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SUMMARY 

 

The UFD Gap Analysis to Support Extended Storage of Used Nuclear Fuel (June 30, 2011) 

emphasizes the need for the development of monitoring techniques and technologies for dry 

storage cask materials.  A high priority is given to the development of “systems for early 

detection of confinement boundary degradation.”  This requires both new techniques for 

monitoring and inspection, as well as new measurable parameters to quantify mechanical 

degradation.   The use of Nonlinear Elastic Wave Spectroscopy (NEWS) has been shown to 

provide sensitive parameters correlating to mechanical degradation in a wide variety of 

materials.  Herein we report upon recent research performed to address the high priority of 

concrete degradation using a selection of these techniques and compare to a ASTM standard 

ultrasonic technique.  Also reported are the near term plans to continue this research in the 

remaining FY and into the coming years.   

This research was conducted at Los Alamos National Laboratory (LANL) in the Acoustics 

Lab of the Geophysics group in the Earth and Environmental Sciences division, and in 

collaboration with the Laboratory for Nondestructive Evaluation at the University of the 

Mediterranean (Aix en Provence, France) and the Electrical Power Research Institute (EPRI). 
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TOF – Time-of-flight 

TR – Time Reversal 

TREND – Time Reversal Elastic Nonlinearity Diagnostic 

UFD – Used Fuel Disposition  

  



Ultrasonic Concrete Inspection  
  7 

 

 

 

USED FUEL DISPOSITION/STORAGE R&D 
ADDRESSING FACILITY NEEDS FOR CONCRETE 

ASSESSMENT USING ULTRASONIC TESTING: MID-
YEAR REPORT 

1. INTRODUCTION 

In the context of license renewal in the field of nuclear energy, maintaining in service and 

re-qualifying existing concrete structures for ten years is a great challenge. For ecologic, 

economic and societal reasons, replacing a structure is often complicated Thus, increasing the 

safety and anticipating concrete degradation through the use of a powerful tool able to 

characterize concrete quality as its main function should be welcome. Many Non-Destructive 

methods such as thermography, radiography, electrical resistivity, radar, etc. provide 

information about the state of the concrete but the only one which is directly related with 

concrete mechanical characteristics is acoustics. Standard methods (ISO 1920-7; ASTM 

C597 - 09) such as pulse velocity have a poor sensitivity with regard to damage. Thus, taking 

into account measurement uncertainties, when this indicator crosses the detection threshold, 

the mechanical properties of concrete are substantially degraded. In addition, these methods, 

based on low frequency wave propagation, cannot provide information about the presence of 

a few centimeter scale localized defect. Developments in the field show that the indicators 

issued from the nonlinear wave propagation allow to considerably decrease the detection 

threshold in homogeneous materials and recently in concrete and cement based materials. 

The objective of this research project was to determine the feasibility of using an NDE 

technique based on non-linear ultrasound for determining the depth and degree of micro-

cracking in the near surface of concrete and to assess the degree of sensitivity of such 

technique. This objective is reached by the means of combining linear and nonlinear 

measurements, associated with numerical simulation. We first study the global effect of 

thermal damage on concrete's linear and nonlinear properties by resonance inspection 

techniques. We show that standard pulse wave speed techniques are not relevant to extract 

mechanical properties of concrete. The high sensitivity of measured nonlinearity is shown 

and serves as a validation tool for the rest of the study, i.e., probing the material nonlinearity 

at various depths through the use of Time Reversal Elastic Nonlinearity Diagnostic 

(TREND). The basic idea of probing the material nonlinearity at various depths by changing 

the frequency is validated by exhibiting a similar trend as nonlinear resonance measurements. 

We address at the end of this report, the potentialities of applying these procedures to real 

concrete structures. 

As the results of the studies have been presented recently at the European acoustics 

conference “Acoustics 2012” in Nantes, France and can be found in detail in the prepared 

proceedings papers, this report will merely highlight the results.  Full details can be found in 

the proceedings papers, which are attached as appendices. 
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2. Samples Used in Studies 

Concrete samples that will be studied are thermally damaged at different temperatures. 

There are 4 sets of 4 samples (Fig.1.a) of identical geometry (~10x10x5 cm
3
) defined in Tab. 

1. 

Table 1. Sample Designations 

Exposure 

temperature (°C) / 

Composition 

Cement Paste Mortar 
Ordinary 

Concrete 

High Performance 

Concrete 

20 CP20 M20 OC20 HPC20 

120 CP120 M120 OC120 HPC120 

250 CP250 M250 OC250 HPC250 

400 CP400 M400 OC400 HPC400 

 

These samples have been damaged following a controlled protocol (Fig.1.b) to avoid stress 

concentration phenomena expected to adjoin an undesired mechanical damage. 

Figure 1. (a) Samples. (b) Thermal damage protocol 

Note 1: These samples have been delivered from Aix en Provence (France) by UPS and hope that 

they have not been "damaged" during transportation. In addition, these samples are 8 years old, 

meaning that some chemical reaction such as carbonation might have occurred during their lifetime in 

storage. However, since they have been stored all together at the same place, we can reasonably 

expect that the effect would be the same for each sample. 

Note 2: These samples are homogeneously damaged. 

Note 3: Cement paste samples are completely cracked (macro cracks) due to thermal damage. The 

results may not be consistent, and thus these samples are not being studied. 

3. Thermal Damage Process of Concrete 

Concrete is a complex multiphase solid material composed, before curing, of anhydrous cement, 

aggregates, sand and water. Anhydrous cement is principally composed of Silica (SiO2), Alumina 

(Al2O3), Lime (CaO) and Calcium Sulphate (CaSO4). The aggregate size is generally between 3 and 

25 mm. Cohesion of concrete is guaranteed by a water cement ratio (w/c) of typically 0.3<w/c<0.6. 
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Chemical processes occur with heat generated during curing, producing an increase of porosity and 

micro-cracks. 

 

In concrete the most brittle zone is the interface between aggregates and cement paste. This zone, 

namely the transition halo, is the most porous and crystallized one. The presence of silica fume and/or 

plasticizer in high performance concrete reduces the porosity in this zone. With increasing 

temperature, this zone is progressively degraded due to the evaporation of free water and mainly to 

the differential dilation between aggregates (expansion) and cement paste (shrinkage). 

 

Chemical reactions occurring with thermal damage process of concrete is known and synthesized 

in Tab. 2. Evidence of cracking is obtained applying macrography (Fig. 2). It reveals two essential 

observations: (i) There is no preferential cracking direction validating our hypothesis of isotropic 

damage; (ii) Most cracks appear at the cement-aggregate interface (transition halo) and in the cement 

matrix but never inside the aggregates, following the chemical process described in Tab. 2 (the first 

aggregate transformation appears at 600 °C). 
 

 

Figure 2.  Macrography of intact sample (a) and thermally damaged sample (b).  

Table 2.  Chemical process occurring in concrete with increasing temperature. The top three rows are 

the temperature range studied here. 

105 °C « Free » water evaporation  

300 °C 
First step of dehydration. Breaking of cement gel and   

uprooting of water molecules into hydrated silicates. 

400500 °C Portlandite decomposition : Ca(OH)2  CaO+H2O 

600 °C 
Structural transformation of quartz α into β - swelling 

of quartziferous aggregates 

 700 °C 
Second dehydration step : dehydration of Hydrated 

Calcium Silicates 

 900 °C Limestone decomposition : CaCO3   CaO+CO2 

1300 °C Aggregates and cement paste fusion 
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4. Experimental Techniques 

Two linear ultrasonic techniques and two nonlinear elastic wave spectroscopy techniques were 

employed to determine elastic moduli and correlate to thermal damage level.  For detailed 

experimental implementations of the above techniques, see the appendices.  Below is a brief 

description of the four techniques, and the quantities which they each measure, followed by a 

summary of results. 

4.1 Linear Ultrasonic Techniques 

Standard ultrasonic techniques used are fundamentally linear techniques, referring to the fact that 

the waves are assumed to follow linear laws of physics, e.g., Hooke’s Law.  While there are many 

linear ultrasonic techniques that may be employed, two were selected for this study. 

4.1.1 Pulse Velocity 

Measuring the time-of-flight (TOF) of an acoustic pulse to traverse a known distance, thus 

determining wave speed, is a common ultrasonic technique.  This method is an accepted technique for 

use in the nondestructive evaluation of concrete (ISO 1920-7; ASTM C597 - 09), where the pulse 

velocities, or wave speeds, are monitored for changes throughout a damage protocol.  Two wave 

speeds are predominantly reported, shear (vs) and compressional (vp), though depending upon 

anisotropy, other wave speeds may be reported as well.  In this report the concrete samples can be 

assumed to be isotropic, thus requiring the reporting of only two wave speeds, vs and vp.  From the 

wave speeds, the elastic moduli can be calculated as c11 = vp
2
 and c44 = vs

2
, the compressional and 

shear moduli respectively. 

4.1.2 Resonant Ultrasound Spectroscopy 

Another linear ultrasonic technique is Resonant Ultrasound Spectroscopy (RUS).  This technique 

employs the standing waves, otherwise referred to as resonances or modes of vibration, along with the 

dimensions, and mass to determine the elastic tensor of the material under test.  The elastic tensor for 

an anisotropic system can consist of as many as 21 independent elastic moduli.  Again, here the 

samples are sufficiently isotropic to reduce the independent moduli to two, c11 and c44, the 

compressional and shear.   The advantage to obtaining the elastic moduli through RUS over the TOF 

method above lies in the fact that the resonance of an object depends upon the entire bulk and can 

thus average over heterogeneities, where as TOF measurements can be adversely affected by 

localized heterogeneities, as well as by dispersion.  While this is generally accepted to be true, RUS 

has not, until now, been used for measuring elastic moduli in concrete. 

RUS also provides for the ability to quantify the intrinsic attenuation in a material.  This linear 

quantity, often defined using the quality factor Q, is sometimes reported for the use of damage 

monitoring.  When mechanical damage, e.g., micro-cracks, accumulate in a material the Q of that 

material is expected to decrease, indicating an increase in the attenuation. 

4.2  Nonlinear Ultrasonic Techniques 

Nonlinear ultrasonic techniques, broadly referred to as Nonlinear Elastic Wave Spectroscopy 

(NEWS) differ from standard, i.e., linear, ultrasound in that they utilize the amplitude dependent 

nature of the ultrasonic response.  This style of measurement allows for the ability to deviate from 

linear assumptions to include nonlinear terms in otherwise linear relations, thus providing additional 

quantifiable parameters that are more sensitive to the presence of mechanical damage in solids.  It 

should be noted that nonlinear techniques generally require higher amplitude excitations than linear 

techniques; though higher these amplitudes remain in the elastic regime and thus do not induce or 

further any mechanical damage.  
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4.2.1 Nonlinear Resonant Ultrasound Spectroscopy 

Performing standard RUS measurements over a variety of amplitudes is referred to as nonlinear 

resonant ultrasound spectroscopy (NRUS).  When performing NRUS measurements the focus is not 

the elastic tensor, as in linear RUS, but rather in the shift in resonance frequencies (and thus changes 

in elastic moduli) as a function of strain.  These changes in moduli due to increasing strain indicate 

the presence and degree of damage in the material.  The nonlinear parameter , a higher order elastic 

constant, is proportional to the frequency shift f.  Both  and f are commonly reported quantities 

from NRUS measurements 

Alternatively, the nonlinear attenuation can also be quantified as 1/QNL.  This physically indicates 

the phenomenon in which change in strain is not directly proportional to the resulting response.  This 

quantity and a Qeff, an effective Q combining both Q and QNL, are sometime reported from NRUS 

measurements, however the frequency response parameters ( and f, above) are the more commonly 

reported values due to ease of extraction from the measurement. 

4.2.2 Time Reversal Elastic Nonlinearity Diagnostic 

The time reversal elastic nonlinearity diagnostic (TREND) combines the use of time reversal 

(TR), a method to focus wave energy in time and space, with NEWS techniques for the purpose of 

damage detection and imaging.  As such, there are many nonlinear parameters that can be quantified.  

Here the scaling subtraction method (SSM) was used to extract a nonlinear elastic wave energy 

parameter.  This metric was chosen for its ease of extraction from TREND data. 

Due to the focusing abilities of TR, TREND provides a localized measurement.  This allows for 

the compilation of successive TREND measurements at various positions to construct images of 

damaged regions.  Alternatively the measurement location can be held fixed and the parameters of the 

TREND measurements be adjusted to penetrate more deeply, or shallowly, into the material, thus 

providing the potential to quantify penetrations depths of damage, a  major concern in concrete 

structures. 

 

4.3 Summary of Results 

There are three main comparisons to be made in this study: 1) the comparison of the linear 

techniques to each other, 2) the comparison of nonlinear techniques to one another, and finally 3) the 

comparison of linear to nonlinear techniques. 

4.3.1 Linear: TOF vs. RUS 

As expected, the TOF measurements provide a different estimate of the elastic moduli than that 

from RUS.  This can be seen in fig. 3.  Also, note that when using the TOF technique, the frequency 

at which the measurement is conducted must be specified.  Due to the dispersion in concrete choosing 

a different frequency can result in a different estimation of the elastic moduli.  Without additional 

information, it is impossible to say which TOF result is correct.  Contrary to this, RUS measures the 

frequency response for the modes of vibration.  As these are determined by sample size, geometry 

density and elastic moduli, there is no difficulty in determining which value is the correct one.  That 

is, RUS provides one set of moduli which best describes the elasticity of the system without the need 

to make a discrimination among used frequencies, making RUS a more robust technique. 
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Figure 3.  (a) Evolution of the compressional wave speed as a function of frequency in concrete 

samples. (b) Elastic constant derived from RUS and wave speed at various frequencies.  All results 

shown for the ordinary concrete samples.  

 

4.3.2 Nonlinear: NRUS vs. TREND 

Comparing the two nonlinear techniques shows a remarkable agreement in the measured response 

(fig. 4).  This is very encouraging for the use of TREND, which is a new and not widely accepted 

technique.  As both techniques are equally sensitive to the presence of damage, choosing a technique 

to use for inspection can be done on a case by base basis as to which would be easier to employ in a 

particular instance.  However, as the samples studied here there is no clear indication of which would 

be best for determining depth of penetration.  It is expected that the localization and customization 

abilities of TREND would be beneficial for this application. 

 

Figure 4.  Comparison of nonlinear (NL) response as measured by NRUS (blue) and TREND (red) 

for ordinary concrete (OC). 
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4.3.3 Linear vs. Nonlinear 

Currently accepted and standardized ultrasonic techniques for NDE of concrete are limited and 

exclusively linear in nature.  Below, in fig. 5 (note the log scale), a comparison of a standard linear 

ultrasonic measurement (speed of sound, wave speed, as calculated from RUS) is compared to the 

nonlinear response ( as measured from NRUS).  It is clear that in concrete, as in all other materials 

tested in this manner, that nonlinear parameters are much more sensitive to damage than the standard 

methods currently in use.  This is true for all concrete samples studied here, i.e., OC, HPC, and M.  

 

 

Figure 5.  Compilation of linear (L: speed of sound) and nonlinear (NL: nonlinear α parameter) 

parameters as a function of thermal damage exposure. 

5. Future Directions 

The research described above is the initial step toward providing a next generation NDE 

diagnostic for concrete integrity to address facility needs in early detection of integrity reduction for 

advancing prognostic capabilities.  To further this effort to a deployable tool there is still a series of 

tests that will need to be conducted and continued research, however, the current state of the art in 

nonlinear ultrasonic testing is sufficiently advanced to expect a TREND and/or NRUS based tool to 

be developed in the coming years. 

During the remainder of FY12, a similar study, as described above, will be conducted on 

emulated freeze-thaw damage, a high priority failure mechanism for Storage R&D.  This study will 

be conducted with a team of three advanced undergraduate/early graduate students as part of the 

LANL and UC Engineering Institute’s Engineering Summer School (ESS).  The project will include 

experimental, analytical and numerical components to work toward tool development.  The samples 

to be conducted will be made in April 2012 and damaged in May using freeze-thaw cycles on wetted 

10

100

1000

10000

100000

20 120 250 400

Exposure Temperature (°C)

N
o

n
li
n

e
a

r 
p

a
ra

m
e

te
r 

(a
.u

.)

s
p

e
e

d
 o

f 
s
o

u
n

d
 (

m
/s

)

NL HPC NL OC NL M L HPC L OC L M



 Ultrasonic Concrete Inspection 
14  

 

concrete to produce various, and controlled, depths of the damage layer, as opposed to the 

homogeneously thermally damaged samples used to date. 

Other noteworthy developments include: 

  Four manuscripts currently in preparation and intended for peer-reviewed journals. 

 Special session on nonlinear NDE for NE applications to be held at the 17
th
 International 

Conference on Nonlinear Elasticity in Materials (to be held July 2012 in Sicily, Italy). 

 Application submitted to the Partnership University Fund (PUF), a French grant to facilitate 

collaboration of French Universities with U.S. institutions.  Focus of project is NDE for NE 

applications. 

 Invitation to collaborate with the concrete lab at EMPA (Zurich, Switzerland) on the general 

topic of concrete integrity. 

 Work begun to acquire radiation-damaged concrete samples and/or conduct in situ testing of 

radiation-damaged concrete in a decommissioned LANL facility. 

An end of year status report will be filed, wherein the progress of the ESS project will be reported and 

an update provided on relevant noteworthy accomplishments and/or activities. 
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Appendix A 
 

Acoustics 2012 Proceedings I 

Quantitative linear and nonlinear resonant 
inspection techniques for characterizing thermal 

damage in concrete 
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Appendix B 
 

Acoustics 2012 Proceedings II 

Probing materials damage at various depths by use 
of Time Reversal Elastic Nonlinearity Diagnostic: 

Application to concrete 
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