpretation.

amplitudes provide the basc data for the tomographic image a each frequency. However, these
arivd times must firg be corrected for group dedays related to source function, instrument
response, and ground coupling of the indrument. We have determined that the instrument and its
coupling to the ground can impat messurable delays to the group ariva time If left
uncorrected, the velocities can be in eror by 10 to 25 percent, particularly for frequencies near
the geophone's naturad frequency. While the instrument group delay can be determined exactly
from the ingrument's impulse response, the coupling of the insrument to the ground, and the
source function delays depend on the properties of the ground. The coupling of the geophone
generdly resonaes a frequencies one to two orders of magnitude higher than the geophone's
natura period, but on soft ground it can be lower and dgnificant for the higher frequencies
measured. Average group ddays that include dl source and geophone effects can be measured
directly from fied data if data from a refraction line are avalable. Refraction line data (Fig. 4),
from an area of assumed uniform dructure, are processed for group delays with the multiple
filter technique, thus including any group delays possbly introduced by the andyss technique.
As the surface waves cross the survey area, the group ariva times at each frequency can be
extrapolated back to the source and a delay time determined. These delay times are then removed
from the observed times prior to further processing.

In this study, the precison of te observed group ariva times was generdly less than 10
percent of the ariva time anomdies caused by the veocity dructure, making it possble to
compute a tomographic image. The uncertainty in picking a group ariva time depends, among
other things, on the filter used in the multiple filter technique. A narrow filter, one that would be
desrable for resolving the ariva time of a sngle frequency, gives a broader pesk and a larger
uncertainty in the time domain. A wider filter would give a narrower peak and more precise pick,

12



but would yield an average velocity for a wide range of frequencies. Because the objective in this
sudy is to determine the frequency dependence of group velocities, we use a narrow filter. For a
narrow filter, the uncertainties of the picks can be large compared to the time one would expect
for a surface wave to propagate from an adjacent station. We added a congtraint in order to
uppress the noise in the image introduced by the scatter in the group arivd times. The
congraint is that the difference between the times of arival a adjacent dations is given by the
difference in travel time dong the two expected propagation paths. The uncertainty is estimated
from the uncertainty in the direction of wave front propagation for an inhomogeneous medium.
The weight for the congtrained least-sguares reduction is inversely proportiona to the uncertainty
of the measurements of observed ariva time and the derived uncertainty in the time difference
for dmilar travd paths. A constraned and weighted least-squares reduction is then used to
determine the optimad arivd times by combining the amplitude picks and expected time
differences between traces that follow dmilar paths. In this way, the different lines are tied
together and random deviations in picks of arivd times are suppressed. The detals of this
reduction depend on the geometry, the number of amilar paths included in the reduction and
number of Sdes of the study area aong which data were obtained.

Results and Discussion

We obtained 36 images a 1.0 Hz increments from 15 to 50 Hz (see Fig. 5 for
sdected frequencies). The images are 30 by 30 pixds, each dightly less then 1.0 nf,
corresponding to 900 unknown velocities a each frequency covering an area of 894 nt. These
images show a pattern of anomdies that changes gradudly with frequency. In Fig. 5, the group
velocity ranges from a low of 100 to a high of 300 m/s. For the lower frequencies, there is a
diginct difference between the higher veodities in the north and the lower veocities in the south.
For the intermediate frequencies, the anomalies are less distinct & an average of 225 m/s. Above
35 Hz the surface waves are most strongly affected by the top two meters. The images show a
pattern that is related to surface features but may aso include noise a the highest frequencies.
For example, the lowest velocities a the higher frequencies are aong the north edge. The north
edge bordered a young pine forest where the near-surface soil would contain more humus
accumulations than in the open fidd. The study area included a Structure conssing of a 1.0-m
deep cement base topped with a 1.0-m high cement block enclosure. This structure covered
approximately a 2.0 by 3.0-m area located a 23-m north and 21-m east in Fg. 5. A high-velodity
anomaly associated with this location is most pronounced at 16, 20 and 48 Hz (see Fig. 5). This
dructure is cdose to the resolution limits for the recorded wavelengths. Resolution limits for
anomadous velocity dructures depend on many factors, such as velocity contrast, object size,
wave propagation path, and noise. However, a quater waveength limit suggests an average
resolution of 2 m for most frequencies, with maximum resolution of 1 ma 50 Hzand 2 mto 5 m
at 15 Hz.
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Figure5 Tomographic imagesfor 16 Hzto 48 Hz at 4.0 Hz intervals. Contour
linesare group velocity in m/s. The solid squareisthe small cement block
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With dispersve group veocities, the
tomographic images of individua
frequencies do not trandate directly to
shear-wave dructure. In genera with phase
velocities the low frequencies are sendtive
to the average of shdlow and deep
dructure, while the higher frequencies
reflect only structures at shdlower depths.
With group veocities, changes in phase
velocity can lead to a group veocity
minimum a some frequencies that can be
deceptively low relative to the shear-wave
velocity dructure. Hence, interpretation of S-wave velocity (m/s)

anomaous  group  veocity requires 200 400 800 800

examination of dructure as wdl &S = ' I ' | - |
observed velocity anomdies. - .I‘—,?

Once the tomographic images ae AR
developed, a disperson curve for selected i s
areas may be generated. We generated the
group veocity curves by usng a disance
weighted average of the image. We usd
the weight function wir] = 1/[1+[a/r]"],
where r is the disgance from the sdected
area, a is the digance where the weight is
haf its maximum vaue, and n controls the
decay with distance. This arbitrary weight 0
function was chosen because it is efficient .
in computer programs and  alows
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T
|

Group velocity (m/s)
180
T
|
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Frequency (Hz)
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e
e
|

adjusment of the radius of averaging and ) . . .
relative weights of near and distant values Figure 6 Thedispersion curveisfor the
Choosing n=10 in this study gives nearly | @veragegroup velocity of theentirearea. The

equa weight to values & distances less than initial estimateisthelight curve. The heavy
a ad vey litle weght to vaues a lineindicates the average mode and its
distances greater than a. We generated an dispersion curvefor the entire study area.
average disperson curve for the entire area
(@=30) in order to find an appropriate

initid starting model for the determination of structure (Fig. 6).

For a garting model, we chose a three-layer modd with velocities of 200 m/s, 300 nvs
and 400 nVs, respectively 1.0 m, 4.0 m, and 7.0 m thick, over an 800 nvs haf space. The Pwave
fird arivds from the refraction line indicate a two-layer modd with velocities of 500 m/s, and
1300 m/s, respectively 1.0 m and 11.0 m thick, over a 2300 m/s half space. These are consstent
with the initid shear-wave velocity moded, conddering the high Poisson's raio of near-surface
soils. For modding shear-wave velocities a each pixd, we used a mode with 12 one-meter thick
layers over a hdf space. In genera, the modd parameters include layer thickness, shear-wave
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veocity, P-wave velocity and dengty. In this sudy we solve only for shear-wave veocity, fixing
the layer thickness and usng assumed vaues for densty and Poisson's rétio. The inverse method
outlined in Kocaoglu and Long (19938) was used to solve for the modd. Given an initid
edimate of the modd, the initid esimate of the group veocity dispersion curve can be computed
directly from the modd parameters. Then, by usng the fird two terms of a Taylor's expansion,
corrections to the initid estimate of the model can be obtained by iteration until convergence is
achieved a vdues within the edimated eror of the measurements. The Jacobian matrix is
computed numericdly by usng a finite difference agpproximation. For dl iterations, sngular
value decomposition is used to provide sability in the generdized inverse.

The group vedocity images suggest tha the principa dructure in this area is two-
dimensond with an east-west drike. In order to illustrate this Structure, we generated group
velocity disperson curves a 1.0-m intervals dong a north-south line passing through the center
of the sudy area. The hdf width used to generate an average group velocity curve for each of the
30 observation points aong the profile was set a a width of 1.0 pixel (gpproximatey 1.0 m).
Although not needed for this study, a disperson relation crested for a larger hdf width (a > 5
pixel lengths) would suppress noise and produce a smoother image. The tradeoff for a smoother
image is reduced resolution of the structure. The mode for the average disperson curve from
Fig. 6 was used as a dating model for dl points on the profile. The resulting dructure (Fig. 7)
indicates that the high velocities that are most obvious a 20 Hz (Fig. 5) are caused by a shdlow
high-velocity dructure. There is a diginct 2.0-m verticd displacement of the veocity gructure
across a line near the 18-m point. The character of the anomaly with depth suggests a thrust fault
or, dternaivey, the existence of an area near thelO-m point that has been disturbed to a depth of
40m.

Condlusons

The tomographic inverson of travel times for images of group vedocity is an effective
way of identifying shear-wave dructure. In the study area, the interpreted shear-wave veocity
varied from 200 m/s at the surface to 450 m/s a 4m depth and the image shows considerable
detal. The dructure suggests a possble thrust fault or edge of a buried trash dump. The
reolution a a one-quater waveength dimenson was aufficient & the high frequencies to

S Distance (m) N
5 10 15 20 25

Elevation (m)

Figure 7. Structural cross-section extending south to north in the center of the study
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resolve anomalous feetures to within 1.0 m, the sze of the resolution pixel and hdf the geophone
goacing. Usable disperson curves were obtained for square areas with sdes on the order of a
gngle 1.0-m square pixd. These could be interpreted reliably for variations in velocity to a depth
of 80 m. The andyss is desgned so that images, disperson curves, and interpretations of
sructure could be obtained during acquisition of the datain the field.
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Relevance, Impact and Technology Transfer

This project addresses problems related to identifying structures in soils, such as trenches
where waste has been buried. By evauating the tempord variation in velocity structure, the
method may prove useful in monitoring water and/or organic contaminants in soils. Most
importantly, the tomography aspect of the technique alows measurements at distance, avoiding
hazards associated with access to the surface above a contaminated zone.

Application of surface-wave group-velocity tomography could potentialy minimize the
number of drill holes needed to test an area for suspected hazardous waste. It could also assist in
extrgpolaing information from limited test wellsto alarger areawith detail not possible without
drill holes every 2 to 4 meters.

This project is atempting to gpply theoretica techniques used in regiond and globa
seigmology to the scale of a 100 meters. There is a Sgnificant gap between these globa studies
and the engineering test methods, like Spectrd Andysis of Surface Waves (which give
interpretation at one point and require access directly above the site).  Alternative methods, such
as those that use surface waves dong arefraction line, are aso under development but ill
require access to the surface above the structure.

The method should be tested for application to avariety of problems. The primary
deficiency of the method at thistime isalack of experience in gpplying the method to avariety
of conditions. The main impediment to more generd gpplication at thistime is accessto Stes
and continued development of andys's programs for improved efficiency.

The shear-wave velocity is an important parameter in many studies, not just the location
of waste and monitoring of fluid flow. It isimportant in foundation and building design. For
these gpplications seismic refraction or cross-hole velocity studies are usudly performed. Shear-
wave velocity structure isimportant in analyss of sructures for resistance to damagein an
earthquake and for estimating the risk of damage in an earthquake. The technique could also be
useful in andyzing the potentid for liquefaction during shaking.
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The move from SASW and seismic refraction to surface-wave tomography is equivaent
to the move from saiamic reflection profiles to three dimensond saismic processing. The
advantages of athree dimensiond image are Sgnificant improvements in the ability to visudize
the structure and processes in the near- surface soil environment.

Project Productivity

The objectives of our contract (D-FGO7-96ER14706) were to develop the computer
programs and acquigition system for surface-wave group-velocity tomography and test these at
three sites. The project results, which met or exceed these objectives are reported in papers,
expanded abstracts, and talks (see Publications). Complete inversion of one area was not
accomplished because the surface wave inversion to shear wave velocity proved to be unstable
for certain conditions. An unfounded extension was requested to initiate the study of the
inverson technique. These studiesled to a proposa for more detailed study of the inversion of
surface wavesin soils.
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for group-vdocity analys's and tomographic inverson.
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of the noise reduction agorithms.
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Publications

Long, L.T., and A. Kocaoglu (in press, June 2001) Surface-Wave Group-Vdocity
Tomography for Shalow Structures, Journd of Environmental and Engineering Geophysics,

Uses the data from Hamburgh State Park to illustrate the technique and describe the
resolution of the method.

Long, L.T., and Kocaoglu, A. (1999). Surface-Wave Group-Veocity Tomography for
Shdlow Structures, in Proceedings of the Symposum on the Application of Geophyscs to
Enginering and Environmentd Problems, Environmental and Engineering Geophysical Society,
March, 1999 (SAGEEP99)

Presented the analyss and results from a smdl sguare of data from the Oak Ridge
Nationa Laboratory Ste.

Jeffrey Martin, L. Timothy Long, and Toshiro Kubota Imaging near-surface buried
sructure with high-resolution  surface-wave group-velocity tomography. Proceedings of the
IEEE Signd Processng Society, International Conference on Image Processng, Vancouver,
Canada, September 10-13, 2000

A tegt of High-Resolution surface-wave tomography for detection of buried waste and
ordinances. It emphasizes the use of Surface wave tomography for smal object a aSte where
the target positions are known, the test range at Cobb Co. Georgia Tech Research Corporation.

Long, L.T.(1999). Seismic Surface Wave Tomography at Waste Sites, Research Note in:
Fast Times, The EEGS Newdetter, February.

Presented the method in abbreviated form, non-technica description of the data and its
interpretation from Hamburgh State Park.

Long, L.T., A. Kocaoglu, W.E Doall, X.Q. Chen, J Martin. SurfaceWave Group-
Velocity Tomography for shdlow dructures & a waste dte, SEG Expanded Abstract, Annud
Meeting, Houston, October 1999.

Long, L.T., A. Kocaoglu, J. Martin, and F. Williamson. Andysis package for in-fidd
group-velocity tomography measurements using a portable computer. (internal document, to be
placed on web page or distributed by some other arrangement to be determined later)

I nteractions and Meetings

DOE Atlanta meseting, April, 2000. Presented poster and discusson on the surface-wave
group-velocity inverson method.

Long, L.T., A. Kocaoglu, W.E. Dall, X.Q. Chen, J Martin. SurfaceWave Group-
Veocity Tomography for shadlow dructures at a waste dte, Tadk and presentation a SEG
Annua Meeting, Houston, November 1-3, 1999.

Presented a preview of surface-wave group-veocity inverson.

DOE Chicago mesting, 1998. Presented preliminary results from anayss.
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Long, Ldand Timothy, SurfaceeWave Group-Veocity Tomography, (a power point
presentation), Earth and Atmospheric Sciences Departmental Seminar.

Long, L.T. and Argun Kocaoglu, 1999. A tomographic inverson method for near-
surface structure, (Abgiract and talk, Eastern Section Seismological Society of America, Annua
meeting October 16-20, 1999, Memphis, TN.

Present inversion detalls.

Trandgtions

We are currently investigating various avenues to distribute the surface-wave group-
velocity tomography andysis techniques developed under this contract. For example, we are
discussing the possihility of developing acommercid package in cooperation with mgjor
instrument manufacturer. The andys's package would be marketed as part of assismic
acquisition system and we would jointly run training workshops for equipment operators. A
commercid package would require arobust digpersion inversion program, such as proposed in
thisproject. Alternatively, we could make the analys's programs available through Georgia Tech
and provide support and documentation, perhaps through workshops.

Theindustry is generdly reluctant to adopt and use (i.e. spoend redl dollars on) an
unproven technique like surface-wave group-velocity tomography. Adoption of thistechnique
will come only after anumber of case studies are successfully demonsirated and after convenient
(i.e. user friendly) packages are available. Hence, anatura extension of the proposed work
would be to seek new "problem” areas to image and to use as demongiration data sets. Such
aress could help to further develop the analysis programs and improve their ability to handle a
wide variation in field conditions, as well as build confidence in the capatiilities of the technique.
In particular, the gpplication to specific critica problem should be evauated. Such problems
could include assessment of permafrost degradation, flow of dense fluids, and a study of the
relation between age of burid and ease of detection. The decrease in detection capability for
older structures is expected because the disturbance of aburid will hed with time and the rate of
this hedling and its impact of seismic velocitiesis not well understood. There exigt additiond
interpretation problems to evauate, such as the impact of trees of various size on the passage of
surface waves.

Patents
No patents applied for at thistime.
Future Work
In thiswork we assumed that the conversion of dispersion curves to shear-wave structure
could be accomplished using well-known and "tested” techniques. Our assumptions were wrong.

These techniques were found to work for some of our areas, but became unstable in others,
particularly those with low-velocity zones at depth. The ingtability in these casesis related to the
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numerica difficultiesin digtinguishing fundamenta and higher modes. While techniques exist

to sort out the fundamenta and higher modes, they are not practica for the automatic inverson

of many disperson curves (over 256 in each of our modds). Also, the exigting inversion
programs are based on congtant velocity layers; an approximation that may not be appropriate for
the strong depth- dependence in velocities typical of soils and their trangition to unwesathered

rock. Programsto exactly modd agradient velocity structure do not currently exist (except as an
approximation with a sequence of thin layers). Future work should be directed toward
developing arobust and accurate inverson method specificdly for the velocity gradients of a

s0il. These could be based on exact solutions from finite difference smulations of disperson.
The complete objective would be to develop an andys's package for data acquisition, data
reduction, and data interpretation in terms of shear-wave structure that can be used to evaluate
the three-dimengond dructure and time variations in structure of near-surface soils. Inthe
process of developing the andlysis program, data from additional areas are needed.
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