2 Pe rfo rmance Of does not cause the waveform to change such that

further processing is compromised. Also, we

P|ezoe|ectr|c present an analytical solution to the changing

waveform problem which predicts the temporal

TranSducerS |n divergence of the signal as an additional resolu-

tion limit to the Fresnel effect; the loss of high

frequencies is not only caused by attenuation, but
TermS Of is also due to the spacious dimension of the sen-

Amplitude and
Waveform 2.1  Introduction

Since the 1920s, seismic physical modeling has

been a successful tool for research in wave phe-
Abstract nomena (i.e. the kinematics of wave propaga-

tion and the validation of wave theoretical pre-
dictions). In the first experiments, optical meth-

For seismic physical modeling, mostly PIE20% 45 were used to record surface motion (T<uboi,

electric transducers (PETs) are used as sourrf‘&gll) or wavefronts through transparent media
and receivers. Their properties have sig--Rieber 1036, 1937: Schmidt, 1939)

nificant effects on the data, especially i _

1. Strong resonance at one frequency cause$$ch as rods (1-D), or elastic plates (2-D and 3-
ringy signal and a narrow frequency band. -D) (e.g.,.Berryman et al., 1958; Redwood, 1960;
The pronounced directionality effectively limitsPUnell 1986, Zhang etal., 1996; Wandler et al.,
the offsets at which energy arrives. 3. Be2007, among many others). However, before
cause the dimension of the transducer with 12001 virtually all models were made of solid ma-
mm is bigger than the wavelength (1.5-10 mrn)t’erials, and thus were static. Dynamic models
the recorded waveform changes with offset. T8! Which the material is deformed while mon-
reduce the pronounced directionality of the trandtOring require viscous or granular media such
ducers at ultrasonic frequencies, we have d& sand, but severe attenuation and scattering
signed PETSs that have a smaller effective diam@f Seéismic waves in sand prevented the appli-
ter than traditional ones. To test their applicabilc@tion of seismic imaging methods on sandbox
ity for laboratory seismic profiling, we test theirmodels (Purnelll_1986).._Sherlock (1999) and
frequency sensitivity, their directionality, and theSherlock and Evans (2001) were the first to try
change of waveform as a function of offset du&® Overcome these problems and performed zero-
to their size compared to the wavelengths. Theffset seismic surveys at the mm-scale using
experiments show that the PETs produce thadiezoelectric transducers (PET) on sandbox mod-

best quality data at frequencies around 350-55s-

kHz and source-receiver offsets 14 cm. For  One reason to repeatedly try to perform seis-
these frequencies, the amplitudes decay to ringiic imaging on sandbox models is that these
ing noise level at incidence angles aB5°; for dynamic sandbox experiments have provided
a 10 cm deep reflector that results in a 14 cmualitative and quantitative insights into spe-
source-receiver offset. For these offsets and freific geological problems (e.gl._ Koyi, 1995,

guencies, the spacious dimension of the PETN997;|Storti et &l., 2000; Lohrmann et al., 2003;

5
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Gartrell et al., 2005; Hoth et al., 2007). So farwith the work ofl Kaufman and Roever (1994).
the internal structure of sandbox models can onlgometimes sparks (Kaufman and Roever, 1994;
be directly observed in 2-D profiles along glashlilterman, 1970) were used as seismic sources,
walls confining the 2-D models or indirectly bybut mostly PETs have served both as sources
surface observations (e.g. PIV - particle imand receivers, such that the results are in the
age velocimetry; Adam et all, 2005) or by X-same form as field records (Riznichenko, 1994;
ray tomographyl(Colletta etial., 1991). An im{Q’Brien and Symes, 1994). However, the proper
proved seismic imaging system could providscaling of source and receiver dimension to
non-invasive albeit less resolved 3-D informawavelength is inevitably violated (in the field, in-
tion. dividual sources and receivers are generally small
compared to a wavelength), which imposes lim-

To achieve this objective, a new small-scalg,iong on the use of PETs in seismic physical
seismic apparatus for laboratory use was d‘?ﬁodeling:

signed and developed, composed of a water tank,
a PC control unit including PETs, and a position- . strong resonance at one frequency (|e re-
ing system|(Krawczyk et al., 2007) with the ulti- stricted bandwidth),

mate goal to apply 3-D seismic and seismologi-

cal imaging methods to sandbox models subject * pronounced directionality, and

to deformation. These models are made of satu-
rated granular materials so that deformation can
take place. Resulting structures like shear bands

are 2-3 mm wide and the layers have a thickness g, tharmore. the material available for seismic

of a few m|II|met_ers to centimeters. Hence, th%hysical modeling has several limiting effects:

source frequencies need to be between 250 KRg o harameter ranges for velocity and density are
and 1 MHz to generate waves with wavelengthgy,itaq to those materials that are available or can
between 6 to 1.5 mm, so that they are able 10 gy, tapyricated. Additionally, the attenuative prop-

solve these structures. Higher frequencies gengfias and scattering effects of modeling materials
ate wavelengths that are approximately as big @3 ;se substantial weakening of the received sig-
the grain size of the material, so that each graif, s Good source and receiver coupling to the
scatters arriving energy causing high attenuatiopnode| can be achieved by performing the experi-

When doing seismic physical modeling ofM€Nts in a water tank.
solid or granular models, three aspects require The effects of the source and receiver dimen-
particular attention: Scaling, transducer and ma&ion have been frequently neglected or dismissed
terial properties. In contrast to the continuingn published physical modeling studies, despite
discussion about scaling factors within the gethe fact that they can have a first order effect
ological physical modeling community, scalingon the data. |_Dellinger and Vernik (1994) nu-
for seismic physical models is trivial: Lengthmerically modeled whether experiments to mea-
and time scale factors are arbitrary, as long asure velocities of layered rocks are more likely
the ratio of geological feature size to wavelengtto measure the group velocity or the phase ve-
is the same in both the field and the moddbcity of p- and s-waves. In their models they
(Ebrom and McDonald, 1994). In nature as weladdressed the effect of a spatial source on wave
as in the model, only the Nyquist criterion muspropagation, and their Figure 5 shows nicely the
be obeyed for temporal and spatial samplingvaveform divergence with increasing offset or
Regarding the equipment, most experimenterscreasing source and receiver size at zero off-
used electromechanical transducers, beginnisgt. However, they explained it solely as a result

e source and receiver dimensions in the same
order of magnitude as the wavelengths.
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of the anisotropic wave propagation in a layere?.2.2 Changing waveform

medium with a slope and did not stress, that part

of this divergence occurs even in a homogeneoJ4'€ Shape of a wavelet propagating from a source
medium. to a receiver changes with offset when their di-

o . L mensions are bigger or of the same size as the
Within the scope of this publication, we test 99

. . emitted wavelength, because the length differ-
the properties of our PETs with respect to their g g

. . : ence of the rays may be well over a wavelength
use in seismic reflection surveys of models an

) . as illustrated by the two sample ragsand
geometries as described _above. We analyze trzéin Figure[Z1. Hence, we have to consider
above mentioned properties analytically and ex

erimentally and discuss the limitations and o ach point of the source as an indvidual source
P ntafly ppoint and assume that it emits energy at the same
portunities imposed by them.

time (or at least within one or two sampling in-
tervals) as all other source points. Due to differ-

2.2 Effects of piezoelectricent raypath lengths to any of the receiver points,
he energy emitted at one instant arrives over a

. .t
transducers in ultrasom(%ontinuous time period which is increasing with
experiments offset. We call this effect "temporal divergence”
following the concept of "spherical divergence"

The three limitations of piezoelectric transducerdhere energy propagating from a source point
(PET)’ name|y the strong resonance at one fr8 distributed over a greater area. This effect is

quency, large dimensions and directionality, havéery similar to the Fresnel zone effect, only that
the following effects on the seismic signal: the Fresnel zone is defined as the area to within

half a wavelength around the reflection point that

is contributing to the signal. In this case, it is

2. changing waveform with offset (temporalthe area of the source and the receiver that con-
divergence), tribute; depending on the wavelength these areas

can also have a radius of more than half a wave-

3. high attenuation with offset (spatial diver{ength. This has to be taken into account addi-
gence) in the plane parallel to the emittefionally to the Fresnel zone when considering the
surface. spatial resolution.

1. ringy signal at resonance/eigen frequency,

The problem with the changing waveform is
2.2.1 Resonance frequency that stacking as an important step in the seis-

Due to the piezoelectric effect, a piezocrysmic imaging process assumes that the_vyaveform
tal can be excited to oscillate by applying Ac Stays constant, otherwise the superposition of the

The amplitude of the oscillation is dependent!9n&!s may not add constructively. Hence, we
on the source frequency and has its maXpeed.to d_etermlne the crltlcal oﬁsgt below which
mum at the resonance frequency of the PEF@cKing improves the signal quality for any ap-
(Krautkramer and Krautkramer, 1986). In ordePlied source frequency.

to reduce the oscillation subsequent to the excita- The waveform as a function of offset can
tion period, particularly at resonance frequencye predicted either numerically, e.g. by
the PETs are damped by a tungsten/resin fillindginite-element or finite-difference solutions
However, some ringing remains. This can be e{Savic and Ziolkowski,l 1994), or analytically.
ther reduced by a deconvolution filter, or the sigThe solutions depend highly on the geometry of
nal can be recorded at all angles and then usedtas emitting surface. Therefore, we derive in the
a cross-correlation wavelet. following a 3D-semi-analytical solution for the
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Source Receiver
transducer transducer

<« 2 «2 5

Offset

A
)

Y

Figure 2.1: Sketch to illustrate that the waveform changes ) \ 2 /s >y
with offset, when high frequency energy propagates be- \ < /\a ,,———'ﬂ'\
7Yy

tween two spatial transducers of diamedderThe two sam- Source | & o Receiver
ple raysr; andr, show the maximum and the minimum areal s area
raypath lengths possible for the given source-receiver ge- sem T U sye

ometry. The length difference can be greater than a wave- '
lengthA, so that the shape of the recorded wavelet can dif- X '
fer significantly from the emitted one.

energy-time-distribution as a function of offsefrigure 2.2: Geometrical sketch of all variables needed to

. . . Iculate the arc length. For detailed explanation, see
and then compare it to experimental data in tht%axt and equatiorsa. 1 FE2I11.
results section.

with
3D-semi-analytical solution o if (X —Xs)%+
(Yr —Ys)%+
O(Xs, Vs, Xr, Yr) = 2.2
The general idea for this solution is, that a certain O Yo 1) 7 =12 (2:2)

amount of source areés = [/, dxdys con- 0 else
tributes linearly to the enerdy arriving at a cer-

tain timet at the receiver areé = [, dx-dy: wherezy is the vertical distance between the

(Figure[ZP). Assuming an isotropic medium and, rce and the receiver. Each pairg, ys) of the

perfect coupling, the arrival timeis equivalent ¢4 e ared acts as a point source and the ray

to the ray.path length Henc;e, we have to solve path length to any point of the receiveix, ;)

the following integral equation: can be calculated geometrically. Furthermore,
the set of(x;,yr) that arel apart from(xs,ys) de-
scribe an ara on the area of the receiver. Hence,
for each source point, we calculate the arc length

El) = /XS /yS/Xr /Yr O (s, Y, e, ¥r ) dxedysdx dy, a that contributes to the energy recorded at a cer-
(2.1) taintimet,i.e.l. Inthis manner, instead of calcu-
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H Source and receiver radids | 12 mm

lating an area, we calculate the arc lengiHsr Vertical displacererds: T

eachl and integrate oveh: Spatial discretizationix 0.075 mm
Sampling ratedt: 50 ns
Offsetss: every 6 mm

A(|> = / a(xs, Vs, | )dAS (23) from 0 to 120 mm
As Source frequencies: 175, 250, 350, 500,
750, 1000 kHZ

Then, for a given source poifits, ys), an offset Table 2.1: List of parameters used to calculate the wave-
s to the receiver center and a dea&h between forms for different offsets and frequencies. The geometry

source and receiver, the arc lengtican thus be corresponds to that used in the experiments, and the sam-
expressed as a func’tion of pling rate is equal to that of the recording equipment in the

laboratory.
aXst(I) = 2r(|)a7 (24)
r? = 12-23, (2.5)
/
a(r) = tan?! <X_: ) 7 (2.6)  To obtain the waveform theoretically recorded
r at offsets and depthzy, A(l) is convolved with
y, = i( 2_d2+4?), (2.7) the signal emitted by the point source Ag as-
223' , suming that each point o&s has the same sig-
X = -y (2.8) nal. This assumption obviously does not hold
S = (s—ys)cog9), (2.9) trueinreality, because the waveformis, during its
1 s course from a digital signal to its emission, sub-
¢ = tan (S——ys) , (210 ject to several interactions that change its shape

inherently. To adjust the analytical waveform to

whered is the radius of both source and ref€Sémble the real one, one needs an appropri-

ceiver plane, and the projection of onto the x- &€ weighting functiorw(xs,ys) to apply to the
y-plane. The arc angle is determined by the in- SOUICe are@(xs,ys). However, we refrain from
tersection(x.,y,) of the arc and the receiver out-PPlying a weighting function or other correc-
line in a new coordinate systefx’,y). This new tions t.o the emission function gnd_ analyze the
coordinate system is offset liys, ys) and rotated changing Wavefprm_ rather qualitatively. Thus,
by ¢ to the old one(x,y). ¢ is the distance to _the energy function is compu_ted for offsets rang-
the center of the receiver plane from the origin of"d from 0 to 120 mm and different frequencies
(X,y) and thus the offset of the receiver to th&/Sing the parameters listed in Tablel2.1.

source pointXxs, Ys).

Since the integration od over Ag is not triv-
ial, we evaluate(l) at regularly spaced, discrete 114 resulting waveforms are shown in Fig-

(s, Ys) positions: ure[Z3. As it can be clearly seen, the waveforms
. for smaller offsets (blue) are much more compact
Al) = s ysl).  (211) and resemble the original waveform, whereas the
far offset waveforms (yellow to red) have smaller
As long as the spacingx is smaller than the amplitudes (first column), and later peaks and
Nyquist theorem requests to prevent spatial aliasentinue over a longer period of time (center
ing, the discretized solution té(l) is propor- column). The frequency spectra (right column)
tional to the integral solution. Hence, the evalshow that the center frequency of the received
uated waveform and its amplitude are also presignal decreases as the offset and the frequency
portional to a purely analytical solution. increases.

yS Xs(ys)
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Figure 2.3: Resulting waveforms of the analytical solufiontwo spatial circular transducers according to the gdome
described in TablE21 1 for offsets between 6 (blue) and 12(Qred). First row: Temporal energy divergence (relative and
normalized) and its frequency spectrum. Second row to tast Relative and normalized waveforms (source signal con-
volved with energy divergence function) and the (relativegjuency spectrum for six different source signal freaques

The vertical black line in the third column delineates thetee frequency of the source, the curved line shows the hctua
frequency maxima being smaller than the source frequenieg. \ilaveforms of smaller offsets are much more compact
whereas the far offset waveforms have smaller amplitudddedar peaks and continue over a longer period of time.
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Figure 2.4: The calculated pressure field (sed_eql 2.12) fo
a diameter of 12 mm as a function of depth and angle for
200 kHz (a) and 800 kHz (b). The higher the frequency the

more focussed is the beam. |} Conductive glue

Brass bottom

)

g
2.2.3 Directionality 3l EEI

5mm
12mm |

For circular sources with a flat surface, the b

spatial divergence of the pressure field can

be analytically described as a function of disFigure 2.5: Sketch of the cross section of the piezoelectric

tance to the emitting plane and angle fronﬁrins_dﬁfefrsz- The pizz_ocr?/Stz' hisa%iamemlrtf’f 5f“1‘;“ and
. eight of 2 mm and is glued onto a brass plate o mm

the aX|§ through the C?nter of the plane bgiamgter. For damping,gthe cylinder is fiIIepd with a mix

Krautkramer and Krautkramer (1986): of resin and tungsten. The transducer is in an unexpanded

state and the emission area flat.

o h(X) . /D
p(po,D,)\,Z,V)—4po X SIn(SAZ )
(2.12)
with
X — @siny, (2.13) diameter glued onto a brass plate of 12-mm di-

ameter (Figuré&2l5). Hence, both the piezocrys-
tal and the brass plate contribute to the emitted
wavefield, such that it has a broader beam (Fig-
z the distance to the emitting plangthe angle ure[2.8) at the expense of a .smgller ampllt.ude
. . ) compared to usual PETs of this diameter. Since

to the cylinder axis, and; the Bessel function. . . :
) . . this is the first time these PETs are used, we de-
Hence, the higher the applied frequencies and tlie

shorter the wavelengths are, the more directedtlesrmlne the effective diameter experimentally by

. . . measuring the pressurefield at a fixed distance.
the pressure field of a circular transducer as |Ilu§/-v . . . :
o SR e define the effective diameter (Figurel2.6) as
trated in FiguréZl4. This implies that less energy . : )
ropagates at high angles, i.e. far offsets he dlamete_r which, when inserted into equa-
P S ' tion [Z12, gives the best match to the observed
However, the emitting plane of the PETs usedmplitudes. This effective diameter is frequency
for this study is made of a piezocrystal of 5-mndependent.

A

where pg is the initial pressure, i.e. amplitude,
D the diameter of the emitted, the wavelength,
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2.3 Transducer design and ex- Common our

transducers transducers

perimental setup deeeenn

<> D> Defr P
For this study, we used 15 piezoelectric trans- :
ducers (PET) which were manually build in Ger- :
many. The transducers have a 5-mm piezocrystal @
glued onto a brass plate of 12-mm diameter and
0.8-mm thickness underneath the piezocrystal ac-
cording to Figurd2]l5. The brass plate is very
thin to keep the effect of internal reflections be
tween the crystal and the plate reasonably small. 00 < Oty
The resin/tungsten filling is supposed to dimin-
ish the resonance ringing of the PET. In ordet[.

to d the effective di t f PE igure 2.6: Sketch of a traditional piezoelectric trangduc
0 decrease the eilective diameter of our ersus one of ours with a bulging emitter surface (not to

such that its directionality is less pronouncedscale). The geometry of an unexpanded piezocrystal is out-
the emitting plane differs from traditional oneslined in gray, whereas the expanded geometry is outlined
Comm0n|y’ the piezocrysta|'s diameter is that 0With the thin black line. The traditional transducer has-a di

i ; meteD and a beam angle, whereas the bulging emitter
the emitting plane (Figure_2.6, left panel) an@urfaoe causes the effective beam argler to be wider

equat?or[ZI]Z applies. _In our case, the piezocry§ﬁd hence the effective diamet@gs+ to be smaller (out-
tal's diameter of 5 mm is smaller than the 12-mmned by the dotted black line).

diameter of the emitting plane. Hence, both the

piezocrystal and the brass plate contribute to tq

emission such that the effective diameter may bEe bra:;hs platﬁ, the ?ijlses pr(t)pag?te as fress%re
anywhere between 5-12 mm, as illustrated in Fi jraves Irough room-temperaiure tap water an

ure2.®. In fact, the bulging emitting surface cre%‘re received b_y a PFTT of the same build. The
rocess of a digital signal to an analog pressure

ates a directivity pattern that is similar to that of . : .
a normal transducer of an even smaller diameté}mse is reversed for the receiver and the digital

which we define as the effective diameter of Ou§|gnal is recorded and stored in SEG-Y format.
transducers. In the results section, we determineAs a source signal we used 2-4 periods of a
the effective diameter experimentally. sine function of the center frequency tapered with
a cosiné for six different center frequencies. The

A schematic illustration of the major compo- .
o . shape of the source signal was the same for all
nents of the laboratory seismic system is shown

in Figure[2ZY¥ and the specifications are liste nggﬁdlfgzqsﬁgczsd Ihﬁlzrfqu]e;fgzrsnrfﬁr;ge?a?ee-
in Table[Z2. Briefly summarized, a well de- ' piing

fined digital wavelet is converted to an analo was 0.051s and, because the signal showed re-

. . (’?parkable consistency, we improved it by vertical
electric current and sent to the piezocrystal o . :

. stacking 256 times to overcome the weak power
the source PET, which in turn expands and CO%'ut Ut of the transducers
tracts according to (the time derivative of) the P '
current. However, despite of the damping mate- To determine the directionality as a function
rial, some ringing remains. Also, interaction beef incidence angle and the waveform as a func-
tween the piezocrystal and the brass plate affedien of offset, two different experiment setups
the emitted source wavelet. The effectively emitwere used as illustrated in Figure12.8. The ge-
ted source wavelet is therefore different from themetry for these setups is comparable to that in

digitally inserted signal. After passing throughthe sandbox experiments. For these experiments
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PC control unit Water
tank

Signal Signal
generator amplifier @I

Transient Power = -
recorder supply % Preamplifier |——| Receiver |

Figure 2.7: Schematic illustration of the functions penfed for these experiments by the PC control unit and the posi-
tioning system modified after Krawczyk et al. (2007).

PC system with control unit] Industry PC (type IPC-9401).

Signal generator: PCl-board (type MI16030);

Max. output 125 MHz (14 bit);

Max. 8 Msamples;

Max. output amplitudet 3 V.

Signal amplifier: AC voltage signal amplifier;

Input-2to +2 'V,

Input resistor 200 Ohm;

Output -141 to +141 V,

Output resistance 2 kOhm;

Band width 20 Hz-500 kHz (-3 dB), 20 Hz-1000 kHz (-6 dB).
Preamplifier: (Type VV30) 30 dB voltage amplification and impedance tuning
Frequency range 1 kHz-2 MHz;

Max. output amplitudet 3 V.

Transient recorder: Three 4-channel PCI-boards (type MI4022);

For each channel signal amplifier and AD-converter;
Max. sampling 20 MHz (14 bit);

Max. memory 2 Msamples/channel.

Table 2.2: Technical specifications of the components iruttiesonic recording systern (Krawczyk et l., 2007).

the transducers have been tested one by one aguatio 2. 12. For this, we implemented a least-
at water depths and distances to container waligjuares inversion routine to fird, pp, and A
such that reflections arrive much later in timavhich best match these amplitudes:

than the direct waves that are to be analyzed.
o _ _ _ erf(pp,D,A) = (2.14)
The directionality was determined experimen-

2
tally by opposing two PETs (one source, one re- ;[pobs()\ ,¥) = p(Po, D, A, 2 y)]%,

ceiver) with a constant distance of 10 cm, and ro-

tating the source with a precision of at least 0;25with

the rotation axis was positioned at the emitting A =cw/ fsre, (2.15)

end of the source perpendicular to the cyllndev(/here the initial pressury, the diameteD, and

az:téglgur rmoxin?;ferh:v;ezifézrr?]ecﬂigﬁrf "the wavelengtiA are the PET and signal parame-
b PP y y <. ters, which the error function minimizes for. Ad-

C|denc_e up to 43?8for Six d'ﬁefe”t source fre-. ditionally, po is left to be a variable, because the
guencies. The maximum amplitudes for each |r1t-

cidence angle and each PET were then automatr.ansducers do not respond with equal amplitudes

: 6 the electric signal due to their variable sensi-
cally picked by a computer.

tivity to frequenciesA is calculated via the wave
We define the effective diameter (Figurel2.6yelocity in waterc, (1500 m/s) and the center

as the diameter that gives the best match betwefraquency of the source signgl.. However, be-

the observed and the theoretical amplitudes frooause the recorded frequency maxima are smaller
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a) Directivity: Experimental setup
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Figure 2.9: Frequency spectrum of piezoelectric transduc-
ers used here. The transducers are most sensitive at 425
25 kHz with a half-power bandwidth of 250 to 645 25
kHz.

offsets is subtracted accordingly. The receiving
transducer was the same for all experiments. The

transducer

zero-offset traces were used to determine the

sensitivity of the PETs to different frequencies

Figure 2.8: Experiment setup for measuring a) the dire%nd the resonance frequency
tionality as a function of incidence angte, and b) the '

waveform as a function of offset.

. . 2.4 Experimental results
than the digital center frequencies, we also allow

to minimize forA within according boundaries.
_ - 2.4.1 Resonance
The distance between source and recewer

and the angle to the cylinder axjsare deter- The measured amplitudes for different source fre-
mined by the experiment setup. We consisguencies are displayed in Figlirel2.9. The piezo-
tently replace the pressure given in decibel bglectric transducers (PET) are most sensitive at
Krautkramer and Krautkramer (1986) by ampli400-450 kHz with a half-power bandwidth of 250
tudes in mV as they are recorded by our systerno 675 kHz.

Hence, in equation 215 we minimize for the ef-

fective diameteD, the initial pressurey, and,

within reasonable boundaries, for 2.4.2 Waveform

The waveform experimental setup (FigBefore analyzing the waveforms, we looked at
ure [Z.8b) provides a method for recording théhe length of the source signal, i.e. the number of
signal as a function of offset by moving the reperiods in the source wavelet. We used the wave-
ceiving transducer parallel to the emitter surfactorm experimental setup (Figure2.8b) and proce-
of the source transducer. The distazogas 10 dure with a source signal of two, three, and four
cm and the offset varied between 0 and 12 cnperiods of a 350 kHz sine-function tapered with
To compare the actual waveforms at differerd cosiné. Theoretically, for a signal created as
offsets, the arrival time delay due to increasingescribed above, the bandwidth is broader, as the
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2 Periods 15rreduency Spectium, g tion does not account for the interactions between
é’m ’ 12 the piezocrystal, the damping material and the
s s : A 24 cylinder walls. The influence of the_ brass bottom
— < A | 20 and the glue on the wave propagation are thought
050 100 0 200 400 600 |2 to be negligible because their thickness is much
3 Periods 48 smaller than the wavelength. In any case, these
8" gg £ interactions can hardly be predicted and may
‘r‘;l 8 66 E even vary from transducer to transducer. How-
— <4 720 ever, the waveforms and amplitudes are compa-
0 50 100 0 200 400 600 gf rable in their frequency dependence and therefore
4 Periods Frequency Spectrum 90 the conclusion remains the same:
012f - - - 96
Zs 102 For all frequencies< 700 kHz, the first peak
EoUES T g4 114 and trough along all offs_et-traces are m-phqse,
T VT ot 400 5y 1120 whereas the end of the signal and the following

Offset (mm) Frequency (kHz) ringing vary over the offsets. Since we stacked

the signal 256 times, we can assume that the ring-
Figure 2.10: Recorded seismograms (350 kHz source fridg is coherent for each offset and use that to
quency) and their frequency spectra for source signals of gur advantage: Since only the first two phases
3,and4periods length gsafunctio_n of offsgt(colorcoded?merfere constructively, NMO-stacking reduces
The maximum frequencies are delineated in gray. .

the ringing. However, because of the narrow fre-

quency band of the signal, a traditional velocity
signal shortens. However, Figulre 2.10 shows thahalysis produces non-unique results. One reflec-
the bandwidth of the recorded signal is equallyion causes several semblance maxima, one for
broad for three different source signal lengthssach peak in the signal at every period of P
but the three-period source signal (2nd row parat different velocities. Hence, further processing
els) produces a better quality spectrum and thguld be greatly improved by knowing the ve-
second positive phase is clearly defined. Thecities of the media within a model in advance.
four-period signal requires deconvolution for furSince we know the media that we use to build
ther use. Hence, for the following experimentsthe model, we can as well measure their veloc-
we show the results of the three-period signal exty beforehand by transmission through a known
periments. thickness of the medium.

To analyze the recorded waveforms, we ap- the grong dependency on the eigenfrequency

plied different source frequencies using the same .\ aaied by the frequency spectra (Ei 511
experimental setup (Figuie 2.8b). In Figlre 2.11, y 9 ysp (Fidurel2.11,

h ¢ df Qi}ght column): Each spectrum contains several
we compare the waveform and frequency contepf. frequency maxima; the highest one delin-

for different source frequencies. Aside from the .o q py the dotted gray line differs from the cen-
amplitude decay (i.e. directionality), which Wepo frequency of the source (gray line) By100
deal with in the next section, it is noteable thag,, ¢, source frequencies 1000 kHz. The

the first peak arrives later in time for higher off-.o e spectra fit the source frequencies when
sets, and later phases interfere destructively wit ey are between 350-500 kHz. The local max-

varyi_ng offsets as is predicted by the analyticg,; |isted in Tablé—Z]3 show that many maxima

solution. are multiples £ 10 kHz) of 110 kHz. Hence,
The recorded waveforms look very different tdl10 kHz is the main eigenfrequency. Only the

the predicted ones, because the analytical solonaxima at 165 and 190 kHz cannot be associated
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Figure 2.11: Change of recorded waveforms with offset (cotmle) and frequency (row 1-6) seen in the recorded traces
(left), the normalized traces (center), and frequencytspéaght). The stack of all traces is shown in black. Theticaf

line delineates the source signal frequency, the dottedtlie recorded maximum frequencies for all offsets. The first
peak and trough are in-phase whereas the end of the signti@fwllowing ringing vary over the offsets.
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Source frequency] Recorded frequency maxima (kHz)

(kHz)

175 105, 165, 190, 225, 340, 440, 545

250 105, 165, 190, 23(825, 450, 545

350 340, 440, 540 F =175 kHz, A = 8.57 mm
500 340,445, 550

700 445,550 =

1000 550 = 200

[0}
Table 2.3: Recorded peak frequencies for different sourqE
frequencies. The major maxima are bold. 250 g

10 20 30 40
F =250 kHz, A =6 mm

with the eigenfrequency and can be due to oscil=

lations in a different plane. = 200

[}

S
Hence, for the preferred source frequencies OF 220
250-675 kHz with respect to the sensitivity, the
first two phases are not affected by the chang- .,
ing waveform. Destructive interference for later;
phases works to our advantage in further datg 2%
processing. The spectra fit the source frequenGEym
best for source frequencies of 350 and 500 kHz,
and both contain a major peak at 550 kHz. This
reduces the suitable frequency range to 350-550 %
kHz, even though all frequencies between 100 t& 200
1000 kHz can be applied to the transducers. l“g’ 205

210

o

10 20 30 40

F =350 kHz, A = 4.29 mm

0 10 20 30 40
F =500 kHz, A =3 mm

0 10 20 30 40
F=750kHz, A =2 mm

2.4.3 Directionality 195

The seismograms of a 5-mm PET for six differ-5 200

ent source frequencies, i.e. wavelengths, illuss 2%
trate how the amplitudes decay with increasing 210
incidence angles (Figufe Z112). This effect of di-
rectionality is more pronounced with higher fre-_ 200
quencies. At 500 kHz source frequency, the sig>
nal cannot be distinguished from ringing noise af 204
an incidence angle 35°, whereas for 1000 kHz, 208" 0% 202 30iie
the limiting angle is around 23 Note, that later Incidence angle (°)/offset (mm)
phases of the waveform change at arountf20 Figure 2.12: Recorded seismograms of a sample transducer
frequencies> 350 kHz. This is due to the chang-as a function of incidence angle for different source fre-

ing geometry with the rotation. guencies It), that, in water, are equivalent to the given
wavelengthsA). The gain has been maintained at a con-

Continuing with this sample PET, we dis-stantvalue. The incidence angle increases from left (tirec
play the maximum amplitudes (Figl@.lB solidp right (44). The respective offset indicated is calculated
: . . ' ssuming a reflector depth of 10 cm. The dashed line in-
lines) as a funf:tlon of incidence angle fo_r aIgicates the picked maximum amplitude used for the mini-
tested frequencies (color coded) together with thgization.
best-fit curves (dashed lines). These best-fit am-
plitudes are the result of inserting the parameters

of the best-fit solution (e§_Z1L5) into the pressure

0 10 20 30 40

F=1000 kHz, A = 1.5 mm

40/168
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Amplltude decay and best-fit curves Recorded maximum amplitudes (175 kHz)

175 kHz
250 kHz

2000F N S
——— 350 kHz

Amplitude (V)

500 kHz
750 kHz
1000 kHz

1500F- - - - - - - ......... ......

1000F -

Amplitude (mV)

Amplitude (V)

500

10/36 20/72 30/116 40/168
Incidence angle (°)/offset (mm)

Amplitude (V)

Figure 2.13: Amplitude decay of the sample transducer
(solid) and the best-fit theoretical curves (dashed) for dif
ferent source center frequencies (color coded). The inci
dence angle increases from left (direct) to right°@4rhe
respective offset indicated is calculated assuming a refle;
tor depth of 10 cm.

Ampllmde (\/512

field equationZ 2. The variability of the direct-

incidence values illustrates the sensitivity of thﬁt1
transducers to frequency. The amplitude decayB
most prominent for frequencies where the dlrectgo ol
incidence values are high. <o

0 1o 20 o 0
The maximum amplitudes of all PETs are Recorded maximum amplitudes (1000 kHz)

shown in Figuré2.14. Each panel represents om

source frequency. The amplitudes of the 5- mrﬁ

transducers (gray) vary 500 mV for 350-500 g

kHz; however, the amplltude_decay follows the o 7 0% 073 301116 201168

same course for all frequencies. The mean de- Angle (")/offset (mm)

cay course is delineated in red and the blue lines

represent the best-fit curves of the mean effectivgyyre 2.14: Comparison of the amplitude decay of the

parameters. Hence we conclude, that the 5-mBamm piezoelectric transducers (PET) delineated in gray,

transducers are comparable in their directionalitieir mean (red), their best-fit curve (blue) to the mean re-

and, for higher frequencies, in their SenSItIVItySUItS from Figur&Z5, for six different source frequescie

d o shown is the amplitude of a 7-mm PET (black).

For comparison, the amplitude decay of a teste

7-mm PET (black) has much higher amplitudes

at direct incidence and is much more directed. The best-fit parameter®{++, po, andA) of all

Although the energy output of the 7-mm transPETSs (gray) and their mean (blue) are shown as a

ducer is better than that of the 5-mm transducerfnction of frequency in Figule Z1L5. When these

its strong directivity disinclines us to use it formean values are inserted into equafion2.12, the

multiple-offset surveys. resulting amplitudes are nearly coincident with
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Effective diameter Source frequency (kHz) Degt (mm)
= 10 C 175 3.36+ 1.30
£ 3 250 9.54+ 3.12
= 6 350 9.37+ 181
5 °Ff 500 7.96+ 0.82
Q4P ~— 700 4.85:+ 0.30
P} SRR ; ] IR P 1000 2514+ 0.17
200 400 600 800 1000
18F— : : — Table 2.4: Mean and standard deviation of effective diam-
Effective initial pressure etersDe¢ 1 for different source frequencies.
g 16
a1 our design in fact reduces the effective diameter
g : . ; of the PETSs.
200 400 600 800 1000
1‘2‘ o ' ' Ef:fect:ive'WaveIerigth:
E ol 2.5 Discussion
% 6
=~ ‘2‘ /— ] The experiments tested the piezoelectric trans-
200 400 600 800 1000 ducers (PET) for their frequency sensitivity, and
_osf ' ' " Residual 1 for the change of waveform and directivity as
§ functions of offset and frequency. The results are
s 02 summarized in Tablg2.5.
[7]
@ 01 All frequency requirements considered, the

200 400 600 800 1000  best quality results were achieved with a 350-550
Frequency (kHz) kHz source frequency, because the PETs are most
sensitive in that range and the recorded spectra

Figure 2.15: Effective parameters (diamefiitf, wave- pest match the source frequency spectrum. The

length A, and initial pressurey) determined from mea- : .
surements with different source frequencies. The resul¥\s/aveform changes more rapidly the higher the

for each individual piezoelectric transducer (PET) are disource frequencies are, however, the first two
played in gray and their mean value in blue. phases of the recorded wavelet are in phase for

up to 12 cm in offset. Later phases interfere de-

structively to some degree, so that stacking ac-

the mean amplitude decay in Figlire 2.14. The inually focuses the signal. With the experimental
version for the 175 kHz source signal was poorlgetup used here, where the receiver is opposing
conditioned and did not converge, therefore thihe source, the effect of the offset on the wave-

175 kHz results are not very meaningful and arform is not as big as it will be when both source
not discussed in the following. The relativelyand receivers are on the surface while survey-
high standard deviation of the best-fit parameteiag sandbox models. On the other hand, the ve-
for the lower frequencies is also a result of théocities in sand and other granular material are
variation in the data. In the high frequency rangeround 1700 m/s (Sherlock and Evans, 2001), so
the transducers are more similar in their behaviahat the wavelengths increase at the water-model
and the inverted parameters are more consisteriterface. That, and the smaller path difference
at deeper offsets counter-balance the waveform

For all transducers, the determined effectivehange at reflections within the model. Hence,
diameter is decreasing with increasing frequende fit between the first two phases is sufficiently
(see Tablé_Z]4) and at high frequencies it in faatlose, so that the changing waveform remains to
does go below the piezocrystal’s diameter of be a minor problem when both source and re-
mm (Degt = 4.85 mm at §,c = 700 kHz). Hence, ceivers are at the surface. During further pro-
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| PET property | Effect | target | Solution / opportunity |
Sensitivity Narrow bandwidth 250-675 kHz | Apply 250-675 kHz
Resonance Ringy signal nx110 kHz Damping, deconvolution
Spectrum Does the signal match Conditionally, | Apply 350-550 kHz, and
characteristics the source spectrum 7 yes. apply 3-period signal
Large dimension| Changing waveform | < 700 kHz, - Positive interference
(temporal for first peak and trough
divergence) - Negative interference
for later phases
- A-priori knowledge of
material velocity recommended
Directivity Less energy <35 - Increase water depth
at high offsets < 160 mm - ReduceDe+¢

Table 2.5: List of the piezoelectric transducer (PET) progs, the resulting target frequencies, incidence angled
offsets, and other solutions or alternatives.

cessing steps, the image quality could be greatly For all our experiments, we chose a water
improved by knowing the velocities of the mediadepth of 10 cm comparable to the water depth in
within a model in advance. Since we know th@xperiments where sandbox models are seismi-
media that we use to build the model, we can a=lly surveyed. At this water depth level, a 20-cm
well measure their velocity beforehand by soundbffset is equivalent to an incidence angle of 45
ing through a known thickness of the medium. The directivity results though suggest, that the
incidence angle should not fall below 3for a

An alternative to this approach is to use the gource frequency of 500 kHz, which corresponds
priori knowledge of the waveform to our advanto an offset of 14 cm. To increase applicable off-
tage: Because the waveform is a function of offsets, the water depth has to be increased. Fur-
set and reflector depth, the energy distribution i&§ermore, an increased water depth reduces the
unique for each offset, and we can use it to detefemporal divergence due to smaller length differ-
mine the reflector depth. Additionally, if the spe€nces of raypaths.
cific waveform for each offset is known, a shap-
ing filter or cross-correlation wavelet can be de- In conclusion, we are restricted to 350-550
signed for each offset, so that after filtering, th&Hz and water depths 10 cm. Hence, the emit-
signals are sufficiently similar for a stack. Onlyted wavelength is between 4.2-2.7 mm, allowing
we need to know the waveform for each offseto resolve features of2-1.5 mm vertical dimen-
and depth. The disadvantage of this solution ision. This frequency range is very suitable to
that the amplitude decays more than the wavé@nage the structures in sandbox models. Higher
form changes with increasing offset. Hence, ifrequencies generate wavelengths that approxi-
is more applicable to stay within the offset lim-mately as big as the grain size of the material, so
its imposed by the directionality. The analyticathat each grain causes a reflection and obscures
solution to the changing waveform problem prethe image of larger structures, whereas smaller
dicts the temporal divergence of the signal anftequencies do not resolve the structures in sand-
shows that the loss of high frequencies is dueox models. The lateral resolution is dependent
to different path lengths and not to attenuatioon the p-wave velocity of the medium, the depth
alone. The shape of the signal though is vergf the reflection, and in this case of the effective
different to the recorded shapes because the atiameter of the PETSs, which has to be added as
alytical function does not respect the interactiona constant to the normal fresnel zone calculation.
between the piezocrystal, the damping materidh the worst case, i.e. the lowest source frequency
and the cylinder walls. Hence, the analytical soef 350 kHz source signal and the deepest reflec-
lution in no way can replace experiments. tion at 15 cm through wet sand, it is going to be
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about 46 mm. The models, therefore, should coffracted to approximately equal amounts, so that
tain lateral variation longer than that, and sheax sufficient amount of energy passes into the sec-
bands should cut through at least a 46-mm widtlond medium to resolve structures within. To cre-
gte such models, we can measure the velocity
nd density of available materials to find suitable
mpedance contrasts, and at the same time we can
ypass a velocity analysis in the processing.

To do amplitude-versus-offset (AVO) analyse
on field data, very often a plane-wave solutior
(Zoeppritz) is used, although the wave propag
tion is spherical. |_Alhussain etlal. (2008) hav
experimentally confirmed the spherical wave ef-
fect on the AVO response by laboratory ultra .
sonic measurements using omni-directional ;2'6 Conclusion
wave transducers with a 220 kHz dominant fre-
quency. The plane-wave solution (Zoeppritz) thdt this study, we tested the properties of spe-
is widely used for AVO analysis agrees well forcially designed piezoelectric transducers (PET)
moderate incidence angles up to°Jtheir Fig- for their usefulness in seismic reflection sur-
ure 2), but is not valid at large angles. Howeveieys of sandbox models, covering three aspects,
within the beam our PETs produce something b&amely the frequency sensitivity, the directional-
tween a plane wave and a spherical wave, afi@, and the changing waveform. We presented an
hence the AVO implementations are applicable tanalytical solution to the changing waveform and
data collected with our PETs approximately up téompared it to the recorded ones.

incidence angles of 32 The special design of our PETs, where a

Further improvement of the sources and resmaller diameter (5 mm) piezocrystal is glued
ceivers can only be achieved by using small@nto a bigger diameter (12 mm) brass plate, in
transducers that have the same or higher enertpct reduced the directionality, so that the effec-
output and the same frequency bandwidth. Urive diameter is smaller than that of traditional
fortunately, those transducers cannot be fabfRETs. The directivity experiments show, that the
cated yet. However, our design of a smalleincidence angle should not fall below 3for a
piezocrystal being glued onto the brass plate digburce frequency of 350-550 kHz, which corre-
reduce the effective diameter, at high frequenciegponds to an offset of 14 cm for a water depth of
even to diameters less than that of the piezocry$0 cm. The changing waveform is a minor prob-
tal. Further improvement of this technique postem for those offsets and frequencies. However,
sibly will lead to transducers with zero effectivean a-priori knowledge of the p-wave velocity of
diameter and high energy output. the materials is recommended to bypass the ve-

The next step on the way towards SeismiIcocny analysis during further processing. The an-

imaging of sandbox models, is to find suitabl alytical solution to the changing waveform prob-

granular material. In the experiments reporte(‘fm predicted the temporal divergence of the sig-

- . nal and showed that the loss of high frequencies
here, the transmitting medium was water. The )
: . IS due to different path lengths and not to atten-

energy losses at the grain-to-grain contacts are .. o2
uation alone. However, it did not reproduce the

very high, so that the penetration depth is not ex- .
. corded waveforms because it does not respect
pected to be more than a few centimeters. Care : .
e internal dynamics of the PETs.

sieving and saturation with boiling or hot water
can reduce attenuation caused by unwanted scatWith respect to the PETs, we have shown that
tering or attenuation due to remaining air bubreflection processing on such a small scale is fea-
bles. In a two layer model, energy arriving at theible for source frequencies of 350-550 kHz and
first material interface should be reflected and rder incidence angles.35°. This frequency range
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allows to resolve structures ef2-1.5 mm dimen-
sion, which is sufficient to resolve the structures
within sandbox models. However, the bandwidth
of the generated signals is relatively small for
seismic surveying. In order to broaden the spec-
trum, we recommend to pulse in several of these
narrow frequency bands and stack those as a pre-
processing step.
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