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Apresentador
Notas de apresentação
Good morning ladies and gentlemen.  It is a great honor to present at this symposium.  Over the last several days you heart many excellent presentations dealing with various nondestructive testing methods.  This presentation will deal with the active elastic waves-based methods. 
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xa Frequéncia
— Fabicado por Acoustic Control Systems, Ltd, Moscow, Russia
— Nao requer preparo da superficie
— Aparelhos de toque e medida com alto grau de precisao

— Os transdutores agem na supeficie do objeto de teste com elementos de
ocilacdo piezoelétricos para producao de ondas e captacao de sinais

» out of phase for s-wave production
* in phase for p-wave production
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Apresentador
Notas de apresentação
The ultrasonic linear array system we used to collect the data presented in this study only fairly recently became available for use with heterogeneous material such as concrete.  This system was made possible through the use of dry point contact transducers capable of emitting and receiving shear wave impulses at spatially diverse locations.  
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Apresentador
Notas de apresentação
the B-scan data planes comprised of stacking A-scans created by stretching time to depth using velocity cannot be representative of any non-planar inclusion


UNIVERSITY OF MINNESOTA
Driven to Discover®

-4‘.“1‘3".'4*"'. "

1

1

!

100 200 300 400 500 -100%

Lateral positionx;, mm _
Schickert et al., 2003

CBC2014 — 56CBC Department of Civil Engineering

October 10, 2014 Environmental - Geomechanical - Structures - Transportation - Water Resources



E ~ ° 7 a0 + TV / .
ReconStrugao Abertura Sinteética UNIVERSITY OF MINNESOTA

Driven to Discover~

s(xp, £) = f | f F(x, 2)8(t" (8, xp, %, 7)) dzdx

Onde s(xg, t) € 0 estimulo recebido na posicao do transdutor,
Xy, devido ao pulso emitido §(t*(t, x,,x,2)); f(x,z) é a
funcao de reflexao de ROI; x e z sao as coordenadas
horizontal e vertical em ROI, respectivamente

t* é definido pela seguinte relacéo:
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Apresentador
Notas de apresentação
The problems with the conventional A- and B-scan data representation are that they ignore the divergent nature of wave propogation.  In Bamler’s formulation of synthetic aperture reconstruction the impulse amplitude received at the surface is a function of reflections along the any point in the x-z plane of the region of interest.  In this case the received signal at each transducer location is a function of the emitted impulse, delta, and the reflectivity within the region of interest.  In the case of elastic waves the reflectivity is governed by changes in acoustic impedance.
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Apresentador
Notas de apresentação
Taking account for divergence of the wave can be accomplished using migration, which has been successfully utilized in geophysics.  Claerbout gives a simple definition of Kirchhoff migration as hyperbola superposition to convert data planes to an image.  This type of analysis has also recently been applied for structural civil engineering applications in Germany, where they refer to this type of migration as the synthetic aperture focusing technique.   
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Apresentador
Notas de apresentação
Now let’s talk briefly about the type of data we collected and adapted these reconstruction techniques for.
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Apresentador
Notas de apresentação
The system is comprised of 10 channels of 4 transducers operating in parallel for a total of 45 measurements in each scan.  You can see an example of one of those 45 shear wave impulse time-histories where you have a surface arrival as well as an impulse reflected from a subsurface discontinuity.  (animation) This also shows an example of a few impulses at different locations within one scan at the same spacings.  You can also see that the time of flight information within a similar structure is very repeatable with some variation in amplitude due to variation in contact conditions of the transducers.   
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Apresentador
Notas de apresentação
The system is comprised of 10 channels of 4 transducers operating in parallel for a total of 45 measurements in each scan.  You can see an example of one of those 45 shear wave impulse time-histories where you have a surface arrival as well as an impulse reflected from a subsurface discontinuity.  (animation) This also shows an example of a few impulses at different locations within one scan at the same spacings.  You can also see that the time of flight information within a similar structure is very repeatable with some variation in amplitude due to variation in contact conditions of the transducers.   
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Apresentador
Notas de apresentação
To illustrate the modified SAFT formulation, let’s consider an example scan taken on a reinforced concrete location with 3 embedded rebar within the aperture of the scan.  You can also see 3 of the 45 impulse time histories that give some indirect information about the structure. 
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Apresentador
Notas de apresentação
Before we get into the reconstruction and interpretation procedures, there are two important factors that need to be taken into account when converting from the time to space domain. When using transducer time-of-flight data to extract material velocity information an important factor of this conversion process is what blum calls, “un-differentiable factors.”  Rather than determine each factor that can cause the delay, that can depend on the system or tested material, we can take advantage of the multiple arrivals at different known spacings to determine both the velocity and shift factor.  In the case of the linear array system from this study has some added reliability in these calculations since we can average multiple sets of relative arrivals at known spacings. 
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Apresentador
Notas de apresentação
So, this brings us to the adaptations and developments for reconstruction and data interpretation in this study.
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Apresentador
Notas de apresentação
For the linear array setup used in this study, the Bamler formulation of synthetic aperture reconstruction had to be modified to allow for emitting and receiving transducers at different locations in each individual impulse time-history.  This changes the time of flight calculation as shown by t star where the path from the emitted transducer and back to the receiving transducer are allowed to be unique.
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Apresentador
Notas de apresentação
The same modification had to be made to Stepinski’s formulation.  Let’s take the same example with only one (x,y) coordinate where there is a change in acoustic impedance.  Similarly if we only consider a single transducer pair, xe,xr, at the surface.  It can be inferred that the same reflections caused by the location of the actual change in acoustic impedance, target 2, would also be applied to any location within the ROI where at a the same geometric distance from the transducer.  For example, Target 1 would have the same impulse data contribution applied.  However, if the same impulse is emitted at different locations or received at different locations the target 2 location, where there is an actual change in acoustic impedance, will consistently have the reflected impulse amplitude applied, where other false locations such as the target 1 location will not.  If the contribution of each impulse time-history from a range of emitting and recieiving transducer locations is accounted for at each location within the ROI, Stepinski’s matrix formalization can be used to again to create a reconstruction of the region of interest. An apodization weighting factor account for reduced reflection magnitude with increasing divergence.  
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Apresentador
Notas de apresentação
To illustrate the modified SAFT formulation, let’s consider an example scan taken on a reinforced concrete location with 3 embedded rebar within the aperture of the scan.  You can also see 3 of the 45 impulse time histories that give some indirect information about the structure. 
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Apresentador
Notas de apresentação
However, since our goal is to use the relative reflectivity of the reconstruction to approximate the relative reflectivity of the tested medium, we are more concerned with the amplitude of the signals, rather than phase of the signal.  Multiple references for other similar time history signals pointed to the hilbert transform as a good tool that can be used to extract the instantaneous amplitude of a function and obtain an envelope of the original signal.  By taking the Hilbert Transform, the imaginary portion of the complex signal can be obtained, where P is the Cauchy principal value.  By then taking the absolute value of the complex signal, the instantaneous amplitude envelope of the signal can be obtained.  The figure in the lower right shows an example of the procedure we used in matlab to extract the envelope for a exponentially decaying sinusoidal fuction in red.  It can be observed that the hilbert transform obtained envelope (black portion) does a good job of approximating the instantaneous amplitude of the signal. 
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Apresentador
Notas de apresentação
This envelope detection technique was applied for velocity and system delay calculation as well as converting the full waveform reconstructions to instantaneous amplitude reconstructions.  The SAFT-full waveform reconstruction is shown on the lest side, while the resulting SAFT-Instantaneous amplitude reconstruction is shown in the right.  This instantaneous amplitude reconstruction was obtained by taking the amplitude envelope of each column of the original SAFT reconstruction.  In this casse, the high amplitude location correspond to the location of the physical change in acoustic impedance.  Looking back at the example you can see that the high intensity of reflection vicinities correspond to the reinforcement locations.
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Apresentador
Notas de apresentação
While the SAFT-IA scans do a reasonable job of producing reconstructions that approximates the relative reflectivity of the actual structure, there are limitations associated with the limited aperture of the self contained array system.  For instance, the data on the outside portions of the SAFT-IA scans have a lower redundancy of potential sending and receiving pairs as compared to the center of the scans. Effects of limited aperture can occur on the outside of the scans. For instance, the while the example SAFT-IA scans show high reflectivity at the depth of the PCC-base the indication does not extend to the edges of the scans although this interface is continuous in the lateral direction.  The solution is not as simple as only using the center of each scan individually as defects can be located at the lateral edge of the scans in this vicinity.  To extend the SAFT-IA reconstructions, multiple overlapping scans are fused together to create SAFT-panoramic scans where the redundancy of transducer pair contributions is increased and the width of the area for accurate interpretation is not limited and can be increased based on the number and step size of additional scans.
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Apresentador
Notas de apresentação
While the SAFT-IA scans do a reasonable job of producing reconstructions that approximates the relative reflectivity of the actual structure, there are limitations associated with the limited aperture of the self contained array system.  For instance, the data on the outside portions of the SAFT-IA scans have a lower redundancy of potential sending and receiving pairs as compared to the center of the scans. Effects of limited aperture can occur on the outside of the scans. For instance, the while the example SAFT-IA scans show high reflectivity at the depth of the PCC-base the indication does not extend to the edges of the scans although this interface is continuous in the lateral direction.  The solution is not as simple as only using the center of each scan individually as defects can be located at the lateral edge of the scans in this vicinity.  To extend the SAFT-IA reconstructions, multiple overlapping scans are fused together to create SAFT-panoramic scans where the redundancy of transducer pair contributions is increased and the width of the area for accurate interpretation is not limited and can be increased based on the number and step size of additional scans.
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Apresentador
Notas de apresentação
However, by increasing to virtual arrays the precise location of each transducer is no longer ensured in a self-contained system.  In this case, unfocused reflectivity, such as the center representation can occur if the overlapping measurement process is not precise.  For structural applications in Germany they have built robots to ensure precise grid measurements using similar impulse systems.  However, robots measurements increase the cost and the current formulations do not allow for the coverage needed for pavement applications.  
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Apresentador
Notas de apresentação
In this case, assuming the measurement procedure allows for fairly precise step sizes we’ll define to be between l1 and l2, we can account for uncertainty in the measurements during the reconstruction procedure.  Since each SAFT-IA reconstruction is an approximation of the relative reflectivity within the ROI below the measurement, it follows that each location within the ROI should give a similar relative reflectivity regardless of where the transducers on the surface are located as long as the effect of limited aperture is taken into account. We can thus compare the similarity of overlapping regions for each proposed step size within the range of uncertainty.  The actual step size where the physical region of interest between the overlapping scan and the current SAFT Panoramic scan should be the most similar.  
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Apresentador
Notas de apresentação
Using a similar formulation to that proposed earlier for automated defect recognition, the similarity, H of l, of the overlapping regions for each step size within the given range is determined.  The step size with the highest correlation, H is chosen for application of the existing scan to the current SAFT-Panoramic reconstruction.  
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Apresentador
Notas de apresentação
The pre-defined step size SAFT-Panoramic reconstruction is shown on top.  The determined step size SAFT-Enhanced Panoramic is shown below.  Pearson’s correlation curves identified step sizes that were significantly different than the target step size of 2 in.  After applying the maximum correlation step sizes, it can be observed that the reflectivity at the center dowel on the bottom scan is more focused and consistent with the reinforcement from the example. 
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Apresentador
Notas de apresentação
The methods developed in this study had extensive field validation by comparing the reflectivity of the reconstructions and related interpretation techniques to the actual subsurface conditions using forensic verification. 
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Apresentador
Notas de apresentação
The problems with the conventional A- and B-scan data representation are that they ignore the divergent nature of wave propogation.  In Bamler’s formulation of synthetic aperture reconstruction the impulse amplitude received at the surface is a function of reflections along the any point in the x-z plane of the region of interest.  In this case the received signal at each transducer location is a function of the emitted impulse, delta, and the reflectivity within the region of interest.  In the case of elastic waves the reflectivity is governed by changes in acoustic impedance.
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Apresentador
Notas de apresentação
An example SAFT-IA reconstruction taken on a PCC slab on grade is shown along with the automated top layer boundary detection indicated by the horizontal blue line.  The depth of the blue line was determined by the highest reflectivity depth.  Multiple cores were taken at various sites and the thickness of the cores were compared the automated layer boundary detection showing very good agreement. 
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MIRA vs Core Concrete Cover UNIVERSITY OF MINNESOTA
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Field Application — Atlanta Georgia UNIVERSITY OF MINNESOTA

Continuously Reinforced Pavement Driven to Discover*

Measurements of pavement thickness and longitudinal rebar concrete cover
for project (about 5 km of testing in 15 m intervals).
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Field Application — Atlanta Georgia CRCP  UNIVERSITY OF MINNESOTA
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EDeIamination Mapping UNIVERSITY OF MINNESOTA
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Apresentador
Notas de apresentação
The ultrasonic linear array system we used to collect the data presented in this study only fairly recently became available for use with heterogeneous material such as concrete.  This system was made possible through the use of dry point contact transducers capable of emitting and receiving shear wave impulses at spatially diverse locations.  
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Apresentador
Notas de apresentação
The ultrasonic linear array system we used to collect the data presented in this study only fairly recently became available for use with heterogeneous material such as concrete.  This system was made possible through the use of dry point contact transducers capable of emitting and receiving shear wave impulses at spatially diverse locations.  


®automated Dam age Assessment UNIVERSITY OF MINNESOTA
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Apresentador
Notas de apresentação
In interpreting SAFT-IA reconstructions of unreinforced concrete, we can take advantage of the relatively basic slab on grade geometry to automate the analysis.  Since each individual SAFT-IA reconstruction gives a reasonable approximation of the reflectivity of the slab on grade below, selecting a reference scan that represents the as designed sound concrete condition is an intuitive task.  After choosing the reference scan, the similarity of the remaining scans in the project should have a high correlation with the reference scan if it is in good condition, while a drop in correlation flags the scanned location as having the potential of a defect.  


DCorreIIeIogram of Concrete without Damage UNIVERSITY OF MINNESOTA
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Apresentador
Notas de apresentação
Poor consolidation was simulated at a section at MnROAD by embedding porous concrete and plastic wrapped aggregate in the concrete. The presence of a defect can be determined using the automated defect detection with dips in the correlogram at the lateral location of the defects.  The physical location of these inclusions was determined by the SAFT-Panoramic reconstruction shown on the bottom.  


DCorreIIeIogram of Concrete with Defects UNIVERSITY OF MINNESOTA
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Apresentador
Notas de apresentação
Poor consolidation was simulated at a section at MnROAD by embedding porous concrete and plastic wrapped aggregate in the concrete. The presence of a defect can be determined using the automated defect detection with dips in the correlogram at the lateral location of the defects.  The physical location of these inclusions was determined by the SAFT-Panoramic reconstruction shown on the bottom.  
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Apresentador
Notas de apresentação
For the Pearson’s ultrasonic tomography signature analysis for automated detection of defects, multiple forensic activities verified that the dips in correlation with sound concrete conditions were good indicators of defects in the concrete.  This is an example of a delamination detected using UTSA analysis.


UNIVERSITY OF MINNESOTA
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e Diagnostico nao-destrutivo de estruturas de concreto
e um problema importante e cheio de desafios

 Melhorias feitas no equipamento MIRA tornou
possivel a avaliacao quantitativa de condicoes
subsuperficials

* Generalized Kirchoff migration-based synthetic
aperture focusing technigue (SAFT) para reconstrucao
e demais tecnicas associadas sao ferramentas
promissoras para a solucao de problemas praticos
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Apresentador
Notas de apresentação
I’d also like to thank the financial support from MnDOT, FHWA, and SHRP2 for the research presented in my dissertation.  Thanks for your time.
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