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Abstract: Reinforced concrete (RC) structures are basically composite elements because they consist
of two materials—concrete and reinforcement (reinforcing steel bars). From the point of view of the
design of new constructions, it is necessary to design them in such a way as to ensure their reliability,
safety and durability throughout their design lifetime, Tq. However, all elements, including RC
members, are affected by the environment in which they are located. An aggressive environment
causes degradation of materials. In the case of reinforcement, corrosion of the reinforcement is
considered to be the most well-known and at the same time the most serious way of degradation.
From the point of view of existing reinforced concrete elements, it is therefore important to know
whether and how the corrosion of the reinforcement affects the mechanical properties of the given
reinforcement. The mechanical properties of reinforcement are very important when assessing the
actual condition of reinforced concrete (RC) elements, to determine the resistance and load-carrying
capacity of the elements. Therefore, it is necessary to investigate the effect of corrosion on mechanical
properties of reinforcement. The paper reports on the results of an experimental analysis of the effect
of corrosion on the change in the mechanical properties of reinforcement. Furthermore, it presents
both the redistribution of mechanical properties along the cross-section of reinforcement, produced by
various techniques, such as hot-rolling, hot-rolling with controlled cooling from rerolling temperature
and cold-rolled as well as the mechanical properties under the action of corrosion.

Keywords: reinforcement; corrosion; mechanical properties; cross-section area; yield strength; tensile
strength; Tempcore

1. Introduction

Reinforced concrete (RC) structures are among the most widespread types of structures
in practice. New structures must be designed to ensure their reliability [1-4], safety,
robustness and durability and serviceability [5-7]. Durability means that the elements
must withstand all loads and environmental influences and fulfil their purpose throughout
the design life, Tq. New RC structures are designed according to the valid standards
STN EN 1992-1-1 [8] (Basic Code including the National Annex and all corrigenda) valid
for structures and STN EN 1992-2 [9] (Basic Code including the National Annex and all
corrigenda) valid for bridges. The foundation structures are also an important part of every
construction. There are known different types of foundations, but even in this case, the
most widespread foundations are made of reinforced concrete (RC) members. The design
of the foundation structures is done according to the code STN EN 1997-1 [10] (Basic Code
including the National Annex and all corrigenda).

However, it is also important to evaluate and assess the existing RC structures includ-
ing foundation members, while it is also possible to take into account modified reliability
levels and thus modified partial safety factors for load and materials’ characteristics [11-13].
The reasons for assessing existing structures can be different:
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- changing the purpose of the building—other loads must be considered, which may be
even greater than originally considered;

- verification of the feasibility of rebuilding or the possibility of extending the service
lifetime of the building;

- reliability check (e.g., for seismic effects, increased load) required by state authorities,
insurance company, owner, etc.;

- detection of structural failures due to time-dependent loading (e.g., corrosion, fatigue,
defects or damaged parts, increase in deformations, increased vibrations, etc.) or
extraordinary loading [14].

As a part of the assessment of existing RC structures, it is necessary to take into account
the actual geometric and material properties of the members, including the reinforcement.
Those properties are (or should be) verified by detailed diagnostics [15-19]. If it is focused
on the reinforcement, it is necessary to determine its position, the axial distance between
the reinforcing steel bars, the thickness of the concrete cover layer, the type of reinforcement
and the diameter of the reinforcement. Currently valid code STN ISO 13822 [20] defines
the requirements for determining the actual properties of materials as follows:

“The properties of the materials that are used for evaluation must be the actual
properties of the materials of the existing structure and not the properties of the materials
specified in the original design of the structure or in a standard or regulation. When
determining the properties of the materials, degradation and possible load effects must
be considered” [19]. In the case of reinforcement, corrosion of the reinforcement [21,22]
and fatigue failure [5,23] are considered to be the main causes of degradation. The paper
focuses on the corrosion of reinforcement.

If there are doubts about the properties of the materials, then these properties should be
determined experimentally, including non-destructive or destructive tests of the materials.
Furthermore, the National Annex (NA) of the code STN ISO 13822 [20] for determining the
properties of the reinforcement lists the design values of the strength of the various types
of reinforcement based on the design year of the structure, shape and surface treatment.
The properties of the reinforcements, which are not mentioned in the NA of the code,
should be verified by tests or the values of reinforcement of type 10 216 are taken (the
type of reinforcement marked as 10 216 is according to the already not valid old Slovak
standards in the former Czechoslovakia—it is a smooth reinforcement with a yield strength
of fy =210 MPa). If there is no certainty in determining the type of reinforcement and its
characteristics, it is possible to take samples for tests from structures at a suitable place. The
design value of the yield strength f 4, the code allows to determine from the characteristic
value of the yield strength fyy, resp. of 0.2 % proof strength f 5, if yield phenomenon
is not present, through the partial safety factor of reinforcement ys, which is determined
in accordance with table 2.1 N in STN EN 1992-1-1 (yg = 1.15) and Annex A STN EN
1992-1-1 [8].

The characteristic value should be determined as actual from the samples, or according
to the type of reinforcement (as previously mentioned). To determine the real characteristics,
samples must be taken from the structure. If we want to determine the yield strength and
the tensile strength, it is not needed to know only the forces at the yield point and at failure
(tensile strength), but the cross-sectional area of the reinforcement has to be accurately
determined as well, possibly taking into account degradation (corrosion) too.

In common construction practice, the corrosion of reinforcement is expressed by the
reduction of the cross-sectional area of the reinforcement, which depends on the size of
the corrosion loss reorr. It is questionable which cross-sectional area should be considered,
or how to determine this area that should be considered for determining the resistance
of the reinforcement that is corroded. It is about the correct determination of the yield
strength and strength of the reinforcement. Instructions for determining the size of this area
is the novelty of this paper. Another novelty is, as will be presented in the paper, whether
the local corrosion (pitting corrosion) has the same or different effect on the mechanical
properties of the reinforcement. This effect has not yet been investigated and is the main
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contribution of the presented article. Of course, in the case of reinforced concrete (RC)
structures, the concrete provides some protection of reinforcement during the passive and
active stage, which slows the corrosion rate. The paper deals with mechanical properties
over the cross-section of reinforcement before corrosion and during corrosion. The effect
of corrosion of reinforcement on the surrounding concrete and the speed of corrosion
(corrosion rate) is significant, but this paper does not consider this effect. In this case, it is
only corrosion of the reinforcement and its impact on the change of mechanical properties
of the reinforcement without the influence of the surroundings and time.

2. Reinforcement Production Method

The code STN EN 10080 [24] prescribes the general requirements for the operational
characteristics of weldable steel reinforcement used for reinforcing concrete structures,
delivered as finished products in the form of rods, wires in the form of scrolls, welded rein-
forcing nets, two- or three-dimensional grids [25]. According to this standard, reinforcing
steels can have a ribbed, indented or smooth surface. It leaves the melting process and the
method of deoxidation dependent on the decision of the reinforcing steel manufacturer. In
addition, the process of making scrolls and rods depends on the manufacturer’s decision.
However, the standard prohibits the production of reinforcing steel for reinforcement by
rolling finished products (e.g., plates or rails).

The code STN EN 10080 [24] determines the weldability of reinforcing steel, based on
the carbon equivalent and limiting the content of certain chemical elements. The durability
of products in terms of this standard is ensured by the prescribed chemical composition of
reinforcing steel.

Bazant et al. [26] stated, in 1979, that: “According to the method of production, re-
inforcements are divided into hot-rolled, which have the largest representation among
reinforcing steels, then into cold-drawn, cold-twisted and cold-drawn and simultaneously
cold-rolled.” This distribution will be supplemented by thermally refined steels, the pro-
duction of which is being prepared in the Czechoslovak metallurgy”.

This is followed by the Technical Provision [27], which states that “Since approximately
the 90 s of the last century, reinforcement has been produced as microalloyed steel, hot-
rolled, or as hot-rolled controlled-cooled steel, or as cold-rolled steel”.

The paper is focused on all three types of rebar production, namely cold rolled steel
(abbreviated as CRS) [28-30], on hot rolled steel (abbreviated as HRS), and thermal refine-
ment of the reinforcement (hot rolled)—controlled cooling from the rolling temperature
referred to as Tempcore® (abbreviated as TMT) [31-35].

2.1. Cold Forming—Cold Rolled Steel/CRS

The code [20] states, that “Strain hardening is manifested by an increase in yield
strength, tensile strength and hardness and a decrease in ductility, contraction and tough-
ness. The yield strength increases with deformation faster than the tensile strength, while
ductility decreases at the same time”.

Cold forming (cold rolled steel—CRS) can be realized by twisting or drawing and
profiling the bars or wires obtained by hot rolling. The detailed production procedure can
be found in the work [26].

2.2. Hot Forming—Hot Rolled Steel/HRS

The hot rolled steel bars are processed directly on the steel mold in the steel furnace
in the steel processing plant. That is, the finished product that comes out of the furnace is
hot (hence the name “hot rolled”) and can be used after cooling. In this case, it is cooling
directly in the air.
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Hot rolled (HRS) steel bar is produced by a pressure treatment method, which allows
the processed steel billet to pass through the gap between a pair of rotating rolls (various
shapes) at high temperatures, and the cross-section of the material is reduced due to the
compression of the roll, and the length is increased. Hot rolled steel bars have low yield
strength and good plastic properties.

2.3. Thermal Refinement/Controlled Cooling from Rolling over Temperature, TEMPCORE®, TMT

This method of producing reinforcement was developed by C.R.M. Liége in the eighties
of the twentieth century [36,37] (see Figure 1). The reinforcement bar is shaped while hot,
but in contrast to classically hot-rolled reinforcing steel, its surface is suddenly cooled by
water. After this sudden but very short cooling, the reinforcement is allowed to cool in air.
In this way, a composite cross-section is created: a surface layer with a high yield strength
and tensile strength but low ductility (tempered martensite), and a core with a lower yield
strength and tensile strength but greater ductility (ferritic-pearlitic structure).

Tempered

Martensite

Austenite Martensite

Ferrite - Pearlite

CCT Diagram
400+

!

10 100
Time [s]

Figure 1. The principle of the Tempcore process.

Within the former Czechoslovakia, in the 1990s, Tfinecké Zelezarny Ltd. produced hot-
rolled reinforcement with controlled cooling from the post-rolling temperature (thermally
refined reinforcement) with the designation 10 505.9 (R). Today it is a reinforcement with the
designation B500 B according to codes STN EN 1992-1-1 [8] and STN EN 10080 [24]—this
designation will be used further in the text.

Different methods of production of reinforcement can lead to different approaches
when considering the effects of corrosion in the framework of the presence of the existing
structures diagnostics. Cold and hot formed reinforcements have practically constant
resistance across the cross-section, which is not true of the hot-formed reinforcements
with cooling control, which have the greatest resistance in the surface layer. Therefore, in
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the research, we focused on documenting the tensile strength and yield strength of these
reinforcements when exposed to a corrosive environment.

3. Corrosion

Corrosion is a physical-chemical reaction between the material and the environment.
In a simplified form, it can be said that corrosion is interaction between a metal and the
environment. Its result is a permanent chemical change of the metal, which significantly
changes its chemical, physical and mechanical properties. Corrosion of metals occurs
spontaneously because the metal tends to reach a thermodynamically stable state (the
natural state in which it is found in nature). In the production of pure metal, a huge amount
of energy is expended, part of which becomes part of the metal. This energetically richer
state of pure metal is referred to as metastable, therefore it tends to return to a stable state
under normal conditions [38].

The environment includes all the conditions to which the metal is exposed such as air,
water, sun, sheltered or unsheltered conditions, de-icing salt and all other actions affecting
the metal. The corrosion effect can be determined by many ways, such as visual inspection,
measured or calculated corrosion speed (i.e., corrosion rate reorr 0r corrosion loss Deorr,
current density icorr or weight loss Am). The most widespread type of corrosion is uniform
corrosion (corrosion over the whole surface of a metal) or pitting corrosion (corrosion
localized on the small area of a metal) under outdoor conditions, the so-called atmospheric
corrosion. It can be said that local corrosion (pitting corrosion) causes local notches on the
reinforcement. The effect of notches due to corrosion on the mechanical properties of the
reinforcement has also not been investigated in the previous papers.

The result of corrosion acting on reinforced concrete structures is a reduction in the
cross-sectional area of the reinforcement and volume changes of the corrosive products
(rust). The cross-sectional area reduces the resistance of the element, and the volume
changes of the corrosive products degrade the concrete cover layer and thereby reduce the
lifetime of the element [39-43]. Ultimately, this can lead to a structural failure [44,45] or
collapse of the structure [46-48].

Long-term research is ongoing in the field of reinforcement corrosion. Many research
works were focused on the effect of reinforcement corrosion on change in resistance and
stiffness of elements (or the entire structure). It is mainly about the effect of corrosion on
the bending resistance or shear resistance of reinforced concrete (RC) elements. Val has
examined the effect of corrosion of reinforcing steel on flexural and shear strength, and
subsequently on reliability, of reinforced concrete beams, [49]. Two types of corrosion—
general and pitting—were considered, with particular emphasis on influence of the pitting
corrosion of stirrups on performance of beams in shear. The authors of works [49-51] also
dealt with the effect of reinforcement corrosion on change in resistance of the RC elements
subjected to bending or/and shear. It has been shown that the change in resistance of
an RC element in shear is more sensitive to corrosion than the change in resistance of an
element subjected to bending. This is due to the fact that the shear reinforcement is closer
to the surface (smaller concrete cover layer) and therefore begins to corrode significantly
earlier than the main longitudinal reinforcement. Francois et al. [52] dealt with the impact
of corrosion on the mechanical properties of steel in reinforced concrete. Steel bars were
extracted from a 27-year-old corroded reinforced concrete beam that had been exposed
to a chloride environment. Bars with different degrees of corrosion and with different
corrosion pit depths were tested in tension. The work [53] dealt with the potential effect
of corrosion damage on performance of the reinforced concrete member. The problem
was solved by numerical modelling. The thesis presented a parametric study to assess
the influence of different levels of corrosion to the structural performance. Li et al. [54]
deals with the effect of reinforcement corrosion in combination with sustained load on the
resistance of the compressed member (column). However, the resistance of the elements
depends on the bond between the reinforcement and the concrete as well, which is also
affected by corrosion [55-58]. The effect of corrosion of the reinforcement on the bond
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between concrete and reinforcement is significant mainly for smooth reinforcement and
depends on the type and method of anchoring the reinforcement [59,60].

Many times, however, it is first necessary to know the effect of corrosion on the change
in the resistance of the reinforcement itself, that is, on the change in the mechanical proper-
ties of the reinforcement. The effect of reinforcement corrosion on the mechanical properties
of SAE 1020 structural steel was investigated by Martinez et al. [61]. As part of the research,
the reinforcement samples were exposed to various aggressive environments from C2 to
C5 for a period of 36 months. It was demonstrated that all mechanical properties of the re-
inforcement decreased as a function of environmental atmospheric aggressiveness. Tsonev
et al. [62] once again investigated the impact of atmospheric corrosion on mechanical
properties of B235 steel bars. In this case, the samples were exposed to natural atmospheric
corrosion in a temperate climate zone for 25 years. The initial stress-percentage extension
curves were determined. Apostolopoulos et al. [63] investigated the tensile behavior of
corroded reinforcing bars BSt 500s. The experiments in the laboratory showed that the cor-
rosion exposure causes an appreciable mass loss which increases with increasing duration
of exposure. That led to a significant increase of the applied stress. Allam et al. [64] investi-
gated the influence of atmospheric corrosion on the mechanical properties of reinforcement.
This paper reports the results of an investigation carried out to evaluate the mechanisms of
atmospheric corrosion of reinforcing steel in arid regions, and their influence on the weight
loss, strength, elongation and bendability. The results indicated that atmospheric corrosion
begins as a localized attack at discrete points on the metal surface. Wenjun et al. [65]
were dealing with influence of corrosion degree and corrosion morphology on ductility
of steel reinforcement. It was demonstrated that the corrosion morphology significantly
influenced the ductility of corroded reinforcement, and an empirical model was proposed
to quantify the effect of corrosion morphology. Changes in the mechanical properties of
corroded reinforcement were also assessed in the works [66,67]. In the research, the uniform
and pitting corrosion was investigated. Moreover, the numerical model supporting the
experimental measurements was performed. Influence of time-dependent corrosion on
mechanical properties as strength, ductility, and so on, was investigated by Ghafur [68] and
Balestra et al. [69]. A total of 99 samples with six different diameters were tested in [68].
The three exposure periods and six different environments were considered to assess the
influence of corrosion on mechanical properties of reinforcing bars. Reinforcement buried
and naturally corroded for 60 years were studied in [69]. The mechanical properties were
compared to reference reinforcements, which also remained buried for 60 years. The influ-
ence of corrosion and corrosion rate on the mechanical performance of carbon and stainless
steel, using an experimental program, was dealt with by Wang et al. [70].

The response of corroded reinforcing steel bars under cycling loading was investigated
by Kashani et al. [71]. The paper reports results from experimental investigations on the
behavior of corroded reinforcements in tension, compression and under cyclic loading
including buckling. The corrosion effect on mechanical properties of high-strength steel
bars under dynamic loading was investigated by Chen et al. [72]. High strength reinforcing
steel bars were corroded by using accelerated corrosion methods and tensile tests were
carried out under different strain rates. Corrosion of the reinforcement also affects the
fatigue behavior (properties) of the reinforcement. This issue was studied in [40,73,74]. The
TEMPCORE® steel bars were investigated. A sectional fiber model was described. The
model alloys obtaining o-¢ and fatigue curves of corroded steel.

4. Experimental Study Program

The experimental program was realized on the cold rolled reinforcement ¢$6 B500 B
(CRS) and on hot-formed reinforcement with cooling control $10 B500 B (TMT). It is also
necessary to point out the different notation of quantities according to STN EN 10080 [24]
and STN EN 1992-1-1 [8]—see Table 1. We will keep this double marking in this paper as
well.
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Table 1. Comparison of the quantities used in STN EN 10080 to those used in EN 1992-1-1.
Characteristics STN EN 10080 [24] STN EN 1992-1-1 [8]
Yield strength Re fox
0.2% proof strength Rpo.2 £50.2x
Tensile strength Rm f;
Ratio of tensile strength to yield strength Rm/Re fe/fy
Percentage elongation at maximum force Agt &y
Nominal diameter d )

4.1. Cold Rolled Reinforcement ¢6

For experimental purposes, the cold-rolled reinforcement B500 B of a 6 mm diameter
was considered (see Figure 2), which has a practically constant tensile strength across the
cross-section, which is indicated by the dependence of hardness on the radius shown in
Figure 3. Similar results were also confirmed in research work [75]. The hardness test
was executed with an automatic machine Zwick/Roel ZHVp-A according to STN EN ISO
6507-1 [76] on a rebar shown in Figure 2. The measurements were performed in air at room
temperature using the load of 500 gf for a holding time of 10 s. The largest and smallest
values were discarded and then the average of the remaining values was obtained for
evaluation.

Figure 2. The cross-section of reinforcement ¢6 (B500 B).

To describe the material response of the non-corroded reinforcement, 3 samples were
created from B500 B ¢6 reinforcement without modifications (surface modification or
treatment).
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Figure 3. Hardness distribution along the cross-section of the reinforcement ¢6 (B500 B).

4.2. The Effect of Corrosion on Reinforcement ¢6

To determine the effect of corrosion on mechanical properties, tensile tests of cold-
formed reinforcement ¢p6 were performed. The samples were stored in a corrosion chamber
DCTC 1200P with a 5 % NaCl solution (salt chamber) at a temperature of 35 °C taking
into account STN EN ISO 9227, which describes the operating conditions in the corrosion
chamber. A total of 22 corroded samples were prepared and tested. To verify the effect of
corrosion (thickness of the corroded layer), 16 samples were in the corrosion chamber for
62 days and the remaining 6 samples for up to 233 days—see Table 2.

Table 2. The relative weight loss «, the force at yield strength Fe and the force at tensile strength Fp,
of cold-formed corroded reinforcement ¢6.

P6 mo—Weight before én Corr—‘We[i g]ht fotte g én Corr_.we[i g]ht fotte r Fe Fm
n. Corrosion [g] orrosion [g]—After orrosion [g]—After % [kN] [kN]
62 Days 233 Days
1 64.86 41.09 0.366 9.797 10.30
2 63.30 41.43 0.345 10.149 10.43
3 60.80 42.66 0.298 10.373 10.75
4 61.65 39.46 0.360 7.542 7.57
5 61.59 37.71 0.388 9.267 9.61
6 62.07 41.69 0.328 9.524 9.59
7 60.18 40.47 0.328 9.078 9.19
8 59.45 36.91 0.379 7.468 7.47
9 56.50 39.56 0.300 8.829 8.94
10 57.67 40.15 0.304 9.073 9.42
11 56.95 39.81 0.301 8.857 8.86
12 55.48 37.92 0.317 9.402 9.64
13 53.00 38.02 0.283 7.627 7.64
14 53.78 38.74 0.280 9.515 9.65
15 53.16 39.75 0.252 9.197 9.37
16 53.55 38.27 0.285 8.698 8.89
17 63.98 22.94 0.641 3.888 3.90
18 65.04 30.18 0.536 5.099 5.18
19 64.98 21.51 0.669 2.586 2.59
20 64.36 24.80 0.615 3.965 3.96
21 64.20 22.74 0.646 3.305 3.35
22 64.14 23.60 0.632 4.019 4.03
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Static tensile tests were carried out in accordance with STN EN ISO 6892-1 [77] and
STN EN ISO 15630-1 [78]. The non-corroded samples without treatment and corroded ones
were tested.

Table 2 shows the weight values of samples before and after removal from the corrosion
chamber after 62 or 233 days; the relative weight loss marked as «, the force at yield strength
Fe and the force at tensile strength Fy,. The relative weight loss « was calculated according

to formula:
mo —m
o= ( 0 corr) ) (1)
mo
To be able to determine the yield strength and tensile strength as accurately as possible,
we needed to determine the cross-sectional area of the reinforcement as accurately as
possible. In the case of the non-corroded reinforcement, the nominal cross-sectional area Ay,
based on the diameter of the reinforcement (in our case, $6 or $10 mm), can be considered.
The cross-sectional area is then calculated from the basic relationship:
2
TP
4= @

As previously mentioned, the standard STN ISO 13822 [20] says that the actual prop-
erties of the materials should be considered, that is, the diameter of the reinforcement
should be measured in several places and the minimum diameter ¢, should be used and
calculated using it the minimum area of reinforcement A, using the equation:

2
Amin = T (Pmin . (3)
4

The Apin area can be determined both for non-corroded reinforcement and for cor-
roded reinforcement. The diameter of the reinforcement can be measured using a caliper.
In our case, 10 measurements were made on each sample, which were statistically eval-
uated. Average values are presented. The disadvantage of this method is that a circular
cross-section of the reinforcement is assumed, which is not entirely true. Therefore, the
standard STN EN 13822 [20] recommends, if possible, to take samples from the structure
and modify them according to the standard [77,78] into the shape of “bones” (standardly-
treated samples)—this creates the exact circular shape of the reinforcement using a lathe

with a diameter of ¢ and thus it is able to determine the area Ag using the equation:

L h2
As = ”T‘PS. 4)

In our case, since the research was done in the laboratory on small samples, it was
possible to determine the cross-sectional area Ag of the reinforcement using the weight loss
of the reinforcement using the equation:

m = Ag.7850.1,my = Ag.7850.lcor 1 = Ag.7850.1cor,l = leor,

Aq.7850.]
my _ g O _ m
my = Ay78501 = Ag = my Ao,

©)

where m is the weight after corrosion [kg], m is the weight before corrosion (initial weight)
[kg], I is the initial length of sample before corrosion [m], l.or is the length of sample after
corrosion [m].

Figure 4 describes the mutual ratios of the nominal cross-sectional area Ay, the area
determined from the mass loss Ag, and the minimum area Ap,;, measured on the sample
(in which the sample broke during the tensile test). All values are valid for ¢6.
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Figure 4. Ratios of the minimum A,;,, nominal cross-sectional area Ay and the “average” area
determined based on the weight loss Ag—d6 (B500 B).

In Figure 5, one can see the orientation of the steel structure due to the production
method (cold rolling) in the corroded part (Figure 5b).

: _
Figure 5. The sample ¢6 (B500 B) after corrosion in corrosion chamber: (a) whole sample, (b) detail.

The curves Fi< Ag (Fy< A;) in Figures 6 and 7 represent the dependence between
the force and a cross-sectional area on non-corroded ¢6 samples (three points from three
samples are very close to each other in the upper part, which was connected to the “zero”
point). The measured values in Figures 6 and 7, marked Ry g = Fm < Ag (Re g = Fes Ag) rep-
resent the relationship between the tensile strength (yield strength) and the cross-sectional
area determined from the weight loss (marked as Ag). The measured values marked in
Figures 6 and 7 Ry min = Fn©Amin (Fe©Amin) represent the relationship between the
tensile strength (yield strength) and the minimum cross-sectional area of the corroded
sample (marked as Ap;n). The measured values of Ry min (Re,min) are above the Fi&Ag
(Fy<As) curve, which means that the stress reached at the tensile strength (yield strength)
is greater than the stress reached on non-corroded samples.
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Figure 6. Dependence of the force Fy, on the tensile strength Ry, related to the relevant area of the
cross-section ¢6 (to minimum area A, and to the area determined from the weight loss Ag).
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Figure 7. Dependence of the force Fe on the yield strength R related to the relevant area of the
cross-section ¢6 (to minimum area A, and to the area determined from the weight loss Ag).

From the figures of the force vs. the cross-section (Figures 6 and 7) as well as the ratios
of stresses between the tensile strength of the corroded to non-corroded samples (tensile
strength Ry, /f;) to the weight loss (see Figure 8) and the ratios of the strengths between the
yield strength of the corroded to non-corroded samples (yield strength Re/fy) to by mass
loss (see Figure 9), it is obvious that the strengths reached in the cross-sections with the
minimum area are higher than the strengths in the cross-section of the standardly-treated
samples. The stresses value in standard cross-sections (non-corroded) is represented by the
curve Fi& Ag (Fy< A;) in Figures 6 and 7 and the value “1” in Figures 8 and 9.
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Figure 8. Dependence of the tensile strength ratio of the corroded to non-corroded samples (Rm,g /ft)
and (Ry, min/ft) on the relevant loss of cross-sectional area of reinforcement ¢6 ((1 — Ag/Ag) or (1 —
Amin/ AO))
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Figure 9. Dependence of the yield strength ratio of the corroded to non-corroded samples (Re g/ fy)
and (Re min/fy) on the relevant loss of cross-sectional area of reinforcement ¢6 ((1 — Ag/Ag) or (1 —
Amin/ Ag))-

In the case of tensile strength, the stress in the minimum cross-section was greater
by 0.7 to 25.9 % than the stress reached in standard (non-corroded) samples. In the case
of the yield strength, the stress in the minimum cross-section was greater by 6.2 to 32.3 %
than the stress reached during the standard tests. This increase is due to notches created by
corrosion.

4.3. Hot-Rolled Reinforcement with Controlled Cooling ¢10 (Thermal Refinement, TMT)

For comparison, a hot-formed reinforcement with controlled cooling B500 B with a
diameter of 10 mm, which has no constant tensile strength along the cross-section [79], was
considered. To describe the material response, samples of B500 B (TMT) ¢10 reinforcement
were created and tested:

- 4 pcs (samples) without modifications,
- 3 pcs (samples) without ribs, 3 pcs $8 mm, 3 pcs $7.24 mm, 3 pcs $6.35 mm, 6 pcs
$5 mm, 3 pcs ¢4 mm (total 21 samples)—those samples were standardly-treated
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samples to smaller diameters to verify whether the cross-sectional strength is constant
or changes.

Static tensile tests were performed in accordance with STN EN ISO 6892-1 [77] and
STN EN ISO 15630-1 [78] on an Instron 250 kN hydraulic jack.

Figure 10 shows values of the forces obtained at the tensile strength f; (force F,) and
the yield strength fy (force Fe) depending on the area of the reinforcement. The dependences
are not linear, which is caused by the reinforcement production method, when there is a
layer of softened martensite around the perimeter and the core is pearlitic (see Figure 11).
Figure 11 also shows the thickness of the tempered martensite layer, which reaches 0.48 to
0.75 mm outside the ribs, in a cross section.

60

a1
(=}

8
%%
» e

e Fm

Forces[kN]
B 8
L X 4

e

® Fe

[
o
€

e

0 20 40 60 80

As [mm?]

Figure 10. Dependence of the forces Fe and Fy, on the yield strength R and the tensile strength Ri
related to the area A (standardly-treated samples).
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Figure 11. The cross-section of reinforcement ¢10 (B500 B).
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The hardness profile on three samples of the hot rolled ¢10 with controlled cooling is
shown in Figure 12. For comparison, the hardness distribution of reinforcement ¢6 is also
shown (blue line with cross marks). Figure 13 describes the mechanical properties (tensile
and yield strength) of the reinforcement of diameter ¢10 by individual layers depending
on the radius of the reinforcement. Figure 13 is created based on the as difference in the
strengths of samples obtained during the tensile tests of samples with different diameters. It
is obvious that the surface layer formed by tempered martensite has greater tensile strength
than the pearlite core.
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Figure 12. Hardness distribution along the cross-section of the reinforcement ¢10.
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Figure 13. Yield strength and tensile strength of concrete reinforcement ¢p10—individual layers.

4.4. The Effect of Corrosion on Reinforcement ¢p10

Even in this case, tensile tests of hot rolled concrete reinforcement with controlled
cooling B500B ¢10 were performed to determine the effect of corrosion on the mechanical
properties. The samples were also stored in the corrosion chamber with a 5 % NaCl solution
at a temperature of 35 °C. Static tensile tests were again performed in accordance with STN
EN ISO 6892-1 [77] and STN EN ISO 15630-1 [78]. A total of 19 corroded samples were
prepared and tested. Again, to verify the effect of corrosion (thickness of the corroded
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layer), 9 samples were in the corrosion chamber for 62 days, 8 samples were in the corrosion
chamber for 233 days, and the remaining 2 samples for up to 296 days—see Table 3.

Table 3. The relative weight loss «, the force at yield strength Fe and the force at tensile strength Fp,
of the hot rolled with thermal refinement corroded reinforcement ¢10.

mo—Weight mcorr—Weight mcorr—Weight mcorr—Weight
¢10 before Corrosion after Corrosion after Corrosion after Corrosion N Fe Fm
n. el [gl—After [gl—After [gl—After [kN] [kN]
8 62 Days 233 Days 296 Days
1 185.63 84.23 0.546 15.04 16.65
2 185.86 86.71 0.533 15.57 17.20
3 183.60 144.06 0.215 28.99 33.74
4 184.98 151.12 0.183 30.94 36.25
5 182.01 150.46 0.173 29.91 35.63
6 182.40 148.62 0.185 29.98 35.83
7 180.22 151.89 0.157 29.11 34.81
8 175.41 150.42 0.142 29.73 35.01
9 172.36 148.10 0.141 29.27 35.13
10 172.25 147.37 0.144 28.44 34.2
11 167.83 146.41 0.128 28.84 34.67
12 188.08 122.62 0.348 23.38 28.63
13 187.74 116.51 0.379 24.77 29.63
14 186.90 118.26 0.367 19.96 24.22
15 185.65 116.47 0.373 21.53 26.52
16 185.34 119.09 0.357 20.76 25.21
17 187.44 122.04 0.349 23.21 27.07
18 190.17 126.67 0.334 23.52 29.04
19 185.95 120.55 0.352 23.56 28.38

Table 3 shows the weight values of samples ¢ 10 reinforcement before and after removal
from the corrosion chamber, the relative weight loss marked as «, the force at yield strength
Fe and the force at tensile strength Fr,. The relative weight loss &« was again calculated
according to Formula (1).

Figure 14 describes the mutual ratios of the nominal cross-sectional area Ay, the area
determined from the mass loss Ag, and the minimum area measured on the Ay, sample
(in which the sample broke during the tensile test)—valid for ¢10.

In Figures 15 and 16, the plotted values of Fr, /Ag (Fe/As) correspond to the forces
of non-corroded samples depending on the tensile strength (yield strength) limits at the
real cross-sectional area (As). The values Ry, g = Fin / Ag (Re = Fe / Ag) represent the forces
of the corroded samples at the tensile strength (yield strength) depending on the area
determined from the mass loss (Ag). The values Ry, min = Fin/Amin (Re,min = Fe/Amin)
represent the forces of the corroded samples to tensile strengths (yield strength) depending
on the minimum area measured on the sample (Apin).

Figures 17 and 18 show the ratios of the strengths between the tensile strength (yield
strength) of corroded samples to non-corroded samples ((Rmmin/ft), (Remin/fy)) and
((Rm,g/ft), (Reg/fy)) to the loss of cross-sectional area determined to the relevant loss
of cross-sectional area of reinforcement ¢10 ((1 — Ag/Ap) or (1 — Anin/Ay)). The loss of
cross-sectional area was chosen for comparison to take into account the effect of chang-
ing material characteristics along the cross-section of the reinforcement. It follows from
Figures 17 and 18 that the stresses determined from the area calculated from the weight
loss are lower than those from the minimum cross-sectional area.
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Figure 14. Ratios of the minimum A;,, nominal cross-sectional area Ay and the “average” area
determined based on the weight loss Ag—10.
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Figure 15. Dependence of the force on the tensile strength Fy, related to the relevant area of the
cross-section ¢10 (to minimum area Ap,;, and to the area determined from the weight loss Ag).
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Figure 16. Dependence of the force on the yield strength Fe related to the relevant area of the
cross-section ¢10 (to minimum area Ap;, and to the area determined from the weight loss Ag).

1.2
'S 4
. $
1 = , $ 30
“’0 & o 0:’, 3
0.8 * e
206
~
0.4
0 # 010g,m=(Rm, g/fti) <>(1-Ag/A0)
5 ¢ o10min,m=(Rm,min/fti)<=(1-Amin/A0)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Loss cross-section area [-]

Figure 17. Dependence of the tensile strength ratio of the corroded to non-corroded samples (Rm,g /ft)
and (R, min/ft) on the relevant loss of cross-sectional area of reinforcement $10 ((1 — Ag/Ag) or (1 —

Amin/ Ag))-
The values of f;; and fy; are the values of the standard tensile strength and yield strength
of the samples, respectively, corresponding to the area of the non-degraded cross-section.

The limit value here is 1.0.
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Figure 18. Dependence of the yield strength ratio of the corroded to non-corroded sample (Re g /ft)
and (Re min/ft) on the relevant loss of cross-sectional area of reinforcement ¢10 ((1 — Ag/Ap) or (1 —

Amin/AO))-

It is now possible to compare the ¢6 reinforcements to the ¢$10 ones (see
Figures 19 and 20). From the results follows that $6min m and $pbmin reach higher val-
ues compared to $10minm and $¢10min e, which is caused by the corrosion of the “better
quality” surface layer (tempered martensite) on the ¢ 10 reinforcement samples.
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Figure 19. Dependence of the tensile strength ratio of the corroded (Rm,g/ft) and non-corroded
sample (Rpy, min /ft) on the relevant loss of cross-sectional area of reinforcement ((1 — Ag/Ag) or (1 —
Anin/Ag))—comparison ¢6 and $10.
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Figure 20. Dependence of the yield strength ratio of the corroded (Re g/ ft) and non-corroded sam-
ple (Remin/ft) on the relevant loss of cross-sectional area of reinforcement ((1 — Ag/Aq) or (1 —
Anin/Ag))—comparison ¢$6 and $10.

5. Evaluation of Results and Discussion

The yield strength and tensile strength, determined from the minimum cross-sectional
area determined on corroded reinforcements, are higher than the yield strength and tensile
strength obtained on non-corroded samples. This has been documented on both CRS and
TMT reinforcement.

The obtained higher values of yield strength and tensile strength in places of minimum
cross-section are Apin can be explained by the action of multiaxial tension in the cross-
section caused by the existence of notches created by corrosion (pitting corrosion). When
determining the material characteristics, the basic assumption is uniaxial stress. In corroded
samples, due to the impact of notches, multiaxial tension appears, and by relating the
obtained force to this minimum cross-sectional area, it is possible to obtain the higher
stresses (and thus strength) than if the standard parameters of the sample were observed.
The results of tensile tests of corroded reinforcements should not be used to determine the
tensile strength and the yield strength for the assessment of existing structures, because
notches from corrosion (pitting corrosion) can cause the multiaxial tension into the cross-
section.

For the cross-sectional multiaxial stress analysis, an experimental program was per-
formed on the same reinforcement ¢10 B500 B (TMT). In the experimental program, it
concerns the simulation of a local notch from corrosion (pitting corrosion) and its effect on
multiaxial tension. Since it is not so easy to experimentally simulate pitting corrosion in a
corrosion chamber (corrosion is more surface than pitting, it is problematic to accurately
measure the area of pitting corrosion and thus also the cross-sectional area of the reinforce-
ment, etc.), it was decided to simulate pitting corrosion by means of mechanical treatment
of the samples—by milling the notches.

Figure 21 shows the dependence of the tensile stresses and displacement of the
crosshead (hydraulic grip) of the hydraulic jack during the tensile test. The markings
used in the figure are: $10—is the reinforcement without modification (with the nominal
cross-sectional area Ag), $10-$7.4 is the $10 reinforcement modified according to the stan-
dard requirements to a diameter of $7.4 mm, $10-$6.3 is the $10 modified reinforcement
according to standard requirements for a diameter of $6.3 mm, $10-V-¢$7 is a reinforcement
$10 with a created “V” notch of a diameter of $7 mm, $10-V-$6 is a reinforcement $10
with a created “V” notch of a diameter of $6 mm. The shift of the crossbar of the hydraulic
jack in the figure is insignificant, because the samples had different lengths. In the display,
the size of the tensile stress in the cross-section is significant.
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Figure 21. Dependence of stresses and deformations due to different depth of notch—reinforcement
$10 B500 B.

To verify the given effect, a second experimental program was carried out on the hot
rolled (HRS) reinforcement, as well, which possesses the constant material characteristics
across the cross-section. In the second experimental measurements, the test samples were
made of S355 steel with a smooth surface of $12 mm in diameter. Samples were tested:

Z—samples without modification (without simulating pitting corrosion), length 120 mm
between jaws in hydraulic jack—3 pcs,

N11—samples with a diameter of 11 mm (turned in a lathe from 12 to 11 mm), length of
processing L. = 77 mm (simulating surface corrosion)—according to the standard [74],
N10—samples with a diameter of 10 mm (turned in a lathe from 12 to 10 mm), length of
processing L. = 70 mm (simulating surface corrosion)—according to the standard [74],
N8—samples with a diameter of 8 mm (turned in a lathe from 12 to 8 mm), length of
processing L. = 56 mm (simulating surface corrosion)—according to the standard,
V11—the sharp notch so that the inner diameter is 11 mm (simulating pitting corrosion),
the distance between the jaws was 120 mm,

V10—the sharp notch so that the inner diameter is 10 mm (simulating pitting corrosion),
the distance between the jaws was 120 mm,

V8—the sharp notch so that the internal diameter is 8 mm, the width of the notch was 4
mm (simulating pitting corrosion), and the distance between the jaws was 120 mm.

Figure 22 illustrates the stress-deformation diagram of the tensile test of samples
Z—without modifications, V11 with a notch (simulating pitting corrosion) so that the core
diameter was 11 mm, V10 with a notch so that the core diameter was 10 mm (simulating
pitting corrosion), V8 with a notch so that the core diameter was 8 mm (simulating pitting
corrosion). In those cases (samples), the width of the notch core was 0.2 mm, the width
of the entire notch measured on the surface of V8 was 4 mm, i.e., the slope of the notch
edge was 45°. The x-axis of the figure represents again the displacement (deformation)
of the crosshead of the hydraulic jack during the tensile test. From the results follow that
the deeper the notch, the core is able to carry the higher stresses. A significant uneven
distribution of tension stresses is created in the notch.
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Figure 22. Dependence of stresses and deformations due to different notch depths—reinforcement
$12 mm of steel S355.

Figure 23 shows the dependence between the cross-sectional area (core of the notch)
and the maximum force obtained when the sample breaks. Straight line (blue)—represents
standard processed samples and Z samples. Notched line (orange)—are samples with
notches V11, V10, V8 and Z samples. The points of the curve ¢12 are the tensile forces at
the standard tests (Z and N11, N10, N8), the points of the curve $12-V are the tensile forces
on the specimens with the “V” notch (Z, V11, V10, V8).
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Figure 23. Dependence of the maximum force Fiax at failure and the corresponding cross-sectional
area (core at the point of failure).
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Although the given experimental analysis of the impact of notches is quite simplified,
it serves to illustrate the issue of influence of the local notches on the change in the stress
state in the cross-section at the place of the notch and thus on the mechanical properties of
the reinforcement.

In the case of the cold-formed reinforcements, the material characteristics are approxi-
mately constant throughout the cross-section. The effect of a corrosive environment on the
hot-formed reinforcement with controlled cooling leads to the degradation of a layer with
better material characteristics. It follows that with the same mass loss due to corrosion, the
CRS reinforcement will have a higher resistance than the TMT reinforcement.

When determining the material characteristics of corroded reinforcing steel samples
taken from the existing structure by modifying the shape required by the standard in the
case of the CRS reinforcement, we obtained the material characteristic values valid for the
entire cross-section, but when adjusting the diameter of the TMT samples, we removed a
better part of the cross-section and we therefore determined the material characteristics
depending on the thickness of the removed part (notch).

By performing the tensile tests on corroded samples with consideration of the mini-
mum area An,p, it is possible to obtain the tensile strength (yield strength) higher than that
of the original non-corroded material. Considering the average cross-sectional area deter-
mined from the weight loss of Ag, the obtained tensile strengths (yield strength) are lower
than those of the original material (non-corroded). Determining the average cross-sectional
area from the mass loss is possible in laboratory conditions under the action of full-surface
corrosion, but in real conditions it is rather complicated.

To determine the material characteristics (yield and tensile strengths) of corroded
reinforcing steel bars in the structure, it is recommended to remove the reinforcing steel
bars and adjusting their cross-section to a diameter corresponding to the minimum diameter
found on the corroded reinforcement in the structure. For the CRS reinforcements, the
material characteristics, corresponding to the entire cross-section of the reinforcement, can
be determined, while for the TMT reinforcements it takes into account the degradation of
the surface layer with the best material characteristics within the cross-section.

The higher strength (resistance) is caused by the notch effect. Uniaxial tension occurs
in samples for determining the standard parameters. In corroded samples, due to the
impact of notches, multiaxial tension appears, and by relating the obtained force to this
minimum cross-sectional area, it is possible to obtain a higher tension than if the standard
parameters of the sample were observed.

The effect of the notch is more pronounced with the cold-formed reinforcement than
with hot-formed one. In the case of the hot-formed reinforcement Tempcore, this effect is
eliminated by corrosion of the stronger martensitic layer. The results of tests of corroded
reinforcements should not be used to determine the strength limit and the yield strength
for the assessment of existing structures, because corrosion notches introduce multiaxial
tension into the cross-section.

6. Conclusions

Evaluation of the reinforced concrete (RC) structures is a rather complex and demand-
ing process. To determine the resistance of elements (e.g., in bending, shear, pressure
and their combination), it is necessary to know their material properties as accurately as
possible, including the mechanical properties of the reinforcements. The paper is dedicated
to determining the mechanical properties (yield strength and tensile strength) of the cold-
formed reinforcement and thermal refinement reinforcement (with controlled cooling from
rolling over temperature). Subsequently, the effect of corrosion of the reinforcement on the
change of mechanical properties and, in addition to the effect of the notch on the stress at
the point of failure was investigated. An experimental program in laboratory was used to
investigate the mentioned effects. It can be problematic that the creation of pitting corrosion
(notches) is not a simple natural process, and therefore it was created mechanically in the
experimental measurements. It would be interesting to perform experimental measure-
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ments on real samples exposed to an aggressive environment (not accelerated corrosion
tests), but this is time-consuming and expensive.
The results of the experimental measurements point to the following conclusions:

- Ithas been proven that there is a difference in the mechanical properties of the cross-
section reinforcements produced by different production methods (cold rolled and
hot rolled thermal refinement); thus, from the point of view of recalculation of the
existing structure attacked by corrosion, it is necessary to know how the resistance
of the reinforcement can change (tensile strength—yield strength) over time due to
corrosion, which means that it is necessary to find out how the reinforcement was
manufactured, or to verify this fact by tests on samples.

- It was confirmed that in the case of the cold rolled reinforcement, the mechanical
properties after the cross-section are approximately the same (constant),

- Inthe case of reinforcement produced by the Tempore method (thermal refinement),
it was confirmed that in the core (ferrite-pearlite) there is an area with the lower yield
strength and tensile strength, and that the surface layer has high yield strength and
tensile strength.

- Corrosion of the reinforcement in the case of the cold formed reinforcement is not so
important for changing the mechanical properties; however, in the case of the ther-
mally refined reinforcement it has a significant effect—corrosion of the reinforcement
causes a decrease in the yield strength and tensile strength because it first corrodes
the surface layer, which has a higher yield strength and tensile strength.

- Ithas been proven that the notches that are developed as a result of corrosion have
a significant effect on the spatial tension in the reinforcement at the place of the
notch and increases the values of the yield strength and the tensile strength of the
reinforcement.

- If it was necessary to determine the mechanical properties of the reinforcement as
accurately as possible, then it is necessary to determine the cross-sectional area of
the reinforcement as accurately as possible—it is recommended to take samples of
the reinforcement from the structure and standard-treat them (standardly-treated
samples) to obtain the exact area of the reinforcement A, and thus determine as
accurately as possible the yield and tensile strength.

- Ifitis not possible to take samples (to avoid the failure of reinforced concrete (RC)
member), it is necessary to find the places with the smallest diameter ¢mi, and
determine A,y from it, and if it is reinforcement produced by Tempcore method, it is
necessary to reduce the yield strength and the tensile strength to correspond to the
core yield strength.

As part of future research in this area, we are planning a more extensive study that
would document this effect even at lower levels of corrosion loss on a larger number of
diameters and different manufacturers of individual reinforcements. This should also
document the influence of the chemical composition of the material and the size of the
cross-section within the individual levels of corrosion loss. A more distant goal is to verify
this influence not for all-surface corrosion, but for pitting (local) corrosion occurring in the
cracks of reinforced concrete elements.
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