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Abstract

In many cases the corrosion of steel reinforcement is considered to be the main reason that leads to the deterioration of the bond
between steel reinforcement and concrete and causes the failure of members. However, stirrups with smaller diameter are more likely
to get rusted and it is more difficult to find corrosion expansion cracks on the surface of concrete. Then the function of stirrups to
restrict longitudinal bar from slipping will be weakened, which alters the mechanical properties and failure mode of corroded
Reinforced Concrete (RC) beams. In this paper, the influence of corrosion of stirrups and the effect of strengthening corroded RC
beams with Carbon Fiber Reinforced Polymer (CFRP) sheets were studied. The corrosion rate for each group varied between 0% to
18% which represented mass loss of the longitudinal steel reinforcement on the tension side. The longitudinal reinforcement of
beams in Group A was not wrapped by the stirrups in order to simulate the situation that the stirrups were seriously corroded and lost
their function. Beams of Group B were corroded control beams. Beams of Group C were corroded and then repaired by applying
longitudinal CFRP sheets at the bottom and additional U-shaped CFRP sheets around the cross-section. Test results showed that the
corrosion of stirrups had a detrimental effect on strength as well as the bond stress between steel bars and concrete. The mechanical
mode of experimental beams tended to act like an arch. The greater the corrosion rate was, the more obvious the arch effect was. In
addition, combining longitudinal and U-shaped CFRP sheets enhanced the ultimate load by an average of 56.5% of corroded RC
beams. However, because of the longitudinal cracks, the strengthening effect of CFRP was much diminished when the corrosion rate

was particularly high.
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1. Introduction

More and more reinforced concrete structures in harsh environment
have experienced capacity or durability failure due to the corrosion
of steel reinforcement, such as the buildings located nearby the
coast or the bridges on which deicing salt is used in winter. For
example, according to a recent report, corrosion exists in 89% of
Reinforcement Concrete (RC) beams or plates of coastal buildings
which have serviced for 7 to 25 years in China (Zeng, 2014).
Corrosion causes the decrease of capacity of RC beams for three
main reasons (Al-Hammoud et al., 2010; Al-Saidy et al., 2010;
Coronelli and Gambarova, 2004;.Wang et al., 2016; Xue et al.,
2014): the loss in the effective cross-section area of rebar, the
decrease of yield strength of rebar and the reduction of bond
stress between the rebar and concrete. Furthermore, the surrounding
concrete may crack or peel off due to the tensile stress caused by
the expansion of corrosion products of the steel bars. The stirrup
corrosion has also attracted the attention of scholars (Xia ef al.,

2011; Zhou et al., 2015). They realized that stirrups are relatively
vulnerable to marine environment corrosion, as their protective layer
is thinner. Although the stirrup confinement would increase bond
performance of reinforcing steel in concrete, little is known
regarding the effects of stirrup corrosion.

Since the late 80’s, many universities, research institutions and
manufacturers have carried out a large number of researches and
applications in the use of Carbon Fiber Reinforced Polymer
(CFRP) to reinforce or repair concrete structure around the globe
(Badawi and Soudki, 2010; Kreit ef al., 2014; Schnerch et al.,
2006; Soudki and Sherwood, 2003). Based on those researches a
lot of industry standards and specifications have been established
in many countries. Compared with traditional strengthening
methods, such as steel plate bonding, the advantages of using
Fiber Reinforced Polymer (FRP) materials for retrofitting are:
FRP is light in weight, have a high tensile strength, posses a high
resistance to acids and makes FRP essentially non-corrosive.
Besides, it’s also easy to operate and does not involve heavy
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equipment on the construction site. Substantial studies have
shown that the reinforcement of corrosion RC beams and slabs
with externally bonded FRP sheets are efficient in restoring the
flexural and shear strength of test specimens (Chin ef al., 2015).
Furthermore, some studies have revealed that the FRP sheets
wrapped around RC members could be considered as a barrier
against the water, air and chloridion from permeating into the
concrete (Al-Rousan and Issa, 2017). Therefore, the corrosion
process could be delayed enormously. However, most of the
researches have concentrated on the corrosion of longitudinal
reinforcing steel; few have involved the corrosion of stirrups or
considered the lose efficacy of stirrups (Al-Saidy et al., 2016; El-
Maaddawy and Chekfeh, 2013; Li et al., 2016).

In this work, an experiment of 12 corroded RC beams was
carried out and the corrosion rate was varied from 0% to 18%
which represented the mass lose in reinforcement steel in the
tension side. The main objective is to explore the impact of lose
efficacy of stirrups on the arch effects for RC beams with
different corrosion rate, and the effectiveness of CFRP in reinforcing
the arch behavior of structural has also been considered.

2. Test Design

2.1 Construction Materials

The hot-rolled ribbed reinforcing bars of tension side were
16 mm in diameter with measured average yield strength of
410 MPa; the hanger bars were the same with longitudinal bars
but were 10 mm in diameter; the measured yield strength of the
6 mm diameter plain stirrups was 340 MPa.

The concrete was cast with ordinary Portland cement, river
sand with the fineness modulus of 2.5, coarse aggregate with a
maximum grain size of 20 mm and tap water. The mix proportion of
the concrete is shown in Table 1.

Unidirectional carbon fiber sheets with a thickness of 0.167 mm
and tensile strength of 3000 MPa were used for the bottom
longitudinal reinforcing sheets and the U-shaped strips. The
epoxy was used to bond the CFRP to the concrete surface.

2.2 Specimen Design
Twelve rectangular reinforced concrete beams of 1600 mm
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Fig. 1. Schematic Diagram of Loading Device and Steel Strain
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Fig. 2. Schematic Diagram of Cross-section for Test Beams: (a)
Group A, (b) Group B, (b) Group

long, 120 mm wide and 250 mm deep were cast. The designed
strength grade of concrete was C30 and the thickness of concrete
cover was 30 mm. Using the strain gauges to measure the strain
of reinforcements, the position and number of the strain gauges
are shown in Fig. 1. All the test beams were divided into three
groups as summarized in Table 2.

In order to simulate the situation that the stirrups were seriously
corroded, the longitudinal tension reinforcements of beams in
Group A were not wrapped by the stirrups, but only fixed by
steel wires as shown in Fig. 2. Beams of Group B were common
control beams without CFRP reinforcement. Beams of Group C
were corroded and then repaired by applying longitudinal CFRP
sheets at the bottom and additional U-shaped CFRP sheets
around the cross-section as shown in Fig. 3 (Barros et al., 2017).
Besides, the anti-rust processing of stirrup was operated on test
beams in Group B.

Table 1. The Mixture of Concrete

Strength grade of | Coarse aggregate Sand Cement Sand coarse aggregate 5% NaCl solution Water
concrete (kg/m®) (kg/m?) (kg/m?) ratio (%) (kg/m®) cement ratio
C30 1198 648 380 35 185 0.49
Table 2. Specimen Grouping and Design Points
. . Group A Group B
Corrosion ratio . . : . Group C
(corrosion time) (To simulate the stirrups has no (Common stirrups with (Reinforced by CFRP)

restriction on Longitudinal reinforcement)

anti-corrosive treatment)

0% (0) A0
6% (21.9d) A6
12% (43.9d) Al2
18% (65.7d) Al8

BO Co
B6 Co
B12 C12
B18 C18
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Fig. 3. Carbon Fiber Sheet Reinforcement Scheme and Strain
Gauge Arrangement and Numbering

Four RC beams in each group, as in the case of Group A,
named A0, A6, A12 and A1S8, were subjected to accelerated
corrosion with theoretical 0%, 6%, 12% and 18% (mass loss in
reinforcement) respectively.

After casting, the beams were cured in a natural indoor
environment at a temperature of 23£3°C and 95% relative
humidity for 28d.

2.3 Accelerated Corrosion Progress and Load Setup
To ensure their electrical conductivity, before the specimens
were corroded, they had been immersed in the solution of 5%
sodium chloride for 3 days. The corrosion time was calculated
using Faraday’s law expressed by Eq. (1) as follow (Zeng et al.,
2009):
mZF
t= -—]\/7]— (1)
Where, F= Faraday’s constant
I= Corrosion current (200 mA/cm? in this test)
m= Mass loss (g)
M= Molar mass of iron (56 g/mol)
Z= Valence of the reacting electrode for the material
(2 in this test)

The calculated corrosion time for each group is shown in Table 2
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Fig. 4. Schematic and Photos of Accelerated Corrosion Setup:
(a) Schematic of Accelerated Corrosion Setup, (b) Beams
under Corrosion

and the schematic along with the photos of accelerated corrosion
setup is shown in Fig. 4 (Azam and Soudki, 2012; Davis et dl.,
2016).

A 250 kN hydraulic actuator and spreader steel beam were
used to apply the load (3 kN at each level) to the specimens until
the specimens were damaged (concrete crush or CFRP pulling
apart) (Fig. 2). The strain gauge was used to measure the side
strain of concrete, meanwhile, three dial indicators was used to
measure the deflections at mid-span and both ends of the test
beams.

3. Test Results and Discussion

The ultimate loads, mid-span deflections and the failure modes
of all test beams are summarized in Table 3.

3.1 Effect of Stirrups
The load versus mid-span deflections curves of Group A and

Table 3. Summary of Test Results for Group Aand B C

Test beam 1223;833) de &i lctggﬁfnm Mode of failure

A0 114 14.34 shear failure, concrete crush in compression zone
A6 78 9.12 shear failure
Al2 66 7.50 shear failure
Al8 54 7.10 anchorages failure

BO 120 14.94 shear failure, concrete crush in compression zone
B6 99 10.69 shear failure, concrete crush in compression zone
B12 90 9.44 shear failure

B18 72 8.02 anchorages failure

Co 132 13.53 shear failure, concrete crush in compression zone
C6 120 10.34 shear failure, concrete crush in compression zone
Cl12 117 15.12 shear failure, concrete crush in compression zone
C18 102 11.21 anchorages failure, U-shaped CFRP peel off
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Fig. 5. Effect of Stirrups: (a) Group A Beams, (b) Group B Beams
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Fig. 6. Effect of Corrosion: (a) Beams A12 and B12, (b) Beams A0 and B0

Group B are shown in Fig. 5. In general, the curves of Group B
reflects the adverse effect of corrosion of longitudinal steel
bars on the stress state of test beam, and the comparison
between Group A and Group B reflects the effect of corrosion
of stirrups.

It is observed that the load ~ deflection curves of beam
beam A0, A6, BO and B6 were similar: the increasing speed of
deflection suddenly accelerated once the test loads reached the
turning points. Compared with the failure processes of the
specimens, these turning points actually represented the yield
points of the tensile reinforcements, and the failure modes of
these 4 test beams were ductile. This showed that although the
corrosion of stirrups had an effect on the stress, when the
corrosion rate was relatively low, it would not fundamentally
change the stress state of the beam.

On the other hand, the load ~ deflection curves of beam A12,
A18, B12 and B18 were similar: they all didn’t have obvious
turning points. It was also observed that the vertical cracks
located in pure bending section of A12 and A18 developed
slowly, while the diagonal cracks in bending shear section
developed rapidly, and the diagonal cracks were almost as wide
as the longitudinal main crack at the bottom of the beams.
Accordingly, beam A12, A18, B12 and B18 all failed in a brittle
manner by crushing of concrete after the steel bars had yielded.
However, there was no significant difference between stress

Vol. 22, No. 12 / December 2018

modes of beam Al18 and B18, which meant that when the
corrosion rate was extremely high, the bond stress between steel
bars and concrete almost completely disappeared, so that the
stirrups had little effect on the bending state of the beams.

The ultimate loads were 57.5, 62.2,75.4 and 114.5 kN for
beams A18, A12, A6 and A0, respectively. This indicated a
reduction in load of 52.6%, 42.1% and 31.5% in beams A 18,
A12 and A6 relative to the non-corroded beam A0Q. Compared
to Group A, the load reduction rates were 40%, 25% and
17.5% in beams B18, B12 and B6 relative to beam BO0. It’s
noted that the reductions of ultimate loads for Group A were
greater than the normal beams in Group B because of the
failure of stirrups.

To make it clear, the comparisons of load-deflection behavior
of A0 with B0 and A12 with B12 are shown in Fig. 6.

The control beam A0 and B0 both failed in a ductile manner
and the discrepancies of ultimate load and deflection between
them were small. However, the situation was quite different
when the beams were corroded. The failure load of beam A12
was 66 kN, which decreased by 26.7% compared to the ultimate
load of beam B12. The ultimate deflection of beam A12 was
7.5 mm, which was only 79.4% of beam B12. The beam B12
failed in a ductile manner, while the beam A12 showed a brittle
behavior. From the above comparison, it can be concluded that
the corrosion of stirrups results in the degradation of the bearing
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(d)

Fig. 7. Photos of Different Failure Modes: (a) Concrete Crushing
of Beam AO: (b) Vertical View of Beam A0, (c) Sheer Fail-
ure of Beam A12, (d) Bond Failure of Beam A18

capacity and stiffness of all beams due to the loss of bond stress
between rebar and concrete. Meanwhile, an early shearing
failure in bending-shear section of beam A12 occurred because
of the lacking of shear capacity caused by the stirrups failure.

During the test it is observed that vertical cracks in pure bending
section of the beam A 12 developed slowly, but the diagonal cracks
of bending-shear section developed relatively fast. The diagonal
cracks almost developed throughout loading point to the bottom of
the beam, and the main diagonal crack was wider than the vertical
crack. The photos of cracks are shown in Fig. 7.

3.2 Stress of Longitudinal Reinforcement Analysis

Eleven strain gauges evenly were distributed on the longitudinal
reinforcement of each test beam (shown in Fig. 1), and five of
them were chosen to draw the load-strain curves of test beams, as

-5030—

shown in Fig. 8. Strain gauges (No. 1 ~ 4) were from the bending-
shear zone and strain gauge No. 5 located in the pure bending
zone.

The figure shows that when the load was small, the strain and
the load had a linear relationship on all five positions. The test
beams did not crack and the effect of the stirrups was not shown,
so the differences between Group A and Group B were unapparent.

With the increase of the load, the first main crack appeared in
the pure bending area and there were many tiny vertical cracks
beside it; the concrete in the tension zone was out of work, so the
tensile stress was assumed by the reinforcements only. Take the
No. 5 strain gauge of beam B0 as an example, when the load
reached 22 kN the main bending crack appeared, so the strain
increased sharply.

Along with the increase of the load, the curves of the strain
gauge 1 and 2 located on the anchorage area also increased
suddenly. There are two reasons for the sudden increase: first, the
diagonal cracks had led to this area where the concrete also
pulled out of work, so the stress of the rebar increased suddenly;
second, the bond stresses of highly corroded test beams seriously
lost, so more and more slight bond failures appeared in the
anchorage area when the load grew larger.

After the steel bars were yielded, the strain of the rebar
increased rapidly till the ultimate bearing load of the beam was
reached, even if the load increased slightly. Due to the existence
of longitudinal cracks, the tensile steel bars had been sliding,
which resulted in the rapid increase of the strain at both beam
ends. It’s indicated that the stress of the reinforcement transferred
from the mid-span to the anchor ends, and was mainly assumed
by the intact anchor ends.

The results showed that the transfer efficiency of beams in
Group A was more than that of beams in Group B under the
same corrosion rate. Besides, the greater the corrosion rate was,
the more obvious the transfer effect was. This indicated that the
existence of stirrups played an important role in the stress
redistribution of the longitudinal reinforcement.

3.3 The Calculation of Arch Effect
To study the bearing mechanism of the RC beams during load

process under different corrosion rate and the stirrup failure
behavior (Wang et al., 2017), the reinforced stress-strain model
used in this paper is shown in Fig. 9. When the corrosion rate
was low and the yield platform existed, the model A was
employed. When the corrosion rate was high, the rebar hardening
strain &, degenerated to yield strain &, and the yield platform of
steel bar disappeared, the model B was employed.
Where, f,.= Nominal yield strength of uncorroded steel

o= Ultimate strength of uncorroded steel

Jr.= Nominal yield strength of corroded steel

Jo=Yield strength of uncorroded steel

&= Strain hardening of corroded steel

&u= Ultimate strain of corroded steel

&= Yield strain of steel

71,= Corrosion rate of steel

KSCE Journal of Civil Engineering
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Model B A6 78 3581 | 3753 48.1
B6 99 38.46 40.31 40.7
Table 4. Yield Strength, Ultimate Strength and Effective Area of Al2 o 66 38.41 40.26 61.2
Steel with Different Corrosion Rates T B12 | 17.44 90 4732 4961 551
Corrosion rate fre (N/mm?) Jre N/mmy) A, (mm) Al8 57 32.68 34.26 60.1
0% 400 540 352.11 B18 72 49.75 52.15 72.43
6% 349.6 488.16 330.98 P, = Ultimate load
12% 299.3 426.60 309.85
18% 248.8 365.04 253.52 Anchoring area

The formulas 2 and 3 are used for the calculation of f,. and f,,,
and the result are shown in Table 4 (Wu and Yuan, 2008).

Jre =1 0(1-0.0217,) 2)
Jue =Ju0(1.018-0.01917,) 3)

The tension force of corroded steel bars are calculated as
follow:

F,. = f,.As @

FIIC :.f;lC’AS (5)
The thrust angle of arch effect is calculated as formula (6)?

tan€=(ho—§)/l (6)

Where, h,= Effective section height
/= Length of bending-shear section (500 mm here)
x = &hy (£=0.518 here)

Then the thrust force of arch effect can be calculated as formula
(7) and the diagram of the thrust force is shown in Fig. 10.

T =F/cost 7

The test result and calculation of specimens of different corrosion
rate are shown in Table 5.

In general, the arch effects were more obvious with the increase of
corrosion rate both in Group A and Group B. However, the arch
effects of beams in Group A were greater than that of group B
under a same corrosion rate.

The decrease of bond stress between steel bars and concrete
was caused by the corrosion. During the loading process, the
residual adhesion was damaged as the load increased gradually,
and the bond stress almost completely vanished in the position
where the serious corrosion took place, which made the stress of
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Fig. 11. Schematic Diagram of Loss of Cohesive Force: (a) Early
Loading Stage, (b) Late Loading Stage

rebar homogenized. Due to the unevenness of the corrosion, the
bond failure was distributed in different positions of the steel
bars, which could be regarded approximately as a number of tie
rods. As the load level increased, more and more tension zones
of the concrete were out of work. Therefore as the number of the
tie rods were reduced, the overall arch effects of test beams were
more obvious, as shown in Fig. 11.

The conversion rates of arch effect for beam A18 and BI18
were 60.1% and 72.43%, respectively. This is because the
diagonal cracks of beam A18 without stirrups developed relatively
fast than that of beam B18. When the load reached 57 kN, the
diagonal cracks of beam A18 crossed over the longitudinal main
crack located at the beam bottom. Then, beam AI18 lost its
bearing capacity due to an anchor failure at a relative early stage.

The arch tension propositions of other beams in Group A were
higher than that of Group B (except A18 and B18). Although the
width and length of diagonal cracks in Group A were greater
than that in Group B under the same corrosion rate when the load
level was relative high, the diagonal cracks didn’t connect with
the longitudinal main crack through the bottom of test beams. So

KSCE Journal of Civil Engineering
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the tensile stress in both anchor ends of beams in Group A was
still strong enough to act as the arch tensile (Dong e al., 2011,
Feng et al., 2016), because the anchorage failure had not occurred in
both ends. In conclusion, the adhesion on the beam anchorage is
the basis for arch effect.

3.4 The Effect of CFRP

The secondary reinforcement tests were carried on test beams
of Group C. When the load reached 30 kN, the loading progresses
were holding still and the CFRP were bonded to the test beams.
The second loading process continued after an interval of 48H, in
order to make sure that the adhesive epoxy between CFRP and
concrete was fully cured.

The ultimate load, mid-span deflection and the failure mode of
Group C are summarized in Table 3 and the photos of different
failure modes are shown in Fig. 12.

The ultimate load of beam C0, C6, C12, C18 increased 15.8%,
53.8%, 77.3%, 78.9% compared with beam A0, A6, A12, A18. It
can be concluded that the ultimate bearing capacities and stiffness
of the beams of Group C were improved a lot under the same
corrosion rate compared with beams of Group A because of two
reasons: first, the longitudinal CFRP was involved in tension,
which compensated for the loss of tensile capacity due to the
corrosion of the steel bars; second, the U-shaped CFRP could
constrain the development of diagonal cracks effectively, by
enhancing the shear force between the diagonal cracks. Moreover,
it can be observed that the strengthening effect of CFRP was
obviously improved with the increase of corrosion rate.

However, the corrosion expansion cracks had a great influence
on strengthening effect. For example, the expansion cracks of
beam C6 were not obvious, and the beam was broken with the

Vol. 22, No. 12 / December 2018

(b)
Fig. 12. Photos of Different Failure Modes: (a) Concrete Crushing of Beam CB6, (b) U-shape CFRP Peeling Away of Beam C18

crush of concrete. As a comparison, the corrosion expansion
cracks of beam C18 had developed extremely obvious before
loading, and the cracks had been developing toward the anchor
ends as the load increased. Finally beam C18 failed because of
the anchor failure, and the U-shaped CFRP were also peeled off
because of the lack of shearing force.

4. Conclusions

This study presented test results and discussions on the
structural behavior of corroded RC beams. Based on the test
results, the following conclusions are drawn:

1. The corrosion of stirrups affects the components’ stress state
from two aspects: the first aspect is the decrease of shear
capacity caused by the bond failure between concrete and
stirrups. The second aspect is the reduction of the restriction
on the slip of longitudinal reinforcement. The Influence was
reflected in the differences of ultimate loads, ultimate
deflections, crack developments and failure modes between
experimental beams of Group A and Group B. These differ-
ences were more obvious as the corrosion rate increased.

2. The bond stress between steel bars and concrete were seri-
ously degenerated due to the corrosion of steel bars. The
bond stress transferred from the mid-span of the beams to
the anchor ends during the loading process, and the mechan-
ical mode of experimental beams tended to act like an arch.
The greater the corrosion rate, the more obvious the arch effect.

. The longitudinal reinforcement was better bonded with the con-
crete because of the existence of stirrups. And the mechanical
resistance between the longitudinal reinforcement and the stir-
rups prevented the longitudinal bars from slipping. Therefore,
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the arch effects of component with corroded stirrups were
greater than that of the normal components.

4. During the secondary reinforcement test, the ultimate bear-
ing capacity of corroded beams reinforced by CFRP was
increased by an average of 56.5%, much higher than 15.8%
of the non corroded beam. So, it’s effective to use CFRP to
reinforce beams with corroded stirrups. However, the longi-
tudinal cracks of the test beam were fully developed when
the corrosion rate was particularly high, which leaded to the
reduction of the reinforcement effect of CFRP.
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