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Abstract: As it is widely known, corrosion constitutes a major deterioration factor for reinforced
concrete structures which are located in coastal areas. This phenomenon, combined with repeated
loads and, especially, intense seismic events, negatively affect their useful service life. It is well known
that the microstructure of steel reinforcing bars has a significant impact either on their corrosion
resistance or on their fatigue life. In the present manuscript, an effort has been made to study the
effect of corrosive factors on fatigue response for two types of steel reinforcement: Tempcore steel B
reinforcing bars and a new-generation, dual-phase (DP) steel F reinforcement. The findings of this
experimental study showed that DP steel reinforcement’s rate of degradation due to corrosion seemed
apparently lighter than Tempcore B with respect to its capacity to bear repeated loads to a satisfactory
degree after corrosion. For this purpose, based on a quality material index that characterizes the
mechanical performance of materials, an extended damage material indicator for fatigue conditions
is similarly proposed for evaluating and classifying these two types of rebars in terms of material
quality and durability. The outcomes of this investigation demonstrated the feasibility of fatigue
damage indicators in the production cycle as well as at different exposure times, once corrosion
phenomena had left their mark in steel reinforcement.

Keywords: corrosion; fatigue damage; Tempcore rebar; dual-phase rebar; rebar microstructure;
damage indicator; durability; ductility; fatigue damage index in long terms

1. Introduction

Reinforced concrete (RC) comprises the most widely used construction material of
existing building stock, providing high bearing capacity and ductility compared to its
low production costs. However, the durability of RC structures is adversely affected due
to the corrosion of steel reinforcements because it degrades the mechanical properties of
materials, mainly the ductility, which plays a key role in ensuring the bearing capacity
of elements and, therefore, the whole structural performance in earthquake prone areas.
From a financial perspective, corrosion is a considerable challenge and one of the most
significant costs faced across the world, with enormous costs for repairing damaged struc-
tures (Figure 1), indicated by several reports, [1-3]. Recently, in France [3], environmental
material degradation had an estimated cost of 84 billion euros in 2019 in addition to more
than 2500 billion dollars worldwide, based on the usually acknowledged cost of about 3.5
percent of the global gross domestic product (GDP).

In that sense, it is straightforward that corrosion has an impact on the useful service
lives of RC structures, even for low levels of corrosion, wherein cracking and spalling of
concrete is visible, indicating the onset of corrosion due to aggressive factors. In addition
to a loss of concrete cover and prior to a decrease in mechanical properties of reinforcement
due to the cross sectional area of reinforcing bars, corrosion influences the bond mecha-
nism between steel and concrete, which plays a key role in the design of RC members.
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Subsequent development of the relative slip between the two components leads to bond
loss, seriously affecting the residual bond strength and, therefore, the durability of both
newly designed and existing aging structures.

COST OF CORROSION REPRESENTS 3.4% OF GLOBAL GDP
(2013)
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Figure 1. Global costs of corrosion.

As it is known, in earthquake-prone areas, where RC buildings are likely subjected
to dynamic loads due to intense seismic events, more stringent design provisions are
required based on international design codes [4-6], with minimum required values of
the ductility parameters of steel reinforcement. Strong earthquakes cause high plastic
deformation amplitudes beyond the elastic limit; in the presence of corrosion, several
studies have highlighted [7-10] that structures seem to demonstrate values of deformation
below the minimum requirements imposed by standards, and this remains a concern for
reinforcing bars’ capacity. Thus, the overall response of structures depends on the inelastic
behavior of bearing elements in terms of rotation (1g), on cross section ductility capacity,
in terms of bending moment and curvature relationship (M-¢ diagram), and on material
ductility, in terms of strain and energy absorption. Hence, the mechanical properties of
reinforcing bars are crucial parameters for the anti-seismic resistance of RC structures.
Many researchers have studied corrosion phenomena and their negative consequences in
terms of material [7,11-17], cross section [18-21] and element [14,22-24]. More specifically,
scientific works have highlighted reduced cross section and the drop in the mechanical
properties of materials [10-12,14], the severe reduction of fatigue cycles in the presence of
corrosion [7,14,16,17], and the cracking and spalling of concrete cover, which leads to bond
loss between steel and concrete [18-21]. Furthermore, RC elements subjected to corrosion
phenomena demonstrated degraded bearing and rotational capacity [14,22-24].

In continuance, structures are subjected to an increased number of cycles in the
inelastic range, and the coupled fatigue phenomena affect their mechanical performance
over their lifetime. Previous studies have indicated that seismic events can be simulated by
low-cycle fatigue tests on steel reinforcement [25]. Furthermore, several researchers have
demonstrated degradation of the useful service life of reinforcing bars due to low-cycle
fatigue [26-30]. The above mentioned studies have also showed the different stress—strain
behavior of reinforcing bars in cyclic toward monotonic loading. In that manner, the
loading history of rebars is capable of appreciably reducing their strength and ductility.
Yet, current European and international regulations mainly provide design values from
monotonic loading (quasi-static loading), despite the fact that cumulative damage due to
fatigue loading is explicitly stated due to seismic events. In actuality, all inelastic cycles
must be considered to be contributors to damage because they constitute the material’s
strain history, which can be termed significant in cases of intense earthquakes; hence,
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quite a few researchers have studied fatigue damage accumulation in terms of energy
absorption [31,32].

In the case of structures located in coastal regions (or marine environments) where
high chloride contents are indicated, steel reinforcement degrades due to chloride-induced
corrosion. According to what has been presented in the existing literature, corrosion im-
pairs the mechanical response and the useful life of reinforcing bars. More specifically, the
experimental data do not outline any consequences additional to those that are already
known, namely the percentage of mass loss and reduced cross-sectional area, the devel-
opment of pits responsible for the development of stress concentration points, and the
degradation of the mechanical behavior of reinforcing bars, as well as the cracking and
spalling of concrete cover and reduced bond strength between steel and concrete. Thus,
many researchers have paid attention to the coupled effect of dynamic loading along with
the corrosive environment in RC structures [16,19,33-37]. The overall current research
indicates that the simultaneous actions of aggressive environmental effects and repeated
loading increase the vulnerability of RC structures and diminish their bearing capacity.
Hence, the need to attain a certain level of ductility, as defined by European standards, is at
risk, leading to unexpected brittle failure of the whole structure.

To date, the degradation of mechanical properties of steel bars and the loss of struc-
tural integrity of RC structures does not correlate with the degree of corrosion damage
because of the lack of quantification of the phenomenon. Nonetheless, while the theoretical
framework is well-established, there is neither a verified established model nor a certain,
reliable prediction method for corrosion damage because inherent uncertainties exist in the
electrochemical corrosion process and the associated material and environmental condi-
tions; as a matter of fact, these uncertainties are strictly related to their own microstructure.
Tempcore steel reinforcement, which is commonly used across Europe, shows excellent
deformation capacity (ductility) through its ferritic core and adequate strength through its
external martensitic layer. Yet, it has been demonstrated that this type of steel reinforcement
is strongly affected by corrosive factors, starting with damage of the external martensite
layer. For that reason, the scientific community’s interest is directed toward new typologies
of steel reinforcement, with improved mechanical performance in the presence of aggres-
sive environmental conditions. Herein, a newly developed typology of reinforcing bars is
presented, so-called Dual Phase steel F (DPF), with a mixed microstructure that enhances
both mechanical behavior under monotonic and cyclic loading in corrosive conditions.

2. Experimental Study

The present manuscript, as a part of a specialized, targeted extension in the margins
of the recent research European project “NEWREBAR: NEW Dual Phase steel REinforcing
BARs for enhancing capacity and durability of anti-seismic moment resisting frames”,
demonstrates the outcomes of experimental tests assessing the mechanical behavior of two
different types of steel reinforcing bars, related to their microstructures, in different aggres-
sive environmental conditions. The first type of tested steel reinforcement was Tempcore,
which has been widely used over the last decades in civil engineering construction, and
it was compared to a second type of a newly proposed Dual Phase (DP) reinforcement,
used as an alternative to current steel reinforcements. In order to examine the corrosion
resistance of both materials, accelerated corrosion tests were carried out via the impressed
current density corrosion method. Upon completion of the corrosion tests, tensile and
low-cycle fatigue tests were performed to fully assess the mechanical performance of both
types of steel reinforcements.

2.1. Materials

According to the design rules for reinforced concrete structures in seismic-prone areas,
global ductile behavior should be met, so as to allow high plastic deformations without
relevant losses of the strength and stiffness of bearing elements. Thus, it is of great impor-
tance that all components have adequate ductility with regard to the dissipative energy
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of structure, element, and material ductility. Within this framework, current European
and international design codes define three ductility classes for steel reinforcing bars [5],
namely, A, B, and C, with minimum requirements of yield stress R, ultimate stress Ry,
strain at yielding point ey, and total plastic strain at maximum load Ag. Furthermore,
Eurocode 8 makes the use of class C for high ductility mandatory. However, the rapid
depletion of ductility may occur in steel reinforcements due to corrosion damage under
strong stresses, degrading the deformation capacity of reinforcing bars below the minimum
requirements imposed by standards.

Over the last decades, Tempcore has been the predominant and most widespread
typology of steel rebars in the majority of existing RC structures because it provides
adequate ductility and good strength properties vs. moderate production costs. The typical
Tempcore microstructure exhibits a composite microstructure consisting of three discrete
phases, as shown in Figure 2a: a tempered martensite layer on the surface (Figure 2b), the
main phase responsible for strength capacity, an intermediate layer of bainite (Figure 2c),
and a ferrite-pearlite core (Figure 2d), which provides excellent deformation capacity. Yet,
as has been reported by previous scientific work [14,38—40], the relatively high C content of
this external martensitic layer is inherently sensitive to corrosion, which leads to a drop
of the deformation capacity of the material itself and subsequently, affects the structural
integrity of RC members. Recently, in several studies, Apostolopoulos [39,41,42] claimed
that the susceptibility of the external martensite layer was additionally owed to the fact
that Tempcore steel was made of scrap metal. As it has been proved, large quantities of
non-metallic sulfide compounds (MnS, FeS) have been detected therein, reacting selectively
to the presence of chlorides. Thus, internal microcracks within steel microstructures occur,
leading to pitting corrosion and therefore, degradation of material performance.

.martensite

Figure 2. Discrete phases of martensite (b), bainite (c), and ferrite-pearlite (d) on a cross section of
Tempcore B rebar (a).

Due to this fact, there is a need for the development of a new generation of reinforcing
steel, enhancing its capacity for aggressive environmental conditions. For this purpose, a
new pilot steel grade was constructed, namely Dual Phase (DP), in the microstructure of
which a mixture of phases of martensite and ferrite coexist in a unique matrix, as shown
in Figure 3. The diffuse presence of martensite in the core of the rebar is deemed to
enhance the anti-corrosive resistance of the material. Moreover, the lack of a well-defined
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interface prevents dislocations that are free to move in the ferrite phase to be blocked on
the martensite region.

(a) (b)

Figure 3. Homogeneous microstructure (b) in a cross section of Dual Phase F rebar (a).

Dual Phase steel F achieved through intercritical re-heating and quenching at 740 °C
and tempering at 600 °C was selected for the application of the industrial treatment
on its coils. The lower IQ temperature was selected because it was associated with a
higher-performing DP microstructure, with a lower amount of martensite (35% vs. 50%),
respectively, to 740 °C [38,43-45]. All reinforcing bars were produced in the same steel mill.

Hence, the mechanical performances of both grades of reinforcement was ere ex-
perimentally investigated in monotonic and cyclic loading and evaluated by exploiting
the performance indices concept. The main goal of the present study is to describe the
influence of various levels of corrosion on different reinforcing steel bars and to evaluate
the degradation of their mechanical performance, focusing on their microstructure.

Both materials were delivered in the form of ribbed bars, 1 m long and of nominal
diameter, equal to 16 mm. With the aim to understand the mechanical behavior of steel
reinforcing bars based on the corresponding ISO standards for tensile and fatigue tests [46],
the specimens were divided into two groups, with total lengths equal to 200 mm or
500 mm, as the case may have been. Moreover, each group was subdivided into seven
groups, exactly as many as the cases of the tested corrosion exposure times, namely non-
corroded, 100 h, 200 h, 300 h, 400 h, 600 h, 800 h, and 1000 h, respectively. Prior to the
accelerated corrosion tests, the total length and initial mass of each specimen were recorded.

Each tested specimen had its own unique label; the first digit of the label referred to
the steel type: B for Tempcore steel and F for Dual Phase steel. Following that, the next
digit referred to the electro-corrosion exposure time: 0 for non-corroded specimens and
100, 200, 300, 400, 600, 800, and 1000 for the corresponding hours of accelerated corrosion.
There was more than one specimen in each group at the same exposure time. Thus, the last
digit referred to the number of specimens at the same electro-corrosion time. For instance,
the F-400-1 specimen corresponded with a specimen of Dual Phase steel F after 400 h of
accelerated corrosion, and was the first (in a row) of the group at the same corrosion time.

In addition, the chemical composition of both steel grades is summarized in Table 1.

Table 1. Chemical composition (in %) of steel rebars Tempcore B and Dual Phase F (DPF).

Steel Type

Si P S Cu N Cr Ni Mo Ceq

Tempcore B
DPF

0.646 0.138 0.0184 0.0422 0.371 0.0117 0.080 0.113 0.0187  0.393
0.999 0.166 0.0303 0.0099 0.372 0.0118 0.166 0.137 0.0303  0.400

2.2. Accelerated Corrosion Technique

It is common knowledge that natural corrosion is a relatively slow process, with a
long period needed for the outbreak of the phenomenon, even in marine environments.
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Hence, accelerated methods are performed in the laboratory so as to reduce time and
simultaneously simulate the consequences of corrosion on steel reinforcing bars.

One of the most widely used accelerated techniques, adopted in the present exper-
imental study, is the Impressed Current Density Corrosion method (ICDC), in which a
power supply is used to induce corrosion by applying a direct electric current to steel
rebars, which act as anodes. Within the present experimental study, the specimens were
immersed in electro-corrosion cells filled with 5% sodium chloride (NaCl) solution, by
weight of water, in the presence of a stainless steel bar (cathode of the circuit), which was
positioned in the same direction as the rebars, as shown in Figure 4. In order to accelerate
the corrosion process, the imposed current density was equal to 1.0 mA/cm?, with six
different exposure times, equal to 100, 200, 300, 400, 600, 800, and 1000 h, respectively.

cathode

I

(a) | (b)

Figure 4. Procedure of accelerated electro-corrosion: (a) schematic representation and (b) experimental setup.

Moreover, the content of the NaCl solution represents accurately the case in Mediter-
ranean countries, where the hot climate results in higher salinity of the seawater, in contrast
to northern countries. Furthermore, in Mediterranean countries, the salinity of the sea
increases during the summer periods, given the high temperatures recorded [21].

For a more accurate approach corresponding to real coastal conditions, during the
corrosion periods of the specimens, ponding cycles of wetting and drying conditions were
enforced because splash and tidal environments were the most aggressive among the three
cases, given the high chloride concentrations [21,47]. Specifically, in light of the current
climatic conditions in the Mediterranean basin, a cyclic exposure was adopted, with 9 h
wet in the electrolyte and 15 h in dry mode. The full immersion of the electrolyte with the
parallel current imposition was a necessary condition among other stable parameters such
as temperature and pH, which guaranteed the results’ accuracy throughout the corrosion
process [22].

Existing literature [48] has demonstrated that the exposed-to-corrosion length as well
as the total length of the reinforcing bar has significant influence on corrosion damage.
Hence, for the purpose of the experimental tests, in each specimen of 500 mm length overall
for tensile specimens and of 200 mm length overall for low cycle fatigue specimens, the
central section of 90 mm was selected as the exposed-to-corrosion length, while the rest of
it was protected and carefully covered by wax, as depicted in Figure 5. For the evaluation
of corrosion damage, only the exposed surface was examined.
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Figure 5. Schematic representations of the exposed-to-corrosion lengths of the specimens.

Upon completion of the corrosion process, the specimens were washed with clean
water to remove any salt deposits from their surfaces and then were dried. The oxide
layer was removed from the specimens’ surfaces using a bristle brush, according to the
ASTM G1-03 [49], so as to estimate the level of corrosion damage. The percentage mass
loss (referring to the exposed-to-corrosion length of 90 mm) was calculated as shown in
Equation (1).

M,t—M
Percentage Mass Loss = —%———<°".100 (%) (1)

ref

where M, and M, are the mass of the non-corroded (reference) and corroded specimens,
respectively.

2.3. Mechanical Tests

For the purpose of the present study, a significant number of specimens able to stabilize
the results were considered for both monotonic (tensile) and cyclic (LCF) tests, as shown
in Table 2. Traditional Tempcore B and Dual Phase DPF rebars were tested under the
same conditions for comparison. More specific, 150 mechanical tests were conducted, 34 of
which were tensile tests and 116 cycle fatigue tests. Moreover, a total of 120 corrosion tests
were conducted.

Table 2. Test matrix for Tempcore B and Dual Phase F (DPF) rebars.

Tensile T Fatigue Tests

: : ensile Tests

Cor'roswn Corrosion 12.5% 14.0%
Time Tests

Tempcore B DPF  TempcoreB DPF  Tempcore B  DPF

Reference 3 7 5 5 5 5
100 h 24 4 4 4 4 4 4
200 h 24 4 4 4 4 4 4
300 h 24 4 4 4 4 4 4
400 h 12 3 3 3 3
600 h 12 3 3 3 3
800 h 12 3 3 3 3
1000 h 12 3 3 3 3
Total 120 34 116

Initially, in order to estimate the class of each steel category and its mechanical
properties, tensile tests were performed under reference (non-corroded) and corroded
conditions. Furthermore, to make a more comprehensive study of the mechanical behavior
of rebars other than tensile tests, additional low cycle fatigue tests were conducted so as to
simulate the seismic response of rebars.

For all mechanical tests, a servohydraulic MTS 250 kN machine was used. In particular,
monotonic tensile tests were carried out on non-corroded and corroded specimens for
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up to 300 h according to the ISO 15630-1 Standard [46], which could be used as an initial
assessment of the corrosion damage of materials, and each specimen had a total length
of 500 mm. The employed displacement rate was set to 2 mm/min. The values of yield
strength (Rp), ultimate strength (Ry,), plastic strain at maximum force (Ag), and the energy
absorption per volume until the corresponding value at plastic strain at maximum force
(Uyq) were determined for each tensile test.

Moreover, cycle fatigue tests were also conducted under displacement control on
non-corroded and all cases of corroded reinforcing bars, with a preliminary protocol for
low-cycle fatigue tests after Spain’s and Portugal’s standards [50,51]. The elaboration of
a common procedure for the assessing of LCF behavior of rebars needs the definition
of four main parameters: the level of imposed deformation (¢), the frequency used (f),
the number of cycles to execute (N.), and the free length of the specimen (Lj). Hence, a
protocol for the execution of LCF tests on the selected representative steel reinforcements
was elaborated [14]; the testing frequency used in the mechanical tests was fixed equal to
2.0 Hz, with a stress ratio equal to 1. Two levels of imposed deformation were adopted
for the execution of hysteretic cycles: on one hand, equal to -2.5%, in order to limit the
buckling phenomena, and on the other hand, +4.0%, so as to simulate intense seismic
loadings. Furthermore, the free length of the sample was assumed equal to be 6 times
the bar’s diameter (6&J), namely 96 mm, in order to perfectly represent the conditions of
longitudinal rebars in RC elements of buildings designed in high ductility classes, according
to Eurocode 8 [4].

2.4. Fatigue Damage Index

The ability of a material and its mechanical performance cannot be characterized by
a single material property but reflect, rather, the combination of strength and ductility
provided by the material. The selection of the steel grade with the highest mechanical
performance from among a number of steel products is not a straightforward decision.
Therefore, the use of performance indices has been proven to be a very useful tool for
material selection in engineering applications.

In the previous works of authors [52-55], a static damage index Qp was introduced
to evaluate the ability of materials for mechanical performance in relation to monotonic
loading, and on this basis, rank them with regard to their tensile properties, by means
of a single quantity. Furthermore, the introduction of reduced tensile properties due to
corrosion gave an accumulative index of mechanical performance due to corrosion damage.
On the pretext of these presentations, as a supplement to the research gap, a fatigue
damage index is introduced to assess the response to dynamic loadings, in contrast with
the corresponding factors from monotonic loadings. More specifically, as is already the case
for seismic-prone areas, a structure is forced to absorb energy; a dynamic indicator factor
is then introduced so as to attempt to reflect the history loading and the corresponding
absorbed energy.

In the present manuscript, an effort has been made to evaluate the performance of
both types of steel bars, expressed in the form of the quality index Qf (Equation (2), in a
similar manner as the quality indexes proposed in [48,52-55]. More specifically, a fatigue
damage indicator, Qp, is introduced, a detailed description of which follows underneath.
The fatigue damage indicator Qr is determined as:

Qr = Kg-Q, 2)
where the dimensionless factor Kg is defined as shown in Equation (3):

080i O i
KF _ 80,1 . _Ymax,i (3)

Omax,ref Omax,ref

In the above equation, Opmax; and ogp; are the maximum receiving stress values of
the fatigue test (in the anion branch) and the corresponding values at the lower limit
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of 80 percent of the maximum loads of the non-corroded steel bars of the i corroded
specimens, respectively, while o,y ref is the maximum stress value derived among all
reference specimens of the same strain range, as shown in Figure 6. Due to the different
mechanical responses of structural elements under tension and compression in several
research papers [21,56], rebar’s sufficiency was thought to be acceptable, as it could bear
up to 80 percent of the maximum loading point.

Stress (MPa) 3907 ___ Omax,ref
R N

~ 980%

D

2% Strain (%)

-500 —

Figure 6. Definition of significant values of stress.
The quantity Qy is formulated as:

Q= W 4)
0 Nref Wd,max d/max

In the quantity, Qp and Ngp; account for the maximum value of number of cycles
to failure derived among all reference specimens of the same strain range and beneficial
number of cycles of the i specimen at the corresponding value of 80 percent of the maximum
load of the i corroded specimen, respectively. Moreover, Wq ax accounts for the maximum
strain energy density value corresponding to an individual loading cycle derived among
all reference specimens, while Wy ; accounts for the strain energy density of the i specimen
corresponding to an individual loading cycle, respectively. The strain energy density Wy
may be evaluated from the area under the true stress—strain curve.

It is also worth noting that under the current standards, the bearing capacity of rebar
is considered to be unchanged throughout the entire lifetime of a reinforced concrete
structure, typically exceeding 50 years, although it has been clearly recognized that during
this period, considerable corrosion damage, as well as fatigue damage, can be accumulated
at the reinforcing steel bar.

3. Results and Discussion

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) analyses
were executed before and after the corrosion experiments both on Tempcore steel B and
Dual Phase steel F samples and upon completion of the experimental procedure, all results
were compiled and summarized, depending on the class of steel reinforcement and the
type of mechanical test. More specifically, for the case of tensile tests, yield strength
Rp, ultimate strength Ry, uniform deformation Ag, and strain energy density Ug were
recorded. Moreover, for the case of fatigue tests, the number of cycles N, maximum stress
Omax, Minimum stress omin, and fatigue energy density Wy were recorded for +2.5% and
£4.0% strain-controlled tests, respectively. For all corroded specimens, mass loss was also
estimated for each corrosion exposure time.
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20.0 KV WD: 134 mm

3.1. SEM and EDX Analyses

As it is known, the cumulative effects of fatigue and corrosion impair the mechanical
performance of steel reinforcement, a fact directly linked with the microstructure of each
class of steel reinforcement. Especially in fatigue conditions, it is known that crack nucle-
ation is taking place at the areas where sulfides, FeS, and MnS can be found, leading to
sub-surface crack propagation, interacting with external pits. For the goals of the present
manuscript, SEM and EDX analyses were executed both on Tempcore steel B and Dual
Phase steel F samples so as to evaluate their corrosion resistances and correlate the contri-
bution of microstructure to their mechanical responses. The corresponding figures for both
classes of steel reinforcement are presented below.

According to these findings, the area depicted in Figure 7 was rich in MnS and FeS
compounds, a composition which gradually leads to local decomposition and, inevitably,
to the failure of the material. To the contrary, in Figure 8, no areas with defects were
detected that were accentuated by corrosion, beneficially for the mechanical performance
of corroded Dual Phase steel F.

cps/eV.

1.0 S-KA Mn- —1.00 * Scan

1 3 a Yy V.

- e

||‘|||||||||||||
8 10 12 14

Figure 8. SEM and EDX analyses of non-corroded sample of Dual Phase steel F.

From the above mentioned, it could be concluded that the philosophy of martensite’s
diffusion in the entire microstructure of steel F was clearly associated with an improved
performance of F against corrosion damage, in contrast to Tempcore B, wherein the presence
of martensite around the outer layer of its cross section crucially affected the mechanical
performance of corroded Tempcore steel B. The above mentioned can be easily understood
by examining the cross sections of steels Tempcore B and F, in Figure 9, wherein the surface
defects of both steel grades under equal-exposure corrosion times are compared. As shown,
the rupture of the outer layer incited the progressive evolution of microcracks toward the
inner core of steel Tempcore B (Figure 9a,c). Being well-known that the failure of steel
reinforcement due to low cycle fatigue commences from the outer layer, it became obvious
that Tempcore steel B displayed significant heterogeneity such as defects, pits, etc., a fact
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that presaged its deteriorated response under fatigue loading contrary to Dual Phase steel
F, which rendered a more lenient surface.

200 pm EHT = 10.00 kV
WD= 83mm

Signal A= RBSD Date :20 Sep 2019
Mag= 79X

(a) _ (b)

200 pm EHT = 10.00 kV Signal A= RBSD Date .20 Sep 2019 ZEISS|
A WD = 83mm Mag= 57X

10 pm EHT = 10.00 kV Signal A= RBSD Date 20 Sep 2019 ZEISS 10pm EHT = 1500 kV Signal A= RBSD Date :20 Sep 2019 ZEISS
— WD = 82mm Mag= 923X WD = 8.1mm Mag= 160K X

(0) (d)

Figure 9. SEM analysis of 300-h corroded specimens (a,c) Tempcore B and (b,d) Dual Phase F.

3.2. Mass Loss

As mentioned in the previous section, the corrosion damage of all tested reinforcing
bars was estimated upon the completion of the accelerated corrosion process. The recorded
values are presented in detail in the following Tables 3 and 4, for tensile specimens (with
500 mm total length) and fatigue specimens (with 200 mm total length), respectively, and
are depicted for all cases in Figure 10.

Table 3. Percentage mass loss vs. corrosion time for tensile specimens (long specimens).

c o Time (h) Mass Loss (%)
orrosion {ime Tempcore Steel B Dual Phase Steel F (DPF)
0 - -
100 2.44 294
200 4.69 7.39

300 5.81 8.19
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Table 4. Percentage mass loss vs. corrosion time for fatigue specimens (short specimens).
L %
Corrosion Time (h) Mass Loss (%)
Tempcore Steel B Dual Phase Steel F (DPF)
0 - -
100 1.39 1.36
200 1.67 1.91
300 2.54 2.24
400 3.75 5.97
600 3.97 7.04
800 5.06 7.61
1000 7.44 10.73
LA LT A A N A A A R A A T R B R N
10 .
9 =]
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/\o\ 7 - / // -
2 1 / 1
@ o ii & 7 i
° 5 f nf Q 2
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=1 i g S 1
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Figure 10. Mass loss vs. corrosion time.

For the case of tensile specimens up to 100 h corroded conditions and of fatigue
specimens up to 300 h corroded conditions, both types of steel reinforcement demonstrated
similar percentage mass loss. As a matter of fact, it has been experimentally proven [57] that
immediately upon the onset of corrosion, the percentage mass loss of rebars is assumed to
increase in a similar way for a certain period. This critical period constitutes the necessary
time that corrosion needs from its onset to its full extent so as to enable each metallic
material to develop its corrosion resistance or vulnerability. However, over greater levels
of corrosion exposure time, Tempcore steel B demonstrated lower percentage mass loss
compared to Dual Phase steel F, for both cases. More specific, Tempcore steel B recorded
29% lower mass loss than Dual Phase steel F for tensile specimens of 300 h corrosion time
and 31% for fatigue specimens of 1000 h corrosion time, respectively. Hence, by the end of
the corrosion time for both groups of specimens—tensile and fatigue-Dual Phase steel F
recorded generally higher values of percentage mass loss vs. Tempcore steel B.

Moreover, besides the accelerated corrosion technique via the development of an
electrical closed circuit (Figure 11a), the exposed-to-corrosion length and covered length
(geometry) of reinforcing bars played a key role in the caused corrosion damage. During the
electro-corrosion process, wherein electric current was imposed on the steel rebar, a parallel
open circuit was developed in its own material, dependent on its geometry: in particular,
the exposed-to-corrosion length (anode) and the protected-with-wax length (cathode).
Thus, the phenomenon of differentiate aeration corrosion affected and distinguished the
rate of corrosion process.



Metals 2021, 11, 834

13 of 25

o0 O
00 O
cathode
7
i B c
E anode
8 (+)
3 w
3 3 \
00 @5 s S | |
00 © |
Tz?‘: }‘2 ‘ cathode (-)
® = ‘ |
S A3 { [
X 8 u W
\\7//
(a) (b)

Figure 11. Schematic presentation of (a) electrical closed circuit for both group of specimens
(b) differential aeration corrosion.

In continuance, the observations extracted from Figure 11b highlight the differential
aeration corrosion referred to each specimen, different parts of which were exposed to
different concentrations of oxygen. Clearly, then, the part of the reinforcing bar with the
smallest concentration of oxygen became the anode, and the rest became the cathode,
leading to the creation of a galvanic element.

In a similar way, as already demonstrated in the previous work of the authors [48,58],
specimens with a shorter exposed length showed greater mass loss in comparison with
specimens of the same total length but with longer exposed length, as the corrosion
phenomenon was limited to a smaller area. Similar to the above mentioned, in the present
manuscript, tensile specimens, wherein the parts with an oxygen deficit were larger than
those of the fatigue specimens, denoted a higher percentage of mass loss for both categories
of steel reinforcement.

3.3. Results of Tensile Tests

In light of the fact that tensile tests are considered the initial assessment tools to
classify different types of materials and, subsequently, steel reinforcement, either in terms
of yield strength R, and ultimate strength Ry, or in terms of deformation Ag, current
regulations determine the design and analysis of RC structures, based on the determined
above mentioned values.

Taking into account the results of the tensile tests (Table 5 and Figures 12 and 13), it
was clear that Tempcore steel B and Dual Phase steel F were of different technical classes
because the average value of yield strength Ry, in non-corroded conditions was 481 MPa
for Tempcore steel B and 407 MPa for Dual Phase F, respectively. Similarly, the ultimate
strength R, was in line with the yield strength, as Tempcore steel B demonstrated a value of
589 MPa and Dual Phase F a value of 515 MPa, respectively. In terms of ductility, Tempcore
steel B showed deformation equal to 14.85% and Dual Phase F equal to 14.17%, whereas
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energy density Uy was 81.89 MPa and 70.37 MPa for Tempcore steel B and Dual Phase
steel F in non-corroded conditions. Yet, both types of steel displayed a slight reduction of
10%, in terms of strength, for corresponding mass losses equal to 5.81% and 8.19%, in 300-h
corroded conditions, as reflected in Figure 12. Similarly, Tempcore steel B demonstrated
a decrease of about 60%, both for deformation and energy density, compared to Dual
Phase steel F, which showed a drop of 75% for both the above mentioned values in 300-h
corroded conditions.

Table 5. Results of tensile tests on Tempcore B and Dual Phase F (DPF) rebars (non-corroded and corroded conditions).

Rebar Mass Loss Yield Strength R,  Tensile Strength R, Ro/R Uniform Strain Energy
(%) (MPa) (MPa) ™TP  Deformation Ag (%)  Density Uy (MPa)

B-0-1 - 481 592 1.23 12.67 69.95
B-0-2 - 482 589 1.22 15.87 87.71
B-0-3 - 479 585 1.22 16.01 88.02
B-ave - 481 589 1.22 14.85 81.89
B-100-1 2.40 478 580 1.21 9.63 51.78
B-100-2 2.38 482 583 1.21 10.21 55.32
B-100-3 2.55 481 579 1.20 9.45 50.49
B-100-ave 244 481 581 1.21 9.76 52.53
B-200-1 421 482 561 1.16 6.06 31.04
B-200-2 4.71 478 543 1.14 492 24.80
B-200-3 4.88 484 546 1.13 4.45 22.35
B-200-4 4.79 485 556 1.14 495 25.10
B-200-5 4.84 477 567 1.19 7.16 37.44
B-200-ave 4.69 481 555 1.15 5.51 28.15
B-300-1 5.14 463 561 1.21 6.58 34.17
B-300-2 5.74 489 564 1.15 5.53 28.17
B-300-3 7.03 442 552 1.25 5.11 26.00
B-300-4 5.32 477 562 1.18 6.15 31.75
B-300-ave 5.81 468 560 1.19 5.84 30.02
F-0-1 - 417 518 1.24 15.14 75.56
F-0-2 - 401 510 1.27 11.98 58.41
F-0-3 - 401 514 1.28 13.95 69.49
F-0-4 - 404 519 1.28 16.48 82.62
F-0-5 - 410 512 1.25 13.31 65.77
F-0-ave - 407 515 1.26 14.17 70.37
F-100-1 3.25 382 483 1.26 7.21 33.20
F-100-2 3.05 409 507 1.24 8.56 41.43
F-100-3 3.02 413 503 1.22 7.38 35.10
F-100-4 245 406 504 1.24 7.56 34.13
F-100-ave 294 403 499 1.24 7.68 36.00
F-200-1 6.73 388 481 1.24 4.98 22.81
F-200-2 7.23 389 483 1.24 5.56 25.46
F-200-3 7.61 381 463 1.22 441 19.47
F-200-4 7.97 394 475 1.21 4.11 18.52
F-200-ave 7.39 388 476 1.23 477 21.57
F-300-1 8.49 397 471 1.19 3.97 17.14
F-300-2 7.97 386 468 1.21 3.73 16.71
F-300-3 8.11 384 467 1.22 422 18.58

F-300-ave 8.19 389 469 1.21 3.97 17.48
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Figure 13. (a) Uniform deformation and (b) energy density.

In regard to ductility, in terms of plastic deformation Ag corresponding to maximum
force, Tempcore steel B reported 14.85% and Dual Phase F 14.17%, whereas the correspond-
ing energy density was equal to 81.89 MPa and 70.37 MPa, respectively, in non-corroded
conditions. However, in 300-h corroded conditions, both types of steel displayed a rapid
drop, equal to 61% for Tempcore steel B, with corresponding mass loss 5.81%, and 72% for
Dual Phase F, with corresponding mass loss 8.19%, which was significant to the reduction
of the ductility capacity of steel to elongate beyond its elastic limit, as reflected in Figure 13.
The above mentioned outcomes were in good agreement with other experimental studies,
which had indicated the significant impact of corrosion on the ductility properties of steel
bars, contrary to the reduction in bearing capacity, in terms of strength, wherein the drop
was broadly in line with the recorded percentage mass loss [7-9,12,13].

To conclude, an initial assessment of monotonic behavior displayed that even though
Tempcore steel B was of a greater technical class than Dual Phase steel F, both types of
steel reinforcement reported similar levels of reduction in their mechanical properties in
corroded conditions. The greater mechanical performance of steel B was deemed to be
due to the distinct, well-formed phase of martensite in the outer layer of the cross section,
which was responsible for the bearing capacity of the material, especially in the case of low
levels of loading rates in tensile tests. However, the influence of corrosion on the ductility
properties of the tested specimens raised issues regarding their corrosion resistance. For
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this purpose, it appears necessary to investigate the microstructure of both types of steel
reinforcement and further study the degree of influence of corrosion on dynamic loading
(on higher strain).

3.4. Results of Fatigue Tests

The damage of materials due to fatigue is directly linked with their microstructure
because the development and propagation of microcracks toward the inner part of the
material is crucial for mechanical performance. In this framework, a complementary study
by means of load-bearing capacity and ability for energy absorption was established to
assess the impact of loading history on the mechanical performance of steel reinforcement;
thus, low-cycle fatigue tests were conducted to simulate the consequences of seismic
loadings on steel rebars, as already indicated by several studies [25,37]. The results are
demonstrated in Tables 6 and 7 for each tested specimen, along with the corresponding
mass loss.

Table 6. Results of LCF tests with free length 6 conducted on steel Dual Phase F (DPF).

Mass Loss . Energy Density Omax Omin
Rebar (%) Strain  Cycles (N) W, (MPa) (MPa) (MPa)
F-0-1 - 43 856.5 486.6 —483.9
F-0-2 - +£2.5% 42 860.2 489.7 —489.7
F-0-3 - 39 817.3 489.7 —489.7
F-0-4 - 13 479.41 504.2 —483.9
F-0-5 - +4.0% 16 583.2 515.6 —489.7
F-0-6 - 16 556.3 518.7 —507.2
F-100-1 1.42 28 628.66 465.45 —437.38
F-100-2 1.35 1059 29 588.51 462.48 —434.71
F-100-3 1.26 = 29 600.39 478.24 —446.07
F-100-4 1.35 32 669.33 484.30 —461.81
F-100-5 1.40 4.0 12 455.27 522.55 —479.84
F-100-6 1.41 s 15 431.78 516.32 —464.91
F-200-1 2.10 31 664.19 494.68 —469.79
F-200-2 1.80 1059 31 657.14 491.12 —465.32
F-200-3 1.90 = 28 625.95 492.83 —475.45
F-200-4 1.89 31 682.87 491.75 —466.22
F-300-1 1.89 39 658.85 483.38 —461.40
F-300-2 1.98 1959, 31 656.48 483.20 —469.15
F-300-3 1.88 = 32 671.81 475.07 —453.98
F-300-4 1.92 30 635.40 467.90 —439.37
F-300-5 2.06 13 459.54 513.46 —468.67
F-300-6 211 14.0% 13 426.29 511.49 —464.52
F-300-7 2.13 = 13 437.41 511.36 —457.83
F-300-8 212 12 433.95 512.93 —469.98
F-400-1 6.34 25 510.63 459.97 —435.15
F-400-2 6.08 +£2.5% 29 580.72 464.33 —444.15
F-400-3 6.50 25 539.96 461.89 —444.48
F-400-4 5.60 12 413.17 486.48 —442.16
F-400-5 5.38 +4.0% 10 356.13 471.78 —428.27
F-400-6 5.25 10 383.96 482.57 —439.13
F-600-1 7.20 26 547.77 464.10 —434.86
F-600-2 7.65 +£2.5% 28 565.11 461.18 —430.60
F-600-3 7.83 22 484.13 466.86 —438.15
F-600-4 6.69 11 386.84 492.71 —448.44
F-600-5 6.57 +4.0% 11 382.95 491.09 —444.28

F-600-6 6.75 9 340.30 491.70 —445.59
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Table 6. Cont.

Mass Loss . Energy Density Omax O min

Rebar (%) Strain  Cycles (N) W, (MPa) (MPa) (MPa)
F-800-1 7.31 22 484.52 464.82 —440.97
F-800-2 7.34 +£2.5% 26 539.91 464.19 —441.66
F-800-3 7.21 27 553.02 462.38 —440.67
F-800-4 7.89 11 369.39 469.42 —420.89
F-800-5 8.09 +4.0% 9 308.18 462.32 —413.05
F-800-6 8.48 8 312.17 474.28 —433.98
F-1000-1 12.46 25 501.26 446.04 —415.00
F-1000-2 12.11 +£2.5% 27 545.65 449.89 —425.98
F-1000-3 11.76 23 484.09 448.33 —417.97
F-1000-4 8.13 9 301.69 449.60 —422.23
F-1000-5 9.64 +4.0% 10 344.66 477.16 —435.54
F-1000-6 9.82 9 314.05 473.62 —420.73

Table 7. Results of LCF tests with free length 6@ conducted on steel Tempcore B.

o . O'max Omin

Rebar Mass Loss (%)  Strain  Cycles (N) Wq4 (MPa) (MPa) (MPa)
B-0-1 - 38 905.02 528.36 —549.75
B-0-2 - 35 814.19 528.51 —549.90
B-0-3 - +£2.5% 32 753.73 530.38 —532.47
B-0-4 - 36 718.42 533.70 —553.94
B-0-5 - 39 758.23 532.14 —543.73
B-0-6 - 10 417.65 559.56 —530.10
B-0-7 - 9 382.53 559.35 —531.56
B-0-8 - +4.0% 11 417.00 559.95 —535.43
B-0-9 - 10 393.86 562.10 —535.62
B-0-10 - 10 398.08 560.23 —532.36
B-100-1 1.42 27 651.12 508.84 —511.75
B-100-2 1.42 +2.5% 22 538.90 513.68 —523.03
B-100-3 1.23 25 598.68 505.59 —496.91
B-100-4 1.52 9 391.43 534.15 —489.75
B-100-5 1.33 +4.0% 10 424.12 532.06 —496.66
B-100-6 1.48 10 436.15 543.52 —507.65
B-200-1 1.73 35 823.51 445.92 —528.23
B-200-2 1.54 +2.5% 34 796.69 443.00 —540.93
B-200-3 1.78 30 704.38 438.65 —535.49
B-200-4 1.56 9 388.51 556.25 —523.26
B-200-5 1.62 400 8 358.95 559.57 —526.31
B-200-6 1.85 e 8 356.97 558.18 —529.75
B-200-7 1.75 8 349.61 551.78 —526.44
B-300-1 4.72 26 604.97 502.42 —507.11
B-300-2 3.32 159, 30 701.68 510.45 —502.62
B-300-3 3.35 = 27 648.38 510.16 —493.52
B-300-4 3.28 28 661.63 510.80 —500.63
B-300-5 2.57 8 348.60 553.62 —534.34
B-300-6 2.62 400 10 408.47 549.52 —525.37
B-300-7 2.61 = 9 393.39 555.48 —535.12
B-300-8 2.57 10 418.45 550.04 —525.18
B-400-1 3.25 34 789.70 507.42 —529.72
B-400-2 3.74 +2.5% 26 631.10 507.44 —539.60
B-400-3 3.63 23 556.78 504.99 —512.77
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Table 7. Cont.
o . O'max O'min
Rebar Mass Loss (%)  Strain  Cycles (N) Wq4 (MPa) (MPa) (MPa)
B-400-4 3.90 8 349.66 546.88 —518.50
B-400-5 4.02 +4.0% 10 415.54 541.88 —519.52
B-400-6 3.69 9 361.89 536.43 —513.11
B-600-1 4.06 22 562.71 507.47 —528.84
B-600-2 3.55 +2.5% 23 573.83 509.98 —518.09
B-600-3 4.08 23 567.83 510.49 —506.73
B-600-4 4.04 9 416.93 553.57 —535.91
B-600-5 4.09 +4.0% 10 449.64 543.73 —506.01
B-600-6 3.81 8 359.27 544.41 —-507.73
B-800-1 5.52 27 651.12 508.84 —511.75
B-800-2 3.84 +2.5% 22 538.90 513.68 —523.03
B-800-3 6.20 25 598.68 505.59 —496.91
B-800-4 4.74 9 391.43 534.15 —489.75
B-800-5 5.70 +4.0% 10 424.12 532.06 —496.66
B-800-6 4.57 10 436.15 543.52 —507.65
B-1000-1 7.31 15 363.98 49291 —471.55
B-1000-2 5.10 +2.5% 34 786.96 510.56 —517.06
B-1000-3 541 18 436.62 505.17 —491.46
B-1000-4 7.51 7 307.81 517.14 —479.04
B-1000-5 6.37 +4.0% 7 319.31 532.61 —497.95
B-1000-6 777 7 293.33 514.92 —477.36

Moreover, the mean values of the above results for each class of steel reinforcement
are summarized in Tables 8 and 9 for all corrosion exposure times and for each imposed
strain amplitude. The total cycles to failure Ny, the total fatigue energy density Wy, and the
recorded maximum stress of the ascending branch opax are presented. The normalized
fatigue energy density and the normalized maximum stress, compared to the non-corroded
conditions, were also calculated, in order to directly compare both steel types, which were

of different technical classes.

Table 8. Results of LCF tests on Tempcore Steel B (mean values).

Tempcore Steel B

+2.5% +4.0%
0 - 36 789.92 1.00 530.62 1.00 10 401.82 1.00 560.24 1.00
100 1.39 35 825.37 1.04 528.62 1.00 9 413.37 1.03 563.59 1.01
200 1.67 33 774.86 0.98 44252 0.83 8 363.51 0.90 556.44 0.99
300 2.54 28 654.16 0.83 508.46 0.96 9 392.22 0.98 552.17 0.99
400 3.75 28 557.88 0.71 525.08 0.99 9 462.99 1.15 527.52 0.94
600 3.97 23 568.13 0.72 509.31 0.96 9 408.61 1.02 547.24 0.98
800 5.06 25 596.23 0.75 509.37 0.96 10 417.24 1.04 536.58 0.96
1000 7.44 22 529.19 0.67 502.88 0.95 7 306.82 0.76 521.55 0.93
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Table 9. Results of LCF tests on Dual Phase steel F (DPF) (mean values).
Dual Phase Steel F (DPF)
+2.5% +4.0%
Corrosion Mass Wqa O'max Wy O'max
Time (h) Loss (%) N¢ (MPa) wd/wd,nc (MPa) Omax/ Omax,ne N¢ (MPa) wd/Wd,nc (MPa) Omax/ Tmax,nc
0 - 33 652.67 1.00 484.20 1.00 14 456.33 1.00 510.52 1.00
100 1.36 29 596.14 0.91 480.72 0.99 13 518.79 1.14 507.72 0.99
200 191 30 657.73 1.01 492.59 1.02 invalid
300 2.24 33 661.08 1.01 480.26 0.99 13 478.52 1.05 503.43 0.99
400 5.97 26 543.77 0.83 462.06 0.95 11 384.42 0.84 480.27 0.94
600 7.04 25 532.34 0.82 464.05 0.96 10 370.03 0.81 491.83 0.96
800 7.61 25 525.82 0.81 463.80 0.96 9 329.91 0.72 468.67 0.92
1000 10.73 25 510.33 0.78 448.08 0.93 9 320.13 0.70 466.79 0.91
Contrary to what has already been demonstrated from monotonic pseudo-static
loading, the diagrams, which follow in Figure 14, depict the degradation in bearing capacity
of each class of reinforcement, in terms of maximum stress, owing to the loading history of
the materials.
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Figure 14. Diagrams of maximum stress omax toward number of cycles N for £ 2.5% strain controlled for (a) Tempcore
Steel B and (b) Dual Phase Steel F (DPF).

In particular, it can be easily observed that the fatigue damage accumulation reduced
the recorded maximum stress corresponding to the ascending branch of each fatigue loop
of both steel grades Tempcore B and Dual Phase F and limited their service life. In addition
to the decrease in bearing capacity due to strain loading history, corrosion was identified as
a considerable factor in the reduction of the service lifetime because it reduced the number
of cycles to failure. However, there were differences in the damage accumulation of the
two materials (B and F) in corroded specimens, which were due to their microstructures.
As shown by the curves of Figure 14, the degradation of the maximum stress in fatigue
tests with a strain amplitude of +2.5% indicated that corroded Tempcore B deviated from
its non-corroded conditions, contrary to the corresponding behavior of Dual Phase F. More
specifically, for similar mass loss, although the range of maximum stress difference Aomax
of Tempcore B was narrower than that of Dual Phase F (125 MPa against 166 MPa), the
values of cycles to failure for each class differed between non-corroded and corroded
conditions. More precisely, AN equal to 25 cycles stood for Tempcore B and AN equal
to 12 cycles stood for Dual Phase F. Moreover, since the average value of yield strength
Rp in non-corroded conditions was 481 MPa for Tempcore steel B and 407 MPa for Dual
Phase F, the recorded maximum stress in corroded conditions corresponded to 84% and
81% of yield strength Ry, respectively. These divergences between the two types of steel
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grades raised issues of the capacity of corroded steel reinforcement in dynamic loadings of
Tempcore B compared to Dual Phase F.

At this point, it is worth mentioning that Tempcore steel B, mainly used in RC struc-
tures in compliance with design rules, is expected to carry a constant load throughout its
service life because the imposed loadings of elements remain fairly constant over time.
However, the coupled effects of fatigue and corrosion damage reduce the bearing capacity
of steel reinforcement. Hence, in the light of evaluating the performance of both steel
categories, a lower limit of 80 percent of the maximum load of non-corroded steel bar was
defined as an acceptable threshold, which stood for the ability of the material to safely
carry the developed stresses. The beneficial number of cycles N¢ was then calculated up
to this threshold so as to estimate the beneficial service life of the material [21,56]. Herein,
Figure 15a illustrates the reduction of beneficial number of cycles Ng¢ vs. percentage
mass loss for £2.5% strain amplitude, where Tempcore steel B showed a sharper drop in
beneficial service life than Dual Phase steel F, raising issues of the performance of Temp-
core steel B in terms of its ductility properties. In particular, Tempcore steel B recorded a
sharp decrease, from 36 to 14 cycles, for a corresponding percentage mass loss of 5.94%,
whereas Dual Phase steel F demonstrated a milder reduction, from 33 to 14 cycles, for a
corresponding percentage mass loss of 12.11%, respectively.

40 T T T T T 12 T T * T ) T T 5 T T T T T T T
= ]
& —— Tempcore B 1.14 7
35 i —— Dual Phase F (DPF)] & °
° @ £ 10 Chd -
@ Slope -2.64 2 Slope -0.024
30 1 R*=62% . 8 094 ° R*=73% i
<} 254 B 2 0.8 6 .
L I
5 B 074 Slope -0.072 4
Z 204 4
0 Slope -0.68 2 R*=79%
L) - - 0 © - -4
R*=37% £ 06
e 9 ’6 I
151 5 S b Z 5 —— Tempcore B
’ Dual Phase F (DPF)
10 x ) L ) Y X =777 T T T T T T T
0 2 6 8 10 12 14 0 1 2 3 4 5 6 7 8 9 10 11 12
mass loss (%) Mass loss (%)
(a) (b)

Figure 15. (a) Beneficiary number of cycles N and (b) normalized energy density Wy vs. mass loss for both types of

steel reinforcement.

Taking into account that the reduction of service life was higher in the case of Tempcore
steel B than that of Dual Phase steel F for similar percentage mass loss, a comparison
was conducted in terms of normalized energy density. A linear regression analysis was
performed for both steel types so as to extract the degradation rate of the beneficial number
of cycles N and energy supplies due to corrosion, based on the following equation:

y=an+b )

where 1 accounts for the percentage mass loss. The outcomes of regression analyses are
summarized in Table 10, along with the value of parameters a and b and the corresponding
values of the R? coefficient.

Table 10. Parameters determined by regression analyses for both types of steel reinforcement.

Beneficial Number of Cycles Neg¢ Normalized Energy Density W4q/Wy n,

Parameters
Tempcore Steel B Dual Phase Steel F Tempcore Steel B Dual Phase steel F
a —2.64 —0.68 —0.072 —0.024
b 35.54 21.24 1.05 1.006
R? (%) 62 37 79 73
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As reflected by the slopes of the fitting curves in Figure 15b, Dual Phase steel F
preserved its capacity to absorb energy as opposed Tempcore steel B, even with considerable
levels of corrosion damage.

3.5. Proposed Fatigue Index

The purpose of introducing a dynamic performance index, namely the fatigue damage
indicator, Qp, was to evaluate and compare the fatigue response of different materials
when corrosion damage was involved. Based on the above mentioned in Section 2.4, a
linear regression analysis was conducted to the derived values of the fatigue damage index
of both steel types. Moreover, the values of the R? coefficient are presented in Figure 16,
wherein the fitting curves were exported so as to depict the favorable trend of hybrid Dual
Phase steel F vs. Tempcore steel B in a corrosive environment in long terms, with the
derived equations as presented below:

Qr=ac+b (6)

where c accounts for the corrosion time. The outcomes of regression analyses for each type
of steel reinforcement are summarized in Table 11, along with the values of parameters a
and b and the corresponding values of the R? coefficient.
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Figure 16. Fatigue damage indicator Qr for steel B and steel F at strain amplitudes £2.5%.

Table 11. Parameters determined by regression analyses for both types of steel reinforcement.

Fatigue Index Qg
Parameters
Tempcore Steel B Dual Phase Steel F
a —0.58 —0.404
b 612.12 428.23
R? (%) 41 56

With regard to the obtained quality evaluation, as depicted in Figure 16, both in-
dexes showed similar trends because when increasing the corrosion exposure time, the
mechanical response, and subsequently, the life expectancy of the material, was steadily
decreased for both types of steel. It can be also noted that even though Dual Phase steel F
demonstrated lower levels of bearing capacity in reference conditions than Tempcore steel
B, nevertheless, under corroded conditions, in the case of +2.5% imposed deformation, it
sustained its mechanical properties and the ability to carry out repeated loading. The qual-
ity assessment of the tested reinforcing steel bars via the proposed fatigue damage index,
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taking into account both strength and ductility properties, indicated the better mechanical
performance of Dual Phase steel F vs. Tempcore B in long terms. The differences in the
microstructure of the materials were deemed to be crucial for the overall fatigue response
and corrosion resistance. In continuance, the interactive morphology of the martensite
and the ferrite phases in the entire microstructure of steel F were directly linked with
the delayed propagation of fatigue damage, leading to the overall improved mechanical
performance of Dual phase steel F vs. Tempcore steel B.

4. Conclusions

In the current manuscript, the impacts of the combined effects of fatigue and corrosion
damage on two different classes of reinforcing steel regarding their mechanical responses
and vulnerability to corrosive environments were studied within the frame of an ongoing
extensive experimental program. In addition, based on an existing static index, a dynamic
fatigue index was proposed in order to evaluate the mechanical performance in long terms
of materials. The following remarks can be drawn:

e  Upon the completion of the corrosion time for both groups of specimens—tensile and
fatigue—Dual Phase steel F recorded generally higher values of percentage mass loss
than Tempcore steel B.

e Inaddition to the exposed-to-corrosion length, the total length of tested specimens
influenced the corrosion rate during the accelerated corrosion tests. The diversity of
results was affected by differential aeration corrosion, wherein different parts of each
specimen were exposed to different concentration of oxygen.

e  Inboth steel categories, a slight mechanical degradation was recorded due to corrosion
in terms of yield and tensile strength, while ductility and dissipated energy were
dramatically diminished.

e  Examining the seismic loadings of both steel categories under LCF tests, it was clear
that the loading history degraded the mechanical performance because fatigue damage
accumulation reduced the recorded maximum stress and the service life for both steel
categories. However, for similar mass loss, although the range of maximum stress
difference Aomax of Tempcore steel B was narrower than that of Dual Phase steel F,
Dual Phase steel F seemed to have greater service life in corroded conditions.

e A new fatigue damage index Qg for steel reinforcement was introduced in the present
manuscript to evaluate the overall mechanical performance of metallic materials,
taking into account both strength capacity and ductility. The proposed fatigue index
can be utilized also to assess material performance in long terms.

e  On the basis of this index both types of steel reinforcement were compared: Temp-
core B, which is already extensively used in RC structures, and a new hybrid steel,
namely Dual Phase F, which has been produced with lower mechanical performance
(mechanical properties such as Rp, Rm, and Ag) with respect to traditional Tempcore
B. The outcomes obtained by the fatigue index were in good agreement with the
experimental results, wherein Dual Phase steel F was deemed to have more credible
fatigue performance in long terms.

e  Considering the significant impact of the environmental corrosion effect, the need for
preventing the degradation of the mechanical properties in steel reinforcement should
be a matter of priority for further investigation because the hybrid Dual Phase F is
rather promising regarding its service life, despite the fact that in reference conditions,
it is of a lower class.
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