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This study investigates the shear behavior of innovative T-shaped composite
reinforced concrete (RC) beams without stirrups. The novelty of this study lies in
investigating the shear behavior of stirrup-free, T-shaped composite beams that
use an encased UHPFRC plate configuration as integrated permanent formwork.
Six T-beams were tested: one RC reference beam and five composite beams with
30mm thick UHPFRC plates. Variables included interfacial properties (smooth,
rough, anchored) and plate configurations (terminating at flange bottom or
embedded within). One beam used cellular lightweight concrete (CLC) blocks to
assess core concrete type. Four-point loading tests revealed that the UHPFRC
plates significantly enhanced structural performance, increasing shear strength by
up to 110.4% and deformation capacity 381.3% compared to a conventional RC
beam. Critically, embedding the UHPFRC plates into the concrete flange with a
rough interface proved to be the most effective configuration. This approach
transformed the failure mode from brittle shear to ductile flexure and prevented

concrete
Cellular I;ghtweight premature debonding. This composite system presents a promising approach for
concrete enhancing the structural performance and durability of RC beams.

© 2025 MIM Research Group. All rights reserved.

1. Introduction

Concrete has been a cornerstone of construction for centuries and remains one of the most widely
used materials globally, with an estimated annual consumption of approximately 11 billion tons
[1]. Apart from water, no other material is consumed in greater quantities. Today, the construction
industry faces a critical challenge: reducing its environmental impact while fostering the
development of sustainable building practices. Enhancing the sustainability of reinforced concrete
(RC) structures can be achieved by extending their service life in both new and existing
applications. Ultra-high-performance fiber-reinforced concrete (UHPFRC) is particularly suited for
this purpose due to its exceptional properties, including high tensile and compressive strength,
superior durability, and excellent ductility. These qualities make it a dependable option for
enhancing structural durability and robustness. The exceptional properties of UHPFRC are derived
from its densely compact matrix, characterized by minimal porosity, and its reinforcement with
steel microfibers. These features offer significant advantages over Concrete with normal weight
(NWC) and Concrete with light weight (LWC). However, the high cost of producing UHPFRC—both
economically and environmentally—limit its feasibility for large-scale applications, posing a
challenge to its widespread adoption [2-5].

To address these limitations while leveraging the benefits of UHPFRC, this study proposes an
innovative composite system. The approach strategically confines the UHPFRC to a thin,
prefabricated U-shaped outer shell that acts as permanent formwork for a more economical core
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material, such as normal weight concrete (NWC) or lightweight concrete (LWC). This method not
only minimizes the required volume of costly UHPFRC but also utilizes its superior properties to
enhance the overall structural performance and durability of the beams. These composite beams
offer several advantages, including simplifying construction, reducing structural dead weight, and
enabling longer spans or shallower beam depths. They also exhibit significantly higher shear
capacity and ductility compared to conventional RC beams of the same dimensions.

Previous research has examined the UHPFRC-NWC interface, focusing on factors like surface
roughness and the use of lightweight concrete cores to reduce dead weight [7-16]. However, these
studies have also highlighted a critical issue: the separation of the outer UHPFRC layer from the
concrete core, particularly when using lower-strength concrete. This debonding can limit the
ultimate capacity and prevent the system from achieving its full potential.

While previous research has successfully explored UHPFRC shells for rectangular composite
beams, the behavior of T-shaped sections without shear stirrups—a common configuration in
practice—remains under-investigated. The complex geometry of T-beams introduces a critical
challenge at the web-flange junction, where stress concentrations can lead to premature debonding
of the UHPFRC shell from the concrete core. Furthermore, the effectiveness of fully encasing the
UHPFRC plates within the flange to prevent this delamination has not been thoroughly examined.
This study directly addresses these gaps by asking the following scientific questions: (1) How does
the UHPFRC-NWC interface condition (smooth, rough, anchored) affect shear capacity and failure
mode? and (2) Can embedding the UHPFRC shell into the flange transform the failure from brittle
shear to ductile flexure by preventing interface delamination?

2. Material Properties
2.1. Ultra-High-Performance Fiber-Reinforced Concrete (UHPFRC)

In this study, the UHPFRC material's homogeneity and density were enhanced by exclusively using
fine particles. To make a well-balanced mixture, dry silica fume, quartz, and cement were combined
with sand that had a maximum particle size of 500 pum. To keep the mixture workable, Sika
viscocrete superplasticizer (S.P.) and a low water/cement ratio were also used. Steel fibers with
end hooks, comprising 2% of the mixture by volume, were added. These fibers had lengths of 13
mm and 20 mm and a fine diameter of 0.2 mm (see Fig. 1).

(a) (b)

Fig. 1. Steel fibers used in UHPFRC mixture: (a) hooked steel fiber (13 mm); (b) hooked steel
fiber (20 mm)

They possess an impressive tensile strength of 2850 MPa and high elasticity modulus of 200 GPa,
making them highly effective for reinforcing the matrix and enhancing its mechanical properties.
Type I Portland cement (52.5 R) was chosen for the mixture. The ingredients are detailed in Table
1. The material preparation involved a stepwise mixing process: After four minutes of mixing all
the dry materials, water and superplasticizer were gradually added. The addition of steel fibers
occurred once the mixture achieved a uniform wet consistency. The specimens were cast,
demolded 48 hours later, and then cured for 26 days in a water tank. Twenty-eight days after
casting, the specimens were tested. To determine the flexural properties of the UHPFRC, three
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prism specimens measuring 40 x 40 x 160 mm? were tested according to ASTM €1609/C1609M-
19a - Standard Test Method for Flexural Performance of Fiber-Reinforced Concrete (Using Beam
with Third-Point Loading) [26].

Table 1.Mix proportion of UHPFRC

Unit weight (kg/m3)
Silica Superplasticizer Steel Steel
Cement Sand  Quartz Water perp fiber (13  fiber (20
fume (S.P)
mm) mm)
850 1005 250 150 180 55 112 45

The prisms were simply supported over a clear span of 120 mm and subjected to load through two
rollers spaced 40 mm apart. A constant displacement rate of 0.1 mm/min was applied until failure.
This standard recommends these dimensions for testing fiber-reinforced concrete, and the chosen
size ensures that the smallest cross-sectional dimension (40 mm) is more than twice the length of
the longest steel fibers (20 mm), thus minimizing potential size effects on the measured flexural
properties (ACI Committee 544, 2018) [29]. Compression tests were subsequently performed on
three 150 x 150 x 150 mm? cube specimens following BS EN 12390-3:2019 - Testing hardened
concrete — Part 3: Compressive strength of test specimens [27]. While this European standard is
specifically for cube specimens, the testing procedure also generally adhered to the principles
outlined in ASTM C39/C39M-21 - Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens [28]. In this research, a universal testing equipment with a 500 kN capacity
was used to conduct tests. The results of the compression and flexural testing are summarized in
Table 2.

Table 2. Properties of UHPFRC

Compression Elastic

Poisson's Tensile Flexural

. strength (MPa) at ) modulus
Material 28 days ratio (MPa)*104 strength,f,; (MPa) st(rl‘\r/elrl;g;h
UHPFRC 115+ 1.8 0.22 47403 741+ 04 204+ 0.5

Note: compressive strength, tensile strength and flexural strength are mean value of experimental ones.

To investigate the direct tensile stress-strain behavior of the UHPFRC, three custom-cast, dog-bone
shaped specimens were prepared. The specimen geometry and testing methodology were designed
following the recommendations of RILEM TC 162-TDF [30]. This was done to ensure a state of pure
uniaxial tension and prevent premature failure at the grips. The specimens had a central prismatic
section of 100 x 100 mm? where elongation was measured. These samples were created using the
same mixture that was used to create the prefabricated UHPFRC plates for the composite beam
manufacturing. The tests were performed under uniaxial tension using a 300 kN capacity universal
testing machine. The specimens were secured using wedge-type mechanical grips designed to
ensure failure occurred in the central gauge section. The load was applied monotonically at a
displacement rate of 0.5 mm/min until failure. To accurately capture the tensile strain, two Linear
Variable Differential Transformers (LVDTs) were mounted on opposite faces of the specimen over
a gauge length of 100 mm. The nominal tensile stress was computed by dividing the measured load
by the initial cross-sectional area of the specimen’s central section (100 x 100 mm?), while the
strain was determined by dividing the measured elongation by the original gauge length. All
measuring instruments, including the load cell and LVDTs, were calibrated according to
manufacturer specifications prior to the testing program. Fig. 2 shows the average uniaxial tensile
stress-strain behavior of the UHPFRC. The average tensile strength was 7.4 MPa, with a standard
deviation of 0.4 MPa. The average strain at peak stress was 0.01, with a standard deviation of
0.0008. The UHPFRC exhibited a linear elastic response up to approximately 7.4 MPa, followed by
gradual softening. The tensile rupture strain was slightly above 0.01, as illustrated in Fig. 2.
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Fig. 2. Uniaxial tensile behavior of CLC, NWC and UHPFRC

2.2. Normal Weight Concrete (NWC)

Concrete with a target compressive strength of 30 MPa was used for the cores of the composite
beams. The mix consisted of ordinary Portland cement (Type I), coarse aggregate with a maximum
size of 10 mm, fine aggregate, and water. The proportions and characteristics of the concrete mix
are summarized in Tables 3 and 4.

Table 3. Mix proportion of normal weight concrete

Unit weight (kg/m3)
water-to-cement Coarse aggregate
. 0 :
ratio. (w/c) % Water Cement Fine aggregate (<10 mm)
50 190 380 660 1173
Table 4. Properties of NWC and CLC
Density Compressive Elastic :
Material (kg/m3) strength modulus stren 'l;in;ﬂe(MPa) Poisson's
(MPa) (MPa)*104 EH et ratio
NWC 2500 32+0.8 245+ 0.2 20+03 0.20
CLC 700 2124+ 0.15 0.21 £0.02 0.47 £ 0.06 0.25

Note: compressive strength, tensile strength and elastic modulus are mean value of experimental ones

To determine the compressive strength of the NWC, three 150 x 150 x 150 mm? cube specimens
were tested according to BS EN 12390-3:2019 [27]. The testing procedure also generally adhered
to the principles outlined in ASTM C39/C39M-21 [28]. The tests were performed using a universal
testing machine with a capacity of 500 kN. The load was applied monotonically at a rate of 0.6
MPa/s until failure. This loading rate is within the range specified by BS EN 12390-3:2019 [27]. The
average compressive strength of the NWC at 28 days was determined to be 32 MPa, with a standard
deviation of 0.8 MPa (Table 4). To characterize the tensile behavior of the NWC, direct tension tests
were performed on three dog-bone shaped specimens prepared from the same concrete batch as
the beam cores. The testing procedure was consistent with that used for the UHPFRC specimens,
guided by the principles of RILEM TC 162-TDF [30]. The tests were conducted using the same
universal testing machine and instrumentation setup, and the specimens were secured with
wedge-type mechanical grips. The load was applied monotonically at a constant displacement rate
of 0.5 mm/min until failure. Elongation was measured over a gauge length of 100 mm using two
LVDTs. As with the UHPFRC tests, the nominal tensile stress was calculated by dividing the
measured load by the initial cross-sectional area, and the equipment was calibrated prior to use.
Fig. 2 shows the average uniaxial tensile stress-strain curve for the NWC. The average tensile



Sakr et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

strength was 2.0 MPa, with a standard deviation of 0.3 MPa. The average strain at peak stress was
0.003, with a standard deviation of 0.0004. The NWC exhibited a linear elastic response up to
approximately 2.0 MPa, followed by softening, with a tensile rupture strain of approximately 0.003.

2.3. Cellular Lightweight Concrete (CLC) Blocks

For one of the beams, the core utilized cellular lightweight concrete (CLC) blocks supplied by the
Delta Mix factory. According to the author's previous research [18], the properties of the CLC blocks
are detailed in Table 4, providing key insights into their mechanical and physical characteristics.
Additionally, Fig. 2 illustrates the direct tensile stress-strain behavior of the CLC material,
highlighting its performance under tensile loads.

2.4. Steel Reinforcement

The beams were reinforced with deformed steel bars having diameters of 16 mm, 12 mm, and 10
mm for the longitudinal reinforcement. The concrete slab's ribbed bars were arranged in two
layers: 155 mm center-to-center (10 mm in diameter) horizontally and 196 mm center-to-center
(8 mm in diameter) vertically. It is crucial to note that these beams are designed to be 'without
stirrups' in the shear spans. A minimal number of four 6 mm-diameter stirrups were installed only
at the loading and support points, outside the critical shear regions. Their sole purpose was to
maintain the geometry of the reinforcement cage during casting and they did not contribute to the
shear capacity of the beams. The universal testing equipment conducted tension tests on the
reinforcing steel bars to determine their yield and ultimate strengths. The tensile characteristics of
the longitudinal reinforcement used in this research are detailed in Table 5.

Table 5. Measured properties of longitudinal reinforcement

Diameter (mm) Yield strength (MPa) Ultimate strength (MPa)
@6, 38 243 352
?10,12,16 498 657

3. Experimental Program
3.1. Design of beams

Six T-beams in total were fabricated and tested, including one reinforced concrete (RC) beam as a
reference and five beams utilizing prefabricated U-shaped UHPFRC as a permanent formwork with
a thickness of 30 mm. These beams featured different interfacial properties: smooth (S), rough (R),
and smooth with anchored shear connectors (SC). Additionally, two configurations were applied to
the UHPFRC plates: one that stopped at the bottom of the concrete flange (Fig. 3a) and another that
was encased directly into the concrete flange. In the encased configuration, composite action was
achieved via transverse reinforcement bars passing through holes in the UHPFRC formwork (Fig.
3b). This created a robust mechanical connection. To assess the effect of core concrete type on
shear behavior, one beam replaced normal weight concrete (NWC) with cellular lightweight
concrete (CLC) blocks. The reference RC beam was labeled SO, and the composite beams were
named according to their interfacial properties, such as S2-R for a composite beam with a rough
interface. The beam using CLC blocks instead of NWC was designated S5-HB. T-shaped, simply
supported beams with an effective span (Lo) of 1800 mm and a ratio of shear span-to-depth (A) of
1.8. This specific shear span-to-depth ratio (A=1.8) was selected to ensure the specimens behave as
deep beams, where the load transfer mechanism is dominated by arch action rather than beam
action. This represents a critical condition for shear behavior in discontinuous regions where
stirrups are often omitted or difficult to detail [35]. The lower part width (b) of 150 mm, a concrete
slab width (B) of 500 mm, a slab thickness (tb) of 100 mm, and a U-shaped UHPFRC plate thickness
(tw) of 30 mm were used for all specimens. The concrete slab's ribbed reinforcement had a 20 mm
protective layer thickness, and the beam depth (H) was 350 mm. For longitudinal reinforcement
on the tension side, all beams, except for the S5-HB beam, were reinforced with two bars with 16
mm diameter and two bars with 12 mm diameter in the NWC core.
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Fig. 3. Cross section of the composite beam with NWC core and UHPFRC cover, showing two
plate configurations: (a) plate terminating at the bottom of the flange; (b) plate encased
directly into the flange

The S5-HB beam, however, utilized four 12 mm diameter bars and two 10 mm diameter bars in the
soffit of the UHPFRC plate. Two bars of 10 mm diameter compression steel were attached to the
top of all beams. For the concrete slab, two layers of ribbed bars were utilized, spaced 155 mm
center-to-center (10 mm in diameter) horizontally and 196 mm center-to-center (8 mm in
diameter) vertically. Finally, simultaneous casting was used to integrate the slab with the concrete
inside the prefabricated U-shaped UHPFRC plate. Fig. 4 provides the dimensional details of all
beams, while Table 6 lists the specific details of each specimen.

Table 6. Summary of beams

Lenet Longitudinal
. Interfacial tb & Width Depth bars
Beam Matrix . h
properties (mm) (mm) (mm) (mm) As (%)
(mm2)  *H7
SO NWC --
S1-R UHPFRC-NWC Rough
S2-R UHPFRC-NWC Rough
S3-S UHPFRC-NWC Smooth
Smooth
. 628 1.2
S4-SC  UHPFRC-NWC with 100 2000 150 350
connector
S
S5-HB UHPFRC-CLC Smooth 609 1.2
Note: -- means no data, u represents the longitudinal tensile reinforcement ratio.
o
S
Strain gauge ._4‘;
™ T
AN AN
-100 600 600 600 100-

Fig. 4. Dimensions details of all beams
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Fig. 5. Cross section and reinforcements of all beams

To monitor the yielding of the reinforcing bars, a strain gauge was attached to the center of the bars
on the tension side. The configuration of the beams and the reinforcement positioning within the
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concrete and UHPFRC components are clearly depicted by the cross-section and reinforcement
details for each beam in Fig. 5. Two rows of steel anchoring bars measuring 60 mm in length and 8
mm in diameter were inserted into the prefabricated U-shaped UHPFRC plate for the S4-SC beam,
as shown in Fig. 6. These bars were spaced 86.5 mm apart in the longitudinal direction. The authors
acknowledge that the limited number of six specimens restricts statistical generalization. However,
the results provide clear and consistent trends for the investigated parameters.

435 20@86.5 135-

-70~

220———100—
350

&
2
g
N
-~—250——100-
~30-70—=80—7

30

-60-30-60-
-100 600 600 600 100- 10—

2000

Fig. 6. Arrangement of anchorage steel bars in S4-SC beam

3.2. Beam Manufacturing

A UHPFRC plate thickness of 30 mm was selected as it provides sufficient cover for the steel
microfibers, ensures robust handling during fabrication, and aligns with thicknesses used in similar
prefabrication studies. The prefabricated U-shaped UHPFRC plates were precast utilizing an
interior foamed plastic cubic and an exterior film-faced plywood formwork. The foamed plastic
cuboid's surface could be changed to create various interfaces between the concrete and the
UHPFRC plate. Three interface conditions were investigated: smooth, rough, and smooth with
anchored shear connectors (SC). For the smooth interface (used in specimens S3-S), the UHPFRC
was cast directly against the smooth surface of the foamed plastic cuboid.

This resulted in a surface with minimal texture and irregularities. For the rough interface (used in
specimens S1-R and S2-R), the surface of the foamed plastic cuboid was mechanically abraded prior
to casting the UHPFRC. This abrasion was performed using a wire brush, to create a surface with
noticeable indentations and protrusions. The resulting rough interface was characterized by a
highly irregular surface with numerous small indentations and protrusions, and a coarse, abrasive
texture (see Fig. 7). It is acknowledged that this characterization is qualitative, and future work
should incorporate quantitative roughness measurements (e.g., laser profilometry to determine

metrics like Ra or Rz) to establish a more precise correlation between interface topography and
structural performance.

(b)
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(d)

Fig. 7. Prefabricated U-shaped UHPFRC plates with different interfacial properties: (a) smooth

interface; (b) rough interface; (c) smooth interface with shear connectors; (d) CLC blocks used
for formwork

For the smooth interface with anchored shear connectors (used in S4-SC beam), a cuboid with steel
anchoring bars evenly spaced was employed to create a smooth interface with these bars as shown
in Fig. 8. In contrast, the S5-HB beam replaced the foamed plastic cuboid with CLC blocks, and the
longitudinal reinforcement is moved to the external prefabricated UHPFRC plate. The process
began with the setup of the external film-faced plywood formwork, followed by the placement of
the foamed plastic cuboid inside to form a U-shaped cavity. Fresh UHPFRC was then poured into
the cavity from the bottom to the top. Fresh UHPFRC was then poured into the cavity, filling it
completely from the bottom upwards.

Fig. 8. Prepared inner and external formwork  Fig. 9. Prepared inner and external formwork

for S4-SC beam for all beams

Fig. 9 illustrates the external and internal formwork used for all the beams. The formwork was
removed one day after casting. Fig. 7 shows the prefabricated U-shaped UHPFRC plates with
various interfacial characteristics. Both ends of the prefabricated U-shaped UHPFRC plates were
covered with film-faced plywood plates to provide a sealed cavity for the concrete before the steel
cage and reinforcement for the concrete slab flange were installed. Once the formwork was
secured, the steel cages and slab reinforcement were positioned at the designated locations within
the prefabricated U-shaped UHPFRC plates and the flange plywood formwork, respectively. The
casting process was then finished by pouring concrete into the prefabricated UHPFRC plate
formwork. After 24 hours, the plywood plates at both ends and the flange formwork were removed.
The U-shaped UHPFRC formwork and concrete were cast simultaneously. The beams were
wrapped in sheets of plastic and sprayed with water every day for at least 28 days to guarantee
adequate curing. The process flow for fabricating composite beams is shown in Figs. 10(a-h).



Sakr et al. / Research on Engineering Structures & Materials x(x) (Xxxx) Xx-xx

(8) (h)
Fig. 10. Flow chart of the composite beam fabrication process: (a) preparing formwork; (b)
casting UHPFRC plates; (c) demolishing formwork; (d) setting up steel reinforcement; (e)
casting concrete core and flange; (f) demolishing flange formwork; (g) curing; (h) testing

3.3. Experimental Test

A 4-point load test was applied to all the beams, with the two loading points spaced 600 mm apart.
To monitor the mid-span deflection, two LVDTs were employed, while another LVDT was used to
measure the compression strain in the concrete flange. To monitor strain on each beam's side of
tension, a strain gauge was attached to the center of just one longitudinal bar. The load was applied
in increments of 10 kN, with each step held for 10 seconds. This quasi-static procedure was chosen
to allow for careful visual inspection, marking of crack initiation and propagation, and to ensure
stable data acquisition before failure.

This methodology is consistent with established guidelines for structural load testing and is a
common approach for experimental studies of this nature [37,38]. Crack widths were measured
using a handheld optical microscope with a magnification of 40X and a precision of 0.02 mm. These
measurements were recorded at the level of the longitudinal reinforcement after each 10 kN load
increment. Additionally, the full crack pattern was mapped by tracing the cracks with a marker pen
on the surface of the beams to document the failure evolution. All measuring instruments, including
the LVDTs and the load cell, were calibrated prior to testing. The LVDTs were calibrated using a
micrometer to ensure an accuracy of £0.01 mm. The bearings for the load beneath the spreader
beam were positioned across the entire width of the concrete flange, ensuring that the applied load

10
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was shared by both the prefabricated U-shaped UHPFRC plates and the concrete beam. Fig. 11
represents the experimental setup.

| 600 mm | 600 mm 600 mm

|
‘ ELoad (::ell

J Spreader Beam

==

! ==
= LvDT3

LVDT 1 LvDT 2
Pedestal Pedestal
v L . s i i . s v L {
T Strong girder df the main frame 1
i :
Strain gauge 300 mm | 600 mm
l_(ﬂrnm 1800 mm lﬂﬂmm

Fig. 11. Layout of the test setup

4. Results and Discussion
4.1. Cracking Patterns and Modes of Failure

Fig. 12 depicts the crack patterns that appeared in the beams when they reached their peak load
capacity. It is noteworthy that a large number of tiny cracks appeared in the prefabricated UHPFRC
plates used in the composite beams. However, Fig. 12 only highlights the most significant cracks
because of the short time available for crack monitoring during the loading testing. In all tested
beams, flexural cracks first appeared in the area that was subjected to pure bending. More cracks
formed throughout the shear spans as the load increased. In the reference beam SO, the load-
carrying capacity dropped sharply, accompanied by a fracture sound, when an inclined crack
formed through the shear span (see Fig. 12a). The remaining composite beams, on the other hand,
failed considerably more gently and showed higher ductility. In contrast to the other composite
beams, the S3-S composite beam experienced less inclined cracks with (see Fig. 12d). This suggests
that the prefabricated U-shaped UHPFRC plate with a smooth interface in beam S3-S was less
effective in working cooperatively with the concrete to carry the load because of weaker properties
of the interfacial layer. More than two inclined cracks appeared in all composite beams, although
the reference beam SO only had one (see Fig. 12a). Significant separation at the interface beneath
the flange occurred at peak load in the S1-R beam, as seen in Fig. 12b, while no separation was
observed in the other composite beams. This indicates that encasing the UHPFRC plates directly
into the concrete flange was highly effective. The transverse reinforcement bars passing through
holes in the plates securely anchored the two materials, preventing any separation at the interface.
The midpoint stress in the longitudinal bars of all beams (except SO and S5-HB) reached yield. This
suggests that the use of prefabricated U-shaped UHPFRC plates transformed the brittle shear
failure into a more ductile failure. All beams failed due to shear, except for beam S2-R, which
experienced ductile flexural failure. As shown in Fig. 12c, failure of the UHPFRC plates in S2-R beam
occurred when the beam reached its full capacity. In the pure bending zone, vertical cracks were
observed and in the shear span, inclined cracks formed. As a result, every material in the S2-R beam
was used.

11
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Wk

Fig. 12. Crack patterns at peak load for beams: (a) reference beam S0; (b) beam S1-R, showing
interface separation; (c) beam S2-R; (d) beam S3-S; (e¢) beam S5-HB
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Fig. 13. Load versus major crack width for all tested beams
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To provide a quantitative analysis of the cracking behavior, the width of the primary diagonal shear
crack in each beam's shear span was measured and plotted against the applied load, as shown in
Fig. 13. This figure clearly illustrates the fundamental difference in failure mechanics between the
reference beam and the composite specimens. The reference beam (S0) exhibited a sharp increase
in crack width after its formation, reaching over 2.5 mm at its peak load of approximately 171 kN.
This behavior, characterized by the steep, short curve in Fig. 13, is indicative of poor crack control
and confirms the brittle nature of its shear failure. In stark contrast, all composite beams
demonstrated significantly improved crack control. For instance, at the same load level of 171 kN
where SO failed, the major crack width in the superior S2-R beam was only around 0.2 mm. The S2-
R beam continued to sustain load up to 360.5 kN, with its crack opening in a slow and controlled
manner. This highlights the effectiveness of the UHPFRC plates, particularly the embedded
configuration (S2-R), in bridging cracks and ensuring a more ductile response by allowing for
gradual stress redistribution. The behavior of the other composite beams also shows a marked
improvement over the reference, though debonding in S1-R led to a slightly faster crack opening
compared to the other composite beams before failure. These quantitative data strongly support
the conclusion that the UHPFRC plates transform the failure mode from brittle shear to a more
ductile mechanism governed by controlled crack growth.

4.2. Load-Deflection Graphs

Fig. 14 depicts the correlation between mid-span deflection and applied load for all beams. The
mid-span deflection values were obtained from the LVDT placed at the beam's midpoint. All of the
composite beams' peak loads were noticeably greater than those of the reference beam SO,
attributed to the enhanced ductility of the UHPFRC. Additionally, all composite beam's stiffness
exceeded that of SO after the first crack, confirming that the fiber-bridging action helps UHPFRC
structural members keep stiffness better than RC members.
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Fig. 14. Load vs. mid-span deflection curves for all tested beams: (a) the full response, showing
ultimate capacity and overall ductility, and (b) a zoomed-in view of the initial load region,
highlighting the differences in stiffness
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Table 7 summarizes the key experimental results. Specimens S3-S, S4-SC and S5-HB exhibited
comparable behavior. Specimen S3-S serves as the reference for describing the sequence of stages
for load-deflection curve which divided into elastic, elastic-plastic, and descending stages.
Together, the prefabricated UHPFRC plate, and encased concrete withstand shear forces that are
transmitted from the loading point to the supports during the elastic stage, with load and mid-span
deflection increasing linearly. In the middle of the span, at the bottom of the beam, the first vertical
flexural crack developed at a load of 65 kN, indicated the transition to the elastic-plastic stage.
During this stage, stiffness decreased continuously. The diagonal cracks started during the elastic-
plastic phase and progressively propagated across the depth of the prefabricated UHPFRC plate.
The encased concrete's contribution to shear capacity decreased once it reached its maximum
shear strength, and more shear force was resisted by the prefabricated UHPFRC plate. The
longitudinal reinforcement yielded at a load of 237 kN. The prefabricated UHPFRC plate's
plastification stopped when a diagonal crack developed, and the crack became approached its
compressive strength. With a mid-span deflection of 9.19 mm (L0/196), the specimen reached its
maximum load of 294.5 kN. Following this, the load dropped sharply due to diagonal crack
crushing, as depicted in Fig. 12d. The separation between the core concrete and UHPFRC plate in
previous studies [10,11] were prevented by the UHPFRC plate's upper straight sides, which were
directly encased in the concrete flange. This improved the integrity of the beam and behaved as a
composite beam as it was designed.

Table 7. Summary of experimental results for All Beams

Gain in Mid-span Gain in Failure mode
Beam Pcr Py Pu shear deflection at deformation
ID (kN) (kN) (kN) capacity peakload  capacity (%)
(%) (4) (mm)

SO 50 - 171.36 - 6.42 - Shear failure
S1-R 65 - 291.72 70.23 9.36 45.8 Shear failure
S2-R 70 274  360.57 110.41 30.90 381.3 flexure failure
S3-S 65 237 294.78 72.02 9.19 43.1 Shear failure

S4-SC 66 238 301.92 76.19 9.02 40.5 Shear failure
S5-HB 40 -- 299.88 75.0 8.18 27.4 Shear failure

P.r = Load at first visible crack; Py = Load at yielding of longitudinal reinforcement; P, = Ultimate load; --
indicates that the longitudinal reinforcement did not yield before failure. The percentage gain in shear capacity
and deformation were calculated using the formula: Gain (%) = [(Pu or Ay, composite - Py or Ay, S0) / Py or Ay,
S0] x 100.

Beam S1-R, featuring a rough interface and a UHPFRC plate terminating at the bottom of the
concrete flange, exhibited a significantly different response compared to the reference beam, So.
The first flexural crack was observed at a load of 65 kN, while the first shear crack appeared at a
load of 160 kN (see Fig. 14 for crack pattern). As the load increased, multiple inclined shear cracks
developed in the shear span, extending from the loading point towards the support. The load-
deflection curve (Fig. 13) showed an initially linear response, followed by a gradual decrease in
stiffness as cracking progressed. A significant observation for beam S1-R was the initiation of
progressive debonding at the UHPFRC-concrete interface beneath the flange as it approached its
peak load of 291.72 kN. This separation, highlighted in Fig. 12c is a classic debonding failure. This
can be explained by shear-friction theory, where the horizontal shear stress at the NWC-UHPFRC
interface exceeded the shear resistance capacity. Without the mechanical anchorage provided by
embedding the plate into the flange, the interface relied solely on adhesion and friction, which was
insufficient to prevent slip and ultimately led to premature debonding. While the beam did not fail
catastrophically, this debonding was the critical failure mechanism limiting its ultimate capacity.
The stiffness retained after debonding began does not reflect a full bond. Instead, it is attributed to
residual friction and partial aggregate interlock at the interface, which allowed for limited shear
transfer until failure. The strain gauge on the longitudinal reinforcement did not reach the yield
strain (2500 pe) at peak load, indicating that the beam failed in shear before the reinforcement
yielded. The final failure mode was characterized as a brittle shear failure with significant interface
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debonding. The peak load was 70.23% higher, and the deformation was 45.79% than the reference
beam So.
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Fig. 15. Percentage gain in capacity compared to the reference beam SO0: (a) carrying capacities;
(b) deformation capacities

Specimen S2-R exhibited the largest mid-span deflection corresponding to the peak loads
compared to the other composite beams due to its conversion from brittle shear failure to ductile
flexural failure. The superior performance of S2-R is attributed to a combination of factors. The
rough interface maximized the frictional and mechanical interlock, while embedding the plate into
the flange provided a robust mechanical anchorage. This configuration effectively confined the
concrete core, ensured composite action up to failure, and prevented the premature interface
debonding seen in S1-R. The first flexural crack was observed at a load of 70 kN, followed by the
first shear crack at 162 kN. As the load increased, multiple fine cracks developed within the
UHPFRC plate in both the flexural and shear zones (see Fig. 12c). These cracks were more
numerous and finer than those observed in the beams with terminating UHPFRC plates (e.g., S1-R).
The load-deflection curve for Beam S2-R (Fig. 14) showed an initially linear response, followed by
a gradual reduction in stiffness. Notably, this beam exhibited significant ductility after reaching its
peak load of 360.57 kN. The strain gauge on the longitudinal reinforcement did reach the yield
strain (2500 pe) at a load close to the peak load (see Fig. 16a), indicating that the reinforcement
yielded prior to failure. Furthermore, the concrete strain measurements near the loading point on
the upper slab surface exceeded 3000 pe (Fig. 16b), indicating crushing of the concrete in the
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compression zone. Crucially, no separation was observed at the interface between the UHPFRC
plate and the concrete core, even at peak load (see Fig. 12c). This contrasts sharply with the
behavior of Beam S1-R, which exhibited significant interface debonding. The embedded
configuration of the UHPFRC plate, combined with the rough interface, appears to have provided
excellent composite action, preventing premature failure due to interface separation. The final
failure mode of Beam S2-R was characterized as a ductile flexural failure, with yielding of the
longitudinal reinforcement, crushing of the concrete in the compression zone, and extensive
cracking of the UHPFRC plate. This indicates that all components of the composite beam (NWC core,
UHPFRC plate, and steel reinforcement) were effectively utilized to resist the applied load. The
peakload for Beam S2-R was 110.41% higher than that of the reference beam (So) and its mid-span
deflection was 381.3% larger, demonstrating a significant improvement in both strength and
ductility. For successful field applications of this optimal design, strict quality control is essential
to ensure consistent interface roughness and proper placement of the transverse anchoring bars.
The shear-carrying and deformation capacity of each beam are compared with the reference beam
SO in Fig. 15. The composite beams showed an increase in shear-carrying capacity by 70.2% to
110.4% and in deformation capacity by 27.4% to 381.3%, regardless of the prefabricated UHPFRC
plate configuration, concrete core type, or properties of the interfacial layer.

4.3. Strain Analysis

Fig. 16 a and b represent the load-strain curves for the longitudinal reinforcement on the tension
side and the concrete slab, respectively. The longitudinal reinforcement's strain was measured at
the cross-section at the mid-span of the beam. In the beams S2-R, S3-S, and S4-SC, the longitudinal
reinforcement on the tension side reached its yield strain of 2500 pe prior to failure, with S2-R
failing due to flexural failure and S3-S and S4-SC due to shear failure. This indicates that these
beams effectively transformed the brittle shear failure into a more ductile failure mode which
confirmed by the strain gauge data (Fig. 16a). The longitudinal reinforcement strain in beams S0,
S1-R, and S5-HB remained well below yield, indicating a brittle shear failure occurred first. At the
mid-span, concrete strain measurements were obtained from the slab's upper surface, close to the
loading point. Near the loading plate, the concrete on the upper slab surface surpassed the 3000 pe
crushing strain in beams SO that failed due to brittle shear failure and S2-R, suggesting that the
materials in beam S2-R were fully utilized. Therefore, the UHPFRC plate configuration used in S2-
R is recommended.
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Fig. 16. Load-strain curves for concrete and steel reinforcement: (a) longitudinal reinforcement
strain at mid-span; (b) concrete slab compressive strain near the loading point

4.4. Effects of the Prefabricated UHPFRC Plate Configuration

The effect of the prefabricated U-shaped UHPFRC plate configuration can be assessed by comparing
the specimens' load vs mid-span deflection curves for S1-R and S2-R, as shown in Fig. 13. In the S1-
R composite beam, the prefabricated UHPFRC plate was terminated at the bottom of the concrete
flange (Fig. 3a), whereas in the S2-R composite beam, the plate was encased directly into the
concrete flange. This encased configuration achieved composite action through perfect bond
connections with reinforcement bars passing transversely through holes in the encased top
sections of the UHPFRC plate (Fig. 3b). A significant detachment at the interface beneath the flange
occurred at peak load in the S1-R beam, while no detachment was observed in the S2-R or other
composite beams as shown in Fig.12b,c. This indicates that encasing the UHPFRC plates directly
into the concrete flange, secured by reinforcement bars, effectively prevented any separation
between the two surfaces until the complete failure of the composite beam. Additionally, the S2-R
composite beam failed due to ductile flexural failure and rupture of the UHPFRC plates, indicating
that all materials in the S2-R beam were fully utilized, whereas the S1-R composite beam failed due
to shear with significant detachment at the interface beneath the flange occurred at peak load. The
load-carrying and deformation capacities of S1-R and S2-R increased by 70.23% and 110.41%, and
45.79% and 381.31%, respectively, compared to the reference beam SO0.

4.5. Effects of Interfacial Properties

By comparing the load vs mid-span deflection curves of specimens S2-R, S3-S, and S4-SC, as
illustrated in Fig. 13, the effect of interfacial properties can be evaluated. The interfacial properties
(rough, smooth, and smooth with steel connectors) significantly influenced shear-carrying
capacities, as depicted in Fig. 14(a). The S2-R beam, which featured a rough interface, presented
the greatest peak load and mid-span deflection, owing to its transition from brittle shear failure to
ductile flexural failure. The superior performance of the S2-R beam can be attributed to the
activation of multiple, redundant shear-transfer mechanisms. While the rough interface provided
a baseline of shear resistance through friction and mechanical interlock, its primary contribution
was likely in ensuring initial composite action. The critical component was the embedment of the
UHPFRC plates into the flange, secured by the transverse reinforcement. These transverse bars
acted as dowel connectors, providing a robust mechanical anchor that physically prevented vertical
and horizontal slip at the interface. This mechanical anchorage carried the majority of the
interfacial shear stress once micro-cracking began, preventing the progressive debonding
observed in the S1-R beam. This robust connection maintained the integrity of the composite
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section, allowing for significant stress redistribution. It forced the failure to occur within the
materials themselves—yielding of the steel and crushing of the concrete—rather than at the
weaker interface, thus enabling the transition from a brittle interface failure to a ductile flexural
failure. The S3-S and S4-SC beams, with smooth and smooth with steel connectors interfaces,
respectively, behaved similarly, indicating that, in comparison to the smooth interface, the steel
connectors inserted in the UHPFRC plate did not considerably improve the interfacial bond. The
load-carrying capacities of S2-R, S3-S, and S4-SC increased by 110.41%, 72.02%, and 76.19%,
respectively, compared to the reference beam S0. As shown in Fig. 16(b), the deformation
capacities at the peak load increased by 381.31%, 43.15%, and 40.50% for the respective beams.
The smaller mid-span deflection in the S4-SC beam is attributed to the shear transfer mechanism
facilitated by the steel connectors.

4.6. Effects of Core Concrete Type

To evaluate the impact of core concrete type on shear behavior, one beam (S5-HB) was constructed
using cellular lightweight concrete (CLC) blocks instead of normal weight concrete (NWC). The S5-
HB beam exhibited similar behavior to the composite beams S3-S and S4-SC, with approximately
34% less ductility, but the core weight was reduced by 72%. The reduced ductility of the S5-HB
beam can be attributed to the significant stiffness mismatch between the low-modulus CLC core (E
~ 2.1 GPa) and the high-modulus UHPFRC shell (E ~ 47 GPa). This incompatibility likely led to strain
concentrations at the interface, causing earlier micro-cracking and a more brittle failure of the core
material compared to the NWC core beams. The shear and deformation capacities of S5-HB
increased by 75% and 27.41%, respectively, compared to the reference beam S0. Overall, using CLC
blocks instead of NWC for the core proves to be an effective, economical, and appropriate approach
when reducing the structure's dead weight or thermal and sound insulation is a priority, but
designers must account for the reduced shear capacity. However, it is important to note that the
S5-HB specimen differed from the other beams in both its core material and its longitudinal
reinforcement configuration. Therefore, the observed behavior reflects the combined effect of
these changes, and the influence of the CLC core alone cannot be fully isolated in this study. This
limitation should be considered when interpreting these results. Future research should
investigate composite beams with CLC cores using an identical reinforcement layout to the NWC
reference beam to directly quantify the effect of the core material. The choice of core material
should be based on the specific design requirements and the desired balance between strength,
stiffness, and weight.

4.7 Broader Implications and Practical Context

From a sustainability perspective, the composite approach offers significant material savings. For
instance, for the beam cross-section studied, replacing the outer 30 mm shell with a UHPFRC plate
reduces the required volume of normal weight concrete in the web by over 40%. This directly
lowers cement consumption and the associated embodied carbon, highlighting the system's
environmental benefits. Compared to other strengthening techniques like externally bonded CFRP,
the proposed method offers the advantages of being a permanent formwork, which simplifies
construction, and providing enhanced durability and impact resistance due to the UHPFRC shell.
However, it is primarily suited for new constructions, whereas CFRP jacketing is more adaptable
for retrofitting existing structures.

5. Conclusions

This research investigated the shear behavior of composite RC beams without stirrups, utilizing
prefabricated UHPFRC plates as permanent formwork. The experimental program was limited to
six beams and specific material combinations. Further testing with a larger sample size and
different materials is recommended. Based on the experimental results, the following conclusions
can be drawn:

e The use of prefabricated U-shaped UHPFRC plates as permanent formwork significantly
enhanced the shear performance of RC beams without stirrups. Shear strength was increased
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by 70.2% to 110.4%, and deformation capacity was increased by 27.4% to 381.3% compared
to a conventional RC beam.

e Embedding the UHPFRC plates into the concrete flange, combined with a rough interface
(beam S2-R), was the most effective configuration. It successfully transformed the failure
mode from brittle shear to ductile flexure by preventing premature debonding and ensuring
full composite action.

e Using alightweight CLC block core reduced beam weight by 72% while still achieving a 75%
increase in shear strength, demonstrating a viable trade-off between weight reduction and
structural capacity.

e The findings suggest that this composite system is a promising solution for durable and
efficient new concrete structures, particularly for achieving longer spans or shallower beam
depths.

These conclusions are based on a limited set of six beams. To generalize the findings, further
research with a broader scope is recommended. Future work should include a broader parametric
study investigating the effects of UHPFRC plate thickness, different concrete core strengths
(including higher-strength CLC), and varying shear span-to-depth ratios. Future work should also
include long-term studies on durability and creep/shrinkage behavior. Complementing this
research with validated finite element models would provide deeper insights for practical design
and application.
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