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Abstract. This paper presents the non-destructive method of identifying the 
adhesion between concrete substrate and an added repair layer of variable thickness. 
This adhesion, in practice, is determined using the pull-off method. This method has 
many disadvantages. The main drawback is local damage to the surface, requiring 
time-consuming and costly repairs. Due to this, an attempt to develop a non-
destructive method of identifying the adhesion was undertaken. The proposed 
method was based on: the roughness parameters of the concrete substrate surface 
evaluated experimentally using 3D laser scanning, acoustic parameters evaluated 
experimentally on the surface of the added repair layer of variable thickness using 
modern impulse response and impact-echo methods, the parameter describing the 
thickness of the added repair layer assessed by geodetic measurements and artificial 
neural networks (ANN). The problem becomes more difficult if one considers the 
fact that the variable thickness of the added repair layer affects the values of the 
parameters evaluated on the surface of the element using acoustic methods. In order 
to develop a non-destructive method for identifying the adhesion, tests were 
performed using non-destructive methods on the prepared concrete element of a 
known variable thickness of the added repair layer. Based on the parameters set and 
by using these methods in hundreds of research locations, learning and testing was 
carried out on the ANN dedicated for this purpose. Learning patterns were used in 
the form of real values of the pull-off adhesion experimentally obtained by pull-off 
tests performed after the non-destructive tests. The pull-off tests were carried out in 
the same places where the non-destructive tests were earlier performed. It has been 
shown that it is possible to identify the non-destructive method of identifying the 
adhesion of the following concrete layers: the added repair layer of variable 
thickness and the concrete substrate, which may make this method useful in 
construction  practice.  

1. Introduction 

In construction practice the repair of concrete slab elements often require the 
removal of the damaged subsurface layer of concrete, and afterwards the application of a 
new concrete added repair layer in this place. As a result of the implementation of such a 
layer, a single-layer element becomes a two-layer element. Bearing in mind the durability 
of the repaired element, the effectiveness of the repair must be verified by the evaluation of 
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the pull-off adhesion fb between the added repair layer and the element which is being 
repaired and which later becomes a substrate layer after the repair. According to [1,2], the 
value of this adhesion should not be less than 1.5 MPa. Verification can be made using the 
pull-off method, however, this method is characterized by a significant drawback which 
refers to the local damage of each tested area. Damaged areas require time-consuming and 
costly repairs.  In this situation it is legitimate in construction practice to seek a more 
friendly method, based on tests conducted with non-destructive methods, of assessing the 
pull-off adhesion fb. 

It is worth noting that the authors have already developed a non-destructive method 
of evaluating the pull-off adhesion between layers of concrete in multi-layered elements 
which have a constant thickness of their added repair layer. This method is based on the 
results of tests obtained with the aid of three methods: one optical and two acoustic, and 
also the use of artificial neural networks (ANN), which have correlated the results [3-5]. 
Since in construction practice an added repair layer often has a different thickness, which is 
adapted to the thickness of the removed layer of damaged concrete, the developed method 
is not suitable in such situations. Not without significance is the fact that the values of 
parameters evaluated with non-destructive acoustic methods depend on the thickness of the 
tested layer. 

Taking the above into consideration, in this paper the authors have presented the 
results of research undertaken in order to attempt to develop a non-destructive method of 
the identification of the pull-off adhesion between a concrete added repair layer with 
variable thickness and a substrate layer which is a repaired element. For this purpose, five 
non-destructive methods were used: one optical, three acoustic and one precise surveying 
method as well as ANN. 

2. Description of carried out tests 

Experimental laboratory tests were planned in order to achieve the objective of this 
study. In the tests a two-layer model of a concrete element with dimensions of 2500 x 2500 
mm and a total thickness of 240 mm was analysed. Its scheme is shown in Figure 1. The 
thickness of the added repair layer of this element was linearly variable and ranged from 30 
to 60 mm. This layer was made of repair cement mortar, which in construction practice is 
used to repair concrete structures [6]. The average compressive strength of the mortar was 
equal to 55 MPa, and the maximum diameter of the quartz boulder aggregate grain size was 
equal to 4 mm. It was applied on a layer called a substrate layer which was made of 
concrete with an average compressive strength of 35 MPa and a thickness ranging from 180 
to 210 mm. The maximum diameter of the crushed basalt aggregate grain size that was used 
to make the concrete was equal to 8 mm.  

In order to vary the values of the pull-off adhesion between the added repair layer and 
the substrate layer, the surface of the substrate layer was prepared in two different ways 
which are designated as shown in Figure 1, namely; surface grinded directly after 
concreting was designated with the letter Z, while the surface subjected to grinding 28 days 
after concreting was designated with the letter S. 

A grid with 169 testing areas and axial spacing of 125 mm was applied on the surface of 
the substrate layer. Rows and columns of the grid were described with numbers from 1 to 
13. 

In all the testing areas the initial measurements of height were conducted using the 
precise surveying method in order to determine the thickness of the applied added repair 
layer. 
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Fig. 1. The scheme of the tested element: a) the arrangement of testing areas, b) cross-section A-A 
 

Afterwards, tests using the optical laser scanning 3D method [7] were carried out and in 
their results a dimensional image of the surface with dimensions of 50 x 50 mm was 
obtained within each testing area. Processing of this image was made using special 
software. As a result, thirty-three parameters that describe the morphology of the surface 
included in the parameter groups such as: height, function, spatial, volume function and 
functional [8] were generated in each of the testing areas. 

Afterwards, on the part of the surface of the substrate layer which is designated in Figure 
1 as Z* and S*, a bonding layer was added. Immediately after the application of the 
bonding layer, the added repair layer of variable thickness was applied over the entire 
surface. Then, after the application of the grid of testing areas in the analogous areas as on 
the substrate layer, the thickness T of the applied layer was determined using the precise 
surveying method. After 90 days, tests using non-destructive acoustic impulse response and 
impact-echo methods and also the ultrasonic echo method [9-11] were carried out on the 
surface of the added repair layer, obtaining in each of the 169 testing areas the following 
parameters: ⋅Nav – average mobility, ⋅Kd – dynamic stiffness, ⋅Mp/N – mobility slope, ⋅v – voids index, ⋅fT – frequency of the sound wave reflection from the bottom of a sample, ⋅t – time of the ultrasonic wave transiting between transmitting and receiving 
transducers. 

Then, tests using the pull-off method were carried out in the same testing areas, and the 
real value of the pull-off adhesion fb was obtained. These results were used to acquire 
patterns for ANN learning.  
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3. Exemplary test results 

Tables 1 and 2 show the exemplary test results in the form of 41 parameter value sets 
obtained in selected testing areas using non-destructive methods and the pull-off method. 

 

Table 1. Values of parameters obtained on the surface of the substrate layer in selected testing areas using the 3D laser 
scanning method. 

Number of testing area 

  Unit 1.1 1.2 1.3 1.4 1.5 - - 13.9 13.10 13.11 13.12 13.13 

T
he

 3
D

 la
se

r 
sc

an
ni

ng
 m

et
ho

d 
 

Sq mm 0.124 0.095 0.103 0.107 0.108 - - 0.169 0.166 0.198 0.152 0.178 

Ssk  - -0.088 -0.376 -0.350 -0.347 -0.048 - - -0.619 0.242 -0.290 -0.047 -0.461 

Sku  - 2.88 4.88 5.33 4.52 3.36 - - 4.67 4.51 3.29 3.34 4.67 

Sp mm 0.508 0.433 0.450 0.449 0.465 - - 0.650 1.550 0.712 0.634 0.874 

Sv mm 0.631 0.956 1.030 0.785 0.738 - - 1.090 0.609 1.240 0.702 1.110 

Sz mm 1.14 1.39 1.48 1.23 1.20 - - 1.74 2.16 1.95 1.34 1.98 

Sa mm 0.100 0.072 0.079 0.082 0.085 - - 0.130 0.132 0.157 0.119 0.138 

Smr % 0.0004 0.0004 0.0004 0.0008 0.0004 - - 0.0004 0.0004 0.0004 0.0004 0.0004 

Smc mm 0.160 0.114 0.128 0.132 0.138 - - 0.205 0.213 0.245 0.194 0.219 

Sxp mm 0.244 0.201 0.206 0.218 0.217 - - 0.376 0.318 0.419 0.307 0.363 

Sal mm 6.85 0.89 2.16 2.64 3.10 - - 3.75 6.81 7.85 6.18 8.30 

Str  - 0.257 0.546 0.203 0.102 0.119 - - 0.811 0.410 0.670 0.531 0.315 

Std o 0.5 2.3 169.0 0.4 178.0 - - 27.5 86.0 166.0 2.3 2.3 

Vm mm3/mm2 0.0050 0.0049 0.0049 0.0051 0.0053 - - 0.0067 0.0078 0.0082 0.0075 0.0077 

Vv mm3/mm2 0.165 0.119 0.133 0.137 0.143 - - 0.212 0.221 0.253 0.202 0.227 

Vmp mm3/mm2 0.00504 0.00487 0.00489 0.00510 0.00534 - - 0.00674 0.00781 0.00824 0.00747 0.00765 

Vmc mm3/mm2 0.114 0.079 0.086 0.089 0.093 - - 0.141 0.152 0.178 0.131 0.150 

Vvc mm3/mm2 0.151 0.107 0.120 0.123 0.130 - - 0.188 0.203 0.228 0.183 0.204 

Vvv mm3/mm2 0.014 0.013 0.013 0.014 0.014 - - 0.024 0.018 0.025 0.018 0.023 

Spd 1/mm2 2.58 2.15 2.17 2.47 2.66 - - 1.73 1.25 1.30 2.10 1.41 

Spc 1/mm2 19.3 19.4 19.6 19.3 19.5 - - 19.2 19.6 19.6 18.2 19.3 

S10z mm 0.611 0.732 0.661 0.618 0.615 - - 0.623 0.857 0.856 0.677 0.646 

S5p mm 0.309 0.304 0.316 0.298 0.299 - - 0.324 0.546 0.341 0.382 0.312 

S5v mm 0.302 0.428 0.345 0.320 0.316 - - 0.299 0.312 0.515 0.296 0.334 

Sda mm2 0.370 0.439 0.443 0.381 0.362 - - 0.576 0.783 0.748 0.441 0.676 

Sha mm2 0.380 0.461 0.454 0.401 0.371 - - 0.572 0.782 0.758 0.469 0.696 

Sdv mm3 0.00455 0.00577 0.00630 0.00500 0.00495 - - 0.00812 0.01230 0.00917 0.00531 0.00993 

Shv mm3 0.00411 0.00555 0.00583 0.00478 0.00462 - - 0.00752 0.01200 0.00864 0.00513 0.00952 

Sk mm 0.0743 0.0780 0.0830 0.0810 0.0842 - - 0.0886 0.0869 0.0825 0.0786 0.0855 

Spk mm 0.0406 0.0411 0.0416 0.0432 0.0433 - - 0.0426 0.0447 0.0425 0.0421 0.0426 

Svk mm 0.0442 0.0454 0.0460 0.0475 0.0481 - - 0.0460 0.0469 0.0450 0.0452 0.0456 

Smr1 % 11.0 10.9 11.1 11.4 11.6 - - 11.0 11.2 11.2 11.4 11.0 

Smr2 % 87.7 87.7 88.0 87.4 87.5 - - 87.9 87.7 88.0 87.3 87.9 
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Table 2. Values of parameters obtained on the surface of the added repair layer in selected testing areas using non-
destructive methods and the pull-off method. 

Number of testing area 

 
Unit 1.1 1.2 1.3 1.4 1.5 - - 13.9 13.10 13.11 13.12 13.13 

Impulse 
response 

Nav m/s·N 46.76 43.38 36.31 35.38 29.96 - - 27.39 40.43 54.61 64.36 77.98 

Kd - 0.094 0.038 0.042 0.064 0.093 - - 0.058 0.048 0.031 0.024 0.040 

Mp/N - 0.536 1.072 1.159 0.573 1.133 - - 2.58 0.636 0.358 0.465 1.625 

v - 0.434 1.004 1.598 0.712 0.384 - - 0.943 1.117 0.902 1.161 0.674 

Precise 
surveying 
method 

T mm 27 31 31 31 31 - - 65 64 66 63 61 

Impact - echo fT kHz 9.28 8.79 8.3 8.79 8.79 - - 8.79 8.79 8.79 6.84 4.88 

Ultrasonic echo 
method 

t ms 121.0 180.4 153.8 178.3 154.3 - - 153.2 174.8 240.5 160.8 144.3 

Pull-off method fb MPa 0.65 0.61 0.66 0.74 1.10 - - 1.45 1.38 1.48 1.60 1.55  

 

4. The selection of input variables and the structure of the ANN 

Based on the experience of the authors [3-5], the literature survey [12-15] and the 
analysis of the obtained test results, the multilayer perceptron (MLP)  ANN with the 
Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm was selected for preliminary 
analysis. This network was designated in the paper with the symbol MLP-BFGS. In order 
to select, from the 41 parameters obtained using the aforementioned methods, input 
variables which are suitable to be used in the input layer of the neural network, the partial 
validity test F described with the following formula and in accordance with STATISTICA 
software [16] was carried out: 繋(�, �岫� − 1岻) = ��継� − ��継����継�� − � − 1 , 
where:  
SSER – the sum of the squared residuals of a reduced model, 
SSEF – the sum of the squared residuals of a full model, 
n – the number of observations 
k – the number of explanatory variables in a full model, 
r – the number of explanatory variables in a reduced model, 
 

  
This test is used to evaluate the relative validity of parts of the pattern, and therefore the 

validity of a subset k among m of all the variables. The relative validity is the validity of 
variables k, assuming that the m-k of variables remain in the pattern. The results of this test 
are shown in Figure 2. 

 
Fig. 2. The results of the conducted validity test F for several selected parameters 
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An important part of ANN construction is the determination of the number of input layer 

parameters. Their number should not be too large because there is a probability that the 
addition of the next parameters, which are correlated with each other, will only result in a 
deterioration of results. According to [17], making decisions based on more than about 7 
parameters can be problematic. On this basis, it was assumed that the input layer will 
consist of 7 parameters of input variables obtained using four independent test methods. 
These are: the thickness of the added repair layer T; Sk, Sa, Sku and Vmc parameters; 
parameter t and parameter v. 

Subsequent analysis, involving the estimation of the average value of the linear 
correlation coefficient R for different numbers of hidden layer neurons k1, aimed to select 
the optimal number of neurons of this layer. The number of the analysed hidden layer 
neurons was limited to 15. The results of this analysis are provided in Figure 3. 

 
Fig. 3. The average value of the linear correlation coefficient R in relation to the number of hidden layer 
neurons k1, which was obtained in the process of the learning and testing of the MLP-BFGS network. 
 
Based on the analysis of the average values of linear correlation coefficient for learning 

and testing which were shown in Figure 3, the MLP-ANN, the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) learning algorithm and the number of hidden layer neurons equal to 15 was 
assumed. The structure of this network is shown in Figure 4. 

  
Fig. 4. The structure of the MLP-BFGS neural network which was assumed for non-destructive identification 

of the pull-off adhesion fc,b 
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5. Results of learning, testing and experimental verification of the ANN 

121 sets of results (70% randomly selected from 169) were assumed for learning, 24 sets 
(15% randomly selected from 169) for testing and 24 sets (15% randomly selected from 
169) for experimental verification. 

Figure 5 shows the relation between the pull-off adhesion fb, which was obtained on the 
basis of experimental tests carried out using the pull-off method, and the pull-off adhesion 
fc,b, which was identified by the MLP-BFGS network for the process of learning, testing 
and experimental verification. 

 
 

Fig. 5. The relation between the pull-off adhesion fb, which was obtained on the basis of experimental tests 
using the pull-off method, and the pull-off adhesion fc,b, which was identified by the MLP-BFGS network for 

the process of: a) learning b) testing c) experimental verification  
 

The obtained values of the linear correlation coefficient R, equal to 0.809 for the process 
of learning and respectively 0.874 and 0.801 for the process of testing and experimental 
verification, allow the level of correlation to be considered as clear due to the fact that it fits 
within the range of 0.7 - 0.9 [18]. 

6. Summary 

This paper presents the results of research undertaken in order to attempt the 
development of a non-destructive method of the identification of the pull-off adhesion fc,b 
between a concrete added repair layer with variable thickness and a substrate layer which is 
a repaired element. Based on the conducted tests it was proved that such a method of 
identification is possible. This can be done on the basis of a total of seven parameters 
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defined by four non-destructive methods and also by using an artificial neural network 
which correlates the received results of tests. 

It has been shown that the multilayer perceptron neural network with the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) learning algorithm and the number of hidden layer 
neurons equal to 15 is predestined for this purpose. This is evidenced by the satisfactory 
obtained values of linear correlation coefficient R amounting to 0.809, 0.874 and 0.801 
respectively for the processes of learning, testing and experimental verification. 

The developed method can be useful in construction practice to evaluate the 
effectiveness of the repair of slab concrete elements. According to the authors, it can 
compete with the pull-off method as it allows the carrying out of tests in any number of 
places and at any time without damaging the added repair layer. 
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