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Abstract

Reinforced concrete beams with a fiber-reinforced polymer (FRP) plate bonded to their
soffit, known as FRP-plated RC beams, commonly fail due to premature debonding of
the FRP plate, limiting the utilization of the FRP strength. Inclined U-jacketing has been
demonstrated to be effective as the end anchorage for mitigating debonding failures. The
mechanism by which the inclined U-jacketing mitigates debonding failure remains unclear,
and no design approach has been developed. Therefore, the present study has been con-
ducted to investigate the mitigating effects of the key parameters of the inclined U-jacket
through a series of four-point bending tests and systematic modeling. The test results
indicate that both the inclination angle and the chamfer radius significantly affected the
bond behavior of inclined U-jacket-to-concrete joints. Compared with the 45◦ configuration,
reducing the inclination angle to 30◦ increased the peak load and peak displacement by
85.4% and 81.6%, respectively. In contrast, the effect of U-jacket side height became negligi-
ble once an effective bonded height had been reached, as increasing the side height from
75 mm to 120 mm changed the peak load by only 2.17%. In addition, a pre-peak parameter
identification framework based on a power-function-type cohesive element constitutive
relationship was proposed and validated. By analyzing the power-function parameters,
namely the coefficient a and exponent b, the influences of U-jacket geometric variables on
interfacial mechanical behavior were quantitatively characterized. The proposed approach
provides experimentally verifiable parameterization to support the optimized design of
inclined U-jacket anchorage systems.
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1. Introduction
Externally bonding fiber-reinforced polymer (FRP) plates has been widely adopted

to enhance the flexural load-carrying capacity of reinforced concrete (RC) beams [1–3],
resulting in what are commonly referred to as FRP-plated RC beams. Such beams typically
fail through two distinct failure modes: (1) intermediate crack-induced debonding, which
initiates at the root of a major flexural crack and propagates toward the FRP plate end; and
(2) concrete cover separation, which originates at one of the FRP plate ends and propagates
along the level of the tension steel reinforcement toward the beam midspan [4,5]. Both
debonding failures are premature in nature, often occurring when the maximum FRP strain
reaches only 30% to 60% of its rupture strain, indicating low utilization efficiency of the FRP
material [6]. Moreover, the debonding strain has been reported to decrease with increasing
FRP thickness, while the strengthening efficiency tends to diminish as the internal steel
reinforcement ratio increases [7,8].
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To mitigate debonding failure and improve the utilization efficiency of FRP materials,
various anchorage measures have been explored, including metallic anchorages [9–11]
and non-metallic solutions [12–14]. Recent studies on structural strengthening and seismic
retrofitting have also shown that externally attached strengthening systems can effectively
improve structural performance, but their efficiency is highly dependent on the layout,
geometric configuration, and connection mechanism of the attached components [15,16].
However, many anchorage measures are susceptible to corrosion or require drilling into
concrete, whereas inclined U-jackets have been demonstrated to be a simple and effective
alternative. In this configuration, FRP sheets are bonded to the soffit and side faces of
the beam, thereby exploiting the concrete cross-section and its compressive resistance to
provide anchorage [17,18]. Previous studies have further shown that U-clamps and FRP
anchors can delay premature debonding, improve the strain utilization of flexural FRP
reinforcement, and, in some cases, shift the governing failure mode from debonding to FRP
rupture or concrete crushing [17,19]. The effectiveness of these anchorage systems depends
on several design parameters, including anchorage layout, U-wrap width or area ratio,
anchorage stiffness, and installation location [20]. Test results from the authors’ group have
indicated that the inclination angle significantly affects strengthening performance, with 45◦

U-jackets outperforming 90◦ configurations in certain cases [21–26]. However, two major
research gaps still remain: (1) the effects and interaction trends of key parameters—namely
concrete strength, chamfer radius, FRP laminate width and thickness, and U-jacket width,
inclination angle, thickness, and side height—have not been systematically quantified, and
their influence patterns on anchorage performance are not yet fully understood; (2) existing
finite-element (FE) models still lack constitutive representations capable of accurately
capturing the anchorage behavior of inclined U-jackets in FRP-strengthened systems.

To address these gaps, a series of lap-joint tests between inclined U-jackets and con-
crete were conducted using four-point bending configurations [27,28]. The influence of key
parameters—including concrete strength, chamfer radius, FRP plate width and thickness
(layer number), U-jacket width, inclination angle, and side height—on the bond properties
at the U-jacket–concrete interface was systematically investigated. In parallel, a finite-
element (FE) model was developed based on established modeling frameworks, theoretical
formulations, and a power-function-type cohesive element constitutive model, and its va-
lidity was verified by comparison with the experimental load–slip responses. A sensitivity
analysis of the power-function parameters a and b was further conducted to clarify how
U-jacket geometry governed the load–slip behavior and interfacial mechanical response.

2. Experimental Program
2.1. Specimen Design

An experimental program was designed to evaluate the effects of concrete strength,
chamfer radius, FRP width and thickness, and U-jacket width, inclination angle, thickness,
and side height on the interfacial bond performance between the U-jacket and the concrete
substrate. All specimens were numbered using C30, R25, P50, U25, I45, T2, Z100, and
CG120 (Figure 1). The coding definitions are as follows: “C30” denotes a concrete strength
grade of C30; “R25” denotes a chamfer radius of 25 mm; “P50” denotes a FRP plate width
of 50 mm; “U25” denotes a U-jacket width of 25 mm; “I45” denotes an inclination angle of
45◦; “T2” denotes 2 FRP layers; “Z100” denotes that the distance from both the load end
and free end of the FRP to the U-jacket within the concrete region is 100 mm; and “CG120”
denotes a side height of the U-jacket of 120 mm.
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Figure 1. Schematic diagram of research parameters (unit: mm).

To isolate the load–slip response of the U-jacket–concrete interface, no bonding treat-
ment was applied between the FRP base plate and the concrete surface. Potential interfer-
ence associated with FRP plate–concrete bonding was thereby eliminated. The control vari-
able method was employed to conduct comparative analysis between parameter-adjusted
specimens and standard specimens. To minimize random experimental errors and ensure
the reliability and accuracy of test data, parallel tests were performed under each variable
condition, with each parallel test group comprising two specimens.

Table 1 lists details for all test specimens. For clarity and ease of analysis, all variable
names in the table are abbreviated, with each variable corresponding to two specimens.
C30R25 serves as the reference specimen, while other designations indicate modified values
of the reference variable. For example, R35 denotes a specimen where the chamfer radius
was changed from 25 mm to 35 mm for the reference specimen, while all other variables
remained unchanged.

Table 1. Detailed information for all test specimens.

Name Number of Test Specimens

Baseline group C30R25 2

Base plate width C30P50 2
C30P100 2

Chamfer

C30R25 2
C30R35 2
C30R45 2
C50R35 2
C50R45 2

Inclination angle

C30I30 2
C30I60 2
C30I90 2
C30I135 2
C50I60 2
C50I90 2
C50I135 2

U-Jackets width
C30U25 2
C30U50 2
C30U75 2

Side height C30CG75 2
C30CG120 2

Thickness
C30T1 2
C30T2 2
C30T3 2
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The specimen consisted of a concrete block formed with chamfered edges using
wooden strips, and its overall dimensions were controlled. The cross-sectional width and
height were both 200 mm. The specimen length was 500 mm in most cases, whereas
specimens with an inclination angle of 30◦ were cast with a length of 700 mm. A steel
reinforcement cage was embedded in the concrete. The reinforcement grade was HRB400E,
and the concrete cover thickness was 25 mm. Four longitudinal bars with a diameter of
14 mm were used, including two top bars and two bottom bars. The ends of the bottom
longitudinal tensile bars were bent upward by 70 mm. Stirrups with a diameter of 8 mm
were arranged at a spacing of 100 mm, as shown in Figure 2. To promote failure at the right
end and facilitate observation, the U-jacket bonding length at the left end was intentionally
increased to 75 mm, while all other variables were kept constant. The thickness of a single
FRP sheet was 0.167 mm.

Figure 2. Photograph and schematic diagram of the reinforcement cage (unit: mm).

2.2. Specimen Preparation

Commercially available C30 and C50 concrete were used to cast specimens. During the
first 7 days of curing, the specimens were watered and covered with a wet cloth. Cylindrical
samples for compressive strength determination were cured under the same conditions
and tested at 28 days. Prior to FRP installation, the bonding regions were laid out on
the concrete surface using marked guidelines. The designated areas for the U-jackets
were then roughened using a pneumatic needle scaler to satisfy the surface-preparation
requirements for FRP-to-concrete bonding. The loading assemblies were subsequently
installed. At the hinge between the lifting-ring rod and the threaded rod, washers were
placed, and industrial lubricating oil was applied to reduce friction. Before FRP bonding,
the epoxy primer adhesive Sikadur®-330 (Sika (China) Ltd., Suzhou, China) and the carbon-
fiber impregnation resin KONY BOND E2500S (Konishi Co., Ltd., Osaka, Japan) were
prepared in accordance with the manufacturers’ instructions. The carbon-fiber fabric was
fully impregnated with the epoxy resin on both sides. The structural adhesive was then
uniformly applied to the prepared concrete surface. Afterward, the impregnated fabric was
bonded to the predesigned locations. The strengthened specimens were cured for at least
7 days after bonding before testing.

2.3. Material Properties

Composite tensile specimens were fabricated in accordance with Specification
D3039/D3039M-17 [29]. Tensile tests were performed to determine the elastic modu-
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lus and tensile strength of the composite along the fiber direction. The yield strength,
ultimate tensile strength, and elastic modulus of the reinforcing steel bars were determined
in accordance with GB/T 28900-2022 [30]. The corresponding results are summarized in
Table 2. The elastic modulus and Poisson’s ratio of concrete were determined in accordance
with ASTM C469/C469M [31]. For the C30 concrete, the elastic modulus and Poisson’s ratio
were 33,090 MPa and 0.21, respectively. For the C50 concrete, the corresponding values
were 42,880 MPa and 0.21, respectively.

Table 2. Material properties.

Name Type (mm) Yield Strength (MPa) Tensile Strength (MPa) Elastic Modulus (MPa)

Steel
8 460 630 198,000
14 433 601 178,000

FRP FRP / 3908 251,577

2.4. Test Apparatus and Instruments

As no specific standard is available for inclined U-jacket-to-concrete joints, the present
test method was developed with reference to established FRP-to-concrete bonded-joint
and anchorage test configurations. The adopted four-point bending setup and sectional
equilibrium-based load conversion were used to characterize the load–slip behavior of
the U-jacket anchorage. The loading arrangement is shown in Figure 3. Stepwise loading
was applied using a manual hydraulic jack. The load increment was 2.5 kN per step, and
each step was held for 1 min. Loading was continued until a clear anchorage failure was
observed, or until interfacial slip continued to develop while the sustained load could no
longer increase. During testing, video recording was performed on the underside of the
designated failure end to capture the debonding process, and the recordings were used
for failure-mode identification and post-test analysis. The maximum load attained in the
experimental load–slip response was defined as Pmax.

 

Figure 3. Testing setup.

A four-point bending testing configuration was adopted. Two concrete blocks were
connected through lifting-ring rods and the FRP plate. Rotation was permitted at the
lifting-ring hinges, and the bending moment at the hinge locations is assumed to be zero.
By applying sectional equilibrium at midspan and taking moments at the hinge point M,
the tensile force in the FRP at midspan is expressed as:

PFRP = (49.5 − 15)/16 × F (1)
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where F denotes the jack load, and PFRP is the midspan tensile force in the FRP (Figure 4).
For specimens with an inclination angle of 30◦, the relationship becomes:

PFRP = (54 − 15)/16 × F (2)

Figure 4. Calculation schematic diagram (unit: mm).

Strain was monitored using 15 strain gauges (Figure 5). Two gauges were attached
at the quarter points on the top surface at midspan, and one gauge was attached at the
center of the bottom surface at midspan. Five gauges were installed at locations 30 mm
away from the free ends and the joint regions. One gauge was placed at the midpoint of
the overlap region between the FRP plate and the U-jacket. In addition, six gauges were
arranged around the chamfered region, including four at the tangency points and two at
the chamfer centers. Relative slip between the FRP plate and concrete was measured using
displacement transducers. Angle-aluminum tabs were bonded to the FRP plate, and the
transducer supports were fixed to the concrete surface so that the differential displacement
across the FRP–concrete interface could be recorded.

Figure 5. Schematic diagram of strain gauge layout (unit: mm).

3. Results and Discussions
3.1. Effect of Inclination Angle and Concrete Strength

Figure 6 presents the load–displacement responses and key parameters for the C30 con-
crete with different inclination angles. As shown in Figure 6a, pronounced differences were
observed among the load–displacement curves. This indicates that the inclination angle
governed the pre-peak response, the peak load level, and the associated slip/displacement
capacity. For consistency, the specimen with a 45◦ inclination (C30I45) was used as the
reference (Pmax = 29.97 kN, Smax = 2.56 mm) in the following comparisons (Figure 6b).
When the inclination angle was reduced to 30◦, Pmax and Smax increased to 55.58 kN and
4.66 mm, corresponding to increases of 85.4% and 81.6%, respectively, relative to I45. This
trend suggests that at smaller inclination angles, force transfer at the FRP plate end was
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enhanced by the U-jacket, thereby enabling higher load capacity together with greater
displacement development [24].

Figure 6. Load–displacement curves and parameter comparisons for the C30 concrete group at
different inclination angles: (a) load–displacement curves and (b) peak load and displacement.

When the inclination angle was increased to 60◦, Pmax decreased to 25.23 kN, whereas
Smax increased to 3.26 mm. This response indicates that the peak load capacity was re-
duced, while the deformation capacity was maintained or enhanced. A markedly different
response was obtained for I90, where Pmax decreased to 9.70 kN (a 67.6% reduction relative
to I45) while Smax increased to 9.57 mm (a 273.3% increase). This behavior can be attributed
to the limited effective fiber component aligned with the primary force-transfer direction
in the 90◦ configuration, which constrained the peak capacity. Meanwhile, an extended
slip development stage could occur at the interface and in localized regions, resulting in
substantial displacement growth through progressive degradation and energy dissipa-
tion [24]. Meanwhile, both Pmax and Smax of I135 dropped to the lowest levels of 7.76 kN
and 0.69 mm, respectively, exhibiting typical weak and brittle behavior. Under the 135◦

configuration, the interfacial traction component resolved along the FRP fiber direction
can become predominantly compressive. Given the pronounced tension–compression
asymmetry of anisotropic FRP laminates, compressive loading is prone to inducing fiber
micro-buckling (buckling instability) and subsequent kink-band formation, thereby degrad-
ing load-transfer efficiency and promoting premature brittle failure [32,33].

Figure 7 shows the load–displacement responses and parameter comparisons for C30
and C50 concrete at different inclination angles. As shown in Figure 7a, similar load–
displacement characteristics were observed for the two strength grades. The influence
of concrete strength decreased as the inclination angle increased. Specifically, for I60,
when the concrete strength increased from C30 to C50, Pmax increased by 34.2%, whereas
Smax decreased by 16.9% (Figure 7b). This indicates that, under the I60 configuration, the
upper load limit of the anchorage zone was primarily enhanced by the increased strength.
Meanwhile, the slip capacity was reduced because interfacial damage propagation was
inhibited and the overall stiffness was increased [34]. Conversely, for I90, only minor
changes in peak load capacity were observed with increasing concrete strength, whereas
displacement development was markedly extended. For C50I90, Pmax and Smax reached
9.92 kN and 13.13 mm, respectively, corresponding to increases of 2.2% and 37.2% relative
to C30I90 (9.70 kN and 9.57 mm). This contrast indicates that the peak values under I90
were more likely constrained by non-strength-related factors, such as U-jacket load-transfer
efficiency and local fracture, while the higher concrete strength mainly improved energy
dissipation and ductility by restraining localized cracking and debonding propagation [24].
For I135, Pmax and Smax were 7.76 kN and 0.69 mm for C30, and 9.27 kN and 0.86 mm for
C50, respectively. Although both peak load and displacement were increased by higher
concrete strength under the I135 configuration, the absolute response levels remained
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within the low-capacity and low-slip range. This indicates that the stress path at an
inclination of 135◦ was inherently unfavorable. Therefore, strength improvement could
only partially compensate for concrete-related weaknesses and could not overcome the
overall inefficiency associated with brittle response at connections or insufficient effective
fiber contribution.

Figure 7. Load–displacement curves and parameter comparisons for the C30 and C50 concrete at
different inclination angles: (a) load–displacement curves and (b) peak load and displacement.

Furthermore, Figure 8 presents three representative failure modes observed at dif-
ferent inclination angles. The observed patterns were consistent with the characteristics
of the corresponding load–displacement responses. At an inclination angle of 30◦, global
debonding of the U-jacket was observed (Figure 8a). A relatively high load-carrying ca-
pacity was also achieved at this angle. Mechanistically, at 30◦ the fiber direction was more
closely aligned with the primary force-transfer path, and the tensile contribution of the FRP
was therefore mobilized more efficiently. As a result, load transfer along the anchorage
zone was distributed more uniformly, and severe localization at a single point was less
likely. Nevertheless, once a continuous damage path formed at a critical section, rapid
unloading was triggered and the response transitioned to global delamination. At an
inclination angle of 90◦, localized debonding was first initiated at the chamfer and was
subsequently followed by fracture of the U-jacket (Figure 8b). The early onset of chamfer
debonding suggests that damage evolved progressively prior to final failure, which is
consistent with the larger accumulated displacement. In addition, debonding propagation
was delayed by higher-strength concrete, allowing the slip stage to develop more fully and
thereby enhancing ductility. For the remaining inclination angles, failure was primarily
concentrated at the connection between the U-jacket and the FRP plate, and no pronounced
sliding was observed prior to rupture (Figure 8c). This indicates that stress concentration at
the connection region was the governing weakness, leading to tearing at the joint before
sufficient interfacial slip could develop, resulting in premature failure.

3.2. Effect of Chamfer Radius

Figure 9 compares the load–displacement responses and key parameters for C30 and
C50 specimens with different chamfer radii. As shown in Figure 9a, changes in chamfer
radius produced only minor variations in the overall curve shape. The main difference
between the C30 and C50 series was reflected in the peak load level and the displacement
corresponding to the peak. For the C30 series, Pmax increased as the chamfer radius was
increased from R25 to R45 (Figure 9b). The Pmax values for C30R25, C30R35, and C30R45
were 29.97 kN, 30.40 kN, and 34.72 kN, respectively, indicating that a larger chamfer radius
enhanced the peak load capacity. In contrast, the corresponding Smax values changed
only slightly (2.59 mm, 2.49 mm, and 2.69 mm, respectively). The variation in Smax was
much smaller than that in Pmax and did not follow a strictly monotonic trend, indicating
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a limited influence of chamfer radius on slip/displacement capacity. For the C50 series,
C50R45 reached a Pmax of 44.63 kN, which was 7.81% higher than that of C50R35 (41.40 kN).
Meanwhile, Smax for C50R45 decreased by 9.58% relative to C50R35, indicating that the
displacement capacity was not necessarily improved by increasing the chamfer radius at a
higher strength level. Further comparisons at identical chamfer radius show that increasing
concrete strength significantly increased Pmax. Specifically, Pmax for C50R35 and C50R45
increased by 36.2% and 28.6%, respectively, compared with C30R35 and C30R45. Overall,
within the range examined in this study, the primary contribution of chamfer radius to
anchorage performance was reflected in the improvement of peak load capacity, with R45
providing the highest load-carrying level for both strength grades. By contrast, the effect of
chamfer radius on peak displacement was relatively weak and appeared to depend on the
concrete strength.

 
Figure 8. Three representative failure modes observed under different inclination angles.
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Figure 9. Load–displacement curves and parameter comparisons for the C30 and C50 concrete at
different chamfer radii: (a) load–displacement curves and (b) peak load and displacement.

3.3. Effect of FRP Layer Number and Base-Plate Width

Figure 10 illustrates the influence of FRP layer number on the load–displacement
responses and key parameters. As shown in Figure 10a, a higher number of FRP layers was
associated with a stronger sustained load increase in the pre-peak stage. For C30T1, the
load increased rapidly at small displacements and then entered a pronounced plateau-like
stage, resulting in a relatively low peak. By contrast, C30T2 and C30T3 maintained a
substantial load increase over a wider displacement range, and both the peak load and
the peak displacement were markedly enhanced. The Pmax values for C30T1, C30T2, and
C30T3 were 15.53 kN, 29.97 kN, and 48.08 kN, respectively (Figure 10b). Relative to C30T1,
Pmax increased by 93.0% for C30T2 and by 209.6% for C30T3. Meanwhile, Smax increased
from 2.09 mm (C30T1) to 2.59 mm (C30T2; +23.9%) and 3.19 mm (C30T3; +52.6%). These
results indicate that increasing the number of FRP layers not only elevated the peak load
capacity but also enhanced the displacement capacity at peak load. Within the tested range,
the increase in Pmax exhibited an approximately linear trend with the number of FRP layers.

Figure 10. Load–displacement curves and parameter comparisons for different FRP layer numbers:
(a) load–displacement curves and (b) peak load and displacement.

Figure 11 shows the influence of FRP base-plate width on the load–displacement
responses and key parameters. As shown in Figure 11a, the curves for C30P50 and C30P100
exhibited similar overall shapes, with a continuous load increase up to the peak. However,
higher load levels were sustained by C30P100 over most of the displacement range. This
indicates that increasing the FRP base-plate width enhanced the load-carrying capacity
and slightly increased the displacement attained at peak load. As shown in Figure 11b,
Pmax increased from 29.97 kN (C30P50) to 35.15 kN (C30P100), while Smax increased from
2.59 mm to 2.96 mm. Thus, widening the base plate from 50 mm to 100 mm resulted in a
17.3% increase in peak load and a 14.3% increase in peak displacement. Because the U-jacket
configuration and the governing failure mode remained unchanged, the improvement was
primarily attributed to the base-plate width effect. A wider FRP plate provided a larger
effective load-transfer width and higher axial stiffness, thereby reducing the FRP strain
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required to transmit a given tensile force at the U-jacket–FRP connection and delaying
premature connection fracture [35]. In addition, because the wider plate extended closer
to the chamfered corners, force transfer was distributed over a broader region near the
chamfer. This interpretation is consistent with the more pronounced strain attenuation in
the chamfer-related strain distributions discussed later.

Figure 11. Load–displacement curves and parameter comparisons for different FRP base-plate widths:
(a) load–displacement curves and (b) peak load and displacement.

3.4. Effect of U-Jacket Width and Side Height

Figure 12 illustrates the influence of U-jacket width on the load–displacement re-
sponses and key parameters. As shown in Figure 12a, all specimens exhibited a generally
continuous load increase up to the peak. However, both the peak load and the displacement
at peak varied markedly with U-jacket width. For C30U25, Pmax and Smax were 29.63 kN
and 2.57 mm, respectively (Figure 12b). When the width was increased to 50 mm, Pmax and
Smax for C30U50 increased to 47.65 kN and 3.37 mm, corresponding to increases of 60.8%
and 31.1% relative to C30U25. When the width was further increased to 75 mm, Pmax and
Smax for C30U75 decreased to 45.50 kN and 2.23 mm, corresponding to reductions of 4.5%
and 33.8% relative to C30U50.

Figure 12. Load–displacement curves and parameter comparisons for different U-jacket widths:
(a) load–displacement curves and (b) peak load and displacement.

Failure observations showed that for U-jacket widths of 50 mm and 75 mm, the FRP
substrate failed by tensile rupture (Figure 13). This indicates that increasing U-jacket
width substantially mobilized the load-carrying capacity of the strengthened system and
shifted the governing failure mode from anchorage-controlled debonding to FRP rupture.
Consequently, a pronounced increase in both Pmax and Smax was achieved for C30U50
compared with C30U25, whereas C30U75, under FRP-rupture-dominated conditions, did
not further increase Pmax and instead exhibited a reduced Smax.
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Figure 13. FRP tensile fracture failure diagram.

Figure 14 illustrates the effects of U-jacket side height on the load–displacement
responses and key parameters. As shown in Figure 14a, the overall curve shape re-
mained largely unchanged with increasing side height. In addition, the peak load was only
marginally affected. The Pmax values for CG75 and CG120 were 30.62 kN and 29.97 kN,
respectively, corresponding to a difference of only 2.17% (Figure 14b). In contrast, Smax

decreased from 3.69 mm (CG75) to 2.59 mm (CG120), i.e., a 29.8% reduction. This result
indicates that increasing the side height from 75 mm to 120 mm did not improve the peak
load capacity but was associated with a smaller peak displacement. These observations
suggest the presence of an effective bonded length of the U-jacket along the fiber direction,
beyond which additional side height provides limited contribution to load transfer [34,36].
This inference was further supported by the strain measurements near the free end of the
U-jacket, where only minor deformation was recorded (Figure 15).

Figure 14. Load–displacement curves and parameter comparisons for different side heights of
U-jacket: (a) load–displacement curves and (b) peak load and displacement.

3.5. Strain Characteristics of FRP Plate and U-Jacket

To more accurately represent the stress state in the FRP, the midspan strain profile
was referenced to −35 mm from the slip-measurement point. The strain distributions
were examined at load levels spaced at 10% intervals of the ultimate load (Pu) to track
the evolution of composite strain with increasing load. As shown in Figure 15a, because
the FRP base plate was intentionally not bonded to concrete, the strains at the first three
measurement points (i.e., prior to the U-jacket region) remained nearly constant. By contrast,
the FRP strain near the loaded end increased approximately proportionally with load, then
decayed rapidly toward the free end and approached zero at the far end. This indicates
that force transfer and strain concentration were mainly confined to a limited region close
to the loaded end. At higher load ratios (approximately 0.8–1.0 Pu), the strain profile near
the U-jacket connection became increasingly non-monotonic and more scattered. This
behavior was attributed to increased deflection at high load levels, which intensified local
misalignment between the FRP and the concrete around midspan. The resulting eccentric
contact and local stress concentration led to fluctuations in the measured strain response.
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Figure 15. Strain characteristics of FRP plates and U–jackets for different specimens: (a) FRP,
(b) C30R25, (c) C30R35, (d) C30R45, (e) C50R35, and (f) C50R45.

The U-jacket strain distributions are shown in Figure 15b–f, where the chamfer region
is highlighted to clarify strain evolution in this critical zone. The origin for U-jacket strain
was set at the midpoint of the connection between the U-jacket and the FRP plate, so that the
relative deformation along the inclined load-transfer path could be captured. Three features
were consistently observed in the chamfered region. (1) Strain values near the chamfer-side
origin remained relatively low, indicating that compressive confinement provided by the
concrete reduced the tensile demand at the loading end. (2) Strain decayed nonlinearly
along the chamfered path, with a steeper decay at higher load levels, indicating stronger
stress redistribution in the chamfer zone during the high-load stage. (3) With increasing
load, the strain decay in the latter half of the chamfered segment became faster than that in
the initial half, implying a more fully activated load-transfer mechanism and a stronger
contribution of concrete confinement in the latter segment at high load levels. Notably,
for specimen C30R25, a distinct change in the local strain trend occurred as the applied
load increased from 0.6 Pu to 0.7 Pu. This transition was attributed to localized debonding
initiated by stress concentration near the start of the chamfer. Once debonding occurred,
the effective stress-transfer location at the U-jacket–concrete interface was shifted slightly
toward the free end [27]. Consequently, the strain measured at the chamfer center exceeded
that at the origin. A similar response was reported by Yuan et al. [36], who attributed it to
stress concentration near the loaded-end interface.

Different chamfer radii also produced discernible changes in the strain-redistribution
morphology. For the C30 series, R25 (Figure 15b) more readily developed a secondary
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peak or inflection within the chamfered zone at medium-to-high load ratios. By contrast,
R35 and R45 (Figure 15c,d) tended to exhibit a single-peak profile concentrated near the
chamfer start point, followed by rapid attenuation within the chamfered segment. This
indicates that increasing chamfer radius shifted the peak-strain location and altered the
strain-gradient distribution within the chamfer zone. A similar pattern was observed for
the C50 series (Figure 15e,f), where the strain response near the chamfer became more
concentrated and was more strongly amplified as the load ratio increased. This suggests
that, under higher stress levels, strain transfer and redistribution within the chamfered
region became more pronounced. Overall, the chamfered zone acted as the primary region
of strain attenuation and exhibited the highest sensitivity to load level, while the chamfer
radius systematically governed both the peak-strain location and the attenuation pattern
within this region.

4. Finite-Element Analysis
4.1. Model Design

Based on the experimental load–displacement curves, the power-function cohesive con-
stitutive model given in Equation (6) [37] was adopted to simulate the load–displacement
response of the U-jacket–anchored system. This interface-focused modeling strategy fol-
lows the established bond–slip and cohesive-zone approaches for FRP-to-concrete bonded
joints, in which the interfacial response is represented by local traction-separation or bond-
slip laws while the concrete substrate provides the supporting stiffness [34,36,38]. The
finite-element (FE) model was developed following established modeling approaches [8,39],
as shown in Figure 16.

Figure 16. Finite-element modeling.

A mesh sensitivity analysis was conducted using mesh sizes of 20 mm, 15 mm, 10 mm,
5 mm, and 1 mm for the representative specimen [40]. As shown in Figure 17, the predicted
peak load approached the experimental value as the mesh size decreased, and little differ-
ence was observed between the 5 mm and 1 mm meshes. Therefore, a uniform mesh size of
1 mm was adopted in the interfacial region for the subsequent analyses. Because the domi-
nant interfacial damage was reported to localize within approximately 2–5 mm from the
concrete interface [41], cohesive elements were employed to capture interface degradation,
whereas the concrete, steel reinforcement, and FRP were idealized as linear-elastic materials.
Based on theoretical derivations [36] and FE verification, the model parameters used in
this study are summarized in Table 3. Here, Smax denotes the displacement corresponding
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to the maximum load Pmax; τmax denotes the peak shear stress of the cohesive elements;
and a and b are the coefficients of the adopted power-function cohesive model. The model
length and the out-of-plane thickness of the cohesive layer were both set equal to the actual
U-jacket width.

0 5 10 15 20
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)

Mesh Size (mm)

Experimental value

Figure 17. Mesh sensitivity analysis of the predicted peak load with different mesh sizes.

Table 3. Peak load, peak displacement, and constitutive model parameters.

Name Smax (mm) Pmax (kN) a b

Chamfer

C30R25 2.59 29.97 26.947 0.539
C30R35 2.49 30.4 18.213 0.785
C30R45 2.74 34.72 26.720 0.755
C50R35 2.75 41.4 38.950 0.470
C50R45 2.47 44.63 43.747 0.535

Inclination Angle

C30I30 4.66 55.58 31.813 0.659
C30I45 2.59 29.97 26.947 0.539
C30I60 3.26 25.23 17.305 0.675
C30I90 9.57 9.7 1.631 1.000

C30I135 0.69 7.76 18.683 0.894
C50I60 2.71 33.85 28.960 0.617
C50I90 9.7 9.92 2.418 0.746

C50I135 0.86 9.27 18.279 0.904

Thickness
C30T1 2.3 15.53 19.469 0.396
C30T2 2.59 29.97 26.947 0.539
C30T3 3.19 48.08 33.914 0.738

Side Height CG75 2.59 29.97 26.958 0.519
CG120 2.59 29.97 26.947 0.539

Bottom Plate Width
C30P50 2.59 29.97 26.947 0.539

C30P100 2.59 29.97 28.826 0.566

U-Jacket Thickness
C30U25 2.59 29.97 26.947 0.539
C30U50 3.37 47.65 35.775 0.669
C30U75 2.23 45.5 7.773 1.000

4.2. Cohesive Element Constitutive Model

The cohesive constitutive model was calibrated using the following procedure. First,
the area under the experimental load–displacement curve (Figure 18) was calculated and
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then converted to an equivalent right triangle defined by S0 and P. Next, S0 and the peak
shear stress τmax, together with the model energy G, were determined using the elastic-
theory expressions proposed by Yuan et al. [36] (Equations (3) and (4)). A power-function
cohesive traction–separation relationship was then adopted for numerical simulation.
The relationship between the cohesive parameters a and b was obtained by integrating
the adopted power function. The exponent b was identified by fitting the experimental
response with the power-function form (Figure 19). The coefficient a was subsequently
calculated using Equation (9).

r1
2 =

τmax

S0

(
1

EFRPtp
+

bp

bcEctc

)
(3)

P =
τmaxbp

r1
tanh(r1U) (4)

G = 0.5S0τmax (5)

Figure 18. Conversion of test curve area.

Figure 19. Experimental results and finite-element calculations: (a) C30I30, (b) C50I60, (c) C30R25,
(d) C50R35, (e) C30CG75, (f) C30T1, (g) C30P100, and (h) C30U50.

Among them, EFRP and tp are the elastic modulus and thickness of the FRP, respectively;
EC, tc, and bc are the elastic modulus, thickness, and width of the concrete, respectively; bp
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and U both refer to the width of the U-jackets. Here, τmax is an unknown quantity, which
can be adjusted using MATLAB 2022 to satisfy the aforementioned equations. Then, the
energy constitutive G of the element is calculated.

Considering the shape of the experimental load–displacement response and the se-
lected cohesive-function formulation, the bilinear cohesive model was taken as the reference
and is expressed in Equation (6) [42]. Because the post-peak (descending) branch of the
load–displacement curve could not be reliably captured in the present tests, only the
ascending branch was considered in the constitutive description to better represent the
experimental observations. The ascending branch was subsequently reformulated using
a power-function expression (Equation (7)), and the empirical parameters a and b were
re-identified through curve fitting.τ = τmax

(
S
S0

)a
S ≤ S0

τ = τmaxe−b( S
S0

−1) S > S0

(6)

y = axb, 0 < b ≤ 1 (7)∫ S0

0
axbdx = S (8)

a =
S(b + 1)

S0
b+1 (9)

4.3. Parameter Analysis

The exponent b was obtained by fitting the experimental load–displacement curve
(Figure 19a), yielding b = 0.659. The coefficient a was then calculated from Equation (9) us-
ing the identified b. The resulting constitutive relationship was subsequently implemented
in the FE model shown in Figure 16, which was developed and solved using Abaqus. As
evidenced by the comparison between the simulated and experimental load–displacement
curves in Figure 19, the adopted power-function cohesive model reproduced the experimen-
tal response with good accuracy, indicating that the proposed simplified scheme provided
a satisfactory fit.

Accordingly, based on the experimental results, theoretical derivations, and FE simula-
tions, the fitted values of the power-function coefficient a and exponent b were compiled
and processed, as reported in Tables 3 and 4. Because the cohesive function followed a
power function, a controlled the overall scale of the traction–separation response, whereas
b governed the rate of nonlinear growth/decay [43]. This constitutive form enabled a
quantitative interpretation of how U-jacket parameters influenced anchorage performance.
In this context, a primarily reflected the stiffness-related characteristics of the cohesive
response, while b characterized the nonlinear evolution of energy dissipation.

When b was held constant, a effectively controlled the initial stiffness (i.e., the effective
modulus) of the power-function relationship. Increasing a increased the predicted load
P; however, the marginal increase became less pronounced once a exceeded a threshold
level. In addition, the combined trends of a and b were used to infer the variation in P in
the load–displacement response. When the trends of a and b were consistent, the trend
of P could be assessed directly: (1) if both a and b increased, the corresponding variable
was associated with an increase in load; and (2) if both decreased, the load tended to
decrease. When a and b varied in opposite directions, the net effect was determined from
the P–variable relationship: (a) a positive slope indicated a favorable effect; (b) a negative
slope indicated an unfavorable effect; and (c) a near-zero slope indicated a negligible effect,
in which case a moderate parameter level could be adopted. Therefore, for the parametric
analysis of inclined U-jacket anchorage, the power-function-type cohesive zone model is
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suggested as an appropriate interface-level model. It can describe the nonlinear pre-peak
load–slip response through two physically interpretable parameters, namely the coefficient
(a) and exponent (b). The model is suitable for comparing the effects of U-jacket geometric
variables on interfacial load transfer, whereas a more detailed concrete damage model
would be required for predicting full post-peak fracture or concrete crushing.

Table 4. Coefficient a, exponent b, and load P.

Name Strength
Exponent b Coefficient a Load P

Slope Intercept Slope Intercept Slope Intercept

Chamfer
C30 0.0108 0.269 −0.0114 27.232 0.2375 24.033
C50 0.0065 0.243 0.48 22.163 0.323 30.095

Inclination Angle C30 0.00283 0.501 −0.484 47.117 −1.012 82.452

Thickness C30 0.171 0.21567 7.222 12.332 16.275 −1.357

Side Height C30 0.000444 0.486 −0.00024 26.976 0 29.97

Bottom Plate Width C30 0.00054 0.512 0.0376 25.069 0.104 24.79

U-Jacket Thickness C30 0.00922 0.3085 −0.383 36.534 0.311 22.205

5. Conclusions
The present study systematically investigated the effects of key parameters on the

bond performance of the U-jacket–concrete interface. A finite-element (FE) model was
adopted to develop the constitutive model of the cohesive elements for the U-jacket–
concrete interfaces, and its validity was verified by comparison with experimental load–slip
responses. A sensitivity analysis of the power-function-type parameters a and b was
obtained to clarify how U-jacket geometry governed the load–displacement behavior and
interfacial mechanical response. The main conclusions are summarized as follows:

(1) Among all the parameters examined, the inclination angle had the most significant
effect on the bond behavior of inclined U-jacket-to-concrete joints. A decrease in
the inclination angle facilitated force transfer from the tension plate to the U-jackets,
leading to a change in failure mode and an increase in joint strength. Specifically, the
joint strength increased from 7.76 kN at an inclination angle of 135◦ to 55.58 kN at 30◦.

(2) At the chamfer, the FRP–concrete interface was subjected to a complex stress state
involving both shear stress and normal compressive stress. The presence of normal
compressive stress enhanced the bond strength of the interface. A larger chamfer
radius provided a longer FRP–concrete contact region, thereby increasing the joint
strength. Specifically, specimen C30R25 exhibited lower strength than its counterpart
with a chamfer radius of 45 mm.

(3) Based on the numerical results and corresponding parametric analysis, the effects of
the power-function coefficient (a), exponent (b), and load response (P) were systemati-
cally evaluated for U-jacket anchorage design. The proposed power-function cohesive
law enabled a quantitative interpretation of the intrinsic relationship between U-jacket
parameters and anchorage behavior: (a) characterized the stiffness-related scaling
of the interfacial cohesive response, whereas (b) governed the nonlinear evolution
associated with energy dissipation.

Overall, the load-carrying mechanisms and failure patterns of U-jacket–concrete an-
chorage were clarified through systematic four-point bending tests, with particular empha-
sis on inclination angle, chamfer geometry, side height, and FRP/U-jacket configurations.
A pre-peak parameter identification framework based on power-function-type cohesive
mechanics was proposed and validated. This framework translated macroscopic load–slip
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responses into transferable interfacial strength and evolution metrics, thereby providing an
experimentally verifiable basis for quantitative selection and optimized design of U-jacket
anchorage configurations.

Author Contributions: Y.L.: Methodology, Investigation, Visualization, Writing—original draft. K.Z.:
Validation, Methodology, Writing—review and editing, Formal analysis. B.F.: Conceptualization,
Supervision, Methodology, Writing—review and editing, Formal analysis, Funding acquisition. All
authors have read and agreed to the published version of the manuscript.

Funding: The authors gratefully acknowledge the financial support provided by the National Natural
Science Foundation of China (Project No.: 52178212) and Guangzhou Municipal-University Joint
Funding Program for Basic Research (Project No.: 2025A03J3561).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Khodadadi, N.; Roghani, H.; Harati, E.; Mirdarsoltany, M.; De Caso, F.; Nanni, A. Fiber-reinforced polymer (FRP) in concrete: A

comprehensive survey. Constr. Build. Mater. 2024, 432, 136634. [CrossRef]
2. Kim, C.; Cho, C.H.; Son, I.; Lee, H.; Han, J.W.; Kim, J.-G.; Lee, J.H. Effect of microscale oil penetration on mechanical and chemical

properties of carbon fiber-reinforced epoxy composites. J. Ind. Eng. Chem. 2018, 61, 112–118. [CrossRef]
3. Sandesh, N.U.; Rajanna, T.; Arya, B.; Pasha, A. Advances in retrofitting RC Slabs with FRP laminates: A comprehensive review of

structural performance and debonding mitigation. J. Build. Pathol. Rehabil. 2025, 10, 69. [CrossRef]
4. Pan, J.; Leung, C.K.Y. Debonding along the FRP–concrete interface under combined pulling/peeling effects. Eng. Fract. Mech.

2007, 74, 132–150.
5. Teng, J.G.; Smith, S.T.; Yao, J.; Chen, J.F. Intermediate crack-induced debonding in RC beams and slabs. Constr. Build. Mater. 2003,

17, 447–462. [CrossRef]
6. Kalfat, R.; Al-Mahaidi, R.; Smith, S.T. Anchorage devices used to improve the performance of reinforced concrete beams retrofitted

with FRP composites: State-of-the-art review. J. Compos. Constr. 2013, 17, 14–33.
7. Esfahani, M.R.; Kianoush, M.R.; Tajari, A.R. Flexural behaviour of reinforced concrete beams strengthened by CFRP sheets. Eng.

Struct. 2007, 29, 2428–2444. [CrossRef]
8. Lu, T.; Li, P.; Cui, C.; Wu, J.; Fu, B. Shear transferring mechanism of the FPR-to-concrete bonded joint with end U-jacketing: A

theoretical study. Structures 2023, 56, 104991.
9. Wu, Y.-F.; Huang, Y. Hybrid Bonding of FRP to Reinforced Concrete Structures. J. Compos. Constr. 2008, 12, 266–273. [CrossRef]
10. Ceroni, F.; Pecce, M.; Matthys, S.; Taerwe, L. Debonding strength and anchorage devices for reinforced concrete elements

strengthened with FRP sheets. Compos. Part B Eng. 2008, 39, 429–441. [CrossRef]
11. Mofidi, A.; Chaallal, O.; Benmokrane, B.; Neale, K. Performance of end-anchorage systems for RC beams strengthened in shear

with epoxy-bonded FRP. J. Compos. Constr. 2012, 16, 322–331.
12. Zhou, Y.; Chen, X.; Fan, Z.; Sui, L.; Li, D.; Xing, F. Bond behaviors of FRP-to-concrete interface under the control of a novel

end-anchorage system. Compos. Struct. 2017, 168, 130–142.
13. Eslami, A.; Shayegh, H.R.; Moghavem, A.; Ronagh, H.R. Experimental and analytical investigations of a novel end anchorage for

CFRP flexural retrofits. Compos. Part B Eng. 2019, 176, 107309. [CrossRef]
14. Kotynia, R.; Abdel Baky, H.; Neale Kenneth, W.; Ebead Usama, A. Flexural Strengthening of RC Beams with Externally Bonded

CFRP Systems: Test Results and 3D Nonlinear FE Analysis. J. Compos. Constr. 2008, 12, 190–201. [CrossRef]
15. Ahmadi, H.M.; Zucconi, M.; Formisano, A.; Ferracuti, B. Seismic retrofitting of masonry walls using regular steel grids and steel

web plates. Procedia Struct. Integr. 2026, 78, 1745–1752. [CrossRef]
16. Formisano, A.; Ahmadi, H.M.; Mazzolani, F.M. Ductility and Behaviour Factor of RC Frame—Per forated SPSW Dual Systems.

Key Eng. Mater. 2018, 763, 835–845.
17. Lee, J.; Lopez Maria, M. Characterization of FRP Uwrap Anchors for Externally Bonded FRP-Reinforced Concrete Elements: An

Experimental Study. J. Compos. Constr. 2016, 20, 04016012. [CrossRef]
18. Tajaddini, A.; Ibell, T.; Darby, A.; Evernden, M.; Silva, P. Prediction of Capacity for Moment Redistribution in FRP-Strengthened

Continuous RC T-Beams. J. Compos. Constr. 2017, 21, 04016066. [CrossRef]

https://doi.org/10.3390/buildings16132691

https://doi.org/10.1016/j.conbuildmat.2024.136634
https://doi.org/10.1016/j.jiec.2017.12.007
https://doi.org/10.1007/s41024-025-00576-x
https://doi.org/10.1016/s0950-0618(03)00043-6
https://doi.org/10.1016/j.engstruct.2006.12.008
https://doi.org/10.1061/(asce)1090-0268(2008)12:3(266)
https://doi.org/10.1016/j.compositesb.2007.05.002
https://doi.org/10.1016/j.compositesb.2019.107309
https://doi.org/10.1061/(asce)1090-0268(2008)12:2(190)
https://doi.org/10.1016/j.prostr.2025.12.222
https://doi.org/10.1061/(asce)cc.1943-5614.0000642
https://doi.org/10.1061/(asce)cc.1943-5614.0000719
https://doi.org/10.3390/buildings16132691


Buildings 2026, 16, 2691 20 of 20

19. Grelle, S.V.; Sneed, L.H. Review of Anchorage Systems for Externally Bonded FRP Laminates. Int. J. Concr. Struct. Mater. 2013, 7,
17–33. [CrossRef]

20. Tatar, J.; Hamilton, H.R.; Ansley, M.H. Effect of U-Wrap Anchors on Flexural Behavior of Reinforced Concrete Beams Flexurally
Strengthened with Externally Bonded CFRP Sheets. J. Compos. Constr. 2022, 27, 04022096.

21. Fu, B.; Chen, G.M.; Teng, J.G. Mitigation of intermediate crack debonding in FRP-plated RC beams using FRP U-jackets. Compos.
Struct. 2017, 176, 883–897. [CrossRef]

22. Pimanmas, A.; Pornpongsaroj, P. Peeling behaviour of reinforced concrete beams strengthened with CFRP plates under various
end restraint conditions. Mag. Concr. Res. 2004, 56, 73–81. [CrossRef]

23. Chen, W.; Pham, T.M.; Sichembe, H.; Chen, L.; Hao, H. Experimental study of flexural behaviour of RC beams strengthened by
longitudinal and U-shaped basalt FRP sheet. Compos. Part B Eng. 2018, 134, 114–126. [CrossRef]

24. Fu, B.; Tang, X.T.; Li, L.J.; Liu, F.; Lin, G. Inclined FRP U-jackets for enhancing structural performance of FRP-plated RC beams
suffering from IC debonding. Compos. Struct. 2018, 200, 36–46.

25. Zhang, S.S.; Ke, Y.; Smith, S.T.; Zhu, H.P.; Wang, Z.L. Effect of FRP U-jackets on the behaviour of RC beams strengthened in
flexure with NSM CFRP strips. Compos. Struct. 2021, 256, 113095. [CrossRef]

26. Fu, B.; Teng, J.G.; Chen, J.F.; Chen, G.M.; Guo, Y.C. Concrete Cover Separation in FRP-Plated RC Beams: Mitigation Using FRP
U-Jackets. J. Compos. Constr. 2017, 21, 04016077. [CrossRef]

27. Yao, J.; Teng, J.G.; Chen, J.F. Experimental study on FRP-to-concrete bonded joints. Compos. Part B Eng. 2005, 36, 99–113.
28. Pellegrino, C.; Tinazzi, D.; Modena, C. Experimental Study on Bond Behavior between Concrete and FRP Reinforcement.

J. Compos. Constr. 2008, 12, 180–189. [CrossRef]
29. ASTM D3039/D3039M-17; Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials. ASTM Interna-

tional: West Conshohocken, PA, USA, 2017.
30. GB/T 28900-2022; Test Methods of Steel for Reinforcement of Concrete. Standards Press of China: Beijing, China, 2022.
31. ASTM C469/C469M-22; Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in Compression.

ASTM International: West Conshohocken, PA, USA, 2022.
32. Krishnappa, S.; Gururaja, S. Compressive failure mechanisms in unidirectional fiber reinforced polymer composites with

embedded wrinkles. Compos. Part B Eng. 2024, 284, 111688. [CrossRef]
33. Zhang, N.; Huang, D.; Quan, H.; Ye, C.; Peng, C.; Tao, L.; Zhu, S.; Fan, Z.; Shi, K.; Qian, F.; et al. Unveiling the microscopic

compression failure behavior of mesophase-pitch-based carbon fibers for improving the compressive strength of their polymer
composites. Compos. Part B Eng. 2024, 283, 111658.

34. Lu, X.Z.; Teng, J.G.; Ye, L.P.; Jiang, J.J. Bond–slip models for FRP sheets/plates bonded to concrete. Eng. Struct. 2005, 27, 920–937.
35. Lin, J.-P.; Wu, Y.-F.; Smith, S.T. Width factor for externally bonded FRP-to-concrete joints. Constr. Build. Mater. 2017, 155, 818–829.
36. Yuan, H.; Teng, J.G.; Seracino, R.; Wu, Z.S.; Yao, J. Full-range behavior of FRP-to-concrete bonded joints. Eng. Struct. 2004, 26,

553–565.
37. Yuan, Y.; Milani, G. Closed-form model for curved brittle substrates reinforced with FRP strips. Compos. Struct. 2023, 304, 116443.
38. Yu, H.; Bai, Y.L.; Dai, J.G.; Gao, W.Y. Finite element modeling for debonding of FRP-to-concrete in terfaces subjected to mixed-mode

loading. Polymers 2017, 9, 438. [PubMed]
39. Du, R.; Orr, J.; Yang, Z.; Zhang, Z. Modelling of interfacial debonding between FRP and concrete using the scaled boundary finite

element method. Mech. Mater. 2026, 215, 105622. [CrossRef]
40. Ahmadi, H.M.; Zucconi, M.; Formisano, A.; Ferracuti, B. Design-oriented equations for shear elastic buckling force in perforated

lipped C-channels. J. Constr. Steel Res. 2026, 243, 110400. [CrossRef]
41. Ke, Y.; Zhang, S.S.; Nie, X.F.; Yu, T.; Yang, Y.M.; Jedrzejko, M.J. Finite element modelling of RC beams strengthened in flexure with

NSM FRP and anchored with FRP U-jackets. Compos. Struct. 2022, 282, 115104. [CrossRef]
42. Augusthus Nelson, L.; Weekes, L.; Milani, G.; Al-Allaf, M. Generalised analytical solutions for linear and non-linear bond–slip

models for externally bonded FRP to a concrete substrate. Eng. Struct. 2024, 298, 117025.
43. Park, K.; Paulino, G.H. Cohesive Zone Models: A Critical Review of Traction-Separation Relationships Across Fracture Surfaces.

Appl. Mech. Rev. 2011, 64, 060802. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/buildings16132691

https://doi.org/10.1007/s40069-013-0029-0
https://doi.org/10.1016/j.compstruct.2017.05.049
https://doi.org/10.1680/macr.56.2.73.36295
https://doi.org/10.1016/j.compositesb.2017.09.053
https://doi.org/10.1016/j.compstruct.2020.113095
https://doi.org/10.1061/(asce)cc.1943-5614.0000721
https://doi.org/10.1061/(asce)1090-0268(2008)12:2(180)
https://doi.org/10.1016/j.compositesb.2024.111688
https://www.ncbi.nlm.nih.gov/pubmed/30965740
https://doi.org/10.1016/j.mechmat.2026.105622
https://doi.org/10.1016/j.jcsr.2026.110400
https://doi.org/10.1016/j.compstruct.2021.115104
https://doi.org/10.1115/1.4023110
https://doi.org/10.3390/buildings16132691

	Introduction 
	Experimental Program 
	Specimen Design 
	Specimen Preparation 
	Material Properties 
	Test Apparatus and Instruments 

	Results and Discussions 
	Effect of Inclination Angle and Concrete Strength 
	Effect of Chamfer Radius 
	Effect of FRP Layer Number and Base-Plate Width 
	Effect of U-Jacket Width and Side Height 
	Strain Characteristics of FRP Plate and U-Jacket 

	Finite-Element Analysis 
	Model Design 
	Cohesive Element Constitutive Model 
	Parameter Analysis 

	Conclusions 
	References

