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ARTICLE INFO ABSTRACT

Keywords: This paper presents the results of an experimental study on the flexural behavior of carbon fibre reinforced
CFRP anchorage system polymer (CFRP) anchorage system strengthened reinforced concrete (RC) beams under the coupled effects of
Corrosion

corrosion damage and sustained loading. The test beams were subjected to combined accelerated corrosion in 5%
NacCl solution and sustained loads for 25, 50 and 100 days at 0% and 50% load levels of the virgin beam ultimate
load capacity. The failure modes, load carrying capacity, deflection, ductility and strain response of the beams
were investigated in detail. The results indicated that CFRP anchorage systems enhanced the yield and ultimate
load of the corrosion-damaged beams. The use of CFRP anchorage system restored the ultimate load of corroded
beams between 87.6% and 104.8% and the yield load between 81.9% and 92.7% with respect to those of the
virgin beam. In contrast, the ductility and energy absorption index suffered a decline. CFRP-strengthened beams
showed a reduction of 4.5%-28.9% for the ductility index compared with their counterparts without CFRP
anchorage system. Sustained loads resulted in more considerable reductions in load-bearing capacity, greater loss
of rebars mass, wider width of corrosion cracks, indicating a significant coupling effect between sustained
loading and corrosion damage. Three typical failure modes of the CFRP-strengthened beams were observed and
explained in the paper, thus revealing the failure mechanism of CFRP-strengthened beams. In the engineering
practice of CFRP anchorage system, the coupled effects of corrosion damage and sustained loading on the
strengthened systems should be taken into accountant comprehensively.

Flexural behavior
Reinforced concrete
Strengthening
Sustained loading

1. Introduction construction, as well as minimal impact on structural appearance
[12-14]. However, this method also has its inherent disadvantages. For
instance, it has generally been found that premature debonding of the

FRP from the concrete surface usually occurs at much lower strain levels

Corrosion of steel reinforcement in concrete has recently emerged as
a significant durability problem, especially in coastal environments

prone to chloride erosion. Corrosion leads to structural degradation,
such as loss of cross-sectional area of the bars, bond deterioration,
concrete cracking, and concrete cover spalling [1-5]. Deteriorating RC
structures caused by reinforcement corrosion not only result in a sig-
nificant economic loss but also pose a significant hazard to engineering
structures, which also gravely jeopardized human life safety [6,7].
Consequently, it is essential for most existing structures to repair and
strengthen insufficient RC members.

Externally bonded FRP plates or sheets has been an extensively
adopted technique in improving the durability and strength of rein-
forced concrete (RC) structures [8-11], given its lightweight and high
tensile, excellent corrosion resistance, good stability, convenient
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than the FRP’s ultimate strain [15,16]. To delay or prevent premature
deboning of the FRP plates, three general anchorage techniques have
been developed to date, namely mechanically fastened metallic anchors,
U-jacket anchors and FRP anchors [17]. In engineering practice, the first
two anchoring methods have shown problems such as inconvenience in
construction and weak durability [18]. Hence, FRP anchors have gained
increasing attention due to their high efficiency, ease of installation, and
compact size. This method significantly improves the efficiency of FRP
utilization.

Furthermore, numerous studies have documented the usage of FRP
anchors to prevent premature debonding of FRP and heighten the per-
formance of RC members. Kalfat et al. [19] have provided a detailed
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Table 1
Test matrix.

Sustained load
levels (P/P,)

Corrosion
damage levels

Group  Specimens Periods of accelerating

corrosion process

(days)

- uu 0 0 0
CU-5-HL 5% 25 50%
CS-5-NL 5% 25 0
CS-5-HL 5% 25 50%

B CU-10-HL 10% 50 50%
CS-10-NL 10% 50 0
CS-10-HL 10% 50 50%

C CU-20-HL 20% 100 50%
CS-20-NL 20% 100 0
CS-20-HL 20% 100 50%

review regarding FRP anchors applied to FRP-strengthened RC flexural
members. ED Castillo et al. [20] examined the effect of five critical
variables on the effectiveness of FRP anchors. They found that narrow-
anchored FRP strips generated more fracture stresses than wide-
anchored FRP strips and needed smaller anchor material ratios to be
fully developed. Zheng et al. [21] provided experimental results of the
residual bearing capacity and fatigue behavior of FRP-strengthened RC
beams that have been anchored with FRP anchors. Experimental results
showed that with increasing anchoring length, the performance of
beams under monotonic and cyclic loads improves initially and later
deteriorates. Kim et al. [22], Koutas et al. [23], Zaki et al. [24] adopted
FRP anchors to avoid the premature debonding of RC beams with FRP.

Each of these studies indicated a considerable increase in flexural or
shear capacity as a result of the adoption of FRP anchors. This rise grows
as the quantity and fiber of the FRP anchor contents increase to reach the
full sectional capacity. Moreover, the closer the distance between the
anchors also results in higher flexural ability.

Nonetheless, little attention has been paid to the feasibility of using
FRP anchorage systems to strengthen corroded concrete members. The
research on corroded reinforced concrete members faces a dual chal-
lenge; namely, the simulation of natural corrosion conditions and the
durability of the repair system should include corrosion recovery.
Considering the prevalence of corrosion of reinforcement in marine
structures in service under loading, the simulation of the natural marine
environment should take into account both factors (including sustained
loading and corrosion) as much as possible. To date, there are only a few
studies on the coupling effect of corrosion damage and sustained loading
on the performance of FRP-reinforced RC members. El Maaddawy et al.
[25] investigated the effect of sustained loading on the flexural behavior
of CFRP-reinforced RC beams exposed to a corrosive environment. The
results showed that the presence of sustained loading increased the mass
loss rate and decreased the yield load of the reinforced concrete beams,
but had no significant effect on the ultimate strength of the reinforced
concrete beams. In another study, Zhou et al. [26] tested the bond
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behavior of corroded rebars under FRP confinement and sustained loads.
It revealed that the dual action of FRP lateral restraint and sustained
loads decreased the influence of the corrosion rate and dramatically
improved the interfacial bond performance and ductility.

In summary, there is still a lack of knowledge on the performance of
corroded RC members strengthened by the FRP anchorage system. In
this study, an experimental investigation was conducted on the flexural
behavior of corroded RC beams strengthened by the CFRP anchorage
system at three different levels of corrosion damage (i.e., 5%, 10%,
20%). To simulate the natural behavior of in-service RC structures, the
tested beams were exposed to the environment of accelerated corrosion,
which was applied to the sustained loads by a monotonic four-point
loading. The failure modes, loading bearing capacity, ductility, the
development of cracks, and the strain action of CFRP were recorded and
analyzed, and the coupling effects of corrosion damage and sustained
loading were investigated.

2. Experimental program
2.1. Test matrix

Table 1 summarizes the test matrix. The test parameters included the
periods of accelerated corrosion and sustained loading levels. One beam
that was not corroded or strengthened was used as a control. The
remaining beams were divided into three groups and subjected to
accelerated corrosion for 25, 50, and 100 days, respectively. In each
group of the corroded specimens, two specimens were simultaneously
subjected to accelerated corrosion and sustained load (50% of the ulti-
mate loading capacity of the virgin beam), while the remaining one was
only exposed to accelerated corrosion without sustained load. At the end
of the corrosion process, one beam without a sustained load in each
group was not strengthened and was used as a benchmark, while other
beams were strengthened with the CFRP anchorage systems.

The beams were labeled following the form of X-Y-Z. ‘X’ indicates the
state of the beams. UU, CU, CS denotes Uncorroded-Unstrengthened,
Corroded-Unstrengthened, Corroded-Unstrengthened, respectively. ‘Y’
represents the corrosion damage level, ‘Z’ stands for the sustained
loading level.

2.2. Test specimen and materials

The geometry and reinforcement details of concrete beams are
shown in Fig. 1. All beams were 1600 mm long, with cross-sectional
width b = 150 mm and height h = 200 mm. the concrete protective
layer thickness was 25 mm. All beams were reinforced with 2-14 M (14
mm diameter) deformed reinforcement at the bottom and 2-8 M (8 mm
diameter) deformed reinforcement at the top. The test beams were
designed to sustain bending damage under four-point bending loads. To
avoid shear damage, the shear span was reinforced with 6 M (6 mm
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Fig. 1. The geometry and reinforcement details of concrete beams (dimensions in millimetre).
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Table 2
Material properties.

Materials Strength and strain Elastic modulus

Concrete Compressive strength 42.5 +3.6 MPa -

D14 Yield strength 615.7 £16.2 MPa 200 GPa
Ultimate strength 462.2 £5.5 MPa

D8 Yield strength 611.3 +£15.2 MPa 200 GPa
Ultimate strength 408.9+4.5 MPa

CFRP sheet Tensile strength 3000 MPa 230 GPa
Ultimate tensile strain 1.66%

diameter) deformed hoops with a hoop spacing of 80 mm. Epoxy resin
was applied to the contact position between the stirrup and the tensile
reinforcement to prevent corrosion of the stirrups.

The properties of the material are summarized in Table 2. All beams
were cast with an ordinary weight concrete mixture having equivalent
compressive strength. Six standard concrete columns (150 x 300 mm)
were prepared with ordinary concrete. The compressive strength of the
concrete cylinders was 42.5 MPa with a standard deviation of 3.6 MPa.
The yield strengths of the longitudinal reinforcement for 14 M and 8 M
were 462.2 MPa (with a standard deviation of 15.2 MPa) and 408.9 MPa
(with a standard deviation of 5.5 MPa), respectively. The ultimate
strengths of the longitudinal reinforcement for 14 M and 8 M were
615.7 MPa (with a standard deviation of 16.2 MPa) and 611.3 MPa (with

Load distribution steel beam

Stainless steel mesh
(cathode)

PVC sink with 5% NaCl
solution
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a standard deviation of 4.5 MPa). The material properties of the CFRP
sheet were provided by the manufacturer, including layer thickness of
1.02 mm, tensile strength of 3000 MPa, ultimate tensile strain of 1.66%,
and tensile modulus of 230 GPa.

2.3. Test of accelerated corrosion combined with sustained loading

In order to ascertain the sustained load of the tested beams, beam UU
was subjected to monotonic four-point-bending loading to obtain ulti-
mate loading capacity. The method for coupling corrosion and sustained
loading was as follows:

(1) Moved RC beams into the loading device, then applied the sus-
tained load to the predetermined level by mechanical jack and
transmitted to the strengthened beams through a distribution
beam. A pressure transducer measured the magnitude of the
sustained load. (as illustrated in Fig. 2)

(2) A customized water tank was set up at the bottom of the cross-
beam and filled with 5% NaCl solution as the corrosion medium.
After seven days of immersion, a stainless steel mesh was posi-
tioned at the near-surface of the underwater segment. The tensile
longitudinal reinforcements of the beam were connected to the
positive pole of the power supply as the anode and the stainless-
steel mesh was connected to the negative pole of the power

y
/ Pressure pickup

S Screw jack (B

A

Force indicate

00 oce

DC Power

Fig. 2. Test set-up for coupling corrosion and sustained loading.

Fig. 3. Construction of CFRP anchors.
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(b) CFRP anchors inserted into

concrete
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N ‘ .’ 3
(c) Bonding of the CFRP sheet

and anchors with epoxy resin

o

Fig. 4. Anchors installation procedure.

Fig. 5. Monotonic four-point loading of CFRP-strengthened RC beams.

supply as the cathode [27]. It is worth noting that the negative
pole of the power supply is connected to the wire mesh wrapped
at the middle of the span so as to ensure the uniformity of the
corrosion effect.

To simulate natural corrosion and avoid the bond loss at the interface
between concrete and steel, the ampere density should be less than 200
pA/cm?[28]. Therefore, the test was performed using a constant elec-
trical current of 205 mA with an ampere density of 180 pA/cm?. The
theoretical mass loss of tensile reinforcement can be calculated by Far-
aday’s second law [Eq. (1)] so as to obtain three kinds of tested beams
with different degrees of corrosion.

™M
Mass loss = —
ass 10ss E

@

where I = constant current (A), t = corrosion duration (s), M = the
atomic weight of iron (equal to 55.847 g/mol), F = Faraday’s constant
(equal to 96,485C/mol), n = the ion charge.

800

As mentioned above, the period of accelerating the corrosion process
combined with sustained loading was 25, 50, 100 days, respectively, for
a mild, moderate, severe degree of corrosion damage (5%, 10%, 20%).

2.4. CFRP anchor systems

2.4.1. CFRP anchors construction

An in-depth explanation of the manufacturing process for the CFRP
anchors is given by Smith and Zhang, as well as instructions on how to
install the CFRP anchors and sheets [29,30]. The manufacturing method
of CFRP anchors in this research is described below. As shown in Fig. 3,
each CFRP anchor was constructed using a 150 mm wide by 80 mm long
rolled unidirectional CFRP sheet. The 80 mm length is formed by a 50
mm long fan and a 30 mm pre-built section, which includes a small
margin for a 90-degree bend section. According to Llauradé [31], the
hardened length should not exceed two-thirds of the embedment length
to prevent damaging the bending area; hence, epoxy was applied to an
end part spanning ten millimeters over the whole width of the sheet to
produce the hardened shaft. The nominal diameter of the dowel in bow-
tie CFRP anchors produced from 150 mm broad CFRP sheets was 10 mm.
The detailed construction process is available in our previous study [21].

2.4.2. Anchors installation
The primary strengthening steps for tested beams are depicted as
follow:

(1) Four holes with diameters of 10 mm diameter and depths of 35
mm were drilled into the bottom faces of the beams (as shown in
Fig. 4a). To ensure a better adherence between the concrete
surface and epoxy resin, pressurized air and a vacuum was used to
remove concrete particles and dust from the drilled holes and the
bottom surface of the beams.

(2) Then, the surface of the concrete to be reinforced was prepared
with a pneumatic needle scaler. This surface preparation
removed the top surface of the weakened concrete, exposing the
aggregates across the area where the CFRP sheets were to be
bonded and also roughening the concrete surface [32].

(3) Each drilled hole was then half-filled with epoxy resin, and a
layer of CFRP sheet with a length of 1300 mm and a width of 150

Y
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Fig. 6. The lay-out of strain gauges along with the CFRP sheet (dimensions in millimetre).
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Table 3
Summary of the test results.
Beams Wayg(mm) Werave(%) P,(kN) P,(kN) Pynor(kN) Punor (KN) Mode of failure
Virgin beam
uu - - 113 125.34 1 1 cC
Group A: Theoretical mass loss of 5%
CU-5-HL 0.60 5.2 101 119.3 0.929 0.952 cc
CS-5-NL 0.5 4.7 107 136 0.947 1.085 CD-AP(CB)
CS-5-HL 0.64 5.3 104.8 131.4 0.927 1.048 css
Group B: Theoretical mass loss of 10%
CU-10-HL 1.05 10.3 98 111.3 0.867 0.888 cc
CS-10-NL 1.00 8.9 99 126.8 0.876 1.012 CD-AP(CB)
CS-10-HL 1.08 10.5 92.6 121.2 0.819 0.967 CD-AP(BF)
Group C: Theoretical mass loss of 20%
CU-20-HL 1.44 19.6 83.49 102.6 0.739 0.819 cc
CS-20-NL 1.45 18.7 95.8 115 0.848 0.925 CD-AP(BF)
CS-20-HL 1.46 19.3 97 109.8 0.858 0.876 MC-FR
“Normalised with respect to the virgin beam.
mm was externally bonded onto the strengthened area using the 2.5. Test set-up and instrumentation
wet lay-up technique.

(4) The CFRP anchors were inserted into the holes after passing To obtain the residual strength of laboratory beams, monotonic four-
through the CFRP sheet (as shown in Fig. 4b). It is worth noting point loading tests were performed on all beams, as shown in Fig. 5. All
that the insertion of CFRP anchors should avoid cutting off the tests were conducted with the MTS drive at a speed of 1 mm/min for
fibre. Next, more epoxy resin was applied to fill the holes until the displacement control. The deflections at the mid-span and two loading
surface was parallel to the CFRP sheets, and the free ends of the points of the beams were monitored by linear variable displacement
CFRP anchors were unfolded outward and bonded to the surface transducers (LVDTs). One strain gauge was placed at the top of the test
of the CFRP sheet with epoxy resin to form a complete CFRP beam in the mid-span pressure zone. Five strain gauges were distributed
anchorage system. The process of CFRP anchorage system evenly throughout the fiber of the CFRP-reinforced beam, as shown in
installation is shown in Fig. 4. Fig. 6.
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3. Experimental results and discussion
3.1. Corrosion behavior

3.1.1. Corrosion observations

The concrete cover started to crack with the accumulation of damage
induced by corrosion. After each beam reached its corrosion time, the
RC beams were removed from the reaction tank and the reddish-brown
corrosion products at the cracks on the concrete surface were washed
out. In order to evaporate the moisture on the concrete surface, the
tested beams needed to be placed in a natural environment for 12 h. All
cracks on the bottom and sides of each beam were depicted on square
grid paper following the crack direction, and the maximum width of
each crack was measured using a crack gauge, with each grid corre-
sponding to a 50 mm x 50 mm area of the realistic beam. It was
observed that the overall trend of longitudinal cracks was along the
direction of the longitudinal tensioned reinforcement at the bottom of
the beam. The length of the cracks in the pure bending zone at the
bottom of the beam was the longest, and the width of the cracks was
greater, and the widest part of the cracks was generally near the span
position of the beam. The corrosion cracks patterns are shown in Fig. 7.

Table 3 lists the maximum corrosion crack width, wy,q, for each
beam. The values of the maximum crack width were 0.64, 1.08, and
1.42 mm for groups A, B, and C, respectively; hence, the crack width
increased proportionally as the corrosion duration increased. Besides, it
can be obviously observed that the crack width of beams exposed to the
sustained loading was larger than that of beams without the sustained
loading with the same corrosion duration. For instance, at low levels of
corrosion, the corrosion crack width was 0.64 mm for beam CS-5-HL, an
increase of 22.2% compared to beam CS-5-NL (Fig. 7a, b). At a severe
level of corrosion, however, the corrosion crack width was 1.46 mm for
beam CS-20-HL, almost the same as beam CS-20-NL (Fig. 7e, f). This
implied that in the early phases of corrosion, the sustained loading
causes the cracks to grow faster, thereby speeding the corrosion further,
expanding the fractures; however, when it reaches a high degree of
corrosion, sustained loading has only a partial effect on corrosion crack
width.

3.1.2. Mass loss of reinforcements

After testing the corroded beams, the tensile longitudinal bars were
carefully removed to calculate each beam’s actual steel mass loss. Spe-
cifically, three steel coupons, each 200 mm long, were taken from each

Composite Structures 289 (2022) 115416

corroded tensile reinforcement. The collected rebar coupons were then
cleaned, dried, and weighted according to the guidelines of the ASMT
G1-03 standard [33]. The actual steel mass loss of each beam was
determined as the average mass loss of the three steel coupons.

Table 3 lists the actual steel mass for each corroded beam. For beams
without sustained loading, the average gravimetric mass loss of
corroded beams was measured equal to 4.7%, 8.9%, and 18.7%,
respectively, corresponding to theoretical mass losses of 5, 10, and 20%
predicted from Eq. (1). On the other hand, their counterparts exposed to
sustained loading had an average mass loss of 5.2% (beam CS-5-HL),
10.3% (beam CS-10-HL), and 19.3% (beam CS-20-HL), respectively. It
is worth noting that corroded beams with sustained loading exhibited a
higher corrosion level than corroded beams in normal conditions. The
discrepancy between the theoretical and actual mass losses in the steel
bars is shown in Fig. 8. This discrepancy was attributed to the external
load action leading to the microcracks growth, which allows more
chloride ions and oxygen to enter the beam and spread to the surface of
the reinforcement, thereby accelerating the process of corrosion of the
reinforcement [34].

3.2. Flexural behavior after corrosion

3.2.1. Failure modes

The failure modes of all nine test beams are summarized in Table2.
Photographs of typical failure mechanisms are shown in Fig. 9. The
beam UU (control) and the CU (corroded unstrengthened) have simi-
larities in crack patterns and failure modes. They failed by yielding
tensile bars followed by the crushing of top concrete (referred to as “CC”
for simplicity in Table 3). Large transversal cracks occurred at the
constant moment zone as the load exceeded the cracking load. (see
Fig. 9a). On the other hand, the failure modes of corroded beams
strengthened with the CFRP anchorage system were diverse. The failure
modes were affected by several factors, including the parameters of the
CFRP anchor system and the corrosion-damaged degree of steel bars. To
achieve a better understanding of the failure mechanism of CFRP-
strengthened beams and the combined effects of accelerated corrosion
and sustained loading, all distinct failure modes are explained in detail
as follows.

1 Concrete cover separation

This type of failure was reported for beam CS-5-NL, as shown in
Fig. 9b. In this mode, it can observe that the concrete cover at the bottom
was coming off extensively (referred to as CCS). It is worth noting that
there was no debonding at the interface between the CFRP sheet and the
concrete. This failure mode was more brittle than that of other
strengthened beams, probably due to the fact that the corrosion cracks
and flexural cracks being interlinked, causing the concrete to fall off at
the bottom.

2 Debonding of CFRP sheet followed by pulling out of anchors

This type of failure occurred at the CFRP/matrix interface with
debonding between the CFRP sheet and the concrete substrate near the
end of the sheet, followed by anchors pull-out nearby (referred to as CD-
AP), as shown in Fig. 9¢, d. The debonding was caused by the propa-
gation of flexural cracks to this thin layer of the matrix and the relative
deformation between the fabric and the matrix. Debonding was caused
by the extension of bending cracks into the thin layer of the substrate
and the relative deformation between the fabric and the substrate. This
damage pattern was observed in CS-5-HL, CS-10-NL, CS-10-HL and CS-
20-NL beams. In terms of CFRP anchors, two main failure modes were
observed in this study: a combination of pull-out and concrete cone
failure (CB), CFRP-to-epoxy bond failure (BF), as shown in Fig. 9¢c, d. It
should be noted that the addition of anchors retarded the debonding of
the carbon fiber fabric and the damage mode shifted to progressive
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debonding of the fabric. As a result, this type of beam exhibited greater
ductility compared to the specimens that failed due to anchor pull-out
and concrete cover separation.

3 Matrix cracking and fabric rupture (MC-FR)

As shown in Fig. 9e, this type of failure occurred in the beam with a
high degree of corrosion, i.e. CS-20-HL. With increasing load, the con-
crete matrix at the span of the sheet/concrete interface started to crack
progressively, followed by fracture of the CFRP sheet. Neither interfacial
debonding nor anchors pull-out was observed during the loading pro-
cess. Instead, the CFRP sheet ruptured near the loading point. This
failure of mode was mainly attributed to the stress concentrations in the
span of the CFRP sheet caused by the cracked concrete.

3.2.2. Load-Deflection response

The mid-span deflection under monotonic four-point load was
measured. The load-deflection relationships for the test beams are
shown in Figs. 10-11. The flexural response of the strengthened beam is
related to the duration of accelerated corrosion and the magnitude of the
sustained loading.
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Fig. 11. Load-deflection curves for beams with different corrosion degrees.
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Fig. 12. Pre-yielding stiffness curves.

Fig. 10 shows the load-deflection curves of the virgin beam (UU) and
the corroded unstrengthened beams (CU-5-HL, CU-10-HL, and CU-20-
HL). All reinforced beams exhibited a similar flexural response. The
load-deflection curves consisted of three phases with two turning points
indicating tensile cracking of the concrete and yielding of the rein-
forcement. It was evident that there are multiple peaks in the curves,
which is similar to that of comparable studies [35,36]. Furthermore, the
load—deflection curve of unstrengthened beams indicated that corrosion
slightly reduced the load-carrying capacity and stiffness of the beam.

Fig. 11 illustrates the load-deflection curves for the beams
strengthened by the CFRP anchorage system. The load—deflection curves
of the strengthened beams can be divided into two stages: before
yielding and after yielding. In the initial stage of the whole loading
process, i.e., the elastic stage, the loading value increased sharply; in the
second stage, the deflection increased rapidly, and the load increased
slightly due to the yielding of the steel reinforcement. All CFRP-
reinforced beams had similar and significantly higher stiffness before
yielding of the tensile reinforcement compared to unreinforced beams,
indicating that the CFRP anchorage system was an important contrib-
utor to the development of pre-yield stiffness. This was attributed to the
presence of CFRP sheets and anchors on the bottom of beams that
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delayed CFRP premature debonding from the concrete substrate and
greatly heightened the flexural performance of beams.

Fig. 12 shows the relationship between the pre-yielding stiffness of
the reinforced beams and the actual corrosion rate. As can be seen, the

150
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Fig. 14. Effect of sustained loading on the load capacity of strengthened beams.

Table 4
Ductility and energy absorption of the tested beams.

Beams Mid-span displacement Ductility index ~ Energy absorption

(mm) index

&(mm)  &,(mm) Al Alyr® B Bror”
uu 9.07 28.50 314 1 3018.00 1
CU-5-HL 8.40 28.10 335 1.065 2926.78  0.969
CS-5-NL 4.10 12.71 310 0.987 1335.45  0.442
CS-5-HL 3.86 12.36 320 1.019 1429.39  0.474
CU-10-HL  8.76 32.70 373 1.188 2812.16  0.932
CS-10-NL  4.20 14.07 335 1.066 1266.56  0.420
CS-10-HL ~ 3.82 13.25 3.47  1.104 1364.40  0.452
CU-20-HL 8.00 29.50 3.69 1.174 2353.82 0.780
CS-20-NL  4.66 13.86 2.97  0.947 1522.49  0.504
CS-20-HL ~ 4.00 8.46 211  0.673 927.47  0.307

“Normalised with respect to the virgin beam.
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Fig. 13. Effect of corrosion damage on the load capacity of strengthened beams.
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Fig. 16. Load-strain relationships for CFRP-strengthened beams.

stiffness of all reinforced beams decreased with increasing corrosion
rate; also, the action of sustained loading showed a two-way response to
the stiffness of the beam as the corrosion rate increased: first promoting
and then inhibiting. Flexural cracks had developed in the tensile zone of
the corroded beam during the sustained loading and extended along the
beam body to the compression zone, which accelerated the corrosion
process. At alow degree of corrosion damage, the expansion of corrosion
products surrounding the tensile steel filled the flexural cracks and
increased the compactness of concrete to improve the grip between
concrete and steel; thereby, the sustained loading had a positive effect
on the stiffness. At a high degree of corrosion damage, the accumulation
of corrosion products led to severe concrete cracking, thus weakening
the bond capacity between the reinforcement and the concrete, resulting
in a reduction in the stiffness of the member. Hence, the sustained
loading inhibited the stiffness of CFRP strengthened beams when the
corrosion degree was higher. Further studies, which take these variables
into account, will need to be undertaken.

3.2.3. Strength analysis

Table 3 summarizes the yield load, Py, the ultimate load, P,, of all
beams. As shown in Fig. 13, the load capacity of corroded beams grad-
ually decreased with an increasing corrosion ratio. The yield and ulti-
mate loads of the unstrengthened beams (CU-5-HL, CU-10-HL, and CU-
20-HL) were decreased by 3% and 4%, 7% and 8%, and 14% and 16%,
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respectively, in comparison to the virgin beam. Besides, the average
mass loss of reinforcement was measured equal to mg,, = 5.2% for beam
CU-5-HL, Mgray= 10.3% for beam CU-10-HL and mg,y = 19.6% for beam
CU-20-HL. The reduction of loading-carrying capacities was less than
the mass loss of steel. This is because the tensile bars lost their lugs from
corrosion, resulting in a loss of mass without an equivalent loss of the
effective cross-sectional area of the bars [37]. The corrosion deteriora-
tion of structural members evidently requires attention in order to
ensure structural safety.

Fig. 13 shows the effect of corrosion degree on the load capacity of
the reinforced beams. The use of CFRP anchor systems in beams CS-5-HL
restored 92.7% and 104.8% of the yield and ultimate loads of the virgin
beam, respectively. Increasing the corrosion level further decreased the
yield and ultimate loads (beam CS-10-HL restored 81.9% and 96.7%,
and beam CS-20-HL restored 85.8% and 87.6% of the yield and ultimate
loads, respectively). Nevertheless, the change in strength was not line-
arly proportional to the degree of corrosion. Also, all the CFRP-
strengthened beams exhibited a yield strength of 95.8 kN to 107 kN
were well below the control, and the change was not significant. It was
also attributed that the CFRP anchorage system significantly increased
the stiffness of the corroded beam, which is mainly determined by the
CFRP anchorage system.

Fig. 14 illustrates the influence of the sustained loading on the
flexural strengths of the CFRP-strengthened RC beams. As shown in
Fig. 14, the effect of corrosion on load capacity is correlated with the
level of sustained loading. For group A (theoretical mass loss of 5%),
beam CS-5-HL showed a decrease of 2.0% and 2.6% of the yield and
ultimate strengths, respectively, in comparison to beam CS-5-NL. For
Group B (theoretical mass loss of 10%), the yield and ultimate strength
of CS-10-NL beams were 6.5% and 4.4% lower than those of CS-10-NL
beams. For group C (theoretical mass loss of 20%), the ultimate
strength of beam CS-20-HL decreased by 4.5%, while the yield strength
increased by 1.3%. On the basis of these results, it can be concluded that
the yield and ultimate load of the CFRP-strengthened beams with sus-
tained loading are inferior to that of the beams without sustained
loading, except for the yield capacity of beam CS-20-HL. This indicated
that the accelerated corrosion process combined with sustained loading
caused an adverse effect on the yielding and ultimate load of the CFRP-
strengthened beams, especially in the cases of more significant corrosion
damage.

3.2.4. Ductility and energy absorption

The deflection ductility index (AI) was calculated as the ratio of the
mid-span deflection at the ultimate §, to the mid-span deflection at the
yield 8,. The energy absorption index p was defined as the area of the
load-deflection curve from 0 to the ultimate point. The flexural ductility
index and energy absorption index of the test beam are shown in Table 4.

As seen in Table 4, compared to the virgin beam (UU), the corrosion-
damaged beams exhibited much better ductility performance. The
unstrengthened beams (CU) showed the ductility index of 3.35, 3.73,
and 3.69, respectively, 106.5%, 118.8%, and 117.4% of the virgin beam.
It can be noticed that the ductility index,Al, would increase and then
decrease as the increase corrosion level of beams. On the other hand, the
virgin beam’s energy absorption index (3018.00 J) was superior to those
(2926.78 J, 2812.16 J, 2353.82 J) of the unstrengthened corroded
beams by 3.1%, 6.8%, and 22.0%, respectively. This finding indicated
that corrosion damage of steel bars is a significant contributor to the
energy absorption index, and the degree to which it was reduced was
correlated with the degree of corrosion damage for steel bars.

For the set of beams with the same theoretical mass loss, these
strengthened beams showed a 4.5%-28.9% decrease in their average
ductility indexes compared to their counterparts without the strength-
ened method. Beam CS-10-NL and beam CS-10-HL recorded ductility
indexes of 3.35 and 3.47, respectively, and exhibited the most excellent
ductility performance with respect to other strengthened beams.
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Fig. 17. The outer fabric tensile strain distributions on the CFRP sheet.

Additionally, beams strengthened with the CFRP anchorage system
showed energy absorption indexes reduced by 51.2%-60.6% of their
counterparts without the strengthened method. It is evident that the
application of the CFRP anchorage system did not enhance the ductility
ability but rather reduced it.

Beam CS-5-HL increased its ductility index and energy absorption
index by 3.2% and 7.0%, respectively, with respect to beam CS-5-NL.
Beam CS-10-HL showed an increase of 3.6% and 7.7% of ductility
index and energy absorption index, respectively, in comparison to beam
CS-10-NL. Nevertheless, for the beams with severe corrosion damage,
due to the early failure of the CFRP anchorage system, the ductility index
and energy absorption index of beams CS-20-HL were inferior to beam
CS-20-NL. The variation range of these two loads was about 3.2-7.7% of
ductility index and energy absorption index of CFRP-strengthened
beams except beams with theoretical mass loss of 20%. This further
demonstrated that sustained loading has a relatively slight impact on
ductility capacity under moderate corrosion conditions, significantly
impacting severe corrosion conditions.
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3.2.5. Strain response

Fig. 15 shows the load-concrete strain curves of the virgin beam (UU)
and unstrengthened beams (CU-5-HL, CU-10-HL, CU-20-HL). Similar to
the load-deflection curves, these load-strain curves show a similar
three-stage response, with three sections and two turning points (cor-
responding to the cracking of concrete and the yielding of tensile steel).
In the first stage (before the generation of the initial crack), the concrete
strain increased linearly as the load increased. Prior to the steel bar
yielding, the change rate of concrete compressive strain slowed as the
corrosion degree increases, and the bearing capacity at the inflection
point decreased as well. It served to show that the corrosion obviously
reduces the strain rate of concrete in the elastic stage of unstrengthened
beams. Following the yielding of the steel bar, the unstrengthened
beams responded almost plastically until failure by concrete crushing
occurred. No significant correlation was found between the degree of
corrosion and the rate of change of concrete compressive strain.

Fig. 16 shows the load-concrete strain relationship of CFRP-
strengthened RC beams with different degrees of corrosion. These
load-strain curves are found to be virtually identical up to the yield
point. This suggested that the trend of concrete strain was not obviously
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affected by the corrosion damaged at this stage, which is mainly related
to the CFRP anchorage system. After yielding, the concrete strains and
fabric strains increased with load in different growth rates depending on
the corrosion damage. Beam CS-20-HL showed the highest rate of in-
crease in concrete strains and CFRP strains when compared to the other
corroded-strengthen beams.

Fig. 17 shows the outer fabric tensile strains distributions on CFRP
sheet along the bond length at different loads for beams CS-5-HL, CS-10-
HL, CS-20-HL. The horizontal coordinate represents the distance be-
tween the strain gauge and the mid-span, while the vertical coordinate
represents the strain value. In the initial stage, the strains of beams
strengthened with the CFRP anchorage system was essentially the same
as those in the unreinforced beams before concrete cracking. Only the
first and second strain gauges near the mid-span generated strain values.
Also, the first strain gauge, which was closest to the mid-span, had a
substantially higher value than the second strain gauge. Then the con-
crete began to crack when the tensile strain of concrete in the tensile
zone exceeded the ultimate tensile strain. The tension at the crack was
shared between the tensioned reinforcement and the CFRP fabric,
leading to an increase in the strain growth rate. After yielding of the
reinforcement, its stress stayed increased at a low rate and the strain of
the CFRP sheet continued to increase at a high rate due to the fact that
the additional tension applied to it during fracture was mainly carried by
the CFRP anchorage system. With the external load further increasing,
interfacial debonding occurred near the mid-span as the tensile stress in
the interface approached the interfacial strength. Interfacial stresses
were redistributed, and the distal strain reached a maximum, followed
by the CFRP anchorage system breaking down.

4. Conclusions

In this paper, an experimental study of the corrosion and flexural
behavior of CFRP-strengthened beams under sustained loading and
accelerated corrosion has been reported. Based on the experimental
results and discussion, the following conclusions can be drawn:

(1) Corroded beams with sustained loading exhibited a higher
corrosion level and the maximum corrosion crack width than
corroded beams in normal conditions. The external load action
led to the microcracks growth, which allowed more chloride ions
and oxygen to enter the beam and spread to the surface of the
reinforcement, thereby accelerating the process of corrosion of
the reinforcement.

Three typical failure modes of the CFRP-strengthened beams
were observed: concrete cover separation, debonding of CFRP
sheet followed by pulling out of anchors, and matrix cracking and
fabric rupture. Beams that failed in the debonding of the CFRP
sheet followed by pulling out anchors showed a more ductile
behavior.

The unstrengthened beam’s ultimate load and yield load
decreased with the increase of the corrosion degree of steel bars,
but the ductility of concrete beams increased. The use of CFRP
anchorage systems enhanced the flexural behavior of the
corrosion-damaged beams. Furthermore, CFRP-strengthened
beams had a yield load of 95.8 kN to 107 kN, which is well
below the control.

The combined corrosion and sustained loading exerted an
adverse effect on the load-bearing capacity of the CFRP
strengthened RC beams. The yield and ultimate load of the CFRP-
strengthened beams with sustained loading were inferior to those
without sustained load. And sustained loading had a relatively
slight impact on ductility capacity under moderate corrosion
conditions, a significant impact at severe corrosion conditions.

(2)
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