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The durability of a concrete bridge structure is a systematic problem composed of material, structure, natural environment, and
service environment. Various factors are coupled, which affect each other, and single-factor research cannot fundamentally solve
this problem. In this paper, the carbonation characteristics of RC beams with different loading states under the coupling action of
carbonation and chloride erosion are studied. Through the experiment, the author tries to find the influence of stress state and
chloride ion erosion on the carbonation of concrete and analyze the failure mode and the attenuation rules of the flexural and
shearing capacity of the corroded RC beams under the coupling action. For this purpose, five groups of experiments under
different working conditions were designed, including chloride ion erosion and carbonation experiments without external load of
the cubic blocks, and chloride erosion and carbonation coupling experiments of RC beams under different stress states and stress
levels. The carbonation rate of concrete can be reduced by 56%~60% under the coupling action of chloride salt. Different loading
states and stress levels have an obvious influence on carbonation and chloride ion corrosion, which further affects the corrosion
rate of steel bars. Under a low corrosion rate, the bending and shear failure modes of the corroded beams are similar to those of the
noncorroded beams, and the section strain distribution still approximately conforms to the plane section assumption. The
relationship between the relative ultimate shear strength or the relative ultimate flexural strength and the average section-
corrosion rate of the reinforcement is approximately linear.

1. Introduction

Concrete carbonation will make the reinforcement lose its
alkaline protection, cause corrosion and volume expansion of
the reinforcement, and thus crack the concrete cover and
reduce the effective cross-section area of the reinforcement,
which seriously affects the durability and service life of the
concrete bridge structures [1-3]. However, in May 2020,
sensors at NOAA’s Monaloa Observatory detected an
alarming data that the atmospheric carbon dioxide measured
reached a seasonal peak of 417.1 parts per million, the highest
monthly reading ever recorded [4], and it was expected to rise
to 650 ppm by 2100 [5]. There is no doubt that the increase of
CO, concentration in the atmosphere will aggravate the
carbonation of concrete. Therefore, it is of great practical

significance to study the carbonation of concrete structures,
especially of lifeline projects, such as bridges.

In the 1980s~1990s, Papadakis [1, 6-9] constructed a
prediction model for carbonation depth based on the car-
bonation mechanism and Fick’s diffusion law. Since then,
large numbers of scholars have modified the carbonation
model on this basis. Some scholars take the water-cement
ratio as the main parameter to experiment [10, 11], while
some scholars take the water-cement ratio and cement
content as research objects [12-14]. Niu et al. obtained the
relationship between concrete compressive strength and
carbonation depth through regression analysis, according to
a large amount of experimental data [15]. Some scholars
have studied the relationship between load and concrete
carbonation through experiments. Wang et al. obtained the
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carbonation coefficient of concrete subjected to different
levels of nondestructive axial tensile and compressive loads
[16]. Jiang et al. took the residual strain of concrete in a
compression state as the damage index and established the
CO, diffusion coefficient, including the residual strain [17].

From the perspective of research methods, these pieces
of research can be divided into theoretical models based on
the carbonation mechanism and empirical models based on
test results, and these pieces of research combined the two.
In terms of the property of the models, these models can be
divided into three types, which are as follows: the deter-
ministic model [6-17], stochastic model [18], and other
models based on the neural network, grey system theory,
cellular automata, and other theories [19, 20]. From the
perspective of research objects, most of these pieces of re-
search are based on the material, while a few are based on the
component or structure. As we know, carbonation, freeze-
thaw, chloride, and sulfate are the major factors affecting the
durability of concrete, however, most of these pieces of
research consider only one of them, and only a few scholars
consider the interaction of these factors. For example, some
scholars have studied the influence of carbonation on
chloride ion corrosion, however, the research on the in-
fluence of chloride ion on carbonation is rarely mentioned
[21, 22]. Some scholars have studied the effect of load on
carbonation, however, a few people have mentioned the
effect of load on carbonation under the coupled action of
chloride ion erosion [23, 24]. Wang et al. reported the in-
fluence of structural loading on the carbonation of three
types of concrete, namely Portland cement (PC), PC with
30% of FA, and PC with 50% of GGBS, and presented the
evaluation of the carbonation coefficients [23]. Miao et al.
performed fast carbonization tests for concrete with respect
to the fatigue damage and established a durability prediction
model for concrete under the combined action of carbon-
ization and fatigue loading of vehicles [24].

Nevertheless, the durability of concrete is a systematic
problem composed of material, structure, natural environ-
ment, and service environment, and so is the study of the
carbonation of concrete bridges. The bridge structure is
usually corroded by many complex media at the same time.
The study of the durability of the bridge structure must focus
on the actual service environment and applied load char-
acteristics. That is to say, the coupling effect of various
erosion factors should be considered, however, limited re-
search has been carried out in this area [25, 26].

In addition, for the concrete bridge structure corroded
by many factors, the engineers not only need to know its
carbonation performance to determine the thickness of the
protective layer in the design but also need to know the
deterioration of the structure caused by corrosion to predict
and evaluate the bearing capacity and remaining life of the
existing structure. Tian et al. investigated the combined
effects of corrosion rate, concrete cover thickness, and
stirrup spacing on the bond performance between the re-
inforcement and the concrete of reinforced concrete (RC)
specimens through a pullout test [27]. Torres-Acosta et al.
conducted an experimental investigation on the flexure
capacity loss of RC beams with corroded reinforcement. The
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research results indicated that the flexure capacity decreased
mainly because of the formation of pits on the reinforcement
surface [28-30]. Campione and Cannella proposed a simple
mechanical model to predict the load-deflection response of
the RC beam in flexure and shear subjected to corrosion
process, considering such main phenomena as the reduction
of steel area, concrete strength reduction, bond degradation,
and reduction in the working stress of stirrups [31].
Because of such complex material properties of concrete
as a multiphase, porous, and multicomponent, and the
complexity of the service environment and the applied load
of the concrete bridge structure, there are many complex
factors affecting carbonation. These factors are coupled with
each other, resulting in many prediction methods. Never-
theless, there are still some problems puzzling the re-
searchers that need to be resolved, which are as follows:

(1) Chloride erosion and carbonation often occur at the
same time in the concrete bridge structure. Some
scholars have studied the influence of carbonation on
chloride transport, however, the influence of chlo-
ride erosion on carbonation is rarely discussed. The
influence of chloride erosion on carbonation needs
to be further studied.

(2) The influence mechanism and the law of load on
carbonation have been basically studied, however,
the bridge structure itself is in a complex state of
stress. Under the combined action of load-chloride
ion erosion-carbonation, carbonation will inevitably
show different characteristics, however, this research
is rarely mentioned.

(3) Many bridge structures are prestressed concrete
structures. Hence, the durability research of the
prestressed concrete structure is particularly im-
portant. Some scholars use the axial compression
state to replace the prestressed state when they study
the carbonation of the prestressed concrete structure
[32]. Whether this substitution relationship is rea-
sonable needs further verification.

In view of the above problems, the authors designed five
groups of experiments under different working conditions,
including chloride ion erosion and carbonation experiments
without the external load of the cubic block, along with
chloride ion erosion and carbonation coupling experiments
of RC beams under different stress states and stress levels.
Then, the carbonation depths with time were measured in
each group of the experiments. After these erosion tests, the
ultimate bearing capacity tests of the corroded RC beams
were carried out to investigate the influence of erosion on
flexural and shear capacities. The flexural and shearing
characteristics of the corroded beams were investigated,
including failure mode, crack distribution, and load dis-
placement/strain characteristics.

2. Experimental Program

The experiment program was developed into two parts:
corrosion test and load test. The corrosion test was
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conducted to measure the evolution of the carbonation
depth with the coupling effect of carbonation/chloride
corrosion and different stress states. The aim of the load test
was to analyze the bearing capacity of specimens after the
corrosion test.

2.1. Materials and Specimen Preparation. A total of five test
groups, SP1~SP5, were carried out in this experiment.
Specimen numbers and the types of tests they underwent are
shown in Table 1. For each test group, two strength grades of
the concrete were designed, C40 and C50, respectively. The
mix proportion and compressive/tensile strengths of con-
crete are listed in Table 2.

For beams in group SP3~SP5, the section size is
100 mm x 150 mm, and the depth of concrete cover is
30mm. The bottom of the beam is configured with two
diameters of the 10 mm HPB 235 longitudinal rebars. The
top of the beam is configured with two diameters of the
6 mm HPB 235 longitudinal rebars. The stirrup is the HPB
235 rebar of 6 mm diameter. The yield point and the tensile
strength of the bar shall not be lower than 235MPa and
370 MPa, respectively, and the elastic modulus is
2.1x 10° MPa. The diagrams of geometric parameters and
rebar parameters of the beams are shown in Figure 1.

All specimens were kept in the standard curing room for
28 days before the corrosion test or load test.

2.2. Corrosion Test. To simulate the natural climate envi-
ronment of carbonation and chloride corrosion, the cor-
rosion acceleration test was simulated, as shown in Figure 2,
in an artificial climate chamber located in the structural
climate environment laboratory. It can realize automatic
temperature control and humidity control.

Referring to the carbonation acceleration method in the
“Standard for test methods of long-term performance and
durability of ordinary concrete” (GB/T50082-2009), the
total duration of carbonation and salt-fog tests were de-
termined as 28 days and 60 days, respectively. In particular,
for specimens in group SP1, only the carbonation test was
conducted and continued for 28 days. For specimens in
groups SP2~SP5, the salt-fog test (15 days in one cycle)
alternated with the carbonation test (7 days in one cycle),
and a total of 4 cycles (88 days) were performed.

In the salt-fog test, the specimens were sprayed with 5%
NaCl solution, and the temperature was kept at (20 +2)°C,
with the relative humidity (RH) within (90 + 5)% throughout
the test. In the carbonation test, the specimens were car-
bonated with the following experimental conditions:
(20£2)°C, (70£5)% RH, and (20 +3)% CO,.

The four lateral surfaces of all specimens in corrosion
tests were sealed by paraffin, leaving open the bottom and
top surfaces, guaranteeing that CO,/chloride diffuses into
the concrete in one dimension. For all test groups, the
carbonation depths of specimens were measured when the
cumulative carbonation time reached 3, 7, 14, and 28 days,
respectively, while the cumulative time of the corrosion test
reached 18, 22, 44, and 88 days for specimens in groups
SP2~SP5.

For each cubic specimen in groups SP1 and SP2, there
existed 12 sample blocks. Every 3 sample blocks were taken
out each measuring time. As shown in Figures 3(a) and 3(b),
after cleaning the splitting surfaces of the sample blocks, a
phenolphthalein pH indicator was sprayed over the surface.
About 30 seconds later, the measuring instrument was used
to inspect the carbonation depth, and a total of 8 measuring
points were chosen on each cross-section. The average
carbonation depth of 3 measuring sample blocks was used as
the carbonation depth of specimens for analysis.

For each beam specimen in groups SP3~SP5, there
existed two samples. Particularly for specimens in groups
SP4 and SP5, one sample beam was used to measure the
carbonation depth, whereas the other one was used to
conduct the load test after corrosion. Because of the exis-
tence of rebars, it was difficult to split them like the cubic
blocks. Therefore, the carbonation depth was measured by
drilling holes on the concrete surface locally and then
spraying the phenolphthalein pH indicator, as shown in
Figure 3(c). Three locations in one sample beam were drilled
each measuring time. Besides, to avoid the influence of
crack/damage for further corrosion tests, the damaged areas
were sealed with paraffin after each measurement. When
finishing the whole carbonation process, the beams could be
broken to obtain the final carbonation depth, which can be
seen in Figure 3(d).

Before conducting the carbonation test, the initial car-
bonation depth should be tested. As shown in Figure 3(e),
there was no carbonated area in the sample blocks.
Therefore, it was considered that the initial carbonation
depth was 0 mm.

To simulate the corrosion of beams under sustained
stress in groups SP3~SP5, a special force-holding device was
designed, as shown in Figure 4. The holding device consists
of screw rods, screw caps, and a compression spring. A
spring was covered on one end of the pull rods.

For specimens in group SP3 with the stress state of axial
compression, the axial force was applied (Figure 4(a)). For
specimens in group SP4 under pure bending, a holding
device was used to apply the bending moment (Figure 4(b)).
For specimens in group SP5 with a complex stress state of
compression-bending, two holding devices were used si-
multaneously to apply compression and bending moment
(Figure 4(c)).

By turning the screw cap, it can adjust the force on the
spring to apply different load levels on the beam. The force
value was determined according to the stress value at beam
bottom, and the setting of stress values is listed in Table 1.

2.3. Load Test. After the corrosion test, the corroded beam
specimens without damage were used to conduct the
bending test (group SP4) and the shear resistance test (group
SP5), as shown in Figure 5. The lifting jack was used to apply
the loads, and the load values were controlled by the pressure
sensor. To measure the strains at the midspan cross-section,
strain gauges were set on the surface of the concrete. Dial
indicators were set at both supports and the midspan po-
sition to measure the deflection of the beams.
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TABLE 1: Specimens and test arrangement.
Specimen number . Corrosion test
Group Specimen Chlorid st b Load test
number C40 C50 size (mm) Carbonation ore Stress state ress at beam
corrosion bottom (MPa)
SP1 SP1-40 SP1-50 150 x 150 x 150 Yes — — — —
SP2 SP2-40 SP2-50 150 x 150 x 150 Yes Yes — — —
SP3-1-40 SP3-1-50 Axial 0.3f.
SP3 SP3-2-40 SP3-2-50 100 x 150 x 750 Yes Yes compression 0.5, —
SP3-3-40 SP3-3-50 P 0.7f.
SP4-0-40 SP4-0-50 — — — —
SP4-1-40 SP4-1-50 0 .
SP4 SP4-2-40 SP4-2.50 100 x 150 x 1500 Yes Yes b::gii 0.3f, Bending test
SP4-3-40 SP4-3-50 & 0.5f,
SP5-0-40 SP5-0-50 — — — —
SP5-1-40 SP5-1-50 . 0
SP5 SP5-2-40 SP5-2-50 100 x 150 x 750 Yes Yes Cogg)lr;is:on— 0.15f. Shear test
SP5-3-40 SP5-3-50 & 0.3f.

TaBLE 2: Mix proportion of concrete and compressive/tensile strength.

Concrete Cement Water Sand Crushed stone Admixture Compressive strength f.  Tensile strength f,
grade (kg/mS) (kg/m3) (kg/m3) (kg/m3) (kg/m3) (MPa) (MPa)
C40 426 162 1014 8.5 43.05 1.20
C50 490 162 1206 8.8 54.04 1.32
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FiGURE 1: The arrangement of stirrups and longitudinal reinforcement of specimens. (a) Specimens in groups SP3 and SP5. (b) Specimens in
group SP4 (unit: cm).

3. Analysis on Carbonation Characteristics

3.1. Effect of Chloride Corrosion. Figure 6(a) shows the
carbonation depth of specimens in groups SP1 and SP2
during the corrosion test. It can be found that the car-
bonation depths of specimens in SP1 without chloride
corrosion are significantly higher than those in SP2 with
chloride ion erosion. That is to say, chloride corrosion in-
hibits the carbonation of concrete, and the carbonation rate
is greatly reduced.

Actually, this phenomenon can be explained by two
aspects of chemical and physical effects [33]. From a physical

standpoint, the chloride ions will precipitate in the form of
solid particles during the evaporation of water in the pore
solution. Hence, the pore structure is compact, and the total
porosity factor is lowered. The diffusion rate of CO, will slow
down, and the carbonization of the cubic block is inhibited
to some extent. From the chemical viewpoint, the chloride
ion will form a chemical adsorption layer on the surface of
the CSH gel, which also reduces the porosity and decreases
the carbonization rate. According to the test data and the
corresponding environmental conditions, it is calculated
that chloride corrosion can reduce the carbonation rate of
concrete by 56%~60%.
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FI1GURE 3: Carbonation depth measurement of specimens. (a) The cube cleavage test of specimens in groups SP1 and SP2. (b) One splitting
surface of sample blocks with phenolphthalein. (c) The measurement of carbonation depth of beams in groups SP3~SP5 during the
corrosion test. (d) The measurement of the carbonation depth of beams in groups SP3~SP5 after the carbonation test. (e) The degree of
carbonation depth before the carbonation test.
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F1GURE 4: Force-holding devices and specimens. (a) Holding device in SP3 to apply axial force. (b) Holding device in SP4 to apply bending
moment. (c) Holding device in SP5 to apply compression and bending moment (unit: mm).
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FIGURE 5: Measuring devices and loading system of load tests. (a) Bending test for specimens in group SP4. (b) Shear test for specimens in
group SP5.
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FIGURE 6: The results of carbonation depths during the corrosion test. (a) Specimens in groups SP1 and SP2. (b) Specimens in group SP5. (c)
Specimens in group SP4. (d) Carbonation depth at 28 days.
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3.2. Effect of Stress State. The carbonation depths of speci-
mens in group SP5 are shown in Figure 6(b). It can be seen
from the figure that the variation trend of the carbonation
depth with time is similar to that in cubic specimens,
however, the depth value has much difference. For the same
concrete grade, the carbonation depth decreases with the
increase of compressive stress level, indicating that the
compressive stress restrains the carbonation rate.

The carbonation depth of beams in SP4 is drawn in
Figure 6(c). Compared with the results of the compressive
state at the same carbonation time in Figure 6(b), the car-
bonation depths of beams in the tensile stress are larger, and
they are also larger than those without an external load in
group SP2 in Figure 6(a), which indicates that the tensile
stress tends to accelerate the carbonation rate.

Generally, the test data reflects that the stress state of
beams will have a significant effect on the carbonation rate of
concrete. Specifically, the compressive stress will reduce the
carbonation rate, while the tensile stress will promote the
carbonation rate. To show this effect more clearly, the
carbonation depths of specimens with different concrete
grades in groups SP3 and SP4 on the 28" day of carbonation
are depicted in Figure 6(d). It can be seen that with the
decrease of tensile stress and then the gradual increase of the
compressive stress, the carbonation depth decreases suc-
cessively for both concrete grades of C40 and C50. This
phenomenon can be explained by the fact that the applied
stress can cause a change in the pore structure and porosity
and then lead to a change in the carbonization rate. The
compressive stress will reduce the porosity, thus reducing
the carbonation rate, while the effect of tensile stress is the
opposite. However, because of the fact that the tensile
strength of concrete is far lower than its compressive
strength, the impact of compressive stress on porosity and
carbonation rate is more remarkable than that of tensile
stress in the same percentage of increase or decrease of stress
value. Therefore, as reflected in Figure 6(d), the curves of
carbonation depth become steeper under a compressive
state.

3.3. Discussion on Axial and Eccentric Compression. As
discussed above, the increase of compressive stress will
reduce the porosity of the concrete and the carbonation rate
to some extent. The beams in group SP3 are in a state of axial
compression, and the compressive stress is uniformly dis-
tributed along the section height. By comparison, the beams
in group SP5 are in a state of eccentric compression, and the
compressive stress is in a linear distribution along the
section height. However, comparing the carbonation depths
of specimens SP3-1-40 (3.6 mm), SP5-3-40 (3.8 mm), and
SP3-1-50 (2.7 mm), SP5-3-50 (2.8 mm), respectively, which
have the same compressive stress of 0.3f. at beam bottom on
the 28™ day of carbonation. It is found that the carbonation
depth values are almost the same under the same concrete
strength.

In fact, as concrete carbonation is developed in the
superficial layer of the specimen where the stress values are
basically the same, it is acceptable for some scholars to

equate the carbonation depths of concrete under axial
compression to those under eccentric compression [32].

3.4. Influence of Concrete Strength (Water-Cement Ratio).
According to the research [11-14], different concrete
strengths (water-cement ratios) will have marked impacts on
the carbonation rate for concrete. The smaller the concrete
strength in a certain range, the faster the carbonation rate.
These scholars take the concrete strength as the main in-
dependent variable to give their own carbonation prediction
formulas.

The experimental results in this paper have verified the
corrosion laws of the pieces of research. In all these five
testing groups, the carbonation rates of specimens with
different concrete strengths are obviously different. For
example, it can be seen from Figure 6(d) that the carbonation
depths of specimens of C40 concrete are much higher than
those of C50 concrete under different compressive stress
levels after 28 days of carbonation corrosion, and the average
difference in carbonation depth is about 0.85 mm.

3.5. Coupling Effects of Chloride Corrosion, Concrete Strength,
and Stress State. As shown in Figure 6(a), compared with the
carbonation depths of specimens in group SPI, the car-
bonation depths of specimens in group SP2 with different
concrete strengths still have a clear distinction. An evident
conclusion is drawn that the concrete strength will have a
significant impact on the carbonation rate whether under the
chloride corrosion or not. However, with the increase of
concrete strength, the sensitivity of its effect on the car-
bonation rate is reduced. It can be easily verified from the
test data of carbonation depths in Figure 6(a). To better
reflect the coupling effect of chloride corrosion and water-
cement ratio on carbonation rate, the depth differences of
carbonation between the specimens of C40 and C50 concrete
are calculated, respectively. Specifically, after continuous
carbonation for 28 days, the carbonation depth of SP1-40 is
36.6 percent higher than that of SP1-50, while the car-
bonation depth of SP2-40 is 25 percent higher than that of
SP2-50. In the experiment, the combined eftects of chloride
corrosion and concrete strength reduce the carbonization
depth of specimens of C50 concrete by 16.2 percent on
average when compared with those of C40 concrete.

To further analyze the coupling effects of chloride ero-
sion, water-cement ratio, and stress state on carbonation
rate, the carbonation depths of partial specimens after
carbonizing for 28 days and their depth differences (Ad) are
calculated and listed in Table 3. It can be seen vividly that
compared with other specimens, the carbonation depths of
SP1-40/50 are much deeper with great Ad between them. It,
once again, shows that chloride corrosion has a strong in-
hibition effect on carbonation. Besides, with the decrease of
the tensile stress level or the increase of the compressive
stress level, the carbonation depths show a clear downward
trend, however, the Ad between them with different concrete
grades still keeps great values. Therefore, the influence of the
change of concrete strength is greater when the stress level is
higher.
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TaBLE 3: Carbonation depths of partial specimens after carbonizing for 28 days under different corrosion conditions.

Specimen number Stress at beam bottom (MPa) d; (mm) d, (mm) Ad=d,-d, (mm) d=Ad/d, (%)
SP1-40/50 — 11.2 8.2 -3.0 -26.8
SP4-3-40/50 O.Sft 4.7 39 -0.8 -17.0
SP4-2-40/50 0.3ﬁ 4.6 3.8 -0.8 -17.4
SP2-40/50 0 4.5 3.6 -0.9 -20.0
SP5-2-40/50 0.15fc 3.9 3 -0.9 -23.0
SP3-1-40/50 0.3fC 3.8 2.9 -0.9 -23.7
SP3-2-40/50 O.SfC 3.5 2.6 -0.9 -25.7
SP3-3-40/50 0.7fc 3.3 2.4 -0.9 -27.3

Note. dy and d, are the carbonation depths of the specimens with concrete grades of C40 and C50, respectively.

4. Mechanical Investigation

4.1. Evaluation of the Corrosion Degree of Steel Rebars. It is
well-known that the corrosion of steel in the reinforced
concrete structure would directly affect the mechanical
property of concrete. Hence, its corrosion rate should be
measured to evaluate the corrosion degree of steel. For
specimens in groups SP4 and SP5, stirrups and longitudinal
reinforcements with a length of about 50 cm were cut out
and cleaned using dilute hydrochloric acid at room tem-
perature, and if necessary, manual cleaning using a wire
brush is efficient to remove the rust on the steel surface. The
cleaning time was controlled within 1~5 minutes. After the
cleaning, the alkaline water was used to neutralize residual
dilute hydrochloric acid on the steel surface, and then the
well-treated steel rebars were stored in the desiccator for 4
hours.

After the steel rebars were completely dry, an electronic
balance with a measuring accuracy of 0.01 g and a steel tape
with a measuring precision of 0.5mm were adopted to
measure the weight (m) and the length (J) of the steel rebars,
respectively. The average linear density (p) of the steel rebar
can be calculated as follows:

p="7. M

Here in this paper, the average section corrosion rate ()
is used to describe the corrosion degree of the steel bars,
which can be described as follows:

Po ~ Pc

x 100%, 2)

Po

in which p, and p. are the average linear densities of
noncorroded steel rebars before the corrosion test and
corroded steel rebars after the corrosion test, respectively.

The specific values 7 of specimens in groups SP4 and SP5
are listed in Tables 4 and 5 below. It is found that the
corrosion degree of steel rebars would decrease with the
increase of concrete strength. Also, with the decrease of
tensile stress or the increase of the compressive stress level,
the corrosion rate of steel rebars would be inhibited
obviously.

4.2. Failure Modes. For long beam specimens in group SP4,
the bending test was conducted after the corrosion test. The
failure process of the specimens was observed from zero

loads up to ultimate loads. At first, with small load values, the
beam can keep good work performance. Then, cracks began
to appear at the bottom of the beam with the increase of load.
The concrete in the tension area will not bear load anymore
after cracking, however, the stress of the steel bars in the
tension area will continue to increase until the yield strength.
After this stage, the steel bars generated great plastic de-
formation, and the concrete crack developed rapidly. The
deflection of the beam also increased sharply. When the
maximum strain on the compressive concrete reached its
limited value, the concrete in the compression zone was
crushed and the beam was finally destroyed, as shown in
Figure 7.

Similar to the failure mode of ordinary reinforced
concrete long beams, the failure of these beams belongs to
the bending plastic failure with steel yield-concrete crushing.
Because of the small corrosion degree of steel rebars, the
tension reinforcement in concrete could not be snapped
during the whole loading process.

For short beam specimens in group SP5, the shear test
was conducted after the corrosion test. The failure pattern of
these beams is shear-compress.

When loads were small, the diagonal flexure-shear
cracks were gradually produced in the shear-bending zone of
the beam. With the increment of the loading values, one
main diagonal crack with longer extension and wider-
ranging distribution would occur and then extend to the
loading location. Finally, the concrete in the shear-com-
pression zone was broken under the combined action of the
shear stress and normal stress, as shown in Figure 8. In
addition, the beams could also be damaged by the devel-
opment of the corrosive cracks caused by the corrosion and
expansion pressure of stirrups. As the corrosion degree of
stirrups was small with relatively high elongation and good
ductility, the stirrups were found not to be broken
throughout the loaded process.

4.3. Developing Feature of Concrete Cracks. For specimen
SP4-0-40 with no corrosion, cracks began to appear in the
pure bending section of beams when the applied load level
was equal to or exceeded about 15% of the ultimate load (F,,),
and for SP4-0-50, this load level was about 0.18F,,. When the
load level increased to 0.43F, for SP4-0-40 or 0.63F,, for SP4-
0-50, several cracks extended to the centroidal axis position
of the beam. The maximum crack width of beams was about
0.2 mm at load 0.8F,. Finally, it could find about 6 cracks in
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TaBLE 4: Ultimate load of flexural beams.

NO. n (%) Fmax (kN) Wmax (mm) Muc or MuO (kNm) Mr (%) Kp d drl er (%)
SP4-0-40 CI-0 0 18.60 29.92 7.44 — 1 7.37 1 —
SP4-1-40 CI-1 2.7 18.02 29.15 7.21 =31 0.969 7.22 0.979 -2.0
SP4-2-40 CI-2 5.1 17.31 29.01 6.92 -7.0 0.931 6.94 0.942 -5.8
SP4-3-40 CI-3 7.3 17.10 29.68 6.84 -8.1 0.919 6.60 0.895 -10.4
SP4-0-50 CII-0 0 22.28 37.20 8.91 - 1 9.92 1 -
SP4-1-50 CII-1 1.8 21.81 34.87 8.72 -2.1 0.979 9.25 0.932 -6.8
SP4-2-50 CII-2 2.6 21.56 34.01 8.62 -33 0.968 8.25 0.831 -16.8
SP4-3-50 CII-3 3.9 21.29 37.12 8.52 -4.4 0.956 8.71 0.878 -12.2

Note. M, and My, is the ultimate bending moment of the corroded flexural beam and the noncorroded flexural beam, respectively, and «y, = Myc/Myo. Fimax
denotes the ultimate load. wmay denotes ultimate deflection. d denotes ductility, d =f./f,, f. is the ultimate displacement, f, is the yield displacement. d,,
denotes the ductility ratio of corroded beams to noncorroded beams. d,, denotes the ductility change rate of the corroded beam relative to the noncorroded
beam. M, denotes the ultimate bending moment change rate of the corroded beam relative to the noncorroded beam.

TaBLE 5: Ultimate load of shearing beams.

NO. 1 (%) Ve or Vo (KN) F, (%) Wmax (Mm) K d d, d (%)
SP5-0-40 DI-0 0 46.19 — 12.07 1 5.09 1.000 —
SP5-1-40 DI-1 1.7 45.28 -2.0 5.14 0.980 3.25 0.639 -36.1
SP5-2-40 DI-2 3.2 43.76 -5.3 7.24 0.947 4.67 0.917 -8.3
SP5-3-40 DI-3 4.4 42.32 -84 7.08 0.916 4.51 0.885 -11.4
SP5-0-50 DII-0 0 51.79 — 9.72 1 6.57 1.000 —
SP5-1-50 DII-1 1.5 49.44 —4.5 8.56 0.955 4.73 0.720 -28.0
SP5-2-50 DII-2 2.8 48.87 -5.6 7.44 0.944 4.56 0.695 -30.6
SP5-3-50 DII-3 4.0 45.95 -11.3 7.34 0.887 4.77 0.726 -27.4

Note. V,,c and V, are the ultimate shear loads of the corroded beam and the noncorroded beam, respectively, and x = V,,./Vy. F; denotes the ultimate load
change rate of the corroded beam relative to the noncorroded beam.

()

FIGURE 7: The failure modes of specimens in group SP4. (a) Specimen SP4-0-50 without corrosion. (b) Specimen SP4-3-50.

(a) (b)

FIGURE 8: The failure modes of specimens in group SP5. (a) Specimen SP5-0-40 without corrosion. (b) Specimen SP5-3-50.

SP4-0-40 and 4 cracks in SP4-0-50, and their crack widths between the steel bar and concrete considered, the number
were wider than 1 mm at the ultimate load. of cracks was decreased and the distances between the two

For corroded reinforced concrete specimens in group  cracks were increased compared with specimens with no
SP4 with the capability deteriorating of the internal bond  corrosion. According to the test results, the number of
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cracks in the corroded beams was generally 3~7 with an
uneven crack distribution. When the load level reached
0.8F,, one crack in the pure bending section would develop
rapidly, while other cracks developed slowly. Besides, as the
steel corrosion rate increases, the number of cracks tends to
decrease, and the crack distribution tends to converge to-
ward the middle span.

Generally, because of the combined corrosion action of
chloride ions and CO,, the bonding performance between
the steel rebars and concrete would degenerate obviously.
Therefore, steel rebars would not be able to work collabo-
ratively with concrete, causing the deterioration of the
uniformity of crack distribution.

For noncorrosion beams, the crack distribution was
uniform, and the number of cracks was 5~7. Cracks gradually
developed from the bottom of the beam, and the diagonal
shear cracks were extended from the support to the loading
point, with the load increasing. It was measured that the
maximum crack width was about 1.5 mm at the peak load.

Similar to the developing feature of cracks in group SP4,
the crack distribution was also not uniform and irregular for
corroded beams in group SP5. During the loading process,
the crack development was mostly dominated by one main
crack. Also, the cracking directions were easily affected and
changed by the rust expansion crack, especially for diagonal
shear cracks, and accompanied by partial concrete spalling
in the shear zone of the beam. Statistics showed that the
number of cracks in these beams was within the range of 3 to
5, and the maximum crack width was about 1.2 mm at the
ultimate load.

4.4. Characteristics of Strain and Deflection. During the
loading test, the strain and deflection data at the midspan
were measured. When the applied load is 10kN, the strain
distribution of data at a different height of each beam at the
midspan section is shown in Figure 9. Also, the strain
distribution of the same beam under different loads can be
obtained. Figure 10 shows the strain distribution by different
loads at the midspan section of the corroded beams CI-2 and
CII-2. Upon comparing these test results, it is found that the
concrete strain of the corroded beam is larger than that of
the noncorroded beam under the same load by and large,
and the height of the compression zone of the corroded
beam is smaller than that of the noncorroded beam. In
addition, we can see from Figure 10 that the concrete strain
at the midspan section of the concrete beam still conforms to
the plane section assumption macroscopically. This con-
clusion is consistent with the data in literature [28, 31].

According to the load-deflection curves of the long
beams, shown in Figures 11(a) and 11(b). It can be seen that
before the load reaches about 60% of the ultimate load of the
beam, the load-deflection curves of the corroded beam and
the noncorroded beam basically coincide with each other.
When the load further increases, the difference between the
corroded beam and the noncorroded beam is gradually
significant. Under the same load, the deflection of test beams
increases with the increase of the section corrosion rate of
reinforcement.

Advances in Civil Engineering

Figures 11(a) and 11(b) also illustrate that the defor-
mation capacity of corroded beams is significantly lower
than that of the noncorroded beams. The ductility ratio of
corroded beams to noncorroded beams is 0.831~0.979. The
ductility of corroded beams decreases by 2.0%~16.8%
compared with that of noncorroded beams, and the larger
the corrosion rate, the more the ductility reduction, as
shown in Table 4.

The strain distribution at the midspan of each beam
under the load of 25kN is shown in Figure 12. The strain
distribution of DI-2 beam and DII-2 beam in the midspan
under different loads is shown in Figure 13. The charac-
teristics of the load-deflection curves of beams in shearing
experiments are similar to those in bending experiments,
except that the maximum vertical displacement w,,,, is
much smaller, as shown in Figures 11(c) and 11(d). For DI
group, with the increase in corrosion rate from 1.7%, 3.2%,
and 4.4%, the ultimate deflection decreases by 57.4%, 40%,
and 41.3%, respectively, and the ductility ratio decreases by
36.1%, 8.3%, and 11.5%, respectively. For DII group, with the
increase in corrosion rate from 1.5%, 2.8%, and 4.9%, the
ultimate deflection decreases by 11.9%, 23.5%, and 24.5%
compared with that of a noncorroded beam, and its ductility
ratio decreases by 28.0%, 30.5%, and 27.4%, respectively, as
shown in Table 5.

4.5. Analysis of Bearing Capacity. The deflection of corroded
beams increases with the increase of the corrosion rate of
reinforcement. That is to say, the rigidity of the test beam
decreases with the increase of the corrosion rate, which, as a
result, leads to the decline of flexural capacity. The ultimate
load of each test beam is given in Table 4.

For group CI, it can be seen from Table 4 that with the
increase in corrosion rate from 2.7%, 5.1%, and 7.3%, the
ultimate load of the corroded long beams of the CI group
reduces by 3.1%, 6.9%, and 8.1%, respectively. The ultimate
bending moment is 3.1%, 6.9%, and 8.1% lower than that of
the beam without corrosion.

For group CII, with the increase of the corrosion rate
from 1.8%, 2.6%, and 3.9%, the ultimate load of the corroded
beams decreases by 2.1%, 3.2%, and 4.4%, respectively, and
the ultimate bending moment decreased by 2.1%, 3.2%, and
4.4%, respectively.

The above results show that the ultimate load, deflection,
and bending moment of the two groups of beams decrease
with the increase of the degree of corrosion, and they show a
significant correlation with the corrosion rate [30, 31].
Therefore, we try to find the relationship between the
corrosion rate of reinforcement and the ultimate bearing
capacity.

The relative ultimate flexural strength «, is defined as the
ratio of the ultimate bending moment M,,. of the corroded
flexural beam and the ultimate bending moment M, of the
noncorroded flexural beam. It is a dimensionless parameter
to describe the change of the ultimate strength of the cor-
roded flexural beam, which is calculated as follows:

Muc = kbMuO' (3)
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F1GURE 9: Section strain distribution of different beams under the load of 10kN. (a) CI and (b) CII.
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FIGURE 10: Section strain distribution by different loads in bending tests. (a) CI and (b) CII.

The parameter x, of each test beam is shown in Ta-
ble 4. Through regression analysis of the data, the x,-¢
curve can be obtained as shown in Figure 14(a), which
shows a good linear relationship. Therefore, we get the
formula for calculating the flexural capacity of the cor-
roded reinforced concrete beams as follows:
xp =1-1.18027, correlation coeflicient R =-0.99085, and
R*=0.9818.

Table 5 shows that with the increase in corrosion rate
from 1.7%, 3.2%, and 4.4%, the ultimate load of group DI
(corroded short beams) decreased by 2.0%, 5.3%, and 8.4%
compared with that of a noncorroded beam. With the in-
crease in corrosion rate from 1.5%, 2.8%, and 4.9%, the
ultimate load of group DII short beam decreased by 4.5%,
5.6%, and 11.3% compared with that of a noncorroded

beam. The ultimate load of the corroded beams decreases
with the increase in corrosion rate.

Similar to the flexural capacity, the relative ultimate
shear strength «; is defined as the ratio of the ultimate shear
load V. of the corroded beam to the ultimate shear load V
of a noncorroded beam. There is a good linear relationship
between «, and #, as shown in Figure 14(b). x,=1-2.0718,
correlation coefficient R =—0.9643, and R> =0.9182.

Evidently, the slope of the curve x,—# is much larger than
that of the curve x,-#, which indicates that the influence of
the stirrup corrosion rate on shear capacity is much greater
than that on bending capacity. It is because the shear strength
of ordinary concrete is much lower than its compressive
strength, and the shear capacity of RC beams is mostly
provided by stirrups.
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5. Conclusions concrete bridge by replacing the prestressed com-

pressive stress with axial compressive stress.
In this study, the carbonation characteristics of RC beams

under the coupled effects of chloride erosion and different
stress states were discussed by experiment, and the atten-
uation law and failure modes of the flexural and shearing
capacity of the corroded RC beams under these coupled
corrosion factors were investigated. The drawn conclusions
are summarized as follows:

(3) With the increase in steel corrosion rate, the number
of cracks in corroded RC beams tends to decrease
compared with that in noncorroded beams, and the
distribution of cracks tends to be close to the mid-
span. Under the same load, the concrete strain of the
corroded beam is larger than that of the noncorroded
beam, and the height of the compression zone of the

(1) Chloride corrosion can reduce the carbonation rate corroded beam is smaller than that of the non-
by 56% ~ 60%. A different strength or water-cement corroded beam.
ratio has a significant impact on the carbonation rate, (4) Under a low corrosion rate (<10%), the failure mode
however, when chloride corrosion and carbonation of a flexural beam is a concrete-crushing failure in
are coupled, the impact is significantly reduced. the compression area, and the failure mode of a shear

(2) The applied tensile stress promotes carbonation and beam is a concrete-crushing failure in the shear-
chloride erosion and aggravates the corrosion of steel compression surface. With the increase in the cor-
bars, however, the effect of compressive stress is the rosion degree of the bars, the bending and shear

opposite. It is feasible to study the carbonation of a capacity of the corroded beam gradually decreases,
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and the stiffness and deformation capacity are
gradually weakened.

(5) The relationship between the relative ultimate shear
strength of the beam and the average corrosion rate
of the stirrup section is approximately linear. The
relationship between the relative ultimate flexural
strength of the beam and the average corrosion rate
of the longitudinal reinforcement section is ap-
proximately linear.
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