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ABSTRACT

The presented numerical modeling results and fadth indicate that some contrast
subsurface objects (such as tunnels, caves, pfiles, pits, and fluid-filled fractures) are
capable of generating durable resonant oscillatiafier trapping seismic energy. These
oscillations are comprised of surface types ofurirterential waves which repeatedly propagate
around the object. The resonant emission of sagpéd energy occurs primarily in the form of
shear body waves that can be detected by remadtsdgg receivers. Resonant emission reveals
itself in the form of sharp resonant peaks for ltte parts of the records, when all the strong
direct and primary reflected waves are gone. Tipesds have been observed in the field data
for a buried barrel filled with water, in 2D finidifference modeling results and in the exact
canonical solution for a fluid-filled sphere. A cpated animation for the diffraction of a plane
wave upon a low-velocity elastic sphere confirme tieneration of resonances by durable
surface waves. | show that resonant emission hasacteristic quasi-hyperbolic travel-time
patterns on shot-gathers. The inversion of thesterpa can be performed in the frequency
domain after muting the strong direct and primasgtered waves. Subsurface objects can be
detected and imaged at a single resonance frequeitltyut an accurate knowledge of source
trigger time. The imaging of subsurface objectsumes information about the shear velocity

distribution in an embedding medium, which can bealinteractively during inversion.
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INTRODUCTION

Some contrast acoustic and elastic objects, ssittnaels (of different kinds), pipes, buried
containers, UXOs, mine shafts, and fluid-filledch@es, are capable of resonating at certain
frequencies as a result of trapping energy fronsipgswaves and then slowly releasing that
energy back into an outer medium. As high-contszsttterers, these objects are capable of
generating strong scattered waves in which prinfaailistic) PP, PS, SS waves carry away most
of the energy brought in by the incident waves.sTéwnclusion follows from numerical and
analytical results obtained from the canonical sohs for spheres and cylinders (Frisk et al.,
1975; Metsaveer, et al, 1979; Uberall, 1973; Vaksl880, 1984; Korneev and Johnson, 1996)
and practically all of the scientific work donedetermining underground scatterers rely on the
utilization of these waves (e.g., Landa and Keyd888; Groenenboom and Falk, 2000). Apart
from the primary scattered waves, canonical sahstialso predict the existence of other waves,
which creep along the walls of the object while #imy secondary scattered energy into an
embedding medium.

Waves that propagate around an object along iisr anterface are called circumferential
waves. The emissions coming from propagating cifeuamtial waves have been intensively
studied in hydro-acoustic problems (Frisk et &.73; Uberall, 1973; Veksler, 1980, 1984), and
have two distinct features compared to a typicabnselogical application. Firstly, the
embedding medium in hydro-acoustics is water, wisctelatively homogeneous and conducts
no shear waves. Secondly, in hydro-acoustic agpmits, both the source and the receiver are
located at the same point, and therefore the redostynals represent a back-scattering energy

called echo-signals. These simplifying featuresyels as the high practical importance of echo-
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locating problems, have resulted in thorough aredytand numerical studies of echo-signal
compositions.

Four types of circumferential waves are known. Titet type is the Frantz wave (Frantz,
1954), which propagates around the object with aigloapproximately equal to that of the
embedding medium. These waves merge with direcesavthe edges of the shadow zones and
form most of the wave field in these zones (Grobnem and van Dam, 2000). Frantz waves
intensively radiate energy into the outer mediurd eapidly decay in amplitude over time. The
second type is comprised of “whispering gallery”ves (Rayleigh, 1924); they primarily
propagate inside of an object being multiply rditelc from a curved object’'s interface.
Whispering gallery waves also decay rather rapiibgause they lose their energy during
reflections at interfaces. The third type of cirdamential wave is the Rayleigh waves. Even if
their initial amplitude is small compared to otlweaves, over a long observation time Rayleigh
waves can dominate in records, as it happens wiésg¢ismic events. Finally, the fourth type,
Stoneley waves can be excited when either the bbjethe medium is a fluid (Uberall, 1973).
Stoneley waves are also slowly decaying waves,candnmake many propagation cycles around
an object without significant attenuation.

For both high- and low-velocity objects, the prignacattered waves have the same order
of magnitude. The main difference between theseatdjis in the later arrivals, when all the
primary waves are already gon&hile high-velocity objects effectively radiate mas their
energy soon after an impact, low-velocity objecap tsome fraction of the energy in the form of
multiple reflections. High contrast objects of baypes also support circumferential waves that
slowly release their energy by radiating commonybadves. The resonant character of echo

signals was observed both in data and numericghgrp spectral peaks of these signals appear
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because of the slow amplitude decay of circumféakntaves, where an object’'s geometry
allows a constant rotation time around it.

Circumferential waves have been studied in artielaster medium, primarily for objects
with cylindrical symmetry (Plona, et al., 1992; Has and Nagy, 1997). Applications include
pipe testing and borehole condition analysis. laidffilled fractures with finite lengths,
resonances can be supported by the slow Stoneidgduaves (Korneev, 2008). However,
observations and numerical simulations of thesenasces are yet to be developed. This paper
demonstrates that resonant emission can be detedbeth real and synthetic data. After simple
processing, seismic emission records can be efédgtused for seismic imaging and velocity
estimations. The remarkable feature of resonarg#nsei emission is that it is predominantly

comprised of shear body waves.

FIELD EXPERIMENT
Experimental setup and data acquisition

The field experiment (described in this paperhdiected in 1999, was intended to generate
the test data set for subsurface object-detectidriraaging methods. Soil for the experiment
consisted of compacted, consolidated sand witlvalétity of 500 m/s and an S-velocity of 240
m/s. The object was a water-filled barrel 60 crdieimeter and 120 cm in height. Some air
bubbles were left inside of the barrel before is\wwaaled. The barrel was placed at a depth of 5—
6 m in a specially excavated pit, which was theckkdled with soil. A 24-channel 0.5 m
spaced line of vertical geophones was used foryeyeund shot made by a sledge-hammer,
with a shot point positioned at the first receigéeach line (Figure 1). There were 87 shots in

total at a 1 m spacing interval. The middle receofd.ine 51 was directly above the barrel. The
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Figure 1. Geometry of the seismic experiment to locate geduvater-filled barrel. Solid, dashed and dotted

line arrows indicate direct, circumferential andtsered waves respectively.
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Figure 2. Shot gathers 45-57 for field data recorded alibeeburied barrel. Visible is the direct S-wave.
Barrel is located in the middle of gather 51. Castiblack-white striped lines correspond to th&t fieceivers

for each shot which are coincident with source tpmss.

records were 0.5 seconds in length with a 0.5 i@ s@mpling rate. Figure 2 shows raw shot
gathers 45-57. Direct P- and S-waves have dommatmplitudes on each trace, and from 0.1
seconds after first arrivals, no coherent wavesewasible in the data (Korneev and Landa,

2007). No primary scattered waves are visible i lackground of the direct waves. (Some
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waves can be interpreted as reflections from th¢ Pphe author is unaware of any successful

attempts to detect and image the barrel using tihatse

Imaging
After applying automatic gain control (AGC) with2b ms window, the late (0.25-0.5 ms) interval ede@ sharp

resonant peaks in amplitude spectra at frequélp&y: 78 Hz (Figure 3).
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Figure 3. a) Single seismic trace recorded at surface avauried water-filled barrel. b) Amplitude spectrof
trace in a). ¢) Result of applying AGC to tracea)nd) Amplitude spectrum of trace in c). Durabéeithation in late
arrivals primarily consists of single harmonic 8 Hz.Band-pass filtering of traces in the 75—-83ierval yielded

the clear hyperbolic signature of a secondary seisource with the apex in the middle of Line 5ig(fFe 4). The
phase slopes (240 m/s) of the secondary sourcespamd to the velociy of shear waves in an embedding

medium.
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Figure 4. Shot gathers 45-57 after AGC and band-passrifigearound 78 Hz show hyperbolic

monochromatic signatures of a secondary sourceetdgta’s apex indicates lateral position of theeabj

while its curvature has direct relationship withemlb's depth.
If a velocity is known, single shot information@sough to locate the barrel. The apex location

points at the horizontal coordinate, while fittitige hyperbolic curvature allows us to determine

the barrel's depth. Utilizing information from adlvailable data, we consider modeling the
Green'’s function, (f) in the form

W, (f.) =expl 27f 7., ) /"y, (1)
which describes the monochromatic wavefield excligdan underground secondary source at
the point M, =M, (X, z)with spatial coordinates;, z , and record at the sensor location
S, =S,(x,,z,), wherer,, is the wave travel distance between poilts and S, andi =v-1.

The travel times,, were computed assuming a homogeneous velocity

i
I, = VLk : (2)

S

The imaging function was taken to be of the form
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N
F(Mk) :Z anj*(fras)wnk(fras) ’ (3)
j In=1

where shj*(fr%) is the spectral component of data from ghiecorded in receivan (1<n<N)

and contained in the 0.3-0.4 time interval fromufgy 4. The star (*) denotes complex
conjugation. The summation in Equation 3 covershalshots in the vicinity of the imaging area
(shots 45-57). The use of absolute values in Egu&imakes the inversion independent of shot

origin times and stabilizes the inversion resultjch is shown in Figure 5.

Depth [m]
© o W » § b b » r o

0 1 2 3 45 6 7 8 9
x [m]

Figure 5. Migrated image of the buried barrel. Displayethis function F from equation 3.

A similar inversion was performed in the time domaiut it required phase-picking, which is
generally an unstable and non-unique procedure.ifip&ementation of Equation 3 is simple,
straightforward, and quick. The maximum value zon€&igure 5 indicates the barrel’s correct
location and contains contributions from all thedishots. To ensure the best image quality, the

inversion was performed for different velocitidg in the 200-300 m/s range. At incorrect

velocities, the inversion image smears and spilitsdveral anomalies. The best focusing was

obtained for Vg =235m/s. Thus, the described imaging approach enablkesevaluation of

imaging velocities.
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Modeling

We modeled the field data with a 2D elastic fidiference code, using a 40 x 12.5 m
model with 0.05 m grid spacing.
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Figure 6. Single shot gather 3 for vertical component of tih@deled traces. Amplitudes rapidly decay aftest fir

arriving phases.
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Figure 7. Shaded relief snap-shot at 0.8 seconds showsntiezential waves rotating around the object. ‘€hes

waves cause resonant emission (waves) propagatembedding medium.
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Figure 8. a) Amplitude spectrum of trace 30 from the shathigr shown on Figure 6.
b) Amplitude spectrum of the same trace as on tpfier applying AGC reveals sharp peak at 53 Halarly to
results for filed data from Figure 3.

The background Vp and Vs velocities had the same hees as in the field experiment. The
local object was modeled as a 1 m x 0.7 m rectanguinhomogeneity containing fluid with
70 m/s velocity and 1 g/crhdensity. Ten shot gathers were computed using 3 spacing for

sources.
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Figure 9. Late arrivals of modeled data after applying Figure 10 Migrated image of the modeled data

AGC and band-pass filtering around the resonance . L .
P g locates the object and is similar to one obtairredhf

frequency have repeating quasi-hyperbolic pattern
i Y P 94 P P field data. (Figure 5).

similar to one observed for field data (Figure 4).
The surface receiver line was the same for allsshantd had 61 sensors separated by 0.5 m. A

single shot gather for Shot 3 is shown in Figurevidere (similarly to the field case) the primary

10
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scattered waves rapidly decay after 0.2 s. Therdewp length was 1 s. A snapshot image at 0.3
s (Figure 7) shows that at a late propagating tithe,field predominantly consists of shear
waves created by circumferential waves in the dbjElee spectral content of the later parts of
the records (after 0.5 s) shows a sharp peak Eiz58 all the traces (Figure 8).

All the data were AGC’d and band-pass filtereduarbthe peak frequency, leading to the
images shown in Figure 9 and revealing quasi-hyperiphases similar to the ones observed in
the real data (Figure 4). The application of theemsion procedure described in the previous

section revealed a clear image of the heteroge(féigure 10).

NUMERICAL EXPERIMENT: RESONANT SPHERE

General considerations

Spherical models allow for analytical scatterirgusons and therefore can be helpful in
understanding the basic properties of the scattéedds formed on less treatable objects.
Following the general formulation for diffractiorpon a sphere (Korneev and Johnson, 1996),
we present here some numerical results that #testthe resonant scattering mechanism. An
integral scattering characteristic called the “nalimed scattering cross-section,”
og,,W =P,S), relates the total energy of the scattered fielthe energy of a P- or S- wave
incident upon the object. For an elastic embeddiaglium, partial P- and S- scattering cross
sectionso,,, andog,,(W =P,S) can be considered, which correspond to separatemations

of compressional and shear scattered waves. Ibéas shown (Korneev and Johnson, 1996)

that for any spherical object,

UPS —
Ie Vs

(4)

11
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and the seismic energy primarily converts into shlveaves. In Equation (4), the velocities on

the right-hand side correspond to the embeddinguned

Results

Figure 11 showw,, and o, partial scattering cross sections for a fluicefillsphere. The

sphere has a radius of R=0.5 m, and the fluid &adterized by =110 m/s and a density of 1

g/cnt.

Scattering Cross-Section

0 LU I L] | LI I rrea I L) I
50 60 70 80 90 100
Frequency [Hz]

Figure 11 Scattering cross-section for fluid-filled spheri¢h resonant peak at 78 Hz.

This model reflects the case in which the liquashtains some gas bubbles; such a mixture has
the compressibility of gas and the density of kljuBuch a parameter combination leads to very
low propagation velocities (Kaelin, 1998), whicle dower than those in the embedding shallow
subsurface. The chosen parameter set shows a idsanpant peak at 78 Hz, which coincides
with the peak in real data (Figure 3). For bothaRd S- types of incident waves, the scattering

energy of S- waves overwhelms the energy of P- sjamed apparently can be neglected in real

12
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applications. The first resonant peaks for a flilied sphere follow the equation (Korneev and

Johnson, 1996)

1) _ _ @R
—_01 {_V ’ (5)

12(5)_ £ ]

containing thespherical Bessel functiong (¢) and the frequenay. The first three roots of this

equation areé =2.1, 5.9, 9.2. Thus, if resonance frequency is omegsand velocityV; is

known, the radius of the sphdRecan be determined using equation 5.
Animation

A solution for the sphere was also used to compmteanimation of plane P-wave
diffraction upon an elastic low-velocity sphere.iSfphere has a 1 m radius, a material with
Vp=4500 m/s, Vs of 2600 m/s, and a density of 2/6m3 The embedding medium has
corresponding parameters Vp=6000 m/s, Vs = 3500 ant$ density =2.7 g/cinThe 6 m x 6 m
frame was filled with a grid of pixels with 2 cmapng. For each pixel, a 0.256 s long trace was
computed by Fourier-transforming an analytical soluformulated in a frequency domain.
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Figure 12. Snap-shots of field z-component for the low-véloelastic sphere at 0.001 ms (a) when just prymar

scattered waves are formed, and at 0.02 ms (b) yisecircumferential (Rayleigh) waves dominate waevefield.

13
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Two time slices of the Z- component are shown guFeé 12 for t1=0.001 s (a) and t2=0.02 s (b).
The animation is computed for a P-plane incidentevdNo assumptions about the boundaries
other than sphericity are used. At the early timg the wavefield consists of geometrically
interpretable reflected and refracted waves; atateetime (b), the dominant feature represents
Rayleigh circumferential waves. Note that shorterw@ves penetrate deeper into the sphere
while P- waves propagate close to the sphere agerfTo maintain a dynamic resolution of the
frames a variable color scale was applied. Notedhgalar “heartbeat” of the sphere at late times.
These oscillations correspond to resonances cdyyseidcumferential waves.
DISCUSSION

The imaging of shallow subsurface heterogeneltiaes a variety of important applications
including the detection and location of seismicaliyntrast objects. The primary scattered waves
from such target objects may be used for objecgintg however, these waves closely interfere
with other strong waves, making such imaging diffic Resonant emission waves have
relatively small amplitudes, but they are much naweable than primary scattered waves. The
extraction of the resonant emission waves from &atevals makes it possible to detect and
image subsurface objects, using data at resonaegeeicies. Resonant emission propagates in
the embedding media primarily in the form of shbady waves, which is distinct from the
hydro-acoustic casé& his follows from the canonical solutions, refiagt the fact S- waves are
slower than P-waves and that wave energy prefexasiyerts into slow-velocity waves.

This imaging of resonating objects implements wangration ideasin a frequency
domain. It uses the assumption that every undengrolocation potentially contains a
monochromatic source radiating seismic waves.ldstie media these radiated waves are mostly

comprised of shear waves. The possibility of neglgcP- waves for inversion purposes makes

14
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imaging simple, robust, and practically insensitigethe size and extent of the data selection
window. No data picking is necessary for inversilonthe case of several objects with different
resonating frequencies, they can be imaged congelyuait each frequency. Knowledge about
shear wave velocity in the embedding medium seessendial for a successful inversion.
However, the relatively fast (seconds) inversiompatation makes it possible to perform this
inversion for a range of reasonable velocity distfions. A correct velocity distribution
provides the sharpest localized image.

In practice, there are several classes of obfhatscontain elements with contrast velocities
that are significantly different than those in #mabedding media (tunnels, pipes, mine shafts,
and cavities filled with gas, ice lenses, metadigects, UXOs etc.). The high contrasts of such
structures result in durable circumferential wag@smarily of the Stoneley type in fluid-filled,
and of the Rayleigh type in elastic structures)oter class of wave trapping objects are the
localized low-velocity zones which have naturabiyvlvelocity (as part of a coal seam) or which
result from some impact, such as filled excavapis, where loosened rock/soil has smaller
elastic modulii compared with the embedding medidine intrinsic attenuation inside of an
object is a likely contributor to the decrease aiterave amplitude.

A single object can have a set of resonant frecjeenThe values of resonant frequencies
depend on the object’s size and material propertMsen constraints are imposed on some of
the object parameters, the resonant frequenciedeanverted for the remaining parameters,
using analytical solutions, numerical modeling alilration measurements. Indeed, if the object
has a closed geometry enabling the surface wawetton to its original position after full
rotation around the object, then the resonant gescsimply the time difference between two

consecutive rotations and it stays constant dutegwhole process. This period is defined by

15
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the length of the object’s perimeter and the pragiag velocity, and can be evaluated using the
canonical wave propagation solutions for an appatprgeometry. Knowledge about the
resonance frequency and the circumferential wavecitg enables the estimation of the
perimeter length, giving the object’s size for kmoshapes in a similar manner to the spherical
example. Another important characteristic of resdmramission is the width of the resonant peak
and(?) the decay rate in the time domain. Both pimEma describe resonant emission
attenuation thalikely depends on the material parameters of batlolgect and an embedding
medium, as well as on the shape of the object'srilte. The detailed study of such
dependences is beyond the scope of this paper.

As for any new imaging approach, it should be wmmred for reservoir imaging
applications. If the reservoir consists of flatiseehtary layers then only reflected waves can be
recorded from them. Multiple reflections from susthuctures (although very periodic in time)
rapidly decay in amplitude making their detectidnlade times nearly impossible. However,
some structural hydrocarbon traps with local hefeneities can possibly develop resonances
and be imaged using the method described in tlusrpa

Fluid-filled fractures also can resonate and tfueecbe imaged using resonant emission. As
it is recently shown in Korneev (2008), Stoneleydgd waves for realistic fracture and fluid
parameters have very low velocities and a largeugmoattenuation factor Q to be able to
propagate many wavelengths without significant matégion. In particular, a 1 mm thick
water/oil filled fracture resonates at frequencyoag as 10 Hz when the fracture is just 4 m long.
Stoneley guided waves do not radiate body wavemglysropagation until they scatter on
fracture tips, which become the origins of secopdaurces and generate body waves, which

can potentially be used for fracture imaging. Skazhation was detected and explained (Chouet,
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1986; Ferrazzini and Aki, 1987) as being causethbyoscillation of volcanic molten lava. This
oscillation can be excited by fracture propagatoty microseismic or teleseismic events. The
monitoring of these oscillations should reveal infation about the fracture dynamic and growth
since the resonance frequencies and the locaticed@dtion points change together with fracture
geometry changes.

CONCLUSIONS

Low-velocity subsurface heterogeneities trap seisgnergy and can release it long after
the recordings of primary scattered waves. Trapgetgy primarily consists of circumferential
waves propagating along the perimeter of an obgrdd, radiates in the surrounding medium as
body waves. Circumferential waves propagate in bditections around an object, which
potentially can create discontinuous travel-timeves. Most of the energy radiated back to the
embedding medium is carried by shear waves. Thiplsi data pattern makes it an attractive
candidate for inversion techniques based on muagrafback-propagation) principles. Unlike
conventional diffraction imaging techniques, resgnamission imaging can be performed at a
single frequency and does not require accuratenrdtion about source position. There is also
no need to engage in laborious wave-separatiomprueessing, because all the primary waves
can be simply muted.

We expect that multiple objects can be detectedl iamaged using separation in the
frequency domain. Moreover, objects with the sagsomant frequencies should be possible to
resolve spatially if they have distinctly differgohase functions in receiver locations. Limits of
the spatial resolution are defined by imaging wength similarly to common optical images.
Clearly, the exact timing of a source excitatiom@ important: trapped energy radiation can

possibly be observed in the presence of backgrawide, leading to cost-effective object
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detection techniques. Requirements on the sens@rage are yet to be estimated. Overall, our
new object detection method shows a good corresgpmedbetween field and modeled data. In
its current formulation, the method is ready foremsive testing and tuning.
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