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This paper reports the improved and verified pro-
cedure for calculating reinforced concrete beams affec-
ted by damage to stretched reinforcement when loaded.
The main results from testing the reinforced concrete
beams with damage in the stretched zone in the form of
one hole in the reinforcement in the middle of the beam
are given. The variable parameter of the study was
the level of load resulting in the damage. It acquired
values of 0, 30 %, 50 %, 70 % of the bearing capaci-
ty of control undamaged samples. Ouverall, the results
of testing 12 samples are given. A new procedure has
been proposed for taking into consideration changes in
the mechanical characteristics of stretched reinforce-
ment arising from its damage. This makes it possible to
more accurately establish the bearing capacity of rein-
forced concrete bended elements affected by damage
to their reinforcement during operation. The analysis
of the calculation, compared with experimental quan-
tities, led to a conclusion that the strain model could
determine when the bearing capacity of reinforced con-
crete beams without damage and with damage to work-
ing reinforcement is exhausted. Based on the improved
algorithm, the principle of using a strain model was
proposed to establish when the bearing capacity of
damaged samples, taking into consideration the effect
of the load level, is exhausted. The theoretical estima-
tion, considering when the bearing capacity is exhaus-
ted, showed results that are 3...21 % less than the expe-
rimental values, which ensures reliability of calculation
of such structures. The proposed calculation provides
a new approach to determining the bearing capacity of
reinforced concrete beams damaged during operation.
That, in turn, makes it possible to more accurately
determine the residual bearing capacity of structures
and increases the safety of their operation
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1. Introduction

Reinforced concrete is the most common material for
building structures. Its wide use is due to the cheapness of
materials, the ability to create a wide range of designs of
various shapes and appearances, the ease of use and appli-
cation in various fields of construction. However, during
operation, reinforced concrete elements are exposed to atmo-
spheric, technological, and other influences. As a result, their
stressed-strained state differs from the designed one. That,
in turn, leads to a change in the bearing capacity and/or
operational suitability of such elements. This is especially
pronounced in the elements used in the transport sector:
the structures of bridges, tunnels, roadbeds. In this case, the
above influences are superimposed, which leads to a decrease
in the bearing capacity and durability of such elements. At the
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same time, the most dangerous for a structure is corrosion of
stretched reinforcement since stretching strains in the bended
reinforced concrete elements are perceived only by the rein-
forcement (according to calculation theory). These factors are
also superimposed with the internal stressed-strained state —
all reinforced concrete elements operate under a certain level
of load. It arises from the natural weight of the structure and
increases up to the operational load level (which is approxi-
mately 50—70 % of the bearing capacity of an element). There
are almost no structures in construction that would work
without any load while most research tackles the emergence
of defects and damage without any loads.

Studying building structures always begins with the
study of their design features [1]. This is the first step in the
development of a new structure, or the detection of features in
the known one. Having determined these data, it is necessary




to determine their bearing capacity [2] and establish the
criteria when it is exhausted. At the next stage, the deform-
ability of this design is investigated, since even providing
strength, it can be short-lived [3]. These data are acquired
from mathematical modeling using software packages or/and
based on experimental tests [4]. Based on the test results, it is
necessary to provide a procedure of theoretical estimation —
to test the existing one, to provide recommendations for its
changes, or to devise a new methodology [5]. In some cases,
a new procedure for determining bearing capacity [6] is sug-
gested, while in others — changes or clarifications to acting
norms are proposed [7]. Improvement of existing procedures
for calculating building structures is the most common
practice since this verifies a given technique and introduces
the necessary changes [8]. An important element of the pos-
sibility of applying building structures is determining their
reliability and operational suitability [9].

All further studies are related to the change of initial
parameters, first of all, the reinforcement of structures by
classical methods [10] and modern materials [11]. After
passing these stages, it is usually the stage of research into
structures in which damage occurs [12] as one of the pa-
rameters for changing the initial (project) stressed-strained
state. Such studies are extremely complex and require long-
term research [13]. Another complexity of such studies is
the complex stressed-strained state caused by the presence
of materials with different characteristics: concrete and steel
(or composite) reinforcement [14].

Based on the above, one can note that conducting studies
that address changes in the stressed-strained state under the
influence of load is of significant practical importance; how-
ever, given the complexity of such studies, they are not com-
mon. Accounting for the greater number of parameters that
determine the stressed-strained state of structures achieves
greater safety of operation, which affects the safety of people
or equipment involved.

2. Literature review and problem statement

A study reported in [15] attempted to analyze the effect
of 20 % NaCl aqueous solution on steel hardness as a result
of corrosion. The steel hardness and corrosion damage were
determined according to the time of corrosion. It is especially
important to investigate the effect of reinforcement corrosion
on the adhesion strength of steel and concrete. Paper [16]
investigated the adhesion behavior of reinforced concrete
elements, including the maximum strength of adhesion, free
slip, and modes of destruction at the stages of initial cracking,
crack formation, and subsequent crack evolution. Methods
for quantitative estimation of the relationship between the
magnitude of corrosion and the spread of cracks were de-
vised in work [17]. The variables studied were the protective
layer/diameter (¢/@), cement proportions, w/c, reinforce-
ment arrangement, transverse reinforcement, and corrosion
rate. Those works are common in that the mechanism of rein-
forcement corrosion was studied: the rate, influence of other
substances, and not a change in bearing capacity.

Steel corrosion products create a volumetric expansion
around the reinforcement, damaging concrete. Such an effect
on reinforced concrete elements is described in work [18].
The authors of [19] considered the impact of both load-
caused cracks and defects caused by yield strength on the cor-
rosion characteristics of stretched rods in reinforced concrete

beams at prolonged load and exposure to a chloride medium.
It remains critically important to investigate the process and
mechanism of corrosion that occurs in the reinforcement and
to build a theoretical model for predicting the strength of con-
crete expansion in corrosion cracking of reinforcement [20].
This issue is widely researched in the world: the research
method is applied to different structures [21]. This approach
is used in work [22], which considers the effect of temperature
on the corrosion rate based on theoretical prerequisites for
chloride-induced microelement corrosion of steel in concrete.
The results showed that with concrete coating there could
be two ways of cracking due to uneven corrosion of steel
reinforcement, including corrosion-induced crack along the
radius direction of the concrete cover and two branches in the
secant direction of the corrosion zone [23]. The composition
of concrete can also significantly affect the propagation of
the cracking path. Hence, one can conclude that the damage
caused by corrosion of the reinforcement essentially affects
the parameters of operational suitability, but the effect on the
bearing capacity is not described.

The purpose of study [24] was to provide a forecasting
approach based on a large number of published studies rela-
ted to corrosion reinforcement in concrete elements by using
artificial neural networks (ANNSs). The criterion of minimiz-
ing the root mean square error and increasing the value of the
regression of the predicted results are considered to assess
the training performance of ANN models. The validity of the
proposed model is checked using the collected experimental
database. The results show that the estimation model has
acceptable agreement with experimental data. However, the
cited work does not describe the impact of various kinds of
damage and defects on a strained state.

Work [25] presents various corrosion effects of reinforce-
ment on reinforced concrete buildings. For this purpose,
a hypothetical five-story reinforced concrete frame was
designed. Three different scenarios were chosen — corro-
sion only on the ground floor, corrosion on one fagade, and
corrosion on two adjacent facades of the building. It would
be good to enhance the considerable relevance of that work
with experimental data or calculation results according to
acting norms. An experimental study to assess the initial be-
havior of reinforcement of different types under controlled
conditions and in the conditions of simulated marine envi-
ronment is reported in paper [26]. It was established that
the resistance to polarization of machined reinforcement is
1.8 times greater than that of corrosion-resistant reinforce-
ment. However, it is not specified what effect the structures
may experience as a result of such an influence. In [27], the
experimental and numerical research was carried out to
study the worsened characteristics of the sloping cross-sec-
tions of reinforced concrete beams. Corrosion of reinforce-
ment, crack structures, and structural behavior of corrosion
samples with different levels of corrosion accelerated by the
affected current method were analyzed. The cited work is of
considerable practical importance but does not cover the im-
pact of the level of workload at which the damage occurred.
Work [28] is aimed at researching the consequences of
reinforcement corrosion to impair the bearing capacity of
damaged reinforced concrete structures. A new analytical
method has been proposed to predict the evolution of cracks
in the cover concrete and assess the residual strength of
reinforced concrete structures with corrosion reinforcement
that has no adhesion to concrete. Structural characteristics
such as the growth of concrete cracks and the rate of dete-



rioration of bending strength are considered a stochastic
process for modeling distribution throughout the lifetime
of operation. On the other hand, it is necessary to take into
consideration the occurrence and development of defects in
the concrete of the structure [29], which also reduces the
bearing capacity of structures and can be critical.

Full-time research of transport, bridge structures is given
in article [30]. The subject of that analysis is associated with
the verification of the bearing capacity of span structures,
taking into consideration the degree of corrosion of the com-
ponents of the railroad viaduct. As prototypes, the authors
analyzed structures located at 41.446 km, on the railroad line
number 301 «Kotlarnia» SA, and railroad tracks PKP-PLK
near T. Kosciuszko Street in Zabzhe (Poland). The cited
work emphasizes the importance of such research. All re-
inforced concrete structures, when checking calculations,
should include the history of loads, as well as the existing
stressed-strained state. The latter parameter is typically not
taken into consideration.

The approach of probabilistic analysis for the formation
of cracks caused by corrosion, formed on the basis of im-
proved models of wear, is given in work [31]. The results
show that increasing the strength of concrete, the depth of
the protective layer, and the diameter of the steel bars, or
reducing the density of CO, are effective countermeasures
in order to increase the durability of the reinforced concrete
bridge [31]. However, the cited work does not sufficiently
reveal how those parameters change during the lifetime of
the structure and how it affects its strength.

Corrosion of prestressed reinforced concrete structures
leads to a decrease in the size of reinforcement, deterioration
of mechanical properties of steel, cracking of surrounding
concrete, and decay of bonds at the interface «steel-concrete».
Paper [32] proposes a numerical approach that can take into
consideration all the effects associated with the corrosion pro-
cess using a nonlinear analysis of the finite elements (NLFEA)
and modeling of membrane or shell elements. The cited work
is based on a huge theoretical base and computer simulation;
however, it would be good to support it with experimental
research. Still, such studies are very complex and require
high accuracy of the experiment.

Paper [33] constructed conceptual, mathematical, and
system-dynamic models of the impact of the load on the
damaged reinforced concrete column in accordance with the
real values of the destructive load. The forecasting model
is adapted and can also be used for thin elements of other
lengths, other angles of damage, or depth of damage. How-
ever, the model does not take into con-
sideration the level of loads at which
damage arose and spread. Accordingly,

consideration that when the load is in effect, corrosion pro-
cesses would differ from those that occur without a load level.

Based on the above review, we can conclude that there
are a significant number of studies into the bearing capacity
and parameters of the stressed-strained state of damaged
structures. However, there is a small body of research that
would take into consideration the level of load, the real
stressed-strained state of the structure in which the damage
occurs. And since all structures operate under a certain level
of load, ranging from the natural weight of the structure to
the operational load level, acquiring data on changing their
bearing capacity and devising a methodology for its calcula-
tion is a promising area of research.

3. The aim and objectives of the study

The purpose of this study is to devise the principle of
calculating reinforced concrete beams with damaged tensile
reinforcement (based on the strain procedure), when damage
occurs at a certain level of load. This will make it possible to
determine the bearing capacity of damaged reinforced con-
crete beams when damage to reinforcement appeared during
operation. That, in turn, determines its service life and safety.

To accomplish the aim, the following tasks have been set:

—to give the results of experimental studies into the
bearing capacity of reinforced concrete beams, in which the
diameter of working reinforcement decreases at the load level
0f 0, 0.3, 0.5, 0.7 from the bearing capacity of control samples;

— to propose and apply a strain procedure for calculating
reinforced concrete beams with damage to working rein-
forcement caused by the load, based on the strain model.

4. The study materials and methods

In total, 12 reinforced concrete beams, 9 concrete prisms,
20 concrete cubes, and 7 concrete cylinders were designed
and manufactured in the factory. Reinforcement bars were se-
lected to determine the physical-mechanical characteristics
from the same batch of reinforcement used for prototypes.

The following designations have been adopted: C — control;
B — beam; D — damaged (Table 1). In the case of corrosion or
mechanical damage to reinforcement in actual reinforced con-
crete structures, the area of the cross-section of reinforcement
decreases and, accordingly, the bearing capacity of reinforced
concrete structures.

this factor would affect further models
of load impact.

The equations proposed in pa-
per [34], called concentration func-

tions, are used to calculate corrosion
velocity for standard materials such as
carbon steel, zinc, etc. The input pa-
rameters for calculating the functions
are sulfur dioxide, temperature, rela-
tive humidity, and chloride ions. This
variability of input parameters can
represent different conditions under
which structures may appear. How-
ever, those functions should take into

Table 1
Experimental research program

Control undamaged N CB-1.1

samples (2 beams) CB-1.2

Damaged, without ini- N BD-1.3

Series 1 (working tial load level (2 beams) BD-1.4
reinforcement with a BD-1.5-0.3
diameter of 20 mm) Damaged, at initial BD-1.6-0.3
12 beams load level 0.3- M2, BD-1.7-0.5
0.5-M:P, 0.7-MP BD-1.8-0.5
(6 beams) BD-1.11-0.7
BD-1.12-0.7

Scrlcs ! (workl.ng Control undamaged CB-2.13

reinforcement with a samples (2 beams) CB-2.14

diameter of 16 mm) ples ) :




When performing experimental studies, it is customary to
simulate a decrease in the area of the working reinforcement
of the beams by drilling holes in the bars. At the same time,
the diameter of the drilled hole modeled the degree of damage
to the reinforcement and, accordingly, the reduction of the
area of the cross-section of the bars. During the tests, the
diameter of the drilled holes gradually increased, making, for
example, the area of the cross-section of the bars @20 to the
area of the bars @16. All beams were damaged by a single hole.

The program of experimental research is given in Table 1.

Experimental samples: 2,100 mm long, 100 mm wide, and
200 mm high (Fig. 1). Concrete composition: C:S:G=1:1.16:2.5
at W/C=0.375. Cement grade: M-500; quartz sand without
impurities with a module of size M;=2.00; granite gravel,
fractions 5...10 mm — 66 %, 10...20 mm — 33 %.

300 1500 L300
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750 ‘ 400
1900
100 2100 100

Fig. 1. Formwork drawing of experimental samples

More details on the test bench and the procedure of test-
ing are given in work [35].

5. The results of studying the bearing capacity
of experimental beams

5. 1. The strength of experimental beams without dam-
age and with damage to reinforcement without load and
under load

According to the research program, 6 samples were tested
without an initial load level before damaging. Among them
are 2 control (undamaged) samples with single working
reinforcement @20 mm — CB-1.1 and CB-1.2. The next
2 samples are designed with @20 mm working reinforcement
with a 36 % damage (corresponds to the area of diameter of
16 mm) — BD-1.3 and BD-1.4. The last 2 samples are made
with single working reinforcement @16 mm (CB-2.13 and
CB-2.14), which corresponds to the damage to the working
reinforcement of control samples by 36 %.

Summarized test results of the samples without initial
load level are given in Table 2.

In samples BD-1.3 and BD-1.4, CB-2.13 and CB-2.14,
the area of the working reinforcement, like all other parame-
ters (the strength of concrete, frame arrangement, etc.), are
the same. However, according to Table 2, the strength of
the samples with damaged reinforcement with a diameter of
20 mm (BD-1.3 and BD-1.4) is greater than the strength of
the samples with the working reinforcement with a diameter of
16 mm (CB-2.13 and CB-2.14). This is because in the damaged
samples the main working cross-section of the reinforcement is
the thermally-strengthened outer layer. Therefore, the devia-
tion of bearing capacity in damaged samples, compared to con-
trol in series 1, is, on average, 25 %, and in the non-damaged
ones with the same area of the working reinforcement — 30 %.

Series 1 included, according to the experimental program
of research, reinforced concrete beams with the working
reinforcement with a diameter of 20 mm. Experimental sam-
ples were exposed to the appropriate load level (0.3, 0.5, or
0.7-M,, exp), after which the working reinforcement of the sam-
ples was damaged. The working reinforcement was damaged
by 36 %, which corresponds to the area of reinforcement with
a diameter of 16 mm.

In total, 8 reinforced concrete beams from series 1 were
tested damaged under the load.

Samples BD-1.5-0.3 and BD-1.5-0.3 before damage were
exposed to the load level of 30 % of the bending moment value,
which corresponds to the bearing capacity of non-damaged
control samples CB-1.1 and CB-1.2. After that, damage was
done in the form of holes with a gradual increase in diameter
of 0.0, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 5.6 mm.
After making each hole, the samples aged during 10 minu-
tes and 5 minutes to acquire the readings from all devices.
Holes were made at the bending moment M=9.9 kNm (30 %
of the bearing capacity of control undamaged samples).

Summarized results of testing the samples damaged un-
der the initial load level are given in Table 3.

The test results (Table 3) show a significantly smaller
bearing capacity of samples CB-2.13 and CB-2.14 with the
working reinforcement with a diameter of 16 mm compared
to reinforced beams with a diameter of 20 mm; the deviation
is 30.2 %. In samples damaged at load levels, the bearing
capacity is approximately the same within 3.7..13.2 %. The
greater bearing capacity of samples with damaged reinforce-
ment with a diameter of 20 mm, at load levels, compared to
samples with the working reinforcement with a diameter of
16 mm, is explained by the presence of a thermally-strength-
ened layer. That is, during the damage using a hole, the area
of the cross-section of the core (non-strengthened cross-sec-
tion of the reinforcement) is significantly reduced, and the
external thermally-strengthened layer is slightly reduced,
which explains the higher results of bearing capacity.

Table 2
Bearing capacity of experimental samples
Bearing capacity Physical Bearing capacity Physical destruction
Sample code is exhausted, kNm destruction, kNm deviation, % deviation, %
sample mean sample mean sample mean sample mean
CB-1.1 249 32.9 - -
24.2 311 - -
CB-1.2 23.5 29.3 - -
BD-1.3 19 229 21.5 26.4
18.1 23.5 25.2 24.4
BD-1.4 17.2 241 28.9 22.5
BD-2.13 16.3 20 32.6 35.7
16.9 211 30.2 32.2
BD-2.14 17.5 22.2 27.7 28.6

Note: the deviations were determined relative to control samples CB-1.1 and CB-1.2



Strength of experimental samples damaged at load level

Table 3

Bearing capacity Physical Bearing capacity deviation Physical destruction
Sample code is exhausted, kNm destruction, kNm relative to CB-1, % deviation relative to CB-1, %
sample mean sample mean sample mean sample mean
CB-1.1 249 32.9 - -
24.2 311 - -
CB-1.2 23,5 29.3 - -
CB-2.13 16,3 20 32.6 35.7
16.9 211 30.2 32.2
CB-2.14 17,5 22.2 27.7 28.6
BD-1.5-0.3 19,9 24.3 17.8 21.9
21 25.7 13.2 17.4
BD-1.6-0.3 221 271 8.7 129
BD-1.7-0.5 23,3 26.9 3.7 13.5
21.5 25.5 11.2 18.0
BD-1.8-0.5 19,7 241 18.6 22.5
BD-1.11-0.7 239 933 26.6 959 1.2 37 14.5 167
BD-1.12-0.7 22,7 ) 25.2 ' 6.2 ) 19.0 ]

Note: the deviations were determined relative to control samples CB-1.1 and CB-1.2

3. 2. Procedure for calculating the bearing capacity of
reinforced concrete beams with damage to reinforcement
according to the strain model

In 2010, SNiP 2.03.01-84* «Concrete and reinforced con-
crete structures» [36] in Ukraine was replaced with a new na-
tional standard of calculation DSTU B V.2.6-156:2010 «Con-
crete and reinforced concrete structures of heavy concrete.
Design rules» and DBN V.2.6-98:2009 «Concrete and rein-
forced concrete structures. Basic provisions» [37], which is
based on the norms of Eurocode [38].

One of the main differences of this calculation is the
use of a nonlinear strain procedure. The essence of the cal-
culation is to take into consideration real nonlinear strain
diagrams for concrete «G—g» and two-linear for reinforce-
ment «6—€¢». This procedure makes it possible to model the
work of a structure at any stage of loading for the height of
the cross-section of samples. At the same time, it is possible
to calculate reinforced concrete structures of various shapes
of cross-section with any arrangement of reinforcement. The
model of calculation according to the strain procedure is
adopted in most foreign norms.

However, the strain procedure does not imply the calcu-
lation of structures under load, especially if the structures
have suffered damage during operation, being exposed to
a certain level of load. This load can be induced by equip-
ment, natural weight, overlapping structures, etc.

Thus, according to [37], the calculation of the bearing
capacity of the normal cross-section of reinforced concrete
bending elements takes as a basis a nonlinear strain model
and is performed under the condition of equilibrium of inter-
nal and external forces assuming the following hypotheses:

— the strains of concrete and reinforcement are distribu-
ted across the cross-sectional height according to a linear law;
— the hypothesis of straight cross-section is adopted,;

— the largest increase in strains is taken in the average
cross-section since it experiences the greatest strains;

— the strains of reinforcement are taken in the form
of a two-line diagram. Strains of concrete — according to
nonlinear diagrams, which are mathematically notated as
a polynomial of the 5th power with appropriate coeffi-
cients (taken from real concrete tests with a complete dia-
gram of destruction);

— only reinforcement resistance is taken into consider-
ation in the stretched zone, the concrete of the stretched zone
is not taken into consideration.

To determine the stressed-strained state of reinforced con-
crete rectangular beams during a static bending test, the se-
cond form of equilibrium employs the following formulas [39]:

k+1
b-futs v~ & 82(1) ;
ed St N _%h | Zed) +>» 0, A,=0, (1)
X’ kz:;kﬂ €, Z’
2 k+2
b'fcd’(ecm) 25: a, & +
X k2| €,
+chi'Asz"(X?_Zsi):Mor )
(=

where €], is the strain of concrete in the compressed fiber
of the main cross-section at M=My; f.4 is the prism strength
of concrete for compression; %° is the curvature of the curved
axis in the main cross-section at M=My; x? is the height of
compressed zone of main cross-section at M=Mjy; M, is the
value of the bending moment if damaged; b is the width of the
cross-section of the design element; y is the curvature of the
curved axis in the cross-section; y is the relative curvature;
a; is the polynomial coefficients; o is the strain in the i-th
reinforcement; A is the cross-sectional area of the i-th rein-
forcement; zg; is the distance of the i-th bar of the reinforce-
ment to the most compressed face of the cross-section.

The estimated cross-section of bended reinforced con-
crete beams is shown in Fig. 2.
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Fig. 2. The estimated cross-section of the bending element
of a rectangular cross-section: a — cross-section of the
element; b — stress diagram; ¢ — strain diagram

The algorithm for determining the parameters of the
stressed-strained state of the normal cross-section of the



reinforced concrete element, according to [39], is an iterative
process. At each stage, a gradual method of calculating the
averaged strains of lower fiber concrete according to the
predetermined values of strains on the upper fiber of the
cross-section using equation (1) is implemented.

At the end of the calculation, at the predefined value of
strains of concrete on the upper fiber, we increased them, and
the calculation was repeated. Upon reaching the required
bending moment value using equation (2), the iterative pro-
cess was terminated.

A schematic flowchart for determining the stressed-
strained state of a normal cross-section of a reinforced con-
crete bending element is shown in Fig. 3.

According to the flowchart shown in Fig. 3, we deter-
mined the parameters of the stressed-strained state of the
bended structures according to the strain procedure: we de-
rived the strains of concrete, the layers of reinforcement, the
curvature of the curved axis in a normal cross-section at the
predefined load value.

However, according to [39], and considering the above
flowchart (Fig. 3), a given procedure does not imply taking
into consideration the level of load at which damage to sam-
ples may occur.

The calculation of the bending strength of reinforced
concrete elements damaged under the load of reinforced con-
crete structures is proposed to be carried out in two stages.

Agctl) =d. *Ecuy
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At the first stage, the stressed-strained state of the normal
cross-section of the main structural element is investigated
before damage occurs, using the current procedure.

According to a given procedure (Fig. 3), the method of
iterative selection determines curvature at each level of load.
Having reached the level of load at which damage is done (or
the level of operational load), one proceeds to stage 2. At this
stage, a condition is set: if the curvature is less than the level
of load at which the damage occurred (Fig. 4), then the cal-
culation is performed similar to an ordinary intact element.
In the case when the value of curvature exceeds a certain va-
lue at the load at which the damage was done, the calculation
for the structure with damage parameters (reduction of the
percentage of reinforcement, a change in the physical-me-
chanical characteristics) is performed.

According to DSTU B V.2.6-156:2010 [39], the curva-
ture of a curved axis in the cross-section:
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Fig. 3. Flowchart for determining the stressed-strained state of the normal cross-section
of the reinforced concrete bending element.
Note: the definition of conditional notation is given after equation (3). Other parameters are standard characteristics
of concrete and reinforcement and are taken from appropriate legal documents (e.g. [ 36, 38, 39])
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Fig. 4. Schematic flowchart for determining the stressed-strained state of the normal cross-section
of the reinforced concrete bending element damaged by the load

The height of the compressed concrete zone:

3=t 5)
X

The relative curvature:

%=X
8(71

(6)

where €1 is the strain of concrete compressed fiber; €2 is
the averaged strains of stretched concrete fiber. The strains
in the i-th layer of reinforcement during elastic work was
determined from the following formula:

o, =¢; Eg )
and when the yield strength is reached:
6=/ (8)

The strains, according to the flat cross-section hypothe-
sis, were determined from the following formula:

)

e, =x(x,—2,).

It should be noted that when calculating the structures
damaged due to the execution of holes with a diameter of

5.6 mm of thermally strengthened reinforcement, the acting
norms [39] do not provide for changes in the physical-me-
chanical characteristics of the reinforcement.

5. 3. The results of calculating control and damaged
reinforced concrete beams

Based on the proposed calculation shown by the flowchart
in Fig. 4, we built strain plots of stretched reinforcement and
the most compressed concrete fiber. This calculation takes
into consideration the reduction of the physical-mechanical
characteristics of the reinforcement due to damage, as well as
a possibility to perform calculations for structures damaged
when loaded, which is not implied by a strain procedure.
Calculating the bearing capacity after the use of reduced cha-
racteristics of materials makes it possible to obtain a reliable
result, which is consistent with experimental data.

We calculated control undamaged reinforced concrete
beams CB-1.1 and CB-1.2 without the use of additional low-
ering coefficients, according to formulas (1) and (2) (block
diagram in Fig. 3); the results are shown in Fig. 5.

The physical destruction of samples during the experi-
ment occurred as a result of the fragile destruction of the
compressed zone of concrete at a value M¢” =31.1 kNm,
greater than the theoretical values of calculation by
24.4 % (M;’}[ =235 kNIn). The calculation of samples BD-1.3
and BD-1.4 was carried out according to formulas (1) and (2)
(block diagram in Fig. 3) since the damage was done without
a load level. The calculation results are shown in Fig. 6.
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Fig. 5. Strain plots of the theoretical calculations
of stretched reinforcement (rebar (theory)) and concrete
of the most compressed fiber (concrete (theory))
compared to experimental average data on control
beams CB-1.1 and CB-1.2
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Fig. 6. Strain plots of the theoretical calculations of
stretched rebar (rebar (theory)) and concrete of the most
compressed fiber (concrete (theory)) compared to the
experimental average data on beams BD-1.3 and BD-1.4

In beams BD-1.3 and BD-1.4, the working rebar with
a diameter of 20 mm is damaged to an area corresponding to the
diameter of 16 mm by drilling the hole without the effect of the
load. According to the results of the theoretical calculation of
when the bearing capacity is exhausted, it happened when the
strains of the working reinforcement reached the yield strength
€,,=285-107, at the bending moment M, ,=31.1kNm. This
value is less than the experimental value by 11.0 % and makes
it possible to use the calculation in the practice of designing.
As a result of the damage, a thermally-strengthened layer of
reinforcement is included in operation. Therefore, the physical
destruction of the samples, according to the theoretical cal-
culation, occurred at M™ =16.1 kNm, less than 31.5 % of the

ult —

experimental value M¢? =23.5 kNm.
In control beams CB-2.13 and CB-2.14, the working
rebar with a diameter of 16 mm was without damage. The

results are shown in Fig. 7
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Fig. 7. Strain plots of the theoretical calculations of
stretched rebar (rebar (theory)) and concrete of the most
compressed fiber (concrete (theory)) compared
to the experimental average data on control
beams CB-2.13 and CB-2.14

In samples CB-2.13 and CB-2.14, according to theo-
retical calculations, the bearing capacity was exhausted at
a bending moment M'hy =16.1 kNm at an experimental value
M7 =16.9 kNm. This is 5% less, and allows the design of
such structures according to the strain model.

Physical destruction, according to the theoretical cal-
culation, occurred at the bending moment M” =16.1 kNm,
that is less than the experimental value M:? =21.0 kNm
by 23.3 %.

Samples BD-1.3-0.3 and BD-1.4-0.3 before damage were
brought to the level of 30 % of the bearing capacity of
non-damaged control samples CB-1.1 and CB-1.2. After that,
we damaged the working rebar with a diameter of 20 mm.
After the damage, the diameter of the working rebar in
terms of area corresponded to the diameter of 16 mm, which
corresponds to the reinforcement of control samples with
the working rebar with a diameter of 16 mm, CB-2.13
and CB-2.14.

We calculated samples BD-1.5-0.3 and BD-1.6-0.3 ac-
cording to the same formulas (1) and (2) but according to the
procedure given in the block scheme in Fig. 4. The results of
this calculation are shown in Fig. 8.

In beams BD-1.5-0.3 and BD-1.6-0.3, the bearing capa-
city was exhausted, according to the results of the theoretical
calculation, at the bending moment M’hy =17.1kNm, that
is less than the experimental value M{7=21.0 kNm by
18.6 %. According to the theoretical calculation, the physi-
cal destruction of the samples occurred at M% =17.1 kNm
as a result of reaching the maximum strains by the most
compressed concrete fiber. At the same time, experimental
physical destruction was achieved at M:? =25.7 kNm due
to the rupture of the rod of the working rebar with a dia-
meter of 20 mm.

Based on the calculation of beams BD-1.5-0.3 and
BD-1.6-0.3, according to the devised procedure, which is
shown in Fig. 4, the strain plots of concrete of the most com-
pressed fiber and the stretched working rebar (Fig.9) were
built, and their bearing capacity and physical destruction were
determined.



The bearing capacity of beams BD-1.7-0.5 and BD-1.8-0.5
was exhausted at the bending moment MY =17 kNm,

which is less than the experimental value M{) =21.5kNm
by 20.9 %.
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Table 4

Strength of beams according to the criterion of reaching
the maximum yield strains of the working stretched rebars
(the bearing capacity is exhausted)
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Fig. 8. Strain plots of the theoretical calculations of
stretched rebar (rebar (theory)) and concrete of the most
compressed fiber (concrete (theory)) compared to the
experimental average data on beams BD-1.5-0.3
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Fig. 9. Strain plots of the theoretical calculations of
stretched rebar (rebar (theory)) and concrete of the most
compressed fiber (concrete (theory)) compared to the
experimental average data on beams BD-1.7-0.5
and BD-1.8-0.5

The physical destruction, according to the theoretical
calculation, occurred at the bending moment M% =17 kNm
due to the destruction of the compressed zone of con-
crete. The experimental physical destruction was achieved
at moment M” =255kNm, due to rupture of the work-
ing rebar.

The results of determining when the bearing capacity of
prototypes was exhausted are summarized in Table 4.

M;P=25.7 kNm Moment corresponding to the
___________ L - boundary strains of the main | Deviation of
Samle cod rebar (the bearing capacity is | experimental
ample code exhausted), kNm value from
theoretical, %
. xp h
M®=17.1 kNm / Experiment, M” | Theory, MY
CB-1.1
and CB-1.2 24.2 23.5 2.9
BD-1.3
and BD-1.4 18.1 16.1 11.0
Strains graphs: B%‘égoﬁ's 03 21 17.1 18.6
1 —@— rebar (exp) an TP
—— rebar (theor) B]?i-];17)0158 05 21.5 17 20.9
—— concrete (theor) an T
CB-2.13
and CB-2.14 16.9 16.1 5.0

Deviation of the results of theoretical calculation from
experimental data is 2.9..20.9 % in the direction of under-
statement of the theoretical values.

6. Discussion of results of studying the procedure for
calculating reinforced concrete beams with damages
caused by the load

The calculation of strains of stretched rebar and com-
pressed concrete control samples CB-1.1 and CB-1.2 with
a working rebar with a diameter of 20 mm without damage
shows a satisfactory convergence with the experimental
data. The beginning of the yield limit in the theore-
tical calculation was achieved at the bending moment
Mif’u=23.5 kNm, that is less by 2.89 % than the experi-
mental moment M{7 =24.2 kNm. That confirms the reli-
ability of the calculation since the experimental values are
higher than the theoretical ones with a slight difference.
The fragile physical destruction of samples CB-1.1 and
CB-1.2 (Fig. 5) is explained by the fact that according to
the calculation according to the strain procedure, a two-line
diagram of the strain-stress of the reinforcement is used,
which does not take into consideration the curve of plastic
strains that occur after reaching the yield limit. Since the
calculation for such elements is carried out in terms of when
the bearing capacity is exhausted, the result satisfies its use
in the design of such structures.

Deviation of experimental values from theoretical ones
for the tested control samples (without damage), upon reach-
ing the yield strain of the main reinforcement (the bearing
capacity is exhausted) was 2.9...5.0 % (Table 4) in the direc-
tion of understatement of theoretical values. This ensures the
reliability of calculation according to the strain model, and
makes it possible to apply it in practice.

A significant discrepancy in the calculation of beams
BD-1.3 and BD-1.4 (Fig. 6) is explained by the fact that
the calculation model does not provide for a thermal-



ly-strengthened layer with higher physical-mechanical
characteristics. It should also be noted that according to the
experiment, the destruction occurred as a result of rupture
of the working rods of the rebars, and, according to the cal-
culation, the destruction is due to the fragile destruction of
the compressed zone of concrete when reaching the limits
of concrete strains. This is due to the fact that working
rebars were damaged in one local place, and not along the
entire length.

In beams BD-1.5-0.3 and BD-1.6-0.3, the experimental
value of the physical destruction of samples is greater than
theoretical by 18.6 % (Table 4). This is due to the fact that
the working rebar was damaged in one local place, and not
along the entire length; and a change in the physical-mecha-
nical characteristics of thermally-strengthened reinforce-
ment with damage was not taken into consideration.

Samples BD-1.11-0.7 and BD-1.12-0.7 could not be cal-
culated according to the strain procedure. At a load level of
70 % of the bearing capacity of control samples, if the work-
ing rebars are damaged, strains reach the onset of the yield
limit, so it is impossible to calculate these samples according
to the strain model.

The analysis of the theoretical calculation allows us
to conclude that the strain model with sufficient accuracy
shows when the bearing capacity of reinforced concrete
beams without damage and with damage to the working
rebars without the effect of the load is exhausted. Accord-
ing to the improved calculation algorithm, taking into
consideration the effect of the load level, with satisfactory
convergence, it calculates when the bearing capacity of
samples damaged during the action of different load levels
is exhausted. The calculation of damaged elements at high
loads levels (70 % of the bearing capacity of control undam-
aged samples, and larger) cannot be performed due to the
achievement of the onset of the yield limit of the damaged
rebar. The theoretical calculation when the bearing capacity
is exhausted gives smaller than the experimental values of
bending moments, which ensures the reliability of the calcu-
lation of such structures.

For damaged samples without the effect of the load,
a deviation was 11 % (Table 4) in the direction of understate-
ment of theoretical values; it also makes it possible to use it
in the practice of calculation according to the strain model.
For samples that were damaged when loaded, the divergence
between the theoretical calculation and experimental values
was 18.6...20.9 %. This ratio provides the possibility of using
in practice the proposed calculation methodology according
to the strain model for samples damaged when loaded, with
a sufficient degree of reserve.

The greatest danger of local damage to the reinforcement
is in the sudden destruction of samples; however, the theoret-
ical calculation according to the strain model makes it pos-
sible to predict this with a sufficiently large margin (appro-
ximately 20 %) relative to the experimental result (Table 4).
Therefore, the result of calculation according to the strain
model can be used for such structures.

Our results can be explained by the influence of the fol-
lowing factors: changes in the ratio of the area of different
layers of rebars and the current load on reinforced concrete
beams. The existing external thermally-strengthened layer
differs in its characteristics from the inner, more plastic layer.
Changing these ratios has led to a change in the bearing
capacity of samples (Table 2) with the same area of rebars.
In subsequent studies, the effect of the load level (Table 3) is

superimposed, which also affects the residual bearing capac-
ity of prototypes.

The proposed calculation procedure makes it possible
to take into consideration the damage to working rebars
and the level of operating load. Such adaptation of the
strain procedure (Fig. 3) makes it possible to calculate the
stressed-strained state closer to the real operating condi-
tions, compared to other studies [6, 12, 18, 25]. However, it
should be noted that the calculation of bending elements in
which damage occurs at high loads levels (70 % or more of
their bearing capacity) (Table 4) cannot be carried out. The
reason for this is the achievement of working reinforcement
yield during damage.

It should also be noted that the disadvantage of this
study is the type of damage. Damage in the form of
a through hole makes it possible to perform a study with an
accurate, controlled value of the amount of damage. How-
ever, in real structures, such cases are rare. The limitation
of this calculation is the cases of other ratios of the external
thermally-strengthened layer of reinforcement to the inner
one, more plastic. However, for a given case, the proposed
calculation procedure can be used to solve practical engi-
neering tasks.

Further research should consider other types of damage:
different quantity, size, and type. Such studies can be car-
ried out with fewer variables (e.g., load levels) and associ-
ated with a general model of the strain-deformed structural
state. However, such studies are dangerous because it is
difficult to ensure controlled (and fixed) values of damage,
since, in the case of violation of the parameters of the study,
premature destruction of structures is possible. In combina-
tion with the current load, this poses a danger to the integ-
rity of devices and to the health of researchers. The method
in this article is more secure for studies but less consistent
with real cases. Extrapolating our results, with point, ex-
perimental confirmation of the findings, for other types of
damage in reinforced concrete beams could make it possible
to increase the safety of operation of these structures.

7. Conclusions

1. Based on the results of experimental data, samples in
which the rebar was damaged to the area of the cross-sec-
tion of control samples showed a lower bearing capacity, by
3.7..30.2 %. This is due to the different characteristics of the
outer and inner layers of the reinforcement, and the change
in their ratios in the process of damage, as well as the level of
load at which the damage was performed.

2. The analysis of plots results showed that the proposed
procedure simulates a stressed-strained state close to expe-
rimental data and makes it possible to determine the strains
of concrete and reinforcement, taking into consideration
damage to them. This algorithm with satisfactory accuracy,
from 11.0..20.9 % (in the direction of understatement of
theoretical data), determines when the bearing capacity of
reinforced concrete beams with damage to working rebars
when loaded is exhausted.

3. The results of our theoretical studies and their satis-
factory convergence with the experimental data (up to about
20 %, in the direction of understatement of theoretical data)
makes it possible to apply the proposed procedure for calcu-
lating reinforced concrete beams with damage to working
rebars as a result of loading.
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