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SUMMARY a reflector, thus using a direct and a reflected arrival, tadavo
erroneous results when the different receivers would begn m
We propose a method for estimating the reflection coeffi- dia characterized by different intrinsic losses. In sucbesa
cient of a subvertical boundary and the the quality factor of the method we propose could be applied at the same station
the medium between a receiver and the subvertical boundary.to obtain an alternative estimate of the Q-value, but also to
The method uses surface waves from transient deterministicestimate the reflection coefficient of the reflecting boupdar
sources and is inspired by the occurrence of non-physieal ar which supplies extra information about the media.
rivals in seismic-interferometry results due to intrinkisses
in the medium. The quality-factor estimation with our metho
can be used as an alternative to and confirmation of results
from the spectral-ratio method. We demonstrate our method
on data from ultrasonic laboratory measurements.

Al

INTRODUCTION

The seismic waves experience intrinsic losses when propaga
ing through the rocks in the Earth. The effect of the loss of
energy is quantified by the parameter quality factor (Q). &sp
tially detailed knowledge of Q is important for accurateeint
pretation of processes in and the composition of the Earth at
different scales (e.g., Solomon, 1972; Klimentos, 199%t#&yev
gnd Ghose, 2012),‘ One of the traditional methods for Q-estig Figure 1: Laboratory setup to testing the proposed method.
is the spectral-ratio method (e.g., Jannsen et al., 1984, To Using a scanning laser interferometer, ultrasonic measure

1991), which can be applied to transmission and reflection ments are made along a line (in green) on the surface of a sam-
measurements. ple consists of coupled together aluminum (Al) and polyviny
Recently, Draganov et al. (2010) proposed an alternatitaade ~ chloride (PVC) blocks. The magenta and orange stars depict
for Q-estimation. This method makes use of retrieved non- P-wave transducers used as seismic sources. The vertital wh
physical arrivals from body-wave seismic interferometsy b line depicts a groove in the Al block.

crosscorrelation with transient sources (e.g., WapemahFakkema,

2006). These arrivals appear in the retrieved result due-toi THE LABORATORY SETUP

trinsic losses in the medium. The non-physical arrivalseari

from correlation of arrivals reflected inside a later. Ralgr To demonstrate the method we propose, we acquire data on a
(2012) used the same type of arrivals and showed how theysample consisting of an aluminium (Al) block and a polyviny!
can be used to estimated both Q above and the reflection coefchloride (PVC) block coupled together by acoustic couplant
ficient at the top of the layer that causes the internal réflect  see Figure 1. To obtain internal reflections, at 30.5 mm from
the PVC/Al interface we create a groove in the Al block that
is parallel to the interface (the vertical white line in Figil).

In the following, we adapt the method of Ruigrok (2012) to
surface waves. Using ultrasonic laboratory measuremenmts, . . .
show how it can be applied to estimate the surface-wave Q- The groove is approximately 2 mm wide and 10 mm deep. As

value of the subsurface and the reflection coefficient at a sub a source of suriace waves we use a P-wave transducer set at
2 MHz and 400 V. The source is used on doth sides of the

)[/(;erttt:(;als bg;?:f rr;.ti(;”r:Zt?:(;hvc\)/gecna?hgelsffeern dzse:rr]](?tltei:/latgePVC/Al interface. On the PVC block, the source is placed 45
P 9 mm from the interface, while on the Al block it is placed 43

sults with sufficient certainty. This might be the case when t mm from the groove (magenta and orange stars in Figure 1 and

recording geometry consists of sparse receivers in a medium .
A 99 y 'SP . called PVC source and Al source, respectively). We measure
with lateral changes in the seismic parameters, e.g., in vol : . ) T
the displacement at 701 receiver points (a point is repteden

canic settings or in the presence of a subvertical fault zone ) I -
In such cases, the spectral-ratio method should be applied a.by the triangle in Figure 1) spaced at 0.05 inch (0.127 mm)

single stations to estimate the Q-value between the stafidn in a direction perpendicular to the surface. We make the mea-
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surements using a scanning laser interferometer, based on aot be eliminated. This fact was used by Ruigrok (2012) and
constant-wave 250 mW Nd:YAG laser at 532 nm with a flat Draganov et al. (2013) to estimate the Q-value of the medium
response between 20 kHz and 20 MHz (see Blum et al., 2010). using body waves. Here, we adapt the method from Ruigrok

The receiver points are along a line (in green in Figure I}-sta

ing at 31.6 mm from the PVC/AI interface (13.4 mm from

the PCV source) and finishing 26.8 mm away from the groove
(16.2 mm from the Al source). The time sampling of the mea-
surements is 50 ns. The actually recorded surface-wavegyener
at the majority of the receiver points from the PVC source is
lower than 600 kHz and from the Al source is lower than 1

MHz. This is despite the high centre frequency of the source
P g g Y h the reflection coefficient. The derivation uses the fact that

transducer. Because we measure the vertical componers of t
displacement, the recorded surface waves are Rayleighswave

METHOD

(2012) to surface waves, as with this method also the refiecti
coefficient at the PVC/Al boundary can be estimated.

For the estimation of Q between the Earth’s surface and a laye
causing the internal reflection, Ruigrok (2012) proposadst®

the amplitudes of six arrivals recorded at the surface dwe to
transient source in the subsurface. The arrivals are used to
derive relations between ratios of their amplitudes and € an

differences in the amplitude damping of the chosen six algiv
are only due to extra propagation between the layer and the
surface.

In our case, we use two sources at the surface. As the two
sources are on different sides of the receiver point, theewav

To explain the method, we use the sketch of the laboratory hey generate propagate through different parts of the unedi
setup in Figure 1. Suppose we have a 1D medium (as is theang can be damed in a different way. Furthermore, this damp-
sample along the line) and want to retrieve the surface-wave jng would be depend on the respective distance of the sources

part of the Green’s function at a receiver point along the lin
(the triangle in Figure 1). The retrieval can be achievedfor
ample by seismic interferometry with transient sourcesp&va

naar and Fokkema, 2006). For this, we need to autocorre-

late the recordings at the receiver point from two planeevav
sources that form one line with the receiver point and are sit
uated on opposite sides of it (effectively enclose it). Such

are the magenta and the orange sources. The retrieved result

from seismic interferometry, representing a measurenment f

a collocated virtual source and receiver, should contairéh
flected surface wave from the PVC/Al interface, the reflected
surface wave from the groove and the internal multiples ef th
latter. The reflection from the PVC/Al boundary is retrieved
from the correlation of the thick solid magentkgn) arrival
with the thin solid magentargsm) arrival. The reflection from
the groove is retrieved from the correlation of tkemwith the
dashed magentalin) arrival. In the correlation process, also
thetnsm and thedm arrivals will correlate. This would result
in the removal of the common travel path, which is effectivel
the path of thensmarrival, and will result in the retrieval of a
non-physical (ghost) reflection from inside the layer betwe
the PVC/Al interface and the groove as if measured with eollo
cated virtual source and receiver placed directly at the AV/C
interface. This ghost reflection will be eliminated in the fi-
nal retrieved result by to the summation of the correlated-me
sured arrivals from the orange source. The correlation ®f th
solid orange $0) arrival with the dashed oranged) arrival
will also result in a retrieval of a ghost reflection betweka t
PVC/Al interface and the groove, but with polarity opposite

to the receiver point. To eliminate such dependance, we pro-
pose to normalize the recordings at the receiver point by the
amplitude of the direct surface-wave arrival. Normalizatof
thetnsm by thetksm (the direct-surface wave) arrival means
dividing their amplitudesAtnsm andAsm, respectively):

_ t12mfg
Amsm _ Atksm® Ve Tove/a _ —2%eme 1)
= = PVC/Al»
Atksn Atksn

wheret; is the one-way travel time of the Rayleigh wave from
the receiver point to the PVC/Al interfack, is the centre fre-
quency of the signalpy is the quality factor of the PVC, and
evc/al IS the reflection coefficient at the PVC/AI interface.
The equation does not contain geometrical-spreading tersns

we have assumed plane-wave source. The equation gives one
relation between foRpyc andrpyc/a-

The second relation is obtained using the amplitudes of the
arrivals that retrieve the ghost reflection between the RVC/
interface and the groove. Correlation of the normalitzasin
with the dm arrival means multiplication of their normalized
amplitudes AT andATS™, respectively):

74l12nf0 _
e %vecrpyca " W TPVC/AIrQFOOVeTAI/FZV)&
wheret; is the one-way travel time of the Rayleigh wave be-
tween the PVC/Al interface and the groovgsoove is the re-
flection coefficient at the groove, afighyc/a andTy /pyc are
the transmission coefficients for the Rayleigh waves pgssin
from the PVC to the Al and from the Al to the PVC, respec-

t2rfy

norm* norm _

nsm n

to the one of the magenta ghost. In the summation step of iyl Correlation of the normalizego with the do arrival

the interferometric retrieval, the magenta and orange tghos
will interact destructively and the ghost reflection will fiep-

pressed. When in the autocorrelation are used also the-multi
ple reflections between the PVC/AI interface and the groove,

the ghost reflection will be completely eliminated from the fi
nal retrieved interferometric result. The eliminationotigh,

from orange source again means multiplication of their nor-
malized amplitudesAgS'™ and A0™™, respectively):

norm norm —2%220
As  *Adp =Tai/pvce ~ % Tgroove- 3)

Dividing equation 2 by equation 3 and using,pyc = —rpvc/al

would happen in the case of a losses medium (for which caseandTpyc/a Tai/pvec = 1— rE,VC/AI, we obtain

seismic interferometry by crosscorrelation is derived)hev
the waves experience intrinsic losses, the ghost refleutitbn

norm_ aAnorm t 2r1f,
* _ g2
nsm A(;|m — _e e

norm, Anhorm —
A&) *Ado

(4)

(1_rI23VC/AI)-
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Figure 2: Recorded responses along the receiver line frenfahPVC source and (b) Al source. Each trace in both images ha
been normalized to its maximum, frequency-filtered, andrtaped. Additionally, for visualization purposes, the gea have been

clipped.

Using equations 1 and 4 we can solve for the quality factor
Qepvc and zero-offset plane-wave reflection coefficigsyic /a .

whose amplitudes we want to use in equations 1 and 4 (and that
contribute to the retrieval of ghost reflections). In a fietder-

because the left-hand sides of the two equations can be ob-iment,identification in such a way might not even be possible

tained from the measured data directly or from the autoeorre
lations for retrieving the ghost reflections.

RESULTS FROM THE LABORATORY EXPERIMENT

But the identification of ghost reflections can be achieveer af
the autocorrelation of the recordings from each of the sesirc
Draganov et al. (2013) showed with numerical results that th
ghost reflection exhibits a change of polarity when the resei

at which it is retrieved, crosses the boundary of the layat th
causes the ghost to appear. In our case, this is the PVC/Al in-

Figures 2 show the measured responses along the completgerface. Once the ghost reflection is recognized in such a way
line of receiver points from the PVC (Figure 2a) and the Al the amplitudes of the ghost reflections due to each sourde, an
(Figure 2b) sources after applying the mentioned-above nor which represent the numerator and denominator in equation 4

malization. We apply the amplitude normalization by diwigli

can be taken directly from the autocorrelation result aretius

each trace by the amplitude of the direct Rayleigh wave at tha in equation 4.

receiver point, i.e., by the arrival indicated by ttlesm and
the so pointers in Figure 2(a,b). The amplitude normalization

In our data, there is still interference from waves that have

eliminates amplitude differences of the arrivals we we need flected from the vertical boundaries of the sample. Afteoaut

for equations 1 and 4 that are not caused by intrinsic losses b
tween the receiver points and the PVC/Al interface. But that
does not account for differences in the frequency spectifaeof
arrivals from the two sources due to propagation through dif
ferent parts of the medium and thus different loss of thedrigh
frequencies. We equalize the spectra of the arrivals fran th

correlation, such correlated events might fall at the tirine
retrieved ghost reflections and interfere with their anojliés.
Because of this, we choose to pick the amplitudes from the
measured data. To further suppress arrivals different fimn
ones indicated by the thin solid and dashed pointers in Eigur
2(a,b), we apply frequency-wavenumber fan filter to filter ou

two sources by applying the same band-pass filter to them pe-reflected waves from the left vertical boundary of the sample
tween 110 kHz and 300 kHz. This filter is chosen such that the (t0 the left of the magenta source in Figure 1). This is fobdw
Rayleigh waves reflected between the PVC/AI interface and Py muting of all arrivals, but thensm, dm, so, anddo ones. In

the groove from both sources (indicated by them, dm, and
do pointers in Figure 2a,b) will still remain in the filtered re-

Figure 3(a,b) we show the result of these two processing step
for the receiver points to the left of the PVC/Al interfacs, a

sult. On the other hand, the filter also aims at suppressing re these measurements are used to estiQaie andrpyc/a -

flected surface waves from the left and right vertical linaits
the sample. Such arrivals interfere with the reflected Ralyle
waves from the PVC/AI interface and the groove and might

result in erroneous estimation of the Q (using the method we

propose, but also the spectral-ratio method) and the rigftect
coefficient.

We pick the amplitudes needed for the calculation of the left
hand sides of equations 1 and 4 from the result in Figure B(a,b
The derivations suppose plane-wave sources, which is aot th
case for the physical transducer source. Because of that, we
apply a surface-wave geometrical-spreading correctichdo
picked values. We calculate results for recordings at vecei

As we use a controlled laboratory dataset, we can calculatedPints distanced from the left-most receiver point by 7.3#,m

the expected arrival times of the reflected surface-waveadsr

9.91 mm, 12.45 mm, 14.99 mm, and 18.80 mm (corresponding
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Distance from first trace [mm] Trace number | Qpyc reve/a | Qpve from SR
00 5 10 15 20 25 30 59 12.47 | 055 14.75
79 13.18 | 0.52 13.05
99 12.09 | 053 12.78
0.02 119 1206 | 050 | 13.17
149 11.92 | 0.48 12.45
0.04 average 1235 | 051 | 13.24
o 0.46 0.02 0.79

Table 1: Estimate@pyc andrpyc/a- The results in the sec-
ond and the third columns are obtained using the method we
propose, while the results in the fourth column are estithate
using the spectral-ratio (SR) method. The last two rows show
the averages and the standard deviatianof the traces.

Travel time [ms]
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o
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Rayleigh-wave velocities from the measured direct arsival
for the PVC we obtain 990 m/s and for the Al we obtain 2900
m/s. The densities of the PVC and the Al we take from the
literature as 1360 kg/fnand 2700 kg/r, respectively. Using
these values, we calculate a theoretigalc,y = 0.71. The
average value ofpyc/a = 0.51 in Table 1 is lower than the
theoretical value, which is an indication that the PVC/Al in
terface is imperfectly welded. It still needs to be investagl
what is the influence of imperfectly welded interfaces on the
estimation procedure using equations 1 and 4.

Travel time [ms]
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CONCLUSIONS

©
Y
o

We propose a method that uses surface waves reflected from
subvertical interfaces to estimated the quality factohefrhedium
between a receiver and one of the interface and the reflection
Figure 3: As in Figure 2 but after application of a frequency- Coefficient at the same interface. The method uses surface
wavenumber fan filter and muting showing only the traces to Waves from two transient sources. Using ultrasonic labora-
the left of the PVC/Al interface. tory data, we show how the method can be applied in practice.
The data is recorded on a sample consisting of a polyvinyl
to traces 59, 79, 99, 119, and 149). The estim&pg: and chloride (PVC) block and an aluminum (Al) block coupled
rpyc/al @re given in the second and third columns in Table 1. together. The Al block contained a groove, which is paral-
In the two bottom rows, we also show the calculated average lel to the PVC/Al interface. We use two ratios between di-
value and the standard deviation It can be seen that the rect Rayleigh waves, Rayileigh reflections from the PVC/AI
estimated values for the different traces are close to etheli 0 interface and the groove, and an internal Rayleigh reflectio
and have little scatter around the average value. between the PVC/Al interface and the groove to estimate the

) ] ] ) quality factor of the PV@pyc = 12.35 and the reflection co-
For comparison, we estima@pyc at the same receiver points  eficient at the interfacepyc /n = 0.51. The reflection coeffi-

using the spectral-ratio method (e.g., Jannsen et al., Te, cient is smaller than the theoretically calculated valu6.afl,
1991). For the estimation, we use the ratio between the reflec indicating an imperfectly welded interface. For compatiso
tion from the PVC/Alinterface and the direct Rayleigh aativ e estimateQpyc = 1324 using the spectral-ratio method.
Also with this method, we estimat@pyc after application of e fact that the two estimate@pyc are very close to each
the band-pass filtering between 110 kHz and 300 kHz and the gher confirms that our new approach is a viable alternafive o
frequency-wavenumber filtering that aim to suppress iaterf o spectral-ratio method.

ing events. It can be seen from the fourth column in Table 1
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