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A B S T R A C T   

Damaged Reinforced Concrete (RC) beams are commonly strengthened by bonding Carbon Fiber Reinforced 
Polymer (CFRP) strips to their soffits. However, inaccessible or narrow soffits limit the use of bottom-bonded 
CFRP strips. The Side Bonded (SB) CFRP technique overcomes this, yet studies on SB-CFRP-reinforced beams’ 
fatigue behavior are limited. This paper presents a Finite Element (FE) model for simulating the fatigue behavior 
of RC beams externally strengthened with SB-CFRP sheets. The model incorporates cyclic-dependent CFRP- 
concrete interface degradation. Existing experimental results are utilized to validate its accuracy. Computational 
analyses are undertaken to explore the effects of CFRP dimensions, load and prestress levels, and end-U-shaped 
wrapping on fatigue performance. A simple model is proposed to predict fatigue life considering load and 
prestress levels. The FE model effectively predicts fatigue performance. Parametric studies indicate that narrow 
CFRP strips are unable to prevent concrete failure under high loads. Fatigue failure modes include rebar ruptures 
and CFRP delamination. Besides, the end-U-shaped wrapping reduces interface damage, extending fatigue life. 
The study emphasizes the sensitivity of vibration excitation method to CFRP debonding. The proposed equation 
efficiently predicts the fatigue life of RC beams with externally bonded CFRP strips on their sides.   

1. Introduction 

For over thirty years, Carbon Fiber Reinforced Polymer (CFRP) 
sheets have been extensively utilized to strengthen or retrofit reinforced 
concrete (RC) structures. Numerous studies underscore their notable 
advantages, such as a remarkable strength-to-weight ratio [1], adapt
ability to environmental conditions [2], minimal thermal expansion [3], 
and excellent fatigue resistance [4]. The externally bonded (EB) CFRP 
method stands out as the preferred approach among various strength
ening techniques due to its straightforwardness [5]. Mahal et al. [6] 
conducted a comprehensive investigation into the effectiveness of 
strengthening RC beams using the EB-CFRP method, examining speci
mens subjected to both monotonic and fatigue loads. Their findings 
indicated that this strengthening method enhances the fatigue perfor
mance of RC beams by enabling them to endure applied fatigue loads 
following the rupture of steel reinforcing bars. The primary failure mode 

observed in beams under fatigue loading was intermediate debonding at 
the point of steel bar rupture. Generally, the stiffness of the beams 
experienced a gradual decrease in post-peak range, leading to ductile 
failure. This observed premature debonding failure mode of strength
ened RC beams agrees with the findings of Oehlers et al. [7], who also 
emphasized the efficacy of retrofitting RC beams using the EB-CFRP 
method. 

Lin et al. [8] focused their attention on CFRP-strengthened RC beams 
within subtropical highway bridges. They proposed an experimental 
method that considered the combined impact of hot-wet environmental 
conditions and random vehicle loads on fatigue behavior. Their obser
vations indicate that the influence of random vehicle loads on the 
environmental fatigue failure mode of strengthened beams primarily 
manifested in concrete crack distributions and main reinforcement 
fracture morphology. Compared to constant amplitude fatigue loads, 
under random vehicle loads, the strengthened RC beams exhibited fewer 
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fatigue cracks, which were sparsely distributed. 
Chou et al. [9] conducted tests on fourteen RC beams with pre

stressed near-surface-mounted (NSM) CFRP strips under both static and 
fatigue loading conditions. Concrete cover separation emerged as the 
predominant failure mode, attributed to factors such as plate end 
bending moment, shear force, and concentrated stress resulting from 
small bond lengths, large load amplitudes, and significant prestressing 
forces. Unlike previous studies [6–8], no CFRP-concrete interfacial 
debonding was observed in this investigation. By examining NSM CFRP 
prestressing levels ranging from 0 to 60 %, Oudah and El-Hacha [10,11] 
concluded that prestressing levels exceeding 20 % could enhance 
interfacial bonding capacity, leading to well-bonded prestressed speci
mens while non-prestressed samples experienced debonding. However, 
Yost et al. [12] reported contrasting results, noting no interfacial 
debonding in any of the non-prestressed specimens. Quattlebaum et al. 
[13] determined that concrete beams strengthened with NSM CFRP 
failed primarily due to reinforcement fracture, regardless of fatigue load 
amplitude. Similarly, Wahab et al. [14] found that high load amplitudes 
induced interfacial debonding, while lower amplitudes resulted in 
reinforcement fracture. Song and Yu [15] investigated the fatigue per
formance of corroded RC beams reinforced with CFRP sheets through 
experimental and analytical means. They highlighted that the fatigue 
behavior of the beams was primarily dictated by the corroded steel bars. 
The failures were attributed to steel reinforcement rupture in both 
unstrengthened and CFRP-strengthened beams, thus emphasizing the 
role of CFRP sheets in maintaining structural integrity. 

CFRP sheets have been widely employed to strengthen RC beams 
under flexural loading by adhering them externally to the undersides of 
the beams [2,16–20]. However, practical constraints often impede the 
viability of this method, particularly when the beam’s underside is 
narrow or difficult to access. Notably, the lateral surfaces of beams are 
often more readily accessible than their undersides in certain scenarios. 
The width of RC beams is typically constrained by architectural con
siderations, such as the presence of masonry partitions along beam axes. 
Consequently, accessing the undersides of beams may be impractical 
during building operations, especially if masonry blocks beneath them 
cannot be removed. Additionally, in cases like double-tee slabs, beam 
widths may not allow for sufficient application of CFRP sheets to meet 
strength requirements. Adopting a side-bonded approach for strength
ening RC beams with CFRP composite sheets resolves numerous prac
tical challenges encountered in construction, including reinforcing 
double-tee slabs with narrow webs and addressing inaccessible beam 
undersides due to existing, immovable masonry blocks. Moreover, the 
narrowness of RC beam undersides in residential structures often limits 
the CFRP sheet area that can be applied [21]. Consequently, the side- 
bonded (SB) CFRP (SB-CFRP) technology is a viable solution for reha
bilitating damaged beams. Despite its promise, research on the fatigue 
performance of RC beams strengthened with SB-CFRP sheets remains 
scarce, highlighting the need for further investigation and practical 
validation. 

Salama et al. [21] and Li et al. [22] investigated the flexural capacity 
of RC beams strengthened using SB-CFRP sheets, comparing their per
formance to beams strengthened with conventional bottom-bonded (BB) 
CFRP (BB-CFRP) systems. Both techniques demonstrated similar effects 
on flexural stiffness, with the increase in flexural strength ranging from 
62 % to 92 % for BB-CFRP-strengthenedbeams and 39.7 % to 93.4 % for 
SB-CFRP-strengthened specimens. In general, most strengthened beams 
exhibited steel yielding prior to CFRP debonding from adjacent concrete 
surfaces. Some specimens experienced steel yielding and minor concrete 
crushing, followed by CFRP debonding at the failure load. 

Hawileh et al. [23] utilized finite element (FE) models to analyze the 
flexural behavior of RC beams reinforced with SB-CFRP laminates. 
While an increase in stiffness and load-carrying capacity was noted for 
SB-CFRP-strengthened beams, this enhancement was accompanied by a 
reduction in ductility. Hosen et al. [24] examined the effectiveness of 
Side Near Surface Mounted (SNSM) steel bars and CFRP bars in 

improving the flexural performance of RC beams. The results demon
strated that the SNSM technology markedly enhanced flexural perfor
mance while SB-CFRP bars outperformed steel bars. SB-CFRP-reinforced 
beams exhibited 2.2 times higher cracking loads, similar yield loads, and 
1.4 times higher ultimate capacities than the control beams. 

The preceding discussion highlights the extensive examination of the 
static behavior of SB-CFRP-strengthened beams, yet there remains a 
notable gap in understanding the fatigue characteristics of structures 
reinforced with SB-CFRP. Unlike static loading scenarios, cyclic loading, 
even at lower intensities, can precipitate catastrophic failures [25,26]. 
Hence, there is a critical need to investigate the fatigue response of 
SB-CFRP-strengthened structures under cyclic loading conditions. This 
study addresses this gap by analyzing the fatigue response of RC beams 
strengthened with SB-CFRP strips by using a 3D FE model developed 
using ABAQUS. The simulation model integrates a novel representation 
of cyclic loading-dependent CFRP-concrete interface bond-slip behavior 
and nonlinear material properties. Comparative analysis of static and 
fatigue responses against experimental data is conducted. Furthermore, 
the FE model is used to explore the influences of CFRP dimensions, load 
and prestress levels, and end-U-shaped wrapping reinforcement on fa
tigue behavior. Additionally, a fatigue life estimation model is formu
lated for RC beams strengthened with SB-CFRP strips. This research 
offers invaluable insights into the performance of fatigue-vulnerable 
structures employing externally bonded CFRP technology, thereby 
contributing to its practical application in engineering endeavors. 

2. Finite element modeling 

2.1. General 

A three-dimensional FE model was developed using ABAQUS for 
predicting the fatigue responses of RC beams with externally bonded 
CFRP sheets. A cyclic-dependent CFRP-concrete bond-slip model was 
proposed and implemented into the FE model to simulate the degrada
tion behavior of nonlinear materials. To optimize computational costs, 
the FE model was configured as a 1/2 model due to the beam’s cross- 
section symmetry. The models are described in detail in the following 
Sections. 

2.2. Fatigue model of concrete 

The constitutive behavior of concrete was represented using the 
Concrete Damaged Plasticity (CDP) model. The axial stress-strain 
behavior of concrete under uniaxial compression state was simulated 
by the model of Kent and Park [27]. Parameters describing the concrete 
model, such as dilation angle, eccentricity, fb0/fc0 ratio, K value, and 
viscosity, were set to 31◦, 0.1, 1.16, 0.67, and 0.001, respectively [4]. 

Fig. 1. Stress-stain relationship for concrete under cyclic fatigue loading 
[30,37]. 
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In the realm of constant amplitude fatigue loading, as the number of 
cyclic fatigue loads increases, there is a notable rise in the accumulation 
of residual strain εcr, alongside a discernible decline in both the elastic 
modulus and strength of concrete [28,29], as shown in Fig. 1. The 
experimental research by Holmen [28] and Bennet and Raju [29] 
showed that the accumulation of internal concrete damage under 
repeated fatigue loading gradually reduced the elastic modulus of con
crete. Drawing from the empirical findings of [28,29], EL-Tawil et al. 
[30] formulated an equation for determining the effective elasticity 
modulus of concrete En following a specified number of loading cycles n, 
presented as follows: 

En = (1 − 0.33n/Nc)Ec (1)  

where Ec = 4730
̅̅̅̅

fʹc
√

represents the Young’s modulus of intact concrete 
[31]; Nc represents the fatigue life of concrete, denoting the number of 
cycles necessary for concrete to reach failure when subjected to fatigue 
loading [32], and can be determined as: 

Sci = A+Blog10Nc (2)  

where Sci =
σci

fʹc 
denotes the ratio of the maximum compressive stress σci at 

the ni cycle to the uniaxial compressive strength fʹc of concrete, and A 
and B are constants which are taken as 0.9885 and − 0.0618, respec
tively [32]. 

Studies conducted by Hsu [33], Zanuy [34], Sima [35], Aslani [36], 
and Zou et al. [4,26] indicated that the degradation of concrete fatigue 
strength can be represented using the envelope concept of the concrete 
stress-strain curve, as illustrated in Fig. 2. 

The residual strength of concrete at any cycle number N resembles 
the descending branch of the uniaxial stress-strain curve [26,38]. Zou 
et al. [26] linearized the descending branch, simplifying the relationship 
between the residual strength σc(N) and the number of loading cycles N, 
as follows: 

σc(N) = fʹc
{
1 − Zε0(log10N

/
log10Nf )

[
x
(
Nf

)
− x(1)

] }
(3)  

where Z = 0.5/(ε50u − ε0) in which ε50u =
(
3+0.29fʹc

)
/
(
145fʹc − 100

)

denotes the strain corresponding to 50 % of the compressive strength of 

concrete fʹc, and ε0 is the strain at fʹc [27]. 

2.3. Fatigue model of reinforcement 

The behavior of steel reinforcements was described using the elastic- 
plastic constitutive model in accordance with GB50010–2010 [39]. 

During high-cyclic fatigue loading, the predominant failure mode of 
steel bars in tension is characterized by brittle fracture, decreasing the 
effective cross-sectional area of the steel reinforcement [40]. The 
approach recommended by Feng et al. [40] was employed to describe 
the effective area of fatigued steel bars, as follows: 

Af
s(n) = As

[
1 − n/Ns

(
1 − σs,max

/
fy

) ]
(4)  

where Af
s(n) represents the effective cross-sectional area; As denotes the 

initial area; σs,max and fy are the peak stress under fatigue loading and the 
yield strength, respectively; Ns is the fatigue life of reinforcement, pri
marily dependent on the reinforcement stress amplitude Δσ, and is 
calculated as [41]: 

log10Ns = 7.253 − 0.0056Δσ (5) 

With increasing fatigue loading, concrete weakens, leading to higher 
tensile stress in steel reinforcement. The steel’s elastic modulus remains 
constant during this period [42]. Therefore, the Miner linear fatigue 
accumulation criterion was employed to determine the cumulative 
damage Ds of the tensioned steel bars, as follows: 

Ds =
∑ ni

Ns
(6)  

where ni is the cyclic number for the specified stress amplitude of tensile 
steel rebars Δσ. 

2.4. Interface between steel and concrete 

The bonding between steel reinforcement and concrete interfaces 
significantly influences the load-carrying capacity of flexural members. 
The model given in GB50010–2010 [39] was used to describe the 
bond-slip relationship between tensioned steel bars and concrete. As 
shown inFig. 3 and Eq. (7) , this model consists of four parts, with the 
corresponding curve parameters listed in Table 1 [39]. 

It is noteworthy that the effect area Af
s(n) of fatigued steel bars 

steadily diminishes with the progression of cycle periods, as depicted in 
Eq. (4). Furthermore, as outlined in Eq. (7) and Table 1, the bonding slip 

Fig. 2. The relationship between residual strength of concrete and the number 
of loading cycles. 

Table 1 
Stress and slip values for bond stress-slip constitutive characteristic points [39].  

Characteristic points Crack, (s0, τ0) Peak value, (smax, τmax) Remnant, (sr, τr)

Bond stress τ (Mpa) τ0 = 2.5ft τmax = 3ft τr = ft 
Slip s (mm) s0 = 0.025d smax = 0.04d sr = 0.55d 

Note: d is the diameter of the reinforcement; ft is the axial tensile strength of 
concrete.  

Fig. 3. Bond stress-slip constitutive relationship.  
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s in the model relating to the interaction between concrete and rein
forcement steel is a function of the diameter d of the steel re
inforcements. Consequently, the decrease in the effective area Af

s(n)
causes a reduction in the diameter d of the steel, thereby influencing the 
bonding slip dynamics between reinforcement steel and concrete. 

τ =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

τ0

s0
s 0 ≤ s ≤ s0

τ0 +
τmax − τ0

smax − s0
(s − s0) s0 < s ≤ smax

τa +
τr − τmax

sr − smax
(s − smax) smax < s ≤ sr

ft s > sr

(7)  

2.5. CFRP 

The fatigue response of CFRP composites was predicted using dam
age mechanics. The secondary stress-based failure model given by 
Hashin [43] was used to evaluate the CFRP fatigue damage. Fig. 4 il
lustrates the equivalent stress-displacement behavior of anisotropic 
CFRP under various failure modes (fiber rupture and buckling, matrix 
cracking, and fragmentation) represented by four bilinear elastic soft
ening curves. The area under the curve represents the dissipative energy 
required for the fracture. 

The stress-displacement relationships for fiber fracture and buck
ling/kinking are 

dt
f = (

σ11

XT
)

2
+ α(τ12

SL
)

2 for σ11 ≥ 1.0 (8)  

dc
f =

(
σ11

XT

)2

for σ11 < 1.0 (9) 

When modeling matrix cracking and crushing, the stress-strain 
models are expressed as 

dt
m =

(
σ22

YT

)2

+

(
τ12

SL

)2

for σ22 ≥ 1.0 (10)  

dc
m =

(
σ22

2ST

)2

+

[(
Yc

2ST

)2

− 1

]
σ22

Yc
+

(
τ12

SL

)2

for σ22 < 1.0 (11)  

where dt
f , d

c
f and dt

m, dc
m represent the internal damage variables in the 

fiber and matrix phases under tension or compression loadings; σ11 and 
σ22 denote stress components of the effective stress tensor; τ12 represents 
shear in plane or axial stress; XT and XC stand for tensile and compressive 
strength in the direction of the fiber; YT and Yc denote tensile and 
compressive strength in the direction of the matrix; SL and ST represent 
shear strength in the longitudinal and transverse directions, respec
tively; and α is a coefficient defining the contribution of shear stress to 

the fiber tensile initiation criterion and was taken as 1. 

2.6. Cyclic loading-dependent interface between CFRP and concrete 

Previous studies [44–47] primarily focused on the debonding issue at 
the CFRP-concrete interface. Four interface models are available, 
including bilinear [48–52], linear-parabolic [53,54], exponential and 
trapezoidal [50,51,55–57]. However, these models do not fully consider 
the influence of cyclic loading on interface debonding. Hence, adjust
ments are needed for the bilinear model, depicted in Fig. 5, to account 
for performance degradation due to periodic fatigue loading. A typical 
bilinear model used at the initial cycle is outlined as follows [48]: 

τr =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

τmaxx if(x ≤ 1)

τmax(sf
/
s0 − x)

(sf
/
s0 − 1)

if
(
1 < x ≤ sf

/
s0
)

0 if
(
x ≥ sf

/
s0
)

(12)  

where x = s/s0; s, s0, and sf are the macro-slips corresponding to the 
interfacial bond strength; and is the interfacial peak bond strength, 
which can be defined as follows [48]: 

τmax = 1.5βwft (13)  

s0 = 0.0195βwft (14)  

βw =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2.25 − bf

/
bc

1.25 + bf
/
bc

√

(15)  

in which ft is the concrete tensile strength; βw is the CFRP’s width in
fluence factor on the concrete; bf and bc are CFRP’s bonding width and 
the width of the concrete, respectively. 

Experiments [25,58] showed that debonding primarily occurred 
within the concrete layer. Interface failure between steel and concrete 
results from crack propagation and concrete fatigue. Therefore, the 
degradation of interface stiffness is similar to that of concrete [37]. 
According to concrete fatigue failure criteria, fatigue failure takes place 
when the fatigued concrete’s residual strength declines to the stress at 
peak fatigue load pmax. The fatigue failure criterion for interface bond 
strength was assumed to be as follows: 

τr(Nf ) ≤ τp,max (16)  

where τr(Nf ) represents the residual fatigue strength of the interface; 
τp, max is the interface traction force corresponding to the peak fatigue 
load pmax. 

Using the concrete envelope concept and Eq. (12), the relationship 
between the residual strength τr(Nf ) after interfacial bond strength 
degradation and the number of cycles N can be further described. The 
relationship curve is shown in Fig. 5. By defining the relative life ratio as 
r(N) = [x(N) − x(1) ]/

[
x
(
Nf

)
− x(1)

]
= log10N/log10Nf [38], and setting 

Fig. 4. Damage modeling of CFRP composites.  Fig. 5. Cyclic Loading-Dependent Bilinear Model (CLDBM).  
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the boundary conditions as τr(1)|x(N)=x(1) = τmax and τr(Nf )|x(N)=x(Nf )
=

τp, max, the Cyclic Loading-Dependent Bilinear Model (CLDBM) can be 
defined as follows: 

τr(N) = τmax
sf
/
s0 −

{(
log10N

/
log10Nf

)[
x
(
Nf

)
− 1

]
+ 1

}

sf
/
s0 − 1

(17) 

Cyclic loading degrades the CFRP-concrete interface strength before 
debonding, while the interface fracture energy Gc remains constant [59]. 
Hence, the interfacial bond strength at any cycle number N can be 
determined by substituting τr(N) of the CFRP-concrete interface after N 
cycles of loading into Eq. (12). 

2.7. Failure criterion and calculation procedure 

In instances where a RC beam reinforced with CFRP is subjected to 
high-cyclic loading, potential failure modes encompass concrete crush
ing within the compression zone, fracture of steel reinforcement, frac
ture of CFRP, or debonding at the CFRP-concrete interface [4]. Previous 
studies [16,60–62] have highlighted premature fatigue fracture of steel 
reinforcements and stripping failure at the CFRP-concrete joint interface 
as predominant failure mechanisms. Owing to the intricate nature of 
degradation-induced mechanisms, predicting the primary mode of fail
ure presents challenges [49]. Consequently, an initial step involves 
quantifying the extent of CFRP-concrete debonding through the utili
zation of the average damage value Da across all interface elements. 
Subsequently, a comparison is conducted between Da and the cumula
tive damage of reinforcement Ds calculated employing Miner’s criterion 
(Eq. (6)). Should either value reach a cumulative threshold of 1, failure 
occurs, as outlined below: 

D = max(Da, Ds) = 1 (18) 

Fig. 6 demonstrates the stepwise implementation process of the FE 
analysis for determining the fatigue failure mode. Fatigue loading can be 
categorized into two main types: constant-amplitude cyclic load and 
variable-amplitude cyclic load. Typically, constant amplitude testing 
serves as the most straightforward and often quickest method for 
determining the fatigue strength curves of structural elements. The 

authors in [4,26] employed a comparable loading scheme, which was 
consistent with studies conducted by other researchers, to investigate 
members under uniaxial constant-amplitude tensile cycle loading [63], 
axial constant-amplitude cyclic compression [64,65], and 
constant-amplitude bending cycles [16, 38, 66]. The specimens were 
subjected to constant-amplitude fatigue loading. Fig. 7 illustrates con
figurations for both four-point bending and three-point bending loads, 
encompassing static and fatigue loading behaviors, in which Pu repre
sents the ultimate load, Pmax and Pmin are the peak load and valley load of 
fatigue loading, respectively, and Sci = Pmax/Pu and SR = Pmin/Pmax are 
the load level and stress ratio, respectively, and ΔP = Pmax − Pmin in
dicates the constant amplitude of fatigue loading amplitude. 

The prestress on the CFRP was applied by adding an initial stress to 
the CFRP, which was directly proportional to the ultimate tensile 
strength of the CFRP [38]. 

2.8. Element details and interaction properties 

Three-dimensional FE models developed for RC beams reinforced 
with both SB-CFRP and BB-CFRP sheets are presented in Fig. 8. The 
concrete was modeled using a simplified 3-D integrated hexahedral 
element with 8 nodes (C3D8R) while the steel reinforcement was 
modeled utilizing 3-D truss elements with 2 nodes (T3D2). For CFRP 
fatigue damage assessment, 3D doubly curved thin or thick shell ele
ments with 4 nodes (S4R) were used. 

The bond-slip behavior between the main reinforcement and con
crete was simulated using nonlinear two-node spring elements. 
Concrete-CFRP contact was modeled via bond-slip relations between 
faces and nodes, with initial constitutive relationships specified in Eq. 
(12). Bonding degradation was assessed using the newly developed 
Cyclic Loading-Dependent Bilinear Model (CLDBM). Additionally, stir
rups and ties were constrained to the concrete elements through 
embedded regions. 

3. FE model validation 

3.1. Experiments used to validate the FE model 

The literature review indicates that there is a scarcity of studies 
focusing on experimental investigations into the fatigue response of SB- 
CFRP-strengthened beams. Existing literature primarily emphasizes 
monotonic bending tests of such strengthened beams. To validate the 
developed FE model, the experimental outcomes of RC beams with 
various configurations of CFRP sheets under both monotonic and fatigue 
loading conditions are compared with the predicted numerical results. 
The geometric and material properties of the tested specimens, delin
eated in Fig. 9 and Table 2, respectively, are categorized into nine 
groups based on their strengthening and loading methodologies. 

Fig. 6. FE analysis flow chart.  

Fig. 7. Static and fatigue loading methods.  
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Group 1 (G-1) specimens entail RC beams strengthened with SB- 
CFRP sheets under four-point bending, employing CFRP sheets of 
1.02-mm thick and two distinct widths of 50 mm and 100 mm for the 
external reinforcement of RC beam specimens S50 and S100, respec
tively (see Fig. 9(a)) [21,23]. In Group 2 (G-2) specimens, BB-CFRP 
sheets with pre-stressing levels of 5 % and 11 % are utilized for rein
forcing RC beam specimens P5 and P11, as demonstrated in Fig. 9(b) and 
elaborated in Table 2 [67]. Group 3 (G-3) specimens encompass RC 
beam specimens UW1, UW2, and UW3, strengthened with U-shaped 
wrapping CFRP sheets featuring widths of 200 mm and 400 mm, as 
depicted in Fig. 9(c) and Table 2 [68]. Similarly, Group 4 (G-4) speci
mens comprise RC beam specimens 1 L, 2 L, and 3 L, reinforced with 
BB-CFRP sheets of 1, 2, and 3 layers, respectively, as depicted in Fig. 9 
(d) and detailed in Table 2 [69]. In Group 5 (G-5), RC beam specimens 
L520, L1040, and L1560 were reinforced with BB-CFRP sheets of vary
ing lengths: 520 mm, 1040 mm, and 1560 mm, respectively, as illus
trated in Fig. 9(e) and shown in Table 2 [70]. Group 6 (G-6) specimens 
involve RC beam specimens 2D16, 5D10, and 2D28, strengthened with 
BB-CFRP sheets featuring three different longitudinal steel bar config
urations: 2ϕ16, 5ϕ10, and 2ϕ28, as presented in Fig. 9(f) and Table 2 
[71]. All specimens were subjected to a monotonic loading scheme. 
Further particulars concerning the experimental specimens are available 
in references [21,23,67–71]. 

Huang [72] conducted three-point tests on the static and fatigue 

behavior of RC beams strengthened with BB-CFRP strips in 1560-mm 
long, 100-mm width, and 0.23-mm thick, as shown in Table 2, Group 
7 (G-7) The tested beams had the same dimensions of G-2 specimens 
shown in Fig. 9(b). One beam was under static loading while two beams 
were subjected to constant amplitude load in fatigue loading with fre
quency f= 10 Hz [16]. 

Furthermore, as displayed in Table 2, Group 8 (G-8) specimens 
encompass two RC beam specimens, namely B100P10 %-27.5 and 
B100P10 %-30, reinforced with BB-CFRP strips at a prestress level of 
10% under cyclic fatigue loading at 27.5 kN and 30 kN, respectively, as 
reported by Xie [73]. These tested specimens maintain identical geo
metric dimensions to B100, including the dimensions of steel bars, 
CFRP, and reinforced beams illustrated in Fig. 9(b), albeit with distinct 
material properties, as indicated in Table 2. 

Group 9 (G-9) comprises specimens tested by Huang [74] with 
geometric dimensions mirroring those of B100 (G-7), as shown in Fig. 9 
(g). However, a distinctive feature of G-9 is the incorporation of a 
U-shaped reinforcement configuration. The experimental setup involved 
reinforcing RC beams with CFRP at a prestress level of 22 %, subse
quently subjecting them to fatigue cyclic loading at 37.5 kN and 40 kN. 
FE analysis was then conducted under loading levels of Sci = 0.58 and 
0.62, corresponding to peak loads of Pu = 65 kN, with load magnitudes 
of 37.5 kN and 40 kN, respectively. 

Fig. 8. Meshing configurations and boundary conditions.  
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Fig. 9. Test setup, reinforcement and CFRF details, and cross-section of the beams.  
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3.2. Static response 

Table 3 presents a comparison of the predicted ultimate load (Pu,FE) 
and mid-span deflection values (Δu,FE) with their experimental coun
terparts (Pu,exp and Δu,exp) for both SB-CFRP and BB-CFRP strengthened 
beams under monotonic loading conditions (G-1 to G-7 specimens). The 
mean Pu,FE/Pu,exp ratio was calculated to be 1.0027, accompanied by a 
coefficient of variation (CoV) of 0.0238. Furthermore, the Δu,FE/Δu,exp 
ratio stands at 1.0145, with a corresponding CoV of 0.0374. 

In Fig. 10, the experimental load-deflection results from monotonic 
bending tests are compared with the predicted numerical outcomes for 
G-1 to G-7 specimens. Notably, the curves forecasted by the FE simu
lation closely mirror the experimental data across various stages of static 
loading. These findings underscore the model’s efficacy in accurately 
capturing the static response of RC beams externally reinforced with 
CFRP sheets. 

3.3. Fatigue response 

Fig. 11 presents a comparison between the predicted and experi
mental midspan deflection-relative life (N/Nf) curves for G-7 specimens 
under two load levels of Sci= 0.61 and Sci= 0.66 corresponding to peak 
loads of Pmax= 27.5 kN and Pmax = 30 kN, G-8 specimens under load 
levels of Sci = 0.60 and Sci = 0.65, also corresponding to peak loads of 
Pmax = 27.5 kN and Pmax = 30 kN, and finally for G-9 specimens under 
two load levels of Sci= 0.58 and Sci= 0.62 corresponding to peak loads of 
Pmax= 37.5 kN and Pmax = 40 kN. 

The curves exhibit a consistent three-stage pattern: initiation, stable, 
and failure phases. Notably, the initiation and failure phases are rela
tively brief, with the stable stage constituting over 90 % of the entire 
fatigue life. The results indicate that higher peak loads result in greater 
midspan deflection of the beams. Furthermore, an increase in loading 
cycles (N/Nf) leads to heightened midspan deflection, contributing to a 
reduction in flexural stiffness due to concrete, steel reinforcement, and 
CFRP-concrete interface deterioration. Specifically, during the initiation 
stage, a significant increase in midspan deflection corresponds to rapid 

Table 2 
Material properties of tested specimens.  

Group Loading scheme Specimen fc (MPa) fy (MPa) fu (MPa) Es (GPa) fCFRP (MPa) ECFRP (GPa) Ref. 

G-1 Monotonic S100 50 551.5 640.2 199.9 1240 73.77 [21,23] 
S50 50 551.5 640.2 199.9 1240 73.77 

G-2 P11 % 37.3 328 452 226 2971 240 [67] 
P5 % 37.3 328 452 226 2971 240 

G-3 UW1 54 611 - 202 2500 215 [68] 
UW2 54 611 - 202 2500 215 
UW3 54 611 - 202 2500 215 

G-4 1 L 25.2 400 578 206 2845 237 [69] 
2 L 25.2 400 578 206 2845 237 
3 L 25.2 400 578 206 2845 237 

G-5 L1560 29 495 760 207 2640 165 [70] 
L1040 29 495 760 207 2640 165 
L520 29 495 760 207 2640 165 

G-6 2D16 25 453 711 209 4950 240 [71] 
5D10 25 462 622 190 4950 240 
2D28 25 379 602 203 4950 240 

G-7 B100 25 400 - 206 4750 230 [72] 
Fatigue B100-27.5 25 400 - 206 4750 230 

B100-30 25 400 - 206 4750 230 
G-8 B100P10 %-27.5 37.3 307 452 206 2830 240 [73] 

B100P10 %-30 37.3 307 452 206 2830 240 
G-9 B100P22 %U-37.5 31 344 520 226 2971 230 [74] 

B100P22 %U-40 31 344 520 226 2971 230  

Table 3 
Comparison between the FE and experimental results of RC beams under monotonic loading.  

Group Specimen Pu, exp (kN) Pu, FE (kN) Δu, exp (mm) Δu, FE (mm) Pu, FE/Pu, exp Δu, FE/Δu, exp Ref. 

G-1 S100 194.56 188.44 13.70 13.43 0.97 0.98 [21,23] 
S50 163.59 168.07 13.40 13.71 1.03 1.02 

G-2 P11 % 52.20 52.09 14.40 15.26 1.00 1.06 [67] 
P5 % 45.00 46.15 12.50 12.50 1.03 1.00 

G-3 UW1 59.56 59.11 18.17 18.44 0.99 1.01 [68] 
UW2 58.88 60.47 23.48 23.82 1.03 1.01 
UW3 67.69 63.82 12.79 13.85 0.94 1.08 

G-4 1 L 61.45 61.21 10.20 10.42 1.00 1.02 [69] 
2 L 70.94 72.36 9.14 9.23 1.02 1.01 
3 L 74.44 75.94 11.60 10.47 1.02 0.90 

G-5 L1560 166.00 165.13 6.04 6.23 0.99 1.03 [70] 
L1040 142.00 145.25 5.68 5.63 1.02 0.99 
L520 128.00 125.66 5.50 5.66 0.98 1.03 

G-6 2D16 148.00 147.41 12.70 12.68 1.00 1.00 [71] 
5D10 179.00 177.77 15.90 16.58 0.99 1.04 
2D28 309.00 312.00 20.10 20.42 1.01 1.02 

G-7 B100 43.70 45.03 14.59 15.00 1.03 1.03 [72] 
Mean 1.0027 1.0145  
Standard deviation (SD) 0.0239 0.0379 
Coefficient of variation (CoV) 0.0238 0.0374  

C. Zou et al.                                                                                                                                                                                                                                      



Engineering Structures 316 (2024) 118530

9

fatigue flexural stiffness reduction, indicating crack initiation and 
propagation in the strengthened beams. In the stable stage, fatigue 
flexural stiffness experiences steady growth, reflecting slower crack 
propagation. However, during the failure phase, fatigue flexural stiffness 
diminishes rapidly, corresponding to steel reinforcement yielding and 
rupturing, as well as CFRP-concrete interface debonding. 

Table 4 provides a comparison of midspan deflection between 
experimental outcomes and FE analysis results at 10 %, 20 %, 40 %, 
60 %, 80 %, 90 %, and 100 % of relative life N/Nf. Analysis of the data 
reveals that an augmentation in N/Nf correlates with an increase in 
midspan deflection of the beam. Notably, the comparison highlights that 
for identical load levels Sci, the midspan deflection of RC beams rein
forced with prestressed CFRP sheets is lower compared to those rein
forced with non-prestressed CFRP sheets. However, it is observed that 
the efficacy of prestressing in mitigating midspan deflection diminishes 
with an escalation in the N/Nf ratio. This trend aligns with findings 
presented by the authors concerning the effectiveness of prestressed 
externally bonded CFRP sheets in reinforcing RC slabs subjected to fa
tigue loading [4]. 

Overall, the experimental and predicted midspan deflection- N/Nf 
curves illustrated in Fig. 11 and Table 4 demonstrate satisfactory 
alignment. Notably, the average error remains below ± 10 %. These 
findings suggest that the developed Cyclic Loading-Dependent Bilinear 

Model (CLDBM) adeptly captures the fatigue degradation traits of CFRP- 
reinforced beams. As a result, the established FE model proves its val
idity in accurately predicting the fatigue behavior of RC beams 
strengthened with externally bonded CFRP systems. 

Fig. 12 illustrates the comparison between the observed failure 
modes in experimental [74] and numerical analyses of steel re
inforcements and CFRP sheets in an RC beam specimen labeled 
B100P22 %U-40, which was strengthened with BB-CFRP sheets at a 
prestress level of 22 % and U-shaped CFRPs at the beam’s ends. In the FE 
analysis, it was noted that under cyclic fatigue loading, the tensile 
reinforcement bars situated at the midspan of the beam experienced a 
progression to their yield strength and subsequent damage due to the 
accumulation of fatigue. This process is depicted in Fig. 12(a). Conse
quently, there was a sudden surge in tensile stresses within the BB-CFRP 
sheet, leading to their detachment from the beam ends. However, it is 
noteworthy that there was no observed detachment of the U-shaped 
CFRPs during the experiments, as illustrated in Fig. 12(b). A comparison 
of the experimental and numerical failure modes shows that the devel
oped model is able to replicate the failure modes observed in RC beams 
strengthened with prestressed BB-CFRP sheets and U-shaped CFRPs at 
the beam’s ends with a reasonable level of accuracy. 

(a) Specimen G-1 S100 (b) Specimen G-1 S50 (c) Specimen G-7 B100 

(d) Specimen G-2 P11% (e) Specimen G-2 P5% (f) Specimen G-3 UW1

(g) Specimen G-4 2L (h) Specimen G-5 L1040 (i) Specimen G-6 2D16 
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Fig. 10. Comparison of numerical and experimental load-deflection curves under static load.  
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4. Parametric studies 

Parametric studies were conducted using the validated FE model to 
explore the fatigue response of SB-CFRP-reinforced beams, considering 
factors including CFRP dimensions, loading level Sci, prestressing level, 
and the presence of U-shaped wrapping at beam ends. The fatigue 
loading conditions, characterized by the stress ratio (SR) and frequency 
(f) of constant amplitude load, were set at 0.3 and 10 Hz, respectively, in 
alignment with previous studies [2,8,16,72,74–77]. 

It is noteworthy that, in compliance with ACI 215R-74 [78], the fa
tigue threshold is defined as the load corresponding to 2 × 106 cycles. 
When a reinforced beam endures this cycle count without failure, it is 
considered to possess an infinite fatigue life [16,79]. However, 
discerning a distinct failure pattern for specimens exhibiting infinite 
fatigue life in experimental settings presents challenges. In numerous 

fatigue assessments conducted on CFRP-reinforced beams [2,8,16,75, 
76], the cycle counts typically fall below 2 × 106, often significantly 
lower. For instance, fatigue tests conducted by Wang et al. [16] on three 
sets of CFRP-reinforced beams subjected to varying load levels resulted 
in average fatigue life values of 9.5 × 105 cycles, 6.5 × 105 cycles, and 
5 × 105 cycles, respectively. Similarly, Guo [75] and Li [8] reported 
fatigue life outcomes for different sets of CFRP-reinforced beams, with 
fatigue life values ranging from 3.5 × 105 cycles to 8.3 × 105 cycles, 
contingent upon the applied load levels. Therefore, to ensure effective 
replication of tests in FE analysis and to discern clear trends, the study 
aligns the number of test cycles with the observed range in experimental 
studies [2,8,16,75,76]. 

Fig. 11. Comparison of numerical and experimental deflection-relative life curves.  
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4.1. The influences of CFRP width and load level 

Four distinct widths of CFRP of 30 mm, 50 mm, 100 mm, and 
150 mm were employed to evaluate the effects of the CFRP width on the 
fatigue response of RC beams. All specimens were subjected to a 
consistent peak load of Pmax = 113 kN and a stress ratio of SR= 0.3. The 
varying CFRP widths resulted in different ultimate loads Pu for each 
specimen, leading to disparate load levels Sci = Pmax/Pu of 0.71, 0.67, 
0.6, and 0.56, respectively. Further analysis delved into the impact of 
peak load Pmax on the fatigue response of specimens by applying varied 
peak loads of 113 kN, 122.5 kN, and 132 kN, corresponding to distinct 
Sci values of 0.6, 0.65, and 0.7, respectively, on a specimen strengthened 
with CFRP having a consistent width of 100 mm and a stress ratio SR of 
0.3. 

Fig. 13 shows deflection vs. load cyclic curves for RC beams rein
forced with different CFRP widths under varied load levels. In Fig. 13(a), 
beams with CFRP widths of 30 mm, 50 mm, 100 mm, and 150 mm 
exhibit decreasing deflection trends over identical fatigue cycles at the 
same peak loads. Notably, at N = 5 × 104 and N = 1 × 105 cycles, 
increasing the width from 50 mm to 100 mm results in deflection re
ductions of 15.5 % and 20.3 %, respectively. However, a subsequent 
50 % increase to 150 mm yields only 5.5 % and 5.9 % reductions in 
deflection compared to the 100 mm width, respectively. Moreover, the 
fatigue life of the 100-mm CFRP-reinforced beam experiences a 179.9 % 

increase compared to the beam with a 50-mm CFRP strip, while the 150- 
mm width demonstrates only a 20 % increase over 100 mm. These 
findings imply that increasing CFRP width effectively diminishes fatigue 
deflection and enhances fatigue life; nevertheless, the extent of these 
benefits declines as the CFRP width approaches the neutral axis of the 
beams. 

Additionally, Fig. 13(b) indicates that under the same number of 
cycles, beams with the same CFRP width (100 mm) show a significant 
increase in deflection at load levels 0.65 and 0.7 compared to the one 
with 0.6 ratio, highlighting the substantial impact of load levels on fa
tigue deflection. 

Fig. 14 depicts stress and cumulative damage evolution in the main 
reinforcement of beams having different CFRP widths and load levels 
across fatigue cycles. In Fig. 14(a), the stress experienced by the main 
reinforcement in beams featuring different widths of CFRP follows a 
similar pattern when subjected to comparable fatigue loads, character
ized by an initial rapid increase followed by a more gradual ascent. 
Specifically, the stress on the reinforcement experiences a swift escala
tion during the initial cycle, aligning closely with the evolution of 
midspan deflection, as depicted in Fig. 13(a). This correlation in stress 
behavior with respect to loading cycles mirrors findings from prior in
vestigations into RC beams reinforced with BB-CFRP sheets [16,80], 
where the steel stress experiences a sharp surge at first, followed by a 
more gradual, almost linear increase. Notably, as illustrated in Fig. 14 
(a), broader CFRP widths correspond to main reinforcement stress levels 
approaching the yield load at the point of fatigue failure. 

As shown in Fig. 14(b), the total damage rate for main reinforcement 
in beams with CFRP strips of 30 mm and 50 mm is higher than that in 
beams with CFRP widths of 100 mm and 150 mm. This suggests that 
increasing the CFRP width positively reduces cumulative damage in the 
main reinforcement, significantly prolonging the beams’ service life. 

The fatigue stress of CFRP in reinforced beams is shown in Fig. 15(a). 
At the same fatigue cycle, CFRP stress decreases with increasing the 
CFRP width. For instance, at N = 1 × 104 cycles, CFRP stress reduces by 
13.0 %, 13.4 %, and 4.1 % for widths of 30 mm, 50 mm, and 150 mm, 
respectively. However, it should be noted that at these cycles, the ratio 
of CFRP stress to yield strength ρCFRP ranges from 23.6 % to 17.1 % for 
widths of 30 mm and 150 mm. Even at the fatigue failure cycle Nf, ρCFRP 
remains between 22.5 % and 25.7 %, indicating that CFRP stress oper
ates at a relatively low utilization level. In contrast, the stress ratio ρs for 
steel exceeds 62.2 % at N = 1 × 104 cycles and rises above 84.8 % at the 
fatigue failure cycle Nf, indicating a higher stress level for steel. Thus, 
CFRP fatigue stress is less affected by width compared to steel in this 
context. 

Fig. 15(b) demonstrates the CFRP-concrete interface damage evo
lution for different CFRP widths and loads. The beams with CFRP strip 
widths of 30 mm and 50 mm experience over 70 % of their fatigue life 
with interface damage above 0.5; however, beams with 100-mm and 
wider CFRP strips exhibit lower damage, staying below 0.5. At fatigue 
failure, the beam strengthened with CFRP strips of 100-mm width has an 
interface damage of 0.44, 17% higher than the beam bonded with CFRP 
strip of 150-mm width, indicating that increasing CFRP width signifi
cantly reduces damage between CFRP and concrete. 

It can be seen from Figs. 14(b) and 15(b) at a high load level of 
Sci= 0.71 that the CFRP strip of 30-mm width experiences greater 
interface damage upon fatigue failure than steel. At this point, the CFRP 
stress suddenly drops, and steel has not yielded, indicating that the 
concrete crushes due to CFRP-concrete interface debonding. At 
Sci= 0.67 with a 50-mm CFRP width, steel damage aligns with CFRP- 
concrete interface damage, leading to the same failure mode as the 
beam with CFRP strip width of 30 mm. The cumulative steel damage at 1 
in the beam strengthened with CFRP strip of 100-mm width indicates a 
prominent steel rupture surpassing CFRP-concrete interface damage. 
The results underscore the significant influence of CFRP width and load 
level on failure modes in SB-CFRP-reinforced beams. 

Table 4 
Comparison between the FE and experimental results of RC beams under fatigue 
loading.  

Group Specimen N/ 
Nf 

Δu, FE 

(mm) 
Δu, exp 

(mm) 
Δu, FE/Δu, exp Ref. 

G-7 B100-27.5 0.1 5.30 5.45 0.97 [72] 
0.2 5.45 5.56 0.98 
0.4 5.70 5.75 0.99 
0.6 5.87 5.88 1.00 
0.8 6.08 5.98 1.02 
0.9 6.22 6.01 1.03 
1 6.38 6.05 1.05 

B100-30 0.1 5.90 6.33 0.93 
0.2 6.04 6.46 0.93 
0.4 6.25 6.64 0.94 
0.6 6.52 6.76 0.96 
0.8 6.85 6.85 1.00 
0.9 6.90 6.92 1.00 
1 7.02 6.97 1.01 

G-8 B100P10 %- 
27.5 

0.1 3.77 3.71 1.02 [73] 
0.2 3.97 3.76 1.06 
0.4 4.13 3.85 1.07 
0.6 4.25 3.92 1.08 
0.8 4.40 3.99 1.10 
0.9 4.43 4.01 1.10 
1 5.28 5.40 0.98 

B100P10 %- 
30 

0.1 5.31 5.25 1.01 
0.2 5.42 5.37 1.01 
0.4 5.46 5.51 0.99 
0.6 5.59 5.59 1.00 
0.8 5.70 5.67 1.01 
0.9 5.80 5.75 1.01 
1 6.96 7.02 0.99 

G-9 B100P22 %U- 
37.5 

0.1 7.45 7.88 0.95 [74] 
0.2 7.52 7.90 0.95 
0.4 7.65 7.99 0.96 
0.6 7.67 8.05 0.95 
0.8 7.66 8.09 0.95 
0.9 7.68 8.45 0.91 

B100P22 %U- 
40 

1 9.68 10.64 0.91 
0.1 8.77 8.99 0.98 
0.2 8.81 9.07 0.97 
0.4 9.07 9.15 0.99 
0.6 9.41 9.20 1.02 
0.8 9.47 9.22 1.03 
0.9 9.50 9.24 1.03 
1 10.09 10.61 0.95  
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4.2. The influence of prestressing and U-shaped wrapping 

The effects of prestressing and U-shaped wrapping on the fatigue 
behavior of SB-CFRP strengthened beams were examined to address a 
gap in previous studies [21–24]. RC beams with 100-mm width CFRP 
strips were analyzed with the prestress levels of 0 %, 10 %, 15 %, 17 %, 
and 18 %. Fig. 16 illustrates the intricate relationship between deflec
tion, steel stress, cumulative damage, CFRP stress, CFRP-concrete 
interface damage, and fatigue cycles. 

As demonstrated in Fig. 16(a), at prestress levels of 10 %, 15 %, and 
17 %, strengthened beams consistently show a two-stage deflection 
pattern: an initial rapid increase followed by a slower rise until failure. 
However, with 18 % prestress in CFRP, there is an additional rapid in
crease in deflection in later fatigue stages, resulting in a distinct three- 
stage failure. Notably, in mid and late fatigue stages (e.g., at 
N = 1 ×105 and N = 3 ×105 cycles), the prestress of 10 % in CFRP strips 

reduces the deflection by 26 % and 30.7 %, respectively, compared to 
non-prestressed case. This reduction becomes more significant with 
higher prestress levels, indicating that applying prestress significantly 
influences strengthened beams’ fatigue deflection. Prestressing proves 
effective in reducing the deflection of RC beams under fatigue loading. 

It can be observed from Fig. 16(b) that the main reinforcement stress 
evolution mirrors the deflection pattern in Fig. 16(a). At 18 % prestress, 
the stress sharply rises in the third stage, peaking at 591.9 MPa, nearing 
but not exceeding the tensile strength. Fig. 16(c) shows that at the N = 1 
cycle, the CFRP stress in beams with 10 % to 18 % prestress significantly 
increases by 27.6 % to 43.8 % compared to the non-prestressed beam. 
The CFRP stress ratio ρCFRP ranges from 24.3 % to 31.3 %, showcasing 
the prestress advantage in maximizing CFRP strength utilization. How
ever, the beam with 18 % prestress in CFRP strips exhibits a sudden drop 
in CFRP stress in late fatigue stages, indicating extensive debonding and 
severe failure, as demonstrated in Fig. 17. 

Fig. 12. Comparison of numerical and experimental failure modes of strengthened RC beams [74].  

Fig. 13. The deflection-load cyclic curves of specimens with different CFRP widths and Pmax.  

C. Zou et al.                                                                                                                                                                                                                                      



Engineering Structures 316 (2024) 118530

13

Fig. 16(d) shows that the main reinforcement damage linearly in
creases with fatigue cycles at different prestress levels. The higher the 
prestress level, the slower the damage accumulation. At N = 3 × 105 

cycles, the beams with 10 % to 18 % prestress on CFRP strips show 
32.9 % to 53.2 % less damage than the non-prestressed beam, 
Comparing Figs. 16(d) and (e), as the main reinforcement cumulative 
damage reaches 1, the non-prestressed beam maintains CFRP-concrete 
interface damage below 0.5 at Sci = 0.6. This indicates that the pri
mary failure mode is the main reinforcement rupture causing CFRP- 
concrete interface debonding. At 10 % prestress, however, the main 
reinforcement damage surpasses the interface damage, but there is po
tential for increasing CFRP stress (Fig. 16(c)). With 15 % prestress, 
interface damage rises, shifting from the main reinforcement rupture to 
CFRP-concrete interface debonding. Increasing prestress to 18 % leads 
to continuous main reinforcement damage escalation, but interface 
damage rapidly surges, suggesting substantial interface bonding dete
rioration, as shown in Fig. 17. Under fatigue loads, non-prestressed and 
low-prestress CFRP-strengthened beams mainly fail due to steel rein
forcement rupture, but high prestress increases the likelihood of CFRP- 
concrete interface debonding. High prestress significantly and adversely 
affects the bonding behavior of the CFRP-concrete interface in beams 
strengthened with CFRP sheets. This highlights the intricate relationship 
between prestress levels and failure mechanisms. 

Applying prestress to CFRP allows it to reach its full-strength po
tential, but this method has difficulties in practice. To address issues, U- 
shaped stirrups as illustrated in Fig. 18 were used at the beam ends [38, 
76,81]. This addition enabled a deeper exploration of dual failure 
modes: CFRP-concrete interface damage and cumulative steel rein
forcement damage. Fig. 19 presents a comparative evaluation of steel 

reinforcement cumulative damage and average damage to the 
CFRP-concrete interface for two sets of strengthened beams, with 
prestress levels at 0 %, 10 %, and 18 %. 

As shown in Fig. 19(a), the use of U-shaped wrapping of CFRP strips 
at the ends of the beams with prestress leads to a continuous reduction in 
average damage to the CFRP-concrete interface throughout their service 
life. This reduction becomes more significant with additional fatigue 
cycles, reaching 14.04 % and 30.83 % reductions at Nf, respectively. The 
use of U-shaped wrapping substantially mitigates the average damage to 
the CFRP-concrete interface caused by high prestress. 

U-shaped wrapping delays damage accumulation in the main rein
forcement, extending the fatigue life of strengthened beams as indicated 
in Fig. 19(b). This underscores the efficacy of U-shaped wrapping in 
enhancing the durability and performance of CFRP-strengthened beams. 
The research findings highlight its potential as a viable design solution 
for optimizing structural integrity and extending the lifespan of these 
reinforced concrete structures. Fig. 20 presents the numerical simulation 
results on the interface damage of SB-CFRP-strengthened beams with U- 
shaped wrapping. 

4.3. Vibration detection analysis of CFRP fatigue delamination 

Fig. 21 presents the correlation between the frequency, displace
ment, and fatigue cycle of specimens. Under fatigue loading, two distinct 
peaks in vibration displacement emerge at the midspan: the first peak in 
the red region and the second peak in the light blue region, serving as 
indicators of fatigue damage. Up to N = 7 × 105 cycles, both peaks 
display stable growth, signifying consistent monitoring of accumulated 
damage. At this point, the average damage to the CFRP-concrete 

Fig. 14. Influence of CFRP widths and load levels on the stress and damage of main reinforcement.  

(a) CFRP stress vs. load cycle (b) Interface average damage vs. load cycle 
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Fig. 15. The evolution of CFRP stress and CFRP-concrete interface average damage.  
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interface reaches around 0.85, indicating that 85 % of the total length is 
affected by CFRP delamination. Subsequently, both peaks experience a 
significant surge in displacement growth at the first and second jump 
points, indicating rapid deterioration in the monitored fatigue damage 
and suggesting complete CFRP delamination. Notably, the second 
stage’s displacement vibration response is smaller than the first. How
ever, the change in frequency is notably greater, emphasizing the 
effectiveness of the method in detecting extensive delamination in pre
stressed CFRP-reinforced structures. 

4.4. Analysis of natural frequency and stiffness degradation 

Fig. 22 depicts changes in the natural frequencies of SB-CFRP- 
retrofitted beams during fatigue cycles at 0 %, 10 %, and 18 % 
prestress levels. Generally, applying prestress increases the first- and 
second-mode natural frequencies, with a more noticeable impact on the 
second mode. Prestress also induces a more gradual decline in natural 

frequencies over time, slowing down frequency degradation and 
delaying decline in later stages. However, higher prestress levels can 
accelerate frequency degradation due to increased CFRP delamination 
at the later fatigue stages. 

The effects of prestress levels on the stiffness of prestressed SB-CFRP 
retrofitted beams are shown in Fig. 23. Prestress enhances stiffness and 
slows down degradation. For instance, at N = 3 × 105 cycles, the stiff
ness reductions for beams with 0 %, 10 %, and 18 % prestresses are 
36.1 %, 29.3 %, and 29.1 %, respectively. In later fatigue stages, 
extensive CFRP delamination significantly reduces stiffness. Beams with 
18 % prestress experience a 73.9 % reduction in stiffness at N = Nf, 
while beams with 0 % and 10 % prestresses have reductions of 38.1 % 
and 46.7 % in stiffness, respectively. 

(a) Deflection vs. load cycle (b) Reinforcement stress vs. load cycle 

(c) CFRP stress vs. load cycle (d) Reinforcement damage vs. load cycle 

(e) Interface average damage vs. load cycle 

2
4
6
8

10
12
14
16

0 1 2 3 4 5 6 7 8

D
ef

le
ct

io
n

(m
m

)

N (×105 cycles)

0%P
10%P
15%P
17%P
18%P

100

200

300

400

500

600

0 1 2 3 4 5 6 7 8

R
ei

nf
or

ce
m

en
t s

tr
es

s(
M

Pa
)

N (×105 cycles)

0%P
10%P
15%P
17%P
18%P

100

200

300

400

500

0 1 2 3 4 5 6 7 8

C
FR

P 
st

re
ss

 (M
Pa

)

N (×105 cycles)

0%P
10%P
15%P
17%P
18%P

0

0.2

0.4

0.6

0.8

1

1.2

0 1 2 3 4 5 6 7 8

M
ai

n 
re

ba
r 

da
m

ag
e

N (×105 cycles)

0%P
10%P
15%P
17%P
18%P

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7 8

In
te

rf
ac

e 
av

ea
rg

e 
da

m
ag

e

N (×105 cycles)

0%P
10%P
15%P
17%P
18%P

Fig. 16. Fatigue analysis of prestressed SB-CFRP-strengthened beams.  

C. Zou et al.                                                                                                                                                                                                                                      



Engineering Structures 316 (2024) 118530

15

5. Proposed fatigue life prediction model 

5.1. Pmax-N fatigue model 

S-N curves are commonly used to describe the relationship between 
load levels and fatigue life and can be expressed as follows: 

eβ•SN = A (19)  

where S represents the load level, N represents the fatigue life, e is the 

natural logarithm, and β and A are constants. 
It can be noticed from Eq. (19) that there is a logarithmic relationship 

between fatigue load S and fatigue life N, which is linearly related to the 
logarithmic form of fatigue life log10N. Hence, Eq. (19) can be repre
sented as follows: 

S =
1
β
log10A −

1
β
log10N = a + blog10N (20)  

where a = 1
βlog10A and b = − 1

β are constants. 
Following this principle, the least-squares method was used to fit the 

FE data for beams subjected to prestress levels of 0 %, 10 %, 15 %, and 
18 % under four-point loading, as depicted in Fig. 24. It can be observed 
from Fig. 24 that all fitted data points fall within the 95 % confidence 
and prediction bands. The coefficient of determination (R2) for the data 
fit ranges from 0.907 to 0.946, indicating an accurate representation of 
the data. The proposed model for Pmax-N analysis, depicting the rela
tionship between Pmax and N, can thus be expressed as follows: 

Fig. 17. Damage evolution of CFRP-concrete interface of SB-CFRP strengthened beams.  

Fig. 18. SB-CFRP-reinforced beams with 100 mm wide U-shaped wrapping 
designed at ends. 

Fig. 19. Evolution of interface damage and accumulated steel reinforcement damage of SB-CFRP-strengthened beams with U-shaped wrapping.  
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Pmax =

⎧
⎪⎪⎨

⎪⎪⎩

202.0273 − 15.2485log10N for σp
/

σfu = 0%
207.7744 − 15.6416log10N for σp

/
σfu = 10%

243.5058 − 21.0277log10N for σp
/

σfu = 15%
249.3248 − 21.5686log10N for σp

/
σfu = 18%

(21)  

where Pmax and σp/σfu represent the load level and prestress level, 
respectively; σp and σfu denote the applied CFRP prestress value and 
CFRP’s yield strength, respectively. 

Likewise, in the case of three-point bending tests, utilizing the fatigue 
load test data obtained from the BB-CFRP-strengthened beams with 
prestress levels of 0 %, 15 %, and 22 % [38,74], a corresponding set of 
equations describing the Pmax -N relationship can be formulated as 
follows: 

Pmax =

⎧
⎨

⎩

68.1513 − 6.9272log10N for σp
/

σfu = 0%
91.5207 − 9.4203log10N for σp

/
σfu = 15%

91.2978 − 9.2474log10N for σp
/

σfu = 22%
(22)  

5.2. Simplified fatigue life prediction model and validation 

It can be established that the logarithmic form of fatigue life log10N 
correlates linearly with the fatigue peak load Pmax. This section estab
lishes equations for log10N based on prestress level and load level Pmax to 

Fig. 20. Interface damage of SB-CFRP-strengthened beams with U-shaped wrapping.  

Fig. 21. Frequency-displacement vibration response.  

Fig. 22. Variation of natural frequency with cycles.  
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simplify calculations. Using MATLAB and Eqs. (21) and (22), nonlinear 
fits were separately conducted for four-point bending fatigue analysis of 
SB-CFRP-strengthened beams and three-point bending fatigue tests of 
BB-CFRP-strengthened beams [21,59]. These fits were performed within 
the fatigue limit defined by ACI 215R-74 [78] as Pf = Pmax|N=2×106 . The 
outcomes of these fits are shown in Fig. 25. 

It can be seen from Fig. 25 that the determination coefficients (R2) 
for the data fitting of SB-CFRP and BB-CFRP-strengthened beams [38, 
74] are 0.9923 and 0.9843, respectively. This indicates that the fitting 

models effectively capture the variability in the data. Small square errors 
(SSE) suggest minimal discrepancies between models and actual data. 
Root Mean Square Error (RMSE) values of 0.1587 and 0.2371 are rela
tively low, indicating negligible differences between model predictions 
and actual observations. Overall, based on numerical calculations and 
experimental data [38,74], the proposed models (Eqs. (23) and (24)) 
exhibit exceptional fit, demonstrating high accuracy and explanatory 
capability. 

log10N = 13.5768 − 0.0686Pmax − 11.5248σp
/

σfu +0.1247Pmaxσp
/

σfu

(23)  

log10N = 9.5770 − 0.1340Pmax +1.2355σp
/

σfu+0.1386Pmaxσp
/

σfu (24) 

It should be noted that Eq. (23) is for beams with SB-CFRP sheets and 
Eq. (24) is for beams with BB-CFRP strips. The accuracy of the proposed 
model is confirmed by comparing log10N predictions from Eqs. (23) and 
(24) with FE analysis and experimental results [38,74] in Table 5. The 
model consistently predicts log10N with an average ratio of 0.97 
compared to FE analysis and 0.99 compared to experimental data. This 
implies that the proposed model gives precise prediction of the fatigue 
life of RC beams strengthened with CFRP sheets under various prestress 
and load levels. 

In summary, by defining coefficients in Eqs. (23) and (24), a fatigue 
life prediction equation for CFRP-strengthened beams under the com
bined action of fatigue load and prestress can be formulated as follows: 

log10N = a+ bPmax + cσp
/

σfu + dPmaxσp
/

σfu (25)  

where a, b, c, and d represent constants related to the fatigue load level 

Fig. 23. Variation of stiffness with cycles.  

Fig. 24. Fatigue life prediction for different prestressed SB-CFRP-strengthened beams.  

C. Zou et al.                                                                                                                                                                                                                                      



Engineering Structures 316 (2024) 118530

18

and prestress level. 

5.3. Fatigue limit analysis 

In practical engineering applications, the fatigue performance of 
conventional RC structures is frequently assessed using the fatigue limit 
defined by ACI 215R-74 [78]. A similar method was used by Lin et al. [8, 
82] and Huang [74] for developing a model to predict the fatigue limit of 
RC beams strengthened with CFRP sheet. Consequently, by substituting 
N = 2 × 106 into Eq. (23), the relationship between the fatigue limit Pf 
of SB-CFRP-reinforced beams and the prestress level (σp/σfu) can be 
derived as follows: 

Pf = (7.2758 − 11.5248σp
/

σfu)
/
(0.0686 − 0.1247σp

/
σfu) (26) 

Fatigue limits of prestressed SB-CFRP-reinforced beams under the 
same load, determined using Eq. (26), show an escalation with higher 
prestress levels. For instance, at 0 %, 10 %, 15 %, and 18 % prestress, 
predicted fatigue load limits Pf are 106 kN, 109 kN, 111 kN, and 113 kN, 
respectively. Consequently, under the same fatigue load, increasing the 
prestress level leads to an increase in fatigue life. 

Fig. 26 displays a contour plot for SB-CFRP-reinforced beams, 
depicting the correlation between fatigue load and prestress level over 
log10N values ranging from 0 to 6.301, (N values from 1 to 2 ×106 cy
cles). Notably, fatigue load rises with increasing prestress level at the 
same cycle count, with a more pronounced rate in the early fatigue 
stages, gradually stabilizing near the fatigue limit. Additionally, higher 
prestress levels enhance fatigue life under the same applied load, 
emphasizing the substantial influence of loading conditions on the fa
tigue behavior of SB-CFRP-reinforced beams. 

6. Conclusions 

A finite element model has been presented in this paper for pre
dicting the fatigue responses of RC beams that are externally strength
ened by using side-bonded CFRP sheets. The cycle-dependent 
degradation of the CFRP-concrete interface under fatigue loading is 
considered in the formulation. The FE model has been employed to 
investigate the fatigue behavior of strengthened RC beams incorporating 
CFRP strips with various design parameters, including CFRP di
mensions, fatigue and prestress levels, and U-shaped wrapping. Based on 
the experimental and numerical results, a fatigue life prediction model 
has been proposed for RC beams strengthened with SB-CFRP strips. 

The following conclusions are drawn from this study:  

(1) The strengthened beams’ deflection, main reinforcement stress, 
cumulative damage, and CFRP-concrete interface damage are 
notably affected by CFRP width and load levels. Primary failure 
modes in SB-CFRP-strengthened beams vary, with steel bar 
fracture or concrete failure depending on CFRP width and load 
levels. 

(2) Prestressing diminishes fatigue deflection and cumulative dam
age in SB-CFRP-strengthened beams, prolonging their service life.  

(3) Adding U-shaped wrapping at beam ends effectively mitigates 
debonding failure in SB-CFRP systems. This strategy reduces 
damage at the CFRP-concrete interface, delays cumulative dam
age in the main reinforcement, and is efficient in high prestress 
scenarios.  

(4) Over fatigue cycles, SB-CFRP-strengthened beams experience a 
decrease in natural frequencies and stiffness. Prestressing, 
compared to non-prestressed beams, enhances these properties, 
slowing their degradation. However, excessive prestress levels 
may accelerate the decline, particularly in later fatigue stages.  

(5) A fatigue life prediction equation for externally bonded CFRP- 
strengthened RC beams considering the linear relationship be
tween Pmax and log10N in the S-N was proposed. The equation 
accurately predicts fatigue life and limit for SB CFRP- 
strengthened RC beams, offering vital theoretical guidance for 
structure assessment and design. 
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reinforcement for concrete structures: state-of-the-art review of application and 
design. Eng Struct Technol 2014;5:147–58. 

[2] Chen Z, Huang P, Yao G, Guo X, Yang Y, Li W, et al. Experimental study on fatigue 
performance of RC beams strengthened with CFRP under variable amplitude 
overload and hot-wet environment. Compos Struct 2020;244:112308. 

[3] Kobatake Y, Kimura K, Katsumata H. A retrofitting method for reinforced concrete 
structures using carbon fiber. In: Nanni A, editor. In Fiber-Reinforced-Plastic (FRP) 
Reinforcement for Concrete Structures. Oxford: Elsevier; 1993. p. 435–50. 

[4] Zou C, Ibrahim Z, Hashim H, Jameel M, Ayough P, Sinoh SS. Nonlinear FE analysis 
of RC slabs strengthened with prestressed EB CFRP strips under high-cyclic fatigue 
loading. Structures 2023;56:104953. 

[5] Zhou H, Zhang SS, Fernando D, Huang T. The bond-behaviour of CFRP-to-concrete 
bonded joints under fatigue loading: a damage accumulation model. Eng Fract 
Mech 2023;284. 
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