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Abstract
This study presents findings on the impact of corrosion of stirrups on the shear performance of reinforced concrete (RC) 
beams incorporating fly ash (FA) and strengthened with carbon fiber-reinforced polymer (CFRP). The study has identified 
that the optimal replacement proportion of cement with FA is 20%, resulting in improved compressive strength and split 
tensile strength of the concrete. The stirrups of the RC beam were subjected to controlled exposure periods of 4, 8, and 
10 days, achieving targeted mass losses of 5%, 10%, and 15%, respectively by the accelerated corrosion method. The CFRP 
strengthening significantly improved the shear capacity of the RC beams by 9.1% to 23.1% in comparison to the control 
RC beam without corrosion. In the corroded beams, CFRP sheets hindered the development and spread of diagonal cracks, 
postponing the appearance of critical failures. Failure in the specimens initiated with the debonding of the CFRP from the 
concrete substrate. This subsequently led to the crushing of the concrete, preventing the CFRP from achieving its ultimate 
strength capacity. Interestingly, CFRP strengthening was proportionally more effective for corroded RC beams at the same 
corrosion level. The strengthened corroded beam displayed 20% greater deflection at mid-span than the strengthened uncor-
roded beam. Applying the proposed equation to the beam yielded a calculated shear capacity in close agreement with the 
experimental findings.
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Introduction

Many RC structures in corrosive environments are experi-
encing severe premature deterioration, with signs already 
appearing in concrete structures built in recent decades. 
This deterioration caused by steel reinforcement corrosion, 
poses a threat to structural integrity and safety. Evaluat-
ing the performance of corroded RC beams is crucial for 
assessing durability and conducting necessary maintenance 
[1–6]. The RC structures face significant safety and durabil-
ity challenges due to adverse conditions such as marine and 
industrial environments, increased concentrations of carbon 

dioxide  (CO2), environmental pollution, acid rain, and the 
use of improper construction methods [7, 8]. Enhancing the 
durability of RC structures involves safeguarding the rein-
forcement from corrosion through the inclusion of admix-
tures in concrete. Additionally, the maintenance of aging 
RC structures can be accomplished through the retrofitting 
of these structures. Corrosion-inhibiting admixtures, such 
as organic compounds like amines and amides [9–12] and 
inorganic like Sodium Nitrate, Calcium Nitrite, Zinc Phos-
phate, and Sodium Silicate slow down the corrosion pro-
cess by creating a passive layer on the surface of steel rein-
forcement [13, 14]. Environmentally sustainable corrosion 
inhibitors, including FA, ground granulated blast-furnace 
slag, silica fume, and other pozzolanic materials, alter con-
crete characteristics and enhance the corrosion resistance 
of the steel reinforcement embedded within the concrete 
[15–19]. The concrete beams with FA showed better resist-
ance to corrosion compared to conventional concrete beams. 
While conventional beams lost 72% of their load-carrying 
capacity after 20% steel weight loss due to corrosion, fly 
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ash beams only experienced a 60% reduction [4–6, 20]. The 
concrete with higher FA content shows improved resistance 
to accelerated corrosion. Additionally, these corroded FA 
beams experience larger deflections compared to control 
samples without FA, indicating a higher level of ductility 
in the FA beams [4, 5]. The FA in concrete reacts with cal-
cium hydroxide (Ca(OH)2) in the presence of water, form-
ing a C-S–H gel. This gel fills the tiny pores in the con-
crete, reducing its permeability and enhancing its corrosion 
resistance [21, 22]. The green concrete boasting enhanced 
strength and durability was attained through a combination 
of FA, nanoparticles, and a corrosion inhibitor. [23, 24]

Various retrofitting options exist for enhancing existing 
RC structures, with bonding thin steel plates being a com-
monly employed method [25–27]. While effective in prac-
tice, the use of added steel plates in retrofitting is prone 
to corrosion, resulting in higher future maintenance costs. 
Consequently, there is a growing focus on employing an 
alternative material as fiber-reinforced polymer (FRP) [28, 
29]. Previous studies indicate that bonding FRP sheets to 
damaged members effectively enhances the load-carrying 
capacity, ductility, and stiffness of the structure. This tech-
nique effectively improves the flexural and shear perfor-
mance of damaged RC structures [28, 30–34]. FRP materials 
composed of polymer fibers and an epoxy resin matrix are 
corrosion-resistant. Additionally, they exhibit exceptional 
strength and rigidity in the direction of the fibers.

In corrosive environments, stirrups typically corrode 
before longitudinal reinforcement due to the relatively small 
thickness of the cover to the concrete [35–37]. Engineers 
are increasingly adopting epoxy-bonded FRP products for 
strengthening applications due to their superior properties 
and non-corrosive nature [38]. Also, numerous methods 
such as the application of plates, steel sheets, and fiber-
containing concrete have been established to repair and 
strengthen corroded RC elements [39]. Exposing epoxy-
bonded metals to harsh environments like de-ionized water, 
urea solution, and saltwater affected their performance, and 
revealed alterations in interfacial capacity due to plastici-
zation and substrate corrosion [40]. Dawood and Rizkalla 
conducted experiments to assess the capacity of the bond 
between CFRP and reinforcement under harsh environ-
mental conditions [41]. Experiments were carried out by 
Hongming Li and Jin Wu to assess the shear performance 
of RC beams containing corroded stirrups, which were 
strengthened with CFRP [42]. The present study involved 
constructing specimens with embedded stirrups undergoing 
accelerated corrosion, leading to varying levels of corrosion 
damage. Also, the focus was on strengthening RC beams 
containing corroded stirrups, considering different corrosion 
cases and FA content. The strengthening included full wrap-
ping of CFRP sheets externally bonded to simply supported 
square cross-section RC beams subjected to central point 

load. Finally, the performance of corroded and strengthened 
beams was compared based on shear capacity, crack width, 
and load–deflection response indicating that the strength-
ened specimens exhibited higher stiffness under service load 
conditions.

Significance of research

Prior studies have examined the flexural performance of 
RC beams with corrosion of main reinforcement, but the 
analysis of the performance for FA blended RC beams with 
corroded stirrups and the development of a comprehensive 
calculation model for shear capacity is still lacking. There is 
also a scarcity of literature on the strengthening of RC beams 
blended with FA and corroded stirrups by CFRP. This paper 
investigates the shear strength of RC beams made with FA 
and containing corroded stirrups. Also, evaluates the failure 
mode and efficiency of CFRP shear-strengthening methods 
to address existing gaps in the literature.

Experimental program

Figure 1 illustrates a clear understanding of the experimental 
methodology employed in this study.

Materials properties and specifications

Cement and FA

Ordinary Portland cement of 53 grade and F class FA 
sourced from the thermal power station at Nashik in Maha-
rashtra, India, was chosen as the binding agent following 
Indian standards (IS): 12,269:2013 [43] for concrete matrix 
production.

The properties of both cement and FA by following the 
Indian standard code are indicated in Tables 1 and 2. The 
specific gravity value for cement was 3.15 and FA was 2.15.

Fine aggregate (crushed sand) and coarse aggregate (CA)

The properties of both crushed sand and CA by following 
the Indian standard code are indicated in Table 3. 

Reinforcement

The tensile characteristics of eight randomly chosen corro-
sion-free reinforcement bars were assessed following both 
the Indian standard: 1608–2005 [48] and the American 
standard: ASTM A370 [49]. Table 4 presents the determined 
mechanical properties of reinforcements.
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Strengthening materials

Various materials, including putties, primers, epoxy resins, 
and CFRP sheets, are utilized in FRP strengthening systems. 
Putty is applied to fill surface voids, like bug holes, ensuring 
a smooth bonding surface and preventing bubble formation 
during resin curing. Epoxy resins were used as binders for 

CFRP wrapping due to their excellent mechanical proper-
ties, good adhesion to concrete, and chemical resistance. The 
resin acts as an adhesive, filling and securing reinforcing 
fibers, providing an effective load transfer path. Epoxy resins 
are typically composed of a mixture of epoxy monomers 
and oligomers. These components provide the base material 
for the binder. Epoxy resins are characterized by their low 

Fig. 1  Flow Chart for Experi-
mental methodology

Table 1  Chemical 
Characteristics of OPC and FA 

Material Compound, % by weight

SiO2 Al2O3 Fe2O3 CaO SO3 MgO K2O Na2O TiO2 LOI

Cement 21.0 05.0 3.6 63.0 2.5 0.88 0.45 0.15 0.16 –
FA 56.0 25.0 08.0 02.0 1.8 1.92 0.71 1.90 1.70 03.0

Table 2  Physical Properties of 
OPC and FA 

Experimental Tests Results Standard specification References

Cement
Consistency 30% 25 to 35% IS 5513 and IS 4031 [44, 45]
Specific surface area  (m2/kg) 230 Not > 225 IS:12,269 [43]
Setting time (Initial) in Minutes 35 Not > 30 IS:12,269 [43]
Setting time (Final) in Minutes 600 Not > 600 IS:12,269 [43]
FA
Specific Surface Area  (m2/kg) 330 Minimum of 225 mm IS:3812: (Part-I) 2013[46]
Particle Size > 45 μm 6.25% Maximum of 34% IS:3812: (Part-I) 2013[46]

Table 3  Properties of both crushed sand and CA

Material Grading Bulk density 
(kg/m3)

Particle size Specific gravity Water 
absorption 
(%)

Crushed Sand Zone II, as per IS 383 [47] 1750 Passing through a 4.75 mm sieve 2.65 0.8
CA Angular-graded 1780 Maximum size of 20 mm 2.75 0.6
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viscosity in liquid form, allowing them to impregnate the 
carbon fiber fabric effectively. The phase composition of 
the resin includes the various molecular structures of epoxy 
molecules, which determine properties such as viscosity, 
flexibility, and adhesion. An epoxy resin and a hardener 
mixed, undergo a chemical reaction that results in a strong 
and durable polymer matrix. A hardener initiates the cross-
linking reaction that transforms the liquid resin into a solid 
polymer network. Common hardeners include polyamines 
and polyamides. The phase composition of the hardener 
involves the various functional groups and molecular struc-
tures that participate in the chemical reaction with the epoxy 
resin. This reaction forms covalent bonds, leading to the 
formation of a three-dimensional network structure, which 
provides the cured epoxy with its mechanical strength and 
durability. Adhesives bond the concrete surface and multiple 
layers of CFRP laminate, creating a path for the shear load. 
Protective coatings safeguard cured CFRP reinforcement 
from environmental damage. Figure 2 shows strengthening 
materials including resin, hardener, and CFRP Sheet.

The CFRP sheets typically exhibit high elastic modulus 
and tensile strength with a low weight-to-strength ratio. The 
mechanical properties of CFRP sheets are given in Table 5.

CFRP sheets, bonded with epoxy resin and harden-
ers, were used for strengthening applications on concrete 
specimens. The mechanical properties of epoxy resin 
(adhesive glue) are tabulated in Table 6.

Table 4  Mechanical Properties 
of Reinforcement Bars

Φ: diameter of reinforcement, fy: average yield strength, fu: ultimate strength, εy: yield strain, εu: ultimate 
strain

Sample bars Φ (mm) Area  (mm2) fy (MPa) fu (MPa) Elastic tensile 
modulus (GPa)

εy εu Percentage 
elongation

1 12 113.09 509.91 610.29 200 0.0014 0.18 18
2 12 113.09 519.13 609.30 200 0.0013 0.17 17
3 12 113.09 515.20 611.00 200 0.0015 0.18 18
4 8 50.27 519.13 609.30 200 0.0013 0.19 19
5 8 50.27 512.37 614.20 200 0.0014 0.18 18
6 8 50.27 510.45 611.40 200 0.0015 0.18 18

Fig. 2  Strengthening materials, (a) Resin and hardener, (b) CFRP Sheet

Table 5  Mechanical Properties of CFRP 

Material Fiber Weight 
/g /m2

Tensile 
strength 
(MPa)

Tensile 
modulus of 
elasticity 
(MPa)

Ultimate 
elongation 
(%)

CFRP 200 3060 2.1 ×  105 1.6

Table 6  Mechanical Properties of Epoxy resin

Material Compres-
sive strength 
(MPa)

Tensile 
strength 
(MPa)

Tensile 
modulus of 
elasticity 
(MPa)

Ultimate 
elongation 
(%)

Epoxy resin 75.4 35.5 2040.6 2.1
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Water

Concrete ingredients were mixed, and cubes, cylinders, and 
beams were cured using locally available ordinary portable 
water.

Mix design and sample preparation

The study utilized eight RC beams, classified into 
strengthened and un-strengthened groups. The refer-
ence specimen (CB0) remained free from corrosion and 
strengthening. Subsequently, the corroded group con-
sists of three beams (CB1, CB2, and CB3), and a CFRP-
strengthened group consisting of four beams (SB0, SB1, 
SB2, and SB3). For the casting of beams, a custom mold 
with 150 mm × 150 mm × 1500 mm dimensions was fabri-
cated and used. The specimen used 8 mm diameter thermo 
mechanically treated bars (TMT) as stirrups, spaced at 
150 mm, with bottom and top reinforcement comprising 
two 12 mm diameter steel bars each. After completing the 
reinforcement cage, the 12 mm diameter steel bar (main 

bar) and the 8 mm bar stirrups were welded to expedite 
stirrup corrosion. Refer to Fig. 3 for reinforcement and 
geometric details of the specimens.

All RC beams were designed for M30 grade concrete 
following IS 456:2000 [50] and IS 10262:2019 [51]. The 
design of mix-I, mix-II, mix-III, and mix-IV refers to 0%, 
10%, 20%, and 30% FA, and proportions for all the mixes 
are given in Table 7. 

All the molds were cleaned and the surface was made 
smooth before use by applying grease or oil to facilitate 
easy de-molding. The cement and fine aggregate are 
blended in a laboratory pan-type mixer until a uniformly 
colored mixture is achieved, then introduced the coarse 
aggregates, are mixed thoroughly with all aggregates, 
and then water. The concrete was poured into the molds 
of cubes (150 mm cubes), cylinders (150 mm diameter, 
300 mm depth), and beams (150 × 150 × 1500 mm) in 
three layers and compacted. These specimens have var-
ied dosages of 0%, 10%, 20%, and 30% FA for CS, split 
tensile strength (STS), and flexural strength (FS) testing 
cast respectively. Figure 4 shows the sample preparation 
including mixing, casting, and curing of specimens.

A uniform water-to-cement content ratio of 0.39 was 
maintained for all mixes. Specimens were molded at tem-
peratures varying from 21 to 45 °C, with humidity levels 
ranging approximately between 47 and 63%. The concrete-
filled mold was kept in place for 24 h to allow the concrete 
to set. After 24 h, all the mold components were removed, 
leaving the beam specimen exposed. The curing of all test 
specimens was carried out by submerging the specimen in 
clean fresh water in a tank for 28 days.

Fig. 3  Beam reinforcement 
details

Table 7  Concrete mix proportion

Materials in kg/m3 Mix-I Mix-II Mix-III Mix-IV

Cement 474 426.6 379.2 331.8
CA 1085 1085 1085 1085
Crushed sand 748 748 748 748
Water 186 186 186 186
FA 0.00 47.4 94.8 142.8

Fig. 4  Sample preparation: a Mixing, b Casted sample c Curing
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To mitigate the time-dependent CS effect, the transfer of 
all RC beams to the corrosion pool took place after a cur-
ing period of 28 days. Out of eight beams, six of them were 
intended for corrosion testing, and the remaining two were 
used as controlled beams. The average CS and STS of the 
specimen were determined using test results obtained from 
specimens evaluated on the same day as the commencement 
of beam specimen testing. Table 8 provides information on 
all the beams cast with different FA percentages (0%, 10%, 
20%, 30%). The targeted corrosion levels for the reinforce-
ment in each beam were set at 5%, 10%, and 15%.

Accelerated corrosion process (ACP) for stirrups

To expedite the corrosion process in the test specimens, an 
ACP was employed [21, 22, 52–60]. Figure 5 shows the 
schematics of the ACP. After curing, the test beams were 
immersed in a tank containing a 5% NaCl solution, by 
weight of the water. Throughout the testing, the depth of 
the water was kept constant at the beginning of each setup. 
In this setup, a stainless-steel plate served as the cathode 

(negative terminal) of the circuit, while a copper wire con-
nected all the stirrups, acting as the anode (positive termi-
nal). With a 26 V DC power flowed from the anode to the 
cathode and led to the oxidation of stirrups, involving loss 
of electrons and resulting in corrosion [61]. Maintaining a 
constant current density of 270 μA/m2, specimens CB1-CB3 
and SB1-SB3 underwent corrosion for durations of 4, 8, and 
10 days, respectively to achieve 5, 10, and 15% of stirrup 
corrosion [61]. The main steel and stirrups were insulated 
by applying epoxy grout at the junction to prevent corrosion 
of the main steel and to control the corrosion rate of the 
stirrups. Faraday’s law, given by Eq. 1, correlates mass loss 
with a magnitude of electrical current (DC), and exposure 
duration was used to calculate the theoretical mass loss of 
stirrups due to corrosion. [42].

where I is the impressed DC in Ampere, T is the duration 
of exposure in seconds, A = 55.847 g is the atomic mass of 
iron, N = 2 is the number of electrons transferred during the 

(1)M =
ITA

NF

Table 8  Measured weight 
corrosion level of stirrups

Beam FA (%) Targeted corrosion 
level (%)

Measured corrosion 
level

Measured corrosion 
level/design corrosion 
level

CB0 0 0 0 0
CB1 10 5 5.20 1.04
CB2 20 10 10.50 1.05
CB3 30 15 16.10 1.07
SB0 0 0 0 0
SB1 10 5 5.30 1.06
SB2 20 10 10.60 1.06
SB3 30 15 16.10 1.07

Fig. 5  ACP setup
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corrosion reaction for iron, and F = 96.500 C/equivalent is 
Faraday’s constant. This allows for accelerated completion 
of steel bar corrosion in a short duration of time. Figure 6 
shows a typical corroded beam specimen after ACP. 

Half‑cell potential (HCP) test

The present study utilizes the HCP test to assess the prob-
ability of corrosion of reinforcement embedded within RC 
members was evaluated following ASTM C876:15 [62]. Fig-
ure 7 shows a schematic illustration of the HCP test.

The potential difference is influenced by the resistivity 
of the concrete and the thickness of the cover to the rein-
forcement, and it will rise concurrently with both factors 
[63]. The FA acts as a corrosion inhibitor and enhances 
the resistivity of concrete during extended curing periods 
[64–66]. With the escalation of the FA percentage, there is 
a corresponding shift toward higher positive values, indicat-
ing a nearly negligible corrosion potential. This was due to 
the pozzolanic reaction of FA, which refines the micro-pore 
structure, thereby impeding the infiltration of aggressive 
agents like oxygen and moisture and ultimately prevent-
ing the corrosion of the reinforcement. Table 9 displays the 
range of HCP values for the reinforcement and reveals that 
the beam with 20% FA exhibited a less negative value than 

the beam with 0%, 10%, and 30% FA, indicating more cor-
rosion resistance.

The concrete mixture incorporating FA displays an HCP 
that is more negative (cathodic) than a concrete mixture 
without FA. A more negative potential signifies increased 
corrosion resistance, implying that the inclusion of FA in 
the concrete has enhanced the durability and safeguarded the 
reinforcing steel. Interestingly, the FA systems, particularly 
those with 10% and 20%, demonstrated noteworthy volt-
age data values compared to OPC, indicating their superior 
corrosion resistance properties. Ha et al. reported a similar 

Fig. 6  Corroded beam specimen

Fig. 7  Schematic illustration of 
the HCP test

Table 9  HCP values of reinforcement

Beam Group Beam FA Content in 
percentage

Range of Potential 
Values (mV, SCE)

Group-I CB0 0 -170
CB1 10 -190 to -260
CB2 20 -200 to -290
CB3 30 -215 to -370

Group-II SB0 0 -172
SB1 10 -190 to -260
SB2 20 -200 to -290
SB3 30 -215 to -370
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observation [54]. On the contrary, surpassing a 20% FA con-
tent resulted in premature cracking in the concrete, signify-
ing the unfavorable properties associated with this level of 
FA content. In the presence of water, FA reacts with calcium 
hydroxide (Ca(OH)2), resulting in the formation of an addi-
tional calcium silicate hydrate (C–S–H) gel, as indicated 
by these observations. The C–S–H gel formed can compact 
the microstructure of concrete, offering potential mitigation 
against corrosion. Additionally, the calcium oxide (CaO) 
present in FA serves as an alkaline buffer, aiding in sustain-
ing higher pH levels in the concrete. This promotes the pas-
sivation of the steel reinforcement and reduces the corrosion 
rate. The presence of FA in the system can be attributed to 
the primary hydration reaction, represented as follows:

In the presence of water, FA within the concrete has the 
potential to react with Ca(OH)2, leading to the formation 
of C-S–H. Moreover, there exists an additional secondary 
hydration reaction, which can be formulated as follows:

The existence of this secondary C-S–H fills the substan-
tial capillary voids, thereby improving the corrosion resist-
ance properties.

Strengthening methodology

Surface preparation was conducted before the bonding of 
CFRP sheets to the concrete surface as per the guidelines 
given in ACI 546R [67] and ICRI 03730 [68]. The concrete 
surface was cleaned with the help of sandpaper to remove 
existing unsound material that may interfere with the bond 
between the FRP system and the concrete. Before applying 
the CFRP system, the corners of the beams were rounded 
and smoothed following ACI 440.2R 08 [69] to approxi-
mately 13 mm radius to avoid stress concentrations. After 
cleaning the surface, putty was used to make the surface 
smooth and fill all voids from the beam surface. The Putty 
took 24 h to dry. After drying the putty, primer was applied 
on the beam surface on which CFRP will be applied. The 
primer was made by mixing resin and hardener in a plastic 
container. The resin and hardener proportion were 1:2. It 
took 24 h for drying. The primer was applied axially, fol-
lowed by impregnating with saturating resin and bonding 
CFRP sheets. The saturating resin was layered onto the 
primer. CFRP was cut to 300 mm width before resin cur-
ing, placed on the epoxy-coated surface spaced at 300 mm 
intervals, and resin was pressed through the fabric roving. 
Air bubbles trapped at the epoxy and concrete or epoxy and 
fabric interface were removed. Full wrapping of CFRP was 

(2)
2
(

3CaO.SiO
2

)

+ 6H
2
O → 3CaO.2SiO

2
.3H

2
O + 3Ca(OH)2

(3)3Ca(OH)2 + 2SiO
2
+ H

2
O → 3CaO. 2SiO

2
. 3H

2
O

applied over the saturated resin area at room temperature, 
and a protective coating was added to the CFRP sheet to 
shield the bonded FRP reinforcement from environmental 
damage. The beams reinforced with CFRP sheets were cured 
for 5 days at room temperature before testing. Figure 8 shows 
a retrofitting procedure which was used for this research. In 
this research, all four sides of the beams are wrapped and 
this scheme is more efficient than two-side and three-side 
wrapped schemes.

Findings and discussion

CS and STS

The compression testing machine (CTM) is employed to 
assess the CS of concrete using standard cube-size molds 
following a 28-day curing period. Testing was conducted 
on three cubes following the IS: 516:1959 guidelines [70], 
and the individual strength of each cube as well as the aver-
age CS were recorded. Additionally, cylinders were tested 
using a 2,000 kN capacity CTM. Three cylinders were sub-
jected to testing following IS: 5816–1959 guidelines [71], 
and the individual and average split tensile strength (STS) 
were noted. Figures 9 and 10 show the experimental setup 
for CS and STS of concrete.

It was noted that the CS increased by 3.59% and 5.57% 
when incorporating 10% and 20% FA, respectively. How-
ever, CS decreased by 2.17% when 30% FA was used, com-
pared to 0% FA, after a 28-day curing period. The CS exhib-
ited marginal improvement up to a 20% cement replacement 
with FA, and further replacement beyond 20% resulted in a 
slight decrease in strength at 28 days. However, up to 30% 
FA demonstrated the desired strength for M30-grade con-
crete. This trend was also observed in STS. Figures 11 and 
12 present the CS and STS of concrete with varying FA 
percentages after a 28-day curing period.

The enhancement in both CS and STS results from the 
pozzolanic characteristics of FA. Because of pozzolanic 
properties and the tiny particle size of FA, voids between 
the cement particles are filled by the FA, enhancing overall 
density and interlocking particles, and resulting in reduced 
porosity [21, 72]. However, excessive utilization of FA 
(beyond 30%) reduced the CS and STS of concrete. Also, 
excessive utilization of FA leads to a reduction in the reac-
tivity and overall performance of concrete [22]. Hence, the 
present study was restricted to utilizing the FA beyond 30%.

Three‑point bending test

The experimental setup and the schematic diagram of the 
three-point flexural test setup are presented in Fig. 13a and b. 
A load was applied at the rate of 0.05 kN/s to the specimens 
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Fig. 8  a Putty Filling, b Prime 
coating, c Saturated coating d 
Fiber laminate

Fig. 9  CS test Fig. 10  STS test
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and a dial gauge was fitted during testing to measure deflec-
tions below the load at the mid-span of the beams.

Mid‑span deflection

The load at first crack, load at failure, and cracking pattern 
of the beams were recorded. Before reaching the crack-
ing load, the specimen exhibited minimal deflection, and 
the load–deflection relationship followed a linear pattern. 
Upon reaching the ultimate load, the specimen experi-
enced a sudden loss of bearing capacity, indicating a brit-
tle failure. The corrosion of the reinforcement leads to a 
reduction in the stiffness of the strengthened beam as com-
pared to CB0. An increase in the corrosion level of stir-
rups, led to a reduction in the effective area of the stirrups, 

causing a decrease in the stiffness of the corroded, un-
strengthened beam. This reduced stiffness of the corroded 
RC beam was improved by CFRP wrapping. The ultimate 
deflection at the mid-span of CB0 was 6.5 mm, while 
the ultimate deflection of SB3 was 4.3 mm, indicating a 
33.84% decrease compared to CB0. The ultimate deflec-
tion of SB3 reached 4.3 mm, which was 17.30% higher 
than the ultimate deflection of SB0. The load–deflection 
plot at mid-span is depicted in Figs. 14 and 15.

Table  10 presents the experimental results for 
load–deflection and crack width of the specimens. In 
the present study, it was observed that the stiffness of 
the corroded RC beam is not affected significantly due 
to CFRP strengthening with an increase in the corrosion 
level of stirrups which is in contrast to Hongming Li’s 
study [42]. However, the stiffness and ultimate strength 
of the strengthened corroded RC beam decreased with an 
increase in the stirrup corrosion level. Furthermore, it has 
been noted that the stiffness of the RC beam decreases 
with an increase in corrosion level. This is because of the 
decrease in yield strength and corresponding displace-
ments of the corroded RC beam. Also, reinforcement bar 
corrosion induces early yielding and concrete deteriora-
tion, amplifying crack opening under load, ultimately 
reducing displacement at yield strength [5, 73, 74]

Loss of stirrups owing to corrosion

After the completion of the loading test, the stirrups were 
extracted from the RC beams and cleaned, ensuring the 
removal of concrete and corrosion products from their 
surface. After cleaning with a 12% HCl solution, the cor-
roded stirrups were rinsed with water, neutralized with 
lime water, and rinsed again. Dried for at least 4 h, their 
weight was then measured on an electronic balance. The 
measurement of all corroded steel bars followed the pro-
cedure outlined in ASTM G1-03 [75], from which the steel 
corrosion, denoted as Pcor, i.e., the average weight-loss 
level, was subsequently calculated [76] by Eq. 4.

where Pcor represents the percentage of steel corrosion in the 
bars;  M0 and  L0 denote the mass and length of the uncor-
roded steel bars, respectively. The uncorroded steel bars 
from the control beam B0 were selected as the reference for 
 M0 and  L0. Similarly,  M1 and  L1 denote the mass and length 
of the corroded steel bars in the tested beams. Measurements 
of  L0 and  L1 were conducted using a Vernier caliper. The 
corrosion levels of the steel bars as measured are presented 
in Table 7.

(4)p
cor

=
M

0
∕L

0
−M

1
∕L

1

M
0
∕L

0

Fig. 11  Effect of FA percentage on CS

Fig. 12  Effect of FA percentage on STS
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Surface‑cracking

Diagonal cracks confirm shear pressure failure and there was 
sudden widening of cracks during damage. Corroded beams 
experienced shear compression failure, and most of the cracks 
intersected with diagonal cracks perpendicular to the length 
of the beam. The development of these diagonal cracks in the 
shear bending zone depends on the tensile strength of con-
crete under multiaxial stress. The development of load cracks 
remained consistent and which is unaffected by variations 
in corrosion expansion cracks under different stirrup corro-
sion conditions. Under a small load, vertical cracks emerged 
directly beneath the applied load in the bending tension zone. 
As the load increased, additional vertical cracks appeared in 
the shear flexural zone. All test beams exhibited shear com-
pression failure. As diagonal cracks formed, deformation 
and stirrup strain in each beam quickly increased. This likely 

occurred due to damaged concrete sections because of stir-
rup corrosion and weakening their ability to resist the crack 
development. While pre-crack stirrup strain was similar across 
beams, its location varied significantly afterward, aligning 
with the experiment’s observations. Notably, high strain val-
ues were found where stirrups intersected the diagonal cracks. 
Due to the crack location appearing between the support and 
load point, the strain value at both ends exceeded the strain 
value mid-span of the beam. Importantly, despite reaching the 
ultimate load in the corroded beam, none of the stirrups in 
any test beam yielded. The same observations were noticed by 
Hongming Li’s [42]. The maximum width of diagonal cracks 
was measured at 1.4 mm and 1.6 mm for SB2 and SB3 respec-
tively as well as the maximum crack width for the strengthened 
beam ranged from 1.2 to 1.60 mm. As the RC beam reached 
its cracking point, CFRP strain suddenly increased, demon-
strating its immediate contribution in halting further crack 

Fig. 13  Three-Point Bending Test: a Experimental setup, b Schematic diagram of a three-point flexural test setup
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propagation. The specimens failed due to CFRP debonding 
before achieving its ultimate strength and the concrete was 
crushed. Figure 16 illustrates the failure mode for both cor-
roded and strengthened beams.

Experimental shear capacity of strengthened 
corroded RC beams

It was observed that the shear capacity determined by experi-
mental tests on the strengthened beams exceeds the analyti-
cal value. The critical diagonal crack in beam SB3 occurred 
at its ultimate load of 110 kN, marking a 15.38%, 12%, and 
6.78% reduction compared to the ultimate loads in beams SB0, 
SB1, and SB2, respectively. However, the shear capacity of 
the RC beams displayed an increasing trend up to a 5% corro-
sion level, attributed to the pressure developed by corrosion 
products. Beyond the 5% corrosion level, the shear capacity of 
the RC beams did not show a further increase with the increase 
in the stirrup corrosion levels. The addition of CFRP sheets 
substantially enhanced the shear capacity of corroded beams. 
The increase in shear strength for the RC beam reinforced with 
CFRP sheets was greater than 27.27% for SB3 in comparison 
to CB3, and 23.72% for SB2 compared to CB2. The same 
growth trend in shear strength of the RC beam strengthened 
with CFRP sheets was observed by Hongming Li [42].

Analytical shear capacity of strengthened corroded 
RC beams

For the strengthened beam, the recommended shear capacity 
was calculated as the combined contributions of concrete, stir-
rups, and CFRP. The theoretical value of VCal was determined 
using established methods outlined in ACI318-14 [77] and 
ACI 549.4R-13 [78] by Eq. 5

where, VCal represents the shear bearing capacity of 
the strengthened beams, while Vc, Vs, and Vf denote the 

(5)V
Cal

= Vc + Vs + Vf

Fig. 14  Load deflection curve for corroded non-strengthened beams 
(CB0-CB3)

Fig.15  Load deflection curve for corroded strengthened beams (SB0-
SB3)

Table 10  Experimental results 
of the specimens

Beam Corrosion level 
of stirrups (%)

Ultimate 
Load (kN)

Mid-span 
deflection 
(mm)

Maximum width of 
bending cracks (mm)

Maximum width 
of oblique cracks 
(mm)

CB0 0 100 6.8 0.20 1.0
CB1 5.20 110 5.0 0.24 1.2
CB2 10.50 90 4.5 0.26 1.4
CB3 16.10 75 4.0 0.28 1.6
SB0 0 130 5.2 0.30 1.4
SB1 5.30 125 6.5 0.27 1.2
SB2 10.60 118 4.7 0.28 1.4
SB3 16.10 110 4.3 0.31 1.6
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Fig. 16  Beam failure mode-a Beam-SB0, b Beam-SB1, c Beam-SB2, d Beam-SB3
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shear bearing capacities of the concrete, steel, and CFRP, 
respectively.

The expression for the calculation of Vf is given by 
Eq. 6 as follows [69]:

The relative reduction coefficient, denoted as ϕf, is a key 
parameter in the context of this study. The total cross-section 
area of the double-limb CFRP band, represented by Af, is 
determined as Af = 2ntf ωf, where n stands for the number of 
CFRP layers, tf is the layer thickness of the CFRP, and ωf is 
the width of the CFRP strip. The CFRP angle is denoted by 
β, and df represents the effective height, while sf corresponds 
to the spacing for the CFRP band. The effective strain in 
the CFRP, denoted as εfe, is calculated using the expression 
fFe = Ef εfe; Ef, where Ef is the elastic modulus of the CFRP. 
The calculation of εfe is based on ACI440.2R-08 [69]. Uti-
lizing this formula, the shear-bearing capacities of seven 
specimens were computed. The tabulated results in Table 11 
demonstrate a favorable concordance with the experimental 
findings.

The calculated value exhibited a mean deviation of 1.095 
from the test value, with a standard deviation of 0.095 and 
a coefficient of variation of 0.085. Figure 17 shows experi-
mental results (shear force) of strengthened beam with error 
bars.

Conclusion

The presentation focused on the shear behavior of RC beams 
following stirrup corrosion. The subsequent observations 
and findings drawn from the test results are as follows:

(1) The corrosion resistance of reinforcing bars within 
concrete is enhanced through the partial replacement 
of cement with FA. This improvement is attributed to 
a reduction in the corrosion current generated under 
a constant DC voltage. The research findings indicate 

(6)Vf = �f Af fFe(sin � + coc�)df∕sf

that an elevated proportion of FA in concrete enhances 
its capability to withstand accelerated corrosion 
induced by the application of DC voltage and half-cell 
potential values.

(2) The study has identified that the optimal replace-
ment proportion of cement with FA is 20%, resulting 
in improved CS and STS of the concrete. Neverthe-
less, beyond a 20% FA content results in a reduction in 
strength. It was observed that the inclusion and varia-
tion of FA did not exert a notable impact on the flexural 
and shear capacity of the RC beam. The shear capacity 
of corroded beams showed a marginal improvement 
when the stirrup corrosion level was below 5%. How-
ever, it diminished thereafter as the stirrup corrosion 
level surpassed 5%.

(3) The beams reinforced with CFRP sheets demonstrated 
a 23.07% increase in ultimate load capacity compared 
to the control beam CB0. Test outcomes indicated 
that complete CFRP wrapping on the deteriorated RC 
beams elevated load capacities by 9.1% to 23.1% in 
comparison to the control RC beam without corrosion. 

Table 11  Analytical and 
Experimental results of the 
specimens

Beam CS STS fy Corrosion level 
of stirrups

Analytical shear 
force (VCal)

Experimental shear 
Force (VExp)

VExp

VCal

CB0 33.10 2.85 500 0 NA 72.00 NA
CB1 35.30 2.95 500 5.20 NA 77.20 NA
CB2 34.50 2.90 500 10.50 NA 70.10 NA
CB3 33.50 2.75 500 16.10 NA 63.00 NA
SB0 35.70 3.10 500 0 73.91 85.00 1.15
SB1 34.90 2.80 500 5.30 72.72 80.00 1.10
SB2 35.00 2.90 500 10.60 75.23 79.00 1.05
SB3 33.90 2.75 500 16.10 71.38 77.10 1.08

Fig. 17  Experimental shear force with error bars
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The enhancement in shear-bearing capacity was more 
pronounced through CFRP strengthening. The beams 
wrapped with CFRP exhibited increased stiffness, dem-
onstrating that CFRP laminates contribute to additional 
load-carrying capacity.

(4) The failure modes of corroded beams revealed concrete 
crushing in the shear compression zone. The applica-
tion of CFRP sheets to corroded RC beams proved 
effective in restraining the development and propaga-
tion of diagonal cracks, thereby delaying the onset of 
critical cracks. The failure of the specimen occurred 
due to the debonding of CFRP, followed by concrete 
crushing. It was noted that the CFRP did not reach its 
ultimate strength during the process. From the initiation 
of loading until the emergence of diagonal cracks, the 
shear deformation in each test beam remained minimal, 
and the stirrups experienced a limited range of strain 
increase. After the appearance of diagonal cracks, there 
was a notable increase in the deformation of each test 
beam, accompanied by a rapid rise in stirrup strain.

(5) The mean ratio of the test value to the calculated value 
was 1.095, with a standard deviation of 0.095 and a 
coefficient of variation of 0.085. The calculated results 
exhibited a favorable concordance with the experimen-
tal findings.

Limitations and future scope

While solely exploring the use of CFRP as external rein-
forcement, this study has made significant strides in clarify-
ing critical questions and issues related to the shear behavior 
of corroded RC beams. Predicting the combined flexural and 
torsional behavior of corroded RC beams under shear and 
moment demands further experimental investigation. Future 
studies should focus on the influence of longitudinal rein-
forcement ratio, beam geometry, and the complex interaction 
of forces. Also, an experimental study on stress–strain distri-
bution in the strengthened beams with different orientations 
of CFRP sheets needs to be addressed in the future. A finite 
element modeling needs to be used to predict and verify the 
experimental results.
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