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Abstract
We  are  concerned  by  the  design  of  a  non  destructive  ultrasonic  method  quantifying 

porosity of  cover  concrete.  Modification  of  porosity  is  a  major  cause  of  reinforcing  bar 
corrosion  that  induces  bar  swelling  and  macro-cracks  which  may  cause  the  ruin  of  the 
structure. It is then necessary to characterize the porosity in the first cm above the steel bars. 
For surface measurements the most energetic mode is the Rayleigh wave whose investigation 
depth is around a half wavelength. A large spectrum, with frequency between 50  kHz and 
600 kHz, is used in order to obtain a porosity depth profile of the concrete cover. We consider 
the concrete as a two phases media composed of aggregates with various radii embedded in a 
homogeneous mortar. The porosity of mortar is modeled through wave damping.For strongly 
heterogeneous media, the wave field can be analyzed as the superposition of a coherent part 
and  an  incoherent  part.  Here  we  focused  on  the  coherent  field  by  using  dynamical 
homogenization theories. The model is coupled to dispersion relation of Rayleigh waves in 
order to depict the behavior of coherent surface waves. This model allows us to evaluate the 
sensitivity of surface waves to a variations of mortar properties such as an increase of its 
porosity.

Résumé
Nous nous intéressons au design d'une méthode non destructive ultrasonore permettant de 

quantifier le taux de porosité dans le béton de peau. La modification de la porosité est une des 
causes majeures de la corrosion des aciers passifs entraînant un gonflement des armatures et 
l'apparition de macro fissures et réduisant par là la durée de vie de la structure. Il est donc 
nécessaire de caractériser la porosité sur les premiers centimètres au dessus des barres de 
renforcement. Dans la cadre de mesures de surface, le mode le plus énergétique est l'onde de 
Rayleigh dont la profondeur de pénétration est de l'ordre d'une demi-longueur d'onde. Nous 
utilisons  un large spectres  (entre  50 et  600 kHz)  afin  de pouvoir  accéder  à  un profil  de 
porosité dans le béton de peau. Nous considérons le béton comme un milieu à deux phases 
composé de granulats agrégats de divers rayons noyés dans un mortier homogène. La porosité 
dans le mortier est prise en compte à travers un terme d'amortissement de l'onde. Pour des 
milieux très hétérogènes, le champ peut être interprété comme la superposition d'une onde 
cohérente et d'une onde incohérente. Ici, nous nous concentrons sur la composante cohérente 
en exploitant des modèles d'homogénéisation dynamique. Le modèle est couplé à la relation 
de dispersion des ondes de Rayleigh afin de décrire le comportement des ondes de surfaces. 
Ce modèle nous permet d'évaluer la sensibilité des ondes de surfaces vis-à-vis d'une variation 
des propriétés du mortier, telles qu'une augmentation de sa porosité..  
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1 Introduction

Evaluation of concrete properties is of particular interest for civil engineers dealing with 
structure durability.  Among the various  modifications  occurring on concretes,  mechanical 
solicitation or chemical reaction can modify the porosity of such material by micro-crack or 
changes  of  hydrates  concentration.  Even  if  the  mechanical  properties  are  only  slightly 
changed such deteriorations  induce  an increase  of  water  and aggressive  agent  (chlorides) 
ingress having great consequences. Indeed pore-water content increase is a major cause of 
steel reinforcing bar corrosion in cover concrete. This phenomenon induces steel reinforcing 
bar swelling and macro-cracks apparition in the concrete which may cause the ruin of the 
structure. It is then necessary to characterize the porosity of concrete in the first 3-5 cm of 
concrete cover for reinforcement (above the steel bars).

When wavelengths are large relative to the pores sizes, the ultrasonic waves sensitivity to 
porosity can be related to wave damping and wave velocity dispersion.  These phenomena 
depend in a first approximation on the size and concentration of pores. Then evaluation of the 
viscoelastic properties of ultrasonic wave is potentially a good way to measure modification 
of  porosity of  concrete.  In our  case,  we are  interested  by ultrasonic  probing  of  concrete 
structures of large thickness where emission and reception are made on the same surface. For 
small wavelength relative to thickness the medium can be seen as a semi-infinite medium. In 
such case, the most energetic elastic mode is the Rayleigh wave whose investigation depth is 
of the order of a half wavelength [1]. 

For  an  average  Rayleigh  wave  speed  of  2350  m/s  an  investigation  depth  of  3  cm is 
obtained for a 50 kHz frequency. For lower frequencies the effect of the reinforcement steel 
bar must be taken into account, what is not our objective. Increasing the frequency reduces the 
investigation depth.  Moreover the wavelength must  be greater than the micro-structure of 
mortar (pores, sand) in order to simplify the model.

Then,  we  propose  an  auscultation  method  involving  broadband  impulse  signal  with 
frequency higher than 50 kHz, in order to  obtain a porosity depth profile  of the concrete 
cover. The highest frequency is 600 kHz, for which the investigation depth is around 2 mm. 

The problem is challenging because concrete is a strongly heterogeneous solid composed 
of sand, water, aggregates, and cement mixture. At long wavelength homogenisation can be 
performed through a viscoelastic model: this applies to the mortar. Moreover, the wavelength 
having the same size as aggregates, multiple scattering occurs. The wave field can be analysed 
as the superposition of a coherent part and an incoherent part. Dynamical theories [2,3] can be 
used  for  simulating  the  coherent  part  providing  effective  (equivalent  homogeneous)  bulk 
properties. Then, we consider the concrete as a two phases media composed of aggregates 
with various radii between 1 mm and 10 mm embedded in a homogeneous viscoelastic matrix 
(mortar). The porosity of concrete is taken into account through viscoelasticity in the matrix.

The surface wave properties are obtained through Rayleigh dispersion relation applied to 
the effective elastic properties of concrete. 

In this paper the goal is to present the various steps of the model. In the first part,  we 
define the parameters of each constituent of our model. Next, homogenization of the medium 
is  described.  The next  paragraph addresses the case of surface waves. The last  paragraph 
presents the analysis  of sensitivity of the surface waves in order to evaluate variations of 
mortar properties. Finally a discussion is proposed.

2 Material and medium properties

The concrete model is a two phases medium composed of spherical aggregates embedded 
in a mortar matrix. 

The  volume  ratio  of  aggregates  is =40% .  In  order  to  represent  a  specific  concrete 
formulation the diameters of aggregates corresponds to normal law distribution with mean 
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value d=10mm  and a standard deviation =3 mm . For such parameters aggregates diameters 
are between 4 and 20 mm.

The elastic properties of the two phases are from Schubert 2004 [4] and are summarized in 
Table 1.

Table 1. Material parameters used for the numerical simulations
Material cp (m/s) cs (m/s) ρ (kg/m3)
Mortar 3950 2250 2050

Aggregates 4300 2475 2610

Heterogeneities and pores in mortar are modelled thanks to viscoelastic properties. The 
Kjartansson model [5] is used due to its reduced numbers of parameters. This model is based 
on a complex elastic modulus (either shear or bulk modulus) :

= −i

 
2

=
1


arctan 1

Q  (1)

Where   is the (real) relaxed modulus,  a reference pulsation,  Q the quality factor. In 
such case the phase velocity c  and damping factor   can be evaluated according to 
the complex wave velocity of wave v  :

v =



          c=ℜv     =ℑ 

v (2)

Numerically, the relaxation terms are obtained from the elastic properties in Table 1. The 
reference frequency is equal to  =50 kHz for each constituent and type of wave. The quality 
factor are Qs

0=30, Qp
0=70, Qs

1=50, Qp
1=100 (0-exponent for the matrix and 1-exponent for the 

aggregates, P stands for the compression wave and S for the shear wave).
This  model  gives  realistic  results  around  the  reference  frequency.  Moreover,  this 

formulation as the great advantage to require a reduced number of parameters. Note that its 
introduces both phase dispersion and damping [6]. 

3 Homogenization methods

The coherent part corresponds to the average field for several disorder realizations. This 
component satisfies the wave equation in an effective (equivalent)  homogeneous medium. 
Then the goal of such homogenization methods is to express the effective wave number of the 
medium. For acoustical case, only one wave number is present. For elastic medium such as 
concrete two effective wave numbers (linked to P and Swaves) have to be determined.

The principle of dynamic homogenization methods consists in a statistical approach where 
we extract the first order-moment (mean field) over several realizations of the disorder. If the 
contrast and/or density of scatterers is low, Independent Scattering Approximation (ISA) is a 
popular and simple model to characterize effective properties of acoustical field [2,3].

This  method  is  based  on  the  scattering  from a  single  inclusion  that  can  be  obtained 
analytically for spherical shape. In the far-field, the solution is described in terms of scattering 
far-field potential f  ,  which is related to the energy distribution in each direction  ,  
(in spherical coordinates) for an incident plane wave probing ( =0,=0 : forward scattering). 
In an elastic medium, mode conversions imply specific scattering far-field potential for M to 

N  conversion  f MN  , (where  M and  N denotes  either  P-waves  or  S-waves).  No  mode 
conversion occurs in forward scattering. 

Because  the  ISA  does  not  take  into  account  recurrent  diffusion  process,  the  initially 
acoustical  model  is extended to the elastic case [7,8]. Then the effective wave number is 
obtained for P and S waves: 

        (3)k M
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where k M
0  is the wave number of the M-wave in the matrix. This model take into account 

only the  density of  scatterers  n=/a 2
 .  For  a  given  distribution  of  the  aggregates  the 

effective wave number take the following form:

   (4)

Because  no  mode  conversion  occurs  in  forward  scattering,  the  scattering  potentials 
f MN  ,  ( M ≠N ) do not appear in this expressions but mode conversions are implicitly 

considered [8].
f MN  ,  is  a  complex  factor,  homogenization  methods  introduce  a  complex  wave 

number  linked to  the  multiple  scattering process.  Then we observe phase dispersion  and 
damping even for elastic media. For viscoelastic material, both f MN   and k M

0  are modified 
and  the  diffusion  and  intrinsic  attenuation  are  non-linearly  coupled.  Then,  assessing  the 
intrinsic attenuation of the matrix is not trivial. 

4 Rayleigh waves

Measurements are performed at a plane surface, and the wavelength is far smaller than the 
structure thickness. Then the Rayleigh mode is the most energetic. The effective Rayleigh 
velocity v r

e  satisfies the Rayleigh dispersion relation:

        (5)

where the material components are the effective complex velocity v M
e =/k M

e  obtained in 
the previous chapter. Due to intrinsic damping and multiple scattering, two roots satisfy the 
condition  ℜv r

e 0 .  These  roots  are  related  to  quasi-elastic  and  a  viscoelastic  modes. 
Experimental measurements show that the quasi-elastic mode is predominant [9]. 

Figure 1. Effective phase velocity (left) and damping factor (right) of Rayleigh wave in 
concrete. Two cases are considered : elastic properties and viscoelastic 

properties of aggregates and mortar.

Fig.1  shows  the  phase  velocity  and  damping  factor  of  the  Rayleigh  wave.  The  bulk 
properties of the homogenized concrete are obtained with ISA. The results correspond to the 
quasi-elastic mode. For both terms, the frequency dependence is not negligible. If material 
properties of mortar and aggregates are assumed to be elastic, the dispersion and damping of 
the  Rayleigh  wave  is  just  introduced  by  multiple  scattering.  Traditionally  the  frequency 
dependence  of  the  attenuation  is  assumed  to  be  linear:  this  is  consistent  in  a  reduced 
frequency  range.  The  presented  model  gives  a  general  non-linear  behavior  in  a  large 
frequency range as observed in experimental measurements [7,9]. Introducing viscoelasticity 
in  material  properties  affects,  in  first  instance,  the  damping factor  but  dispersion  is  also 
modified. The present model has the advantage to introduce the viscoelastic properties in the 
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bulk  properties  of  the  homogeneous  material  that  can  be  obtained  experimentally  [9]. 
Homogenization  of  the  heterogeneous  media  is  performed  in  a  second  step.  Viscoelastic 
properties  are  not  introduced as  an additional  phenomena and coupling between intrinsic 
dispersion and multiple scattering is clearly highlight. In particular we observe that the ratio 
between the two effects is frequency dependent and clearly non-linear. 

5 Analysis of sensitivity to porosity

The model  is  used to analyze the sensitivity of the Rayleigh waves to modification of 
material properties of mortar. Indeed degradation of mortar generally induces a decrease of 
the quality factor and elastic moduli.

Here influence of variation of one parameter is studied, the others parameters are keep 
fixed to their standard value (Table 1). This analysis does not correspond to experimental case 
where all properties change. Moreover, this investigation has the advantage to distinguish the 
parameters for which Rayleigh wave is most sensitive.

Figure 2. Variation of phase velocity (left) and damping factor (right) of the Rayleigh 
wave vs. quality factor (top) and bulk modulus (bottom) of the shear wave  in 

mortar. Results are given for various frequencies.

In Figure 2 we observe the  variation  of  the  phase velocity and damping factor  of  the 
Rayleigh wave versus variations of the quality factor  Q s

0 and elastic modulus  of the shear 
wave in mortar 0 . At low frequency, damping factor is clearly not affected by variations of 
the mortar properties, and measurement of the phase velocity looks as the only indicator of a 
degradation of mortar (through the variation of shear modulus). Moreover, high frequency 
measurements are very sensitive to degradation, and both damping factor and phase velocity 
are  affected.  The  variation  of  these  parameters  are  large  enough  to  be  measured  in  an 
experimental configurations. 
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6 Conclusions

Model  of  propagation  of  coherent  surface  wave  has  been  performed  through  various 
models coupled in a rigorous way. This process makes it  possible to show the non linear 
sensitivity of attenuation and phase velocity to modification of properties of the properties of 
each constituents of concretes. The frequency behavior has been particularly studied: we show 
that  non-destructive  ultrasonic  measurement  must  be  performed  in  a  specified  frequency 
range in order to be efficient. 

Of course this analytical and numerical investigation must be confronted to experimental 
measurements. This would be the occasion to evauate the feasibility to use such model as an 
inverse model for characterization. 
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