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Parametric Modeling with Beamspread 
Compensation and MIMO Frequency Domain 

Inversion Applied to Fine Saturated Sands 
Steve Vandenplas, Abdellatif Bey Ternsamani, Mikaya L. D. Lumori, Member, IEEE, 

Zobeida Cisneros. and Leo Van Biesen, Senzor Member, IEEE 

Abstract-A system identification technique is applied to 
estimate the intrinsic absorption and dispersion of two fine 
sands. The method is based on the parametric modeling of 
the wave propagation through a Plexiglas tank filled with 
the sediment under investigation. The applicability of var- 
ious porous models is discussed. The viscoelastic constant 
Q model and viscoelastic rational form model are applied 
and compared. Closed form expressions describing the wave 
propagation are replaced by Debye series expansions with 
correction coefficients that consider the beamspread caused 
by the finite aperture of the emitter. A multiple input mul- 
tiple output (MIMO) representation is used in conjunction 
with the maximum likelihood estimator (MLE) for the esti- 
mation of the sediment parameters. The estimated absorp- 
tion and dispersion curves are depicted. 

I. INTRODUCTION 

ITHIN the framework of determining the characteris- W tics of scdiments on an acoustic base, a frequcncy 
domain system identification technique is used for the 
pararrictric rnodcling of thc ultrasonic wavc propagation 
through sediments. An accurate determination of x o u s -  
tical parameters for sediments is very useful to study the 
functional relat,ionships bctwccn acoustical and gcophys- 
ical properties. The estimation of the geo-acoustical pa- 
rameters depends strongly on the validity and accuracy 
of the models used for wave propaga.tion. The irriportance 
of geo-acoustical models in support of acoustic measure- 
mcnts has been erriphasized by Hamilton, who tias also dc- 
vcloped a large number of empirical relationships between 
various properties of marine sediments [1]-[3]. Bowles [4] 
has more recently presented a compihtion of piiblished 
measurements of velocity and attenuation as tables and 
graphs for he-grained sediments. He argucs that , because 
of a lack of information about the sediment properties, 
comparison of results remains difficult, arid trends that 
do not always agree with accepted methods for estimating 
sediment parameters are revealed. Also, tlie intricacy of 
tlie seafloor as an acoustical system makes it difficult to  
fully accomplish the identification of the sediment’s char- 
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acteristics. Any macroscopic model for the sediment that  
woiild attempt to describe fully all microscopic dissipation 
mechanisms, which stem from many sources, would be ex- 
trcnicly complex and of a very limited scope [ 5 ] .  

In this paper, acoustical parameters of two fine sands 
will bc dctermined in controlled laboratory circumstances. 
Laboratory mea.surements allow us to test inverse proce- 
dures and validate propagation models. The paper is orga- 
nized as follows. In Section 11, the experimental setup, the 
measurements and the calibration methods are described. 
In Section 111, the plane wave modcling is described, fol- 
lowed by thc bcamspread correction with an experimen- 
tal validation of the correction in Section I V .  The inverse 
procedure is briefly presented in Sect,iori V .  The paarn- 
eter estimation results arc shown in Section VI. Finally, 
conclusions are drawn in Section VII. 

11. EXPERIMENTAL SETTJP, MEASUREMENTS, AND 
CALIBRATION PROCEDURE 

The measurement setup consists of a water-filled tank 
in which a smaller Plexiglas tank containing a known sed- 
iment is placed. Before the sediment is put into thc water 
tank, the air content in the scdimerit is reduced greatly 
by slowly stirring the sediment in its preparation phase 
when the particles are mixed with the watcr. Tho mixture 
is then pulled into the Plcxiglas container and placed in 
the water tank in such a way that the grains themselves 
are not exposed anymore to air. This provides a Plexiglas- 
scdimcnt-Plexiglas configuration, which is used in conjunc- 
tion with broadband Panametrics V389 transducers and 
a pulser-receiver for the transniission experiment Fig. 1. 
A well-sorted fine sand, “ga38,” and a very well-sorted 
finer sand, “ga39,” are uscd as sediments. Properties of 
the two sediments are listed in Table I. The transducers 
are aligned parallel to the Plexiglas siirfaces. The thick- 
ness of the Plexiglas borders and the sediment layer are 1 
arid 2 cni: respectively. The emitter-transducer vibrates at 
a central frequency of 500 kHz. The measured generated 
pulsc and the transmitted or reflected time signal (50 pe- 
riods) are digitized with a sampling frequency of 10 MHz. 
Fig. 2 depicts thc transmitted and reflected signals for sed- 
iment, ga39. 

Because the inverse problcni is based on a frequency 
dornain MLE, the measurement setup is also described in 
the frequency domain. The elements of the memurement 
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TABLE I 
SEDIMENT PnoreKrrEs 

Sediment Properties ga38 ga39 

Wet hulk density, kg/m3 1853 * 10 1855 f 10 
Grain density. kg/m3 2600 2650 
Si02, % 98.8 > 99.1 
Grain size (mean), r n  90 77 

hpparerit specific gravity 1.5 1.5 

well sorted very well sorted 
Specifir surface, cm2/g 240 325 

Fig. 1. Experimental setup. 

circuits are described by the transfer function, H," 'J (w) ,  
where subscript w stands for the transmission or reflec- 
tion experiment. The Fourier transforms of the generated 
electrical pulse and the transmitted or reflected signal are 
denoted as X F ( w )  arid Ywm(w), respectively. The relation- 
ships between the output and input for the system under 
investigation are then 

with HTpo,(w,  P), tlic transfcr function, describing the 
wave propagation phenomenon, depending on tlie pararne- 
ter vector P! which is to be determined by the inverse pro- 
cedure. The calibration tcchnique consists of carrying out 
another experiment under the sanie conditions with un- 
changed sett,ings to eliminate H;Ys (w ) .  The Fourier trans- 
form of the generated electrical pulse and the transmit.ted 
or reflected signal are now denoted as XG(w) and Yz(a).  

A similar rclationship as (1) can be written for the cali- 
bration experiment, viz: 

with H;'"'(w, P), the transfcr function, describing thc wave 
propagation phenomenon for the calibration experiment. 
For transmission. the used calibration consists of perform- 
ing a pitch-catch experiment in the water tank without the 
Plexiglas structure. Two calibration methods are possible 
for the reflection experiment. The first method consists of 
performing a reflection cxperirricnt on an interface with a 
known reflection coefficient (e.g., water-air interface). 111 
the second mcthod, if the first; reflection can be extracted 
from the rcst of the rcflcctions, then this first signal may 
be used for calibration. In this paper, the second method 
is adopted, because its calibration and experimental envi- 
ronments are identical. We now define H,"(w) and H,"(w) 
as follows: 

In fact, H,"(w) and H r ( w )  can be regarded as the input 
and output of a single iriput single output (SISO) sys- 
tem (Fig. 3), whose transfer function, H,(w,P) is 

(4) 

The elemcnts of tlie measurement circuit are eliminated 
in this transfer function, which represents the calibrated 
wave propagation phenomena and will be modeled para- 
metrically in the next sections. 

The Plexiglas parameters were estimated by the NIIMO 
method in this paper. To do this, an extra transmission 
experiment involving the Plexiglas tank (Plexiglas-water- 
Plexiglas configuration) is carried out. To simplify the pro- 
cedure, the rniiltiple reflections of the signals in the water 
within the Plexiglas container were excluded by window- 
ing. A pitch-catch measurement servcs as calibration. The 
original equations rcmain valid. 

In what follows, the letters T ,  R and P ,  in con- 
junction with subscript v, represent the transmission 
throiigh sedirnent-filled Plexiglas tank, the reflection from 
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H:' (4 

the sediment-filled Plexiglas tank, and the transmission 
through the water-filled Plexiglas tank, respectively. This 
is summarized in a MIMO context, as follows: 

] p] [i::,:] = [ Q HIdw,P) 0 
0.4 H?(w) HT(w,P) 0 
0.3 

0.2 
0 0 f f P ( W , P )  H F ( w )  

0.1 (5) 
E 
c P " 0  

> -0.1 

-0.2 

-0.3 

- 
0 111. P L A N E  WAVE MODELING OF 'I'HE TRANSMISSION 

AND REFLECTTON EXPERIMENT 

When modeling t,lie wave propagation through porous 
materials and considering that the associated wavelength 
is much larger than the dimensions of the heterogeni- 
ties (surficial and volumetric), two different main methods 

3.8 3.9 4 4.1 4.2 4.3 4.4 are avaiiablc. The first method assumCS that the porous 
medium can be considered as an isotropic homogeneous 
medium. Thus, the different dissipation mechmisnis in- 
volved in the propagation proccss are indistinguishable in 
the modeling process. The average dissipation on ii rcp- 
resentative volume of fluid a r i d  solid is considered from 
a macroscopic point of view. The sediment can be consid- 
ered as a fluid or as an clastic or viscoelastic solid. Because 
viscoelastic rriodcls are well suited for the description of a 
broad class of dissipation processes [2], a viscoelastic nioclel 
for the sediment is used. Thc stress-strain relationship for 
the one-dimensional movement is expressed by the gener- 
alized law of Hooke [ 5 ] ,  [6]: 

-0.4 

Time ( 5 )  XIO+ 

0.15 

0.1 

0.05 

2 0  
- c 3 -0.05 
Ln 

-0.1 

-0.15 a ( w )  = M(w)&(w)  (6) 

whcre .(U) and &(U) are the Fourier transforms of the 
stress and strain, rcspcct,ively, and M ( u )  stands for the 

Time (s) 10-4 The Plexiglas-sedirncnt-Plexiglas configuration can 

-0.2 

3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4 4.1 rrlodulus. 

ci(w) and ai(w) are the longitudinal dispersion and ab- 
sorption, respectively. Notc that, in Fig. 1, the properties 
for layers 2 and 4 arc identical. 

In this paper, the use of a rational transfer function is 
proposed to model the viscoelastic modulus of the bulk 
sands. The viscoelastic rational form model has been val- 
idated for the wave propagation through Plexiglas [7] and 

H," (U) 
SISO 

then be regardcd as iL linear viscoelastic multilayer 

wavenumber Ki is then considered to propagate through 
Fig. 2 .  Transmitted (top) and reflected (bottom) signal for Plexiglas 
structure filled with sediment ga39. 

r n e ~ i u m ,  A longitudinal wave with complex 
~ . -  

layer i, viz [GI: 
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For the rational viscoelastic model, the complex dilata- and 

where ci is the frequency-independent phase velocity and 
Pz(w,  ai^, p i , k )  is a function describing the frequency de- 
pendence of the complex velocity K(w).  N and D deter- 
mine the order of the numerator and denominator, respcc- 
tively. Order (N = 2, D = 1) is found to be optimal when 
describing the absorption and dispersion of the Plexiglas 
borders versus frequency [7]. For the sediment, the vis- 
coelastic rational form model will he compared with the 
more commonly used constant Q viscoelastic model [9], 
where a particular form of the complex modulus M ( w )  is 
used, leading to a Q that is independent of frequency. The 
complex velocity, & ( U ) ,  in the sediment (Fig. I) is now 
given by 

where 1/03 is the frequency-independent velocity for the 
sediment at a reference angular frequency W O .  

Observe that the plane wave displacement reflection co- 
efficients ri and transmission coefficients ti become slightly 
frequency dependent, viz: 

and 

The parameter Z;,2+1 is defined a~ the ratio of the real 
acoustic impedance Z,+l of layer (i+1) to the real acoustic 
impedance 2, of layer (i): 

By expressing tlic boundary conditions of the displace- 
ment and the stress field, closed form expressions for the 
transmission and reflection coefficient can be obtained 
for the calibrated transmission HT and reflection coeffi- 
cient H R  [6]-[8]: 

where 

The common denominator is given by 

D ( W ,  P) = (1 + ~ ~ r ~ e - ~ ~ ~ z ~ z )  (1 + 7 - 3 7 - 4 ~ ~ 3 ~ 4 ~ 4  1 
+ (ra + rle-’JKZdzj (PJ + 74e-27K4d4 ) e - 2 3 K 3 d 3 .  (16) 

The numerators [Nn(w, P) and NT(w,  P)] and the denom- 
inator [D(.J. P)] arc functions of the vector P, which con- 
tains the model parameters including delay 7~ given by 

where cow is the dispersionless phase velocity in water. 
A completely different method comprises a model bascd 

on the mechanics of porous saturated media. The theory 
of Biot [lo], [Ill describes the wave propagation in porous 
media by a set of coupled differential equations, resulting 
in the prediction that two dilatational and one rotational 
wave may propagate through the porous medium. Stoll has 
pioneered in the application of Biot’s theory for modeling 
of a seabed [la] [13]. In the Biot model, a skeletal fmme 
or matrix containing both the solid and fluid is defined, 
and the global relative movemcnt of the fluid toward the 
frame is taken into account, leading to a second, slower, 
highly attenuated dilatational wave with frame and inter- 
stitial fluid moving largely out? of phase. It has been found 
that poroelast,ic material pararriet,ers, such as porosity and 
permeability, can play an important role in wave propaga 
tion through sediments. More recently, Badiey [14] gave an 
evaluation of Biot sound speeds and attenuations for hard 
and soft sediments with asymptotic high and low frequency 
limits. The application of Biot’s model requires realistic 
values for 13 or more different parameters. Despite exten- 
sivc efforts to gather thc geotechnical sediment properties 
and the study of many empirical relations since the 1950s, 
the determination of some parameters (e.g., bulk moduli) 
is still difficult. Numerous met.hods for choosing these pa- 
rameters have been published [15] -[17], but their accuracy 
is still discussed regularly (e.g., [18], [19]) because different 
combinations of parameters can lead to similar effects on 
the measurable acoustical parameters. 

Note that in the studied case in this paper, because of 
the experimcntal setup, which was chosen to avoid possi- 
ble effects of surface roughness, the global moveinerit. of the 
interstitial fluid toward thc frame will be quite small. This 
could also be experimentally seen in [20], where an un- 
derestimitcd permeability was found, which can be physi- 
cally interpreted as a low fluid motion relative to the skele- 
tal frame. When this global fluid motion is neglected, the 
Gassmann equations, which are a special case of the Biot 
model, can be used [5], [17], [18]. Notice that, in this case, 
the frame bulk and shear niodulus still rriust be determined 
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as frequency-dependent quantities consistent with experi- 
mental results. Therefore, is chosen as the first method to 
model the sand as a honiogeneous viscoelastic medium. 

IV. MODELING WITH BEAMSPREAD CORRECTION 

Real transducers do riot produce plane waves. The di- 
vcrgerice of the beam from a plane circular piston trans- 
ducer can be compensated by an analytic exprcssion de- 
rived from the Lommel diffraction integral [21]-[22]: 

where 

.. .:. . . . .  . . .  , . .  i . .  

........ 
. .  . .  . .  . .: 

: 

100 

Displacement plate (mm) 
Freq[Hz) 2 0  

wa2 
DC 

s = - .  

. . i  

: : . .  
. . .  : . . .  . . . . . .  . . .  . . .  . . . . .  : 

. .  

a is the radius of the piston transducer, D is the distance of 
the propagation path, and c is the velocity of the medium. 
JO and J1 arc the Bessel functions of the zeroth and first 
orders. The error caused by the beamspread and the va- 

.... . . .  . . . .  . . .  . . .  . . . .  . . . .  . . . . . . . .  . . . .  . .. . . . . .  . . . . .  . . .  I . .  . .  . . . . . . .  ... 
: . .  ~ 

. -  

. . . .  . .  . .  : 
. .  

' . .  
40 ] ' ' ' - '  

lidity of this diffraction correction will be checked first. A 
Plexiglas plate is placed at a distance (do) of 35 cm from 
the piston transducer. A reflection experiment in normal 
incidence is carried out. The transfer functiori of the mea- 
s u r d  reflected signal, H,n,L(&, w )  can be modcled ab 

and 

wa.2 
so = - 

2doc 

where H,7,, is the transfer function modeling the influence 
of the system, Rpiet t :  is the reflection coefficient of the 
Plexiglas plate, and D(s0, w) is the beamspread correction 
factor at distance do. Next, the plate is translated toward 
the transducer at distarices d from the transcluccr surface: 
a i d  new rcflection cxperimerits are carried out at, leading 
to measured transfer functions, H," (d ,  w )  , rriodclcd ils 

2 j w  d &(d, U )  = e- c o ~ ~ l  D ( . S , W ) H , ~ , ~ R P ~ ~ ~ ~  (22) 

where D(s .w)  is the bcarnsprctad correction factor of the 
plate placed at distance d from the transducer. H,q,, and 
Rplutc disappear in the expression of the ratio of H,(s ,  w )  
and H,o(.so,w): 

The function E,(cl, U ) ,  defined as 

100 

Displacement plate (mm) 
Freq(Hz) 2 0  

Fig. 4. Relative error in terms of percentage on the amplitude of 
ET calculated witti beanispread correction factors (top) arid with 
correction factors put to one (bottom). 

is equal to 1 in the ahsence of model crrors and noise. 
Fig. 4(a and b) depicts plots of the relative crror, in terms 
of percentage, on the amplitude of E, calculated with 
beamspread correction factors a,nd with the correction fac- 
tors put to unity, respectively. Relative errors less than 2% 
are located between 400 and 600 kHz for a IO-cm trans- 
Mion of the Plexiglas. Bcca,use of smallcr SNR for higher 
and lower frequencies, the errors rise to 5% for these fre- 
quencies. If no beamspread correclion is used, errors larger 
than 30% can be found [Fig. 4(b)] for the lower frequencies, 
where the divergence effect of the bea.m is strongest. 

As far as the associated phase errors, the errors with 
beamspread correction are less than 0.5% between 400 and 
600 kHz for a 10-cm translation, rising till 0.8% for t'he 
higher and lower frequencies. 

To introduce the analytic diffraction correction in the 
reflection and transmission coefficients of the plate, the 
closed form expression for the plane wave reflection and 
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Fig. 5. Dominant propagation paths for trarisrnission through rnulti- 
layer. 

transmission coefficients (13) are replaced by a summation 
known as the Dcbye series expansion, corrcsponding to  the 
multiple propagation paths in the layer [23]. The dominant 
niultiple propagation paths for trarismission through the 
multilayer are shown in Fig. 5. 

For each propagation path, the correction for the di- 
vergence effect is carried out by multiplying thc trans- 
mission or reflection coefficient, denoted as T, arid R,,, 
respectively, for that path, with a beamspread correction 
coefficient based on the analytic expression given in for- 
mula (18). By performing a summation over all propaga- 
tion paths, the beamspread corrected and calibrated trans- 
mission and reflection coefficients are then given, respec- 
tively, by 

Parameter sh is now defined with superscript Z = T 
or R, viz: 

wa2 
.s; = 

C:ult.puth CI,LC, 

and sFa, and are given by 

(29) 

The summation in (27) is the sumrnatiori of the products 
of the distances and velocities over the multiple propaga- 
tion path. In practice, the infinite sunimations appearing 
in (25 )  and (26) are reduced to finite ones because of the 
prescnce of absorption arid dispersion in the multilayer and 
because of the fact that the amplitude of the interface re- 
flection coefficients between two boundaries is smaller than 
unity. By setting the correction factors equal to  unity, the 
classical plane wave reflection arid transmission cocfficierits 
are again generated. One can use this property to deter- 
mine the actual needed number of multiples. A system- 
atic way of achieving this consists of fixing the maximum 
number of reflections on the interfaces from the multilayer. 
Even numbers of returns are required for the transmission 
expcrimcnt,; odd niimbers a.re needed for the reflection ex- 
periment. For the transmission cxpcrirneiit, a maximum 
of 2,  4, 6, and 8 reflections on interfaces lead to 7 ,  38, 
195, and 988 multiples, respectively. A maximum ol 1: 
3, 5, and 7 returns on the multilayer conduct to 4> 18, 
88, and 441 inultiples for the inonostatic reflection exper- 
iment. The differcrice in percentage of the amplitudcs of 

summation T, and R, with the closed 

form expression for transmission and reflection through a 
simulated Plexiglas-sediment-Plexiglas multilayer is shown 
in Fig. 6. One hundred ninety-five arid 88 multiples are 
chosen for inodeling the transmission and the reflection 
experiment through the filled Plexiglas structure, which 
implies errors less than 0.05% caused by decomposition 
in Dcbye series. By wiridowing applied to  the transmitted 
signal through the water-filled Plexiglas tank, the Debye 
series exparisiori for the corresponding c:alibratccl trans- 
mission coefficient can be reduced to a surrirnatiori of six 
multiples [see (30), next page], where 

#nLultiples #nz?lltipleE 

1 1 

V. THE INVERSE PROCEDURE 

The estimation of the model parameter vector P is 
elaborated iising a MLE in the frequency domain. The 
NILE requires the measurement input and output spec- 
t ra  of the system under investigation as well as knowledge 
of the perturbing noise variances [24]. The noise sources 
are assumed to  be aero mean, complex normal distributed. 
This assumption is valid because the measured spectra of 
the input and output are processed by a discrete Fourier 
transform [25]. Bccausc the transfer matrix ( 5 )  is diagonal 
by corist ructioii, the coniplexity of the MIMO estimator 
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0.31 + 
I +  

+ 

$ 0.15 + i + +  + *  * *  * 
* + +  

+ 
t * * + 

0 

3 3.5 4 4.5 5 5.5 6 6.5 7 

Freq(Hz) io5 

Fig. 6. The diffcrence in percentage of the amplitudes of 
# n d t i p l e s  # m u l t z p l e s  

T,, and R, with closed form expression for 
1 1 

transmission (top) and reflection (bottom) for a simulated ratio- 
nal form (order N = 2: D = 1) Plexiglas-sediment-Plexiglas mul- 
tilayer. (Used pararnetera: cow = 1490 m/s, ca = c4 = 2685 m/s, 
e8 = 1627 m/s, p l  = 1000 kg/m3) p 2  = p4 = 110.4 kg/rn3, pn = 

1600 kg/m3, a 2 , 1  = ,5.24cp7, 0 ~ 2 , ~  = 4.42e-16, as , ,  = 1.38e-6, 0 1 3 , ~  
= 1.85eF15, ,82,1 = 5.07e-7; and = 1.32e-')). 

will be reduced. Because of the redundancy of informa- 
tion, the uncertainties on the estimated parameters will 
be smallcr tliari those obtained with SISO estimators. It 
is shown in [7] that ,  by applying the MIMO-estimation 
method, small model errors could be detected, which were 
invisible with the SISO method. Furthermore, the MIMO 
method excludes crrors caused by uncertainties on fixed 
Plexiglas parameters. 

Because tlic generation of acoustical signals is not per- 
fectly synchronized, the HIOg tcchnique 1261 is used to  cal- 
culate the averagcd signals over the diffcrcnt periods: 

where k = nz, T and I I  = T ,  R? P. The varianccs on t,hc 
non-parametric estimates g& are detcrmined during the 
averaging proccdme. The high SNR of the input and out- 
put spectra (typically 40 dB) renders the HIOg estimates 
to be almost complex normally dist,ributed, thus satisfying 
assumptions required by the MLE. 

The maximum likcliliood cost function to be miriiniizecl 
for the MIMO system is given by 

cnLi,rnu(p) = CdP) + CRP) + CP(P)  
L 

with 

I = 1  
(34) 

and 

where {q5 i! = 1,. . . ~ L }  denotes the set of angular fre- 
quencies to be accounted for. The minimization of (34) 
toward the parameter vector P gives rise to a non-linear 
minimization problem, which is solvcd with the Levenberg- 
Marquardt minimization algorithm because of its co~iver- 
geiice properties [24]. 

Initial values for the numerator and dcriominator coef- 
ficients of the ratiorial form for sediments are not avail- 
able. By starting with a first-order model, sclcctirig a very 
small parameter, estimating this parameter by minimizing 
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Fig. 7. Results of estimation ror sand ga38. Amplitude (a) and phase (b) of calibrated transfer function (TP) through Plexiglas structure 
without sedirrient, [(c) and (d)] and filled with sediment [(e) arid (f)]  TF for reflection: measured 'I'F (+), estirriated TF with rational form 
model (-), and estimated TF with CQ-model (0). 

the cost function, and using the estimated parameter as 
an initial value for a higher order, the model order can 
be gradually increased, and initial values can be found. 
Model order selection for the rational viscoehstic form for 
the sediments is done on the basis of the decrease in the 
MIMO cost function (34). 

VI. EXPERIMENTAL RESULTS 

Thc results are obtained with the experimental setup 
presented in Section I1 (Fig. 1). The used rational form 
and CQ models for the viscoclastic niodeling of the wave 
propagation of sound through the sediment, with a com- 
pensation for the divergence of the beam, are described 
in Section IV. A system identification approach is adopted 

to estimate the model parameters of both the sediment 
and Plexiglas. This was achieved by invoking the MLE in 
the frequency domain in MIMO sense, as explained in Sec- 
t,ion V. Order (N = 2, D = 1) is fixed for the rational trans- 
fer function of the Plexiglas. The propagation of multiples 
in the sediment, the use of the information contained in 
both the transmitted and the reflected signals, and the 
calibration method, which is incorporated in the global 
system identification approach, are assets of the nicthod 
that are not exploited when carrying out direct measure- 
ments of dispersion or absorption with transducers buried 
in the sediment. 

An overview of values for the cost hinction after mini- 
mization toward parameter vector P is given in Table 11. 
For both sands, a significant decrease of cost fhct ion can 
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Fig. 8. Results of estimation for sand ga39. Amplitude (a) arid phase (b) of calibrated transfer function (TP) through Plexiglas structure 
without sediment, [(c) and (d)] and filled with sediment, [(e) and (f)] TF for rcflection: measurccl TF (+), estimatcd TF with rational form 
model (-), and estimatcd TF with CQ-model (0 ) .  

TABLE I1 
OVERVIEW OF OBTAINED COST FLJNCTION VALUES 

Viscoelastic Viscoelastic viscoelastic 
rational form rational form rational form Viscoelastic 

model model 111odel Conslant Q 
Model order (1,l) ordcr (2,l) order (2,2) model 

GA38 1.03e5 6 .51~4 6.51e4 6.92e4 
GA39 1.82e5 1.72e5 1.72e4 1.81e5 
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Fig. 9. Amplitude (top) and phase (bottom) differences in terms 
of percentage betwecn mcasurcd and modclcd transfcr functions for 
transmission and reflection for Plcxiglas structure filled with ga38: 
transmission from rational form inodcl (-), transmission from CQ- 
model (0), reflcction rational form inodcl (o), and reflection from 
CQ-modcl (+). 

Fig. 10. Amplitude (top) and phase (bottom) differences in terms 
of percentage between measured and modeled transfer functions for 
trarisrriissiori and reflection for Plexiglas structure filled with ga39: 
transmission from rational form model (-), transmission from CQ- 
model (o), reflection from rational form model (o), and reflection 
from CQ-modcl (+). 

be seen by increasing the order from (N = 1, D = 1) to (N 
= 2, D = 1); a fnrthcr increasc to order (N = 2, D = 2) 
results only in a slight decrease. It is worth observing that 
order (N = 2, D = 1) is preferred for the sands. Compared 
with the values for the cost function when CQ-modeling 
is used, the ratiorial form model providcs a smaller cost 
function, which is an indication of snialler model errors. 

Fig. 7 and 8 show the measured and estimated trans- 
fer functions for the Plexiglas structure filled with sands 
ga38 and ga.39, respectively. To shed light on the matter, 
only one-third of the used 165 spectral lines is presented. 
Note that t,he (,WO sediments were contained in two differ- 
ent Plexiglas structures, placcd at different distances from 
transducers. This explains the differences in the shape of 
the transfer function for transmission through the empty 

Plexiglas and the differences in the estimated Plexiglas pa- 
rameters for the two experiments. The differences in per- 
ccnt,age between the measured and modeled transfer fimc- 
tion for transniission and reflcction for the Plcxiglas struc- 
ture filled with ga38 arid ga39 can be seen in Fig. 9 and 
10, respectively. For transmission: magnitude errors up to 
4% in aniplitude and 0.5% in phase are readily seen for 
both sediments of both models. Although the errors for 
the ratiorial form model arid CQ-model are in the same 
range, bigger differences for the CQ-model are detected. 
Bigger differences in amplitude and phase can be seen for 
both models in reflection: especially for ga39. 

The estimated model parameters are listed in Table 111. 
Good agreement can be found between the rational forni 
and constant Q estimated densities and velocities. The es- 
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TABLE 111 
ESTIMATED PPlRAMETERS WITH ~ N C E r W A l X T Y  INTERVAL. 

GA38 GAS9 
GA3X viscoel<wlic GA39 viscoelastic 

viscoelastic Constant Q viscoelastic Constant Q 
r a t k "  form model rat,iona.l form model 

Parameter model (WO = 2n 500 kHz) model (wo = 27r 500 kHz) 

095 

1.630e3 
(IC-1) 

1.8497e3 
(3e-I) 

2.67870e3 
(XA-2) 

(9s2)  
1.65428e3 

~ 

1.33096e-5 
(le-10) 

2.68739e-5 
(le-10) 

5.19e-7 
(le-9) 

4.29e-16 
(4e-1X) 

8.18e-7 
(3e-9) 

1.588e-15 
(9e-lX) 

5.02e-7 
(le-9) 

7.90+7 
(3e-9) 

~ 

1.615e3 
(le-1) 

1.8472e3 
(3e-1) 

2 6738e3 
(le-1) 

- 

1.67821e3 
(2r-2)  

i . x " 5  
( I C - I O )  

2.68734e-5 
(le-10) 

ti.34e-7 
(26-9) 

6.39e-16 
(4e18) 

- 

- 

6.13-7 
(2c-9) 

- 

5.603~-3 
(Ze-6) 

1.0635e3 
(le-1) 

1.5878e3 
(3e-1) 

(le-1) 

(le-1) 

2.8845e3 

1.6362e3 

1.25648e-5 
(le-IO) 

2.653466o5 
(1 e-l 1) 

(Ze-9) 
4.54c-7 

5.38e-16 
(7e-18) 

1.034e-ti 
(se-9) 

9.4e- 16  
(le-17) 

4.41e-7 
(2e-9) 

9.98e- 7 
(se-9) 

~ 

1.06OYe3 
(Ze-1) 

1.5843e.7 
(se-1) 

2.8639e3 
(2e-1) 

- 

1.66186e3 
(2c-2) 

(1 c- 10) 

(8e- 1 I) 

1.25645e-5 

2 653449e-5 

8.35e-7 
(3e-9) 

9.15e-lfi 
(7e-18) 

~ 

- 

8.04e-7 
(3e-9) 

- 

4.073e-3 
( 2 - 6 )  

timated ga38 densities for both models fall within thc un- 
certainty interval of the measured value listcd in Table I. 
For gaS9: however, it seems that the density is underesti- 
nialcd. In the modeling presented here, thc dcrisity appears 
only in the interface transrriissiori or reflection coefficients. 
A possible cxplariation for this mismatch could be that, 
for this particular sediment! a transition layer of varying 
density of non-zero thickness must bc takcn into account 
between the Plexiglas and sediment. In the high frequency 
limit, the wave would only see the step changc of density 
at the interface, but actiially riot, the real bulk density of 
tlie sediment underneath [27]. Thc cstimated density must 
then be corisidered as a surficial density. Fig. 11 depicts 
the estimated dispersion arid absorption ciirvcs calculated 
with tlie parameters listcd in Table 111. Here, very good 
agrccinent between the two models for dispersion can be 
seen. As far as absorption is concerned, an important dif- 
ference can be seen between tlic curves for ga39; smaller 

differences are present for ga38. However, it is worth not,- 
ing that,  a.t the ccnitral frequency of 500 kHz, for which the 
frequency independent velocity Vo, was defincd, tlie sarnc 
value for attenuation is rctricived. Taking into account the 
lower cost functions and the smaller differcnccs bctwccn 
the rncasured and the modeled transfer fiinctions for the 
viscoelastic rational form model, this lat,ter model is pre- 
ferred for llie accurate determination of thc dispersion arid 
the absorption curves. 

Values of attenuation published in the literature often 
vary a lot from aiithor to  author, because of thc typc of 
sediment and because of t'he utilized measurement method. 
Moreover the published values of attenuation measured in 
situ are often values for tlie total attenuation (the atten- 
uation related to the porous media plus the atteniiation 
associated with the geometry of the subsurface, source, 
scattering, etc.). Harriilton [l] has reported values mea- 
surcd at 500 kHz for various sands ranging from 90 to 
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I ’  I rection was incorporated, and an experimental validation 
of the correction was elaborated. Good agreement between 
measured and estimated transfer functions was found for 
both models. It was shown tliat using the viscoclastic 
rational form model, a smaller cost function, compared 
with the CQ-model, was obtained. Also, good agreement 
was found between the estimated sediment parameters. 
The bulk density for one of the sediments was underest,i- 
mated, which is due to a possible anomaly at  the Plexiglas- 
sediment intcrface. Estimated absorption and dispersion 
curves were drawn. These estimation results confirm tlie 
validity of the rational form model for describing the wave 
propagation through sediments, including dispersion and 
absorption. 

I 
3 3.5 4 4.5 5 5.5 6 6.5 

Freq(Hz) lo5 REFERENCES 

4- L i -1- 2 ._ 
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Fig. 11. Estimated dispersion (top) and absorption (bottom) curves: 
ga38 with rational form model (-), ga38 with CQ-modcl (o), ga39 
with rational form rnodel (o),  arid ga39 with CQ-rnodel (+). 

300 dB/m [att.(dB/m)%8.686 att. ( l /m)].  In tlie compila- 
tion of published values by Bowles [4], atj 500 kHz, values 
of 70 arid 90 dB/m were listed for fine-grained sediments. 
The estimates for the absorption retrieved in this paper 
are consistent with the broad range of values published in 
the literature. 

VII. CONCLUSIONS 

In this paper, a global system identification approach 
WLS used for an experimental validation of tlie wave prop- 
agation through sediments. A comprehensive motivation 
for choosing the viscoclastic modeling for the sediment was 
given. Two viscoelastic models were considered: thc vis- 
coelastic rational form and CQ motlcl. A MLE was used 
to estimate the sediment parameters, arid a MIMO rep- 
resentat,ion of a linear system was used to increase the 
accuracy on tlie cstirnated parameters. A beamspread cor- 
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