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Abstract: Corrosion of internal steel reinforcement is one of
the main reasons causing reinforced concrete (RC) structure
degradation. In order to safely use and extend the durability
of the structure, it is important to understand the corrosion
mechanism of steel and its influence on the RC structure.
Presented research in this article covers a study on the
durability of reinforcing steel in strong aggressive environ-
ments condition, induced by different concentrations of
chloride ions. The main aim of the research was to deter-
mine the course of changes in the mechanical properties of
reinforcing steel exposed to different environmental condi-
tions as well as its treatments (i.e., simulate the concrete
cover). A current experimental investigation was carried out
for reinforcing steel with an initial yield strength of 500 MPa,
as such steel is currently commonly used in RC structures.
The study demonstrated that changes in steel bar parame-
ters depended on the concentration of the aggressive agent
(Cl" ions) and the presence of concrete cover. The largest
changes in yield strength (over 28 %) and reduction in tensile
strength (over 32 %) were obtained in an environment with a
6 % NaCl concentration for samples without concrete cover.
For the same environment, a reduction in Young’s modulus
of over 10 % of the initial value was observed. Furthermore,
functions representing the relationship between the con-
centration of chloride ions on the surface of the tested
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reinforcement samples and the mechanical parameters of
the steel were evaluated. The presented empirical functions
are an original element of this article, not published so far.
Thanks to this, it is possible to estimate changes in the
properties of reinforcing steel based on the reading of
chloride ion concentration in RC structures. Additionally, the
structure of the material subject to corrosion processes was
analyzed using scanning electron microscopy (SEM) to
assess the degradation and corrosion progress of tested steel
bars. The obtained experimental results highlighted the
corrosion influence of steel bars for RC structures.

Keywords: corrosion reinforced; steel parameters; degra-
dation of RC; durability of RC; yielding strength; elastic
modulus

Nomenclature

Mo.i initial mass of rebar

m final mass of rebar

Am mass loss

Amgyg average mass loss

Amj, percentage mass loss

Aeorr corrosion degree

P ultimate force

o} ultimate stress

[ average ultimate stress

fy yielding strength

fy.avg average yielding strength

Ofy avg average differences of yielding strength between specimens
investigated in control and tested environments

My, avg percentage difference of Af, ,,q

fn ultimate strength
average ultimate strength

m,avg

M avg average differences of ultimate strength between specimens
investigated in control and tested environments
Em, avg percentage difference of Afy, avg

g yielding strains

&y,avg average yielding strains

Agy avg average differences of yielding strains between specimens
investigated in control and tested environments

Aepn avg percentage difference of Agy g

Es elastic module

Esavg average elastic module
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AE oug average differences of elastic module between specimens
investigated in control and tested environments

AE, avg percentage difference of AEs zyq,i.

ky3 steel yield strength ratios of samples without and with
concrete cover for a concentration of 3 % chloride ions

ky,6 steel yield strength ratios of samples without and with
concrete cover for a concentration of 6 % chloride ions

Km,3 steel ultimate strength ratios of samples without and with
concrete cover for a concentration of 3 % chloride ions

Km,s steel ultimate strength ratios of samples without and with
concrete cover for a concentration of 6 % chloride ions

Ca concentration of chloride ions

Xi i-th value of variable x (e.g. for f,, f;, &)

1 Introduction

The problems of corrosion caused by the release of chloride
ions into the concrete cover of reinforced concrete (RC)
structures are the subject of many publications [1-6], and
scientific monographs [7, 8]. The effect of the chloride-
induced corrosion process for case the steel reinforcement,
apart from the degradation of the reinforcing bars affecting
the load-bearing capacity of the structural elements, is also
cracking of the concrete cover [9-13] which leads to the
reduction of adhesion at the interface of steel-concrete [14-
17] and degradation of the basic mechanical parameters of
steel bars itself [18-22]. RC structures affected by the corro-
sion of the internal steel reinforcement are subjected to the
decrease of designed load-bearing capacity which influences
the durability of the structural elements [23, 24], as well as
leads to abnormal deflections [25-28]. Additionally, corro-
sion of internal steel reinforcement significantly increases
the maintenance cost of the structure [29, 30].

Among available research on the assessment of the
chloride impact on the mechanical parameters of steel,
studies conducted by Moreno et al. [20] and Zhu et al. [31]
provide important insights on reducing the yield strength of
steel caused by chloride corrosion. Moreno et al. [20] in
his research, presented the formulation of a mathematical
model, describing the relationship between the mechanical
properties of certain corrosion of steel and its reduction in
bar diameter. While Zhu et al. [31] article presents a detailed
analysis of the impact of the corrosion degree and its
morphology in terms of the long corrosion exposure process,
reaching 26-28 years. Both works are based on the analysis
of the degree of corrosion represented by the loss of rein-
forcement mass, which is problematic when analyzing
existing structures without invasive tests. The methodology
proposed in this paper is based on the dependencies of
changes in the mechanical parameters of steel as a function
of the concentration of chloride ions in concrete and in
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corroded areas, the measurement of which is a much
simpler test.

Analyzing the available publications, it can be noticed
that a relatively small group of research [32, 33]concerns the
assessment of the chloride ions influence on the evolution of
the elastic modulus as a function of the intensity of corrosion
processes and time. The research in this field presented in
[32] was performed for steel with an initial yield strength not
exceeding 400 MPa. Currently, steels with higher material
parameters are commonly used in RC structures, which in-
dicates the need to conduct further investigation for steel
with an initial yield strength of 500 MPa and higher.

Based on the above background, current work presents
extensive research on the impact of an aggressive environ-
ment characterized by variable chloride ion concentration
on the evolution of the mechanical properties of reinforcing
steel. The tests were performed for reinforcing steel with
an initial yield strength of 500 MPa (currently commonly
used in RC structures), which fulfills the current knowledge
gaps in this field. Furthermore, this research presents the
formulation of analytical relationships between the con-
centration of chloride ions on the surface of the tested
reinforcement samples and the mechanical properties of the
steel. As part of the research carried out, scanning electron
microscopy (SEM) allowed to evaluate the surfaces proper-
ties of tested samples on which corrosion processes were
forced. Conducted analyses were carried out by comparing
the results obtained for analogous specimens of reinforcing
bars performed in a neutral (i.e., control) environment.

2 Experimental tests program

The test program consisted of 23 ribbed steel bars made of
B500SP steel, which the chemical composition is given in
Table 1. The nominal diameter of samples was @8 mm and its
a length of 200 mm (scenarios A-D) and 250 mm (scenarios E
and F). Six different variants of environmental impact were
adopted in the current study. Series A serves as a control
group corresponding to the air-dry conditions and consists
of three rebars. The air-dry samples were stored in labora-
tory conditions (inside a closed room) where they had no
access to external conditions. Under these conditions, the
impact of corrosion was assumed to be negligible, so no
changes were noted in Table 2. Another four bars were
immersed in tap water (scenario B), and the next two series
of four bars each were immersed in a solution of 3 % and 6 %
sodium chloride NaCl, respectively (scenarios C and D). The
last two series were embedded in concrete (i.e., to simulate
concrete cover) to which an aqueous solution of chloride
ions CI” was added at the stage of preparing the concrete
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Table 1: Chemical composition of B500SP reinforcing steel as declared by the manufacturer.

Assay Maximum content of elements (%) Ceq.max (%)
C Mn Si P S Cu N
Steel smelting 0.220 1,600 0.550 0.050 0.050 0.800 0.012 0.500
Finished product 0.240 1,650 0.600 0.055 0.055 0.850 0.013 0.520
C - carbon, Mn - manganese, Si - silicon, P - phosphorus, S - sulfur, Cu - copper, N - nitrogen, Ceq.max — Carbon equivalent, according to [1].
Table 2: Summary of tested samples, treatments, and gravimetric results.
Scenario Treatment condition Sample mg; my; Am; S; Bmygyg i bm, ; Acopr,i
(9) (9) (9) ) (9) (%) (%)
A Air-dry (control) P, 77.13 77.13 0.00 0.000 0.00 0.00 0.00
P, 78.36 78.36 0.00 0.00
P3 78.66 78.66 0.00 0.00
B Tap water Py 77.76 76.29 1.47 0.4187 1.04 1.89 1.33
Ps 77.74 76.77 0.97 1.25
Ps 79.62 78.29 1.33 1.68
Py 78.11 77.72 0.39 0.50
C 3 % NaCl water solution Pg 78.05 76.70 1.35 0.1565 1.24 1.73 1.61
Py 77.39 76.38 1.01 1.30
Pio 75.20 73.79 1.41 1.88
Py 76.24 75.06 1.18 1.55
D 6 % NaCl water solution Py 78.12 76.89 1.23 0.2765 1.54 1.58 1.96
Pi3 77.70 76.13 1.57 2.0
P4 79.05 77.67 1.38 1.75
Pys 79.13 77.16 1.97 2.49
E Concrete cover and 3 % NaCl water P16 97.56 96.96 0.60 0.1194 0.74 0.61 0.76
solution Py 96.71 96.01 0.70 0.73
Pig 96.19 95.26 0.93 0.97
P19 98.00 97.26 0.74 0.75
F Concrete cover and 6 % NaCl water Py 99.13 98.00 1.13 0.1600 1.30 1.14 1.34
solution Py, 98.38 97.19 1.19 1.21
Py 97.14 95.60 1.54 1.58
Py 95.52 94.15 1.37 1.43

mg ;s the initial mass of rebar; my is final mass of rebar;, Am;is mass loss; s; is population standard deviation Amg, ; is average mass loss; Am,, ; is percentage

mass 10ss; acor; — COrrosion degree.

mixture, also with a concentration of 3 % and 6 %, respec-
tively (scenarios E and F). These samples were encased in
concrete with a diameter of approximately 60 mm, thus
ensuring a reinforcement cover of approximately 25 mm.
The concrete section covered the center of the reinforcing
bars at a length of 80 mm, as presented in Figure 1. The
proposed method of simulating the corrosion process was
aimed at maximally reflecting the course of natural corro-
sion, and in the case of samples E and F, omitting the time
necessary for chloride ion dissipation. A detailed summary
of the test samples with the gravimetric analysis results for
all variants of environmental aggression are presented in
Table 2.

@+ (Cr+V+Mo)+ (Cu + Ni)

6 5 15 @

Cog max =C+

The concrete used in this study were made with sand of
fraction 0-2 mm, washed aggregate with granulation of 2—
8 mm, and Portland cement CEM I, 42.5 N. The concrete was
mixed with the ratio of 0.54/1.00/1.23/4.92, corresponding to
water/cement/sand/aggregate. Table 3 summaries the prop-
erties of concrete used as a cover for steel bars in scenarios E
and F. Based on the Eurocode standard [34], the used con-
crete can be classified as C40/50. For each research variant,
four identical samples were prepared and then subjected to
uniaxial compression in the Cyber-Plus Evolution testing
machine. After 24 h from casting the concrete, samples of E
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Figure 1: Samples before testing: a) Scenario B, b) scenario C, c) scenario D; after testing: d) Scenario E, e) scenario F).

Table 3: Mechanical properties of concrete used as a cover for steel
rebars.

Scenario Sample Dimension (mm) P;(kN) o;(MPa) o, (MPa)
E(3%NaCl) Ce, 150 x 150 1143.43 50.82 51.40
Ceo 1140.63 50.69
Ces 1191.91 52.97
Cea 1150.02 51.11
F (6% NaCl) Cg4 150 x 150 1182.56 52.56 51.05
Ceo 1153.02 51.25
Cr3 1088.27 48.37
Cra 1170.36 52.02

P;is the ultimate force; o;is ultimate stress; 0; is the average ultimate stress.

and F scenarios were placed in the same solutions of chloride
ions concentrations as during the preparation of the con-
crete mixture, thus the chloride ions were not extracted. All
concrete specimens were cured over 28 days before any
testing was conducted.

The total duration of presented study for all variants
was 12 months. After this time, the samples were removed
from the solutions (scenarios B, C, and D), the concrete
covers were split (in the case of scenarios E and F) and a
gravimetric analysis was performed again, separately for
each bar. The weight loss of the bars was determined based
on the difference between the initial mass mgy and the mass
m, weighed after de-rusting the bars in phosphoric acid and
mechanical cleaning. The difference in Am measurements
was the actual loss of reinforcement mass (Eq. (2)), which
was also converted into a percentage loss of Am, and the
degree of corrosion a.,, based on the following equations
accordingly [3, 4]:

Ami =My; — My (2)

Am, ; = — 1. 100% ®)

0,1

Amgyg ;

-100% 4

acorr'l B mQavg‘i
where Am; is a real loss of reinforcement mass, Am,; is the
percentage loss of reinforcement mass, mg; is the initial
mass (before starting the test), m,; is the final mass (after the
test), Amg,,g,; is the ratio of the average loss of reinforcement
mass for each tested environment to the average initial mass
in the analyzed environment mg gy ;.

The corroded bars from different scenarios were sub-
jected to a static tensile test in a Quasar testing machine
under laboratory conditions. After curing in a salt solution,
the concrete cover was split (scenario E and F) and only
the sections within the concrete cover were tested. The
remaining reinforcement was cut off before testing in a
tensile testing machine. Figure 2 presents the corroded bars
and testing machine.

Based on the conducted static tensile tests of reinforcing
steel samples, the results of the actual yield strength f,;
ultimate tensile strength f;,; and strain (measured through
strain gauges attached to rebar) at the moment of yielding
&,,; were obtained separately for each tested sample. Mea-
surements of individual sample elongations, which served as
the basis for determining bar deformations, were automat-
ically measured using a measuring system implemented in
the testing machine. The rate of increase in crosshead
elongation was adopted in accordance with Method A of the
ISO 6892 standard [35], minimizing measurement uncer-
tainty of the test results. Then, for each corrosion environ-
ment (test variants A-E), the average values of the actual
yield strength f .., ultimate tensile strength f, ., and
strain at the moment of plasticization &, were deter-
mined. Exceptionally, for variant B (samples placed in tap
water), the average value was determined for three samples
P,, Ps, P,. Sample P was not included, due to the significant
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Figure 2: Stages of steel rebars during the study: a) Immersed in the solution (scenario C), b) dried out after immersion period (scenario C), c) steel rebar

after removing concrete cover (scenario E) d) tensile testing machine.

deviation of this sample compared to obtained stress values
from other samples in this group, which could distort the
result of the entire study in this series.

The obtained average values f}, g, fm,avgs Ey,avg fOr €ach
variant of environmental aggression were compared with
the average result obtained for the control samples in the
absence of any corrosion aggression, respectively f, sq,
fnavg.ar Eyavea. FOr comparison purposes, absolute differ-
ences of the analyzed parameters (ie., Afyavgi Mimavgi
Agy 4,¢,) Were determined based on the following equations
[5-71:

Af)‘z, avg,i = f)‘) avg,i — fy avg,A (5)
Afm,avg,i = fm avg,i — fm,avg,A (6)
Agy, avg,i = 8y, avg,i — gy, avg, A (7)

The percentage share of the resulting changes H; avg, i
A_fm, avg, i A_ey) avg,i iInrelation to the base values f, qve 4, fin ave.as
£y, avg,a, accordingly in equations [8-10]:

— Af) i
B, g i = ﬁ x 100% ®)
— A .
Moy ave.i = B gt 100% ©)]
8 fm, avg,A
— DEm,avg, i
D, avgi = —5= x 100% (10)

m,avg,A

Table 4 detailed summarized the test result for each
tested bar, with the minus (-) sign corresponding to a
decrease in a given parameter, and the plus (+) sign corre-
sponding to its increase.

Recorded stress and corresponding strain measure-
ments during the tensile tests on corroded samples allowed
for the generation of stress-strain (gi — €i) graphs for each
tested sample. Figures 3 and 4 present stress-strain graphs
for each steel bar in groups A, B, C, and D, E, and F, respec-
tively. In most cases, very similar, nearly identical stress
values were obtained for the individual test scenarios, con-
firming the accuracy of the conducted study. The assumed
initial values oscillated around 150 MPa and were referred to
the strain at a stress of 450 MPa. In individual cases, other
values were selected to be appropriate for the elastic range.
By knowing the adequate stress-strain relationship, it was
possible to determine the actual elastic modulus (Es ), as the
ratio of differences in stresses Aogy; and corresponding
strains Ae,;; from the elastic part of table 4 (Eq. (11)):

02 — 01

= 11
Ei— &

Aoy,

si =
Aey;

where 0, ;,0,; and &, ;,&, ; are the values of stresses and strains
representative of the elastic phase, respectively. Figure 5
graphically represents the concept of evaluating the elastic
modulus from conducted tensile tests.

Same as in the case of the bar’s yielding/ultimate
strength, the average values of elastic modulus E; 4, was
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12)

AEs,avg,i =E ,avg,A — Es,avg,i
Then, the percentage decrease in the elastic modulus AE; g, ;

modulus of the corresponding group according to the
relative to the base value was evaluated, which was

equation [12]

Stress-strains relationships for all tested samples - scenarios D, E, F.

Furthermore, the change in the average elastic modulus for
different scenarios (i.e., environmental conditions), repre-
sented by the absolute value (AE; 4,z;), were determined by
the difference between the average elastic modulus of con-
trol scenario A (i.e., air-dry condition) and the average elastic

determined separately for each bar of every scenario.

Figure 4
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determined as the ratio of the average decrease in the elastic
modulus AE,,.; and the control value Eg 4,44 represented
by treatment scenario A (Eq. (13)):

AES, avg, i

AES, avg,i = 7
s,avg,A

x 100% (13)

The same analogy of labeling as in case of yielding/ul-
timate tensile strength was applied to the analysis of elastic
modulus results, which assumed that the minus (-) sign
corresponds to a decrease in the parameter and at the same

v

Figure 5: Schematic procedure for obtaining
the elastic modulus of tested steel bars on the
example of sample P;.

&[]

time no positive results were obtained that would indicate
an increase in the analyzed parameter. As a consequence of
the unrepresentative result of the tensile strength test,
sample Pg was also rejected (more than 65 % deviation from
the average of the remaining results in the B scenario
studies). A list of representative values defining the elastic
range of the tested samples in accordance with the equation
[11] and the values of the reduced elastic modulus obtained
for each variant of environmental aggression are summa-
rized in Table 5.

Table 5: Stresses, corresponding strains, and elastic modulus of all tested samples.

Treatment condition Sample 01, 0y & & Ao ; Ace; Es; Esavgi  DEsaygi AE, avg, i
(MPa) (MPa) (10 (107 (MPa) (10%)  (GPa)  (GPa) (GPa) (%)
Air-dry (control) P, 149.54  500.34 1.39 313  350.80 1.74 20191  202.89 0.00 0.00
P, 150.04 500.77 1.1 2.86 350.74 1.75 200.02
P3 150.66 500.91 1.35 3.04 350.25 1.69 206.75
Tap water Py 150.76  499.59 1.14 2.97 348.83 1.83 19096  195.17 -7.72 -3.81
Ps 149.40 499.18 1.04 2.81 349.78 1.78 196.70
Pe 149.40 300.65 0.54 1.00 151.25 0.46 326.91
P, 150.70 501.24 1.12 2.90 350.54 1.77 197.85
3 % NaCl water solution Pg 149.93 500.12 1.13 3.04 350.20 1.92 182.77 187.30 -15.60 -7.69
Pqy 150.10 500.86 1.10 2.91 350.76 1.81 194.11
Pio 150.89 350.74 1.23 2.34 199.84 1.11 180.36
Piq 149.76 501.02 1.18 3.01 351.26 1.83 191.95
6 % NaCl water solution P> 150.87 349.55 0.84 1.87 198.69 1.03 192.95 181.05 -21.85 -10.77
Pis 150.32 300.15 0.95 1.75 149.84 0.80 187.44
Pis 149.95 300.83 0.98 1.78 150.88 0.80 188.18
Pis 150.29 400.55 1.41 3.02 250.26 1.61 155.61
Concrete and 3 % NaCl solution Pig 150.62 499.83 1.26 3.04 349.21 2.00 195.65 192.57 -10.32 -5.09
Py 149.87 500.23 1.32 3.12 350.36 2.00 194.64
Pig 149.32 499.16 1.36 3.24 349.84 2.00 186.09
Pio 150.75 501.99 1.43 3.24 351.25 2.00 193.91
Concrete and 6 % NaCl solution Py 299.42 501.99 2.14 3.18 202.58 1.00 193.50 184.74 -18.16 -8.95
P> 150.20 501.21 1.40 3.26 351.01 2.00 188.26
Py, 149.85 499.36 1.31 3.28 349.51 2.00 177.42
Py3 149.66 500.21 1.31 3.26 350.55 2.00 179.77

04,, 02, — Stresses at two consecutive reference points; &, &, - strains at two consecutive reference points. Ac; - increment’s stress, Ag; - increment’s
strains, Es; - Young’s module, Es 4, - average Young’s module, AEs ,,4; - average differences of Young’s module between specimens investigated in

control and tested environments, Es‘avg‘i - percentage difference of AE; gy
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3 Microscopic analysis

To accurately assess damage caused by chloride ions, the
side surfaces of corroded test specimens placed in aggressive
environments were subjected to structural analysis. Obser-
vations of the surfaces of the elements were carried out
using a scanning electron microscope (SEM). Structural ob-
servations confirmed the presence of damage on the steel
surface exposed to the direct action of chloride ions CI".
Figure 6 clearly shows the surface damage of several hun-
dred um, around which corrosion products were accumu-
lated in the form of a mixture of iron chlorides FeCl, and
hydroxides Fe(OH), and Fe(OH);. Moreover, there were
small micro-damages and larger pits on the bar’s surface, as
shown in Figure 7. These damages are particularly visible in
a solution with a higher concentration of chloride ions
simulated with an aqueous solution of 6 % sodium chloride
NaCl (series F). These pits are local and concentrated in
single places. The propagation of damage and the resulting
corrosion pits take the form of oval depressions and are
arranged along the reinforcement axis, which confirms the
analyses presented in the work [36].

During the scanning analysis, local clusters of small
damages to the passive layer were found in the vicinity of the
steel ribs. This is related to the higher concentration of
chloride ions in this area, which results in the accumulation
of damage as shown in Figure 8. The local accumulation of
chloride ions Cl” causes damage to the passive layer of iron
trioxide y-Fe,0; and their migration deep into the material
structure. The morphology of the steel surface made using
the Back Scattered Electron (BSE) signal technique is shown

F. Recha et al.: Mechanical properties of reinforcing steel by strong corrosive aggression =——— 9

in Figure 9. Chloride ions Cl” are visible, breaking the con-
tinuity of the passive layer and penetrating into it, causing
individual damage to the iron particles.

4 Parameters’ evolution of steel
B500SP

Changes in elastic modulus strongly depend on the impact
and intensity of external environment aggression. For the
samples that remained in the neutral state, the average
elastic modulus was determined to be 202.89 GPa. In the case
of samples immersed only in clean tap water, an average
elastic modulus of 195.17 GPa was obtained (a decrease of
3.81% compared to the control value). For test specimens
immersed in aqueous solutions of three and 6 % NaCl, a
mean elastic modulus of 187.30 and 181.05 GPa were ob-
tained, respectively, corresponding to a reduction of 7.69 and
10.77 %. For the steel bars from scenarios E and F, in which
environmental aggression was simulated by placing chlo-
rides in the concrete cover at concentrations of 3 and 6 %, the
average values of elastic moduli were 192.57 and 184.74 GPa,
respectively. The value of elastic modulus for those samples
noted a reduction of 5.09 and 8.95 % compared to the initial
value in the neutral state. All the details regarding properties
of the steel bars after testing are summarized in Table 3.
Based on the conducted analysis, it is observed a positive
impact of concrete cover on the change in steel reinforce-
ment parameters. For each analyzed variant of the me-
chanical properties, the concrete cover reduces the rate of
change of a given parameter over time.

Figure 6: SEM analysis of sample P9 after immersion in 3 % NaCl solution: a) Corrosion products accumulation, b) surface defects.



10 —— F.Recha et al.: Mechanical properties of reinforcing steel by strong corrosive aggression

DE GRUYTER

Figure 7: Corrosion pit area on the surface of rebar after immersion in 6 % NaCl solution: a) a pattern of pits along the rebar’s axis at 160x magnification,

b) a single corrosion pit at 300x magnification.

Figure 8: The surface of the rod within the ribs of steel in aqueous solutions: a) 3 % NaCl, b) 6 % NaCl.

In the case of environmental aggression simulated only
by completely immersing the test samples in water, a slight
decrease in the yield strength was obtained, reaching an
average of 4.30 %, while the reduction in ultimate strength
was almost unchanged compared to the results obtained
for the control samples (0.53% decrease). However, two
remaining scenarios C and D showed a strong influence of
chloride ions simulated by aqueous NaCl solutions with
concentrations of 3 and 6 % on the obtained results. In the
case of scenario C (3% NacCl), the decrease in the steel yield
strength was 10.18 %, while the reduction in the ultimate
tensile strength of steel was reduced by 19.14 %. A similar

situation was observed for 6% NaCl concentrations, for
which the reduction in the yield strength was 28.63 %,
and the ultimate tensile strength was reduced by 32.06 %
compared to the specimens from group A (see Table 2).
Analyzing the above changes and the shape of the graphs
(see Figure 5), it can be seen that increasing the concentra-
tion of chloride ions in contact with the reinforcing steel
results in a decrease in the material strength/durability,
which occurs after achieving the plastic stage. There is
usually a situation in which the stress at the yield point is
close to the stress responsible for the tensile failure of the
steel. Consequently, the reinforcement does not have a
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Figure 9: The structure of the rod surface at the atomic level.

plastic reserve, and the failure occurs suddenly, as a result of
a brittle crack without visible narrowing.

The experimental outcome of the specimens from sce-
narios E and F, demonstrate a significant influence of the
concrete cover on the change in the mechanical properties of
steel bars subjected to a corrosive environment. In the case
of samples with a concrete cover, changes in both the yield
and ultimate tensile strength were analogous to those in the
case of bars without a cover. A decrease in the yield strength
of reinforcing steel was observed here by 3.81% for the
environmental aggression scenario E (3 % NacCl in the con-
crete cover) and 7.46 % for the environmental aggression
simulated in scenario F (6 % NaCl in the concrete cover). The
reduction in ultimate tensile strength for these variants
was reduced by 5.33 and 7.24 %, respectively, compared to
the initial value determined in the air-dry condition. It is
worth noting that, the reduction in the mechanical proper-
ties of tested steel bars with concrete cover was propor-
tionally smaller than that in the case of samples without
cover. The concrete cover significantly impacts the me-
chanical behavior of steel reinforcement. This can be clearly
demonstrated by comparing the ratio of yield and ultimate
strength of samples without cover to those with concrete
cover, under the same environment’s treatments and the
same chloride ion concentrations according to the equations
[14-171:

Ky, S (14)
B,avg,E

Ky, _ Ly (15)
fjf,avg,l-‘

kg = 16)
fm, avg,E

F. Recha et al.: Mechanical properties of reinforcing steel by strong corrosive aggression

k _ fm avg,D

m6 = an
¢ fm,avg,F

where k; 3, k¢ are the ratios of the steel yield strength of
samples without and with concrete cover for the environ-
ments respectively three and 6 % NaCl concentrations. Pa-
rameters k;, 5, ki ¢ are steel tensile strength ratios in samples
without and with concrete cover for respectively three and
6 % concentrations of chloride ions. In the case of a con-
centration of 3% chloride ions, the k, 5 ratio reaches 2.67,
while the k¢ increases to 3.84. Even more significant
changes are observed when analyzing the ultimate tensile
strength of steel. The ratio of ultimate tensile strength for
samples without and with a concrete cover, kn 3 reaches
3.59 ata 3 % NaCl concentration, and kp, ¢ is 4.43 at a 6 % NaCl
concentration. Therefore, it is necessary to ensure a tight
concrete cover even in the event of ongoing and developing
corrosion processes on the steel reinforcement surface.
Based on the above analysis, it is possible to obtain the
relationship between changes in the mechanical properties
of reinforcement steel with electrode processes occurring on
its surface, which strongly depends on the concentration
of chloride ions in this area. In order to determine the
functional relationships between the increase in the con-
centration of Cl” ions and the evolution of individual mate-
rial parameters, linear trend functions were determined
showing the course of parameter changes for each analyzed
environment. The trend functions are graphically presented
in Figure 10.

The functions describing the course of the trend line can
be directly adapted as an approximate relationship for the
change of steel parameters depending on the aggression of
the interacting environment. The function describing the
relationships of the yield strength, ultimate strength, elastic
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Figure 10: Graphic representation of correlations between mechanical properties of steel rebars and chloride ions for a) yielding strength, b) ultimate

strength, and c) elastic modulus.

Table 6: Correlations between the mechanical properties of steel rebars and chloride ions (c.;) concentration.

Parameter Environment Correlation Coefficient of determination
Yielding strength £, {cc) Concrete fylca) = —8.535¢¢+529.54 MPa R?=0.6343
Water fruAca) = —65.75¢¢+594.34 MPa R?=0.9182
Ultimate strength fr, {cc)) Concrete fm.lca) = —20.705¢¢+631.97 MPa R?=0.9418
Water fmmCa) = —97.34c+705.74 MPa R?=0.9893
Elastic modulus Concrete E; (cq) = —5.215¢¢+201.26 GPa R?=0.9227
Es{ca) Water Eswlce) = —7.06¢+201.96 GPa R?=0.9956

modulus of the steel reinforcement, and concentrations of
chloride ions are presented in Table 6.

In the relationship presented in Table 5, the concentra-
tion of ¢ ions should be given as a percentage. According to
the trend line graphs, these values decrease with increasing
chloride ion concentration, as evidenced by the negative
value of the slope coefficient of the function. For all deter-
mined functions, the coefficient of determination R* is
greater than 0.91. The exception is the function describing
the change in the yield strength of steel in the area of the
concrete environment, for which this coefficient R is equal

to 0.63. Despite the large dispersion of the obtained results,
this is the best fit of the linear function in this range. In order
to compare the outcome of presented functions with the
works presented in [17, 32] the above results of changes in
the mechanical properties of the steel reinforcement were
included as a function of the corrosion degree a.. The
corrosion degree was determined based on the gravimetric
analysis carried out in accordance with the equation [4].
During corrosion processes, not only does the bar lose
mass, but also changes its elastic properties, represented by
Young’s modulus, determined based on stresses and strains,
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Figure 11: Graphic representation of correlations between mechanical pro
ultimate strength, and c) elastic modulus.

which was the main subject of the study. Finally, these two
relationships (reinforcement mass loss, represented by the
acorr coefficient, with physical properties) were linked and
presented as linear dependence functions in the graphs in
Figure 11.

Similarly to the analysis of changes in steel parameters
depending on the degree of chloride ion concentration c¢y, it
is also possible to determine the relationship describing the
process of parameter evolution as a result of the corrosion
development for the generalized corrosion degree a o, as
presented in Table 7.

Functions describing the changes in the steel yield
strength fy(aco) and the steel ultimate tensile strength
fm.i(@cory) take forms very similar to the changes in the

perties of steel rebars and corrosion degree for a) yielding strength, b)

function of the concentration of chloride ions ¢y, f; i(cc) and
fm(ccp) respectively. Changes in the value of elastic modulus
determined as a function of the generalized corrosion de-
gree Eg (a..r) are very similar to each other regardless of the
corrosion environment. It can be explained by the fact that
the elastic modulus is directly influenced by corrosion
aggression initiated and then propagated by CI” ions. To
evaluate the actual corrosion degree of internal steel rein-
forcement, it is necessary to remove the concrete cover and
then cut the rebar for the gravimetric analysis. Such mea-
surements can significantly affect structural stability,
creating a risk of collapse or permanent damage. A proper
relationship between the changes in mechanical parameters
of steel reinforcement and chloride ions provides estimation

Table 7: Correlations between the mechanical properties of steel rebars and corrosion degree (ac,,)

Parameter Environment Correlation Coefficient of determination
Yielding strength f, (acorr) Concrete Jyd@corr) = =12.7390c6,+532.62 MPa =0.8874
Water fyul@eorr) = =50.837a,,,+578.46 MPa R?=0.8891
Ultimate strength fi, {Qcorr) Concrete fin.(@eorr) = —=30.903a,,,+642.45 MPa =0.9778
Water FonnQeorr) = =99.3270,0,+722.89 MPa R*=0.9742
Elastic modulus Concrete Es {Qcorr) = —7.78360c,,+204.41 GPa R?=0.9052
Es {Qcorr) Water Es iQcorr) = =7.20410,,,+203.15 GPa =0.9667
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information of the mechanical parameters of the internal
steel through non-invasive tests. It could be done by
measuring the chloride ions concentration within the sur-
face of the internal steel reinforcement, without cutting the
reinforcing bars. Please note that this is only an estimate
procedure and it requires further investigations, including
experimental verification using advanced methods.

5 Conclusions

The current study presents the investigation of five different
corrosion-related environments that affected the properties
of internal steel reinforcement. One environmental aggres-
sion (scenario B) was simulated by tap water, and another
two (highly acidic environments), were simulated by the 3
and 6 percent sodium chloride NacCl solutions (scenarios C
and D, respectively). The last two scenarios included a con-
crete cover environment with a simulation of full chloride
ion diffusion, which was performed by adding chlorides to
the mixing water of concrete to obtain concentrations of
three and 6 % NaCl. Then, after appropriate preparation of
all samples, a static uniaxial tensile test and microscopic
analysis were performed. The obtained results were
compared with the results of tensile strength of control
samples that were not exposed to any environmental
aggression (they remained in an air-dry state). The con-
ducted experiments and detailed analysis of the results gave
rise to the following conclusions:

— Changes in the reinforcement surface and the atomic
structure of the passive layer cause local and high-
intensity damage (pitting corrosion), which confirms the
results obtained in the work [36]. The microscopic
analysis clearly showed the degradation of the passive
oxide layer on the reinforcement surface as a result of
its breakdown by chloride ions which confirming the
results in work [37—41]. The research confirmed that
changes in the mechanical properties of the reinforce-
ment result directly from the interaction of choride ions,
which penetrate the passive layer.

— Increasing the concentration of chloride ions in contact
with the reinforcing steel results in the decreasing of
material durability responsible for the post-yielding
behavior. There is usually a situation in which the
stress level at the yield point is close to the stress corre-
sponding to the ultimate tensile strength of the steel.
The reinforcement does not have a plastic reserve,
and the failure occurs suddenly, as a result of a brittle
crack without visible narrowing. Corroded steel becomes
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brittle because the corrosion process weakens its internal
structure, creating cracks and fissures, as confirmed by
microscopic scanning (SEM). Furthermore, the presence
of non-metallic inclusions, such as oxides formed during
corrosion processes, causes cracks, further increasing the
brittleness of the steel.

The results obtained in the conducted research confirm
the findings from [17, 20, 32]. In these publications, the
decreases in material parameters were given depending
on the percentage of corrosion, and not as a function of
ion concentration, which is not practical for the struc-
ture diagnostics. The introduced functions for changes
in the mechanical parameters of the internal steel
reinforcement based on the concentration of chloride
ions c¢;, are a much more convenient form of estimating
material degradation. Furthermore, the proposed linear
trend lines are to be replaced in future studies with
much more accurate non-linear models, which is the
next stage of research and development of the proposed
methodology. Direct measurement of chloride ion con-
centration, followed by reference to the proposed
dependence functions (Figure 10), can be particularly
helpful when estimating element stiffness (e.g., for the
analysis of deflections or structural deformations).
Similar behavior is assumed for steels of other di-
ameters, but direct translation of results to other di-
ameters without further testing is not recommended.
Changes in the parameters of the steel bars depend on
the concentration of the aggressive factor (Cl” ions) and
the presence of concrete cover. In the case of changes
in the yield strength, the maximum decrease (28.63 %)
was obtained in an environment with a concentration
of 6 % NaCl for elements without cover. Similarly, for
the same conditions, a reduction in the ultimate tensile
strength of 32.06 % was achieved. Elastic modulus also
strongly depends on the concentration of chloride
ions and the presence of concrete cover. The maximum
reduction in elastic modulus was obtained for samples
without concrete cover in a 6 % chlorine ion concen-
tration and reached up to 10.77 % of the initial value.
The resulting changes were caused by the breakdown
of the passive oxide layer, which protects the rein-
forcement surface from initiating corrosion processes.
The obtained test results confirm the proportional
relationship between the increase in aggressive fac-
tors and the reduction in the protective properties
of the concrete cover, and the progressive damage
and changes in the mechanical parameters of the
reinforcement.
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— Presented research confirms the significant impact of
concrete cover for the internal steel reinforcement,
which prevents the progress of the mechanical properties
degradation due to limited access of oxygen and mois-
ture. Consequently, limiting the development of electrode
processes on the surface of the steel reinforcement. The
test results showed that, in the absence of a concrete
cover, changes in the yield strength of the steel bars are
much greater than in the case when the bars are pro-
tected with a tight layer of concrete cover. Otherwise, it is
therefore necessary to use other tight means of protection
against the inflow of chloride ions e.g. [42—44].
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