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Abstract

To investigate the bending response of ultra-high-performance concrete (UHPC) beams
reinforced with hybrid glass-fiber-reinforced polymer (GFRP) and steel bars, five specimens
were tested in four-point bending in the present experimental study. The effect of varying
reinforcement ratios on the flexural behavior was evaluated. It was observed that all tested
beams failed due to reinforcement yielding while maintaining satisfactory ductility; the
failure mode was characterized by yielding of the bottom tensile reinforcement followed
by crushing of the UHPC in the compression zone. When the steel reinforcement ratio
increased from 2.03% to 2.42% and 3.08%, the beam load-carrying capacity increased
by 6.27% and 14.34%, respectively. When the GFRP reinforcement ratio increased from
0.91% to 1.19% and 1.51%, the peak load-carrying capacity increased by 9.58% and 15.55%,
respectively. Based on reasonable assumptions, analytical formulas were proposed to
predict the cracking moment and the flexural capacity of the UHPC beams reinforced with
hybrid GFRP and steel bars, with errors within ±5%. By fully accounting for the bridging
effect of steel fibers, modified coefficients were introduced to estimate beam deformation
and crack width, along with corresponding calculation methods. The proposed formulas
accurately predicted cracking moment, ultimate moment, deflection and crack width for
the beam. The findings propose a theoretical basis for the design and application of UHPC
beams reinforced with hybrid GFRP and steel bars.

Keywords: UHPC; glass fiber-reinforced polymer; hybrid reinforcement; flexural behavior

1. Introduction
In marine environments, reinforced concrete (RC) structures often face high concentra-

tions of chloride ion erosion and salt mist, leading to corrosion of steel reinforcements and
a significant reduction in the load-bearing capacity and service life of the structures [1–4].
Fiber-reinforced polymer (FRP) bars provide notable benefits, including low weight, high
tensile strength., good fatigue performance and excellent corrosion resistance [5,6], making
them a potential choice for structural reinforcement in marine environments. Many scholars
have conducted in-depth research on the mechanical properties of the structures reinforced
with FRP bars [7–9]. However, GFRP bars are characterized by a relatively low elastic

Buildings 2026, 16, 535 https://doi.org/10.3390/buildings16030535

https://crossmark.crossref.org/dialog?doi=10.3390/buildings16030535&domain=pdf&date_stamp=2026-02-10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0009-0000-2147-4254
https://doi.org/10.3390/buildings16030535


Buildings 2026, 16, 535 2 of 24

modulus and the absence of a yielding plateau, which results in poor ductility in fully GFRP-
reinforced members. This may lead to brittle failure modes, wider cracks and excessive
deflection [10], thereby limiting their widespread application in structural engineering.

To overcome these limitations, researchers have proposed a hybrid reinforcement
strategy. In this approach, GFRP bars replace the corner steel bars that are prone to corrosion,
while the corrosion-susceptible steel bars are arranged on the interior side to afford a
thicker concrete cover. This approach enhances the ductility and service performance of
the members. Ge [11] conducted bending tests on hybrid concrete beams reinforced with
basalt-fiber-reinforced plastic (BFRP) and steel bars. He found that the ductility of hybrid
reinforced concrete beams was superior to that of purely BFRP-reinforced beams, but
lower than that of conventional RC beams. The calculation formula of the flexural bearing
capacity of hybrid reinforced concrete beams was established. Similarly, Refar [12] carried
out bending tests on hybrid concrete beams reinforced with BFRP and steel bars. Formulas
were introduced to predict both deflection and crack width. Maranan [13] performed
bending tests on geopolymer concrete beams reinforced with a hybrid reinforcement of
steel and GFRP bars, demonstrating improved ductility and crack resistance compared to
beams reinforced solely with GFRP.

Although the use of hybrid reinforcement can enhance the durability of structural
members to some extent, it possesses significant limitations and fails to completely resolve
the corrosion issue in RC structures within marine environments. This is primarily because
the wetting–drying cycles of the marine environments cause concrete to shrink due to
drying and to expand when wet, leading to the formation and propagation of micro-cracks
in the concrete [14]. Moreover, the wetting–drying cycles can significantly exacerbate
chloride-induced corrosion. Research by Li [15] revealed that due to the adsorption of
chloride ions, the depth and concentration of intrusion even exceeded that of continuous
chloride salt immersion in the process of dry–wet alternation.

Consequently, chloride ions will inevitably invade the interior of the RC structure in
the marine environment. The chloride salts present in seawater accelerate the corrosion
of steel bars, which additionally react with concrete material to form non-cementitious
by-products [16]. This degradation process leads to the expansion of concrete cracks and
the increase in porosity, reducing the durability and service life of the structure. Therefore,
improving the compactness of concrete and preventing or slowing the ingress of aggressive
agents like chloride ions, is critical to enhancing the corrosion resistance and long-term
durability of structures used in marine engineering, bridges and port facilities.

Ultra-high-performance concrete (UHPC), alternatively referred to as reactive powder
concrete (RPC), is an advanced construction material primarily composed of cement,
quartz sand, silica fume, slag and steel fibers. It is characterized by ultra-high strength,
excellent durability and exceptional impermeability [17–19], giving it superior resistance to
erosion and corrosion under marine exposure. Pyo [20] found that under standard curing
conditions, the total porosity of UHPC is only 1–3% of the total volume, which is five to
ten times lower than that of high-performance concrete (HPC) and ordinary concrete. In a
separate study, Pyo [21] reported that the chloride diffusion coefficient in UHPC is merely
0.01–0.1 times that of ordinary concrete, highlighting its effectiveness in blocking external
corrosive agents. Additionally, Ghafari [22] revealed that the time to cracking caused by
accelerated corrosion in UHPC is twice as long as in HPC.

Despite these advantages, some steel fibers embedded near the surface of UHPC
structures remain vulnerable to corrosion. However, research by Pyo [23] indicates that
if the steel bars in UHPC members have sufficient protective cover thickness, surface
steel fiber corrosion exerts little effect on the structural mechanical performance. For thin
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components like slabs, however, the effect of steel fiber corrosion near the surface can
become notable and should not be disregarded.

This research investigates UHPC beams incorporating hybrid reinforcement. In this
approach, steel bars at the corners of the beam, which are close to the concrete surface
and susceptible to corrosion, are replaced with GFRP bars, such that internal steel bars are
provided with increased concrete cover. This configuration not only addresses the corrosion
issue in marine environments but also leverages the high stiffness and excellent ductility
of UHPC in its plastic stage. This compensates for the inherent deficiencies of GFRP bars,
such as insufficient ductility and excessive deflection caused by low stiffness [11,12], thus
markedly improving both the mechanical behavior and durability of hybrid reinforced
beams. In addition, GFRP bars are deliberately selected in this study because they are
widely available and cost-effective in practical applications, and their relatively low elastic
modulus makes serviceability (deflection and crack-width control) a critical and repre-
sentative design concern for hybrid reinforced UHPC beams. It should be noted that
higher-modulus FRP bars (e.g., AFRP or CFRP) may substantially alter stiffness, crack
development and load-sharing mechanisms; therefore, the conclusions drawn herein are
primarily applicable to hybrid GFRP–steel-reinforced UHPC beams, and further validation
for other FRP types will be pursued in future studies.

Although FRP-reinforced and hybrid FRP–steel-reinforced beams have been widely
studied, existing research has mainly focused on normal-strength or geopolymer con-
crete [24–26], while investigations on UHPC beams with hybrid reinforcement remain
limited. Owing to the ultra-high strength, strain-hardening behavior and pronounced
fiber-bridging effect of UHPC, together with the low elastic modulus and non-yielding
behavior of GFRP bars, the flexural response and serviceability performance of hybrid
reinforced UHPC beams may differ significantly from those of conventional concrete mem-
bers. In particular, the cooperative working mechanism between GFRP bars and steel
bars, the applicability of the plane-section assumption and reliable prediction methods for
flexural capacity and serviceability behavior (deflection and crack width) have not yet been
fully clarified.

Although considerable research has been conducted on steel-reinforced UHPC beams,
studies on UHPC beams incorporating hybrid reinforcement remain limited.

To advance the engineering application of hybrid reinforced UHPC beams, several
key challenges must be resolved: (1) The influence of the bond performance between GFRP
bars and UHPC on the crack resistance and bearing capacity of beams has not been fully
clarified. (2) The cooperative working mechanism of steel bars and GFRP bars under
flexural loading requires further investigation to verify whether the two types of bars meet
the plane-section assumption. (3) The prediction method of flexural bearing capacity and
the control theories for deflection and cracking of hybrid reinforced UHPC beams need to
be further refined and validated.

To address these challenges, five UHPC beams reinforced with hybrid GFRP and
steel bars were designed and fabricated. Four-point bending tests were conducted to
systematically investigate the failure modes, crack distribution, mid-span deflection and
strain variations. On this basis, analytical formulas to predict the cracking load and flexural
capacity were developed. In addition, prediction methods to estimate short-term stiffness
and crack width were proposed. The research findings offer both experimental evidence
and theoretical foundation for the practical use of hybrid reinforced UHPC beams.
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2. Experimental Programs
2.1. Specimen Design and Fabrication

Five UHPC beams reinforced with hybrid GFRP and steel bars were designed and
fabricated, labeled B-1 through B-5. As illustrated in Figure 1, each of the five beams used
a rectangular section (b × h) of 150 mm × 250 mm. The overall length was 1800 mm
with a clear span of 1500 mm, leaving 150 mm overhangs beyond each support. The
constant-moment (pure bending) region measured 500 mm. Compression reinforcement
consisted of two 6 mm diameter steel bars, while 12 mm stirrups were installed at 50 mm
intervals. To ensure that the beam specimens failed in flexure rather than in flexure–shear,
both the flexural capacity and the shear capacity were calculated. The results indicated
that providing stirrups at a spacing of 50 mm satisfied the strong-shear–weak-flexure
design requirement, thereby ensuring flexural failure of the specimens. Each specimen was
designed to fail in a balanced mode.

 
(a) Design diagram of the specimen 

(b) Cross-section 

Figure 1. Details of the specimens (Unit: mm).

The reinforcement layouts are summarized in Table 1, where ρs denotes the reinforce-
ment ratio of steel bars and ρf represents that of GFRP bars.
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Table 1. Design parameters of specimens.

No. Steel Bars ρs (%) GFRP Bars ρf (%) ρ (%) ρ1 (%) ρ2 (%)

B-1 2C25 3.08 2Af14 0.91 3.99 4.03 3.30
B-2 2C25 3.08 2Af16 1.19 4.27 4.33 3.37
B-3 2C25 3.08 2Af18 1.51 4.58 4.67 3.45
B-4 2C22 2.42 2Af18 1.51 3.93 4.02 2.80
B-5 2C20 2.03 2Af18 1.51 3.54 3.63 2.40

The primary test parameters were ρs and ρf. To quantify the overall reinforcement
ratio of the specimens, the ratios ρ, ρ1 and ρ2 were defined as shown in Equations (1)–(3),
representing the actual ratio, the strength-converted ratio and the modulus-converted
ratio, respectively. The design tensile stress for GFRP reinforcement f fd was specified as a
minimum of 0.01 Ef and 0.75 f fu, where f fu is the ultimate tensile strength of the GFRP bars,
Es is the elastic modulus of steel bars and Ef is the elastic modulus of the GFRP bars.

ρ = ρs + ρf (1)

ρ1 = ρs +
ffd
fy

ρf (2)

ρ2 = ρs +
Ef
Es

ρf (3)

The main materials used for preparing UHPC included Portland cement of grade
PO42.5 (Jiangsu Helin Cement Co., Ltd., Zhenjiang, China), 40–70 mesh quartz and
70–140 mesh quartz sand (mass ratio of 1:1, Fengyang County Chaoxin Building Materials
Co., Ltd., Chuzhou, China), S95 slag powder (Nanjing Nangang Jiahua New Building
Materials Co., Ltd., Nanjing, China), silica fume (Shanghai Shengkuo Chemical Technology
Co., Ltd., Shanghai, China) and high-efficiency polycarboxylate superplasticizer (Jiangsu
China Railway Arit New Materials Co., Ltd., Nanjing, China). The mass ratio of cement,
slag powder, silica fume and quartz sand was 1:0.28:0.14:1.2. The content of high-efficiency
polycarboxylate superplasticizer was 1.5%, the steel fiber (Jiangsu Bositai Steel Fiber Co.,
Ltd., Taizhou, China) volume fraction was 2.5% (avg. diameter 0.22 mm length 12 mm) and
the water–binder ratio was 0.18.

2.2. Material Properties

During specimen casting, multiple sets of companion specimens were prepared
and cured under the same conditions as the UHPC beams. These included cubic spec-
imens with dimensions of 100 mm × 100 mm × 100 mm, prismatic specimens of
100 mm × 100 mm × 300 mm and three dumbbell-shaped specimens with mid-section
dimensions of 40 mm × 15 mm. UHPC mechanical properties were determined follow-
ing DBJ43/T 325-2017 [27]. The mechanical property tests of steel bars were performed
following GB/T 228.1-2021 [28], and GFRP bars in accordance with ISO 10406-1:2015 [29].

Table 2 presents the average mechanical properties of UHPC, where the cube compres-
sive strength f cu, axial compressive strength f c and tensile strength f t are measured values,
while the elastic modulus Ec is calculated according to Ouyang [30]. The stress–strain
relationships of UHPC are given in Equations (4) and (5), where σc and σt denote the
axial compressive stress and axial tensile stress of UHPC, respectively; εc and εt denote the
corresponding axial compressive strain and axial tensile strain. εc0 and εt0 are the strains
corresponding to the peak compressive stress and peak tensile stress of UHPC, respectively.
Table 3 summarizes the average mechanical properties of the GFRP bars, in which the
tensile strength f fu is experimentally measured and the elastic modulus Ef is calculated
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based on [29]. Table 4 reports the average mechanical properties of the steel bars, where
the yield strength f y and ultimate tensile strength f u are measured values, and the elastic
modulus Es is calculated according to [28]. The material properties of the steel fibers are
presented in Table 5.

Table 2. Mechanical properties of UHPC.

f cu (MPa) f c (MPa) f t (MPa) Ec (GPa)

107.24 94.37 9.47 39.7

Table 3. Mechanical properties of GFRP bars.

Diameter (mm) f fu (MPa) Ef (GPa)

14 1050 49.3
16 1120 49.4
18 1134 49.8

Table 4. Mechanical properties of steel bars.

Diameter (mm) f y (MPa) f u (MPa) Es (GPa)

16 463.5 625.6 202
20 479.1 638.5 201
22 476.7 659.7 201
25 467.8 619.4 200

Table 5. Mechanical properties of steel fibers.

Steel Fiber Type Average Length (mm) Diameter (mm) Tensile Strength (MPa)

Copper-coated micro steel fiber 13 0.23 2850

It is worth emphasizing that, in contrast to conventional steel bars, GFRP bars lack a
distinct yield point and maintain a linear elastic response until failure, typically demonstrat-
ing a higher tensile strength but a lower elastic modulus than the steel. By incorporating
the experimentally obtained material parameters into Equations (2) and (3), the compre-
hensive reinforcement ratios ρ1 and ρ2 for the specimens can subsequently be determined,
as detailed in Table 1.

σt

ft
=


1.17εt/εt0 + 0.65(εt/εt0)

2 − 0.83(εt/εt0)
3 0 ≤ εt/εt0 < 1

εt/εt0

5.5(εt/εt0 − 1) 2.2 + εt/εt0
εt/εt0 ≥ 1

(4)

σc

fc
=


1.55εc/εc0 − 1.20(εc/εc0)

4 + 0.65(εc/εc0)
5 0 ≤ ε/ε0 < 1

εc/εc0

6(εc/εc0 − 1) 2 + εc/εc0
ε/ε0 ≥ 1

(5)

2.3. Loading Scheme and Measurement Point

Figure 2 illustrates the test loading setup and the layout of the measurement points.
Each specimen was supported by a fixed hinge at one end and a sliding hinge at the other.
Symmetrical two-point loading was applied using two hydraulic jacks. To prevent local
compressive failure of the UHPC, 5 mm thick steel plates were placed at each loading point
and support.
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Figure 2. Loading device and measuring point layout.

Prior to formal testing, a preload was applied to check the proper operation of the
loading apparatus and measurement devices. During the main loading phase, 5 kN
increments were used initially to identify the cracking load, after which the increment
was adjusted to 10% of the estimated peak load. Once the applied load reached 80% of
the calculated peak load, the load increment at each stage was appropriately reduced to
ensure safety and accurate observation. The test was terminated when either a crushing
failure occurred in the UHPC compression zone or there was a sharp decline in load,
indicating failure.

Measurements covered the load–deflection response of the specimens; the strains
of GFRP bars, steel bars and the UHPC side surface within the pure bending span; the
cracking Pcr, yield Py and peak load Pu of the specimens; and the crack widths measured
at various load levels.

Support settlement and mid-span deflection were determined using five electronic
displacement gauges located at the mid-span, the loading points and the supports. Strain
gauges were attached to the tensile GFRP and steel bars at mid-span, with additional
gauges fixed to the UHPC side face to verify the plane-section assumption.

Strain and pressure data were collected using a TS3862 static resistance strain gauge
(Yangzhou Test Electric Co., Ltd., Yangzhou, China). Crack widths were gauged with a
crack-width meter. A marker pen was used to trace the crack development patterns.

3. Experimental Results and Analysis
3.1. Experimental Observations and Failure Modes

Figure 3 shows the failure modes and crack patterns of the five tested specimens.
In the shear-bending spans, vertical cracks consistently formed in the lower regions and
propagated upward toward the loading point after reaching a certain height. Within the
pure bending span, cracks primarily developed vertically, initiating from the bottom and
extending upward. All specimens exhibited typical flexural failure behavior: the tensile
steel bars in the lower region yielded and the UHPC in the upper compression zone
was crushed.

Taking specimen B-2 as a representative case, the loading procedure and corresponding
phenomena can be summarized as follows: At the onset of loading, the specimen exhibited
linear elastic response, with mid-span deflection exhibiting a proportional relationship to
the applied load. Upon the vertical load attaining 60.2 kN, the initial vertical crack emerged
within the pure bending span of the specimen, measuring approximately 0.010 mm in width
and 4.6 cm in length. As the load continued to increase, additional vertical cracks formed
almost symmetrically on both sides of the pure bending span, progressively widening and
extending upward.
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(a) B-1 (b) B-2 

  
(c) B-3 (d) B-4 

 
(e) B-5 

Figure 3. Failure modes and crack distribution.

When the load attained 167.4 kN, no additional cracks were observed in the pure
bending region. Upon increasing the load to 216.6 kN, the tensile steel bars yielded and
the maximum crack width at mid-span reached 0.203 mm. Subsequent loading produced
horizontal longitudinal cracks on the upper UHPC face and a pronounced increase in
mid-span deflection.

Ultimately, the UHPC in the upper region was crushed and the specimen achieved
its ultimate capacity. Benefiting from the presence of steel fibers, significant spalling
was prevented following UHPC crushing, and the specimen maintained good structural
integrity, which was consistent with the experimental observations by Lai [31].

A peak load of 265.0 kN was attained, associated with a mid-span deflection of
15.63 mm. The maximum crack within the pure bending span widened to 1.022 mm and
extended to a length of 20.8 cm. Upon unloading, the mid-span deflection recovered well,
and the fine cracks exhibited effective closure.
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3.2. Load–Deflection Curve

Table 6 summarizes the characteristic loads alongside their mid-span deflections. In
the table, Pcr, Py and Pu refer to the cracking, yield and peak load, respectively, while ∆cr,
∆y and ∆u denote the associated deflections.

Table 6. Characteristic load and deflections.

No. Pcr (kN) ∆cr (mm) Py (kN) ∆y (mm) Pu (kN) ∆u (mm)

B-1 59.6 1.12 199.8 5.28 265.0 15.63
B-2 60.2 0.9 216.8 5.48 290.4 15.97
B-3 66.8 1.01 238.8 5.9 306.2 15.68
B-4 56.2 0.98 194.2 5.35 284.6 16.05
B-5 49.2 1.01 183.5 5.49 267.8 15.92

The mid-span load–deflection (P-∆) responses are shown in Figure 4, which can be
partitioned into three stages: (1) from initial loading to UHPC cracking; (2) from UHPC
cracking to yielding of the tensile steel bars; and (3) from steel yielding to ultimate failure.

0 2 4 6 8 10 12 14 16 18
0
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250

300

350

P 
(k

N
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 B-3 (ρf=1.51%)

Cracking

Steel yield
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Steel yield

Cracking

(a) GFRP bars ratio (b) Steel bars ratio 

Figure 4. Load–deflection curve at mid-span.

Cracking of the tensile zone UHPC produced a distinct kink on the curve. The load
and mid-span deflection at this point were defined as the cracking load Pcr and cracking
deflection ∆cr. As loading continued, yielding of the tensile steel bars led to a sharp growth
in mid-span deflection and notable crack widening. The curve exhibited a second clear
inflection point, corresponding to the yield load Py and yield deflection ∆y. As the load
continued to increase, the specimen entered the hardening stage: mid-span deflection
continued to increase while the load increment slowed, until the upper UHPC was crushed
and the beam failed. The maximum applied load at this point was defined as the peak load
Py, with the corresponding deflection denoted as the ultimate deflection ∆u.

A comparative analysis of the curves of B-1, B-2 and B-3 indicated that, with a constant
steel bar reinforcement ratio, increasing the reinforcement ratio of GFRP bars raised both
the cracking and yield loads, while the overall stiffness remained nearly unchanged. Specifi-
cally, the peak load capacity increased from 265.0 kN to 290.4 kN and 306.2 kN, representing
increases of 9.58% and 15.55%, respectively. This phenomenon is primarily ascribed to the
relatively low elastic modulus of GFRP bars, which limits their contribution to the section’s
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flexural stiffness, despite their high strength. This behavior is further supported by an
analysis of the reinforcement ratios: as the GFRP bars’ reinforcement ratio ρf was increased
from 0.91% to 1.19% and 1.51%, the reinforcement ratio converted by strength ρ1 rose from
3.99% to 4.27% and 4.58%, representing increases of 7.02% and 14.79%. This trend aligned
closely with the observed increase in peak bearing capacity. In contrast, reinforcement
ratio converted by elastic modulus ρ2 increased only marginally from 3.30% to 3.37% and
3.45%, which corresponded to the insignificant change observed in the flexural stiffness of
the specimens.

A comparative analysis of the curve of B-3, B-4 and B-5 demonstrates that when the
GFRP reinforcement ratio ρf was held constant, increasing the steel reinforcement ratio ρs

resulted in a simultaneous increase in the load at cracking, yield point and overall stiffness.
Specifically, the peak load exhibited an increase from 267.8 kN to 284.6 kN and 306.2 kN,
marking increases of 6.27% and 14.34%, respectively.

This trend is further explained by the analysis of the reinforcement ratios. As ρs was
increased from 2.03% to 2.42% and 3.08%, the ρ1 rose from 3.63% to 4.02% and 4.67%
(increases of 10.74% and 28.65%, respectively). Similarly, the ρ2 rose from 2.40% to 2.80%
and 3.45% (increases of 16.67% and 43.75%, respectively). Consequently, both the rein-
forcement ratios converted by strength and elastic modulus exhibited significant growth
with the increase in the reinforcement ratio of steel bars. This directly corresponded to
the synchronized enhancements observed in the stiffness and peak bearing capacity of
the specimens.

Furthermore, increasing the reinforcement ratio of GFRP bars from 0.87% to 1.14%
and 1.44% led to peak bearing capacity enhancements of 9.58% and 15.55%, respectively.
In contrast, as the steel reinforcement ratio increased from 1.94% to 2.32% and 2.95%, the
peak load rose by only 6.27% and 14.34%, respectively. These results revealed that the peak
bearing capacity exhibited greater sensitivity to the reinforcement ratio of GFRP bars. This
is because GFRP bars with high ultimate tensile strength could continue to bear the load
after the steel bars in the tensile zone reached the yield strength. Moreover, there was no
tensile failure in the test in which GFRP bars ruptured and UHPC in the compression zone
was not crushed. This demonstrates that the hybrid reinforced UHPC beams can enable
more effective utilization of the strength of both steel and GFRP bars.

3.3. Load–Strain Response

Figure 5 presents the load–strain response for the tensile steel bars and GFRP bars
within the pure bending span of the specimens. Specifically, S1 and S2 represent strain
gauges installed on the GFRP bars, while S3 and S4 correspond to those affixed to the steel
bars. From the figure, it is evident that a strong bond was maintained between the UHPC
and GFRP bars during the loading process, with no significant slip observed. At the point
of ultimate bearing capacity of the test beam, the tensile steel bars had already yielded.
Moreover, the GFRP and steel bars located at the same height exhibited similar strain
values, further confirming the compatibility of deformation and effective load transfer
between the materials.

3.4. Strain Distribution Across the Depth of the Mid-Span Cross-Section

Figure 6 illustrates the average strain distribution across the depth of the mid-span
cross-section. It is evident that prior to the yield point of the tensile steel bars, the strain
across the section exhibited an approximately linear variation with the height, thereby
validating the plane-section assumption. After the yielding of the steel bars, although
the increased strain gradient in the plastic zone led to localized deflections in the curve,
the strain in the concrete compression zone and uncracked regions maintained a linear
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distribution, thus remaining broadly consistent with the assumption of a plane section.
This supports the theoretical foundation for deriving flexural capacity formulas.

  
(a) B-1 (b) B-2 

(c) B-3 (d) B-4 

 
(e) B-5 

Figure 5. Load–strain response.
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(c) B-3 (d) B-4 

 
(e) B-5 

Figure 6. Average strain distribution along height of cross-section at mid-span.

4. Cracking Moment
4.1. Calculation Method

When the applied load reaches the cracking load of the specimen, according to the
principle of sectional moment conservation, the cracking moment is given by Equation (6).

Mcr = Mc + Mf + Ms = ft + Ws (6)

Mc, Mf and Ms denote the balanced moments of the UHPC, the GFRP bars and the
tension-side steel bars, respectively; f t is the ultimate tensile strength of the UHPC; Ws is
the section resisting moment accounting for the plasticity of UHPC in the tension zone.
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The plasticity influence coefficient γm of the section resisting moment is introduced to
characterize the elastic–plastic development of the tension zone.

Mcr = γm ftW0 (7)

W0 denotes the section resisting moment of the beam calculated based on elastic theory.
Combining the above equations, Equation (8) can be obtained.

Γm = Ws/W0 (8)

The compressive stress in the compression zone of the beam is relatively low; its
distribution can be idealized as triangular. In contrast, the tensile zone stress is nonlinearly
distributed. To simplify the method, the stress curve of the tension zone is approximated
by a combination of triangular and trapezoidal shapes, as depicted in Figure 7. The heights
of the elastic and plastic regions in tension are denoted by x1 and x2, respectively. The
compression zone depth is xc. Following Zheng [32], the strain εt0 at the peak tensile stress
of UHPC is 0.00025 and the ultimate tensile strain εtu is 0.00075. Therefore, the value of
εt0/εtu is 1/3. Under the plane-section assumption, x1 = 1/2 and x2 = 1/3 (h-xc) can be
obtained, where h is the section height of the beam.

Mcr

σS As+ σf Af

σc

εtu

εt0
Mcr

Tf +Ts

σc

T1

T2

x c
x 1

x 2

D

εs +εf

εc

λft

Figure 7. Simplified stress diagram for calculating cracking moment.

The UHPC compressive strain, together with the tensile strains in the steel and GFRP
bars, can be determined, where xc denotes the compression zone depth and h0 is the
effective section depth.

Ec =
xc

h − xc
εtu = 3εt0

xc

h − xc
(9)

εs =
h0 − xc

h − xc
εtu = 3εt0

h0 − xc

h − xc
(10)

εf =
h0 − xc

h − xc
εtu = 3εt0

h0 − xc

h − xc
(11)

The resultant compressive force D and its bending moment about the neutral axis Mc

are given by Equations (12) and (13), where σc denotes the UHPC compressive stress, b is
the section width and Ec is the compressive elastic modulus of UHPC.

D =
1
2

σcbxc =
1
2

Ecεcbxc =
3
2

Ecb
x2

c
h − xc

εt0 (12)

Mc =
2
3

xcD = Ecb
x3

c
h − xc

εt0 (13)
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The elastic-tension resultant force T1 of UHPC and its bending moment about the
neutral axis M1 are given by Equations (14) and (15).

T1 =
1
2

ftbx1 =
1
6

ftb(h − xc) (14)

M1 =
2
3

x1T1 =
1

27
ftb(h − xc)

2 (15)

The resultant force T2 of the plastic part of UHPC in the tension zone and its moment
about the neutral axis M2 are given by Equations (16) and (17).

T2 =
1
2
(λ + 1) f tbx2 =

1
3
(λ + 1) ftb(h − xc) (16)

M2 =

(
2λ + 1
3λ + 3

x2 + x1

)
T2 =

7λ + 5
27

ftb(h − xc)
2 (17)

Tensile steel resultant force Ts and its moment about the neutral axis Ms are given by
Equations (18) and (19), where σs denotes the tensile stress of the steel bar and Es denotes
its tensile elastic modulus.

Ts = σs As = Esεs As = 3Es Asεt0
h0 − xc

h − xc
(18)

Ms = Ts(h0 − xc) = 3Es Asεt0
(h 0 − xc)

2

h − xc
(19)

The resultant force Tf of the GFRP bar and its bending moment about the neutral axis
Mf are given by Equations (20) and (21), where σf denotes the tensile stress of the GFRP bar
and Ef denotes the tensile elastic modulus of GFRP bars.

Tf = σf Af = Efεf Af = 3Ef Afεt0
h0 − xc

h − xc
(20)

Mf = Tf(h0 − xc) = 3Ef Afεt0
(h 0 − xc)

2

h − xc
(21)

According to the equilibrium condition of the axial force of the section, Equation (22)
can be obtained.[

3
2

Ecbεt0 −
1
6

ftb −
1
3
(λ+1) ftb

]
x2

c +

[
1
3

ftbh +
2
3
(λ + 1) ftbh + 3Es Asεt0 + 3Ef Afεt0

]
xc

−1
6

ftbh2 − 1
3
(λ + 1) ftbh2 − 3Es Asεt0h0 − 3Ef Afεt0h0 = 0 (22)

The value of xc can be determined from Equation (22). Based on the sectional moment
equilibrium, the cracking bending moment is determined by Equation (23).

Mcr = Ecb
x3

c
h − xc

εt0 +
1

27
ftb(h − xc)

2 +
7λ + 5

27
ftb(h − xc)

2 + 3Es Asεt0
(h 0 − xc)

2

h − xc
+ 3Ef Afεt0

(h 0 − xc)
2

h − xc
(23)

4.2. Calculation Results

Table 7 lists the cracking moment values calculated according to Equation (22), Mcr
p

alongside the test values Mcr
t. The average value of Mcr

p/Mcr
t is 1.04, with a standard

deviation of 0.051 and a coefficient of variation of 0.049, indicating close agreement between
the analysis and experiment.
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Table 7. Comparison of Mcr
p and Mcr

t.

No. Mcr
p (Mpa) Mcr

t (Mpa) Mcr
p/Mcr

t

B-1 31.5 29.8 1.05
B-2 31.8 30.1 1.05
B-3 32.1 33.4 0.96
B-4 29.2 28.1 1.03
B-5 27.3 24.6 1.10

5. Flexural Capacity
5.1. Basic Assumptions

Normal section flexural capacity is determined subject to the following assumptions:
(1) The cross-section is assumed to remain plane throughout bending, implying a linear
strain distribution with depth from the neutral axis. (2) A perfect bond is maintained
between the GFRP bars and the UHPC; the steel and GFRP bars located at the same
height have the same strain. (3) The constitutive relationship of UHPC is defined by the
model specified in DBJ43/T 325-2017 [27], which incorporates its tensile capacity. (4) The
constitutive relationships of steel bars are represented by an ideal elastic–plastic model.,
while the linear elastic model is used for GFRP bars. The absolute value of the stress of
steel bars shall not surpass its yield strength, while the absolute value of the stress of GFRP
bars is limited to its design value of tensile stress f fd.

5.2. Calculation Method

Figure 8 illustrates the compressive stress distribution across the normal section of the
UHPC beam with hybrid GFRP–steel reinforcement. For the purpose of flexural capacity
evaluation, the actual compressive stress is idealized as an equivalent rectangular block.
The equivalence is based on two principles: (1) The area of the theoretical stress curve
must be equal to that of the equivalent rectangular block, ensuring identical resultant force.
(2) The centroid of the block must coincide with that of the actual stress distribution to
maintain the position of the resultant compressive force, thereby preserving the internal
moment arm.

 

Figure 8. Stress distribution of normal section.

Accounting for the tensile capacity of UHPC, the tensile strain of GFRP bars is given
by Equation (24) under the plane-section assumption.

Ef = εcu
h0 − xc

xc
= εcu

βh0 − x
x

(24)
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The tensile stress of GFRP bars is given by Equation (25).

Ff = Efεf = Efεcu
βh0 − x

x
(25)

From the force equilibrium condition, Equation (26) is derived.

A1 fcbx = fy As + ff Af + k ftbxt (26)

In these Equations, UHPC ultimate compressive strain εcu is taken as 0.0055; b is the
section width; h0 is the effective depth; x denotes the compression depth; and the depth of
tensile zone xt is defined as h−x/β. α1 is the ratio of the equivalent compressive strength
of UHPC to its axial compressive strength; β represents the coefficient for the equivalent
rectangular stress block in the compressive zone. The values of α1 and β are taken as
0.90 and 0.77 in accordance with DBJ43/T 325-2017 [27].

As and Af refer to the areas of the tensile steel bars and GFRP bars. To account for
the contribution of UHPC to the tensile resistance of the specimens, a coefficient k (i.e., the
equivalent rectangular stress block coefficient for the UHPC tensile zone) is introduced to
quantify the tensile contribution of UHPC. According to Ref. [33], k typically ranges from
0.27 to 0.44; for simplicity and to err on the conservative side, k is taken as 0.25 in this study.
a denotes the distance from the resultant tensile force to the UHPC tensile edge. According
to the above formula, the height of equivalent compression zone can be calculated, and the
load-bearing capacity is given by Equation (27).

Mu =
(

fy As + ff Af
)(

h0 −
1
2

x
)
+ k ftbxt

(
1
2

xt +
x
β
− 1

2
x
)

(27)

5.3. Calculation Results

Table 8 compares the calculated flexural capacity Mu
p and the experimentally mea-

sured values Mu
t for five specimens. The mean ratio of Mu

p/Mu
t is 0.975, with a standard

deviation of 0.022 and a coefficient of variation of 0.023. Close agreement between the cal-
culated and experimental results demonstrates the reliability of the formula for predicting
the load-bearing capacity of hybrid reinforced beams.

Table 8. Comparison of Mu
p and Mu

t.

No. Mu
p (Mpa) Mu

t (Mpa) Mu
p/Mu

t

B-1 134.5 132.5 1.02
B-2 140.9 145.2 0.97
B-3 147.4 153.1 0.96
B-4 136.9 142.3 0.96
B-5 130.5 133.9 0.97

6. Stiffness and Deflection
6.1. Stiffness Before the Cracking of UHPC

Prior to UHPC cracking, the bending moment varies approximately linearly with the
curvature, and the slope of the bending moment–curvature M-ϕ curve is defined as the
bending stiffness. According to the code GB50010-2010 [34], stiffness can be calculated
according to Equation (28), where I0 denotes the moment of inertia of the transformed
section of the entire cross-section and the value is calculated according to Equation (29). In
the formula, x represents the compression zone depth; A0 is the area of the transformed
section of the whole section; αEs is the elastic modulus ratio, defined Es/Ec; As and A′

s
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represent the areas of the tensile and compressive steel bars, respectively; and a′s is the
thickness of the UHPC cover of the compressive reinforcement.

Considering the plasticity of UHPC in the tensile zone, its elastic modulus is reduced
by 20%. Additionally, the contribution of GFRP bars to the flexural stiffness is neglected.
This is justified by the relatively low elastic modulus of GFRP bars, which is only approx-
imately 1.2 times that of UHPC, resulting in a minimal influence on the overall section
stiffness. Furthermore, this omission is exactly offset by the area that is doubly counted
when calculating the transformed area of the steel bars, thereby significantly simplifying
the calculation formula.

B = 0.8Ec I0 (28)

I0 =
1
3

bx3 +
1
3

b(h0 − x)3 + αEs[A s(h0 − x)2 + A′
s
(
x − a′s

)2
] (29)

x =

1
2

bh2 + αEs(Ash0 + A′
sa′s)

A0
(30)

A0 = bh + αEs
(

As + A′
s
)

(31)

6.2. Short-Term Stiffness After the Cracking of UHPC

Short-term stiffness Bsf in the service stage is evaluated based on JGJT 465-2019 [35],
as given by Equation (32). Bs denotes the flexural stiffness of the hybrid reinforced concrete
beam converted to the UHPC strength grade and βB is the steel fiber influence coefficient
determined experimentally. λf is the characteristic fiber parameter defined as Vf lf/df,
where Vf is the fiber volume fraction, lf is the average length of steel fiber and df is the
average diameter of steel fiber.

Bsf = Bs(1 + βBλf) (32)

6.2.1. Calculation Formula of Bs

Based on the code GB50010-2010 [34], flexural stiffness Bs is determined as follows:
During the service stage, the flexural stiffness of the cross-section decreases as the bending
moment increases, making it a variable quantity. For the convenience of calculation, the
stiffness at this stage is defined as the slope of the secant line connecting any point on the
moment–curvature M-ϕ curve to the origin.

In this phase, the UHPC in the tensile zone is assumed to be fully cracked and
is therefore disregarded, with only the steel and GFRP bars resisting the tensile forces.
Consequently, as the contribution of tensile UHPC is neglected, the role of the GFRP
bars becomes significant and must be considered. The contribution of the GFRP bars is
equivalent to the section of steel bars by the area according to the elastic modulus ratio.

Furthermore, experimental results indicate that the distribution of the tensile strain
of the steel bars and the compressive strain in the UHPC edge are not uniform. The
height of the compressive zone varies continuously, causing the neutral axis to exhibit
an undulating profile along the length direction of the beam. Therefore, average strain is
employed to determine the average curvature and the average stiffness of the cross-section,
as detailed below.

Bs =
M
ϕ

(33)

ϕ =
εcm + εsm

h0
(34)

εcm =
M

ζbh2
0Ec

(35)
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εsm =
ψM

(Es As + Ef Af)ηsh0
(36)

Bs =
(Es As + Ef Af)h2

0
ψ
η + αEsρs+αEfρf

ζ

(37)

αEsρs + αEfρf
ζ

= 0.2 + 6(αEsρs + αEfρf) (38)

εcm is the average strain of UHPC at the edge of the compression zone, εsm is the
average tensile strain of the longitudinal reinforcement. The parameter ζ represents a
comprehensive average strain coefficient for the UHPC at the edge of the compression
zone, which can be determined using an empirical formula similar to the standard, as
given in Equation (38). H denotes the internal force lever arm coefficient. Generally, η is
not significantly influenced by factors such as concrete type, cross-sectional dimensions
or reinforcement configuration [36]. Therefore, a value of 0.87 is adopted for η. ψ is the
non-uniformity coefficient of longitudinal tensile reinforcement strain between cracks.

6.2.2. Non-Uniformity Coefficient of Longitudinal Tensile Reinforcement Strain

Due to the existence of steel fiber in UHPC, the strain distribution of tensile steel bars
is more uniform than that observed in ordinary concrete. However, since the enhancement
effect of steel fiber has been considered by the factor βBλf in the previous analysis, their
additional influence is disregarded hereafter. Therefore, the study of the coefficient ψ is
simplified by considering it within ordinary concrete which has the same strength as UHPC.

Following the approach of Liu [37], ψ is calculated using Equation (39), where ρte

represents the longitudinal tensile reinforcement ratio which is obtained from the effective
tensile area. Ate is the effective tensile UHPC section area, which is assumed to be 0.5bh for
rectangular sections. σsk represents the tensile reinforcement stress at the cracked section
and is determined by Equation (41).

ψ = 1.12 − 0.38
fth

ρteσsqh0
(39)

ρte =
As + Ef Af/Es

Ate
(40)

σsk =
M

0.87h0(As + AfEf/Es)
(41)

By substituting both the calculated stiffness of an equivalent-strength ordinary concrete
Bs and the experimentally measured stiffness Bsf of the specimens into Equation (32), the
value for βB is determined to be 0.2 through a fitting process.

6.3. Calculation Formula of Deflection

According to mechanical theory, the deflection f of a simply supported beam under
symmetric two-point loading can be calculated according to Equation (42), where the load
at each point is P/2, L0 denotes the effective span of the beam and a represents the length
of the bending-shear span.

F = Pa(
L2

0
8

− a2

6
)/Bs (42)

By substituting the results from Equations (28) and (32) into Equation (42), the mid-
span deflections of the specimens both before cracking and during the service stage are
obtained. Figure 9 shows a comparison of predicted deflection f p and measured deflection
f t. The mean ratio of f p/f t is 0.92, with a standard deviation of 0.08 and a coefficient
of variation of 0.09. The results demonstrate that the flexural stiffness predicted by the
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proposed formula closely aligns with the experimental data, confirming its applicability for
practical engineering use.

0 2 4 6 8
0

2

4

6

8

B-1
B-2
B-3
B-4
B-5

f p (m
m

)

f t(mm)

+20%

-20%

Mean value =0.92
Standard deviation =0.08
Coefficient of variation =0.09

Figure 9. Comparison of f p and f t.

7. Calculation of the Crack
The addition of steel fiber to UHPC can effectively inhibit crack propagation after the

initiation of cracking in hybrid reinforced beams. Therefore, the bridging effect of steel
fiber at the crack should be adequately considered. In addition, the bonding performance
between UHPC and GFRP bars differs from that of steel bars, and the interface characteris-
tics significantly influence the formation and development of cracks. Consequently, further
investigation is required to develop accurate methods for predicting average crack spacing
and width in hybrid reinforced UHPC beams under applied loads.

7.1. Average Crack Spacing

During the service stage, the bond anchorage between steel bars and concrete is gov-
erned by both chemical cementation and mechanical interlock. Near the vicinity of cracks,
mechanical interlock plays a more dominant role, whereas chemical adhesion is more
significant in regions farther from the cracks. In the case of UHPC, which lacks coarse
aggregates, the bond anchorage depends primarily on chemical cementation. However,
fine aggregates such as fine sand and mineral powder effectively fill the grooves of the rein-
forcement ribs, densifying the bonding layer. As a result, the interfacial friction coefficient
is not compromised by the absence of coarse aggregate. Therefore, the relative bonding
characteristic coefficient vi between steel bars and UHPC can be assumed equivalent to that
of conventional concrete, as referenced in GB 50010-2010 [34]. The average crack spacing
lm of hybrid reinforced UHPC beams is calculated according to Equation (43).

Lm = λc1.9c + 0.08
deq

ρte
(43)

deq =
∑ nid2

i
∑ nividI

(44)

The parameter c denotes the protective layer thickness for the tensile reinforcement; deq

represents its equivalent diameter, determined from Equation (44), where ni is the number
of longitudinal tensile reinforcements; and vi indicates the bond coefficient associated with
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the longitudinal reinforcement. For ribbed and round steel bars, vi is assigned values of
1.0 and 0.7, respectively. For GFRP bars, since the bond between UHPC and GFRP bars
is good, vi is taken as 0.9. The value of ρte is determined from Equation (40). Because
UHPC exhibits both high strength and low porosity, its required protective layer thickness
is reduced relative to that of conventional concrete [27]. Therefore, a protective layer
thickness influence coefficient λc is introduced to account for the differences in protective
layer thickness, calculated as c/(c − 5).

Table 9 presents a comparison between the predicted average crack width lmp and the
measured average crack width lmt for five specimens. The mean ratio lmp/lmt equals 1.07,
with a mean square deviation of 0.062 and a coefficient of variation of 0.058. These results
demonstrate that the calculation formula closely matches the experimental data and can
accurately predict the average crack width of the beam.

Table 9. Comparison of lmp and lmt.

No. lm
p (mm) lm

t/ (mm) lm
p/lm

t

B-1 68.68 67.99 1.01
B-2 69.01 67.31 1.03
B-3 69.35 65.48 1.06
B-4 70.12 60.31 1.16
B-5 70.77 64.26 1.10

7.2. Crack Width

The average crack width ωm is defined as the difference between the mean elongation
of the reinforcement within the cracked section and the mean elongation of the UHPC on
the side surface at the same level. Based on this definition, Equation (45) is derived, where
αc denotes the influence coefficient of UHPC’s own elongation between cracks on the crack
width, which is taken as 0.85 [34]. ψ is determined from Equation (39). σsk is taken from
Equation (41). When UHPC cracks, steel fibers bridging the crack connect the UHPC matrix
on both sides, restraining further crack propagation [38]. Therefore, the steel fiber influence
coefficient βc is introduced to account for this crack-width reduction effect.

ωm = βcαcψ
σsk
Es

lm (45)

Using the experimental data, the calculated values of βc are illustrated in Figure 10.
The mean value of βc is 0.66. It is suggested that the value of βc should be 0.7, which tends
to be conservative.

0 5 10 15 20 25
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Data point

B-1
B-2
B-3
B-4
B-5

β c

Average=0.66

Figure 10. The value of coefficient βc.
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The maximum crack width ωmax under short-term loading is calculated as the product
of the average crack width and the crack width expansion coefficient τ.

ωmax = τωm (46)

It is worth noting that ωmax does not represent the absolute maximum crack width, but
rather a relative maximum value corresponding to a 95% confidence level [36]. Therefore, a
probabilistic distribution approach is used to determine the value of τ. Statistical analysis
indicates that, for the five specimens under various load levels, the ratios of individual
crack widths to the average crack width approximately follow a normal distribution. At
a 95% confidence level, τ is determined to be 1.4. Therefore, it is suggested that the crack
width expansion coefficient of the hybrid reinforced UHPC beam is 1.4.

As shown in Figure 11, the maximum crack widths of five specimens under short-
term loading are compared. The average value of ωp

max/ωt
max is 1.01, accompanied by a

standard deviation of 0.20 and a coefficient of variation of 0.19. The results confirm that
the calculated crack widths correspond closely to the measured values, supporting the
reliability of the proposed prediction method.

0.00 0.05 0.10 0.15 0.20 0.25
0.00

0.05
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0.15

0.20

0.25

ω
p m

ax
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B-3
B-4
B-5

ωt
max

Mean value =1.01
Standard deviation =0.20
Coefficient of variation =0.19 +20%

-20%

Figure 11. Comparison of ωp
max and ωt

max.

8. Conclusions
Four-point bending tests were performed on UHPC beams reinforced with hybrid

GFRP and steel bars. The effect of the reinforcement ratios of steel bars and GFRP bars on
the flexural performance of the specimens was investigated. The formulas for calculating
the cracking moment, load-bearing capacity, deformation capacity and crack width were
proposed. Drawing on both experimental findings and analytical investigations, the
following conclusions are obtained:

(1) All specimens experienced typical flexural failure: tensile bars were yielded fol-
lowed by UHPC crushing. Throughout the loading, GFRP bars remained well bonded to
the UHPC with no significant slip observed. The high stiffness and ductility of UHPC effec-
tively compensated for the large deflections and poor ductility of GFRP-reinforced beams.

(2) Increasing steel reinforcement notably enhanced stiffness and ultimate load capacity.
In contrast, increasing the GFRP reinforcement ratio had little influence on stiffness but
contributed more significantly to improving ultimate load capacity than to an equivalent
increase in steel reinforcement.
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(3) The strain distributions in both GFRP and steel bars were generally consistent,
confirming cooperative action between the two materials. A flexural capacity formula
accounting for the tensile effect of UHPC was derived. The predicted outcomes showed
close agreement with experimental measurements, validating the predictive capability of
the model.

(4) By converting the GFRP area into an equivalent steel section based on the elastic
modulus ratio and incorporating the effect of steel fibers, a stiffness calculation formula
was established. The deflection predicted by this formula showed close agreement with the
experimental results.

(5) Steel fibers effectively bridged cracks, restricting crack propagation. Based on this
mechanism, the calculation methods for average crack spacing and crack width in current
concrete standards were modified. The outcomes derived from the modified method
exhibited close agreement with the experimental data, thereby confirming the validity of
the proposed calculation approach.

9. Discussion
This study investigated the flexural behavior of UHPC beams reinforced with hybrid

GFRP and steel bars through bending tests on five specimens and proposed analytical
models for predicting their flexural capacity and serviceability performance. Nevertheless,
several limitations should be acknowledged.

First, the experimental program was limited to five laboratory-scale beam specimens.
Although the results were sufficient to reveal the fundamental flexural behavior and
performance trends of hybrid reinforced UHPC beams, the limited number of specimens
restricted the statistical robustness of the conclusions, and potential size effects associated
with full-scale members were not addressed.

Second, the present study was primarily based on experimental observations and
analytical formulations. Finite element analysis was not conducted to further investigate
the internal stress–strain distribution, crack evolution and parameter sensitivity of hybrid
reinforced UHPC beams. The incorporation of numerical simulations would allow a more
comprehensive assessment of the proposed analytical models over a wider parameter range.

In addition, only GFRP bars were considered in this study. Since FRP bars with
higher elastic modulus (e.g., CFRP bars) may significantly influence stiffness, deflection
and crack development, the conclusions of this study are mainly applicable to UHPC beams
reinforced with hybrid GFRP and steel bars, and their extension to other FRP types requires
further validation.

Future research will focus on conducting additional tests with a larger number of
specimens, including full-scale UHPC beams, developing finite element models to sys-
tematically study key parameters and investigating the flexural behavior of UHPC beams
reinforced with different types of FRP bars combined with steel bars.
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