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Abstract 
 

One of the most serious causes of the loss of load-bearing capacity of reinforced concrete structures is bond failure 
between reinforcement and concrete as a result of structural degradation (corrosion) of metal parts. As a consequence, there is 
a need to study the behavior of corroded reinforcement in reinforced concrete parts. 

The purpose of this study is to develop an analytical description of the ultimate bond strength of a reinforcing bar in 
reinforced concrete structures subject to different levels of corrosion. The modeling technique considered in this research is 
based on artificial neural networks. 
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Introduction 

 
One of the most important problems in the modern 

practice of design and operation of buildings is to 
predict the life of structures made of modern (new) 
materials exposed to various external factors. However, 
some factors can have a negative impact on many 
materials. Bonds between reinforcement and concrete 
can be damaged due to the negative impact of external 
factors. Extensive experimental studies concerning the 
changes in the bond strength in reinforced concrete 
under the influence of individual factors have been 
described in the literature so far. However, a model that 
takes into account the influence of individual factors or 
their complex impact on any material has not been 
developed yet. 

Factors influencing the bond strength between 
reinforcement and concrete include the type of the 
reinforcing bar, the concentration of corrosive 
substances, the concrete quality, thickness, etc.  

When considering the theory of reinforced 
concrete structures, it is noteworthy that reinforced 
concrete ceases to work as a single composite when the 
maximum stress in the reinforcement is reached. 

However, the structure during operation is exposed to 
various impacts that lead to the formation of cracks 
around the bar, which weakens the bond between the 
reinforcement and concrete. In addition, the influence 
of some factors (aggressive media, corrosion of the 
material, etc.) leads to a decrease in the strength 
characteristics of the composite materials and the 
formation of normal cracks in the structure. Under load, 
an increase in the crack opening width, resulting in 
additional zones of stress concentration, is observed. 

Industrial buildings are most exposed to the 
negative impact of external factors, as they are 
influenced by aggressive environments and loads of 
various kinds, leading to the accumulation of defects in 
the design. Studies have shown that some effects can 
have a positive influence on the design. For example, a 
low level of corrosion of the metal bar leads to a slight 
increase in the bond strength between the reinforcement 
and concrete, resulting from the increased pressure on 
the concrete mass in the stage without cracks. 
However, once the crack occurs, the bond strength 
begins to decrease as the corrosion level increases. 

In most studies related to durability, the focus is 
on protecting structural reinforced concrete parts from 



 

 

Advanced Materials & Technologies. No. 3, 2018 71

 

AM&T 
the effects of degrading factors, or restoring the 
structure. Studies on experimental monitoring of the 
behavior of the reinforcement bond mainly lack 
analytical modeling. However, in the literature there are 
some scientific works in which the influence of various 
factors on the bond strength was estimated and 
modeled using theoretical or finite elements [1–5]. 
Having analyzed the available literature, it can be noted 
that a practical and general model for the estimation of 
the bond strength has not been developed yet. 

In recent years, soft computing technologies have 
been successful implemented to predict some key 
properties of concrete and reinforced concrete [6–8]. 

For example, Mermerdas [9] used programming of 
gene expression to develop a setting shrinkage model. 
In Duan’s research [10], the applicability of artificial 
neural networks (NN) for predicting the compressive 
strength of the concrete used was presented. About 150 
experimental data obtained from public sources were 
used to build the NN model. The results of the study of 
reinforced concrete structures using soft computing 
have been described in the literature. This method made 
it possible to study the corrosion density of reinforced 
concrete slab [13], the bond of concrete floor layers 
[11] and the load-bearing capacity of the anchor in the 
concrete block [14]. Regarding the application of soft 
computing for the calculation of the concrete surface 
bonding, the information provided in the literature is 
not sufficient. These studies were mainly focused on 
the prediction of the bond strength between steel bars 
and concrete [16, 17]. For example, Dahou [16] used an 
artificial neural network to model the relations between 
conventional ribbed steel bars and concrete. The NN 
models were implemented using a database of  
112 results of experimental tests on concrete bond to 
reinforcement by the method of pullout testing.  

Artificial neural networks and fuzzy logic were 
used by Golafshani [17] to study bond strength between 
steel bars and concrete. When constructing the NN, the 
experimental data of 180 different test samples was 
used. However, according to many authors, no 
scientific approach to using soft computing to predict 
the bond strength between corroded steel bars and 
concrete has been developed yet. 

This study presents analytical models created on 
the basis of artificial neural networks (NN) to predict 
the tensile strength of concrete bond τb. To do this, 
pullout tests were carried out on the concrete cubes. 
The data obtained experimentally were used for 
training and testing of the proposed models. As a result, 
the statistical efficiency of the NN-based model to 
predict bond strength between the corroded 
reinforcement and concrete was evaluated and 
compared. 

Literature Review 
 

It was the German researchers Zaliger R. and  
Bach G. who estimated the bond strength between 
concrete and reinforcement for the first time. 

Initially, the experiments were aimed at testing the 
strength of reinforcement anchoring in concrete for the 
end reinforcements of bends, loops and hooks. 
However, this method made it possible to investigate 
anchoring of modern profiles with high-strength 
concretes [18]. At the same time, bonding was 
considered as a power characteristic, depending on 
many factors, the specific value of which was estimated 
by scientists ambiguously. Nevertheless, in the middle 
of the twentieth century, Ya.V. Stolyarov believed that 
bonding directly depends on the bond capacity of the 
cement gel and the friction that occurs between the 
materials under the action of radial pressure from 
concrete shrinkage. 

In his studies, Ya.V. Stolyarov identified two 
groups of factors. The first group refers to a number of 
factors that affect the slip resistance of reinforcement in 
concrete [19]. These include the bonding of the 
projections with concrete, the shrinkage friction and 
bonding of reinforcement with concrete. The second 
group quantifies the factors of the first group without 
affecting the bond. It includes the class and age of 
concrete. 

The stress-strain state in stress redistribution zones 
is very ambiguous and depends on all factors in the 
aggregate. However, D.A. Abrams in his work found 
that the stress-strain state (SSS) in the areas of shear 
stresses of the bond varies significantly under load.  

Since the bond is affected by a huge number of 
factors, it became necessary to apply a 
phenomenological approach of mathematical analysis 
of experimental data on the basis of simplifying 
assumptions. 

T. Garay, M.Z.P. Brice and A. Bichara found out 
that it was quite time-consuming to experimentally 
determine the value of normal stresses in the 
reinforcement σs in the redistribution area by measuring 
it in the contact zone [20]. As a result, the application 
of this characteristic to assess the bond strength τb  
in the contact zone was limited. 

On the basis of Abrams’s research, in 1913,  
Ya.V. Stolyarov constructed a curve for the dependence 
of the bond stress τb on “strain slip” for a bar with a 
variable profile. However, in 1941, S.E. Freifeld spoke 
about the relation between the bond stress and mutual 
displacements of the reinforcement relative to the 
concrete for the first time. 
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M.M. Kholmansky conducted tests and found the 

value of the mutual displacement of the reinforcement 
relative to concrete [21]. The studies were observations 
of reinforcement displacements relative to concrete 
during pre-stressing and pulling out the reinforcement 
from the end-supported prisms. 

In order to reduce the calculation complexity and 
improve the accuracy of the results obtained in the 
study of bond at certain permissible limits of 
displacements in the joint, the most commonly used 
elastic-plastic bond law (Prandtl diagram). The Prandtl 
diagram is close to the normal bond law, which was 
experimentally established by M.M. Kholmyansky and 
his students (Fig. 1) [22]. To simplify the calculations, 
equation 1 was derived, which determined the average 
stress values over the entire anchorage zone of the sample. 

 

 

lA
Nmax

b =τ ,                                  (1) 

 
where Nmax is ultimate load (N) in the pullout test (kN); 
А is reinforcement perimeter (А = π d, where d is bar 
diameter (mm)), l is depth of setting (m).  

The reason for an increased interest in the issue of 
bond in the USSR in 1950–1960 was the active 
introduction of pre-stressed reinforced structures.  
As a result, fundamental experimental and theoretical 
studies on the problem of bond were conducted under 
the guidance of M.M. Kholmyansky [23–31] and 
A.A. Oatul [32–40]. 

However, M.M. Kholmyansky and H. Trost had 
significant disagreements in the interpretation of the 
law of bond between reinforcement and concrete. 

It was found that the interaction of the bar strands 
concrete under the load of the reinforcement is 
characterized by screw motion in the concrete. In the 
preliminary reduction stage, considerable 
displacements up to 1 mm were observed. In this case, 
the displacement g is a conditional characteristic with 
respect to the bond under the load of profiled 
reinforcing bars. 

Longitudinal forces, arising in the strands, press its 
protrusions to the “concrete nut” (Fig. 2). In this case, 
there is a correlation between friction from the 
transverse pressure of the bar on concrete in the contact 
zone and the periodic profile of the reinforcement.  

 

 
 

Fig. 2.  Destruction of concrete console 
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The phenomenological method in determining τb 
has a number of shortcomings: 

–  constrained deformations are not taken into 
account; 

–  it is impossible to determine the SSS at contact 
zones in the development of cracking and plastic 
deformations; 

–  deformation of the concrete shell along the 
entire length of the anchoring is possible. 

The above-mentioned shortcomings were 
eliminated with the development of computational 
models, the principle of which was based on the theory 
of creep and elasticity theory. 

The application of numerical calculation methods 
and a computer in conjunction with the bond simulation 
allowed obtaining reliable and detailed results without 
carrying out laborious experiments. 

To study reinforcement bond with concrete in a 
beam under pure bending conditions, A.S. Scordelis 
and D. Ngo used the finite element method for the first 
time. It was found that the interaction of reinforcement 
with concrete depends on the contact of the final 
element, which determines the physical and mechanical 
properties. In addition, there was a correlation between 
the development of cracks, both normal and inclined to 
the longitudinal axis of the beam, and the value of the 
external load. This method has been widely used both 
abroad and in the USSR.  

Another method based on finding the SSS of 
concrete in the area adjacent to the periodic profile 
reinforcement was proposed by N.S. Karpenko and 
G.N. Sudakov. For calculation, a concrete area of 
cylindrical shape was used in the contact zone with the 
reinforcement. The interaction of the computational 
domain with external factors was elastic bonds.  
To determine the nature of the combined action of the 
reinforcement and concrete, conditions were set on the 
inner surface of the design cylinder. When solving this 
problem, it was expedient to use a variational- 
difference method, which allowed predicting the 
development of cracks and determining the concrete 
SSS during cracking. 

Since the unified theory of bonding did not exist 
for a long time, P.P. Nazarenko proposed a 
“generalized law of friction of steel reinforcement with 
concrete”. 

Currently, the problem associated with the bond 
between the reinforcement and concrete, is quite 
relevant. This topic is of fundamental importance for 
the design of reinforced concrete structures and the 
improvement of calculation techniques. One possible 
way to solve this problem is to use soft computing. 

Effect of concrete strength on bond 
 

As it was noted by M.M. Kholmyansky, the value 
of the bearing stress when pulling out the anchors 
reached 5–20 times of the cubic strength. In turn,  
N.M. Mulin determined the value of the ultimate stress 
under the reinforcement projections, which amounted to 
15–20 Rb. However, the role of strength in the reinfor-
cement bond has not been studied completely [12]. 

Based on the conducted experiments on pulling 
seven-wire strands from prisms, A.I. Semenov noted a 
significant increase in the maximum pulling load Pmax 
in the process of increasing the strength from 12.5  
to 25 MPa. However, if the strength increased from  
25 to 45 MPa, then the increase in Pmax was observed 
only for samples whose length of stress transfer section 
is lp = 20d, where d is the nominal diameter of the bar, 
and if lp = (40–60)d, the bar breaks. In addition,  
Yu.M. Redko and E.F. Panyukov determined that the 
anchoring conditions did not depend on the change in 
the concrete strength from 25 to 70 MPa during the pre-
stressing of the cable rope. 

In their studies, Al Khalili, E.W. Bennet, J.A. Uijl 
established a directly proportional dependence of the 
bond strength on the concrete strength. 

N. Trost determined the dependence of the 
reinforcement strength of the periodic profile on the 
concrete strength. The bar bond is proportional to the 
square root of the concrete strength. 

The concrete strength affects the length of the 
stress transfer section and the mechanism of bonding in 
general, if its value does not exceed 30 MPa. If the 
concrete strength is more than 30 MPa, it does not 
affect the bond. In this case, the bond depends on the 
rigidity of the concrete cage and the intensity of the 
indirect reinforcement. 

 
Experimental data 

 
To carry out theoretical studies, experimental 

results were used when testing 250 samples.  
The examples are presented in Table 1. The ultimate 
bond strength between reinforcement and concrete was 
calculated by equation (1). 

Many researchers believed that the stress 
distribution in the early stages of pulling out is uneven, 
but it becomes almost homogeneous in the limiting 
state. Therefore, the expression of the limiting adhesion 
force in equation 1 can be considered as the average 
bonding stress between concrete and reinforcement. 
This method of calculating the value τb (equation (1)) 
provides a practical approach for determining the bond 
strength between concrete and reinforcement, but it 
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Table 1 

Examples of experimental data used to construct a model 
 

No. 
Cube compressive 

strength  
of concrete Rb, MPa 

Surface dimensions  
of a concrete 
sample, mm 

Rebar 
profile 

Diameter  
of the bar, mm 

Depth of bar 
anchoring, mm

Corrosion  
level, % 

Maximum 
tangential stress, 

MPa 

1 23 45 2 14 50 3.81 1.3 
2 51 15 2 14 50 0 19.6 
3 51 15 2 14 50 0 14.3 
4 51 15 2 14 50 0 20 
5 51 30 2 14 50 0 20.9 
6 51 30 2 14 50 0 21.7 
7 51 30 2 14 50 0 21 
8 51 45 2 14 50 0 21.2 
9 51 45 2 14 50 0 27.4 

10 51 45 2 14 50 0 27.8 
11 51 15 2 14 50 1.33 18.5 
12 51 15 2 14 50 7.48 3.5 
13 51 15 2 14 50 4.47 6.3 
14 51 15 2 14 50 0.77 22.3 
15 51 15 2 14 50 0.8 22.4 
16 51 15 2 14 50 0.9 21.7 
17 51 15 2 14 50 0.94 21.5 
18 22.13 44 1 12 80 0.27 2.65 
19 22.13 44 1 12 80 0.29 3.23 
20 22.13 44 1 12 80 0.92 5.79 
21 22.13 44 1 12 80 1.13 5.84 
22 22.13 44 1 12 80 0.78 7.41 
23 22.13 44 1 12 80 1.47 8.63 
24 22.13 44 1 12 80 1.85 7.3 
25 22.13 44 1 12 80 1.5 7.96 
26 22.13 44 1 12 80 1.99 9.29 
27 22.13 44 1 12 80 1.04 10.26 
28 22.13 44 1 12 80 2.75 5.97 

231 29 145 2 25 160 1.31 10.59 
232 29 145 2 25 160 2.22 5.61 
233 29 145 2 25 160 3.16 12.72 
234 29 145 2 25 160 0.79 9.06 
235 23 15 2 14 50 4.32 12 
236 23 15 2 14 50 4.33 12 
237 28 79.4 2 19 177.8 0 6.32 
238 28 79.4 2 19 178.8 0 5.79 
239 28 79.4 2 19 179.8 0.72 7.67 
240 28 79.4 2 19 180.8 0.72 7.13 
241 28 79.4 2 19 181.8 0.98 8.41 
242 28 79.4 2 19 182.8 1.23 4.91 
243 28 79.4 2 19 183.8 1.44 3.1 
244 28 79.4 2 19 184.8 1.7 3.79 
245 28 79.4 2 19 185.8 2.21 3.7 
246 28 79.4 2 19 186.8 2.88 2.09 
247 28 79.4 2 19 187.8 5.19 1.41 
248 27.2 40 2 22.3 500 0 6.96 
249 28.4 40 2 22.3 500 2.5 2.89 
250 24.4 40 2 22.3 500 11.9 2.27 
251 27.7 40 2 22.3 500 28.9 2.38 
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does not reflect the actual state of the structure, since it 
does not take into account factors such as the formation 
of stress cracks, local collapse, support reactions, etc.  

Six critical parameters were used in the model. 
The input variables were compression strength, 
concrete sample size, reinforcing bar profile, 
reinforcement diameter, embedment depth, corrosion 
level, maximum bond strength. 

These prognostic parameters were used to develop 
the model as an estimate of the ultimate bond strength 
between corroded reinforcement and concrete.  
The ranges of each variable are presented in [41–49]. 
For example, the steel bar diameter, the embedment 
depth, the dimensions of the upper face of the concrete 
cube, and the level of corrosion were in the range  
12–25 mm, 80–500 mm, 40–147.5 mm and 0–80 %, 
respectively. The tests used A240-A400 valves. The 
size of the samples was 150×150×150 mm. After the 
effect of various factors on the specimens, the bond 
strength between the core and concrete was determined 
by testing the pulling cubes (Fig.3). 

In all the studies used in the preparation of the 
database, corrosion induction was achieved with the 
help of similar electrochemical systems. A schematic 
depiction of a typical accelerated corrosion plant is 
shown in Fig. 4. To induce different levels of corrosion 
on the reinforcement, potentiometers were used to 
control the intensity of the current. The current in this 
case served as a catalyst, namely, it accelerated the 
corrosion process of the reinforcing bar. All systems 
had cathode (counterelectrode) and anode (reinforcing) 
connections for the corrosion process. All samples were 
immersed in NaCl solution. To avoid corrosion of the 
open bar during the test, a coating was used for the 
reinforcing bar and the upper surface of the concrete. 

Electrochemical systems sometimes consist of 
different components. In this case, the degree of 
corrosion is measured as the weight loss of reinforcing 
bar weights. In all studies, the calculated (theoretical) 
weight loss of the reinforcing bars due to corrosion was 
evaluated using the Faraday law. Then the actual 
(experimental) level of corrosion or the percentage loss 
of sample weight was calculated. 
 

 
 

Fig. 3. Pullout testing of samples 

 
Fig. 4. Schematic representation of the electrochemical system 

used to induce corrosion of the reinforcing bar 
 

To model the properties of bonding, the database 
was arbitrarily divided into three parts: training, 
monitoring and testing. At the same time, 5 % of the 
experimental data were used for testing, another 5 % 
for monitoring, and the remaining 90 % for network 
training. As a result of monitoring, the risk of re-
training of the network was reduced. The training 
database was used to develop a predicting model, while 
a testing database was used to monitor the repeatability 
and reliability of the proposed NN models. 

 
Overview of soft computing methods 

 
Soft computing is a set of methods that uses 

tolerances for inaccuracy and uncertainty, and to 
achieve acceptability, reliability, and low cost in 
solutions. Fuzzy logic, neurocomputing and 
probabilistic reasoning are the main components of soft 
computing. The field of application of soft computing 
is quite extensive. These technologies are used to solve 
engineering problems, to perform financial 
assessments, to conduct medical diagnostics, etc. 
Methods of soft computing derived from the 
philosophy of artificial intelligence imitate the human 
mind. 

The most popular methods of soft computing are 
artificial neural networks. 

 
Neural networks (NN) 

 
The neural network (NN) is a functional modeling 

of biological sensory structures of the central nervous 
system. It can demonstrate a number of characteristics 
of the human brain, such as the accumulation of 
experience and the solution of new problems based on 
the knowledge gained. In neural networks (NNs), there 
are many cells and connections between inputs and 
outputs. These connections between the neurons get the 
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value of the transfer, which is called the weight. 
Weights can be updated for each new fragment of 
information. After implementing the scales, the existing 
training system is easily updated with data that will be 
received later. NNs are systems consisting of a set of 
simple processing elements operating in parallel, whose 
functions are determined mainly by the connection 
scheme. 

These systems are capable of performing high-
level functions, such as adaptation or training, as well 
as lower-level functions, such as pre-processing data 
for various kinds of inputs. For the development of 
NNs, mathematical theories of teaching, information 
processing and control, as well as knowledge of the 
functioning of the biological nervous system, were used. 

At the same time, the nnstart tool was used to 
simulate the neural network, which was also used for 
soft calculations in MatlabV.R2014a. 

If a problem arises, the neural network is used to 
compare the data of the numeric inputs with the set of 
numeric data of the outputs. Nftool is used to create and 
train a network, and evaluate its performance using a 
root-mean-square error and regression analysis. A two-
layer network with direct connection, sigmoid hidden 
objects and linear solutions that can be satisfied arbitra-
rily with multidimensional mapping problems, taking 
into account consistent data and a sufficient number of 
neurons in its hidden layer. The network was prepared 
using the Levenberg-Marquardt feedback algorithm. 
An artificial neuron consists of three main components: 
weight, displacement and activation function. Each 
neuron receives inputs I1, I2, ..., In, attached by weight 
wi that indicate the connection power for this input. 
Each input is then multiplied by the corresponding 
weight of the neural connection. Evasion can be de-
fined as the type of connection weight with a constant 
non-zero value added to the summation of weighted 
inputs (2). A generalized operation of an algebraic ma-
trix is represented in Eq. (3). It is necessary to clearly 
express mathematical operations in an artificial neuron. 
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Since the nftool uses normalized values in the 

range [–1, 1], the input parameters are determined 
using Equation 3. In addition, the results obtained are 
also in the normalized form. Equation 4 and the 
normalization coefficients a and b for the outputs are 
used in the de-normalization process and to obtain the 
control.  

 

ba +β=βnorm ,                             (4) 
 

where β is actual input parameter or output values, 
normβ  is the normalized value of the input parameters 

or outputs in the range from [–1, 1]; a and b are the 
normalization coefficients given in the following 
equations (5) and (6). As a result of the normalization 
process, the smallest numerical value in the array 
becomes –1, while the highest value becomes equal to 1. 
 

;2

minmax β−β
=a                             (5) 

 

,
minmax

minmax
β−β
β+β

=b                             (6) 

 

where minmax , ββ  are maximum and minimum actual 
values of inputs or outputs, respectively. 

The coefficients of normalization of both input and 
output variables are presented in Table 2. 

In the NN architecture, at the input level, there are 
six nodes corresponding to the six prediction factors, 
eight nodes in the hidden layer and one in the output 
layer corresponding to the ultimate bond strength τb 
between reinforcement and concrete. Therefore, to 
build a NN-based model, the architecture of 6-8-1 NN 
was obtained (Fig. 5). The NN model used in this study 
can be simply expressed by Eq. (7). The details of the 
input and the layers, the activation function (hyperbolic 
tangent), and the bias are given in equations (7)–(10).  
It should be emphasized that all numerical variables 
must be normalized to the range [–1, 1] before entering 
NN. Therefore, it is necessary to enter the normalized 
values in the mathematical operations specified for the  
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Table 2  

Normalization coefficients for the database 
 

Normalization 
parameters 

Input and output variables 

I1, MPa I2, mm I3 I4, mm I4, mm I5,% I6, MPa 

βmax 52.1 147.5 2 25 500 80 31.7 

βmin 22.13 15 1 12 35.9 0 1.3 
a 0.066733 0.015094 2 0.153846 0.004309 0.025 0.065789 
b – 2.47681 – 1.22642 – 3 – 2.84615 – 1.15471 – 1 – 1.08553 

 

 
 

Fig. 5. The NN architecture for the proposed model 
 

NN model. It should also be taken into account that the 
final result obtained from equation (10) is in the 
normalized form, which must be de-normalized 
according to equation (4) and the values of the 
normalization factors given in Table 2. 
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where Biasoutput layer = –0.72598625301132214 and 
f(x) (Hyperbolic tangent) is an activation function. 

 
τb = –0.72598625301132214 – 0.73052205364589862 tan h(U1) + 0.43372098218006 tan h(U2) – 

 

– 0.378948852713141 tan h(U3) + 0.546753081298744 tan h(U4) + 0.743044141180237 tan h(U5) – 
 

– 0.287177258041315 tan h(U6) + 0.506892739633613 tan h(U7) + 0.511933571886970 tan h(U8),       (8) 
 

where τb is ultimate bond strength between 
reinforcement and concrete, MPa, tanh(x) is the 
activation function (hyperbolic tangent) found by the 
following equation (9), and U1, U2, ..., U8 can be  
 

calculated from formula (10). 
 

1
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2tg 2 −

−
=

− xh ;                           (9) 
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Fig. 6. Error histogram 
 

 
A comparison of the prediction results obtained 

with the NN model and the experimental data obtained 
as a result of the conducted adhesion tests is shown in 
Fig. 6. To achieve these indicators, it took 83 stages. 
From Fig. 7 it is obvious that the nature of the learning 
occurred spasmodically with the gradual accumulation 
of “knowledge”, decreasing the error. Correlation 
coefficients 0.973 and 0.916 were achieved for the 
control and test database, respectively. Based on the 
work done, it can be concluded that the NN model is 
reliable (Fig. 8). 

 
Conclusion 

 

In this paper we presented a study of the ultimate 
bond strength τb of reinforced concrete elements 
exposed to various factors. The proposed formulations 

are based on the most reliable method of soft 
computing – an artificial neural network (NN).  
To construct the analytical model, the available 
experimental data collected by various authors were 
used. Based on the analysis of the results presented in 
this study, we can draw the following conclusions. 

It is shown that soft computing techniques can be 
tools to bring empirical evidence ultimate bond strength 
τb of samples subject to different levels of corrosion. 
All predicted values were reliable and comparable to 
those observed. Therefore, the proposed network can be 
viewed as a useful model with a satisfactory ability to 
predict.  

It is noted that for low levels of experimental 
values τb up to 4.5 MPa the mean error between the 
predicted and actual values was the highest for the 
model compared to other intervals τb.  

Error = Experimental – Obtained

Samples 
Training 
Monitoring
Testing 
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Fig. 7. State of the artificial neural network in the training process for 83 stages: 

a – Gradient = 1.0385; b – Mu = 0.001; c – Maximum number of verification s = 6  

 
Fig. 8. Model regression analysis: 

a – Training: R = 0.94478, Regression equation – x = 0.89y + 1.1; b – Monitoring: R = 0.97385, Regression equation – x = 0.84y + 2.0;  
c – Testing: R = 0.91617, Regression equation – x = 1.0y – 0.56; d – Model: R = 0.94721 Regression equation – x = 0.89y + 1.1 
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Fig. 9. Results of network training 

(The best verification value of 4.9794 occurred at the 77th stage) 
 

One of the reasons for the deviations may be the 
inconsistency of the authors in the methodology in 
testing and making the samples, which were noticeable 
at high corrosion levels and low strength values of the 
concrete. According to the observed correlations, the 
reliability of the proposed model can be considered 
satisfactory for actual values τb exceeding 4.5 MPa.  

The correlation coefficient for the training 
database was 0.947. In addition, to test the databases, 
correlation coefficients of 0.947 for the first, 0.973 and 
0.916 for the latter were achieved (Fig. 8). Despite the 
fact that the database for testing was not used for 
training, a high level of prediction was obtained, related 
to a low mean absolute error percentage and high 
correlation coefficients. This indicates that the 
developed model is reliable. 

Statistical analysis based on MSE values also 
showed that the proposed formulations of NN had 
relatively lower errors (Fig. 9). Observing the general 
trend in the evaluation of efficiency, it was found that 
the NN model can be considered as a more preferred 
prediction model from the existing at the moment. 

Since the NN is not capable of making 
calculations without computer technology, its 
application for a manual calculation is considered 
laborious. However, the use of the NN model becomes 
indispensable when it becomes necessary to predict 
higher accuracy. At the same time, the use of a 
computer effectively eliminates the difficulties that 
arise in computing. The solution is to computerize the 
NN model with a simple spreadsheet. Thus, this will 
overcome this insignificant drawback. 
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