
Academic Editor: Antonio Formisano

Received: 25 June 2025

Revised: 18 August 2025

Accepted: 26 August 2025

Published: 1 September 2025

Citation: Zhang, Z.; Qin, Y.; Long, G.;

Ran, Y.; Guan, Y.; Wang, Y.; Sun, R.;

Qian, Y. Design Theory and

Experimental Study of Strengthening

Reinforced Concrete Beams Using

Prestressed Carbon Fiber Sheets.

Buildings 2025, 15, 3126. https://

doi.org/10.3390/buildings15173126

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Design Theory and Experimental Study of Strengthening
Reinforced Concrete Beams Using Prestressed Carbon
Fiber Sheets
Zejun Zhang 1 , Yu Qin 2 , Guanxu Long 1, Yao Ran 2,* , Yanhua Guan 2,*, Yan Wang 2, Renjuan Sun 2

and Yuanshun Qian 2

1 Shandong Expressway Group Co., Ltd. Innovation Research Institute, Jinan 250014, China;
bridgezzj@163.com (Z.Z.); longgx5@163.com (G.L.)

2 School of Qilu Transportion, Shandong University, Jinan 250003, China; 202235460@mail.sdu.edu.cn (Y.Q.);
202315459@mail.sdu.edu.cn (Y.W.); sunrenjuan@sdu.edu.cn (R.S.); qianyuanshun@sdu.edu.cn (Y.Q.)

* Correspondence: ranyao2023@163.com (Y.R.); guanyanhua@sdu.edu.cn (Y.G.)

Abstract

To improve the design theory of prestressed carbon fiber sheet reinforcement and enrich its
practical application, a corresponding theoretical analysis and experimental study were
carried out. According to the ductile failure condition of reinforced concrete (RC) beams
and the plane cross-section assumption, the initial tensile strain control range of carbon
fiber sheets with different reinforcement layers was analyzed. Based on the requirement of
improving the flexural capacity of beams, a calculation method for reinforcement layers and
the initial tensile strain of carbon fiber sheets was proposed. According to the requirements
of the practice of prestressed carbon fiber sheet reinforcement, a design process for strength-
ening RC beams with prestressed carbon fiber sheets was proposed. Through the proposed
design method and design process, the design and practice of prestressed carbon fiber sheet
reinforcement of RC beams were carried out, and a four-point bending test was carried
out on a reinforced beam. The results showed that the failure mode of RC beams after
reinforcement was plastic failure, which met the designed bearing capacity requirement.

Keywords: prestressed carbon fiber sheets; control tension strain; number of carbon fiber
sheets reinforcement layers; experimental study

1. Introduction
With the increase in traffic loads and the deterioration of environmental conditions,

the structural performance of existing reinforced concrete (RC) beam bridges gradually
degrades. The emergence of common defects such as cracks and seepage leads to a
progressive decline in their load-bearing capacity [1,2]. Traditional bridge maintenance and
strengthening methods, such as externally bonded steel plates, section enlargement, and
shotcreting, exhibit certain limitations [3,4]. Specifically, externally bonded steel plates are
susceptible to failure at the interface due to temperature/humidity variations and corrosion,
while also increasing dead load and involving complex construction processes. Section
enlargement requires extensive construction work, increases dead load, and can potentially
disturb the existing structure, making it less suitable for older bridges in poor condition.
Shotcreting faces difficulties in quality control, has poor interfacial bond performance,
and is prone to cracking or debonding during long-term service, thereby affecting its
strengthening effectiveness and durability.
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In contrast, carbon-fiber-reinforced polymer (CFRP) composites have gained widespread
application in enhancing the flexural and shear capacity and improving the durability of beam
bridges due to their advantages of light weight, high strength, corrosion resistance, convenient
construction, and minimal impact on self-weight, demonstrating significant effectiveness [5,6].
Studies indicate that CFRP-strengthened concrete beams exhibit notable improvements in
load-bearing capacity, delayed crack propagation, and enhanced durability [7–9].

In concrete bridge strengthening, CFRP composites are primarily utilized in three
forms: CFRP sheets (fabric), CFRP plates (laminates), and CFRP rebars (rods/bars) [10–12].
Due to their excellent corrosion resistance, CFRP rebars have become ideal substitutes
for traditional steel reinforcement, strands, or wires in harsh environments [13,14]. CFRP
plates, with their high rigidity and strength, are mainly applied to high-load structures
demanding significant increases in capacity and stiffness [15]. CFRP sheets, however,
demonstrate unique advantages in external bonding strengthening techniques due to their
outstanding flexibility and adaptability. CFRP sheets can easily conform to complex, irreg-
ular structural surfaces, adapting to different shapes of concrete beams and members. They
are particularly effective in large-area strengthening, crack control, and seismic strengthen-
ing, finding extensive use in bridges, buildings, and structures subjected to dynamic loads
and fatigue [16,17]. For external strengthening in practical bridges, externally bonded CFRP
sheets are applied directly to the targeted areas, offering advantages of simple construction,
low cost, and high applicability. They are especially suitable for projects with routine loads
or requiring localized strengthening, although their effectiveness highly depends on the
quality of bonding and anchorage [18–20].

To meet the strengthening demands of high-load structures, prestressed CFRP sheet
strengthening technology has become a research focus. By applying prestress to CFRP
sheets using tensioning equipment, coupled with appropriate bonding and anchorage
conditions, the performance of the CFRP sheets can be fully utilized, significantly enhancing
the structure’s load-bearing capacity.

Current research on prestressed CFRP sheet strengthening has made considerable
progress. For instance, Liu et al. investigated the effects of bonding different layers of CFRP
sheets and their influence on the fracture behavior of cracked concrete, analyzing variations
in ultimate load, crack propagation length, fracture toughness, and fracture energy. They
concluded that prestressed CFRP provides the optimal strengthening effect and crack
resistance for cracked concrete beams [19]. Hanoon et al. derived a strut effectiveness
factor based on the Mohr–Coulomb failure criterion, which was used to improve the Strut-
and-Tie model (STM). This model considers two concrete failure modes, namely, diagonal
splitting and concrete crushing. Validation against experimental data and existing models
demonstrated its accuracy in predicting the shear strength of CFRP-strengthened deep
beams [21]. Zhang et al. conducted experimental studies on the flexural behavior of RC
beams strengthened using CFRP sheets prestressed via a mechanical tensioning method
and a temperature-induced restoration method for a shape memory alloy (SMA) wire. They
proposed and validated a model for predicting the flexural capacity of such prestressed,
externally strengthened RC beams [22]. Fowai et al. investigated the bond behavior of
degraded CFRP–concrete interfaces under different shear lap-splice configurations using
specimens sourced from the Champlain Bridge [23]. Lu et al. studied the durability of
RC beams strengthened with prestressed CFRP plates exposed to a chloride-containing
environment. The results showed that inclined U-shaped jackets enhanced the flexural
performance of the strengthened beams and shifted the failure mode from CFRP debonding
to CFRP rupture. Although exposure to the chloride environment increased prestress loss,
90 days of exposure in a simulated subtropical marine climate did not significantly affect
the flexural performance of the strengthened beams [24].
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In summary, prestressed CFRP sheet strengthening demonstrates good efficacy for con-
crete beams. However, current research primarily focuses on the strengthening mechanism,
mechanical properties, construction techniques, and quality control of prestressed CFRP
strengthening. Existing design methods often rely heavily on empirical approaches, and
many calculation/theoretical models are confined to specific anchorage systems, lacking a
unified design theory. Therefore, proposing a general design method and theoretical model
for prestressed CFRP strengthening of concrete beams, along with developing correspond-
ing design specifications, constitutes a crucial step for transitioning this technology from
theory to practice. To this end, based on the failure modes and capacity design require-
ments of RC beams, this paper proposes a design procedure for determining the prestressed
CFRP sheet strengthening dosage and initial pre-strain under the under-reinforced failure
mode condition. An experimental validation based on the proposed design theory is also
presented, providing a theoretical basis and practical guidance for prestressed CFRP sheet
strengthening of RC beams.

2. Design Theory for RC Beams Strengthened by Prestressed Carbon
Fiber Sheets

Experimental studies indicate that the flexural failure modes of RC beams are manifested
as over-reinforced failure, under-reinforced failure, and low-reinforcement failure [25]. RC
beams strengthened with prestressed CFRP sheets typically do not exhibit low-reinforcement
failure, but the occurrence of over-reinforced brittle failure must be avoided [26]. Therefore, in
this study’s design procedure, the following approach is adopted.

Firstly, the initial tensile strain limits of the prestressed CFRP sheets are controlled to
ensure that the strengthened beam fails in the under-reinforced mode.

Then, based on the targeted flexural capacity of the strengthened RC beam, the required
number of CFRP sheet layers and the design value of the initial tensile pre-strain are calculated.

2.1. Basic Assumptions

Internal force analysis of flexural members strengthened with prestressed CFRP
sheets is conducted using the conventional plane section assumption, along with the
following assumptions:

(1) Section deformation conforms to the plane section assumption;
(2) The tensile resistance of concrete is neglected after cracking;
(3) CFRP is an ideal linear–elastic material;
(4) A perfect bond exists between the CFRP sheet and concrete.

2.2. Analysis of the Tensile Strain Range for CFRP Sheets Based on the Under-Reinforced
Failure Mode

To ensure that RC beams strengthened with prestressed carbon-fiber-reinforced poly-
mer (CFRP) sheets fail in a ductile (adequately reinforced) manner, two boundary failure
modes must be defined [27], as shown in Figure 1. Boundary failure mode I represents
the demarcation between over-reinforced failure and ductile failure, occurring when the
concrete at the extreme compression edge reaches its ultimate compressive strain εcu simul-
taneously with the original tensile steel reinforcement reaching its yield strain εy. Boundary
failure mode II defines the boundary between ductile failure and under-reinforced failure,
occurring when the concrete at the extreme compression edge reaches its ultimate compres-
sive strain εcu concurrently with the CFRP sheet reaching its ultimate tensile strain εcfu.

The failure mode between boundary failure mode I and boundary failure mode II
constitutes the ductile failure mode for prestressed CFRP-strengthened RC beams. In this
mode, the strengthened beam exhibits the following features:
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(1) Yielding of the tensile steel reinforcement;
(2) The CFRP sheet not being fully ruptured;
(3) Crushing of the concrete in the compression zone.

 

Figure 1. Failure model distribution of an RC beam reinforced with prestressed carbon fiber sheets.

Consequently, the strain in the CFRP sheet εcf1 must be less than its ultimate tensile
strain εcfu, and the strain in the steel reinforcement εs must be greater than its yield strain
εy but less than its ultimate tensile strain εsu, as specified in Equation (1).(

εcu + εy
)
h

h0
− εcu < εcf1 − εcf0 <

(εcu + εsu)h
h0

− εcu (1)

In Equation (1),

– εcu is the ultimate compressive strain of concrete at the extreme compression fiber of
the cross-section;

– εy is the yield strain of the tensile steel reinforcement;
– h is the section height;
– h is the section height;
– h0 is the effective section depth;
– εcf1 is the strain in the CFRP sheet;
– εcf0 is the initial tensile strain in the CFRP sheet (pre-tensioning strain);
– εsu is the ultimate tensile strain of the tensile steel reinforcement.

Based on the force equilibrium and sectional strain compatibility (Figure 2) for the
ductile failure of prestressed CFRP-strengthened RC beams, boundary range 1 of the initial
tensile strain in the CFRP sheet is calculated using Equation (1), as shown in Equation (2).

εcu +

α1 fcbβ1εcuh0
εcu+εsu

− fy As

Ecfnbcfhcf
− (εcu + εsu)h

h0
< εcf0 < εcu +

α1 fcbβ1εcuh0
εcu+εy

− fy As

Ecfnbcfhcf
−

(
εcu + εy

)
h

h0
(2)

In Equation (2),

– α1 and β1 are coefficients whose values are determined according to the GB50010-2010
Code for the Design of Concrete Structures [28];

– fc is the axial compressive strength of concrete;
– b is the section width;
– fy is the tensile strength of the ordinary steel reinforcement;
– As is the cross-sectional area of the longitudinal ordinary steel reinforcement in the

tension zone;
– Ecf is the elastic modulus of the CFRP sheet;
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– n is the number of layers of the CFRP sheet;
– bcf is the width of the CFRP sheet;
– hcf is the thickness of the CFRP sheet.

Figure 2. Strain and stress relationship of the normal section of reinforced beams.

Based on the condition that the strain in the CFRP sheet during the loading process of
the strengthened RC beam is less than its allowable strain [29] and the initial tensile strain of
the prestressed CFRP sheet is greater than 0, boundary range 2 of the initial tensile strain for
the prestressed CFRP sheet under service conditions is derived as shown in Equation (3).

0 < εc f 0 < εcu +
[
εc f

]
− α1 fcbβ1εcuh

fy As + Ec f

[
εc f

]
nbc f hc f

(3)

In Equation (3),

– [εcf] corresponds to the allowable strain of the CFRP sheet.

Based on Equations (2) and (3), the applicable range of the initial tensile strain for ductile
failure in RC beams strengthened with varying numbers of CFRP sheet layers can be determined.

2.3. Determination of CFRP Sheet Strengthening Layers and the Minimum Initial Tensile Strain

Based on the strain–stress relationship diagram for the strengthened beam cross-
section presented in Figure 2, the moment equilibrium equation, force equilibrium equa-
tion, and strain compatibility relationship at the cross-section for the prestressed CFRP-
strengthened beam can be established, as shown in Equations (4)–(6), respectively:

Ms = fy As(h0 −
x
2
) + Ec f εc f 1nbc f hc f (h − x

2
) (4)

α1 fcbx = fy As + Ec f εc f 1nbc f hc f (5)

x
h
=

β1εcu

εcu + εc f 1 − εc f 0
(6)

where

– Ms denotes the design flexural capacity of the strengthened RC beam;
– x denotes the depth of the compression zone;
– n denotes the number of CFRP sheet strengthening layers.

Simultaneously solving Equations (4)–(6) enables the calculation of the minimum
initial tensile strain required for CFRP sheets when using differing numbers of strengthen-
ing layers, at which the strengthened beam achieves its design flexural capacity Ms. The
computed minimum initial tensile strains for CFRP sheets under various strengthening
layer configurations must conform to the prescribed limits of Range 1 and Range 2 for
the CFRP initial tensile strain. Thereby, the CFRP layer quantity and initial tensile strain
satisfying flexural capacity requirements can be selected.
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2.4. Design Procedure for Prestressed CFRP-Strengthened RC Beams

To prevent over-reinforced failure, the design flexural capacity Ms of the strengthened
RC beam must be less than the beam’s maximum flexural capacity Mkmax [30]. The
evaluation process is illustrated in Figure 3.

Figure 3. Judging process for prestressed carbon fiber sheet reinforcement.

Following the evaluation process for prestressed CFRP strengthening, once an RC
beam is deemed suitable for prestressed CFRP application, the strengthening design shall
be initiated based on the previously established prestressed CFRP-strengthened RC beam
design theory. The design procedure is illustrated in Figure 4.

Figure 4. The design theory for strengthening RC beams using prestressed carbon fiber sheets.
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3. Experimental Study on Prestressed CFRP-Strengthened RC Beams
3.1. Test Beam Design

A precast reinforced concrete (RC) test beam was subjected to a four-point bending
test. This test aimed at validating the accuracy of the strengthening design methodology by
measuring its flexural bearing capacity and observing its failure mode. The test beam had a
cross-section of 150 mm × 250 mm and a total length of 2000 mm, with a calculated span of
1800 mm and a pure bending region length of 600 mm. The test beam was cast using C30
concrete. HRB400 steel bars were employed for the tensile reinforcement and the hanger
bars, with diameters of 12 mm and 10 mm, respectively. Stirrups were made using 8 mm
diameter HPB300 steel bars at a clear spacing of 100 mm. The clear cover thickness was
40 mm. The beam dimensions and reinforcement details are shown in Figure 5.

Figure 5. Schematic illustration of test beam dimensions and reinforcement details (unit: mm).

While casting the test beam with C30 concrete, 150 mm side-length standard concrete
cube specimens were simultaneously prepared. All specimens were cured under the
same standard environmental conditions as the test beam until the age of 28 days. Three
specimens with smooth surfaces and no significant defects were selected for compressive
strength testing using an electro-hydraulic servo universal testing machine. The average
compressive strength obtained was 30.33 MPa. During the steel bar processing, three
material test coupons, each 600 mm long, were reserved from the tensile reinforcement.
The mechanical properties of these coupons were tested using a microcomputer-controlled
electro-hydraulic servo universal testing machine. The tensile test results for the steel bars
are listed in Table 1.

Table 1. Tensile performance test results for reinforcement.

Reinforcement
Type

Diameter
(mm)

Yield Strength
(MPa)

Ultimate Strength
(MPa)

Modulus of Elasticity
(MPa)

HRB400 12 429.88 594.08 308,000

This experiment utilized UT70-30-type CFRP sheets manufactured by Toray Industries,
Inc., Japan, for beam strengthening. This CFRP sheet has a single-layer thickness of
0.167 mm, and its mechanical properties are presented in Table 2.

Table 2. Mechanical properties of the CFRP fabric.

Material Tensile Strength
(MPa)

Elastic Modulus
(MPa)

Percentage
Elongation (%)

CFRP 4255 2.4 × 105 1.9
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Once the concrete of the test beam reached the age of 28 days, flexural strengthening
was carried out following the design theory and procedures for prestressed carbon-fiber-
reinforced polymer (CFRP) sheet strengthening of RC beams.

3.2. Strengthening Design Calculation

According to Table 3, the flexural capacity at the midspan of the reference beam and
the maximum flexural capacity of the singly reinforced section are referenced. With the
strengthening design targeting a 30% enhancement in the flexural capacity of the reference
beam after prestressed CFRP fabric reinforcement, the calculated flexural capacity of the
strengthened beam is Ms = 32.76 kN·m. Based on the prestressed CFRP strengthening
criteria (Ms < Mkmax), the experimental beam qualifies for flexural capacity improvement
using prestressed CFRP fabric.

Table 3. Summary of the flexural capacity calculation for control beams.

Experimental
Beam Type

Midspan Flexural Capacity of
Normal Section (kN·m)

Maximum Flexural Capacity of
Singly Reinforced Section (kN·m)

Control beam 25.2 47.94

Based on the flexural capacity Ms of RC beams strengthened with CFRP sheets, calcu-
lations for the minimum required initial tensile strain ε′cf0 and the permissible initial tensile
strain range with varying CFRP layers were conducted, and the results are presented in
Table 4. The following is noteworthy.

Table 4. Minimum initial tensile strain and allowable strain range for varying numbers of CFRP layers.

CFRP Layer Count ε′cf0 Initial Tensile Strain Range

1 0.0116 0 < εcf0 < 0.0011
2 0.0020 0 < εcf0 < 0.0025
3 −0.0012 0 < εcf0 < 0.0036

Notes: 1. The design width of CFRP sheets is 50 mm. 2. According to the Design Code for Strengthening Concrete
Structures, the layer count for CFRP strengthening should generally not exceed 4 layers. In practical applications,
CFRP sheets are typically applied in ≤3 layers; conse-quently, this table calculates initial tensile strain values
only for 1–3 layers. 3. The permissible strain for CFRP sheets is specified as 0.01 in the Technical Specification for
Strengthening Concrete Structures with Carbon Fiber Sheets.

With one CFRP layer, the minimum initial tensile strain must reach 0.0116, which
significantly exceeds the maximum permissible value (0.0011) of its tensile strain range,
failing to meet the strengthening requirements.

With two CFRP layers, the required minimum initial tensile strain is only 0.0020, rep-
resenting an 82.76% reduction compared to the single-layer configuration. Simultaneously,
this value of ε′cf0 = 0.0020 falls within the allowable strain range (0–0.004), satisfying the
strengthening requirements.

With three CFRP layers, the calculated minimum initial tensile strain is ε′cf0 = –0.0012.
This indicates that for this layer configuration, achieving the target flexural capacity Ms

requires the occurrence of an initial compressive strain (0.0012) in the CFRP sheets. Physi-
cally, this implies that no prestressing is needed to meet the capacity demand. However,
since this minimum initial tensile strain falls below the minimum value (0) of its allowable
tensile strain range, it fails to meet the strengthening requirements.

These results demonstrate that for a fixed CFRP-strengthened flexural capacity Ms,
increasing the number of CFRP layers substantially reduces the required initial tensile
strain in the reinforcement system.
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3.3. Strengthened Beam Design and Performance Prediction

To validate the accuracy of CFRP-strengthened RC beam design theory and com-
pare performance variations across different CFRP layer counts, three beam groups were
strengthened with single-, double-, and triple-layer CFRP sheets, alongside an unstrength-
ened reference beam as a control group. The initial tensile strain of CFRP sheets in all
strengthened beams was uniformly set to 0.0020. The design parameters for the strength-
ened beams are detailed in Table 5.

Table 5. Design parameters for prestressed CFRP-strengthened RC beams.

Specimen
ID

Number of
CFRP Layers εcf0

Initial Prestressing
Force Per CFRP

Layer (kN)

Calculated
Mid-Span Flexural

Capacity (kN·m)

WN0 0 - - 25.20

JN1 1 0.0020 4 29.61

JN2 2 0.0020 4 32.76

JN3 3 0.0020 4 35.46
Note: In the specimen IDs, W and J denote unreinforced RC beams and strengthened RC beams, respectively; N
indicates the number of carbon-fiber-reinforced polymer (CFRP) layers.

As established by the preceding design theory and analysis in Table 4, when one
layer of carbon-fiber-reinforced polymer (CFRP) with an initial tensile strain of 0.002
is applied, the design initial tensile strain fails to satisfy the required minimum design
value (ε′cf0 = 0.0116) and exceeds the maximum allowable initial tensile strain of 0.0011.
Consequently, the precast reinforced concrete (RC) beam will experience premature failure
due to early fracture of the CFRP under flexural loading, preventing attainment of the
calculated load-bearing capacity of 29.61 kN·m. For two layers of CFRP at an initial
tensile strain of 0.002, the initial tensile strain precisely equals the minimum required value
(ε′cf0 = 0.002) while satisfying the allowable strain range requirements, indicating that the
strengthened RC beam will exhibit an under-reinforced failure mode under flexural loading.
The calculated load-bearing capacity of 32.76 kN·m just attains the design flexural capacity
Ms. In the case of three CFRP layers at the same initial tensile strain of 0.002, the applied
strain exceeds the required minimum (ε′cf0 = −0.0012) but conforms to the allowable strain
range. Consequently, the strengthened beam is predicted to maintain an under-reinforced
failure mode under bending loads, though its calculated flexural capacity of 35.46 kN·m
exceeds the design value Ms.

3.4. Experimental Program for Strengthened RC Beams

To enhance the mechanical properties of precast reinforced concrete (RC) beams,
this study employs dedicated tensioning equipment for prestressed strengthening using
carbon-fiber-reinforced polymer (CFRP) sheets, as illustrated in Figure 6. When applying
prestressing via the pre-tensioning process, five primary types of stress losses must be
considered: (1) losses from CFRP sheet slippage, elastic retraction, and anchorage defor-
mation after bonding; (2) losses induced by concrete compressive deformation during
tension release; (3) losses due to concrete shrinkage and creep; (4) losses caused by stress
relaxation in the CFRP sheets; (5) losses from environmental factors such as temperature
and humidity variations. In the finite element modeling, these stress losses were quantified
based on the computational method from [31] and deducted from the preset tension control
stress baseline.
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Figure 6. Photograph of dedicated tensioning equipment for CFRP sheets.

Epoxy resin serves as the critical bonding medium between CFRP sheets and concrete
substrates, whose performance directly governs stress transfer efficiency and strengthening
effectiveness. Substrate pre-treatment and elevated temperature control constitute key
factors for achieving optimal performance [32]. To ensure effective interfacial bonding
and force transfer, this study implemented the following refined construction sequence:
prior to CFRP sheet application, the substrate surface was degreased with an alcohol
solvent, followed by epoxy saturant coating to create a leveling layer; before tensioning,
impregnating resin was applied to the CFRP sheets to ensure thorough saturation; after
tensioning to target stress and anchoring, a final protective resin coating was applied.
To optimize the epoxy curing kinetics and bonding performance, CFRP installation was
specifically conducted under elevated ambient temperatures.

A dual anchorage mechanism was implemented during the tensioning phase to effec-
tively mitigate prestress losses. Firstly, self-anchoring was achieved by wrapping CFRP
sheets around anchorage plates, where the tensioned sheets generated radial tightening
forces. This created inter-layer compression, establishing preliminary mechanical self-
locking through inter-sheet friction and radial pressure. Secondly, upon reaching the
preset initial tensioning stress, immediate final locking was executed using anchorage
plates with torque-controlled bolts pre-set to 15 kN [33]. Schematic illustrations of the
self-locking wrap and final anchorage configuration are presented in Figure 7. These dual
control measures significantly reduced prestress losses in CFRP sheet post-tensioning, with
measured instantaneous losses being maintained below 3%, demonstrating substantial
strengthening efficacy.

Figure 7. Schematic diagram of the CFRP sheet tensioning process.

The reinforced RC beams underwent 7-day ambient curing before four-point bending
tests. Initial preloading was applied to eliminate interfacial gaps and verify equipment
functionality. During formal loading, force control was implemented with incrementally
applied loads: 2 kN increments prior to bottom cracking and 5 kN increments post-cracking.
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Each load level was maintained for 5 min. After reaching 50 kN, displacement control
commenced at 1 mm/min [34]. Loading was terminated upon compressive crushing of
concrete at the beam’s top surface, which defined failure. The test setup is illustrated
in Figure 8.

Figure 8. Loading test device (unit: mm).

4. Results and Discussion
4.1. Failure Mode

(1) Test beam WN0

For test beam WN0, initial cracking occurred at the mid-span bottom. As loading
increased, cracks propagated vertically along the beam height with continuously widening
widths. Upon reaching the ultimate load, concrete in the mid-span compression zone exhib-
ited crushing and spalling, demonstrating distinct under-reinforced failure characteristics.
The final failure mode of beam WN0 is shown in Figure 9.

Figure 9. Failure mode of test beam WN0.

(2) Test beam JN1

For test beam JN1, initial cracking occurred in the tension zone at the bottom of
the loading point. As loading increased, cracks propagated upward continuously. Upon
reaching approximately 79 kN, the tensile reinforcement yielded while the CFRP fabric
maintained excellent bond integrity with minimal interfacial debonding, as illustrated in
Figure 10a. Around 90 kN of loading, progressive interfacial debonding of the CFRP fabric
initiated. With further displacement-controlled loading, abrupt rupture of the entire CFRP
system occurred (Figure 10b), accompanied by rapid crushing failure of mid-span concrete.
This failure sequence demonstrates characteristic under-reinforced behavior, visualized in
Figure 10c.
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(a) CFRP fabric bond integrity state (b) Catastrophic rupture of the CFRP system

(c) Final concrete failure morphology

Figure 10. Failure sequence of test beam JN1.

(3) Test beam JN2

For test beam JN2, initial cracking occurred in the tension zone beneath the loading
point. As the load increased, the crack width expanded while extended fractures devel-
oped. Upon reaching approximately 80 kN, tensile reinforcement yielded, after which
further displacement-controlled loading produced negligible strength gain. During this
stage, the CFRP fabric exhibited minor filiform debonding (Figure 11a) yet maintained
effective bond integrity. When loading attained the ultimate capacity of 108.46 kN, the
load-deflection curve exhibited a descending trend. This was accompanied by accelerated
CFRP debonding and progressive filamentous fracture initiation (Figure 11b), culminating
in concrete spalling, bulging, and ultimate crushing failure at the mid-span upper region
(Figure 11c). This failure progression manifested characteristic under-reinforced behavior
in the strengthened beam.

(a) Minor filiform debonding of the CFRP 
fabric

(b) Filamentous fracture progression in the CFRP 
fabric

(c) Final concrete failure morphology

Figure 11. Failure sequence of test beam JN2.
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(4) Test beam JN3

Initial cracking in the test beam commenced at the mid-span flexural zone. With
increasing load, cracks propagated upward while minor global debonding initiated
(Figure 12a). Tensile reinforcement yielded at approximately 83 kN. Upon reaching the
ultimate load of ≈104 kN, the global debonding of CFRP intensified through a protracted
detachment process, coinciding with increased deflection and gradual load reduction to
97.9 kN. Subsequent reloading produced temporary strength recovery until a filamentous
fracture abruptly developed in the CFRP fabric (Figure 12b), causing a precipitous capac-
ity drop to 75 kN without complete failure. Continued displacement-controlled loading
yielded a gradual regaining of strength to ≈80 kN, where exacerbated CFRP fracture trig-
gered another steep capacity reduction. This ultimately culminated in structural spalling
and compressive fragmentation of the upper mid-span concrete (Figure 12c), demonstrating
definitive under-reinforced failure behavior.

(a) Global debonding initiation in the CFRP fabric (b) Filamentous fracture progression in the CFRP fabric

(c) Final concrete failure morphology

Figure 12. Failure sequence of test beam JN3.

4.2. Concrete Strain Analysis

Using the compressive strain of concrete at the top of the flexural zone of the test beams
as the research focus, Figure 13 presents the load–concrete strain relationship curves for
different numbers of CFRP layers. The analysis results indicate the following: at the same
load level, specimen JN1 exhibits the smallest concrete compressive strain, followed by JN2,
and JN3 shows the largest strain. This demonstrates that increasing the amount of CFRP
reinforcement can significantly enhance the overall stiffness of the strengthened beams and
effectively reduce the compressive strain at the concrete top. Moreover, this enhancing
effect becomes increasingly pronounced with the increase in the reinforcement amount.

After the yielding of the steel reinforcement, CFRP delamination began to occur
in all three groups of beams, but the specific manifestations differed significantly. The
delamination in JN1 was extremely slight, with the bond interface remaining essentially
intact. Its concrete top strain grew steadily without noticeable or abrupt changes. However,
as the load continued to increase, the CFRP fractured suddenly, leading to immediate
beam failure, and the concrete strain did not experience a discernible ductile plateau stage.
In contrast, JN2 exhibited a slightly higher degree of delamination than JN1, primarily
manifested as partial debonding of individual filaments, while the main fibers maintained
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effective bonding. When the load reached its ultimate capacity, the CFRP underwent
progressive filament fracture. The load-bearing capacity declined slightly but retained
some residual strength, and the concrete strain continued to develop, demonstrating a
degree of ductile behavior until final failure. JN3, however, exhibited pronounced overall
delamination of the CFRP reinforcement, leading to a rapid deterioration of the interfacial
bond strengthening effect. During subsequent loading, the specimen underwent a sudden
overall failure, and the concrete strain similarly lacked a distinct ductile stage.
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Figure 13. Load–strain behavior of concrete at the top surface in the pure bending zone.

The characteristics of the concrete strain evolution detailed above are in close align-
ment with the failure modes of the respective specimens described in Section 3.1, thereby
providing strong validation of the theoretical expectations regarding the strengthening
effects and failure mechanisms.

4.3. Load-Carrying Capacity Analysis

The load versus mid-span deflection curves for both the reference beam and the
strengthened beam obtained from the four-point bending tests are presented in Figure 14.
Analysis of Figure 14 reveals that the test beams exhibited four distinct phases during
loading. The first phase is the elastic stage, extending from the initiation of loading
until cracking occurs in the concrete tensile zone. The second phase is the cracked stage,
spanning from the onset of cracking in the concrete tensile zone until yielding of the
tensile reinforcement. During this phase, the slope of the load-deflection curve is slightly
lower than that prior to concrete cracking, indicating a reduction in the stiffness of the
test beam. The third phase is the yield stage, commencing with the yielding of the tensile
reinforcement and continuing until the load exhibits a pronounced descending trend.
Following the yielding of the tensile reinforcement, the stiffness of the test beam decreased
rapidly, accompanied by a slow increase in load while the deflection increased sharply.
The fourth phase is the failure stage, characterized by a rapid decline in load until the
concrete in the compressive zone of the test beam is crushed. Notably, the load-deflection
curve for specimen JN3 exhibits a distinct steep descent during the failure stage. This is
attributed to the premature occurrence of extensive debonding in the CFRP laminate of JN3
prior to reaching its ultimate load-carrying capacity. The resultant abrupt deterioration in
strengthening effectiveness and inadequate structural integrity led to the sudden fracture
of the beam.



Buildings 2025, 15, 3126 15 of 19

0 5 10 15 20 25 30 35 40
0

20

40

60

80

100

120

140

Lo
ad
（

kN
）

Mid-span displacement（mm）

 WN0
 JN1
 JN2
 JN3

Figure 14. Load versus mid-span deflection curves for the reference beam and strengthened beams.

A comparison of the characteristic curve values for the test beams is presented in
Figure 15. Analysis of the results in Figure 15 reveals that prior to failure, both the cracking
load and the yield load of the strengthened beams increased with the number of CFRP
layers, aligning with the theoretical design predictions. However, the increase in cracking
load became less pronounced with additional CFRP layers. When the number of CFRP
layers was less than 3, the increase in yield load became more significant with more
layers; specimens JN1 and JN2 exhibited yield load increases of 10% and 22%, respectively,
compared with the reference beam WN0. However, with three layers of CFRP (JN3), the
improvement in yield load was negligible; JN3 showed only an approximately 4% increase
compared to JN2. This indicates a reduction in overall stiffness for JN3 due to CFRP
debonding. When the number of CFRP layers was less than 3, the ultimate load increased
with the number of layers, consistent with the earlier prediction. However, the ultimate
load-carrying capacity of JN3 was lower than that of JN2, diverging from theoretical
predictions. The primary reason is the premature occurrence of extensive debonding in
the CFRP of JN3, resulting in a significant reduction in strengthening effectiveness, which
consequently led to a decrease in the load-carrying capacity of the strengthened beam.
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Figure 15. Comparison of characteristic values for the test beams.

The flexural capacity results for both the reference beam and the strengthened beams
are presented in Table 6. Analysis of Table 6 indicates that the test result of the flexural
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capacity at mid-span for the unstrengthened beam WN0 closely matches its calculated
value, with a difference of merely 1.06 kN and an error of approximately 4%. This confirms
the reasonable design of the dimensions and reinforcement for the reference beam. For
specimen JN1, the test result of the flexural capacity at mid-span (27.56 kN·m) was approxi-
mately 2.05 kN less than its calculated value (29.61 kN·m). Furthermore, the underlying
cause is that the CFRP fractured prematurely due to its initial tensile strain exceeding
the maximum permissible initial tensile strain. This premature fracture resulted in the
test result being lower than the calculated flexural capacity. Additionally, since the initial
tensile strain was also less than the minimum required initial pre-strain, the actual flexural
capacity achieved was only 27.56 kN·m, which was significantly lower than its design
value Ms = 32.76 kN·m. These results align with the theoretical predictions from the design
stage. For specimen JN2, the initial tensile strain in the CFRP precisely met the requirement
for the minimum initial pre-strain and was within the acceptable range. Consequently,
the test result of its flexural capacity at mid-span was virtually identical to the calculated
value, differing by only 0.22 kN (error ≈ 0.67%). This consistency is also in agreement with
theoretical predictions. For specimen JN3, the calculated flexural capacity at mid-span was
35.46 kN. However, its actual test result was only 31.39 kN·m, which is less than its design
capacity of Ms = 32.76 kN·m. This deviates considerably from the theoretical predictions.
The primary reason is the occurrence of extensive debonding of the CFRP in JN3 before
it could reach its ultimate flexural capacity. This led to a significant degradation in the
strengthening effectiveness, consequently causing the actual test result to fall below the
calculated flexural capacity.

Table 6. Comparison of the flexural capacity results between the reference beam and the strength-
ened beams.

Specimen ID Calculated Mid-Span
Flexural Capacity (kN·m)

Tested Mid-Span Flexural
Capacity (kN·m)

WN0 25.20 24.14
JN1 29.61 27.56
JN2 32.76 32.54
JN3 35.46 31.39

In summary, when reinforced with less than three layers of CFRP sheets, the experi-
mental phenomena and results of the strengthened beams were in good agreement with
the theoretical predictions, validating the accuracy of the design theory for prestressed
CFRP-strengthened RC beams presented in this paper. However, when the reinforcement
reached three layers, the experimentally measured flexural capacity was significantly lower
than the theoretically calculated value. This discrepancy is primarily attributed to the
substantial increase in the overall stiffness of the CFRP due to multi-layer lamination,
which exacerbated the stiffness disparity between the CFRP and the concrete substrate.
This increased stiffness difference led to significantly elevated peak interfacial shear stresses
and normal stresses under load, concurrently causing an increase in shear stresses between
CFRP layers. The excessively high and unevenly distributed stress concentrations readily
induced stresses exceeding the ultimate strength of the adhesive in localized areas, thereby
triggering delamination failure of the entire CFRP sheet [35,36]. This delamination behavior
violates a fundamental assumption of the design theory—a reliable bond between the FRP
sheet and the concrete. For CFRP strengthening with one to two layers, the bond perfor-
mance remains effective, and the design theory exhibits good applicability and reliability.
As the number of layers increases, the risk of interfacial bond failure increases significantly,
invalidating the theoretical assumption.
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Current research indicates that CFRP strengthening exceeding two layers not only
offers limited effectiveness in controlling cracking within concrete structures and increases
engineering costs but also tends to result in the underutilization of the material’s potential.
Furthermore, excessive reinforcement may trigger unpredictable and undesirable failure
modes that are difficult to control [19]. Therefore, the prestressed CFRP-strengthened RC
beam design theory established in this paper can adequately meet engineering demands
within the range of one to two layers of reinforcement.

5. Conclusions and Future Work
5.1. Conclusions

This paper systematically proposed a design theory and methodology for prestressed
carbon-fiber-reinforced polymer (CFRP)-sheet-strengthened reinforced concrete (RC) beams
through theoretical analysis and experimental investigation. The main conclusions are
as follows.

(1) This study established a design theory for prestressed CFRP-strengthened RC beams.
By strictly limiting the initial prestressing strain range, the theory effectively prevents
brittle failure due to over-strengthening. The experimental results demonstrated
strong agreement with the theoretical predictions, confirming the proposed theory’s
reliability and practical applicability for typical strengthening scenarios.

(2) An increase in CFRP layers can effectively enhance the overall stiffness of strengthened
beams; however, employing more than two layers may exacerbate CFRP delamina-
tion, consequently leading to a reduction in the load-bearing capacity along with
diminished strengthening effectiveness.

(3) The proposed optimized schemes—self-locking winding and pre-tightened bolt
anchorage—effectively mitigated prestress loss and ensured high tensioning ef-
ficiency. Nevertheless, the quality of the bond at the CFRP–concrete interface is
the critical factor limiting the effectiveness of the strengthening, particularly for
multi-layer applications.

5.2. Future Work

Building upon the limitations identified in this study and engineering demands, future
research should be deepened in the following three areas.

(1) Given that this study has not yet fully revealed the microscopic mechanisms of interfa-
cial failure in multi-layer CFRP strengthening, future work should incorporate micro-
characterization techniques such as SEM/XCT [37,38]. This will enable the quantitative
analysis of interfacial shear stress distribution, crack propagation, and bond degrada-
tion laws. A predictive model for the “layer number–stiffness–delamination threshold”
should be established to achieve a breakthrough beyond the current layer limitation.

(2) To facilitate the translation of laboratory findings into engineering practice, validation
via full-scale beam-strengthening tests (TRL 6), in-service monitoring of environmental
durability, and research on standardized construction methodologies are required.

(3) The scope should be extended to scenarios such as continuous beams and beams with
variable cross-sections. Furthermore, long-term performance tests of strengthened
beams under fatigue and impact loads should be conducted.
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