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The study of long term performance of road pavements requires to access to the evolution of the
intrinsic parameters of theses surfaces, like resistivity or tortuosity. In long range sound propagation
as well, it is well know that ground absorption is time-varying. The understanding of this variation
is an important issue. In both application cases, non-destructive measurement methods are required.
The present contribution focuses on the 2-parameter model of Delany and Bazley for outdoor surfaces
and the 4-parameter one of Hamet and Bérengier for porous road pavements. It is shown that for both
models the automatic identification from in situ measurements is possible. For the 2-parameter model
the identification is based on a suitable cost function. The complexity of the function is low enough for
a resolution by exhaustive search. It turns out that, for a large set of ground samples, the cost function
is convex. Therefore the resolution can be done quite efficiently by classical gradient descent methods.
Regarding the 4-parameter mode, although the cost function is no longer convex, the resolution can be
performed using a global optimization tool, like an evolutionary algorithm.

1 Introduction

The acoustic behavior of road surfaces depends on in-
trinsic parameters like porosity or tortuosity. The access
to these parameters is a key to understand the progres-
sive degradation of the acoustic performance of road sur-
faces, and drainage pavements in particular. Outdoor
sound propagation models are often based on models
for boundary conditions that also depends on intrinsic
parameters in the case of natural soils.

Directly determining these parameters is difficult out-
side the laboratory, because it requires a complex ap-
paratus. On the other hand, laboratory measurement
imply to collect samples. This is not always suitable,
especially when sampling is to be repeated over time, as
it is the case in the study of the long term performance
of road surfaces. In addition, the required sample area
for certain laboratory tests may be large. In the case
of road surfaces, sampling requires to work on the road
with evident safety issues. Finally a recurring difficulty
of sampling is to obtain a sample that corresponds to
the material in situ, especially with granular materials.
Therefore, it is of interest to find a way to estimate in-
trinsic parameters from in situ measurements.

The models of materials considered here provide ab-
sorption characterizing parameters like the impedance,
the complex reflection coefficient or the absorption co-
efficient. They depend on a limited number of intrin-
sic parameters, typically 2 to 6. Several non-destructive
methods for the measurement of the acoustic absorption
are available. For instance, the ISO 13472-1 standard
is dedicated to measurements on road surfaces [5]. For
natural soils, the acoustics group of Laboratoire Central
des Ponts et Chaussées uses a method based on trans-
fer function measurements between two microphones.
In both cases, the current practice to obtain intrinsic
parameters is to use such measurement results and to
perform a visual adjustment of the parameters. To this
end, the operator uses a software program with a graph-
ical user interface. He(She) tunes the parameters with
scrollbars, so that the model matches the measurement.
When the number of parameters and/or the number of
measurement increases, this procedure tends to be tire-
some. Moreover, this way of determination can be rela-
tively operator-dependent.

We present here two attempts to identify the intrin-
sic parameters from acoustic measurements. In both
cases an inverse approach is used. Section 2 describes
the models to identify. Section 3 describes the propaga-
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tion model involved in the forward model needed in the
inverse problem resolution. Section 4 presents the au-
tomatic identification of the Delany and Bazley model
in the case of a grass-covered ground. The optimization
results are compared with the classical visual optimiza-
tion. Section 5 explores the possibility of the identifica-
tion of the model by Hamet and Bérengier on a porous
pavement by the clonal selection algorithm.

2 Models for acoustic absorption

2.1 Delany and Bazley

The Delany and Bazley model is a semi-empirical model
of porous materials. It gives the expression of the acous-
tic impedance Z,, and the wave number  in the ground
[7] :
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where p is the density of air, ¢ is the speed of sound in
air, k is the wavenumber in air, o is the specific flow re-
sistivity of the material, 72 = —1 and f is the frequency.
In the case of a material with infinite thickness, o is the
only intrinsic parameter Z depends on. In practice, one
obtains a better adjustment assuming a porous layer of
finite thickness e. The thickness correction is expressed
as follows :

3)

Therefore, the unknowns are the specific flow resistivity
o and thickness e.

Z = Zs coth ke

2.2 Hamet and Bérengier

Hamet and Bérengier designed a phenomenological model
dedicated to porous pavements [6]. As the previous

model, it defines the acoustic impedance and the wavenum-
ber in the material of semi-infinite thickness :
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where () is the porosity, K the tortuosity, v the adiabatic
constant. The parameters f,, and fy are respectively the
viscous and thermal dependences
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where R, is the specific flow resistivity and NV, is the
Prandtl’s number. As for the previous model, the finite
thickness correction as in Eq. 3 is applied. To sum up,
the unknowns here are Ry, e, Q and K.

3 Model for propagation

The identification requires a model for sound propaga-
tion. Propagation over a flat impedance plane in an
homogeneous atmosphere is assumed. Rudnick’s model
is used [4]. For a point source and a receiver ¢ the pres-
sure is given by
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Rg; (resp. R,;) is the length of the direct (resp. reflected
path) between source and receiver i. @); is the complex
reflexion coefficient in spherical waves corresponding to
the reflected path i. Q is related to the complex reflec-
tion coefficient in plane waves R, by
Q=R+ (1-Rp)F(w) (9)

w is the so-called numerical distance defined by
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where 6 is the angle of incidence and
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R, is related to the acoustic impedance Z by

_ ZcosB — pc

R =227 P
P ZcosO + pc

(12)
In one of the following applications the absorption
coefficient o = 1 — ||Q||* shall be used.

4 Identification of a grass-covered
ground

The most often used model for a grass-covered ground is
the Delany and Bazley one with finite thickness correc-
tion. Both parameters are obtained here from transfer
function measurements between 2 microphones under
the geometry used by LCPC.
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Figure 1: Experimental setup for the transfer function
measurement

The experimental setup consists of a source located
at a known height and 2 microphones at 2 different
heights as shown in figure 1

The parameters we search for are obtained by a min-
imization of the cost function defined in the interval [100
Hz, 1 kHz]

f=1kHz

C(O’, 6) = Z [afALcomputed - a)‘ALmeasured]2
f=100Hz
(13)
AL is the difference between spectra for microphones
1 and 2. The cost function C' is based on the derivative
of AL with respect to frequency (9f). AL can be mea-
sured - ALeqsured, and also be expressed theoretically

ALccanpuiEed =20 1OglO Zﬂ

P (14)

where p; and ps are computed as in Eq.8. The derivative
in 18 is computed by finite difference.
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Figure 2: Typical cost function with respect to ¢ and
e. The black spot locates the minimum.

With the current computers, the computation speed
allows to perform an exhaustive computation of the val-
ues of the cost function on a fine enough grid over the
parameter space as shown on figure 2. The global min-
imum of this function gives the optimal values of o and
e associated to the measurements performed (Cf. figure
3 for an illustration of the adjustment between model
and measurement.

A validation of the automatic procedure described
here has been performed. The automatically optimized
values for the specific flow resistivity and thickness are
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Figure 3: Magnitude of the transfer functions
measured (blue) and computed from automatically
optimized values of o and e

compared to the ones obtained from the visual method
by 4 different experienced operators at LCPC. The com-
parison has been done for 10 measurements taken out of
a large experimental campaign on outdoor sound prop-
agation organized in 2005 [3]. Figure 4 shows the re-
sults obtained by both methods with the standard de-
viation of the visual method. A good agreement is ob-
served between both methods. However, the automatic
method tends to give slightly lower values of o than the
visual one. The determination is likely to be frequency-
dependent.
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Figure 4: Comparison of the specific flow resistivity

obtained by visual adjustment, +/- 1
standard-deviation, and obtained automatically

5 Identification of porous pave-
ments

The identification was performed on the ISO 13472-
1 compliant absorption coefficient measurements per-
formed in june 2005 on the test tracks of LCPC Nantes
(France), by personnel of the acoustics group of LCPC.
The data is provided as ameqsured(f) in narrow bands
with a frequency resolution of 8 Hz. The frequency res-
olution must be as high as possible in order to allow a
fine tuning of the model on the measurements.
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For such a material the model chosen is of course
the one by Hamet and Bérengier. The geometry of the
ISO 13472-1 normal incidence measurement is simulated
using Rudnick’s formulation for the propagation over an
homogeneous impedance plane. This gives an expression
for apgamet(o,Q, K, e, f), i.e. the modeled absorption
coefficient.

The cost function to minimize C' is the sum of two
terms A and L . A, named a priori, judges the validity
of the parameter set. One considers that a parameter
set is valid if it is located in the hypervolume defined
by 100 < ¢ < 70000, 1 < K <10, 0 < Q < 0.5 and
0.02 < e £ 0.5. In this domain, the a prior: equals 0.
Outside, a quadratic penalty V is applied. It is defined
in Eq. 15. It is defined as the absolute value of the
distance to the closest boundary of the hypervolume.

(.13 - xi,min)z T < xi,min
‘/z(x) = 0 Ti,min <z< Ti,max (15)
(.’E - xi,maz)Q T > Timax

One can then define A as
Ao, K,Q,e) = Vo (o) + Vi (K) + Va(Q) 4 Ve(e) (16)

The second term of the cost function is called likeli-
hood. The likelihood is a measure of the adequation of
the model to experiment, such as in 17 :

f=fmaz
L(O’, K> Qa 6) - Z D (aHamet(f) - ameasured(f))
F=Fmin
(17)
where several choices are possible for the likelihood term
and for D. Three possibilities haves been studied. The
first one is a least-squares adjustment on the whole fre-
quency range of ISO 13472-1, i.e. from the third-octave
250 Hz to the 4000 Hz one. The second one is restricted
to the range [200,2000] Hz. This choice takes into ac-
count that most of the energy of road traffic noise is in
the low range of the spectrum. Therefore, a fine tuning
in this range is more relevant than a tuning over the
whole frequency range. In order to reduce the weight of
outliers, a criterion based on the median in [200,2000]
Hz range was also tested. The second formulation 1.e.

f=2000
L(U7 Ka Q: 6) = Z [aHa7rLet(f) - a7rzeasu7'ed(f)]2
£=200
(18)
led to the best results.

Whatever the formulation chosen for the likelihood
term is, the cost function is not convex over the search
space investigated. Therefore, the cost function must
be processed with a global optimization algorithm. An
evolution strategy (ES) and a clonal section (CS) have
been applied to this non convex optimization problem.
It is beyond the scope of this paper to present this algo-
rithms. They both belong to the class of biologic meta-
heuristics. The quite classical ES draws its principles
from the theory of evolution. For more details on ES,
the reader shall refer to [1]. The more recent CS is
inspired by the operation of the vertebrate immune sys-
tem. The CS algorithm is presented in detail in [2]. It
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Figure 5: Automatic identification of the Hamet’s
model by the clonal selection algorithm

was chosen because it performs very well on hard opti-
mization problems. The global form is used here [2].

In order to compare both algorithms, one has per-
formed 10 successive optimizations with each algorithm
on a given measurement. The maximum number of eval-
uations of the cost function was set to 10000. This allows
for an objective comparison of algorithms that manip-
ulate populations of candidate solutions and whose de-
mographies are different. CS appears to give the much
better solutions with better reproducibility. A typical
result is shown on 5. The identification is good until
the 2500 Hz third-octave band.

6 Conclusion

In the case of the automatic identification of the model
by Delany and Bazley, the model is simple enough for an
optimization by exhaustive search. However, the shape
of the cost function suggests the classical gradient de-
scent method is usable, starting from initial values close
to the maximum thickness values. This would improve
the quality of the minimum and accelerate the compu-
tation so that the determination of the parameters of
interest can be done in real-time. An a posteriori check
of the quality of the optimum is always possible. The
small bias between visual an automatic identification is
likely to originate in the translation of the expert rules
of visual identification in a cost function.

The clonal selection algorithm gives promising re-
sults on the automatic identification of the model by
Hamet and Bérengier from measurements of the absorp-
tion coefficient at normal incidence for the 250 to 2000
third-octave bands. For higher frequencies, the adjust-
ment is not satisfactory and this point must be investi-
gated. The discrepancies may come from measurement
artefacts or the ability of the model to describe accu-
rately the behavior of the material. As such, the iden-
tification by inverse approach leads to an acoustically
equivalent material acceptable on the main frequency
range of road traffic noise. A comparison with direct
methods is necessary before stating that the intrinsic
parameters obtained correspond to the ones of the mate-
rial under test. Unfortunately, this comparisons appears
to be difficult, because laboratory measurement do not
work well on highly resistive and irregular materials like
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road pavements.
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