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Abstract

Experiments dedicated to the condition assessment of concrete under stress (1, 2), crack 

sizing  (3, 4) and crack healing monitoring  (5) have shown that Nonlinear ultrasonic 

Coda Wave Interferometry (NCWI) is a very sensitive technique that can be used in the 

lab  as  well  as  in  the  field  (6).  This  technique  belongs  to  the  family  of  nonlinear 

techniques  that  uses  pump-probe experimental  set-ups.  The probe wave is  the  coda 

wave  (in  a  frequency  range  where  the  wavelengths  are  smaller  than  the  average 

aggregate  size,  typically  above  200 kHz,  and can  propagate  to  decimeter  distances, 

typically below 800 kHz). The pump wave is a high amplitude low frequency sweep 

chosen to insonify uniformly the sample under (typically below 50 kHz). The nonlinear 

acoustic behavior observed in concrete is linked to the interface between aggregate and 

mortar, micro-cracks, porosity, etc. In this paper we try to quantify and explain the role 

and  influence  of  moisture  when  attempting  to  quantify  the  hysteretic  non  classic 

nonlinear acoustic parameters measured by NCWI. 

An experiment on a slab in a controlled environment with permanent  monitoring of 

moisture content is conducted during several hours while water propagates inside the 

sample.  In  this  paper  the  repeatability  of  the  experiment  is  demonstrated  and  the 

diminution  of  the  value  of  the  acoustic  nonlinear  parameters  with  water  ingress  is 

quantified. 

1.  Introduction

The  health  of  the  concrete  structures  is  a  theme  of  research  widely  developed  in 

laboratory. The purpose of these researches is to characterize the state of degradation of 

concretes. Several factors can drive to this degradation: fatigue mechanics, temperature, 

humidity, chemical  attacks,  etc..  Among these  factors,  although the  water  is  always 

present in reinforced concrete, the interaction of the ions can entail a corrosion of iron 

rebars, then engender the formation of potentially dangerous cracks for the durability of 

the  structure.  The knowledge of  the  moisture  content  is  then  a  major  stake  for  the 

characterization of the health of the structure. The moisture content, quantified by the 

rate of saturation, is classically measured by non-destructive methods  (7)  such as the 

electric and electromagnetic methods. The measure of this parameter remains however 

difficult with these methods because several factors influence the results: porosity, ions 

concentration,  presence  of  rebars,  etc.  Acoustic  methods are  thus  considered in  this 

work because they are very sensitive to the small variations of elasticity and attenuation. 
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Not  all  of  them  can  be  used  to  quantify  moisture  content  (8-11) because  their 

sensibilities are sometimes insufficient as for measurements in complex materials such 

as concrete. Indeed, concrete is very heterogeneous and small wavelengths are highly 

attenuated (12). Coda is particularly adapted for the monitoring of small variations. In 

geophysics and seismic survey (13), the coda (fig. 1) is the result of the multi-scattering 

of the waves in complex materials (14). The presence of water in the concrete modifies 

its elastic and scattering properties in the mesoscopic scale. The technique of the coda 

waves propagation is then potentially adapted to the characterization of the changes of 

properties of the material (8).

Figure 1. Illustration of the coda on the seismic signal recorded in 2011 during the Fukushima 

episode (data from EIDA Data Archive: http://www.orfeus-eu.org/eida/eida.html).

2.  Experimental setup and protocol

2.1 Immersion setup for concrete sample

To follow the evolution of the moisture in concrete, a first experimental setup  (15) has 

been improved (fig. 3) for a second experiment in order to show the repeatability of 

method. 

In this  setup,  a  600×260×150 mm concrete  sample with epoxy resin sealed vertical 

sides, is immersed in clear water by the bottom face. One of the main improvement of 

the setup is the addition of a peristaltic pump in order to maintain a constant immersion 

depth. The sample is also equipped to simultaneously measure: the coda, with a protocol 

described  in  the  next  section  and  the  internal  relative  humidity  measured  by  four 

capacitive sensors respectively located at 25, 40, 60 and 120 mm from the bottom and 

embedded at 100 mm from the side of the sample. Finally, the saturation ratio Sr is 

obtained from the relative humidity and the isotherm absorption curves associated to the 

concrete sample.

In this work, two experiments have been performed, both have been done in the same 

conditions: 

1. external temperature and external humidity are fixed by placing the set-up in a 

climatic chamber: T ext=25±2 °C and RH=55±10% ,

2. both experiments lasted approximatively 100 hours.
 



Figure 2. Experimental set-up. a) The concrete sample is immersed in a water tank where the water 

is maintained at a constant level thanks to a peristaltic pumping system. At the same time, the 

moisture is measured by four probes. The nonlinear probing is performed by a low frequency pump 

during the coda generation and acquisition. b) Photography of the system.

2.2 Nonlinear Coda Wave Interferometry (NCWI)

The CWI is based on the correlation coefficient CC between an initial coda ui and 

a perturbed coda up by the stretching method (16, 17):

    CC (θ n)=

∫
t
1

t
2

ui[ t (1+θ n)] .up[ t ]dt

√∫
t
1

t
2

u i

2[t (1+θ n)]dt .∫
t
1

t
2

up

2 [t ]dt

,                                                    (1)

where θ n is the coefficient of dilatation of the stretching, t
1

and t
2

respectively 

the beginning and the end of the analysis window. Two observables are then extracted:

• θ which characterize the velocity variation ( θ=dv /v ) 

• Kd which is the decorrelation coefficient ( Kd=1−CC (θ ) ).

Initially proposed by (18), NCWI, a nonlinear modulation technique applied to coda, is 

considered in this paper. The measurement protocol consists in successively increasing 

the amplitude of a pump wave (Figure 3) and in measuring with a probe wave, for each 

amplitude of the pump wave, θ and Kd by the stretching method. In this work, the 

technique principle is as follows (more details of the technique are presented in (2, 5, 6, 

15, 19)):

1. a sinusoid chirp with frequency from 200 to 800 kHz is generated by a piezoelectric 

source (in green on figure 2.),

2. the nonlinear regime is realized by the acoustic pump which generates a sinusoid 

chirp from 10 to 50 kHz (in blue on the figure 2),

3. finally, the coda is recorded by an ultrasonic sensor (in red on figure 2).

Two nonlinear observables αθ (elastic) and α Kd (dissipative) are then extracted by a 

quadratic regression of the variation of  θ and Kd as a function of acoustic pump 

amplitude U pmp (figure 3):



    θ ( U pmp) ∝αθ U pmp

2
                                                    (2)

and

    Kd (U pmp )∝α KdU pmp

2
                                                    (3)

The aim of this work is then to follow the evolution of these two nonlinear observables 

as a function of the position of the waterfront.

Figure 3. a) Evolution of θ as a function of time during the increase of the acoustic pump 

amplitude. b)  Evolution of θ as a function of the pump amplitude. c) Evolution of Kd as a 

function of time during the increase of the acoustic pump amplitude. d)  Evolution of Kd as a 

function of the pump amplitude. The nonlinear observables αθ and α Kd are obtained by 

taking the first coefficient of the quadratic fit result. 

3. Results

3.1 Moisture content

Experimental results of the moisture content  Sr are presented on the figure 4. The 

position of the waterfront is obtained by taking the time when each humidity sensor 

reach a value equal to 100 %. Considering that the position of the water front is 0 mm at 

the beginning of the experiment, a power law fit is used to show the evolution in time of 

the waterfront (both dashed lines on figure 4). In our experiment, the estimated time for 

the waterfront to reach the top of the sample (150mm) is up to three weeks. In this  

work, only the first hundred hours of the immersion are studied.

 



Figure 4. Evolution of the water front as a function of the time. Despite a visible dynamic, both 

experiments show a power law evolution of the waterfront position.

3.2 Nonlinearities

The  results  of  the  nonlinear  method  are  presented  on  figures  5.a)  and  5.b).  The 

evolutions of nonlinearities αθ and α Kd are shown as a  function of the position of 

the waterfront  (water saturation equal to 100%). A gap on the total average value of

αθ between  both  experiment,  which  can  come  from  an  intrinsic  ageing  of  the 

material (two years separate the experiments) is observed. However the two nonlinear 

observables decrease according to the position of the front (dashed lines on figure 5), 

showing clearly a modification of the nonlinear elastic and dissipative properties of the 

material. Their decrease with the rise of the waterfront can be explained by the filling of 

internal  micro-cracks  by  water.  Indeed,  when  saturation  increases  to  reach  full 

saturation, contacts between the walls of micro-cracks are limited and the phenomenon 

of clapping is not any more observed during the acoustic modulation. 



Figure 5. Evolution of the nonlinearities for both experiment as a function of the position of the 

waterfront: a) evolution of the nonlinear elasticity, b) evolution of the dissipative nonlinearity.

5. Conclusions

In this  work,  the progress of a water front in a concrete  slab is monitored with the 

nonlinear modulation of ultrasonic coda method called NCWI. The moisture content is 

measured by capacitive sensors, embedded in the sample.  To overcome the possible 

difficulty  to  install  this  type of  sensor  in  on-site structures,  NCWI monitoring,  that 

requires access to only one side of the structure, is a very promising tool. Thanks to the 

high sensitivity of NCWI, the position of a water front can be related to the decrease of 

the elastic and dissipative nonlinearities. The prospect of this work is the development 

of a forward problem in order to recover quantitatively the gradients of moisture content 

thanks to the inversion of nonlinearities.
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