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Abstract

:

The paper illustrates the results of an experimental test which intends to check the efficacy of ultrasonic testing (UT) in detecting anomalies inside concrete elements. For this purpose, UT has been carried out on a small concrete wall having different defects deliberately settled inside the wall during casting. A grid of several measurements points has been arranged on the wall surfaces and for each point the ultrasonic signal has been acquired after passing through the thickness of the wall and the propagation velocity V has been extracted and analyzed. A graphic representation of V distribution has been implemented by a map where each pixel identifies one measurement point and is representative of its neighborhood. This map highlights areas with different velocity values, and allows to visually detect areas having particularly low velocity. The matching between the low-velocity areas and the artificial defects has been analyzed, and the level of accuracy of the V map in detecting and sizing the concrete inner defects has been discussed with reference to different spacing of the grid points. Finally, some considerations regarding the choice of the most suitable measurements grid have been addressed.
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1. Introduction


The goal of extending buildings service life has become of fundamental importance in the last decades because buildings maintenance involves several environmental, economic, and social benefits, such as: energy savings, emissions reduction, and reduced usage of materials; employment and innovation; health, wellbeing and comfort benefits; and increase in property value and tenant satisfaction [1]. There is a general interest in achieving this goal and particular attention is paid to managing the increasing cost of building maintenance. This cost is increasing above all because many structures, exposed to aging and aggressive environmental conditions, are not as durable as desired. In the EU the stock of buildings is relatively old, with more than 40% of it built before 1960 and 90% before 1990, being the rate at which new buildings replace old ones or expand the total stock very low, about 1% a year, and it is estimated that renovation accounts for 57% of all construction activity [1]. As an example, in Italy in 2016 about 79% of the production in the building sector consisted of interventions on the existing heritage and the cost of preservation and rehabilitation of existing buildings is now more than twice the cost of investment in new residential construction [2].



This situation has led to the development and implementation of systems for the management and maintenance of structures, in order to process information properly and to memorize relevant data, to plan and organize maintenance activities and to prepare and manage the maintenance budget [3,4,5]. In this frame, inspection and control of structural conditions have become essential parts of the life cycle management of buildings [6,7]. In fact, the outputs of the control and evaluation of the conditions of a structure become the inputs of the maintenance and restoration strategies, with the aim of ensuring public safety, monitoring structural performance, identifying gaps and facilitating immediate intervention.



In this context, the so called non-destructive testing (NDT), which is the process of non-invasively inspecting, testing, and evaluating materials, components or assemblies, including buildings, proves to be particularly useful [8,9,10,11,12]. When applied to buildings diagnosis, the advantages involved by NDT are multiple:




	
maintenance of the integrity of the structural element or the building with negligible interference with its current condition;



	
acquisition of data on areas of the structural element or the building otherwise inaccessible;



	
possibility to study the structure even when advanced instability phenomena or precarious structural situations are present, with sufficient margins of safety for the operators;



	
possibility of investigation either on individual elements or on the entire body of the structure, or at least on considerable parts thereof; this is impossible to the traditional invasive tests, as core extraction, which, being forcibly confined to single points, do not provide information generalizable to the whole complex;



	
consideration of the current boundary and operating conditions of the work, to the advantage of the reliability of information: the exclusive use of tests on laboratory samples, almost never really undisturbed, involves the use of corrective coefficients never so refined as to summarize the real conditions;



	
rapidity of execution;



	
repeatability of the tests; and



	
economy in materials and test equipment.








A rough classification of NDT techniques based on the physical principle of the method can be as follows [13,14]:




	
surface hardness methods: pull-out, rebound hammer, flat jacks;



	
acoustical and vibrational methods: dynamic characterization, sonic and ultrasonic techniques, acoustic emission;



	
electrical and magnetic methods: electrical resistivity, potential field methods, radar, infrared thermography, microwave testing, magnetic flux leakage;



	
radiological methods: X-rays, gamma rays, neutron beams; and



	
visual and optical methods: endoscopy, interferometry, holography, laser, dye penetrants.








In the field of concrete structures, ultrasonic testing (UT), based on measurements of the characteristics of elastic waves propagating through the material, is often used in non-invasive diagnostics and suggested for quality control and structural faults detection [15,16,17,18]. UT can be used for evaluating on-site the condition of elements of a wide range of structures and infrastructures, and in laboratory for materials characterization. Several studies related to the application of UT to concrete can be addressed. Main topics are the evaluation of concrete early-stage properties [19,20,21,22,23,24], the assessment of physical and mechanical properties [25,26,27,28,29,30,31,32], and the evaluation of damage [33,34,35,36,37,38,39,40]. Despite the large amount of contributions, the performance of UT in field on on-site concrete is still questionable and needs to be validated. This depends on the fact that the specific environmental factors (geometry, accessibility, instrumentation, operator, etc.) affect the test in a way that is not easily quantifiable, making the conditions on-site significantly different from controlled laboratory environments, in which most of the research on the reliability of UT have been carried out. Few studies have been devoted to examine some of these affecting factors, such as measurements grid, operators experience, surfaces condition, and the presence or absence of reinforcement [41], transducers natural frequency [42], measurements arrangement [43], but the topic is still challenging and claims to further deepening, also because UT is one of the most widespread methods for the on-site control of concrete and reinforced concrete elements due to its non-invasiveness and its ability to provide information on the inner parts of the elements in a relatively simple and low-cost way.



This paper illustrates the results of an experimental test which intends to check the efficacy of UT in detecting anomalies inside concrete elements by taking into account the influence of the arrangement of the measurements probes on the surface of the item. UT is based on single point measurements, so that the density of the grid of measurements points directly affects the possibility of detecting internal anomalies, since there is a direct relationship between the grid pitch and the sensitivity and resolution of the diagnostic method. The current European standard [44] provides instructions on how to perform ultrasonic measurements and suggests to plot contours of equal velocity to highlight the homogeneity of the material; however, it does not provide any indication on how to set up the measuring points grid. Similarly, the Italian guidelines [45] recommend to carry out at least three measurements on different routes in each measurement area, without providing further indications on the properties of the measuring points grid. This lack is a problem when performing on-site measurements, as the choice and setting of the measuring points grid is left to the discretion of the operator, with heavy repercussions on the precision of the test, as well as to the detriment of its character of objectivity, generality and repeatability.



In order to study this problem, UT has been carried out on a small concrete wall having different defects (a void and some plastic elements) deliberately settled inside the wall during casting with the aim of simulating typical concrete defects such as rock pockets, honeycombs, and delamination. A grid of measurements points has been arranged on the wall surfaces and for each point the ultrasonic signal has been acquired and processed after passing through the thickness of the wall. The level of accuracy of UT in detecting and sizing the concrete inner defects has been discussed with reference to different spacing of the grid points and some considerations regarding the choice of the most suitable measurements grid have been addressed.




2. Ultrasonic Testing


Ultrasonic testing refers to a complex method for analyzing materials and structures based on the study of phenomena connected with the propagation of elastic perturbations inside the material. The perturbation, that can be intended as an acoustic wave, is produced by a signal that penetrates into the material, generated artificially by an external source and acquired by a receiver after passing through the item following appropriate paths. By the analysis of the propagation of these perturbations it is possible to collect information on the material examined: the measurements of some properties of acoustic waves propagating through the material is directly related to some mechanical and physical parameters of the material itself, so that changes in measurable parameters associated with the passage of the wave through the material can be correlated with changes in some of its physical properties [46,47]. In fact, waves are absorbed or attenuated at different rates in different materials, determined in a complex manner by interactive effects of density, hardness, viscosity, and structure. Moreover, waves are reflected at the interface between different materials, thus changes in material structure, e.g., the presence of discontinuities or defects can affect velocity, amplitude, direction, and frequency content of scattered signals.



The easier and faster way to get relevant information by using UT on-site is the measurement of the waves propagation velocity V. A pulse of longitudinal vibrations is produced by an electro-acoustical transducer held in contact with one surface of the element and is converted into an electrical signal by a second transducer after it has travelled through the material along a path of known length L. An electronic timing circuit enables the transit time T of the pulse to be measured, and then the average velocity V of the wave is simply obtained as the ratio L/T. When the transducers are positioned directly opposite each other on opposite faces of the structural element (direct transmission technique) the path length L is the shortest distance between the transducers.



The velocity V of longitudinal waves depends on the elastic constant of the material concerned through the following relation [46]:


  V =    (     E d   d   )  ⋅    (  1 − n  )     (  1 + n  )  ⋅  (  1 − 2 n  )      ,  



(1)




where Ed is the dynamic modulus of elasticity, n is the dynamic Poisson’s number and d is the density, thus, the velocity V can give information on the physical-mechanical condition of the materials. Several studies have pointed out the velocity of longitudinal waves as a useful and reliable non-invasive tool for assessing the physical and mechanical characteristics, such as density, modulus of elasticity, and strength in concrete [23,27,29,31,37,48,49,50,51], and European Standard EN 12504-4 [44] suggests that the pulse velocity can be used for the determination of the uniformity of concrete, the presence of cracks or voids, changes in properties with time and in the determination of dynamic physical properties, and that it may also be used to estimate the strength of in situ concrete elements or specimens, although it is not intended as an alternative to the direct measurement of the compressive strength of concrete. For concrete testing UT is normally based on the use of portable equipment, composed by the source-detector unit and handheld surface transducers, usually working in the frequency range of 25 kHz to 60 kHz [52]. The time between signal emission and reception is measured to an accuracy of at least 0.1 µs [53].



When an ultrasonic wave propagating through concrete crosses a concrete-air interface, there is negligible transmission of energy across it. Thus, any air-filled crack or void lying directly in the wave path will impede the direct ultrasonic wave, moving it through the outskirts of the defect and resulting in longer propagation time than in similar concrete with no defect. This effect can be exploited for locating flaws, voids or other defects not smaller than the wavelength, since minor defects do not usually cause significant effects on the travel time of the wave but equally are probably of minor engineering importance. It is, thus, possible to detect air-filled defects when a grid of wave velocity measurements is arranged over a region in which these defects are located. Assuming that the concrete around the defect is uniformly dense, the size of such defects may be estimated as a function of the area in which wave velocities are the lowest.




3. Experimental Tests


The experimental tests have been carried out on a concrete wall sized 0.90 m × 0.62 m × 0.38 m. During casting some elements have been deliberately settled inside the wall in order to realize known anomalies: (1) an empty box of polystyrene sized 0.20 m × 0.38 m × 0.14 m assumed as a macro-cavity (MC), (2) three plastic discs (P1, P2, P3) having diameter of 0.075 m and thickness of 0.003 m settled in the near surface of the structure at different depths, assumed as small sub-surface defects (Figure 1).



The UT has been applied in the direct transmission technique mode. It has been carried out on the concrete wall by means of Pundit Lab+ ultrasonic test equipment, developed by Proceq®, Schwerzenbach, Switzerland. The testing equipment includes:




	
a pair of standard transducers (diameter 0.04 m) with natural frequency of 54 kHz for emitting and receiving signals;



	
a unit for signals generation, acquisition and preliminary analysis;



	
a PC for data storage and further signal processing; and



	
a dedicated software, Pundit Link, which unlocks the full capabilities of the ultrasonic test system.








The energizing signal is a square wave with input voltage of 500 V which allows signals to be detected even if strongly attenuated. A dry coupling agent between transducers and concrete has been used in order to reduce signal energy dissipation due to acoustic impedance difference between the materials in contact.



The emitting and receiving points have been marked on the opposite surfaces of the wall (Figure 2a) in order to realize five different measurements grids having different spacing. The center of each cell of the grids represents the extremity of a wave path (Figure 2b). Table 1 reports the characteristics of the five grids used for UT measurements; to notice that the external cells of the grid can have different size than the others, therefore, X and Y values reported in Table 1 have to be intended as average values. The minimum size of the cell is always greater than the diameter of the transducer. Signals have been transmitted on the wall side closer to defects P1, P2, and P3 and acquired on the opposite side. For each wave path the velocity V of the ultrasonic signal has been calculated as the ratio L/T, where T is the time the signal needs to travel along the distance emitter-receiver L that, in this, case is equal to the thickness of the concrete wall.




4. Data Processing and Results


Table 2 gives a summary of the UT results. The grids show similar value of Vmax and Vmean and a slight difference in Vmin, which is the most scattered property having a standard deviation about 25 times higher than Vmax and five times higher than Vmean. This finding is consistent with the fact that defects slow down the velocity of the signals that are diffracted around the periphery of the defect, whereas highest values of V are generally reached in points without defects regardless of the presence or not of some defects in other zones of the wall.



4.1. Velocity Maps


In order to produce a user-friendly representation of the results, for each grid the distribution of the V data has been graphically represented by implementing two different types of velocity maps. In the maps, each cell identifies one emitter-receiver couple and, thus, one value of V, and is representative of its neighborhood.



4.1.1. Velocity Maps. Type 1


In the first type of velocity maps, the range Vmax–Vmin has been divided into levels defined by:


   V  m e a n   ±  ( i )  ⋅ S t . D . ,  



(2)




where i is an integer ranging from 1 to a number depending on Vmax–Vmin. The outer levels, bordered by Vmax and Vmin respectively, are generally smaller than St.D. The values of V have, therefore, been grouped within the defined levels. Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7 show the resulting maps (named 1 to 5) for measurements grids A to E, respectively, along with the actual position and size of the defects.



As shown in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7, the maps provide an immediate visualization of the presence and position of factors that determine anomalies in the propagation of the signals and, therefore, in V values.



By comparing the areas highlighted in the maps with the actual position and size of the defects, it can be notice the influence of both the pitch of the measurement grid and the position of the transducers with respect to the defect (transducers are assumed to act in the central point of the cells). Grid A (map 1, Figure 3), which is the densest having an average cells size of 0.04 m in both horizontal and vertical directions, provides the largest amount of information concerning the inside of the wall despite the lowest scattering of V data (see Table 2), which generally would be indicative of a homogeneous material. A detailed interpretation of all the information is not an easy task, because signal propagation is affected not only by the presence of the defects but also by all the changes of the inner structure of the wall, such as the variation of the consistency of concrete due to not perfect casting or the presence of gap-graded aggregates, and of the characteristics of the external surfaces, such as texture and roughness. Nevertheless, all the defects are detected with good accuracy, as testified by the number and the position of darker cells. It is worth noting the presence of a kind of boundary effect which causes V measured in correspondence of the edges to be generally slightly lower than V measured in the areas without known defects. This might depend on the disturbance due to reflection, refraction and scattering phenomena occurring at the edges of the wall. As soon as the grid thins out, the amount of information concerning the inside of the wall decreases, as well as the boundary effect, whereas the chance of differentiate between defective areas and boundary effect decreases. The artificial defects are still visible, although with less accuracy. In particular, in maps 3 and 4 (Figure 5 and Figure 6) the plastic disc P2 is not yet detectable and the empty box MC is more underestimated; these facts are also due to the eccentricity between the defects and the measurement points (the center of the cells).



This type of maps allows to collect information on the inside of the wall and to identify the presence of areas characterized by anomalous V distribution, thus giving a valuable picture of the wall. Nevertheless, an accurate sizing of the artificial defects is difficult, as well as the selection of the more suitable grid, because of the already mentioned effect on V of the inner characteristics and the geometry of the wall.




4.1.2. Velocity Maps. Type 2


In order to facilitate the location and sizing of the defects, even if at the price of losing some information, a second type of velocity maps has been implemented. V data have been considered anomalous only when:


  V <  V  m e a n   − S t . D . ,  



(3)







Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12 show the resulting maps (named 6 to 10) for grids A to E, respectively.



As shown in Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12, these maps highlight only areas corresponding to the defects. The maps point out all defects except P2, that again is not yet detectable by grids D and E (Figure 9 and Figure 11) because of the eccentricity between the defect and the measurement point.



These maps can be used for defect sizing, as discussed in the following section.






5. Defect Sizing


In order to evaluate the accuracy of maps 6–10 in sizing the artificial defects, for each defect an index I has been calculated as follows:


  I =  (     A  e s t      A  a c t      )  ⋅ 100 − 100 ,  



(4)




where Aest is the sum of the areas of the dark cells highlighted by the map and Aact is the actual area of the defect. The values of I are summarized in Table 3, while Figure 13 shows a comparison between the accuracy of the measurement grids. The empty box MC is detected by all grids and is always underestimated. The best accuracy (Figure 13) is provided by grid D (average cell size = 0.12 m), which corresponds to map 9 (Figure 11). The plastic disc P1 is detected by all grids. The best accuracy (Figure 13) is provided by grid C (average cell size = 0.08 m), which corresponds to map 8 (Figure 10). The plastic disc P2 is detected only by grids A, B, and C. The best accuracy (Figure 13) is provided by grid A (average cell size = 0.04 m), which corresponds to map 6 (Figure 8). The plastic disc P3 is detected by all grids. The best accuracy (Figure 13) is provided by grid B (average cell size = 0.08 m × 0.04 m), which corresponds to map 7 (Figure 9).



Figure 14 shows better the variability of the I index within the type of defect.



As previously noted, the identification and sizing of the empty box MC is less affected than the other defects by the spacing of the measurement grid, which, on the contrary, affects substantially the detection and sizing of the plastic discs P1, P2, and P3. This aspect mainly depends on the relationship between the mesh of the grid and the size of the defect. It is worth noting that maps 9 and 10 (Figure 11 and Figure 12), which correspond to measurement grids having average cells size greater than the diameter of the plastics discs, provide the lower accuracy for these defects. In detail, defects P1 and P3 are largely overestimated, while defect P2 is not detected because of an unfavorable combination of cells size and eccentricity between the cells center (measurement points) and the defect itself. The relationship between the accuracy and the pitch of the grid is illustrated in Figure 15 with reference to the grid spacing in the horizontal direction X. The trend lines related to the plastic defects clearly show the increase of the error as the size of the grid increases with respect to the size of the defect. This behavior arises starting from values of the grid pitch equal to the size of the defect.




6. Comments


The tests performed on the concrete wall have pointed out that the choice of the measurement grid significantly influences the diagnostic capacity of UT. The most significant parameter to take into consideration is the proportion between the grid pitch and the size of the defect. As shown in Figure 15, as the grid spacing exceeds the size of the defect, the error made by UT in estimating the size of the defect increases significantly. On the other hand, the capacity of sizing defects sufficiently greater than the grid cells, such as the empty box MC, is less affected by grid spacing variation, although the defect is underestimated by all the grids. The other factor that influences the accuracy of the method is the misalignment between the center of the grid cell, which corresponds to the point of input of the signal in the material, and the position of the defect. This factor can cause considerable errors in the estimate of the size of the defect, especially when it occurs concurrently with the use of grids with a pitch greater than the size of the defect (Figure 11 and Figure 12).



In order to further highlight the importance of the topic, an analogy can be made between the laboratory case analyzed and real cases of defects in concrete. When considering anomalies in concrete elements and structures, it should be taken into account that the causes of defects differ according to the period in which they arise. They can arise: before construction, such as design errors; during the construction phases, such as errors of execution and realization; during the normal use of the building, such as overloading and environmental effects; as a consequence of exceptional events as earthquake, fire, impacts; as a result of anthropic actions, such as extension works and changing in end use [54]. Some of these causes give rise to phenomena known as segregation of concrete, cracking, spalling and delamination, that result in the formation on the surface of the element or within its volume of more or less important voids and discontinuities, often referred to as rock pockets, honeycombs, cracks, delamination, and detachment. The presence of such internal defects can impact overall stiffness, accelerate aging, reduce service life and cause structural problems, being the severity of the degradation of the concrete element proportional to the size of the defect [55,56,57].



Let us consider a reinforced concrete element, for example a vertical one such as a pillar or a wall, in which a segregation phenomenon occurred during hardening, determining the formation of a volume full of cavities that can be assimilated by size to the MC of the test. This kind of defect is commonly simulated by means of embedded voids [58,59,60,61,62] as the MC of the test. Figure 16 shows the overestimate of the usable cross section of the element net of the section of the defect as a function of the size of the defect and of the I index reported in Table 3.



The figure shows the effect of underestimating the size of the defect on the value of the area of the resistant section, which can be overestimated even by 40% with serious detriment of the static safety. As an example and by accepting a rough calculation, if the element is loaded by axial compression the overlap of the resistant section results in a corresponding overestimate of the section capacity load. Similarly, if we consider the presence of a delamination or detachment area that can be assimilated to the plastic elements P1,2,3 of the test, as is common in literature [61,62,63,64], depending on the spacing and the position of the measurement points the defect is not detected or it is overestimated even by 150%. Additionally, in this case there can be repercussions on the correct evaluation of the structural integrity and therefore on the refurbishment planning.



In the light of these considerations, the complexity of defining an optimal grid to make the most of the UT capabilities to identify and size the defects present inside the concrete element clearly emerges. The criterion for choosing the grid mesh should be based on a prior idea of the type and size of the defects to be detected. From this perspective, it is necessary to keep in mind some aspects:




	
small defects are more difficult to identify but are also generally less important from an engineering point of view;



	
more refined measurements grids are more sensitive to the presence of defects, but at the same time they are strongly affected by the intrinsic irregularity of the material, which influences the propagation of the signal and, thus, its velocity;



	
when the goal is a qualitative preliminary diagnosis of the concrete element or structure, less refined grids are already sufficient and facilitate both the execution of the tests and the data analysis; and



	
the timing and costs of the tests cannot be ignored.








Starting from the results of the present experimentation, a possible operative methodology is the following: UT data can be first implemented accordingly to velocity maps of type 1, in order to gather comprehensive information regarding the inside of the concrete element, choosing the grid pitch according to the geometry of the problem and the expected results and eventually repeating the tests with different grid spacing; after that, once the areas potentially affected by defects of interest have been established, the data can be implemented according to velocity maps of type 2, aiming to locate and size the defects. In this second phase the choice of the grid should be made according to the minimum size of the defect to be determined.




7. Conclusions


This paper illustrates the results of an experimental test aimed to check the efficacy of ultrasonic testing (UT) in detecting anomalies inside concrete elements by taking into account the influence of the measurements grid arrangement.



UT has been carried out on a small concrete wall in which some defects have been settled during casting: an empty box of polystyrene assumed as a macro-cavity (MC), and three plastic discs (P1, P2, P3) assumed as small sub-surface defects. UT measurements have been performed by applying the direct transmission technique (DTT). Five measurements grids, having different spacing, have been realized by marking the emitting and receiving points on the opposite surfaces of the wall. For each point the ultrasonic signal has been transmitted and acquired, and the velocity of propagation V has been extracted and analyzed. Then, for each grid the distribution of V data has been graphically represented by implementing two different types of velocity maps where each cell identifies one emitter-receiver couple—and one value of V—and is representative of its neighborhood.



The following conclusions can be drawn.



	
The five measurements grids show similar value of Vmax and Vmean and a slight difference in Vmin, which is the most scattered property accordingly to the fact that defects slow down the velocity of the signals that are diffracted around the periphery of the defect, whereas highest values of V are generally reached in points without defects regardless of the presence or not of some defects in other areas of the wall. This finding confirms the sensitivity of V to the presence of anomalies inside the concrete.



	
The velocity maps of type 1, based on the definition of various V levels, allow to collect information on the inside of the wall and to identify the presence of areas characterized by anomalous V distribution, thus, giving a valuable picture of the wall. Nevertheless, an accurate sizing of the artificial defects is difficult because signals propagation is affected not only by the artificial defects but also by all changes of the inner structure of the wall.



	
The velocity maps of type 2 have been implemented in order to highlight only the artificial defects, even if at the price of losing some information, and have been used to define a criterion for evaluating the accuracy of V maps in sizing the artificial defects based on an index I that takes into account the sum Aest of the area of dark cells highlighted by the map and the actual area of the defect Aact.



	
The choice of the measurements grid significantly influences the diagnostic capacity of UT. The proportion between the grid pitch and the size of the defect, along with the misalignment between the center of the grid cell and the position of the defect, are the most influencing factors. It has been pointed out that as the grid spacing exceeds the size of the defect, the error made by UT in estimating the size of the defect increases significantly and that the unfavorable combination of cells size and eccentricity between the cells center and the defect itself could lead to very large miscalculating in defect sizing.






The results since now achieved suggest that velocity maps are powerful tools for concrete defects identification. In order to optimize the diagnostic capabilities of the method, finding a compromise between maximum accuracy and minimum test times, UT data should be first implemented accordingly to velocity maps of type 1, in order to gather comprehensive information regarding the inside of the concrete element, and then accordingly to the velocity maps of type 2, aiming to locate and size the inner defects. The importance of measurement points spacing and position, which clearly emerges from the present experimentation and which has not been analyzed sufficiently and comprehensively in the existing literature, suggests the need of deepening this topic and encourages the future implementation of design criteria for the measurement grids in standards and guidelines related to UT. In conclusion, the presented study allows us to shed light on an aspect of UT since now not sufficiently addressed in the literature, and provides important and useful results to understand the importance of the problem and to suggest the opportunity for further research, for example by varying the type and characteristics of the concrete defects.
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Figure 1. Vertical and horizontal sections of the concrete wall (dimensions are in meters). 
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Figure 2. Transducer position in grid A (a) and scheme of transducers position in grid C (b). 






Figure 2. Transducer position in grid A (a) and scheme of transducers position in grid C (b).



[image: Buildings 08 00176 g002]







[image: Buildings 08 00176 g003 550] 





Figure 3. Map 1: Grid A. Levels of velocity. 
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Figure 4. Map 2: Grid B. Levels of velocity. 
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Figure 5. Map 3: Grid C. Levels of velocity. 
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Figure 6. Map 4: Grid D. Levels of velocity. 
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Figure 7. Map 5: Grid E. Levels of velocity. 






Figure 7. Map 5: Grid E. Levels of velocity.



[image: Buildings 08 00176 g007]







[image: Buildings 08 00176 g008 550] 





Figure 8. Map 6: Grid A. Defective areas. 
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Figure 9. Map 7: Grid B. Defective areas. 
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Figure 10. Map 8: Grid C. Defective areas. 
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Figure 11. Map 9: Grid D. Defective areas. 
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Figure 12. Map 10: Grid E. Defective areas. 
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Figure 13. I index: comparison between the accuracy of measurement grids. 
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Figure 14. Variability of the I index within the type of defect. 
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Figure 15. Relationship between I index and grid spacing in X direction. 
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Figure 16. Ratio between the estimated area of the usable cross section Auest and the actual area of the usable cross section Auact. Adef and Asec are the area of the cross section of the defect and of the element, respectively. 
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Table 1. Grids information.
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	Grid
	Number of Cells
	X × 10−2 (m)
	Y × 10−2 (m)





	A
	308
	4.08
	4.43



	B
	154
	8.18
	4.43



	C
	88
	7.82
	7.75



	D
	40
	11.25
	12.40



	E
	24
	15.00
	15.50
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Table 2. Summary of UT measurements.
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	Grid
	Vmin (m/s)
	Vmax (m/s)
	Vmean (m/s)
	St.D. 1 (m/s)
	CoV 2 (%)





	A
	2874
	4540
	4239
	299.79
	7.07



	B
	2874
	4540
	4240
	313.44
	7.39



	C
	3094
	4529
	4222
	315.75
	7.48



	D
	2874
	4529
	4165
	367.92
	8.83



	E
	3234
	4529
	4182
	340.89
	8.15



	Average
	2990
	4533
	4210
	-
	-



	St.D.
	166.37
	6.02
	34.25
	-
	-







1 St.D. = Standard Deviation, 2 CoV = Coefficient of Variation.
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Table 3. I index.






Table 3. I index.





	
Defect

	
Grid

	
Aact × 10−4 [m2]

	
Aest × 10−4 [m2]

	
I [%]






	
MC

	
A

	
760.00

	
433.79

	
−42.9




	
B

	
434.85

	
−42.8




	
C

	
484.84

	
−36.2




	
D

	
558.00

	
−26.6




	
E

	
465.00

	
−38.8




	
P1

	
A

	
88.36

	
54.22

	
−38.6




	
B

	
36.24

	
−59.0




	
C

	
60.61

	
−31.4




	
D

	
139.50

	
57.9




	
E

	
232.50

	
163.1




	
P2

	
A

	
88.36

	
90.37

	
2.3




	
B

	
108.71

	
23.0




	
C

	
60.61

	
−31.4




	
D

	
0.00

	
−100.0




	
E

	
0.00

	
−100.0




	
P3

	
A

	
88.36

	
72.30

	
−18.2




	
B

	
72.47

	
−18.0




	
C

	
60.61

	
−31.4




	
D

	
139.50

	
57.9




	
E

	
232.50

	
163.1
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