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Despite extensive studies on reinforced concrete beams with fiber-reinforced polymer sheets, uncertainties persist
regarding their behavior under complex torsional bending loads. This study investigated the combined bending
and torsional behavior of RC beams externally reinforced by hybrid expansion and reinforcement sections. In this
research, nine beams were cast using normal-strength reinforced concrete (NSC), with cross-sectional dimensions
of 150 x 250 mm, and a total length of 1750 mm. One beam was left untouched to serve as a control specimen,

keyword: and eight of them were reinforced using a sectional expansion technique using self-consolidating concrete (SCC)
Concrete jacket reinforced with steel, glass fiber reinforced polymer (GFRP) or hybrid reinforce (steel and GFRP). The eight
GFRP bar samples were classified into two groups. The first group included 4 samples with a magnification section of 50

mm (Ah = 50 mm) and the second group included 4 samples with a magnification section of 75 mm (Ah = 75
mm). Nine beams were subjected to combined torsional bending loads, and tests focused on the effect of raising
the Ah value, which increases the effective depth, and the GFRP replacement ratio (0% to 100%). Finally, the
two groups’ samples were compared for ultimate torsional strength, torsional moment, bending moment, and
maximum torsion angle. Expanding the section (A = 50) resulted in a 33.33% to 66.67% increase in bending
and torsion resistance compared to the control sample. For specimens with an expanded section (Ah = 75), the
combined torsional and bending strength increased from 60% to 100%. Due to GFRP’s brittleness, increasing the
replacement ratio decreases the specimens’ capacity to resist combined bending and torsion.

© 2025 University of Al-Qadisiyah. All rights reserved.
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1. Introduction

In addition to bending and shear forces, reinforced concrete (RC) structural
elements such as spiral staircases, ring beams at the bottom of circular tanks,
end beams of shell roofs, beams supporting canopy panels, and end beams on
each floor of multi-story buildings are subjected to significant torsional loading
[1]. Torsional moments provide shear stresses by twisting structural elements
longitudinally. Torsion usually occurs in conjunction with bending moment and
shear stress, so structural elements are rarely subjected to torsional moment
alone [2]. Torsional moments occur in a large number of structural members,
including bridges, so torsional strengthening of concrete members for the
purpose of bearing torsional stresses can be achieved in one of the following
ways: (a) increasing the cross-sectional area of members; (b) adding transverse
reinforcement (c) utilizing steel plates that are externally bonded, and (d) using
external prestressing to apply an axial load to the member. Corrosion of steel
reinforcement in concrete structures is a major constraint for the construction
sector [3]. Given the issues of durability and corrosion faced by steel rein-
forcement in harsh environments, other materials such as fiber reinforcement
polymers (FRP) have emerged as potential substitutes for reinforcement. Re-
inforcing bars are composite materials consisting of reinforcing fibers and a
resin matrix. FRP composites are utilized in various engineering structures
to improve performance requirements, thanks to their favorable features. FRP
composites are used in the fields of rehabilitation, formwork, and reinforcement
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for the purpose of earthquake design [4]. Fiber-reinforced polymer, or FRP, has
become a competitive substitute for conventional steel rebar in the strengthe-
ning of reinforced concrete structures. However, the malleability of FRP R.C.
members is greatly reduced by the fragile nature of fiber-reinforced polymer.
It is recommended that longitudinal reinforcement be added to the steel rebars
to generate a hybrid reinforcement in order to improve the flexural ductility
of FRP R.C. members [5]. When concrete infrastructure is exposed to hostile
environments, like maritime environments and de-icing salts, it is very prone to
corrosion. Fiber-reinforced polymer (FRP) reinforcements can be used in place
of steel bars, as demonstrated by decades of intensive research. Compared to
steel, fiber-reinforced polymer (FRP) reinforcements have a lower modulus of
elasticity, a linear stress-strain relationship, superior strength-to-weight ratio,
excellent fatigue resistance, and great corrosion resistance. Presently, glass,
carbon, aramid, and basalt fibers are accessible for commercial use. These
fibers are used to make GFRP, CFRP, AFRP, and BFRP rods, in that order.
Because GFRP bars are relatively inexpensive, they are frequently utilized as
reinforcement for concrete constructions rather than typical steel reinforcing
bars [6]. Replace steel rebar at corners or on the outside of the tensile zone
with FRP bars to reduce steel corrosion and increase the life of the hybrid RC
beam [7, 8]. In order to confirm the torsional strength of the RC beam, Rahal
[9] provided the findings of 66 beam tests. Relationships between torsional
strength and concrete strength, as well as between torsional strength and the
quantity of longitudinal and transverse reinforcement, have been noted.
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Nomenclature

ACI American Concrete Institute NSC  Normal Strength Concrete

AFRP  Aramid Fiber- Reinforced Polymer NSM  Near Surface Mounted

ASTM American Society for Testing and Materials PPF  Poly Propylene Fiber

BFRP Basalt Fiber- Reinforced Polymer RC Reinforce Concrete

B.M Bending Moment scc Self-compacting concrete

CFRP Carbon Fiber Reinforced Polymer SCRC  Self-Compacting Reinforced Concrete
CB Control Beam SF Steel Fiber

FRP  Fiber Reinforced Polymer SP Super Plasticizers

Oy Ultimate strength of steel w/e water-cement ratio

oy Yield Stress of steel Ah Distance from the strengthened layer to the bottom of the control beam
GFRP Glass Fiber- Reinforced Polymer [ Dimeter of reinforcement bar

Hpc  High-performance concrete Tu Ultimate torsion

108 The Iraqi Standards Angle of twist

Rahal also provided a straightforward technique for estimating the ultimate
strength and mechanism of failure of reinforced concrete beams subjected to
pure torsion. The findings demonstrated that ideas on the torsional behavior of
longitudinal reinforcement and the concrete core area in reinforced concrete
elements have been divergent for a considerable amount of time. While JM
Gajipara et al. [10] studied the crack pattern in RC hollow beams subjected to
cyclic torsion, the effect of core reinforcement and shear. Twelve beams were
cast with unique combinations of longitudinal and shear reinforcement. Factors
such as torque, torsion angle, energy dissipation, fracture mode, and failure
mechanism were analyzed. The core reinforcement can withstand torsional
moments after fracture, but is useless before cracking. The study highlights
the importance of optimal spacing of transverse reinforcement in beam design.
Regarding the study conducted by Patel et al. [11], where they examined the
use of Glass Fiber Reinforced Polymer (GFRP) to improve torsional resistance
in RC beams. The results showed significant increases in cracking, ultimate
torque, and ultimate torsional deformations with different GFRP sheathing
configurations. The study also found that diagonal strip sheathing was more
effective than using vertical GFRP strips to resist torsional moment. Salamah
presented, et al [12] studied the impact of seven beams’ geometric parameters
on the torsional strength of RC beams. The results showed that geometric fac-
tors such as flange width, flange height, and opening height had an impact on
T-shaped RC beams under pure torsion. The behavior of RC beams subjected
to joint buckling after being strengthened with U-shaped closed stirrups of
NSM GFRP with varying overlap locations was examined by (Al-Zayadi and
Al-Thiri) [13]. Four 150 x 250 x 2000mm reinforced concrete beams were
examined; one was left unreinforced and used as a control beam (CB), while
the other three were strengthened using different types of NSM and GFRP
bars. GFRP closed stirrup beams with a 1000 mm rear overlap outperformed
other reinforced beams by 181.5% as compared to the control beam CB. The
2000 mm U-shaped GFRP stirrups that reinforced the beam resulted in a tor-
sional strength 48.1% lower than that of the CB. The usefulness of steel repair
methods for fortifying reinforced concrete beams under torsional pressure was
investigated by (Al-Zubaidi et al.) [14]. Six beams with the same diameters and
spans were used in the study. The number of layers of reinforcing steel mesh
and the composition of the ferrocement were the main subjects of the investi-
gation. The findings indicate that the suggested methods have distinct impacts
on the differently repaired beam’s load capacity. Size has an impact on the
torsional behavior of an RC beam with varying reinforcement ratios, according
to research by M. Shokri et al. [15]. A statistical analysis was conducted on the
torsional behavior of reinforced concrete beams that were either strengthened
with FRP or not. Investigations were conducted on the torsional behavior of
24 specimens with varying section sizes and reinforcement ratios. Analyze
and show the torque, end, and crushing torque curves. The findings showed
that size had a considerable impact on the beams’ torsional strength. Typically
cracking the value rose from 1.72% to 36% when F RP textiles were used to re-
inforce the sill assembly. With a 0.4% increase in boost ratio, ultimate strength
rose by 8.2%. The average cracking When the sill assemblies were reinforced
with FRP textiles, the value increased by 1.72% to 36%. Ultimate strength
increased by 8.2% with a boost ratio increased by 0.4%. NY ELWakkad et al.
[16] ten self-compacting reinforced concrete beams reinforced with different
external methods were tested mathematically and experimentally. Pure torsion
is applied to GFRP laminates. Three layers of GFRP sheets along the specimen
increased the ultimate torsional moment by 33.3%, the greatest increase. Four
layers of GFRP laminates spaced every 300 mm increased the energy dissipa-
tion capacity by 209.4% compared to the non-reinforced sample. Furthermore,
ABAQUS software performed a 3D nonlinear finite element analysis for the
prediction. GFRP strips either reinforce the torsional properties of SCRC be-
ams or leave them bare. The numerical model accurately reproduced the SCRC
beams reinforced with the failure modes of the GFRP strips by comparing
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with the experimental results, torque versus twisting angle, stress distribution,
and ultimate load. The torsional performance of high-performance rectangular
reinforced concrete beams with polypropylene fiber (PPF) and steel fiber (SF)
was compared by Karimipur et al. [17]. Under torsional stresses, nine beams
reinforced with HPC were assessed. Additionally, SF and PPF at0,1,2, and 4%
by volume were employed. Make use of the fiber beam as a guide. The torsional
moment and torsion angle were both increased by PPF and SF, according to
the experiments, with PPF-reinforced HPC beams exhibiting better torsional
performance. More so than PPF, SF increased the HPC beam’s torsional stiff-
ness. The torsional moment strength rose by 122.3% and 85.2%, respectively,
after the application of 4% PPF and SF, El-Mandouh et al. [ 18] The study used
several strengthening methods to increase the torsional capacity of reinforced
concrete beams. The research used six full-sized RC beams, a control beam,
and six booster beams. The beam reinforced with stainless steel strips and
laminated aluminum strips had 40% and 32% higher ultimate moments than
the control beam. Although stainless steel strips cost more, these systems
have increased productivity. The ultimate torque of GFRP-reinforced beams,
single-layer laminated steel wire mesh, and double-layer laminated steel wire
mesh is compared to control beams. Fully laminated steel wire mesh girders
showed maximum ductility, while GFRP girders were least ductile (Alrawi
MA et al.) [19]. The torsional behavior of near-surface steel-reinforced RC
beams and CFRP bars was investigated. The results indicated good agreement
in rotation torque, ultimate torque, rotation, and fracture pattern. ANSYS was
used to examine thirteen specimens, the majority of which showed fractures
at a stage 9% lower than the reference beam. The carbon rod replaced the
rebar, boosting ultimate torsional strength by 3.5% while decreasing rotation
by 4%. By reviewing and discussing the available research studies, it can be
seen that very few studies have considered the effect of combined bending and
torsion on the externally strengthened RC beams by enlargement section and
hybrid reinforcement. The main objective of the current work is to study the
combined bending and torsion behavior of externally strengthened RC beams
by enlargement the section and hybrid reinforcement.

2. Experimental program

2.1 Beam specimens

Nine RC beams were used in this study; the cross-sectional dimensions were
150 x 250mm, a total length of 1750 mm, and a clear span of 1650 mm. They
were subjected to two-point loads with an apparent distance of 550 mm, as
shown in Fig. 1a. 3¢ 12 was used as longitudinal reinforcement in the tension
region of the beam, and 2¢ 10 was used in the compression region as longitu-
dinal reinforcement. Reinforcement of stirrups with a diameter of ¢ 10mm at
100 mm center to center. The first stirrup is located at 75 mm from the face of
the beam. Reference beam design according to the method in ACI 318-19 [20].
Fig. 1b shows the features of the beams after strengthening with Ak = 50 mm
orAh =75 mm which shows the locations of steel (U) bars, shear connectors
and details of hybrid reinforcement in the reinforcement layer.

2.2 Strengthening procedure

The study utilized the technique of enlarging the section by employing self-
compacting concrete (SCC) in two groups as listed in Table 1. The first group
had the thickness of the reinforcement layer 50 mm (Ah= 50 mm), and the
second group had the thickness of the reinforcement layer 75 mm (Ah= 75
mm). This additional layer is reinforced with a different reinforcement between
steel and reinforced polymer with fiberglass (GFRP) and hybrid bars (steel and
GFRP). The following are the steps that illustrate the sample strengthening
technique, Fig. 2.

* Create a U-shaped steel bar. The first group is 325 mm long and the
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second group is 350 mm long. The steel bar was 10 mm wide and 3 mm
thick.

Put the measurements on the specimens by leaving a distance of 75Smm
from both sides. Then begin to determine the shear connector number
2 on the width of the beam, the distance between them, then move a
distance of 100 mm and determine the first place for the steel bars(U)
that hold the bars.

Shear connectors are installed on the specimens, and steel bars (U) are
bonded to the concrete using Sikadur-30LP (mix A and B) (a material
used to bond steel to concrete).

¢ Wooden formwork (with 25 mm concrete cover provided) is installed

at 75 mm (4 specimens) and 100 mm (4 specimens) from the original
design, then reinforced. Models have different reinforcements.

Begin installing the reinforcing bars for samples, as the reinforcement
differs between steel, GFRP, and hybrid (GFRP Steel).

After applying Sikadur-32LP, we poured the samples with new SCC
concrete, a material used to bond old concrete to new concrete.

Reinforced specimens have new cross-sectional dimensions. The first
group (4 models) had a thickness of 50mm. Its dimensions were
150 x 325 mm, and the second group (4 models) had a thickness of
75 mm. Its dimensions are 150 x 350 mm.
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+—010@100mm
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(a) Before strengthen
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Figure 1. Details of reinforcement beams.
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Table 1. Symbol of specimens.

RBC Reference beam under combined
E5S3G0C Enlargement of beam (Ah = 50mm) with 3 Steel and 0 GFRP Reinforcement under combined.
E5S52G1C Enlargement of beam (Ah = 50mm) with 2 Steel and 1 GFRP Reinforcement under combined.
E5S1G2C Enlargement of beam (Ah = 50mm) with 1 Steel and 2 GFRP Reinforcement under combined.
E5S0G3C Enlargement of beam (Ah = 50mm) with 0 Steel and 3 GFRP Reinforcement under combined.
E7.5S3G0C Enlargement of beam (Ah = 75mm) with 3 Steel and 0 GFRP Reinforcement under combined.
E7.582G1C Enlargement of beam (Ah = 75mm) with 2 Steel and 1 GFRP Reinforcement under combined.
E7.551G2C Enlargement of beam (Ah = 75mm) with 1 Steel and 2 GFRP Reinforcement under combined.
E7.5S0G3C Enlargement of beam (Ah = 75mm) with O Steel and 3 GFRP Reinforcement under combined.
Table 2. Materials description.
Material IDescriptions
Cement Portland Cement Ordinary (Type I) (IQS. No.5/1984) [21].

Fine aggregate (Sand) [Natural sand (zone 3) (IQS NO. 45/1984) [22].

Coarse aggregate (Gravel) [Coarse aggregate with a grading of (5-20) for Normal Strength Concrete (NSC) and (5-14) for Self-Compact Concrete (SCC)

Limestone powder EFNARC standards for SCC [23].

Superplasticizer Visco Crete-180 GS
Water Conforming to the specifications for tap water.
GFRP Bar

Steel Reinforcement Bars

associated with 615/A615M-09b [24]

[Limestone powder (LSP) (Al-Ghubra) is the marketing name for this material. The employed LP (less than 0.125 mm) complies with

[The GFRP is the Russian type and has a diameter of 10 mm, o, for GFRP =827 MPa.
Steel reinforcement Ukrainian sources were used in this research: ¢ 12 for longitudinal reinforcement and ¢ 10 for stirrups. ASTM

2.3 Material properties

Table 2 lists the material’s characteristics and descriptions that were used to
make the specimens, and Table 3 lists the utilized steel details.

Table 3. Uniaxial tensile test results of steel reinforcing bars used in the present
study.

Diameter (mm) ¢10 ¢12 ASTM-615 Req.
Yield Stress oy (MPa) 552.02 547.30 420
Ultimate stress o, (M Pa) 667.94 678.23 620

Table 4. Material composition of tested SCC concrete mixtures, kg/m>.

Mix NO|Cement Sand Gravel LSP  Water SP wic
1 430 750 825 145 187 34 0.43
2 480 720 820 135 181 3.8 0.38
3 490 725 830 128 178 4.0 0.36

Table 5. Test result of mix No3, which was chosen in this study.

Test Result Range
Slump flow(mm) 750 (650-800) mm
V-funnel (sec.) 8 (6 -12) sec.

L-box 1 (0.8.-1)

2.4 Concrete mix

*Normal Strength Concrete (NSC)

For normal-strength concrete (NSC), the required nominal compressive
strength was 25 M Pa for all specimens. The mixing ratio was 400, 800, 1100
cement, fine aggregate, and coarse aggregate respectively, with the water to
cement ratio (weight /g) = 0.425.

*Self-Compacting Concrete (SCC)

Three mixing ratios for SCC mix [25,26] are listed in Table 4. To achieve SCC,
make trial mixes by evaluating fresh concrete tests. According to EFNARC
[27], SCC concrete production must pass ten different tests. In the present
study, we used three tests, namely stagnant flow, L-box, and V-funnel, as con-
trol tests for the new SCC. Checking the ability to pass, fill criteria, and resist
separation is essential. Table 5 shows the results of Mix No. 3 for SCC tests,
which gives a compressive strength of approximately 37 MPa.
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2.5 Casting and curing beam specimens

« First casting stage

The samples were cast and processed in the laboratory of the College of
Engineering at Al-Qadisiyah University. The formwork was reinforced, and
concrete was poured using central casting, three layers per formwork, with
a steel rod used to level and polish the surface. After 24 hours, the wooden
blocks were removed, and the model was misted with water for 28 days before
being covered with a vacuum blanket.

* Second casting stage

The samples were processed and cast under laboratory conditions at 27°C. The
reinforcement was placed inside steel (U) bars and cast using SCC concrete.
The workers leveled and finished the concrete surface using a trowel. The
formwork was removed after 24 hours, and the sills were treated for 28 days by
spraying them with water and covering them with a vacuum blanket, as shown
in Fig. 3.

3. Experimental test set-up

The experimental test set considered in this study can be divided into three
components, namely: the RC beam specimens, the universal testing machine
(test rig), and the measuring devices, including the load cell and the dial meter
as shown in Fig. 5. All of the tests were carried out in the engineering college’s
laboratory at Al-Qadisiyah University. It was specifically intended to apply
stress to beam specimens that will be assessed under torsion and bending using
a loading frame with a 2000 kN capacity. As shown in Fig. 6, a certain support
condition is made to permit rotation along the longitudinal axis, and lever
arms are attached to the specimen to give a torsional moment. When the lever
arm aligns with the support, the specimen is exposed to pure torsion. To apply
combined torsion and bending, keep the lever arm distant from both supports.
To apply different combinations of torsion and bending moment, the length
and location of the lever arm can be changed. There are three dial gauges used:
one in the center to measure central displacement, and two beneath the lever
arm to measure displacements. To accomplish both bending and torsion, a
550 mm gap is kept between the lever arm and the center of support. The test
setup’s schematic design is displayed in Fig. 7. A spreader beam resting on the
end of the lever arm transfers the weight of the hydraulic jack to the specimen.
Each lever arm’s end will therefore support half of the applied load. Coupled
bending and torsion come from the load at the end of the lever arm being far
from the specimen’s support and the longitudinal axis of the beam. Adjusting
the beam longitudinal axis with lever arms by 500 mm.
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(c¢) Drawing places for each shear (d) Shear connector drill connec-

tor and steel bars (U)

(f) Installing the reinforcing bars (g) Connecting the fresh concrete to the
hardened concrete with sikadur-32LP

(h) Preparing the wooden mold to the second casting stage

Figure 2. Explain work-strengthening technique.

(a) Casting specimens (b) Curing of specimens

Figure 3. The preparation steps of NSC Specimens.

(a) Casting specimens

(b) Curing of specimens

Figure 4. The reparation steps of SCC Specimens.
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Figure 6. The steel lever arms used to generate torsional moment.

Applied load

Spreader beam > Laveram

Figure 7. Schematic diagram of test set-up for applying combined torsion and
bending [28].

Table 6. Summary of test results for tested specimens.

Pu B.M Tu o

Group | Spe. &) (KN.m) (KN.m) Tu/Turpe) Gu
Ref. RBC 30 8.25 7.5 e 2.33
E5S3G0C 50 13.75 12.50 66.67 3.89
Group 1 E5S2G1C 44 12.10 11.0 46.67 3.33
E5S1G2C 43 11.82 10.75 43.33 3.11
E5S0G3C 40 11.00 10.0 33.33 3.01
[E7.5S3G0C 60 16.50 15.0 100.0 5.53
Group 2 [E7.5S2G1C 54 14.85 13.5 80.00 4.01
[E7.5S1G2C 50 13.75 12.5 66.67 3.55
[E7.5S0G3C 48 13.20 12.0 60.00 3.45

Where: B.M = (P/2) x (L/3) and L=1650 mm (Clear span)
And, Tu = P/2 x Arm and Arm = 500mm

4. Results and discussion

To better understanding the behavior of RC specimens-NCS and specimens-
SCC by section expansion and hybrid reinforcement under combined torsion
and bending is achieved, the specimens’ development is monitored at regular
intervals from torque until failure. The ultimate torque (Tu) is also measu-
red in all samples. The failure mechanism of each specimen was studied to
better understand the effect of section expansion reinforcement, hybrid rein-
forcement with steel, GFRP, and hybrid reinforcement (steel and GFRP) in
torsional strengthening. The ultimate torsional moment (7u) of beams rein-
forced using the section extension approach with thickness Ah = 50mm rises
by about (33.33%), (43.33%), (46.67%), and (66.67%) for beams ESSOG3C,
E5S1G2C, E5S2G1C, and ESS3GOC as listed in Table 6. Compared to the
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RC reference beam, the ultimate torsional moment (7u) for the beams with
thickness Ah = 75mm rose by roughly (60%), (66.67%), (80%), and (100%) for
the E7.5S0G3C beams, as well as E7.5S1G2C, E7.5S2G1C, and E7.5S3G0C
respectively.

4.1 Control specimen (RB)

This specimen was cast without any strengthening techniques and was tested
as a reference beam to compare behaviour with other strengthened specimens.
The first crack appeared halfway along the sides at a load of 20 kN, with a
twisting moment of about 5 kN.m (33.3% of the ultimate twisting moment).
As the loads increased, more diagonal cracks appeared on each side of the
sill at different distances and spread upward. When the load reached the 30 4
torsion moment (7.5 kN.m), while the bending moment was (8.25 kN.m), fai-
lure occurred near the middle of the span at the torsion angle (2.33°). Figure 8
shows the crack pattern and failure mode of the specimen. Figure 9 shows the
torque-angle of the twist curve for this specimen.

Figure 8. Failure mode and crack pattern of RB specimen.

4.2 Crack patterns and failure mode
4.2.1 First group

Figure 10 shows the cracking and failure modes of RC beams ESS3G0OC and
E7.5S3G0C, reinforced with three steel bars and 0 GFRP (this reinforcement is
in the added reinforcement layer Ak =50 mm and Ah =75 mm). Beam ESS3G0C
initiated the first diagonal crack at a load of 25 kN, with a twisting moment
equal to 6.25 kN.m, while beam E7.5S3G0C showed the first diagonal crack
at 46 kN with a twisting moment equal to 11.5 kN.m.

16

[ury
N
T

Tourge (kN.m)
0

0 1 1 ]
0 2 4 6
Twist Angle (degree)

Figure 9. Torque-twist angle relationship of RB specimen.

The reason for this is that the section expansion in specimen E7.5S3GOC is
greater compared to specimen ESS3GOC. For beam E5S3GO0C, the appearance
of diagonal cracks develops with increasing torsional torque applied to the
beam until ultimate failure of the beam is reached. Load of 50 kN (ultimate
torsional torque was 12.5 kN.m) and (ultimate bending moment was 13.75
kN.m).
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(b) E7.5S3G0C

Figure 10. Shows the pattern of cracks.

Figure 10a shows that the final failure crack occurred at the top of the beam
and was an obvious diagonal crack with a width of about 2 mm. As for beam
E7.5S3GO0C, diagonal torsional cracks appeared when the torsional moment
was increased until the final torsional moment of 15 kN.m was reached. It was
the torque that caused the beam to fail. The presence of steel (U) bars in the
sill as part of the reinforcement helped reduce the number of diagonal cracks
in the sill. Adhesive bonding (Sikadur 30 LP) provides good bonding between
steel bars and concrete. Therefore, until the final failure of both beams, we did
not observe any pullout of the steel bars from the concrete. Epoxy bonding
(Sikadur 32 LP) also provides good bonding between old and new concrete
(NSC and SCC), as no separation occurs between the old and new concrete
layers until the final failure of both beams.

(b) E7.5S0G3C

Figure 11. Shows the pattern of cracks.

4.2.2 Second group

Figure 11 displays the beam failure types and crack patterns for ESSOG3C and
E7.5S0G3C reinforced with three GFRP bars and 0 steel. ESSOG3C experi-
enced the first diagonal crack at a load of 25 kN (with a twisting moment of
6.25 kN.m). While E7.5S0G3C witnessed the appearance of the first diago-
nal crack at a load of 30 kN (with a twisting torque equal to 7.5 kN.m), the
E5S0G3C beam failed when the load reached 40 kN, with a twisting moment
equal to 10 kN.m, and bending moment (11 kN.m) At this load, steel bars
were pulled from the concrete. While specimen E7.5S0G3C failed at a load of
48 kN, at this load, steel bars were taken out of concrete. The reason for this
difference in failure values between the two beams was due to the difference
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in thickness of the section enlargement layer between them. No separation
occurred between the old concrete and the new concrete (NSC and SCC) for
both beams due to the use of shear connectors, as well as the use of epoxy
(Sikadur 32LP), which strengthened the strength of the connection between
the old concrete (NSC) and the new concrete (SCC).

=
E7.582G1C

(b) E7.582G1C

Figure 12. Shows the pattern of cracks.

(b) E7.551G2C

Figure 13. Shows the pattern of cracks.

4.2.3 Third group

Figure 12 illustrates the beam failure types and crack patterns for ESS2G1C
and E7.5S2G1C, reinforced with 2 steel and 1GFRP bars. ESS2G1C expe-
rienced its first diagonal torsional crack at 25 kN with a torsional torque of
6.25 kN.m., while beam E7.5S2G1C experienced its first diagonal torsional
crack at a load of 30 kN with a torsional torque of 7.5 kN.m. The reason for
the delayed onset of torsional crack at 30 kN load for beam E7.5S2GI1C is the
increased effective depth (section enlargement) compared to beam ESS2G1C.
Steel bar removed from the concrete of beam ESS2G1C with a load of 44 kN
(with a twisting moment of 11 kN.m.) and bending moment of 12.1 kN.m,
which was also the ultimate failure moment for that beam. No steel bar was
pulled out of the E7.5S2G1C beam, and radial torsion cracks continued to
appear until the torsional moment reached 13.5 kN.m., the bending moment
reached 14.85 kN.m the final moment of failure for that beam. No separation
occurred between the old and new concrete layers, and this indicates the good
bonding provided by both shear connectors and epoxy material between NSC
and SCC.
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4.2.4 Fourth group

Figure 13 shows the failure and fracture modes of beams E5SS1G2C and
E7.551G2C, strengthened with 1 steel and 2 GFRP bars. For both ESS1G2C
and E7.5S1G2C, the first diagonal crack occurred at 30 kN (twisting moment
equal to 7.5 kNm). The ultimate failure of beam ESS1G2C occurred at a load
of 43 kN (with a torsional torque of 10.75 kN.m) and a bending moment of
11.82 kN .m, while failure of beam E7.5S1G2C occurred when the load reached
50 kN with torsion. The torque is 12.5 kN.m, and the bending torque is 13.75.
The reason for this is the enlargement of the section. A force of 50 kN pulled
the steel bar from the concrete of beam E7.5S1G2C. There was no separation
between the two concrete layers due to good fixation using shear connectors
and the epoxy used between the two layers of concrete.

4.3 Torque-angle of twist behaviour
4.3.1 First group

Figure 14 shows the torque angle curves of RC beams, which have the same
reinforcement in the stiffening layer but different thicknesses. The control beam
has a maximum torque of 7.5 kN.m and a rotation angle of 2.33°. Sample
E5S3GOC has a maximum torque of 12.5 kN.m and a twist angle of 3.89°.
This means that the ESS3GOC sample was 66.67% higher in torque than the
control beam. While sample E7.5S3G0C has a maximum torque of 15 kN.m
and a twist angle of 5.53°, this means that sample E7.5S3GO0C had 100% and
20% higher torque than the control beam and sample ESS3GOC, respectively.
The use of the beam section enlargement technique is due to the increase in
the moment resistance and torsion angle of the beams supported by three steel
bars when compared with the control beam and with each other.
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Figure 14. RC beam torque-angle twist curves strengthened with three steel
bars.

4.3.2 Second group

Figure 15 shows the torque angle of torsion curves of reinforced RC beams
having the same reinforcement layer but different thicknesses. The maximum
torque of the reference beam is 7.5 kN.m, and the torsion angle is 2.33°, while
the maximum torque of the ESSOG3C specimen is 10 kN.m and the torsion
angle is 3.01°. Sample E7.5S0G3C has a maximum torque of 12 kN.m and a
twist angle of 3.45°; Sample ESSOG3C was 33.33% higher in torque than the
control beam. While the torque of E7.5S0G3C was 60% and 20% higher than
control beam and ESSOG3C, respectively. The reason for the increased torque
resistance and the increased torsion angle of the beams reinforced with three
GFRP bars, when compared with the control beam and with each other, was
due to the use of the beam section enlargement technique.

4.3.3 Third group

Figure 16 shows the torque—twist angle curves of reinforced RC beams that
have the same reinforcement layer but different thicknesses, and hybrid re-
inforced bars (two steel and one GFRP) of E5SS2G1C and E7.5S2G1C. The
reference beam has a highest torque of 7.5 kN.m and a torsion angle of 2.33°,
while the ESS2G1C sample has a maximum torque of 11 kN.m and a torsion
angle of 3.33°. Sample E7.5S2G1C has a maximum torque of 13.5 kN.m and
a twist angle of 4.01°; Sample E5S2G1C is 46.67% higher in torque than
the control beam. While sample E7.5S2G1C is 80% and 22.7% higher in
torque than the control beam and sample ESS2G1C, respectively, an increase
in the effective depth resulted in increased tolerance of the reinforced beams
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to torsional moments and an increased rotation angle when comparing the
reinforced beams with the reference sample.
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Figure 15. RC beam torque-angle twist curves strengthened with three GFRP
bars.
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Figure 16. RC beam torque-angle twist curves strengthened with hybrid rein-
forcement.
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Figure 17. RC beam torque-angle twist curves strengthened with hybrid rein-
forcement.
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4.3.4 Fourth group

Figure 17 shows the torque—twist angle curves of reinforced RC beams that
have the same reinforcement in the additional layer but different thicknes-
ses, and hybrid reinforced bars (one steel and two GFRP) of ESS1G2C and
E7.5S1G2C bars. The reference beam has a maximum torque of 7.5 kN.m.
and a torsion angle of 2.33°, while the E5SS1G2C sample has a maximum
torque of 10.75 kN.m. and a torsion angle of 3.11°. Specimen E7.5S1G2C
has a maximum torque of 12.5 kN.m. and a twist angle of 3.55°. Specimen
ESS1G2C is 43.33% higher in torque than the control beam, and the torsion
angle of this beam is 33.5% higher than the control beam angle twist. While
specimen E7.5S1G2C is 66.67% and 16.3% higher in torque than the control
beam and sample ESS1G2C, respectively, the torsion angle of this beam is
52.4% and 14.15% above the control beam and sample ESS1G2C. The use of
hybrid bars is a notable feature in the reinforcement layer (one steel and two
GFRP). Increasing the effective depth resulted in increased tolerance to torsio-
nal moments and an increased rotation angle when comparing the reinforced
beams with the reference sample.

4.4 Effect of reinforcement replacement with Ai = 50mm

The torque angle curves of the reference beam, the RC beams ESS3GOC,
E5S2G1C, ESS1G2C, and ESSOG3C are shown in Figure 18. These beams
all have the same section expansion layer (Ah = 50 mm) and different types of
reinforcement, such as steel, GFRP, and a hybrid type of reinforcement (steel
and GFRP). The E5S3GOC specimen has a maximum torque of 12.5 kN .m,
which is 66.67% greater than the reference beam RB. The E5S2G1C specimen
has a maximum torque of 11 kN.m, which is higher than the reference beam
but lower than the ESS3GOC. The ESS1G2C specimen’s maximum torque is
10.75 kN.m, which is 43.33% higher than the reference beam but lower than
the E5SS2G1C beam. The ESSOG3C sample has a maximum torque of 10 kN.m,
which is 33.33% higher than the reference beam but 6.97%, 9%, and 20%
lower than that of the E5SS1G2C, E552G1C, and E5S3GO0C, respectively. It
was found that the beam ESS3GOC (reinforced with 3 steel bars in the enlarged
section) recorded the highest torque among the other beams. The specimen
E5S0G3C, which was reinforced with 3 GFRP in the expanded section, had the
lowest torsional torque of all the samples. This was because using GFRP alone
as reinforcement in the section expansion layer has a number of problems,
such as brittle failure and a low modulus of elasticity, which means it has less
torsional resistance.
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Figure 18. RC beam torque-angle twist for control and strengthened beams
with Ah = 50 mm.

4.5 Effect of reinforcement replacement with Ah = 75mm

Figure 19 displays the torque angle curves of the reference beam, the RC
beams E7.5S3G0C, E7.5S2G1C, E7.5S1G2C, and E7.5S0G3C. These beams
all have the same section expansion layer (Ah = 75mm) and different types of
reinforcement, such as steel, GFRP, and a hybrid type of reinforcement (steel
and GFRP). The E7.5S3GOC specimen has a maximum torque of 15 kN.m,
which is 100% higher than the control beam, and a maximum twist angle of
5.53°. The E7.5S2G1C beam has a maximum torque of 13.5 kN.m, which is
80% higher than the control beam and 10% lower than the E7.5S3G0C beam.
The maximum torque of the E7.5S1G2C sample is 12.5 kN.m, which is 66.67%
higher than the control beam and 16.67% lower than the E7.5S3GOC. The
E7.5S0G3C sample has a maximum torque of 12 kN.m, 60% greater than the
control beam. GFRP-reinforced beams have a lower twisting moment, causing
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more deformation compared to RC steel beams. It was found that the beam
E7.5S3GO0C (reinforced with 3 steel bars in the enlarged section) recorded the
highest torque among the other beams. The specimen E7.5S0G3C, reinforced
with 3 GFRP in the expanded section, exhibited the lowest torsional torque
among all the samples. This is because using GFRP alone as reinforcement in
the section expansion layer has a number of problems, such as brittle failure
and a low modulus of elasticity, which means it has less torsional resistance.
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Figure 19. RC beam torque-angle twist for control and strengthened beams
with Ah =75 mm.

5. Conclusions

This work presents experimental research conducted under combined bending
and torsion conditions on steel-reinforced RC beams, GFRP, hybrid reinforced
bars, and section enlargement technologies. Experiments were conducted on
nine RC beams. While the other eight specimens were strengthened using
steel-GFRP, hybrid reinforcement (steel and GFRP), and section enlargement
procedures, one of them served as a control beam. Every beam specimen was
put under torsional strain until it broke. The investigation looked at torque an-
gle curves, failure loads and moments, crack patterns, and failure mechanisms.
The primary findings from the experiment are presented in the section that
follows:

¢ Reinforcing RC beams with steel, GFRP, and hybrid bars (steel and
GFRP) improves the beam’s ability to withstand combined bending
and torsional moments. A study using steel bars showed that increa-
sing the effective depth by 50 mm and 75 mm resulted in the largest
increase in the beam tolerance to ultimate torsional moment, which was
approximately 66.67% and 100% of the control beam, respectively.
The use of hybrid relays:

In RC beams resulted in torsional capacity enhancement of 46.67% and
80% using steel bars and GFRP with effective depth Ah = 50 mm and
Ah =75 mm, respectively. The reason was the increased effective depth
of Ah =50 mm and Ah =75 mm.

Reinforcing the RC beams with one steel and two GFRP bars improved
the ultimate torsional capacity by 43.33% and 66.67% of the control
beam, as a result of the effective depth increased by Ak = 50 mm and
Ah =175 mm.

Reinforcing RC beams with three GFRP bars improved the ultimate
torsional capacity by 33.33% and 60% of the control beam, due to the
increase in effective depth by Ah = 50 mm and Ah =75 mm.

Adhesive (Sikadur-30LP) stabilizes the steel bars (U) that secure the re-
inforcement to concrete and can reduce the appearance of radial torsion
cracks in the specimen.

RC tests revealed significant improvements in maximum torsional capa-
city:

Compared to the control sample, when increasing the effective depth
Ah=50 mm, it led to an increase in the final torsional capacity from
33.33% to 66.67%.

When increasing the effective depth Ah=75 mm, it led to an increase in
the maximum torsional strength of the reinforced beams from 60% to
100% compared to the control sample.

The purpose of fixing the shear connector on the surface of the speci-
mens and using an adhesive (Sikadur-32LP) to attach the old layer of
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Normal Strength Concrete (NSC) to the new layer of self-compacting
concrete (SCC) is to prevent a longitudinal crack separating the two
layers when used in most specimens.

* The proposed method for strengthening RC beams under combined
bending and torsion improved the overall results and is reliable for
strengthening structural elements.
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