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Abstract - Reinforcement corrosion is a common phenomenon in construction, which can
significantly impact the performance of building structures. This article designed reinforced
concrete (RC) beams with different corrosion conditions (10 days/30 days under electric current)
and varying sustained load levels (30%/60%) and briefly introduced specimen preparation,
corrosion simulation, sustained loading, and loading methods to understand the flexural
performance of different RC beams. The results showed that with an increase in both the number of
corrosion days and load levels, the corrosion rate of the RC beams increased. The corrosion rate of
F6C3 reached 10.34%; the number of transverse cracks in F6C3 decreased, and the average crack
spacing increased. For FOCO and F6C3, there were 21 and 7 transverse cracks respectively, and the
average crack spacings were 78.64 mm and 262.33 mm respectively. Both the number of vertical
cracks and the maximum crack width increased. The cracking moment for FOCO was 11.21 kN-m,
and its ultimate bending moment was 64.62 kN-m. The cracking moment for F6C3 was 10.07 kN-m,
which was 10.17% lower than that of the FOCO, and its ultimate bending moment was 61.55 kN-m,
which was 4.75% lower than that of FOCO. The ultimate bearing capacity of the RC beams also
decreased rapidly. The results demonstrate the influence of reinforcement corrosion on the flexural
performance of RC beams, which can provide a reference for evaluating and maintaining actual
building structures.

Keywords: Reinforcement corrosion, Flexural performance, Crack, Reinforced concrete beam.

CONCRETE BEAMS UNDER STEEL BAR CORROSION CONDITIONS

1. Introduction

Reinforced concrete (RC) beams possess strong load-
bearing capacity and excellent stability [1]. They are
extensively utilized in various residential, tunnel,
and bridge constructions [2]. Meanwhile, the design
and research of RC beams have been continuously
deepened. However, in practical applications,
particularly in coastal buildings [3], RC beams are
susceptible to steel corrosion due to external
environmental influences [4]. In the presence of
reinforcement corrosion, the load-bearing capacity
of RC beams decreases [5], leading to potential
issues such as cracking and spalling. These issues
significantly affect the service life of RC beams,
resulting in economic losses and even more serious
consequences like bridge failure or collapse.

Therefore, research on reinforcement corrosion
is of great practical significance. Zhang et al. [6]
conducted a study on the corrosion phenomenon in
RC structures using SEM/BSE, EDX, and Raman
spectroscopy techniques. They discovered that
corrosion products tended to deposit within large
pores located close to the steel bar, such as drainage
areas and voids.

Raghu et al. [7] examined the corrosion of steel bar
in RC structures under an environment where
chloride ions and sulfate ions coexist with
magnesium ions. They observed that RC structures
mixed with ordinary Portland cement (OPC) and
metakaolin (MK) exhibited improved resistance
against corrosion. The study conducted by Bldr et al.
[8] investigated the changes in cracked RC beams
after immersing them in five different corrosive
solutions, namely H2S04, HCl, HNO3, NaOH, and
NaCl for a period of six months. It was found that
NaCl and HCI had a significantly high impact on the
steel bar. The study conducted by Li et al [9]
investigated the influence of localized pitting on
steel-reinforced concrete columns and found that it
can result in more severe changes, causing stress
concentration and local buckling. The primary
objective of this study is to investigate the flexural
performance of RC beams under steel bar corrosion.

Various specimens were designed with different
degrees of steel corrosion and load levels, and their
flexural performance was tested accordingly. The
experimental findings provide valuable references
for more accurate evaluation regarding safety
considerations as well as a deeper understanding
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concerning the remaining service life of building
structures. Moreover, they offer theoretical support
in terms of guiding maintenance and repair activities
related to RC beams.

2. RC Beam Flexural Performance Test
under Steel Bar Corrosion

2.1 Steel Bar Corrosion and Simulation
Method

The corrosion of steel bar in RC beams is a critical
factor that can lead to structural failure [10]. When
steel corrodes, rust products form and cause
cracking due to rust expansion [11]. In severe cases
of corrosion, the protective layer on the structure
may detach, further accelerating steel corrosion and
causing rapid deterioration in  structural
performance.  Therefore, research on the
performance of structures under conditions of steel
bar corrosion has become an immensely significant
topic [12]. Currently, there are various methods
available for simulating the corrosion of steel bar,
including natural exposure testing and the artificial
climate acceleration method [13]. Among these
methods, the most commonly used one is the
electrified accelerated corrosion method [14], which
was also utilized in this study.

The electrified accelerated corrosion method is a
technique based on the electrochemical corrosion
mechanism, in which steel bars undergo oxidation
under the influence of electric current, resulting in
the formation of water-soluble ferrous chloride. The
reaction equation is:

Fe—Fe2++2e;, (D
Fez*+Cl-+4H20—FeClz-4H20. (2)

Then, oxygen undergoes reduction reactions with
water molecules and electrons:

02+2H:0+4e—40H-. (3)

Finally, the generated hydroxide ions eventually
oxidize into ferric hydroxide:

Fe2++20H-—Fe(OH)z, (4)
FeCl-4H20—Fe(OH)z, (5)
4Fe(OH)2+02+H20—4Fe(OH)s. (6)

During the oxidation process of iron hydroxide,
red rust (Fe203-nH20) and black rust (Fesz04) are
formed. The volume of these products is significantly
larger than that of the original steel bar, which leads
to gradual cracking on the surface of concrete.

2Fe(OH)3+nH20=Fe203-nH20+2H20 (7

2Fe(OH)3—Fe203+3H20 (8)
6Fe(OH)2+02—Fe304+6H20 9)

In this study, when simulating the conditions of
rebar corrosion, the well-cured RC was first
immersed in an etch tank filled with 5% sodium
chloride solution for two days to moisturize the
concrete protective layer, establishing an electric
current path. When conducting corrosion, the pre-
embedded wire was connected to the positive
terminal of the direct current power supply, and the
iron mesh was connected to the negative terminal.
Simultaneously, a water-absorbing sponge was
wrapped around the bottom of RC beam to keep it
moist.

The corrosion rate of the steel bar is determined
after the specimen is destroyed. The concrete on the
surface of the steel bar is removed, and then it was
cleaned before being immersed in a 12% dilute
hydrochloric acid for derusting. After that, they are
neutralized with lime water, washed, and dried
before their actual weight is measured. The
calculation formula of the corrosion rate is:

8 =2 % 100%, (10)

m
where m stands for the mass before corrosion and

Am stands for the mass difference before and after
corrosion.

2.2 Test Materials and RC Beam Design

In the experiment, the materials used in concrete
are as follows: cement - P.042.5 ordinary Portland
cement (Xi'an Linya Cement Sales Co., Ltd., China);
coarse aggregate - crushed stone with a continuous
grading of 5~16 mm; fine aggregate - river sand with
a fineness modulus of 2.8. The designed strength
grade of concrete was C30, and its mix ratio and
basic properties are shown in Table 1.

Table 1. The mix ratio and basic properties of C30

Cement 382
i i 3
Mix ratio (kg/ms3) Coarse 651
aggregate
Fine aggregate | 1,157
Water 210
28 d compressive 30.87
strength/MPa
28 d elasticity 1.72x104
modulus/MPa

The steel bars utilized in the experiment were
HPB300 and HRB400 (Tianjin Chenhui Steel Trading
Co., Ltd., China), and its basic properties are
presented in Table 2.
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Table 2. Basic properties of steel bars

HPB300 HRB400

Diameter/mm 6 8 10

Cross section/mm? 26.43 45.35 72.35

Ultimate strength/MPa| 424.12 | 441.32 | 572.68

Yield strength/MPa 31345 | 320.34 | 497.13
Elasticity 2.05x105| 2.05x105| 1.95x109
modulus/(N/mm?)

Elongation rate /% 28.46 30.07 20.84

2.3 Specimen Design

The RC beam was designed in accordance with
"Code for Design of Concrete Structures” (GB50010-
2010) to prevent shear failure of the specimen. In
the design, the cross-sectional dimensions of the RC
beam were 120x200x1600 mm. Two HRB400 steel
bars were used as bottom longitudinal
reinforcement. Four HPB300 steel bars with a
diameter of 8 mm were used in the top shear-
bending section. HPB300 stirrups with a diameter of
6 mm were symmetrically arranged at a spacing of
100 mm. The thickness of the concrete protective
layer was 20 mm. The size of the specimen is shown
in Figure 2.

The test investigated the influence of steel bar
corrosion on the flexural performance of RC beams,
taking into account the effect of sustained load
levels. Therefore, the specimen design is as shown in
Table 3, with each group consisting of three
specimens.

Table 3. RC beam number and grouping

RC beam numbe] Sustained | Steel bar corrosion
load level | condition
Current Conduction
density/ time/d
(nA/cm?)
FOCO 0 0 0
FOC1 0 200 10
F3C1 30% 200 10
F6C1 60% 200 10
FOC3 0 200 30
F3C3 30% 200 30
F6C3 60% 200 30

Note: FOCO stands for the reference beam. “F” refers to the
sustained level, the number after “F” refers to 30% or 60%
of the ultimate bearing capacity of the reference beam (the
loading time was 8 days), “C” refers to the corrosion
situation, and the number after “C” refers to 10 or 30 days
of corrosion.

2.4 Specimen Fabrication and Experimental
Design

The specimens were cast using wooden molds.
Steel reinforcement cages were tied according to the
drawings. Strain gauges were simultaneously
attached, and wires were connected to the
longitudinal bars for corrosion simulation. Epoxy
resin was applied at the connection points, and
insulated tape was wrapped around them to prevent
wire detachment. Insulated tape was also wrapped
around the stirrup to avoid current passage. During
pouring, the concrete was poured into the mold,
compacted by vibrating, and leveled. The side mold
was removed after 24 hours of curing, and then the
specimen was cured naturally for a period of 28
days.

The sustained load of the specimen was realized
by applying the target load using a 50 kN jack.
During the experiment, the current, load, and sodium
chloride solution level were adjusted in a timely
manner to ensure numerical stability. The
experimental schematic diagram considering the
conditions of steel bar corrosion and sustained load
levels is shown in Figure 1.

Beam
Load sensor Jack
Distributive girder - Support

Etch tank

Power|

5% sodium
chloride
solution

Support Absorbent sponge  Iron net

Figure 1: The experimental schematic diagram
considering the conditions of steel bar corrosion and
sustained load levels

The bending performance test of the RC beam
was conducted using a four-point bending loading
scheme, with a graded loading system. Each level
was loaded to 10% of the theoretical ultimate load
value at a loading rate of 1 kN/min for 10 minutes.
After the bottom concrete cracked, the loading rate
was reduced to 0.5 mm/min until specimen failure.
Three displacement meters were arranged at the
hinge support and mid-span positions to measure
the deformation of the test specimen. Three strain
gauges were placed 100 mm downward from the top
to measure the concrete strain in pure bending. The
schematic diagram that illustrates loading and the
arrangement of measurement points is shown in
Figure 2.

International Journal of Mechatronics and Applied Mechanics, 2023, Issue 14 237



Study on Flexural Performance of Architectural Concrete Beams under Steel Bar Corrosion Conditions

-

CFA T Jsmimmonsed TTT LTS

AN m O <120

<1 525 3 52! 100>

Figure 2: The schematic diagram of specimen size,
loading, and the arrangement of measurement points

3. Test Results and Analysis

The actual corrosion rate of different RC beans
obtained through calculations is shown in Figure 3.

12 r 10.34

Adud corresion rate /%

FOCO FC1 BC1 FBC1 RC3 BC3 BC3
Figure 3: Comparison of the actual corrosi on rate

The corrosion condition and sustained load level
both contributed to different actual corrosion rates
of the steel bars in RC beams, as observed from
Figure 3. Comparing the results, it can be seen that
under the same corrosion time, the actual corrosion
rate increased with an increase in load level. The
actual corrosion rate for FOC1 was 3.52%, while for
F3C1 it was 7.45%, indicating a 3.93% increase
compared to FOC1. Under the same sustained load
level, the actual corrosion rate increased with the
increase of the corrosion time. The actual corrosion
rate of FOC3 was 6.02%, which was 2.5% higher than
that of FOC1. As the sustained load level increased,
flexural cracks in RC beams continued to develop,
resulting in stronger permeability of sodium chloride
solution and accelerated corrosion of steel bars.

Taking the south of the loading direction as an
example, the distribution results of transverse
corrosion expansion cracks in different RC beams
are shown in Table 4.

Table 4. Comparison of transverse cracks between

RC beams

Number of Average crack
cracks/n spacing/mm

FOCO 21 78.64

FOC1 15 121.36

F3C1 13 236.41

F6C1 7 243.84

FOC3 13 142.67

F3C3 9 249.92

F6C3 7 262.33

From Table 4, it can be observed that under the
conditions of steel bar corrosion and sustained
loading, the number of cracks in RC beams decreased
while the crack spacing significantly increased. In
reference beam FOCO, there were 21 cracks with an
average crack spacing of 78.64 mm, whereas for
FOC1, the number of cracks decreased to 15 while
the crack spacing increased to 121.36 mm. The
longer the corrosion time of steel bars and the higher
the sustained load level, the more obvious this
change was. The amount of rust produced increased
as the degree of steel corrosion deepened, which
resulted in a decrease in the bonding force between
steel bars and concrete, as well as a reduction in the
restraining force of concrete on steel bars.
Consequently, there was a decrease in the number of
cracks and an increase in crack spacing.

The vertical flexural crack situation in the pure
bending zone of different RC beams is shown in
Table 5.

Table 5. Comparison of vertical cracks between RC

beams

Number of Maximum crack
cracks/n width/mm

FOCO 6 0.22

FOC1 10 0.36

F3C1 13 0.45

F6C1 14 0.51

FOC3 11 0.46

F3C3 14 0.49

F6C3 15 0.53

From Table 5, it can be observed that the number
of vertical cracks in the pure bending zone of RC
beams increased continuously under conditions of
steel bar corrosion and sustained load. Additionally,
the maximum crack width also significantly
increased. In reference beam FOCO, there were six
cracks with an maximum crack width of 0.22 mm.
The number of cracks in FOC1 increased to 10, with
an increase amplitude of 66.67%; the maximum
crack width was 0.36 mm, with an increase
amplitude of 63.64%. In the case of the longest
corrosion time and highest sustained load level, the
number of cracks in F6C3 was 15, representing a
150% increase compared to FOCO; furthermore, the
maximum crack width was 0.53, showing an increase
of 140.91%. These results indicated that the
performance of RC beams deteriorated significantly
when there was an increase in corrosion rate and
sustained load level, as evidenced by the continuous
development of crack quantity and width, further
leading to a decline in their performance.

The cracking moment and ultimate moment of
different RC beams are presented in Table 6.
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Table 6. Comparison of cracking moment and ultimate
moment between RC beams

Cracking Ultimate
moment/(kN-m)| moment/(kN-m)

FOCO 11.21 64.62

FOC1 11.07 64.11

F3C1 10.87 63.74

F6C1 10.56 63.21

FOC3 10.76 63.78

F3C3 10.45 63.26

F6C3 10.07 61.55

As shown in Table 5, the cracking moment of
FOCO was 11.21 kN-m and the ultimate moment was
64.62 kN-m, both significantly higher than the other
RC beams. As the sustained load level increased
under the same corrosion days, the flexural
performance of RC beams gradually deteriorated.
For instance, F6C1 had a cracking moment of 10.56
kN-m and an ultimate moment of 63.21 kN-m, which
was 5.8% and 2.18% lower than FOCO. In the case of
the same sustained load level, the longer the
corrosion time, the higher the corrosion rate and the
worse the flexural performance of RC beams. Taking
F6C3 as an example, its cracking moment was 10.07
kN-m, which decreased by 10.17% compared to
FOCO; its ultimate moment was 61.55 kN-m, which
decreased by 4.75% compared to FOCO. These
results indicated that the flexural performance of RC
beams, when subjected to corrosion and sustained
loading, significantly deteriorated, i.e., structural
failure occurred more rapidly due to crack
propagation and decreased bond strength.

The ultimate flexural bearing capacity of different
RC beams is shown in Figure 4.

g0 J6.46

65.4264.41¢, 57

70
60
50
40
30
20
10

56.645, 37

50.12

Ultimate bearing
capacity/kN

FOCO0 AMC1 BC1 FRC1 AMC3 BC3 KC3

Figure 4: Comparison of ultimate bearing capacity

From Figure 4, it can be observed that under the
conditions of no steel bar corrosion and no sustained
load level, the ultimate flexural bearing capacity of
reference beam FOCO was 76.46 KN. With the
increase of the sustained load level under the same
corrosion time, the flexural ultimate bearing capacity
of RC beams also decreased. The ultimate bearing
capacities of FOC1, F3C1, and F6C1 were 65.42 kN,
64.41 kN, and 62.27 kN respectively, which
decreased by 14.44%, 15.76%, and 18.56%
compared to FOCO. The ultimate bearing capacities of

FOC3, F3C3, and F6C3 were 56.64 kN, 54.32 kN, and
50.12 kN respectively, which decreased by 25.92%,
28 .96%, and 34 .45% compared to FOCO. These
results indicated that the longer the corrosion time,
the higher the sustained load level, and the faster the
decline in ultimate flexural bearing capacity of RC
beams. Therefore, under conditions of severe steel
bar corrosion and high sustained load levels, more
attention should be paid to monitoring and
maintaining the performance of RC beams in order
to minimize irreversible structural damage as much
as possible.

4. Conclusions

The primary objective of this study is to examine the
flexural behavior of RC beams subjected to steel bar
corrosion. Experimental analysis was conducted on
RC beams with varying durations of corrosion
exposure and sustained load levels. The findings
indicated a substantial reduction in flexural
performance for RC beams exposed to both corrosive
environments and sustained loads. With longer
periods and higher rates of corrosion, coupled with
elevated sustained load levels, there was an
accelerated deterioration in the performance
characteristics of RC beams. Compared to the
reference beam, F6C3 exhibited a decrease in
ultimate bearing capacity by 34.45%. The results
demonstrate the influence of steel bar corrosion
conditions on the flexural performance of RC beams,
providing some theoretical references for
maintaining RC beams in practical applications.
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