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Abstract

This study aimed to investigate the corrosion rate, corrosion resistance, and bond behaviour of stainless steel (SS) bars in
comparison to carbon steel (CS) bars. Concrete specimens (M30) were cast using SS (grade SS550) and CS (grade Fe550D)
bars and then immersed in NaCl medium with varying concentrations (0%, 3%, and 5%). Accelerated corrosion and pull-out
tests were conducted to determine the corrosion resistance and bond behaviour of the concrete, while the Natural Corrosion
Rate test was performed to determine the corrosion rate. The test results revealed that CS bars failed three times faster than
SS bars and exhibited a corrosion rate approximately 6 times higher than SS bars. Furthermore, the limit of corrosion initia-
tion and propagation ratios for CS vs. SS rebar was found to be 1:1.8 weeks and 1:1.7 weeks respectively. Consequently,
the bond strength of CS bars after corrosion was found to be 30% lower than that of SS bars. SEM analysis indicated that
the presence of a chromium oxide film on SS steel exhibited better protective properties than that of CS steel. The chloride
threshold value measured by using potentiometric titration showed that SS bars had a higher resistance against the chloride
penetration approximately two times higher than that of CS bars. From this experimental study, it can be concluded that
corrosion resistance, bond behaviour, protective properties and service life of SS steel bars suggest its potential superiority
over CS steel bars in concrete structures.

Keywords Stainless steel (SS) - Carbon steel (CS) - Natural corrosion rate test (NCR) - Accelerated corrosion test (ACT) -
Pull-out test - Bond strength - Potentiometric titration

1 Introduction

For many years, carbon steel (CS) has been the preferable
option for reinforcement in concrete structures due to its
high strength and ease of availability [1]. However, the cor-
rosion of carbon steel reinforcement is one of the primary
causes of deterioration of the reinforced cement concrete
(RCC) structures which leads to cracking and spalling of
concrete under harsh climatic conditions [2, 3]. Factors such
as increased pollution levels, excessive use of de-icing salts,
overloading of structures beyond their intended capacity and
underestimating the impact of climatic conditions will play a
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role towards the corrosion of concrete. Therefore, there is an
increasing demand to enhance the durability and service life
of RCC structures [4, 5]. Carbonation is one of the causes
of corrosion, which destroys the protective passive layer
surrounding the reinforcing bar. In marine environments,
chemical and mineral processing plants, etc., the ingression
of highly corrosive chloride ions through the concrete to the
reinforcing bar typically causes corrosion [6, 7]. The prod-
ucts of corrosion, such as iron salts and oxides, will try to
increase volume larger than the original steel volume, lead-
ing to the cracking and subsequent spalling of concrete [8].

Various remedial measures have been introduced to
address the corrosion of reinforcement in concrete struc-
tures, such as increasing the concrete cover, using high-
strength concrete, cathodic protection, reducing the water-
cement ratio, applying sealants and anti-corrosion coatings
such as epoxy and acrylic coatings on reinforcement bars
[9-12]. The corrosion performance of mild steel and epoxy-
coated rebar in concrete was evaluated under simulated
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harsh environmental conditions by Sohail et al. [13]. The
study aimed to assess the protective effectiveness of epoxy
coatings in preventing corrosion and results indicated the
epoxy-coated rebar demonstrated superior corrosion resist-
ance compared to the mild steel counterpart. Epoxy-coated
rebar exhibited reduced corrosion rates, minimal rust forma-
tion, and enhanced durability, showcasing its potential as an
effective corrosion protection strategy in challenging con-
crete environments like high humidity, aggressive chemicals,
and cyclic wet-dry conditions [13].

The study on the electrochemical behavior of mild and
corrosion-resistant concrete reinforcing steels investigates
the corrosion performance of these materials in concrete
environments [14]. Factors such as corrosion rates, polari-
zation behavior, and corrosion product characteristics are
analyzed. The research explores the influence of concrete
mix designs, accelerated corrosion tests, and field studies to
validate laboratory findings. Additionally, the impact of stray
currents, durability under thermal cycling, and performance
in aggressive environments are assessed. Key findings reveal
that corrosion-resistant steels exhibit superior electrochemi-
cal performance compared to mild steel [14].

However, these methods are only effective for a limited
time, and they may not be suitable for harsh climatic condi-
tions, such as high chloride-contaminated areas in addition,
they may increase the dead load of structures and reduce
the bond strength. Utilization of inhibitors offers a tempo-
rary solution, and using cathodic protection is challenging to
implement and may require post-maintenance and monitor-
ing [15, 16]. Replacing CS bars with low alloy steel bars up
to a concentration of only 1% or so is not the solution when
the concrete is exposed to high levels of urban pollution
and aggressive marine environments. According to a NACE
report, approximately 15% of concrete bridges, including
both conventional and prestressed bridges, are structurally
deficient due to corrosion, with the total direct cost of cor-
rosion estimated at $276 billion annually. As such, the over-
all direct and indirect cost of corrosion exceeds 3% of the
world’s GDP [17].

Concrete corrosion is an electrochemical process whereby
the depletion of the passivity layer around the reinforcement
bar occurs and corrosion initiation takes place when the pH
of concrete drops below 11 (the pH of concrete is typically
14) [6, 18, 19]. When metals with higher chromium con-
tent come into contact with oxygen, they develop a passive
layer of Chromium Oxide that serves as a protective barrier
against corrosion of the steel bars [20, 21]. Stainless Steel
(SS) bars, which have a chromium content of at least 10.5%
(generally 10.5-12%), were introduced as a replacement to
CS bars as reinforcement to mitigate this issue. In contrast,
the chromium content in CS is consistently less than 10.5%
(generally 1.5%) [22]. SS is an alloy that consists of sev-
eral components, including Chromium (providing corrosion

@ Springer

resistance), Nickel (enhancing ductility), Molybdenum
(resistance against pitting corrosion), low carbon content
(facilitating weldability), and so on. There are 5 types of
stainless steel, namely Austenitic, Duplex, Ferritic, Marten-
sitic, and Precipitation hardening steel, with the first two
types being commonly used for reinforcement purposes [23].
SS is not commonly used in reinforced concrete applications
primarily due to its high initial cost, which is approximately
4-5 times greater than that of CS [24]. Moreover, there is
limited literature available on the bonding properties of SS
and concrete in comparison to the extensive research on the
bond between CS and concrete.

The bond behaviour of reinforced concrete structures is
the composite interaction between concrete and reinforce-
ment bars that allows the transfer of forces and deformations
between reinforcement bars and surrounding concrete [25,
26]. It consists of three parts chemical adhesion, friction,
and mechanical interaction. The products formed in corro-
sion have a higher volume than the original steel volume and
can damage the concrete cover by expansion. Because of the
increased roughness at the steel bar surface during the initial
stage of corrosion, the bond strength will increase [27]. Fur-
ther corrosion of the reinforcing steel bar causes the concrete
cover to crack, and the bond property begins to deteriorate
due to the substantial reduction of the rib area, the loss of the
confinement provided by the concrete cover, and the pres-
ence of lubricant corrosion products at the steel-concrete
interface [28-31].

In summary, although SS is typically more corrosion-
resistant than CS, its behaviour in concrete structures can
be affected by a variety of factors, necessitating further
research to determine its viability as a substitute for carbon
steel in the design of RCC elements. It is crucial to inves-
tigate the corrosion resistance and bonding performance
of both materials, both before and after corrosion, in the
specific conditions and environment in which they will be
utilized, to make an effective decision. The present investiga-
tion aims to study the rate of corrosion, corrosion resistance
and bond behaviour of stainless-steel bars compared with
CS in aggressive environment conditions. For this purpose,
the specimens of concrete reinforced with SS (grade SS550)
and CS (grade Fe550D) bars were exposed to varying con-
centrations of NaCl solution (0%, 3%, and 5%) are subjected
to Normal Corrosion Rate (NCR) test, Accelerated Corro-
sion test (ACT) and pull-out tests respectively. The NCR
of steel refers to the rate at which steel deteriorates due to
environmental factors without any protective measures. Fur-
thermore, the impact of corrosion on the bonding properties
of both RCC reinforced with SS and CS bars was examined
and further effect of SS and CS bars on the pre- and post-
corrosion will be analysed. Scanning Electron Microscopy
was used to analyze the surface morphology of the corroded
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Table 1 Chemic_al composi_tion Grade of Steel C Ni Mn Si P S Cr N Tensile Elongation
and the mechanical properties Strength Percentage
of CS and SS (MPa)

CS 0.25 - - 004 0.04 - - 600 16

(Fe-550 D)

SS (SS550) 0.03  0.06 1 004 003 135 0.05 625 17

Table 2 Chemical composition of cement

Property Cement
Fineness 6%

Specific gravity 3.12

Density 1440 (kg/m®)
Normal consistency 30%

bars and potentiometric titration was performed to determine
the chloride threshold value.

2 Materials and methods

2.1 Materials and mix properties

SS rebars of SS 550 grade (as per IS 16651:201) [32] and
CS bars of Fe-550D grade (as per IS 1786:2008) [33]

were used for this study. The chemical composition and
the mechanical properties of SS and CS bars are shown

in Table 1. For this study, M30 grade of concrete was
designed as per IS 10262:2019 [34] and the cement used
along with mix proportions of the concrete were given in
Table 2 and 3 respectively.

2.2 Specimen preparation

The CS and SS bars of diameters 8 mm, and 12 mm and
a length of 4 cm were used (as shown in Fig. 1a and b) to
conduct the NCR test. Before testing, the bars were cleaned
using a 1 M H,SO, solution (Fig. 1c) followed by acetone to
remove any loose particles from the surface of the specimen.

Reinforced cylindrical specimens with dimensions of
100 mm X 200 mm (as shown in Fig. 2) were used for both
ACT and pull-out tests. Each specimen had a single rein-
forcing bar (either CS or SS) of diameter 12 mm, placed
at the centre with a clear cover of 20 mm. The specimens
were demoulded after 24 h and placed for water curing for
28 days.

Table 3 Mix proportions of the

Grade of concrete  Cement  Fine aggregate  Coarse aggregate Water SP  W/C Mix
concrete 5
Kg/m
M30 365 1154 182 - 050 1:1.87:3.16

(a) SS bar specimens

Fig. 1 Specimens for natural corrosion rate tes

(b) CS ba specimens

(c) Cleaning with 1M H,SO,
solution
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Fig.2 Cylinder specimens for ACT and pull-out test t

2.3 Test methods
2.3.1 Natural corrosion rate test

NCR test was conducted as per ASTM G31 12-a [35].
Metal weight loss is influenced by the metal’s strength
and the corrosive medium’s reactivity. It can be viewed as
a material characteristic attribute that directly affects the

rate of corrosion. The CS and SS rebars of diameters 8 mm
and 12 mm were immersed in NaCl solution having con-
centrations of 0%, 3%, and 5% at room temperature for 28,
90, 180 and 365 days (Fig. 3). The weight loss was meas-
ured by using the electrical weighing machine. Percentage
weight loss of bars can be calculated by using Eq-1 and
rate of corrosion can be calculated by using Eq-2.

Percentage weight loss

initial weight — final weight
_ initial weight — final weight 1)
intial weight
Rate of corrosion = kx W mm/year )

DXxXAXT

where k (constant) =87.6%1 0%, W= Weight loss in grams,
D =Density of steel bar, A= Surface area of bar in cm?,

T =Time in hours.
2.3.2 Accelerated corrosion test (ACT)

Corrosion of concrete is an electrochemical process where
the disintegration of steel occurs at the anode and the gen-
erated electrons at the anode are transferred to the cathode.
This flow of electrons produces a small amount of corrosion

(a) 8mm stainless steel bars th 0%, 3% and 5%
NaCl solution

' (c) 8mm carbon steel bars with 0%, 3% and 5% NaCl
solution

(d) ikVZm carbon steel bars with 0%, 3% and 5% Nl
solution

(b) 12mm stainless steel bars with 0%, 3% and 5%
NaCl solution

Pt

Fig. 3 Natural corrosion rate test for carbon and stainless-steel reinforcement immersed in 0, 3% and 5% NaCl solution
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(a) Accelerated corrosion test set-up

(b)Carbon steel bar

(c)Stainless steel bar

Fig.4 Specimens placed for accelerated corrosion test

called corrosion current. It takes a long time to initiate the
corrosion process naturally. So, for laboratory tests, the cor-
rosion process has to be accelerated by giving an external
power supply. For this, the test specimen in concrete acts as
an anode, artificial graphite/calomel/stainless-steel rods are
used as cathode and a salt medium (generally aqueous NaCl
or CaCl,) is used as an electrolyte to provide electrical contact
between the anode and cathode (as shown in Fig. 4a) [36].

The test setup for conducting ACT consists of a DC power
source (12 V). The test specimen (either CS or SS bar) in the
concrete cylinder (working electrode) was connected to the
positive terminal and a graphite rod (counter electrode) was
connected to the negative terminal of the power source. The
NaCl medium with varying concentrations (0%, 3%, 5%)
was used as an electrolyte medium. By applying a voltage of
12 V the response of current should be noted at equal inter-
vals of time until the first crack was observed on concrete
specimen (Fig. 4b and c). The ACT test was conducted in
a controlled environment (closed room) with regular moni-
toring, adjustments to cathodic protection systems, and the
maintenance of a room temperature of 27 °C 3 °C to miti-
gate atmospheric corrosion.

2.3.3 Bond-behaviour:

The pull-out test was conducted to determine the bond
strength of the specimens, which were prepared in accord-
ance with Mohammad R. Irshidat; 2021 [37]. A Universal
Testing Machine (UTM) with a capacity of 400 kN was used

Fig.5 Bond test for CS and SS specimens

for the test, and the test specimen was fixed to the UTM as
illustrated in Fig. 5. Grips provided in the machine were
attached to one end of the rod, which was moveable in a
vertical direction. The rod was pulled upward from the
specimen until it failed to achieve the maximum load. The
pull-out load was applied slowly until the failure occurred,
which could be either a pull-out failure or a split failure. The
ultimate load, which is the maximum load at which failure
occurs, was recorded in each case. The bond strength was
reported as an average of three tests, and it was calculated
using the equation (Eq-3).

Py

Bond strength, o), = —d ]
wxdx

3

Where, 6, = Bond stress (MPa), P,= Ultimate load (kN),
d =Diameter of bar (mm), L =Length of bar(m).

To investigate the bond behaviour of SS and SS embed-
ded in concrete, a comparison was made between the bond
strength before and after corrosion. The pull-out test was
performed on the fresh specimens after 28 days of curing to
examine the bond behaviour before corrosion. On the other
hand, the specimens subjected to an accelerated corrosion
test for 45 days in NaCl medium of different concentrations
(0%, 3%, and 5%) were tested to assess the bond behaviour
after corrosion using a pull-out test.

2.3.4 Chloride threshold value test

One of the important reasons for the corrosion of reinforce-
ment is the ingression of chloride ions from de-icing salts
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or seawater through pores. The chloride ions react chemi-
cally with the steel and the surrounding passive material to
form hydrochloric acid. The hydrochloric acid eats away the
steel reinforcement, causing cracking, spalling and failure
of the concrete. The amount of chloride ions required at the
concrete-steel interface to break the passivity layer and initi-
ate the corrosion process is called the Chloride Threshold
value (CTV).

The specimens after the accelerated corrosion test were
tested for CTV since chloride content is mainly responsi-
ble for corrosion. The concrete powder was collected at
the steel-concrete interface for both CS and SS specimens
(Fig. 6a and b). The CTV was determined by using potentio-
metric titration as per IS3025 Part 32 (Fig. 6¢) [38, 39]. To
make the titrate 10 g of the concrete powder samples taken
from CS and SS bar specimens were taken into 2 separate
beakers and 100 ml of water was added into each beaker.
The solutions were subjected to continuous stirring by using
a Jar test apparatus at a speed of 60 rpm. After one hour of
continuous stirring leave the specimen for 5 h to settle down
all the suspended particles. Now 50 ml of this solution was
taken into a conical flask for titration. 1 M AgNO; was taken
in burette as titrant and potassium chromate was used as an
indicator. When two to three drops of the indicator were
added to the titrate, it turned into a yellowish green colour.
The titrate was then subjected to titration by continuous

Fig.6 Chloride threshold value . .
test for CS and SS

(a) Concrete powder collected from the
interface of CS reinforced concrete

specimen

stirring. The addition of AgNOj; continued until the titrate
was turned into a reddish-brown colour. The strength of
chloride ions was calculated by using Egs. 4, 5 and 6.

Concentration of Chloride ions
= Strength of chloride ions in sample 4)
x 1000 ppm

where,

St, Strength of chloride ions

= Molarity of titrate X Molecular weight of chloride ions

®)
. . Molarity of AgNO3 X Volume of AgNO3 used
Molarity of titrate = -
volume of titrate
(6)

2.3.5 Surface morphology by scanning electron microscopy
(SEM)

The samples were examined by using an Optical Microscope
(OM) before SEM/EDS analysis. Olympus PMG3 optical
microscope was used in this study. Using a scanning elec-
tron microscope (SEM, JEOL JSM-6400), the morphology
and composition of the samples’ surface were evaluated

(b) Concrete powder collected from the
interface of SS reinforced concrete specimen

(¢) Jar-test apparatus for making solution for titration
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(Inca-sight Oxford Instruments). The samples had to have an
ultrathin layer of gold on their surfaces that was applied by
sputter coating. This boosted the amount of electron emis-
sions and enhanced image capture. The secondary electrons
were used to conduct SEM surface examinations. Back-scat-
tered electron detectors were added as necessary.

3 Results and discussion
3.1 NCRtest

By following the methodology given in Sect. 2.3.1 the
NCR test was conducted for carbon and stainless-steel
reinforcement immersing in 0, 3% and 5% NaCl solu-
tion as shown in Fig. 3. The gravimetric weight loss and
percentage weight loss have been calculated for 28 days,
90 days, 180 days and 365 days and the results were shown
in Fig. 7.

Based on the data presented in Fig. 7, the concentra-
tion of NaCl in the medium exhibited a positive correla-
tion with the percentage of weight loss, regardless of the
type of bar used. At 28 days, the minimum to a maximum

=0% Nacl = 3%Nacl 5%Nacl
"
2 30%
£
5 20%
=
8 10%
B 10%
c
§ 0% = —
& cs8 Cs12 SS8 SS12
-10%

Type of Steel Bar

(a) Gravimetric Weight Loss at 28 days

=0% Nacl = 3%Nacl 5%Nacl
[%]
§ 30%
=
2 20%
=
& 10% H
S EE T
[ = = = = =
S 0% E =] ™|
i CS8 CS12 SS8 SS12

Type of Steel Bar

(c) Gravimetric Weight Loss at 180 days

weight loss of SS bars and CS bars are 0.38-0.86%, and
1.29-2.76% respectively. After 90 days, the SS bars and
CS bars had a minimum to a maximum weight loss of
2.48-5.45% and 9.84-14.76% respectively. Over 180 days,
the SS bars and CS bars had a minimum to a maximum
weight loss of 1.84-3.74% and 2.68-8.59% respec-
tively. At the end of the 365 day study, the minimum and
maximum weight losses observed were 3.21-8.99% and
10.40-24.35% for SS bars and CS bars respectively.

This means that adding more NaCl to the medium can
potentially lead to a greater percentage of weight loss in
both SS and CS bars. After 90 days, the SS bars had a greater
weight loss percentage (9.84—14.76%) compared to CS bars
(2.48-5.45%) over 180 days. However, by the end of the
365 day study, the SS bars had a smaller weight loss percent-
age (10.40-24.3).

The results suggest that the corrosion (weight loss) of
both SS and CS bars is influenced by the concentration of
NaCl in the medium. CS bars were consistently showed
higher weight loss, indicating higher susceptibility to cor-
rosion compared to SS bars. The study provides insights into
the corrosion behavior of these materials over an extended

" =0% Nacl = 3%Nacl 5%Nacl
k|

£ 30%

(1]

G

= 20%

&

8

< 10%

(5]

Q EH = = =

0%
Cs8 CS12 SS8 SS12
Type of Steel Bar

(b) Gravimetric Weight Loss at 90 days

=0% Nacl = 3%Nacl 5%Nacl
30%
20%

10%

eff =E

CS8 CS12 SS8 SS12
Type of Steel Bar

0%

Percentage Weight loss

(d) Gravimetric Weight Loss at 365 days

Fig.7 The gravimetric weight loss and percentage weight loss have been calculated for 28 days, 90 days, 180 days and 365 days
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period, which may have implications for their use in specific
environments.

Previous research has indicated that the loss of carbon
steel in comparison to SS rebars falls within the range of
5-25% [40, 41]. This loss in the tensile capacity of rein-
forcement may be attributed to two primary factors: (i) a
decrease in the effective diameter of the reinforcement bars,
and (ii) a diminished bond between concrete and steel at the
reinforcement level. Typically, both factors (i) and (ii) work
in tandem, potentially leading to a substantial reduction in
load-bearing capacity and overall structural performance.

Furthermore, by using Eq. 2, the rate of corrosion for
CS and SS bars was calculated and the same was presented
in Fig. 8. After a period of (28 days, 90 days, 180 days and
365 days) the maximum rate of corrosion is noticed to be
(0.106 mm/y, 0.135 mm/y, 0.24 mm/y and 0.286 mm/y) and
(0.596 mm/y, 0.628 mm/y, 0.774 mm/y and 0.84 mm/y) for
SS bars and CS bars respectively. Further from these results
of the rate of corrosion, it can be interpreted that with an
increase in the concentration of NaCl, the rate of corrosion
has been increased for both SS and CS bars. However irre-
spective of NaCl dosage and number of days, the corrosion

Corrosion rate@28 days

1
5038
%]
(]
< 0.6
8 mCS
-
o 04
P mSS
©
o 0.2
0

0% NaCl 3% NaCl 5% Nacl

(a) Rate of corrosion for 28 days

Corrosion rate@180 days

c 1
Kol
§ 0.8
g o mCs
4 0.4
g mss
+ 0.2
[a's

0

0% NaCl 3% NaCl 5% NaCl

(c) Rate of corrosion for 180 days

rate of CS bars was considerably higher than SS bars. The
increment in corrosion rate is that the CS bars exhibited
defects such as cracks, voids and crevices on the surfaces
compared to the SS bars, and these defects were more pro-
nounced as the concentration of NaCl increased, thereby
influencing the rate of corrosion and this can be validated by
observing the figures present in Fig. 9. From the findings of
NCR Test, it can be concluded that the rate of corrosion of
SS bars are significantly lower than the CS bars and it was
found that CS bars have corroded 4-5 times than SS bars.

Similar findings were noted in prior investigations, reveal-
ing that the progression of corrosion is heightened when
cracks, voids, and crevices develop on the material surface
over time. CS bars displayed susceptibility to pitting attacks,
specifically in the presence of elevated NaCl concentrations,
manifesting as cracks, voids, and crevices on the rebars’ sur-
faces. In contrast, SS bars exhibited remarkable resistance
to both types of corrosion—pitting corrosion and uniform
corrosion [42, 43].

The defects on the surfaces of CS bars, coupled with the
higher corrosion rate, suggest that corrosion is likely caus-
ing structural weakening. Cracks, voids, and crevices can

Corrosion rate@90 days

1
508
1%}
o
< 0.6
8 mCS
—
o 0.4
p mSS
©
e 0.2

0% NaCl 3% NaCl 5% Nacl

(b) Rate of corrosion for 90 days

Corrosion rate@365 days

1
0.8
0.6
0.4
0.2

0

mCS
mSS

Rate of Corrosion

0% NaCl 3% NaCl 5% NaCl

(d) Rate of corrosion for 365 days

Fig. 8 Rate of corrosion calculated for 28 days, 90 days, 180 days and 365 days
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(a) SS bars after 28 days of immersion

(e) SS 8mm bar after 365 days of immersion in

5% NaCl medium

Fig.9 Steel specimens after immersion in NaCl solution

act as initiation sites for corrosion, and the corrosion pro-
cess can exacerbate these defects, leading to a reduction in
the mechanical strength of the CS bars. Hence, the SS bars
exhibit fewer defects and experience a lower corrosion rate
suggests that they are more resistant to corrosion-induced
degradation. This resistance can contribute to better mechan-
ical performance, making SS bars a more durable and reli-
able choice in corrosive environments.

3.2 ACTresults

As per the procedure mentioned in Sect. 2.3.2, accelerated
corrosion tests were performed on SS bars and CS bars
specimens with different NaCl concentrations these results
are represented in Table 4 and their variation is shown in
Fig. 10. Based on the analysis of results, the damaging

(f) CS 8mm bar after 365 days of immersion in
5% NaCl medium

process due to chloride-induced reinforcement corrosion
can be categorized into two phases. The first phase is the
corrosion initiation phase, during which chlorides penetrate
the concrete and reach the reinforcement in sufficient quan-
tities to depassivate the steel and initiate corrosion. The
second phase is the corrosion propagation phase, where
distinct levels of damage build-up were observed, including
concrete cracking, spalling, and delamination of the con-
crete cover. These limit states, namely corrosion initiation,
propagation (concrete cracking, spalling, and delamination),
and ultimately structural failure, are depicted in Fig. 11 and
are considered for assessing the performance of structures
affected by reinforcement corrosion.

As per Table 4, In the case of CS rebar with 0% NaCl,
the corrosion initiation current was found to be 43 pA
from the 6" week onwards, corrosion propagation current

@ Springer
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Table 4 Corr.osion ipitiation Type of bar The concentration Initiation Propagation Current at
and propagation periods of SS of NaCl medium failure (micro
bars and CS bars Current Period Current Period am
. . p)
(micro (weeks)  (micro (weeks)
amp) amp)
Stainless steel (SS) 0% 70 16 130 19 Upto 300
3% 50 12 110 15 Upto 250
5% 40 10 80 12 Upto 180
Carbon steel (CS) 0% 43 6 85 8 Upto 125
3% 33 4 55 6 Upto 110
5% 23 3 50 4 Upto 100
Fig. 10 Corrosion current val- Corrosion behaviour of HYSD & SS Reabr
ues obtained from accelerated
corrosion test €S 0% Nacl
350 7 ——(CS3% Nacl
CS 5% Nacl
300
SS 0% Nacl
—_ — [
g_ 250 - SS 3% Nacl
H eSS 5% Nacl
2 200 -
E
e 150
<
3 100
50
0 T T T T T T T T T T T T T T T T T T 1
1 2 3 4 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Weeks
from the 4™ week onwards, corrosion propagation current
I was found at 55 pA from 4th to the 6th week region. After
Stctins] this period, there was an abrupt increase in corrosion cur-
fai"ufe rent from 55 pA to 110 pA. In case of CS rebar with 5%
) NaCl, corrosion initiation current was found at 23 pA from
Spalling/

delamination

Cracking

Onset of
corrosion

Corrosion-induced damage

Time

Initiation

Propagation

Mean service life

Fig. 11 Service life of stainless-steel concrete structure [39]

was found at 85 pA from 6 week to the 8" week region.
After this period, there was an abrupt increase in corrosion
current from 85 pA to 125 pA. In case of CS rebar with
3% NaCl, corrosion initiation current was found at 33 pA

@ Springer

the 3rd week onwards, corrosion propagation current was
found at 50 pA from the 3rd to 4th week region. After this
period, there was an abrupt increase in corrosion current
from 50 pA to 100 pA.

From Table 4, in the case of SS rebar with 0% NaCl,
the corrosion initiation current was found at 70 pA from
the 16th week onwards, corrosion propagation current was
found at 130 pA from the 16th to 19th week region. After
this period, there was an abrupt increase in corrosion cur-
rent from 130 pA to 300 pA. For SS rebar with 3% NaCl,
the corrosion initiation current was found at 50 pA from the
12th week onwards, and the corrosion propagation current
was found at 110 pA from 12 to 15th week. After this period,
there was an abrupt increase in corrosion current from 110
PA to 250 pA. In the same way for SS rebar with 5% NaCl,
corrosion initiation current was found at 40 pA from the



Journal of Building Pathology and Rehabilitation (2024) 9:126

Page110f15 126

=2

(a) CS reinforced specimen

Fig. 12 Specimens placed under accelerated corrosion test

10th week onwards, and corrosion propagation current was
found at 80 pA from the 10th to 12th week region. After this
period, there was an abrupt increase in corrosion current
from 80 pA to 180 pA.

Microcracks were observed during the corrosion initia-
tion phase of CS rebar specimens with 0%, 3%, and 5%
NaCl concentration at 6, 4, and 3 weeks, respectively. Sub-
sequently, major cracks were observed during the corrosion
propagation phase (Fig. 12a) after 8, 6, and 4 weeks, respec-
tively. On the other hand, SS rebar specimens indicated a
longer time to failure, with corrosion initiation observed
at 16, 12, and 10 weeks for specimens with 0%, 3%, and
5% NaCl concentration, respectively. Major cracks were
observed during the corrosion propagation phase (Fig. 12b)
after 19, 15, and 12 weeks, respectively.

The progress of corrosion initiation and propagation was
found to be significantly dependent on the concentration of
chlorides and the number of free chlorides. Increased supply
of chlorides led to de de-passivation of anodic areas and the
growth of individual corrosion pits, resulting in the forma-
tion of an extensive corrosion area. The rate of corrosion
initiation and propagation was higher in CS bar specimens
with increasing chloride concentration compared to SS bar
specimens, as evident from Fig. 11. Furthermore, less cor-
rosion current was observed in SS specimens compared to
CS specimens until failure. This indicates that the limit of
corrosion initiation and propagation ratios was observed to
be 1:1.8 weeks and 1:1.7 weeks, respectively, for CS vs SS
rebar. Based on this experimental study, the total service life
of stainless-steel concrete structures was found to be nearly
twice that of carbon steel concrete structures.

Finally, it indicates that the time of failure of CS rebar
specimen with 0%, 3% and 5% NaCl concentration was
6,4 and 3 weeks and further, a major crack was observed
(Fig. 12a) after 8, 6 and 4 weeks respectively. Whereas in
the case of SS rebars, it indicated that the time of failure of

(b) SS reinforced specimen

SS rebar specimens with 0%, 3% and 5% NaCl concentra-
tion was 16, 12 and 10 weeks and further, a major crack was
observed (Fig. 12b) after 19, 15 and 12 weeks respectively.
It shows that the SS rebar specimen has taken more time to
fail compared to CS bars. Further, less corrosion current
was observed in the protected specimen compared to CS
specimen till failure.

Considering the average initiation time across these inves-
tigations, a notable reduction of approximately 70-80% is
observed for CS in concrete specimens compared to the
average initiation time noted for SS rebars in concrete
specimens, as reported in Ref. [44] for cracks measuring
2040 pm wide. Nevertheless, the findings of this study also
imply that the impact of longitudinal micro-cracks on corro-
sion initiation is contingent on the crack’s depth. The corro-
sion initiation time may experience a substantial reduction
if the crack extends to the depth of the rebar.

The findings suggest that the corrosion rate of RCC mem-
bers is impacted by both crack spacing and the quantity of
reinforcement. While current industry practice considers
corrosion initiation as the indicator for the end of service
life, it is observed that corrosion initiates rapidly in cracked
regions. This prompts the proposal to redefine residual struc-
tural service life, focusing on the corrosion rate during the
propagation phase and establishing a limit state based on a
predefined threshold loss of reinforcing steel. Furthermore,
the prediction of residual service life is recommended to take
into account both crack spacing and reinforcement density
for a more comprehensive assessment.

3.3 Bond behaviour

A pullout test was conducted on CS and SS bars before
and after corrosion as per the procedure given in 2.3.3 and
the bond strength results obtained from the pull-out test
were given in Table 5. The bond strength value of CS bars

@ Springer
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Table 5 Bond strength of SS

bars and CS bars before and Type of steel Diameter of bar Bopd strength before cor- Bond strength after corrosion
. (mm) rosion (MPa) -
after corrosion NaCl medium con- Bond
centration strength
(MPa)
Carbon steel 12 27.8 0% 18.5
3% 10.2
5% 5.7
Stainless steel 12 26.5 0% 25.1
3% 22.6
5% 20.3

without corrosion was initially measured as 27.8 MPa.
However, after corrosion, it decreased significantly to
18.5 MPa in 0% NaCl medium, 10.2 MPa in 3% NaCl
medium, and 5.7 MPa in 5% NaCl medium respectively.
This corresponds to a nearly 5 times drop in bond strength
compared to before corrosion. On the other hand, the bond
strength values of SS bars were measured at 26.5 MPa
before corrosion, decreased only slightly to 25.1 MPa in
0% NaCl medium, 22.6 MPa in 3% NaCl medium, and
20.3 MPa in 5% NaCl medium respectively after corro-
sion. This corresponds to a drop of only around 0.05 times
compared to before corrosion.

Also, irrespective of the type of rebar, the bond strength
decreases with an increase in the concentration of NaCl
medium. Before corrosion, all the specimens were failed by
concrete cover cracking and the failure was sudden with the
formation of longitudinal cracks (Fig. 13a). After corrosion,
due to a greater corrosion rate all the specimens having CS
bars failed by pulling out of concrete whereas for SS bars
due to a lesser corrosion rate, the specimen is failed by con-
crete cover cracking (Fig. 13b). These results demonstrated
that though the bond strength of CS bars before corrosion
was slightly higher than that of SS bars after corrosion the
bond strength of CS bars was found to be 30% lower than
that of SS bars.

7 a) Bond failure Before Corrosion |

Fig. 13 Failure specimen in pull-out test

@ Springer

Also, irrespective of the type of rebar, the bond strength
decreases with an increase in the concentration of NaCl
medium. Before corrosion, all the specimens were failed by
concrete cover cracking and the failure was sudden with the
formation of longitudinal cracks (Fig. 13a). Therefore, due
to greater corrosion of CS bars all the specimens of it were
failed by pulling out of concrete whereas for lower corro-
sion exhibited by SS bars, the specimens of it were failed by
concrete cover cracking (Fig. 13b).

Interestingly, corrosion has a positive impact on the bond
strength of stainless-steel specimens, which is approximately
71% higher than that of carbon steel specimens. This behav-
ior aligns with findings from prior experimental research, as
summarized in fib [45], and is consistent with observations
during the post-cracking stage induced by corrosion in this
experimental study.

The decline in bond stresses after the peak load, attributed
to increasing corrosion, was more prominent in carbon steel
specimens compared to stainless-steel specimens, ranging
from 17 to 69%. Particularly, as slip increased, the bond
stress of CS specimens exhibited a more pronounced reduc-
tion than that of SS specimens. This phenomenon was a
result of the absence of interaction between the rebar and
concrete, leading to a rapid decline in bonding.
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Notably, the anomalous behavior of CS specimens, dis-
playing lower bond strength values than SS specimens at
corrosion concentration levels of 0% and 5%, aligns with
previous experimental results reported by Rodriguez et al.
[46, 47]. Consequently, the results imply that the bond
behavior is more robust in carbon steel specimens prior to
corrosion, while post-corrosion, stainless steel demonstrates
a more effective bond behavior compared to carbon steel
specimens.

3.4 Chloride threshold value test

By conducting the chloride threshold value test, the follow-
ing test results obtained from potentiometric titration are
given in Table 6. After corrosion, the chloride content at the
interface of concrete and CS rebar was found to be 0.063 kg/
m? while the chloride content at the interface of concrete and
SS rebar was found to be 0.103 kg/m>. As chloride-induced
corrosion is more prone in aggressive environments the
bars have to show a great resistance towards chloride ions
and thus should possess high CTL values. The results have
shown that SS bars had chloride content about two times
more than that of carbon steel bars. This means that SS bars
shows great resistance towards chloride induced corrosion
when compared with CS bars. These results were aligned
with previous experimental results reported by Villagran-
Zaccardi et al. [48]. As per existing literature, the chloride

Table 6 Chloride threshold

. Type of bar  Chloride thresh-
values for specimens old value (kg/
m’)
CS 0.063
SS 0.103

Fig. 14 SEM images of CS bar
and SS bar after corrosion

(a) CS (Fe 550D)

content for carbon steel is documented to fall within the
range of 0.2-2% by the mass of cement at the interphase.
In contrast, stainless steel registers a higher content of 3.5%
by the mass of cement at the interphase. This difference
indicates that stainless steel hinders chloride ion penetra-
tion more effectively than carbon steel, thereby enhancing
its resistance to corrosion from the surrounding environment
[49].

3.5 Surface morphology by scanning electron
microscopy (SEM)

Figure 14 shows the SEM images of the surfaces of Fe550D
steel and SS550 steel immersed for 180 days in the 5% NaCl
solutions. Figure 14a is the SEM image of Fe550D, in which
the corroded surface was observed. It shows that the surface
of the CS bar was severely corroded with the formation of
different forms of corrosion products (iron oxides) and was
covered by a scale-like black corrosion product, over which
another corrosion product was growing and appearing in
the form of white clusters at several sites. Figure 14b is the
SEM image of an SS550 steel specimen, where a smooth
surface with a few small notches of corrosion products
was observed. The corrosion product deposits observed in
Fig. 14b show that the appearance of the protected surface
was quite different from that of the corroded surface of the
CS bar. It indicates that the penetration of chloride ions from
the environment onto the substrate was effectively controlled
by SS550 steel compared to Fe550D steel. From the SEM
analysis, it can be inferred that the chromium (Cr) film that
is present on the SS steel exhibits good protective properties
for SS 550 steel over its Fe550D steel. Further, the SEM
observations are confirming the results of the gravimetric
studies and the accelerated corrosion studies.

(b) SS (SS550)
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It can be concluded that the corrosion resistance of SS bars
is significantly better than that of CS bars due to the higher sta-
bility of their passive film. This film contains a high percentage
of chromium and is firmly bonded to the parent metal, allow-
ing it to self-heal in the presence of oxygen. This passive film
plays a crucial role in controlling Stress Corrosion Cracking
in SS concrete compared to CS concrete. similar results have
been observed in studies involving carbon steel with concrete
modified using carbon nanotubes, as well as stainless steel in
traditional concrete. This alignment reinforces the consistency
and reliability of the reported results across different studies
and materials [50-53].

4 Conclusion

The CS: Fe550D and SS: SS550 reinforcements embedded
in concrete under different chloride concentrations for cor-
rosion durability and bond behaviour were studied. The fol-
lowing conclusions were drawn from the above study.

1. NCR test results showed that the weight loss and rate
of corrosion of SS bars are significantly lower than the
CS bars in different concentrations (0%, 3%, and 5%)
of NaCl medium and it was found that CS bars have
corroded 4-5 times than SS bars. From this it can be
inferred that due to the presence of higher Chromium
content, SS bars have shown great resistance towards
corrosion than CS bars.

2. The results of the ACT revealed that the failure of CS bar
specimens occurred at 4, 6, and 8 weeks in 0%, 3%, and
5% NaCl concentrations, respectively, while in the case of
SS bar specimens, failure occurred at 15, 17, and 20 weeks
in the same NaCl concentrations, respectively. This indi-
cates that the time to failure of CS bars was approximately
3 times faster than SS bars. These findings clearly demon-
strate that SS bars exhibit greater resistance to corrosion
compared to conventional CS bars.

3. From the pull-out test results it can be understood that
the bond strength of CS bars before corrosion was
slightly higher than that of SS bars, whereas after cor-
rosion the bond strength of CS bars was found to be 30%
lower than that of SS bars.

4. The potentiometric titration analysis clearly indicated
that the concentration of chloride ions in SS bars before
corrosion was approximately twice as high as that in CS
bars. This suggests that SS bars offer greater resistance
to corrosion compared to CS bars.

5. The SEM analysis demonstrated that the chromium
oxide film presents on the surface of the SS bars exhib-
ited superior protective properties against stress corro-
sion cracking, voids, and crevices compared to the CS

@ Springer

bars in a chloride environment. This indicates that the
presence of chromium in SS bars provides enhanced
resistance to corrosion-related issues compared to CS
bars.
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