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Abstract: This study experimentally assessed the shear performance of reinforced concrete (RC)
beams strengthened with U-shaped High-Performance Fibre-Reinforced Concrete (HPFRC) under
static and fatigue loading. Key parameters included HPFRC jacket thickness and beam shear span–
depth (a/d) ratio. Five beams were tested under static loads to determine ultimate shear strengths,
followed by fatigue tests on identical beams at 30–70% of ultimate shear strengths at 4 Hz. In static
loading experiments, all the HPFRC jacketing proved effective, increasing the shear strength of RC
beams by 95% to 130%. Although the strengthening system did not change the failure mode of the
beams, the strengthened beams exhibited pseudo-ductile behaviour. As the a/d increased, the shear
enhancement capability of the HPFRC jackets decreased. In fatigue loading experiments, all the
HPFRC systems improved the fatigue life of RC beams. Specifically, in beams with an a/d ratio of 2.0,
the fatigue life was extended from 75 cycles to a maximum of 951 cycles, while in beams with an a/d
ratio of 3.5, it increased from 12,525 cycles to 48,786 cycles. In addition, a predictive model has been
developed for the fatigue life of HPFRC/UHPFRC shear-strengthened beams, utilising the maximum
fatigue load and the design’s ultimate shear strength under static loading conditions.

Keywords: reinforced concrete; beam; HPFRC; fibre-reinforced concrete; shear strengthening;
retrofitting; fatigue

1. Introduction

Due to increased loads, deteriorating environmental conditions, and more stringent
design specifications, the existing reinforced concrete (RC) structures have experienced
a decline in their load-bearing capacity. They may no longer adequately meet opera-
tional requirements. The damage caused by earthquakes over the years has shown the
vulnerability of the existing structures to seismic activity [1,2]. For example, the devas-
tating 7.8 magnitude earthquake in Turkey and Syria in January 2023 resulted in over
50,000 deaths and 173,000 collapsed buildings [3]. Most RC buildings constructed before
the 1970s have structural deficiencies related to insufficient transverse reinforcement, in-
adequate lap splice and anchorage lengths, brittle stirrups, and material degradation due
to exposure to aggressive environmental conditions [4–7]. These deficiencies significantly
increase the risk of abrupt shear failures and collapses during earthquakes. Therefore, it is
crucial to implement structural rehabilitation and strengthening measures to enhance the
resilience of older RC buildings against future seismic events [8–10].

In addition, the existing structures, especially bridges and coastal structures, are prone
to fatigue loading, leading to structural degradation and potential failure over time [11].
The fatigue performance of these structures is crucial for their long-term durability and
safety. For example, studies by Laterza et al. [12] and Roberts et al. [13] have explored
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the fatigue behaviour of masonry and brick arch bridges, highlighting the challenges of
maintaining structural integrity under repeated cyclic loading. These studies emphasise the
importance of understanding fatigue strength to ensure the safety and service life of the ex-
isting infrastructure. Specifically, the durability of RC structures decreases under repeated
loading, and deformation and cracks propagate with increasing loading cycles [14–16].
This makes embedded steel bars more easily exposed to harsh environments, affecting
the structural load-bearing capacity and integrity [14]. In recent years, High-Performance
Fibre-Reinforced Concrete (HPFRC) and Ultra-high-Performance Fibre-Reinforced Con-
crete (UHPFRC) have emerged as promising solutions for structural strengthening [17,18].
The characteristics of ordinary concrete include lower tensile strength and ductility, which
can be enhanced by incorporating steel fibres into the matrix [18]. UHPFRC and HPFRC
exhibit remarkably similar mechanical properties [19]. They utilise fine powders (silica
fume), low water–binder ratios, and superplasticisers, resulting in a dense matrix with
enhanced homogeneity and lower permeability than conventional concrete [19–23]. The
reduced permeability enhances resistance against the ingress of harmful chemicals, leading
to superior corrosion resistance and durability [24–26]. HPFRC/UHPFRC exhibits excellent
resistance to damage from freeze–thaw cycles and high temperatures, and the shrinkage can
be minimised to zero through proper heat treatment, thus enhancing durability against age-
ing [24,27]. In addition, the low coarse aggregate content and high fibre fraction (typically
around 2%) improve the stiffness and ductility of structures [27,28]. HPFRC/UHPFRC
demonstrate superior compressive strengths over ordinary concrete, with HPFRC val-
ues spanning 90–120 MPa and UHPFRC exceeding 120 MPa [18,24–26,29]. Therefore,
these properties make HPFRC/UHPFRC an ideal material for strengthening beams as a
jacketing device.

Despite the advantages of HPFRC jackets, research on UHPFRC-strengthened beams
remains limited and primarily focused on the performance under static loading [16]. In a
recent study [28], the tensile zone of non-stirrup rectangular RC beams was replaced with
UHPFRC. The study demonstrated the effectiveness of UHPFRC in shear strengthening
through four-point bending tests. It was found that all the UHPFRC-strengthened beams
failed at 1.6–2.0 times the shear force of the control beams. Moreover, they illustrated that
the bond between UHPFRC and normal concrete was very high, so no additional connectors
between those two surfaces were needed. Garg et al. [30] used a different technology to
apply UHPFRC jacketing. In their tests, all the beams were first loaded to 60% of their
ultimate capacity, then cut a U-shaped area with a depth of 25 mm and coated with an epoxy
resin, and finally, UHPFRC was cast. The results showed that UHPFRC could increase
damaged RC beams’ shear capacity, ductility, and energy absorption. However, they
further pointed out that the bond strength between the newly cast UHPFRC and ordinary
concrete and the confinement provided by UHPFRC were important factors in enhancing
the initial behaviour of stressed RC beams. They recommended improving the interfacial
bond through surface treatment techniques to further increase the shear-strengthening
performance. He and Liu [31] proposed design guidelines for UHPFRC-strengthened
rectangular RC beams that considered size effects. To verify the accuracy of the formula,
they tested beams with shear span ratios (a/d) of 2.2, 2.6, 2.7, and 3.2, respectively. The
results proved the influence of the shear span ratio on the shear-strengthening effect and
demonstrated the interaction between the UHPFRC layer and internal reinforcement. In
summary, research on the shear behaviour of HPFRC/UHPFRC-strengthened beams is
limited, especially on the effects of different shear span ratios and HPFFRC/UHPFRC
thickness on the shear strengthening performance.

The current understanding of HPFRC’s fatigue behaviour, especially in the context
of shear performance, remains limited [16]. Murthy et al. [16] conducted fatigue tests on
damaged beams, which were subsequently retrofitted with 10 mm UHPFRC for flexural
reinforcement, exploring the effects of various damage levels (70%, 80%, and 90%) on
the beams’ fatigue performance. The tests were performed at a stress ratio of 0.1 and
a frequency of 2 Hz. The results demonstrated that UHPFRC effectively restored the
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beams to their pre-damage state, offering increased fatigue life and comparable ductility to
undamaged beams. Similarly, Wang et al. [32] conducted testing on eleven T-shaped beams
that were flexurally strengthened through the application of UHPFRC jackets. These beams
underwent four-point bending fatigue tests, subjected to frequencies of 2–4 Hz, load ranges
spanning from 0% to 80% of their ultimate capacity, and enduring up to 2,000,000 cycles.
The findings confirmed the effectiveness of UHPFRC in enhancing fatigue resistance and
suggested that increasing UHPFRC thickness improved reinforcement effects. It is evident
that research on the fatigue performance of HPFRC-strengthened beams is limited, and
systematic studies on the fatigue behaviour of shear-strengthened beams are absent. There
is a notable gap in knowledge regarding the fatigue shear behaviour of these materials,
highlighting the need for further experimental and analytical studies in this area.

Therefore, to address the research gap in the shear enhancement effects of HPFRC-
jacketed beams, this study aims to investigate the shear behaviour of RC beams experi-
mentally strengthened with HPFRC jackets under static and fatigue loading. The main test
parameters include the shear span ratio of the beams (2.0 and 3.5) and the thickness of the
HPFRC jacket (10 mm and 20 mm). This research will provide evidence for HPFRC as an
advanced strengthening technique to enhance critical RC structures’ fatigue shear resis-
tance. This study improves the understanding of the static and fatigue shear performance
of UHPFRC-strengthened beams, addressing gaps in the current research. To the best of the
author’s knowledge, this study represents the first comprehensive analysis of the fatigue
performance of UHPFRC shear-strengthened beams. In addition, digital image correlation
(DIC) techniques were used to observe the behaviour of the strengthening system under
both static and fatigue conditions, offering deeper insights into deformation patterns and
failure mechanisms.

2. Experimental Programme
2.1. Specimen Details

The experimental investigation assessed ten RC beams under three-point bending
conditions. Out of this set, five beams were subjected to monotonic loading tests, while the
remaining five, identical in specifications, were tested under fatigue loading. Within the
subset of five beams subjected to monotonic testing, three beams were characterised by a
shear span–depth ratio of 2.0 (Group A), and the remaining two had a shear span–depth
ratio of 3.5 (Group B). The beams had a rectangular cross-sectional geometry, 102 mm
in width, 203 mm in height, and an overall length of 1677 mm, as depicted in Figure 1.
The effective span of each beam was 1100 mm. Two shear span lengths were employed:
350 mm for Group A and 620 mm for Group B. No transverse reinforcement was placed
within the critical region of the shear span, which was intended to promote shear failure
within the beams. In the shear-sufficient span, 8 mm diameter stirrups were placed at
140 mm intervals. Regarding the longitudinal reinforcement, 2 Ø 16 longitudinal rebars
were used in tension with 2 Ø 10 rebars in compression. All the beams, except for the two
control beams, were strengthened in the shear-deficient regions using U-shaped HPFRC
jacketing. This configuration was chosen because the U-shaped jacket effectively confines
the sides of the beams, enhancing their shear capacity by targeting diagonal shear cracks
that typically develop in critical shear zones [33].

Table 1 summarises the tested beams, which were labelled as ‘X-Y’. ‘X’ denotes the
beam group, where ‘A’ indicates the beam with a shear span of 2.0, while ‘B’ indicates
the beam with a shear span of 3.5. ‘Y’ corresponds to the beam jacketing configuration, in
which ‘C’ represents the control beam, ‘10’ denotes beams with 10 mm HPFRC jacketing,
and ‘20’ corresponds to beams with 20 mm HPFRC jacketing.
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Figure 1. Beam Details: (a) Layout of the reinforcement of the beams; (b) cross-section; (c) strengthen-
ing configurations.

Table 1. Details of the specimens.

Name Jacketing Type

Group A (a/d = 2.0)
A-N Control beam
A-10 10 mm HPFRC
A-20 20 mm HPFRC

Group B (a/d = 3.5) B-N Control beam
B-10 10 mm HPFRC

In the HPFRC system, steel fibres were incorporated into the High-Performance
Concrete (HPC) with a volume fraction of 1.66%. According to the manufacturer, the 28-day
standard compressive strength and elastic modulus of the HPFRC can reach 106.5 MPa and
43 GPa, respectively. The geometric and mechanical properties of HPC [34] are detailed
in Table 2, while Table 3 summarises the properties of the steel fibre [35], with all the data
sourced directly from the manufacturers. The average cube compressive strength of the
concrete 28 days after casting was 22 MPa. Three 150 mm concrete cubes were tested on the
day of beam testing to determine the concrete compressive strength, and the average value
was taken. Tables 4 and 5 present the concrete compression strength for each specimen
under monotonic and fatigue loading, respectively. The yield stresses for the longitudinal
bars with 16 mm and 10 mm diameters were 538 MPa and 527 MPa, respectively, while the
yield stress of the 8 mm-diameter stirrups was 340 MPa.

Table 2. Properties of the HPC used according to the manufacturer [34].

Mixture Density
(kg/cm3)

fcm
1

(MPa)
ff

2

(MPa)
fb

3

(MPa)
Ef

4

(GPa)

HPC 2270 110 14 2 34
1 fcm = compressive strength (28 d); 2 f f = flexural strength (28 d); 3 fb = bond strength (28 d); 4 E f = elastic modulus.

Table 3. Properties of the HPC used according to the manufacturer [35].

Shape Diameter
(mm)

Length
(mm)

ffu
1

(MPa)
Ef

(GPa)
εfu

2

(%)

Steel Fibre straight rigid 0.2 13 3100 200 1
1 f f u = tensile strength; 2 ε f u = fibre’s strain to failure.

Figure 1c illustrates two strengthened configurations: HPFRC jackets with 10 mm and
20 mm thicknesses. All the beams except the four control beams were strengthened in the
shear critical zone. Grooves with a depth equal to the cover thickness (10 mm) in the shear
critical area of the retrofitted beams were created (Figure 2a). The grooved surface was then
roughened, cleaned, and water-saturated before HPFRC was applied. Next, the jacket’s
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mould was put in place in the critical zone, and the HPFRC was poured (Figure 2b,c). The
mould was removed after two days, and the beams were covered with plastic film and
cured until the testing time (Figure 2d).

Figure 2. Steps of the hybrid jacketing application: (a) create a grooved beam; (b) fix the jacketing
mould; (c) pour HPFRC; (d) cure.

2.2. Test Setup

Following the test configuration depicted in Figure 3, all the beams were tested under
three-point bending by a stiff steel reaction frame featuring a vertically positioned servo-
hydraulic actuator with a 500 kN capacity. The beams were positioned on two steel supports
anchored to a solid floor using threaded rods. Additional constraints were imposed at both
ends of the beams to prevent unintended rotation during fatigue testing. Monitoring the
vertical displacement during loading involved using an external Linear Variable Differen-
tial Transducer (LVDT) at the load application point. Two LVDTs were positioned at the
beam supports to monitor settlement. In addition, digital image correlation (DIC) technol-
ogy was employed to capture the strain distribution across the shear critical zone in the
tested beams.

Figure 3. Three-point bending test setup of beams.

Static loading tests: The tests were conducted in displacement control mode at
0.02 mm/s. A high-speed camera captured images of the critical shear region every
2 s for subsequent DIC analysis.

Fatigue loading tests: The beams were subjected to cyclic loading until failure, with
a maximum cycle limit of 2 million cycles [11]. If the beams did not fail under fatigue
loading, subsequent monotonic loading tests were conducted until the failure of the beams.
The applied fatigue loads were determined based on the shear resistance (Pmax) of beams
with the same strengthening configuration under monotonic loading conditions [11,36,37].
Following the guidelines from fib 2001 [38], the fatigue load range (Pl to Ph) was calculated
as Pl = Pmean(1 − DAF) and Ph = Pmean(1 + DAF), where DAF represents the Dynamic
Amplification Factor (DAF), ranging from 0.25 to 0.4, and Pmean corresponds to 50% of Ppeak.
In this project, a DAF of 0.4 was chosen, resulting in a fatigue load range of 30% to 70% for
each beam. During fatigue testing, a frequency of 4 Hz was applied to all the specimens
to simulate the realistic conditions experienced by traditional RC structures [39–42]. This
frequency was selected to mitigate hysteresis effects, allow for full recovery between cycles,
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and avoid undesirable heating [43,44]. For digital image correlation (DIC), photos were
captured at a frequency of one image every 8 cycles for the initial 10,000 cycles, followed by
recordings every 1000 cycles [45]. Subsequently, the high-resolution speckle images were
analysed using DIC software (ZEISS INSPECT Correlate 2023, ZEISS, Oberkochen, German).

3. Results and Discussion
3.1. Static Tests

Table 4 summarises the test results such as the peak load (P max) and
the corresponding displacement (δ max); the strength increase in the retrofitted beams
(∆Pmax = (PRET − PCON)/PCON ; where PRET and PCON are the peak load of the retrofitted
and the corresponding control beam); the ultimate load Pu = (80% Pmax) and the corre-
sponding displacement δu; the shear strength of the critical shear span (V; for the control
specimen it is equal to VCON ; for the retrofitted specimens it is equal to VRET); the shear
strength provided by the strengthening system VJAC(= VRET − VCON ; where VRET and
VCON are the shear strength of the retrofitted and the corresponding control beam); the
displacement ductility (µδ ); and the failure mode. The ‘SH’ in failure mode corresponds to
shear failure.

The displacement ductility (µδ) of a structural element quantifies its deformation
capacity and is defined as the ratio of displacement at ultimate load (δu) to the displace-
ment corresponding to the yield load (δy) [46]. In accordance with the recommendations
outlined in ASCE/SEI Standard 41-06 [47], the displacement ductility was conceptually
formalised by approximating the experimental load–deflection curve with a bilinear model.
As depicted in Figure 4, the yield point for non-ideal elasto-plastic elements was identified
based on the energy equivalence method, which subsequently facilitated the derivation
of the displacement ductility for the tested samples [46]. The ductility indices were not
calculated for control beams A-N and B-N because they did not exhibit ductile behaviour.

Figure 4. Determination of yield and ultimate point.

The load–deflection curves for the five tested beams under monotonic loading are
shown in Figure 5. Regarding Series A (a/d = 2.0), the control beam failed in shear at a
peak load of 51.3 kN (corresponding displacement of 2.5 mm). The HPFRC jacketing has
substantially increased the peak load capacity of RC beams. Specifically, beams A-10 and
A-20 demonstrated peak load increases of 122% and 130%, respectively, compared to the
control beam A-N. This marked improvement is attributed to the fibre ‘bridging effect’,
which facilitates the distribution of stress across developing cracks, thereby fortifying the
structural integrity and delaying the onset of failure. The 20 mm HPFRC jacketing (A-20)
exhibited a higher peak load compared to the 10 mm jacketing (A-10). This enhancement is
likely due to the thicker jacket’s ability to mitigate fibre aggregation, leading to improved
fibre distribution within the HPFRC matrix and bolstering its reinforcing efficacy. Addi-
tionally, the thicker reinforcement layer amplifies the HPFRC system’s influence on the
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beam’s load–deflection behaviour, increasing stiffness for A-20. In Series B (a/d = 3.5), the
10 mm HPFRC jacketing (B-10) led to a 48% increase in peak load.
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Figure 5. Load–deflection curves under monotonic loading: (a) Series A; (b) Series B.

Table 4. Summary of monotonic loading test results.

Series Beam fc
(MPa)

Pmax
(kN)

∆Pmax
(%)

Pu
(kN)

δmax
(mm)

δd
(mm)

V
(kN)

VJAC
(kN)

VJAC/V
(%) µδ

Failure
Mode

A
A-N 26.4 51.3 - 41.1 2.50 3.96 35.0 * - - - SH
A-10 30.6 113.7 122 91.0 4.93 6.30 77.5 $ 42.5 55 1.72 SH
A-20 28.4 117.8 130 94.2 4.34 6.53 80.3 $ 45.3 56 2.04 SH

B
B-N 24.2 38.8 - 31.2 1.41 1.50 16.9 * - - - SH
B-10 26.7 75.5 95 60.4 4.34 5.43 32.9 $ 16.0 49 2.06 SH

* VCON ; $ VRET .

With the escalation of the a/d ratio (from 2 to 3.5), there was a noticeable decline in V,
∆Pmax and VJAC/V, highlighting the diminished reinforcement efficacy of HPFRC as a/d
increased. This phenomenon occurs because the beam changes from a deep to a slender
shape, shifting the main way it supports weight from an arch-like structure to more of a
truss system, which decreases its ability to resist shear forces [48,49]. In detail, for the Series
A beams (a/d = 2, deep beams), arching action dominates after the formation of diagonal
cracks. The majority of the load is directly transferred from the point of application to
the support via the diagonal strut, indicating that the diagonal strut primarily bears the
load [49]. The influence of arching action diminishes with an increase in the a/d ratio,
thereby reducing the contribution of concrete to shear strength. In addition, the larger
shear span increases the likelihood of shear damage, impairing the bond between the jacket
and substrate, and facilitating detachment [49]. An elevated a/d ratio also intensifies shear
stress concentration near the beam ends, precipitating the early failure of the reinforcement
system and reducing shear enhancement, as evidenced by the DIC strain fields in Figure 6.

Figure 6 presents the horizontal and vertical strain fields obtained via DIC for the
tested beams at peak load. These results provide detailed insight into strain distribution
across the shear span of the HPFRC-strengthened beams. The DIC images reveal a more
uniform strain distribution, particularly in critical regions, underscoring HPFRC’s effective
stress redistribution capabilities.

As shown in Figure 5, all the strengthened beams demonstrated a pseudo-ductile
behaviour and maintained the peak load while the beam deformed due to the ‘bridging
effect’. This observation suggests the HPFRC system’s pivotal role in augmenting the
energy absorption and dissipation capabilities of the beams, directly impacting the beams’
seismic performance resilience. This ‘pseudo-ductile behaviour’ is characterised by a
gradual reduction in load-carrying capacity after the peak load, instead of a sudden brittle
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failure, due to the strain-hardening properties of HPFRC. The fibres within the HPFRC
matrix bridge crack, allowing the material to sustain loads even after initial cracking, which
enhances the beam’s energy absorption and provides a more controlled failure mode [50].
Such behaviour is particularly beneficial for seismic applications, as it allows structures
to absorb and dissipate seismic energy more effectively. From Table 4, the displacement
ductility range of the strengthened beams lies between 1.72 and 2.06. Furthermore, the
ductility increases with the augmentation of the UHPFRC jacket thickness and the ratio of
a/d. This observation not only underscores the enhanced potential of the reinforcement
system attributable to the increased thickness, but also validates the influence of altered
load transfer mechanisms, resulting from variations in a/d, on ductility.

Figure 6. Strain contours in the critical shear span under monotonic loading.

The condition of all the tested beams at the end of testing is depicted in Figure 7,
where the damage is localised in the shear critical region. The control beams (A-N and
B-N) exhibited a typical diagonal tension failure in the shear span joining the points of
load application and support (see Figure 7a,d). In Series A, the HPFRC-reinforced beams,
A-10 and A-20, demonstrated similar failure modes (Figure 7c,d), namely shear detachment
failure with several diagonal shear cracks forming in the critical region. The observed
gradual failure further corroborates that the strengthened beams exhibit pseudo-ductility.
Additionally, the enhancement in ductility optimises the stress–strain transfer mechanism
within the beams, resulting in multiple cracks on the HPFRC surface, as opposed to a
single crack. The 20 mm HPFRC system displayed enhanced crack visibility and jacket
detachment. Despite improved adhesion due to superior fibre distribution within the
20 mm HPFRC jacket, the marked stiffness contrast with the substrate resulted in a diver-
gent load–stress response, exacerbating detachment issues relative to A-10. In the context
of a higher a/d (3.5), B-10 mirrored the control beam’s failure mode. This is because the
beam changes to slender beams, leading to uneven stress distribution and a predisposition
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for cracks to propagate along singular paths of weakness [51]. Consequently, the capacity
of HPFRC to induce multiple cracking is mitigated, diminishing its potential to alter failure
dynamics significantly.

Figure 7. Crack patterns and failure modes under monotonic loading: (a) A-N; (b) A-10; (c) A-20;
(d) B-N; (e) B-10.

3.2. Fatigue Tests

The fatigue test results are summarised in Table 5, including the concrete compressive
strength of all the beams on the test day ( fc), the fatigue life (N f ), the total deflection (δ),
the stiffness degradation (β) at the last cycle, and the energy dissipation (Ψd) at the last
cycle, as well as the failure mode. The stiffness degradation for each cycle can be calculated
as follows:

β =
K1 − Kn

K1
× 100% (1)

where Kn is the stiffness of each cycle, and K1 is the stiffness of the first cycle. The stiffness
(K) for each cycle is calculated as the ratio of the load range (Pmax − Pmin) to the correspond-
ing displacement range (δmax − δmin) [40]. The energy dissipation (Ψd) is represented by the
area enclosed in the load–displacement curve for each cycle: the difference between the
energy absorbed during the load increase phase (Ψa) and the energy released during the
load decrease phase (Ψr) [52]. Furthermore, as previously stated, the fatigue load range
encompasses a span of 30% to 70% of Ppeak. Consequently, based on the outcomes of static
testing, the loads applied to each beam are also delineated in Table 5.

Table 5. Summary of fatigue loading test results.

Series Beam Pl
(kN)

Ph
(kN)

fc
(MPa)

Nf
(cycles)

δ
(mm)

β
(%)

Ψd
(kN·mm)

Failure
Mode

A
A-N 15.4 35.9 24.7 75 3.81 56.0 8.5 SH
A-10 34.1 79.6 23.7 90 4.34 25.2 11.8 SH
A-20 35.3 82.5 31.2 951 6.99 47.8 13.6 SH

B
B-N 11.6 27.2 24.4 12,525 1.61 30.4 2.56 SH
B-10 22.7 52.9 26.9 48,786 4.79 48.8 7.42 SH

The results indicate that HPFRC jacketing enhanced the fatigue life and maximum de-
flection of shear-deficient beams, irrespective of their classification as Series A or B. Sample
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A-10 showed a fatigue life similar to that of the control beam, but it also demonstrated a
20% increase in the number of cycles. However, given the significantly higher load applied
to A-10 in comparison to the control beam, it can be contended that the HPFRC system
in A-10 maintained its effectiveness. Within Series A, increasing the thickness of HPFRC
from 10 mm to 20 mm resulted in a substantial improvement in the fatigue behaviour of
the RC beams, with the fatigue life increasing by almost 10 times. This improvement is
attributed to the superior fibre distribution achieved with the thicker jacket, which aligns
with the observations from static loading tests. Furthermore, as the a/d ratio increased
from 2.0 to 3.5, the performance of the 10 mm strengthening system also improved. In
Series B, B-10 exhibited even more significant improvements in fatigue life (four times)
and maximum deflection than A-10, which is not only due to the different load-carrying
mechanisms arising from varying a/d but also because the extended coverage of HPFRC
provides a more pronounced enhancement in fatigue performance.

Figures 8 and 9 present the load–displacement response, as well as the displacement
(δ) at cap P sub h and stiffness degradation (β) with an increase in the number of cycles
under the fatigue of the control beam and the strengthened beams. The left plots show
the load–deflection behaviour for various cycle intervals up to the cycle just before failure.
As the applied loads stabilised by the 30th cycle, the load–displacement curves for all the
specimens are shown from this cycle. Beam A-20 exhibited significant cracking during
the 14th cycle but continued normal operation after the 15th; thus, its curve starts from
the 14th cycle to capture this change. The various outcomes of δ and β with the number
of cycles are demonstrated on the right plots. In general, the comprehensive response
of all the tested beams demonstrates a typical pattern of damage accumulation under
fatigue loading, echoing the behaviour exhibited by typical reinforced concrete (RC) beams
in numerous prior studies [11,39,53,54]. The specimens exhibited an accelerated rate of
damage propagation, characterised by three stages throughout the overall response:

• Initial stage: During the initial cycles, the deflection and strain of various compo-
nents, including the longitudinal reinforcement, strengthening system, and con-
crete, underwent a rapid increase due to the emergence of a significant number of
initial cracks.

• Stable stage: The response shifted into a stable phase marked by a notable deceleration
in the accumulation of damage. During this stage, the rate of increase in deflection
and the degradation of stiffness decelerated. This stable phase persisted until the
commencement of the final, brief stage preceding failure.

• Final stage: The tested beams experienced a sudden and marked surge in both deflec-
tion and stiffness degradation, ultimately leading to failure.

These stages encapsulate the characteristic behaviours exhibited by the beams as they
undergo progressive damage accumulation under fatigue loading. In Series A, a notable
decrease in the slope of the load–deflection curves was observed for the control beam
A-N, with β reaching 56.0% at failure. However, the application of HPFRC significantly
slowed down the rate of stiffness degradation in the beams, with β values of 25.2% and
47.8% for A-10 and A-20 at failure, respectively. This indicates that the rate of damage
accumulation in the strengthened beams decreased, enabling better resistance to structural
deformation. A-20 beam exhibited a more pronounced increase in deflection and stiffness
degradation during the ‘stable stage’ compared to other beams due to premature crack
formation that expedited the damage progression and thus partially negated the fatigue
performance enhancement provided by HPFRC. This phenomenon may be attributed to
imperfections in the reinforcement process. In Series B, the amplitudes of deflection and
stiffness degradation during the final stage were higher for B-N and B-10 compared to Series
A. This suggests that an increase in the a/d led to a slower rate of damage development
during the stable stage, resulting in smoother curves and extended fatigue life.
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Figure 8. Fatigue behaviour of Series A tested beams: (a) A-N; (b) A-10; (c) A-20.
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Figure 9. Fatigue behaviour of Series A tested beams: (a) B-N; (b) B-10.

The energy dissipation (Ψd) versus normalised cycles for each beam is presented in
Figure 10. The energy dissipation (Ψd) was calculated for each cycle as the area enclosed by
the load–deflection hysteresis loop during cyclic loading. To facilitate comparison, the cycle
numbers for all the beams were normalised, i.e., expressed as a ratio of the cycle number
(N) to the total number of cycles (Ntot). A three-stage trend similar to that observed in δ and
β was noticed in the Ψd measurements of the tested beams. A consistent three-stage trend
was observed in the Ψd measurements, except for beam A-20, which showed significant
energy dissipation at the boundary between the ‘initial’ and ‘stable stages’, correlating with
crack emergence in its 14th cycle. Due to the higher loads experienced by the reinforced
beams, all of them exhibited greater Ψd values compared to the control beam. Furthermore,
an increase in the shear span–depth ratio resulted in reduced energy loss per cycle for the
beams, potentially enhancing their fatigue resistance.

As shown in Figure 11a–e, all the tested beams experienced shear failure. Both the
control and strengthened beams in Series A and B exhibited an identical failure mode,
characterised by a typical diagonal tensile failure within the shear span between the load
application point and the support points. As the number of cycles increased, the gradual
accumulation of damage led to a progressive decline in the shear capacity of the specimens.
This degradation culminated in the formation of a through-diagonal crack within the
shear insufficient zone, ultimately resulting in beam failure. Prior to failure, a significant
increase in beam deflection was observed. Additionally, due to the stiffness difference
between the strengthening system and the substrate, their stress–strain responses varied,
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leading to the partial jacketing detachment at failure (as shown in Figure 11b). To gain a
deeper understanding of the damage progression in the tested beams, vertical strain (εy)
distributions were analysed using DIC at different cycles, as depicted in Figure 12. Among
them, although lacking visible cracks at the initial cycle, exhibited strain patterns in the
mid-section of the shear-deficient region that closely resembled the final inclined shear
crack. The presence of HPFRC optimised strain distribution, making it more dispersed
compared to control beams. Increasing HPFRC thickness and the shear span–depth ratio
also enhanced ductility, as indicated by the overall increase in vertical strain.
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Figure 10. Energy dissipation verse cycles curves.

Figure 11. Crack patterns and failure modes under fatigue loading: (a) A-N; (b) A-10; (c) A-20;
(d) B-N; (e) B-10.
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Figure 12. Strain contours in the critical shear span at failure of the beams: (a) A-N; (b) A-10; (c) A-20;
(d) B-N; (e) B-10.

4. Fatigue Life Prediction of the HPFRC Jacketed Beams

S-N curves are widely used to assess the fatigue life of concrete structures [53,55,56]:

S = A − αLogN (2)

where S refers to the cyclic stress level. A and α are the parameters calculated by the least
squares method based on the experimental data. Since no stirrups were arranged in the
reinforcement zone of the tested beams, the stress amplitude of the stirrups cannot be
calculated. Therefore, ‘S’ can be represented by the fatigue shear strength attenuation
coefficient of the inclined section [53,55,56]:

S =
σmax

f f u
=

Ph
Pre f

(3)

where σmax is the maximum applied fatigue stress; f f u is the ultimate strength of the RC
beam; Ph is the applied maximum fatigue load; and Pre f is the design static shear ultimate
strength of beams.

Currently, research on predicting the shear strength of HPFRC/UHPFRC jacketed
beams is limited, with the existing models primarily focused on bottom-bonded strength-
ening configurations [31,57]. As shown in Figure 13, the bottom bonding system exhibits
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delayed cracking upon failure, resulting in the formation of an intermediate crack-induced
debonding (ICD) zone between the crack initiation point and the support. Within this zone,
high shear stress leads to the development of numerous diagonal flexural–shear cracks,
while the pry-out stress also reaches its maximum, causing the premature detachment of
the strengthening system’s ICD zone. Based on these, Refs. [31,57] proposed a prediction
model that considers the length of the ICD zone and the bending moment of the UHPFRC
layer. However, in the U-shaped configuration, the side parts integrated with the bottom
part prevent the formation of such a zone, rendering this model inapplicable. Furthermore,
the relevant design codes primarily focus on the specification of HPFRC/UHPFRC as
structural elements, with a lack of guidance on their use as reinforcement systems. The
authors of [58,59] have applied the shear design model for HPFRC proposed by the Japan
Society of Civil Engineers (JSCE) [60] to bottom bonding jacketing. Therefore, this paper
adapts this model for predicting the shear strength of the U-shaped HPFRC reinforcement
system. Since no stirrups are present in the strengthened area, Pre f comprises shear strength
contributions from concrete (Vc) and FRCM jacket (VJAC):

Pre f = Vc + VJAC (4)

where Vc is the shear strength of the substrate, Vjac is the shear strength of the strengthening
system. The shear strength contributed by the concrete beam is typically calculated using
the model in EC2 [61]:

VEC2
C = 0.18k

(
100ρlong f ′c

)1/3
bwd (5)

where f ′c is the compressive strength of concrete obtained from cylinders; d is the
depth of the cross-section; ρlong is the area ratio of the tensile reinforcement; and
k = 1 +

√
(200/d) ≤ 2.0 (with d in mm) is a factor that considers the size effect.

 
Figure 13. Fatigue shear failure diagram for bottom bonded HPFRC-RC beam.

In U-shaped jackets, VJAC is combined with three parts: two side parts and one
bottom part. The shear strength of each component is determined by isolating the shear
contribution from the cementitious matrix and fibre, as per JSCE [60]:

VFRC = Vm + Vf = 0.18
√

fc f bwjdj + fvd f bwjz (6)

where Vm is shear strength contributions from concrete in HPFRC; Vf is shear strength
contributions from fibre in HPFRC; bw f and h f are the width and height of each part,
respectively; fc f is the compressive strength of HPFRC; fvd f = 0.3 f 2/3

c f is the design average
tensile strength perpendicular to diagonal cracks; z = dFRC/1.15 is the distance from the
location of the compressive stress resultant to the centroid of tensile reinforcement for each
part; and dFRC = 0.9hFRC is the effective depth of each part.

According to the calculation results, the S-N relationship of HPFRC-strengthened
beams is depicted in Figure 14, alongside the S-N expression derived from the
three tested beams. It is worth noting that analysing the S-N relationship requires a
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substantial amount of data [62]. However, as this study is the first investigation into the
shear fatigue behaviours of HPFRC-strengthened beams, further analysis is limited by
the lack of additional data. Moreover, based on the S-N expression, it is expected that an
increase in S would lead to a gradual decrease in N. While this trend holds true for Series A
alone, as observed in Figure 13, it appears to be mitigated when considering specimen B-10.
This deviation can be attributed to the varying fatigue responses associated with different
shear span ratios. Therefore, in the future, with a sufficient amount of data, distinct S-N
expressions could be derived by grouping the data based on shear span ratios.

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

  S = 0.984-0.097LogN
A-10  A-20  B-10

S

LogN

Figure 14. S-N relationship of HPFRC strengthened beams.

5. Conclusions

The experimental study presented in this paper investigated the static and fatigue
performance of RC beams strengthened with U-shaped HPFRC jacketing, focusing on the
effects of HPFRC thickness (10 mm and 20 mm) and shear span–depth ratio (a/d = 2.0 and
3.5). The key findings are summarised as follows:

• Static Loading: HPFRC jacketing increased the shear strength of RC beams by 95% to
130%. Strengthening effects were more pronounced with increased HPFRC thickness,
especially in deeper beams (a/d = 2.0), while a reduced enhancement was observed
as the a/d ratio increased. The strengthened beams exhibited partial detachment but
maintained a shear failure mode, with fibre bridging contributing to crack control.

• Fatigue Loading: HPFRC significantly improved the fatigue life of RC beams, ex-
tending the number of cycles by up to 951 cycles in beams with a/d = 2.0, and up to
48,786 cycles in beams with a/d = 3.5. The typical diagonal tension failure mode
persisted across all the specimens. The beams experienced three distinct phases of de-
flection, stiffness degradation, and energy dissipation, related to damage accumulation.

• Fatigue Life Prediction Model: A predictive model for fatigue life was developed
based on maximum fatigue load and ultimate shear strength under static loading.
Further validation with additional data are required to refine the model’s accuracy.

These findings demonstrate the potential of HPFRC jacketing as an effective solution
for enhancing the shear and fatigue performance of RC beams. It is particularly suitable
for retrofitting older RC structures lacking sufficient shear reinforcement, such as bridges,
coastal structures, and buildings constructed under outdated design codes. The enhanced
shear capacity provided by HPFRC jacketing makes it an effective method for improving
the resilience of these structures against static and cyclic loads, including seismic events
and fatigue caused by repeated loading. Therefore, this technique contributes to extending
the service life of these structures and ensuring their safety.



Materials 2024, 17, 5227 17 of 19

Author Contributions: Conceptualisation, X.L. and G.E.T.; methodology, X.L. and G.E.T.; formal
analysis, X.L.; investigation, X.L.; data curation, X.L.; writing—original draft preparation, X.L.;
writing—review and editing, G.E.T.; visualisation, X.L. and G.E.T.; supervision, G.E.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Dataset available upon request from the authors.

Acknowledgments: Special thanks are attributed to Kerakoll S.p.A. for providing the materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lynn, A.C.; Moehle, J.P.; Mahin, S.A.; Holmes, W.T. Seismic evaluation of existing reinforced concrete building columns. Earthq.

Spectra 1996, 12, 715–739. [CrossRef]
2. Sezen, H.; Moehle, J.P. Shear strength model for lightly reinforced concrete columns. J. Struct. Eng. 2004, 130, 1692–1703.

[CrossRef]
3. Life, S.T. Turkey-Earthquake: Emergency Situation Report (06.04.2023); Support to Life: Istanbul, Turkey, 2023.
4. Bournas, D.A. Concurrent seismic and energy retrofitting of RC and masonry building envelopes using inorganic textile-based

composites combined with insulation materials: A new concept. Compos. Part B Eng. 2018, 148, 166–179. [CrossRef]
5. Kam, W.Y.; Pampanin, S.; Elwood, K. Seismic performance of reinforced concrete buildings in the 22 February Christchurch

(Lyttleton) earthquake. Bull. N. Zealand Soc. Earthq. Eng. 2011, 44, 239–278. [CrossRef]
6. Thermou, G.; Elnashai, A. Seismic retrofit schemes for RC structures and local-global consequences. Prog. Struct. Eng. Mater.

2006, 8, 1–15. [CrossRef]
7. Pampanin, S. Controversial aspects in seismic assessment and retrofit of structures in modern times: Understanding and

implementing lessons from ancient heritage. Bull. N. Zealand Soc. Earthq. Eng. 2006, 39, 120–133. [CrossRef]
8. Sharif, A.; Al-Sulaimani, G.; Basunbul, I.; Baluch, M.; Ghaleb, B. Strengthening of initially loaded reinforced concrete beams using

FRP plates. Struct. J. 1994, 91, 160–168.
9. Sakr, M.A.; Sleemah, A.A.; Khalifa, T.M.; Mansour, W.N. Behavior of RC beams strengthened in shear with ultra-high performance

fiber reinforced concrete (UHPFRC). In Proceedings of the MATEC Web of Conferences, Cape Town, South Africa, 19–21 November
2018; p. 09002.

10. Gonzalez-Libreros, J.H.; Sabau, C.; Sneed, L.H.; Pellegrino, C.; Sas, G. State of research on shear strengthening of RC beams with
FRCM composites. Constr. Build. Mater. 2017, 149, 444–458. [CrossRef]

11. Chaallal, O.; Boussaha, F.; Bousselham, A. Fatigue performance of RC beams strengthened in shear with CFRP fabrics. J. Compos.
Constr. 2010, 14, 415–423. [CrossRef]

12. Laterza, M.; D’amato, M.; Casamassima, V.M. Stress-life curves method for fatigue assessment of ancient brick arch bridges. Int. J.
Archit. Herit. 2017, 11, 843–858. [CrossRef]

13. Roberts, T.M.; Hughes, T.G.; Dandamudi, V.; Bell, B. Quasi-static and high cycle fatigue strength of brick masonry. Constr. Build.
Mater. 2006, 20, 603–614. [CrossRef]

14. Graeff, Â.G.; Pilakoutas, K.; Neocleous, K.; Peres, M.V.N.N. Fatigue resistance and cracking mechanism of concrete pavements
reinforced with recycled steel fibres recovered from post-consumer tyres. Eng. Struct. 2012, 45, 385–395. [CrossRef]

15. Thomas, J.; Ramaswamy, A. Crack Width in Partially Prestressed T-Beams Having Steel Fibers. Aci Struct. J. 2006, 103, 568–576.
16. Murthy, A.R.; Karihaloo, B.L.; Rani, P.V.; Priya, D.S. Fatigue behaviour of damaged RC beams strengthened with ultra high

performance fibre reinforced concrete. Int. J. Fatigue 2018, 116, 659–668. [CrossRef]
17. Jongvivatsakul, P.; Attachaiyawuth, A.; Pansuk, W. A crack-shear slip model of high-strength steel fiber-reinforced concrete based

on a push-off test. Constr. Build. Mater. 2016, 126, 924–935. [CrossRef]
18. Savino, V.; Lanzoni, L.; Tarantino, A.M.; Viviani, M. Simple and effective models to predict the compressive and tensile strength

of HPFRC as the steel fiber content and type changes. Compos. Part B Eng. 2018, 137, 153–162. [CrossRef]
19. Buttignol, T.E.T.; Sousa, J.; Bittencourt, T. Ultra High-Performance Fiber-Reinforced Concrete (UHPFRC): A review of material

properties and design procedures. Rev. IBRACON Estrut. E Mater. 2017, 10, 957–971. [CrossRef]
20. Ren, G.; Yao, B.; Huang, H.; Gao, X. Influence of sisal fibers on the mechanical performance of ultra-high performance concretes.

Constr. Build. Mater. 2021, 286, 122958. [CrossRef]
21. Kang, S.-T.; Lee, Y.; Park, Y.-D.; Kim, J.-K. Tensile fracture properties of an Ultra High Performance Fiber Reinforced Concrete

(UHPFRC) with steel fiber. Compos. Struct. 2010, 92, 61–71. [CrossRef]
22. Tsioulou, O.; Lampropoulos, A.; Paschalis, S. Combined non-destructive testing (NDT) method for the evaluation of the

mechanical characteristics of ultra high performance fibre reinforced concrete (UHPFRC). Constr. Build. Mater. 2017, 131, 66–77.
[CrossRef]

https://doi.org/10.1193/1.1585907
https://doi.org/10.1061/(ASCE)0733-9445(2004)130:11(1692)
https://doi.org/10.1016/j.compositesb.2018.04.002
https://doi.org/10.5459/bnzsee.44.4.239-278
https://doi.org/10.1002/pse.208
https://doi.org/10.5459/bnzsee.39.2.120-133
https://doi.org/10.1016/j.conbuildmat.2017.05.128
https://doi.org/10.1061/(ASCE)CC.1943-5614.0000095
https://doi.org/10.1080/15583058.2017.1315621
https://doi.org/10.1016/j.conbuildmat.2005.02.013
https://doi.org/10.1016/j.engstruct.2012.06.030
https://doi.org/10.1016/j.ijfatigue.2018.06.046
https://doi.org/10.1016/j.conbuildmat.2016.09.080
https://doi.org/10.1016/j.compositesb.2017.11.003
https://doi.org/10.1590/s1983-41952017000400011
https://doi.org/10.1016/j.conbuildmat.2021.122958
https://doi.org/10.1016/j.compstruct.2009.06.012
https://doi.org/10.1016/j.conbuildmat.2016.11.068


Materials 2024, 17, 5227 18 of 19

23. Nicolaides, D.; Kanellopoulos, A.; Petrou, M.; Savva, P.; Mina, A. Development of a new Ultra High Performance Fibre Reinforced
Cementitious Composite (UHPFRCC) for impact and blast protection of structures. Constr. Build. Mater. 2015, 95, 667–674.
[CrossRef]
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