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Abstract:
							                           
 The objective of this study is to evaluate the ultrasound test to estimate the depth of cracks in concrete, using a mathematical model published in the literature, and to verify this depth with more accurate results. Four concrete test specimens were molded for each proposed crack depth (5 cm, 10 cm, and 15 cm), simulated using zinc plates, placed during molding and removed before concrete hardening. The results show that the test is sensitive enough to detect the presence of the cracks in the concrete. The mathematical model used allowed for an estimation of the depths of most cracks, but the results are scattered and have a high margin of error for the depths of 5 cm and 15 cm. The cracks of 10-cm depth produced better results.



Keywords: ultrasound test,  cracks,  concrete.
		                         


Resumo:
						                           
 Este trabalho teve como objetivo avaliar o ensaio de ultrassom para estimar a profundidade de fissuras em concreto, utilizando modelo matemático da literatura, também verificar a profundidade com melhores resultados. Foram moldados 4 prismas de concreto para cada profundidade de fissura proposta (5 cm, 10 cm e 15 cm), simuladas através de chapas de zinco, colocadas durante a moldagem e retiradas antes do concreto endurecer. Os resultados mostram que o ensaio é sensível para detectar a presença de fissuras no concreto. O modelo matemático utilizado permitiu estimar a maioria das profundidades de fissuras; mas, os resultados apresentam-se dispersos e com margem de erro elevada para as profundidades de 5 cm e 15 cm, já para 10 cm apresentou melhores resultados.



Palavras-chave: ultrassom,  fissuras,  concreto.
                                


Resumen:
						                           
 Este trabajo tuvo como objetivo evaluar el ensayo de ultrasonido para estimar la profundidad de fisuras en concreto, utilizando un modelo matemático de la literatura, además de verificar la profundidad con mejores resultados. Se moldearon 4 prismas de hormigón para cada profundidad de fisura propuesta (5 cm, 10 cm y 15 cm), simuladas a través de chapas de zinc, colocadas durante el moldeado y retiradas antes de que el hormigón endurezca. Los resultados muestran que el ensayo es sensible para detectar la presencia de fisuras en el hormigón. El modelo matemático utilizado permitió estimar la mayoría de las profundidades de fisuras; pero los resultados se presentan dispersos y con un margen de error elevado para las profundidades de 5 cm y 15 cm, ya que para 10 cm presentó mejores resultados.



Palabras clave: ultrasonido,  fisuras,  concreto.
                                








 INTRODUCTION


 Cracks are the most common pathological manifestations found in concrete structures, usually appearing as a result of tensile stresses, which concrete has difficulty absorbing. Among the types of cracks that occur are those caused by thermal phenomena or by shrinkage (which are not structural hazards but may compromise sealing and performance), and those due to the lack of capacity of the structure to absorb tensile stresses, either by underestimation of the forces during sizing or by decrease of the material strength, the latter being of concern according to Silva Filho and Helene (2011). The timely detection of these defects can prevent rapid deterioration and extend the useful life of the structures (Aggelis et al., 2010). 

 The evaluation of structures is usually performed through visual inspection, the results of which can be subjective because they depend on the experience of the inspector (Rocha and Póvoas, 2017). However, there are several non-destructive tests (NDTs) that allow for important information about concrete properties to be extracted (Rehman et al., 2016), and are usually used to locate and evaluate defects in hardened concrete (Lorenzi et al., 2016). Lee, Chai, and Lim (2016) consider that available methods for evaluating concrete cracks have their own limitations. The most commonly used NDT techniques for inspection of concrete structures are: ultrasound (Aggelis et al., 2010), thermography (Bagathiappan et al., 2013), pachymetry (Maran et al., 2015), radar (Dabous et al., 2017), and sclerometry (Tomazeli and Helene, 2017). 

 The ultrasound test can determine the modulus of elasticity and specific mass of the concrete (Pacheco et al., 2014), estimate the compressive strength with a reasonably good approximation (Bungey, Millarde Grantham, 2006), and locate and determine the size of discontinuities in the structure (Menezes et al., 2016). 

 Several studies have been undertaken to detect cracks and fissures in concrete using the ultrasound test (Aggelis et al., 2010; Wolf, Pirskawetz, and Zang, 2015) and others to estimate their depth (Bungey, Millard, and Grantham, 2006; Pinto et al., 2010; Souza, 2016). The study developed by In et al. (2017) used the diffuse ultrasound technique to estimate the depth of cracks in concrete pieces that simulated real beams, performing a two-dimensional simulation of finite elements. This study concluded that it is possible to estimate the depth of cracks with deviations of 1 cm in relation to the real central measurement. Seher et al. (2013) also used diffuse ultrasound combined with two-dimensional finite element simulations, for which they analyzed the wave parameters to verify the variations between cracked and uncracked elements. It can be concluded that it is possible to estimate the depth of cracks with a maximum error of 10%. 

It has been demonstrated in all the studies
that the results are influenced by several factors, such as: crack depth,
concrete quality, and material saturation, among others. The objective of the
present article is to evaluate the ability of ultrasound method to estimate the
depth of cracks in concrete structures and specifically the influence of the depth
of the cracks on the results, by analyzing the time variation of the sound wave
through the cracked and uncracked areas.





ULTRASOUND TEST PROCEDURE


 The ultrasound equipment used for concrete is designed to generate longitudinal waves, also known as sound waves (Bungey, Millard, and Grantham, 2006). Those whose frequency falls within the range of 20Hz to 20,000Hz are audible to the human ear, whereas the waves below 20Hz are called infrasonic and those above 20,000Hz are known as ultrasonic. (Possani et al., 2017). 

 The results obtained from the test may be affected by several factors, such as the distance between the contact surfaces of the transducers; the presence of reinforcement, especially if aligned in the direction of wave propagation; the specific concrete mass, which depends on the concrete mixture and conditions; the type, specific mass and other characteristics of the aggregate; the type of cement and degree of hydration; the densification type; and the age of the concrete (Pacheco et al., 2014, Lorenzi et al, 2013, Mohamad et al., 2015). 

 There are several advantages to using ultrasonic tests on concrete structures, such as: the tests are non-destructive, the equipment is cheap and easy to operate, and the test can be applied at any time, as it will not contribute to deterioration of the structure. However, the test does have some limitations, because the interpretation of its results is merely qualitative in relation to the quality of the concrete. It is therefore necessary to use it in conjunction with other tests in order to obtain more conclusive results (Aggelis et al. al., 2010). 

 Ultrasound tests in Brazil are regulated by NBR 8802 - Hardened concrete - Determination of the propagation of ultrasonic waves (ABNT, 2013). According to this standard, there are three ways for waves to be transmitted along the surface of the concrete: direct, semidirect, and indirect, as shown in Figure 1.
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Figure 1



Transducer positioning







ABNT, 2013












METHODOLOGY


 To achieve the objectives of this study, concrete blocks were molded to represent real structural elements, in which cracks were induced to estimate depths using the mathematical model proposed by Bungey, Millard, and Grantham (2006). A total of 12 concrete blocks were molded, four for each of the three proposed crack depths (5 cm, 10 cm, and 15 cm). Four distances between the transducers were considered when performing the test (10 cm, 20 cm, 30 cm, and 40 cm). 

 To facilitate the analysis of the results, the blocks were divided into three groups (series) according to the crack depth: Series I - blocks with 5 cm deep cracks; Series II - blocks with 10 cm deep cracks; and Series III - blocks with 15 cm deep cracks. 

 The equipment used was the 58-E4800 UPV, with a standard frequency of 54 KHz using 50-mm diameter transducers (CONTROLS GROUP, 2017).


Test specimens

The concrete blocks had dimensions of 20 x 20 x 50
cm. The crack was induced along the axis of the block by placing a 0.95 mm
thick zinc plate during the molding, which was then removed before the concrete
hardened. All the blocks were produced with the same depth, because research in
the literature showed no influence on the results caused by the depth. Figure 2
shows the details of these test specimens.
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Figure 2



Concrete block details















 The water/cement ratio used was 0.5 and the mixture (cement:gravel:sand) was 1:1.46:2.51. The cement used was CPII Z-32. The gravel and sand were tested according to standard NBR 7211 (ABNT, 2009), where the granulometric distribution met the recommended limits and the maximum diameter of the gravel was 19 mm. 

 For the number of blocks used in the study to be statistically representative for the analysis of results, it is important that the observations of the independent variables are in a proportion greater than 5 to 1, that is, more than 5 observations for each independent variable. The recommended level is between 15 and 20 observations per variable, so that the sample can be considered representative (Hair et al., 2009). This study analyzed two independent variables, crack depth and test execution distance. When multiplied by 20, this gives an ideal quantity of 40 observations. In total, 96 observations were performed (4 blocks x 3 depths x 4 distances x 2 repetitions), a value well above the recommended amount.




Mathematical
model for estimating crack depth proposed by Bungey,
Millard, and Grantham (2006)


The
model allows for the estimation of crack depth perpendicular to the concrete
surface when the mode of transmission is indirect. Therefore, the transducers
should be placed equidistant from the crack, as shown in Figure 3 (a) and (b).
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Figure 3



(a) Wave path in unbroken concrete, (b) Wave path
around the crack















 In order to apply this model, the velocity of the ultrasonic wave through the integral concrete obtained using the indirect mode should be adopted as "Vc". That is, a speed "Vc" is found in a region of the concrete without cracks, having Y = 2X between the transducers. 

 Considering that the wave will deviate around the crack and that the velocity should remain the same because it is propagating through similar material, it is possible to estimate the depth of a crack that has its axis located at distance "X" from the transducers, as shown in Figure 3. The difference between these two paths will cause a slower wave propagation time, because the speed "Vc" should be the same. 

 The model assumes that the velocity will be equal for the two paths and that the wave will deviate because it is a mechanical wave, which requires a medium through which to propagate. Equation (1) represents the proposed mathematical model, a result of the equality of velocities along the two wave paths.
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Where

	
 h = crack depth estimated by the model (cm); 

 x = distance from the transducer to the axis of the crack (cm); 

 Tc = wave propagation time through unbroken whole concrete, defined as (2).
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Tf = wave propagation time around the crack, defined
as (3).
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Test execution

 The ultrasound test was performed using the indirect mode, avoiding roughness on the tested surface as indicated by NM-58 (ABNT, 1996). The calibration of the equipment was performed before beginning the measurements, according to the procedure described in the manual (CONTROLS GROUP, 2017). 

 An observation grid was marked on the surface used for the test, composed of an upper and lower line, the detail of which is shown in Figure 4. At all points where measurements were to be taken, Vaseline was applied to connect the transducer to the surface.
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Figure 4



Test marking scheme















 At each grid point, two readings were performed using the ultrasound and their average was used for the calculations of the model. 

 Standard NBR 8802 (ABNT, 2013) provides guidelines for obtaining the velocity of wave using the indirect mode, where the emitting transducer is at a fixed point and the receiving transducer is shifted at predetermined distances. With the data obtained, a time versus distance graph can be plotted to draw the line that best fits the points, with the tangent of the line being the wave velocity. 

 In order to apply the Bungey, Millard, and Grantham (2006) model, it is necessary to obtain the propagation time of the wave using the indirect mode in intact concrete - Tc, which must be obtained for the same distances that are to be measured in the cracked region - Tf. 

 To obtain Tc, the emitting transducer was fixed at the first point of the mesh and the receiving transducer was moved in 5-cm steps, obtaining times for the distances Y = 5cm, 10cm, and 15cm, according to Figure 5 (a), (b), and (c), where E is the transmitter, R is receiver, and Y is the distance between transducers (cm). 

 The results of the three readings of distance (cm) versus time (μs) were plotted to obtain the best fit line (Figure 6) and to find the propagation times through intact concrete, adjusted by the line Tc' for all distances required to apply the model: Y = 10cm, 20cm, 30cm, and 40cm, as shown in Table 1, which presents the results of the first repetition for the first test specimen of Series II. The measurements are identified first by the number of the block in the series (1, 2, 3, or 4), then by the depth (P5 = 5cm, P10 = 10 cm, P15 = 15 cm), followed by the test execution distance D10 = 10 cm, D20 = 20 cm, D30 = 30 cm, D40 = 40 cm) and finally by a unique number for each repetition of the test (1 for the first and 2 for the second).
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Figure
5



Time readings in the intact concrete - Tc with transducers at distances of:
(a) 5 cm; (b) 10 cm; (c) 15 cm
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Figure 6



Distance vs time plot (Series II -
Block 1 - First repetition)


















Table 1




Tc’ (Series II - Block 1 – First repetition)









	

  Adjusted time - Tc' (μs) - Series II - block
  I
  

	



	



	

  Identification
  

	

  Tc (μs)
  

	

  Y (cm)
  

	

  Tc' (μs)
  

	



	
  1P10D5-1
  
	
  23.45
  
	
  5.00
  
	
  22.49
	



	
  1P10D10-1
  
	
  35.88
  
	
  10.00
  
	
  37.52
  
	



	
  1P10D15-1
  
	
  53.23
  
	
  15.00
  
	
  52.54
  
	



	
  1P10D20-1
  
	
  -
  
	
  20.00
  
	
  67.56
  
	



	
  1P10D30-1
  
	
  -
  
	
  30.00
  
	
  97.61
  
	



	
  1P10D40-1
  
	
  -
  
	
  4000
  
	
  127.66
  
	



	
  Linear
  Equation
  
	
  Y = 0.3328X – 2.4862
  
	



	
  Y-intercept
  
	
  -2.4862
  
	



	
  "Vc"(cm/μs) - Angular coef.
  
	
  0.3328
  
	






















 The adjusted times (Tc’) were found for the distances Y = 10cm, 20cm, 30cm, and 40cm, where Y = 2X, with X being the distance between the axis of the crack and the transducer. 

 In order to measure the propagation time of the wave around the crack (Tf), the readings were taken with distances between the transducers of Y = 10 cm, 20 cm, 30 cm, and 40 cm, as shown in Figure 7 (a) (b) (c) (d). 

 Once the values for Tc' and Tf have been obtained for the same distances, it is possible to estimate the depth of the crack using the model proposed by Bungey, Millard, and Grantham (2006), following the procedure presented in the previous section. 

 The procedure shown for obtaining the Tc' and Tf values was repeated two times for each of the four concrete blocks per series, for all three series.
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Figure 7



Readings taken around the crack with transducers at distances
of: (a) 10 cm; (b) 20 cm; (c) 30 cm; (d) 40 cm





















ANALYSIS AND DISCUSSION OF RESULTS


A statistical analysis was performed with the results for the crack depths
(h') for Series I, II, and III found by the application of the mathematical
model proposed by Bungey, Millard, and Grantham
(2006), in order to verify which series presented the most significant results.




Table 2




Summarizes the results for Series I, II, and III.









	

  CRACK DEPTH h'
  




	

  Series I
  

	

  Series II
  

	

  Series III
  




	

  Identification
  

	

  h' (cm)
  

	

  Identification
  

	

  h' (cm)
  

	

  Identification
  

	

  h' (cm)
  




	
  1P5D10-1
  
	
  5.68
  
	
  1P10D10-1
  
	
  6.71
  
	
  1P15D10-1
  
	
  10.43
  



	
  1P5D20-1
  
	
  6.34
  
	
  1P10D20-1
  
	
  9.82
  
	
  1P15D20-1
  
	
  12.27
  



	
  1P5D30-1
  
	
  11.20
  
	
  1P10D30-1
  
	
  11.22
  
	
  1P15D30-1
  
	
  10.51
  



	
  1P5D40-1
  
	
  11.15
  
	
  1P10D40-1
  
	
  9.78
  
	
  1P15D40-1
  
	
  7.23
  



	
  2P5D10-1
  
	
  3.82
  
	
  2P10D10-1
  
	
  6.05
  
	
  2P15D10-1
  
	
  24.40
  



	
  2P5D20-1
  
	
  4.00
  
	
  2P10D20-1
  
	
  7.15
  
	
  2P15D20-1
  
	
  19.57
  



	
  2P5D30-1
  
	
  7.35
  
	
  2P10D30-1
  
	*
	
  2P15D30-1
  
	
  24.56
  



	
  2P5D40-1
  
	
  3.12
  
	
  2P10D40-1
  
	
  *
  
	
  2P15D40-1
  
	
  21.86
  



	
  3P5D10-1
  
	
  4.43
  
	
  3P10D10-1
  
	
  5.63
  
	
  3P15D10-1
  
	
  11.10
  



	
  3P5D20-1
  
	
  3.08
  
	
  3P10D20-1
  
	
  7.74
  
	
  3P15D20-1
  
	
  15.79
  



	
  3P5D30-1
  
	
  9.13
  
	
  3P10D30-1
  
	
  6.64
  
	
  3P15D30-1
  
	
  14.64
  



	
  3P5D40-1
  
	
  14.97
  
	
  3P10D40-1
  
	
  11.60
  
	
  3P15D40-1
  
	
  11.08
  



	
  4P5D10-1
  
	
  3.32
  
	
  4P10D10-1
  
	
  6.22
  
	
  4P15D10-1
  
	
  9.56
  



	
  4P5D20-1
  
	
  4.05
  
	
  4P10D20-1
  
	
  8.70
  
	
  4P15D20-1
  
	
  9.19
  



	
  4P5D30-1
  
	
  3.20
  
	
  4P10D30-1
  
	
  5.11
  
	
  4P15D30-1
  
	
  5.92
  



	
  4P5D40-1
  
	
  10.62
  
	
  4P10D40-1
  
	
  7.35
  
	
  4P15D40-1
  
	
  *
  



	
  1P5D10-2
  
	
  4.82
  
	
  1P10D10-2
  
	
  6.38
  
	
  1P15D10-2
  
	
  12.21
  



	
  1P5D20-2
  
	
  3.74
  
	
  1P10D20-2
  
	
  4.96
  
	
  1P15D20-2
  
	
  14.95
  



	
  1P5D30-2
  
	
  15.17
  
	
  1P10D30-2
  
	
  *
  
	
  1P15D30-2
  
	
  10.25
  



	
  1P5D40-2
  
	
  15.21
  
	
  1P10D40-2
  
	
  *
  
	
  1P15D40-2
  
	
  7.94
  



	
  2Z5D10-2
  
	
  3.08
  
	
  2P10D10-2
  
	
  7.01
  
	
  2P15D10-2
  
	
  25.73
  



	
  2P5D20-2
  
	
  *
  
	
  2P10D20-2
  
	
  5.98
  
	
  2P15D20-2
  
	
  22.01
  



	
  2P5D30-2
  
	
  5.88
  
	
  2P10D30-2
  
	
  *
  
	
  2P15D30-2
  
	
  27.28
  



	
  2P5D40-2
  
	
  9.00
  
	
  2P10D40-2
  
	
  *
  
	
  2P15D40-2
  
	
  26.97
  



	
  3P5D10-2
  
	
  4.70
  
	
  3P10D10-2
  
	
  6.58
  
	
  3P15D10-2
  
	
  13.64
  



	
  3P5D20-2
  
	
  3.93
  
	
  3P10D20-2
  
	
  5.27
  
	
  3P15D20-2
  
	
  14.70
  



	
  3P5D30-2
  
	
  9.04
  
	
  3P10D30-2
  
	
  *
  
	
  3P15D30-2
  
	
  15.80
  



	
  3P5D40-2
  
	
  10.59
  
	
  3P10D40-2
  
	
  *
  
	
  3P15D40-2
  
	
  11.59
  



	
  4P5D10-2
  
	
  2.67
  
	
  4P10D10-2
  
	
  8.19
  
	
  4P15D10-2
  
	
  14.19
  



	
  4P5D20-2
  
	
  *
  
	
  4P10D20-2
  
	
  9.54
  
	
  4P15D20-2
  
	
  16.19
  



	
  4P5D30-2
  
	
  6.48
  
	
  4P10D30-2
  
	
  7.61
  
	
  4P15D30-2
  
	
  17.45
  



	
  4P5D40-2
  
	
  8.94
  
	
  4P10D40-2
  
	
  4.17
  
	
  4P15D40-2
  
	
  16.87
  



	
  * Results that could not be calculated by the
  model, because Tc > Tf.
  























Table 2 shows that the mathematical model of Bungey, Millard, and Grantham (2006) could be applied to calculate the depth of cracks in 88.5% of observations. For the remaining percentage, 11.5%, it was not possible to determine the depth because the wave propagation time in the cracked region was less than the time in the uncracked region, making the model impossible to apply. 

 Analysis of the results from the series using the descriptive statistics are presented in Table 3.




Table 3




Descriptive
statistics of the depth variable









	
Statistics of the results

	

  Actual depth (h)
  




	

  Series I (5 cm)
  

	

  Series II (10 cm)
  

	

  Series III (15 cm)
  




	
  Minimum
  value
  
	
  2.67
  
	
  4.17
	
  5.92
  



	
  Maximum
  value
  
	
  15.21
  
	
  11.60
  
	
  27.28
  



	
  Mean
  
	
  6.96
  
	
  7.31
  
	
  15.35
  



	
  Median
  
	
  5.78
  
	
  6.86
  
	
  14.64
  



	
  Variance
  
	
  15.03
  
	
  3.83
  
	
  36.47
  



	
  Standard
  Deviation
  
	
  3.88
  
	
  1.96
  
	
  6.04
  



	
  Coefficient
  of variation
  
	
  55.72%
  
	
  26.78%
  
	
  39.34%
  



	
  Number
  of observations
  
	
  30
  
	
  24
	
  31
  






















 It can be seen from the results that the model presented significant variation for all three series. Series III (15 cm) presented the highest variance and standard deviation in comparison to the other series, showing a high level of dispersion in the data set. Series II (10 cm) had the best indices in the analysis of the dispersion of the data, presenting smaller variance, standard deviation, and coefficient of variation. Series I (5 cm) had an intermediate level of dispersion, but the coefficient of variation was higher, as the standard deviation represented about 55% of the mean. 


Pinto et al. (2010) also studied the estimated depth of cracks in concrete blocks, analyzing four different depths (50 mm, 75 mm, 100 mm and 150 mm), with test execution distances of 100 mm and 150 mm, applying the same mathematical model and arrived at the estimates presented in Figure 8, where the tests were identified by the series, then the depth, and then by the test specimen analyzed. For example, S1-75-B indicated Series 1, depth 75 mm, block B.
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Figure 8



 Crack depths 







Pinto et al, 2010








 The authors concluded that the results were mostly within the margin of error of 15% of the actual crack depth. A similar result occurred in this study, where the best results were found for crack depths of 10 cm. 

 To facilitate the understanding of the behavior of the results found, the boxplot of the three series was used in Figure 9, a graphical statistical tool that represents the variation of the data of a numerical variable through quartiles. 

 A boxplot is formed by drawing a box parallel to the axis of the variable. The lower edge represents the 1st quartile, the thick line the median (2nd quartile), and the upper edge the 3rd quartile. The line that extends vertically indicates the upper and lower limit of the data. This box represents 50% of the central values ​​of the distribution. The flatter the box, the less scattered the data is. 

 It can be seen that the data from Series II (10 cm) were those with least variability, as data from Series III (15 cm) had greater dispersion. It can be said that the data from Series II (10 cm) behaved better in comparison to the other series in the analysis of descriptive statistics. 

 To complement the analysis, inferential statistics were used, with the application of a confidence interval (CI) of 95%. This refers to a numeric interval around the mean that will contain 95% of the values, on average. The CI value represents, more or less, a margin of error in relation to the mean. 

 For this study, a 20% margin of error was considered acceptable. Using the actual crack depth measurement as a reference, this implies margins of error of 1 cm for Series I, 2 cm for Series II, and 3 cm for Series III. 


Table 4 shows the confidence intervals of the depth variable for the 3 series analyzed. Figure 10 shows the graphs of the confidence intervals for each series regarding depth.
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Figure 9



Boxplot for variable: DEPTH


















Table 4




Confidence
interval for the depth variable









	

  Series
  

	

  C.I. (error)
  

	

  Lower limit
  

	

  Mean
  

	

  Upper limit
  




	
  Series
  I
  
	
  1.45
  
	
  29%
  
	
  5.51
  
	
  6.96
  
	
  8.40
  



	
  Series
  II
  
	
  0.83
  
	
  8%
  
	
  6.48
  
	
  7.31
  
	
  8.14
  



	
  Series III
  
	
  2.22
  
	
  15%
  
	
  13.14
  
	
  15.35
  
	
  17.57






















 Corroborating what was determined in the descriptive analysis, the data from Series III (15 cm) had a higher value for the C.I. than the other series, while Series II (10 cm) had the smallest C.I. 

 A greater C.I. means that the margin of error that ensures 95% confidence increases, making the interval larger, which can be seen in Table 4. 

 With too large a range, meaning a high margin of error, the application of this procedure on real structures becomes impractical, as it will lead to a great variation in the estimate of the depth of the cracks. 

 For Series III, the depth variation calculated by the model falls within the range of 13.14 cm to 17.57 cm, with the actual depth being 15 cm.  

 In Series II, which had the smallest C.I., the depth calculated by the model varies from 6.48 cm to 8.14 cm. Although this is a small interval, the actual depth measurement of 10 cm does not fall within it, a fact that compromises the application of the model. 

 For Series I, which had an intermediate C.I., with crack depths calculated by the model ranging from 5.51 cm to 8.40 cm, the actual depth of 5 cm also lies outside the range.
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Figure 10



Confidence interval graph (depth variable)















 It is also possible to see from the results that, for larger distances between the transducers (30 and 40 cm), there is a greater variation of the data, whereas the smaller test execution distances (10 and 20 cm) had less dispersion and a smaller margin of error. 

 It is possible to apply the proposed model and determine the depths of cracks, but with a high degree of dispersion in the results. This high variability is mainly due to concrete that is not homogeneous, where the wave propagation velocity can vary. It is also possible that the propagation path of the wave may differ from the ideal path considered by the model.





FINAL CONSIDERATIONS


 In the current study, an experiment was carried out to statistically evaluate the efficiency of the ultrasound method for the estimation of crack depth. 

 The test provides clear information on crack detection in concrete, since the wave propagation time is considerably longer than that in areas of intact concrete. 

 The estimation of crack depth using the model proposed in the literature made it possible to find values for a large percentage of the observations made. However, the values are widely dispersed, and have a high margin of error, compromising the results and the ability to apply the model in the field. 

 Combining this test with other nondestructive tests may provide better characterization of these defects and more information, in this way eliminating some of the uncertainties presented by the ultrasound method alone.
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