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Abstract: Due to the extraordinary mechanical properties of ultra-high-performance concrete (UHPC),
the shear stirrups in UHPC beams could potentially be eliminated. This study aimed to determine
the effect of beam height and steel fiber volume content on the shear behavior of non-stirrup UHPC
beams under a larger shear span—-depth ratio (up to 2.8). Eight beams were designed and fabricated
including six non-stirrup UHPC beams and two comparing stirrup-reinforced normal concrete (NC)
beams. The experimental results demonstrated that the steel fiber volume content could be a crucial
factor affecting the ductility, cracking strength, and shear capacity of non-stirrup UHPC beams and
altering their failure modes. Additionally, the height of the beam had a considerable effect on its shear
resistance. French standard formulae were more accurate for the UHPC beams with larger shear
span—depth ratios, PCI-2021 formulae greatly overestimated the shear capacity of UHPC beams with
larger shear span—depth ratios, and Xu’s formulae were more accurate for the steel fiber-reinforced
UHPC beams with larger shear span—-depth ratios. In summary, French standard formulae were the
most suitable formulae for predicting the shear capacity of UHPC beams in this paper.

Keywords: shear behavior; ultra-high-performance concrete (UHPC); non-stirrup UHPC beams;
large shear span-depth ratios; steel fiber volume content; beam height

1. Introduction

Ultra-high-performance concrete (UHPC) is a cementitious composite consisting of
cement, silica fume, quartz powder, fine aggregates, steel fibers, water reducer, and potable
water. Given its excellent mechanical properties, superior workability, and durability,
UHPC is considered one of the most promising engineering materials [1-4]. Additionally,
UHPC exhibits excellent corrosion resistance and reliability due to its high compactness
and self-healing ability [5,6]. Nowadays, it has been widely used in practical engineering,
especially in bridge engineering [7-10]. Typical examples of its application include the
first UHPC pedestrian bridge, Sherbrooke Quebec Bridge, in Canada in 1997; the first
PI-shaped UHPC bridge, Jakway Park Bridge in Buchanan County, Missouri, USA; the
world’s first and largest UHPC arch bridge, Peace Bridge in South Korea; the world’s first
UHPC highway arch bridge, Wild Bridge in Austria; and the first and largest steel-UHPC
truss foot bridge in China [11]. In addition, there is a significant body of research on
the use of UHPC in bridge construction, covering various aspects such as waffle deck
panels [12], segmental bridges [13,14], joints [15-17], connections [18,19], and steel-UHPC
composite girders [20-24]. Nevertheless, the innovation of material has also resulted in
high construction costs. In order to expand the application of UHPC in construction, it
is necessary to identify cost-effective methods. In 2019, the inaugural prestressed non-
stirrup UHPC girder bridge was constructed in China, reducing its own weight down to
approximately half that of conventional NC beams. The exclusion of stirrups enhances
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the fluidity of UHPC, resulting in improved mechanical properties and provides a novel
method to reduce costs.

In the context of normal concrete (NC) beam structures, dense stirrups are typically
employed to resist shear forces [25,26]. The incorporation of steel fibers offers ultra-high
tensile strength to the UHPC matrix, making it possible to eliminate the stirrups of UHPC
beams [27,28]. Studies have shown that non-stirrup UHPC beams can withstand shear
loads with a steel fiber volume content of 2% in the UHPC mixture [29]. Abbas et al. [30]
discovered that the incorporation of steel fibers could enhance the post-cracking shear resis-
tance of concrete beams. Amin et al. [31] demonstrated that steel fibers enabled better crack
distribution, and that increasing the steel fiber volume content can significantly enhance the
shear strength. However, when the steel fiber volume content exceeded a certain threshold,
the mechanical properties of UHPC did not exhibit significant enhancements [32]. Fur-
thermore, it is noteworthy that UHPC beams, which incorporated less than 0.5% volume
of steel fiber, were unable to withstand as much shear load as the NC beams reinforced
with stirrups [33]. Despite the extensive research conducted on the impact of steel fiber
volume content on the shear behavior of non-stirrup UHPC beams, there remain numerous
unresolved issues that require further investigation.

In general, steel fiber serves a similar function to stirrups in reinforcing concrete struc-
tures. By utilizing the ultra-high tensile strength of steel fiber in an UHPC matrix, it is
possible to remove the stirrups to create slender, lighter, and more economical structural
members. Currently, the majority of studies in the field of non-stirrup UHPC beams are con-
centrated on prestressing and thin-web I-section beams [34-37]. Jiang et al. [34] conducted
four-point bending tests to investigate the shear performance of externally prestressed
UHPC beams without stirrups. The study revealed that the shear strength decreased as the
shear span—depth ratios increased. Furthermore, the study demonstrated that the cracking
and shear strength of the beams would increase as the steel fiber volume content increased.
Lee et al. [35] discovered that the non-stirrup UHPC I-girders exhibited excellent ductility,
with the shear strength increasing progressively after the initial onset of cracks. The quan-
tity and type of fibers incorporated in reactive powder concrete prestressed non-stirrup
girders did not significantly influence the cracking load, but had a pronounced impact on
the failure load and the rate of crack propagation [36]. It was demonstrated that the shear
cracks in I-section prestressed non-stirrup UHPC beams were significantly distributed
through the web prior to the formation of the critical crack [37]. In addition, numerous
experimental and numerical studies have been conducted to investigate the influence of
various parameters on the shear behavior of non-stirrup UHPC beams including the shear
span—depth ratio, reinforcement ratio, and the volume content of steel fiber [38—41]. The
shear behavior of non-stirrup UHPC beams was found to depend not only on the tensile
strength of UHPC, but also on the prestressing force, fiber orientation, and shape of the
cross-section [42]. The shear capacity of UHPC beams was found to be approximately
3.5 times greater than that of their counterparts on average. Furthermore, the reinforcement
ratio had a negligible effect on the shear capacity of UHPC beams [43].

A larger shear span-depth ratio typically leads to a larger bridge span, which can
effectively enhance the bridge’s passability and reduce the number of piers required [44].
This simplifies the construction process and reduces construction difficulty. However, a
larger shear span—depth ratio can also cause fatal problems to the bridge such as a remark-
able reduction in its load-bearing capacity. External prestressing tendons can improve
the shear strength of UHPC beams and make the cross-section of components smaller
and thinner [45]. However, for small- and medium-span bridges, eliminating prestressing
tendons is typically the preferred option due to the challenging environmental conditions,
high cost, and difficulty in controlling the reverse arch.

In this study, non-stirrup UHPC beams were tested under a larger shear span—depth
ratio at different steel fiber volume contents and beam heights to determine the shear
behavior. Two NC beams were also employed for comparison. None of the tested beams
were prestressed. To ascertain the accuracy of the French standard formula [46], PCI
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formula [47], and Xu’s formula [48], the experimental results were compared with the
calculated values.

2. Experimental Programs
2.1. Specimen Preparation

The aim of this research was to determine the effect of beam height and steel fiber volume
content on the shear capacity of non-stirrup UHPC beams under a larger shear span—depth
ratio (up to 2.8). Eight beams were designed and fabricated including six non-stirrup UHPC
beams and two comparing stirrup-reinforced normal concrete (NC) beams. The dimensions
and layouts of the beams are shown in Figure 1. The length of all tested beams (/) was
designed to be 2100 mm, with a shear span-to-effective depth ratio (A) of 2.8, where A
was calculated as A = a/hg, with a representing the shear span length of the beam and h
representing the effective depth of the beam. The specific values of a and hy are listed in
Table 1. Furthermore, the cross-sections of the tested beams were rectangular, with a beam
breadth (b) of 200 mm, and two beam heights (1) of 350 mm and 400 mm. To ensure shear
failure mode, ribbed reinforcements with a diameter of 32 mm and a yield strength (f,) of
419.2 MPa were used, along with double layers of longitudinal reinforcement placed at the
bottom of the tested beams. The normal concrete (NC) beams employed double-leg stirrups
that utilized 8 mm diameter ribbed reinforcements with a yielding strength of 412.0 MPa
arranged at 100 mm intervals. The thickness of the concrete covering was 20 mm.
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Figure 1. Dimensions and layouts of the tested beams (unit: mm). (a) Non-stirrup UHPC beams;
(b) side elevation of (a); (c) stirrup-reinforced NC beams; and (d) side elevation of (c). Note: @ 6C32
indicates six HRB400 ribbed reinforcements with a 32 mm diameter, 2) 2C18 indicates two HRB400
ribbed reinforcements with an 18 mm diameter, 3) 2C8 indicates two HRB400 8 mm diameter
double-leg stirrups, and 3) 20C8 indicates twenty HRB400 8 mm diameter double-leg stirrups.
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Table 1. Specimen nomenclature and experimental parameters.
Specimens Concrete Stirrup Volume Content

No. Nomenclature Type h/(mm) Ratio of Steel Fiber ho/tmm) a/(mm) A

Bl U-H35-50-V2.0 UHPC 350 0 2.0% 291 814.8 2.8
B2 U-H35-50-V1.5 UHPC 350 0 1.5% 291 814.8 2.8
B3 U-H35-50-V0 UHPC 350 0 0 291 814.8 2.8
B4 U-H40-50-V2.0 UHPC 400 0 2.0% 341 954.8 2.8
B5 U-H40-50-V1.5 UHPC 400 0 1.5% 341 954.8 2.8
B6 U-H40-50-V0 UHPC 400 0 0 341 954.8 2.8
B7 N-H35-51-V0 C40 350 0.584% 0 291 814.8 2.8
B8 N-H40-51-V0 C40 400 0.599% 0 341 954.8 2.8

As shown in Figure 2, the processes of formwork fabricating, steel bar tying, and
reinforcement cage laying were all carried out at the Structural Laboratory of Guangdong
University of Technology in Guangzhou, China. The pouring work of the UHPC beam
was carried out at the plant of the Zhonglu Dura International Engineering Co., Ltd. in
Zhaoging China. All equipment required for specimen preparation was sourced from
China. Because of the excellent fluidity of UHPC, the tested UHPC beams were fabricated
without vibration.

Figure 2. Construction of the specimens. (a) Formwork fabricating; (b) steel bar tying; (c) reinforce-
ment cages laying; (d) tested beam casting.

As shown in Table 1, the experimental variables encompass the type of concrete, beam
height, with or without stirrups, and steel fiber volume content. To clearly indicate the
variables, the specimens were labelled as U-H*-5*-V* or N-H*-5*-V*. The letter “U”
represents ultra-high-performance concrete, while “N” represents normal concrete. The
beam height is represented by ‘H35' and “H40’ for 350 mm and 400 mm, respectively.
“S1” and “S0” indicate whether the beams were constructed with or without stirrups,
respectively. Additionally, “V2.0”, “V1.5”, and “V0” indicate the steel fiber volume contents
of 2.0%, 1.5%, and “0”, respectively. For instance, “U-H35-S0-V2.0” represents a 350 mm
high UHPC beam without stirrups with a steel fiber volume content of 2.0%.
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2.2. Test Setup and Instrumentation

To improve efficiency, three-point loading tests were performed on each specimen to
evaluate the shear behavior of the non-stirrup UHPC beams, as shown in Figure 3. The
specimens were subjected to a vertical concentrated load using an electro-hydraulic servo
machine with a capacity of 10,000 kN. Each specimen was supported by two roller supports.
Three linear vertical displacement transducers (LVDTs) were employed to monitor the
deflections of the tested beams, which were positioned at the midspan of each beam and
the locations of the roller supports, respectively. Figure 4 shows six groups of strain
rosettes labelled A; to C; and Aj; to Cy, evenly distributed along the line extending from
the loading point to the supports. Each strain rosette comprised three strain gauges,
set at angles of 0°, 45°, and 90°, which were utilized to measure the principal strains.
The longitudinal reinforcement strain and stirrup strain were quantified by the strain
gauges affixed to the rebars. To ensure accurate measurements, the rebars were sanded
smooth at the gauge location before applying the strain gauges. Furthermore, waterproof
adhesive and anti-collision blocks were used to protect the strain gauges. The longitudinal
reinforcements were labelled 1-3 and 4-6 from the south side to the north side of the
double layer reinforcements, respectively, as shown in Figure 4c. The letters “N” and
“S” indicate north and south, respectively. The strain gauges attached to the longitudinal
reinforcements were labelled W1-W¢, M1-Mg, and E;—-E4 from the west side to the east
side. The letters “W”, “M”, and “E” indicate west, middle, and east, respectively. All data
were collected using the JMTEST static collector including load force, beam deflection,
longitudinal reinforcement strain, stirrup strain, and concrete strain. The detail of the
layout of the strains and LVDTs can be seen in Figure 4.

Applied load

_--- Reaction frame - __

#---- Roller support =-----—______|

---- Tested beam -- -

">~ Vertical LVDT--~

“~Footing(both sides)-"~ :

Figure 3. Experimental setup and instrumentation.
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Figure 4. Layout of measuring points. (a) External measuring points of the 350 mm high tested beams;
(b) external measuring points of the 400 mm high tested beams; (c) strain gauges of the longitudinal
reinforcements; (d) strain gauges of the stirrups.

The loading protocol comprised two phases: the force-controlled phase and displacement-
controlled phase. Before the shear diagonal cracks emerged, the loading was force con-
trolled with an internal force of 50 kN. After that, the displacement-controlled phase was
carried out at a loading rate of 0.1 mm/min. When the load was reduced to 60% of the
peak load, the test was terminated. The schematic representation of the loading protocol is

shown in Figure 5.
Diagonal Load reduced to 60%
cracks emerge | Displacement-controlled | of the peak load Terminate
phase (0.1 mm/min) the test

Figure 5. Schematic representation of the loading protocol.

Force-controlled phase
(50kN internal)

2.3. Material Properties

The UHPC used in this study was provided by Zhonglu Dura International Engineer-
ing Co., Ltd. in Zhaoqing China, and was the same as the mixture used by Feng et al. [45].
The relevant equipment was source from China. A flow test was conducted and the slump
flow diameter was 80 mm, as presented in Figure 6. The mechanical properties of the UHPC
were subjected to rigorous testing including cubic compressive strength, axial compressive
strength, splitting tensile strength, and flexural tensile strength.
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Figure 6. Results of the flow test.

In accordance with French standard NF P18-710 [46], the post-cracking strength can
be determined by the following equation:

0p = i/ow* of(w)dw 1)

=
The post-cracking strength considering a fiber orientation factor (K) is calculated by:
g f1

Uf2 = K ()

The post-cracking strength for design is obtained from:

Ufl
= 3
£B=% Yer 3)

where the post-cracking strength o (w) is determined based on the crack opening w. In
this study, a maximal crack width (w*) of 0.3 mm, a fiber orientation factor (K) of 1.25, and
a partial safety factor (.f) of 1.3 were chosen, based on the recommended values of French
standard NF P 18-470 [46].

As per the PCI report [47], the post-cracking residual strength f,, is identified as the
first peak cracking value, which is determined by:

for = 0375f, (4)

where fp, is the flexural tensile strength.

In accordance with Xu’s formula [48], the axial compressive strength f. was deter-
mined from 300 mm x 100 mm x 100 mm prisms. Table 2 provides an overview of the
properties of the UHPC utilized in this study. It should be noted that the ultimate flexural
strength (ff,) was affected by unknown reasons, which led to the ff, of UHPC-2.0 being
lower than the f7, of UHPC-1.5.

Table 2. Basic mechanical properties of UHPC materials.

Concrete Volume Content op op
Type of Steel Fiber foy MPa) f. (MPa) f: (MPa) (MPa) op (MPa) (MPa) fru (MPa) f,, (MPa)
UHPC-0 0% 118.5 94.7 5.57 3.10 2.48 1.94 10.5 3.9
UHPC-1.5 1.5% 174.9 162.0 12.60 8.94 7.15 5.50 36.0 13.5
UHPC-2.0 2.0% 164.0 147.2 12.58 5.62 5.00 3.46 28.8 10.8
C40 0% 43.3 38.4 / / / / / /

Notes: fcy = cubic compressive strength; f. = axial compressive strength; f; = splitting tensile strength; o¢; = tested
post-cracking strength; 0y, = post-cracking strength considering a fiber orientation factor (k) of 1.25; 03 = post-
cracking strength for design; ff, = flexural tensile strength; f,, = post-cracking residual strength. o1, 0y, and 03
were the inferred values according to f,,.
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Table 3 presents the test results for the mechanical properties of the stirrups and
longitudinal reinforcements. The results were obtained by averaging the tested values of
three randomly selected specimens, which were truncated from the rebars. The length
of the specimens was 350 mm, and the calculated elastic modulus was assumed to be
2 x 10° MPa. The yield and ultimate strains of the rebars were measured by the strain
gauges affixed to the rebars. The yield and ultimate strength of the rebars were derived
based on the elastic modulus, yield strain, and ultimate strain [49]. All tests were conducted
using an electro-hydraulic servo machine.

Table 3. Mechanical properties of rebars.

Specimens Reinforcing Diameter (mm) Yield Strength Ultimate Yield Strain Ultimate Strain
P Steel Type (MPa) Strength (MPa) (%) (%)
Stirrups HRB400 8 412.0 621.1 0.23 13.22

Longitudinal HRB400 32 419.2 631.9 0.23 13.50
reinforcements

3. Experimental Results and Observation
3.1. Crack Patterns and Shear Failure Modes

All tested beams exhibited shear failures, specifically diagonal tension failure (DT),
shear compression failure (SC), and diagonal compression failure (DC), as illustrated in
Figure 7. Figure 8 shows the failure modes and crack patterns observed in all tested beams.
Critical cracks are depicted using thick, solid lines, while areas of significant concrete
damage are highlighted in bold black. DC failure occurred in the stirrup-reinforced NC
beams, DT failure in the non-stirrup UHPC beams without steel fibers, and SC failure in
the non-stirrup UHPC beams with steel fibers.

3 L1 3

il A ///
4

- (a)

s
hy (b) A ©

Figure 7. Types of shear failure. (a) Diagonal tension failure; (b) shear compression failure;
(c) diagonal compression failure.

Specimens B1, B2, B4, and B5 exhibited characteristic patterns of shear compression
failure. At the beginning of loading, flexural cracks emerged at the bottom of the tested
beams. As the load approached a level between 35% and 55% of the peak load, the number
of flexural cracks ceased to increase, and the existing flexural cracks gradually extended
toward the loading point. Diagonal cracks were observed to emerge when the load reached
a level between 31% and 61% of the peak load. Under increasing load, new diagonal cracks
appeared, and eventually, a critical diagonal crack developed, which extended toward
the loading point. When reaching the ultimate load, the concrete near the loading point
was crushed.

In specimens B3 (Figure 8c) and B6 (Figure 8f), as soon as the diagonal cracks emerged
in the shear span, the crack width rapidly increased and soon developed into critical
diagonal cracks. Eventually, the two beams suddenly lost their load-bearing capacity
and split in two, with flat failure surfaces and no concrete crushing. Therefore, it can be
concluded that diagonal tension failure occurred at B3 and Bé.
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Figure 8. Crack pattern of each tested beam. (a) B1; (b) B2; (c) B3; (d) B4; (e) B5; (f) B6; (g) B7; and
(h) BS.

In specimens B7 (Figure 8g) and B8 (Figure 8h), few cracks were observed until the
load reached 40% of the ultimate load. As the load increased, several parallel diagonal
cracks appeared, dividing the web of the beams into several inclined compression columns.
After reaching the ultimate load, the tested beams were suddenly damaged. It can be
concluded that the shear failure mode of B7 and B8 was diagonal compression damage.

It was especially noted that beams B1, B2, B4, and B5 also exhibited flexural fail-
ure due to the longitudinal rebar yielding, which concomitantly emerged with shear
compression failure.

3.2. Experimental Results of the Tested Beams
Table 4 lists the experimental results of all of tested beams.

Table 4. Experimental results of all tested beams.

NO P, Ocr P Uci Py Vi Tu Ay Pfuilure Afailure Py Ay 0 PCSR Failure
© (kN) (MPa) (kN) (MPa) (kN) (kN) (MPa) (mm) (kN) (mm) (kN) (mm) #a Pattern
Bl 80 8.0 581 5.0 1340 670 11.5 7.53 986 9.30 1280 6.90 1.35 35° 57% SC-FF
B2 260 259 460 4.0 1478 739 12.7 9.56 834 1236 1390 8.10 1.53 37° 69% SC-FF
B3 65 6.5 262 2.3 519 259.5 45 425 375 5.21 507 3.79 1.37 42° 50% DT
B4 400 35.8 678 5.0 1540 770 11.3 7.88 498 8.09 1319 5.64 1.43 31° 56% SC-FF
B5 100 9.0 600 44 1485 7425 109 10.01 748 10.10 1380 8.84 1.14 32° 60% SC-FF
B6 75 6.7 300 22 495 247.5 3.6 431 292 4.39 480 391 1.12 45° 39% DT
B7 60 6.0 260 22 630 315 54 7.47 410 8.03 600 5.86 1.37 56° 59% DC
B8 40 3.6 291 2.1 700 350 5.1 7.05 368 8.15 690 6.75 1.21 57° 58% DC
Notes: P = initial flexural crack load. Flexural cracking strength (o) is calculated by o = bﬁg‘/’é.
M, = bending moment of initial flexural crack = ¢ P, = initial diagonal crack load. Diagonal cracking
strength (v,;) is calculated by v,; = B g% 2. P, = ultimate load. V, = ultimate shear load = P, /2. Ultimate shear

strength (7;,) is calculated as: 7, = V,,/bhg, where b is the beam breadth and hy is the effective depth of the beam.
A, = midspan deflection of ultimate load. PCSR indicates the post-cracking shear resistance, which is calculated
by PSCR = V“V;MV“ % 100%, where V; = P;/2. Pggiyre = failure load, which indicates the load for the beam to
incur significant damage. A y1,e = midspan deflection of failure load. Py = yield load. A, = midspan deflection
of yield load. The ductility coefficient (j5) is calculated as: pa = Aggipyre /Ay. The symbol 6 denotes the angle
between the axis of the beam and the critical shear diagonal crack. FF indicates flexural failure.
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3.3. Load-Displacement Relationships

Figure 9 displays the load-mid span deflection curves for all tested beams, presenting
results for specimens with varying beam heights and steel fiber volume contents. As
shown in Figure 9, the load-midspan deflection curves for the specimens initially displayed
a nonlinear growth, followed by a sudden drop upon reaching the ultimate load. No
significant yielding phase was observed. It is noteworthy that the midspan deflections of
the ultimate load (A,,) for the U-H35-50-V2.0 and U-H40-50-V2.0 beams were reduced by
21.2% and 21.3%, respectively, compared to the U-H35-50-V1.5 and U-H40-S0-V1.5 beams,
as depicted in Figure 8a,b. These results suggest that appropriately reducing the volume

content of steel fiber can enhance the ductility of non-stirrup UHPC beams.
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Figure 9. Load-midspan deflection curves. (a) Effect of volume content of steel fiber on 350 mm high
UHPC beams without stirrup reinforcement; (b) effect of volume content of steel fiber on 400 mm
high UHPC beams without stirrup reinforcement; (c) effect of beam height at a volume content of
steel fiber of 2%; (d) effect of beam height at a volume content of steel fiber of 1.5%; (e) effect of
beam height at a volume content of steel fiber of 0%; (f) effect of beam height of stirrup-reinforced
NC beams.
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3.4. Strain Response
3.4.1. Strain Response of Longitudinal Reinforcements

The load-strain relationships of the longitudinal reinforcement for the U-H35-50-V*,
U-H40-50-V*, and N-H*-51-V0 beams are illustrated in Figure 10a—c. Some strain gauges
adhering to the longitudinal reinforcements were inadvertently damaged at the test’s onset
due to their susceptibility to damage within the concrete. In these instances, a suitable strain
gauge was selected from the pre-embedded strain gauges to assess the strains of the longi-
tudinal reinforcements as detailed in the caption of Figure 10. The yield strength and elastic
modulus of the reinforcements were assumed to be 419.2 MPa and 2.0 x 10° MPa, respec-
tively. Consequently, the yield strain of the longitudinal reinforcements was approximately
2096 pe, denoted by the vertical dashed line.
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Figure 10. Load—strain curves of longitudinal reinforcements. (a) U-H35-S0-V* beams; (b) U-H40-S0-
V* beams; (c) N-H*-S1-V0 beams.

Figure 10a,b show that the longitudinal reinforcement strains for Bl and B2 as well
as B4 and B5 reached the yield strain before reaching the ultimate load. However, the
longitudinal reinforcement strains for B3 and B6 were far from yielding when they reached
the ultimate load, indicating that the lack of steel fibers caused them to fail quickly, far
from bending failure after diagonal cracks emerged. It is important to note that as the load
increased, the longitudinal reinforcement strains of beams B1, B2, B4, and B5 significantly
exceeded the yield strain, suggesting that these beams may have experienced flexural
failure. This could explain the abnormal load-bearing capacity of beams B1, B2, B4, and
B5 compared to their normal shear capacity. As seen in Figure 10c, the longitudinal
reinforcements for B7 and B8 had not yielded either when the ultimate load was reached.
For the U-H35-50-V2.0 and U-H40-50-V2.0 beams, the loads at which the longitudinal
reinforcements yielded increased by up to 22.0% and 37.9%, respectively, compared to
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beams U-H35-50-V1.5 and U-H40-50-V1.5. These findings suggest that the incorporation of
steel fibers had indeed improved the strength of UHPC, and that steel fibers could carry
the load synergistically with longitudinal reinforcements. Additionally, increasing the
steel fiber volume content within a certain range is conducive to enhancing the beams’
load-bearing capacity.

3.4.2. Strain Response of Stirrups

The load-strain relationships of the stirrups for beams N-H35-51-V0 (B7) and N-H40-
51-VO0 (B8) are presented in Figure 11. The yield strength and elastic modulus of the stirrup
were assumed to be 412 MPa and 2.0 x 10° MPa, respectively. Consequently, the yield strain
of the longitudinal reinforcements was approximately 2060 e, which was also marked with
a vertical dashed line. As can be observed, the strain of the stirrups in B7 and B8 increased
slightly with the increase in load before the diagonal cracks emerged. Upon the emergence
of diagonal cracks in the shear-bending section, the strain of the stirrups exhibited a turning
point. As the load improved, the strain of the stirrups gradually increased, and finally
exceeded the yield strain. The experimental results presented in Figure 11 indicate that
the stirrups experienced minimal stress prior to the onset of the diagonal cracks. After the
diagonal cracks traversed the shear-bending section, the tensile strength of the concrete
in the section was significantly reduced, resulting in the transfer of tensile stress to the
stirrups. This is evidenced by the surge in the strain of the stirrups upon the appearance of
the diagonal cracks. Furthermore, it is evident that the stirrups in both B7 and B8 yielded
before the beams reached their ultimate loads. This suggests that the stirrups were fully
utilized in resisting the shear force.
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Figure 11. Load-strain curves of stirrups.

3.4.3. Strain Response of Concrete Diagonal Sections

The principal tensile strains ¢; and principal compression strain ¢, were calculated
using Equation (1), where ¢y, ¢;5°, and ¢;, and are the strains of strain gauges set at angles
of 0°, 45°, and 90°, respectively. The positive calculation results indicate the principal
tensile strain, while the negative results indicate the principal compressive strain.

2 2
8t_€x+£y Ex_gy €x+€y_
{gc =—2 ° \/ ( ) Tl s (5)

Figure 12 illustrates the load-principal strain relationships of all tested beams, as mea-
sured at various points along the diagonal section on the side of failure. Before the diagonal
cracks propagated through these strain rosettes, the principal strains on the shear-bending
section increased linearly with the applied load. Upon the onset of diagonal cracking in
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1600

the web section of the beams, there was a sudden surge in principal tensile strains. As
diagonal cracks developed, the stresses in the shear-bending section were redistributed,
resulting in irregular variations of the principal strains. It is noteworthy that the principal
tensile strains on the section of strain rosettes A+ to B+ exhibited more substantial alterations
compared to those on the section of strain rosettes C+. This observation indicates that the
concrete in the web section of the tested beams experienced greater tensile stresses than
that near the support. Figure 12g,h shows that the principal strains of the normal concrete
beams had more pronounced variations than those of the UHPC beams, suggesting that
the exceptional tensile properties of UHPC can effectively mitigate concrete cracking.
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Figure 12. Load-principal stress relationships for concrete diagonal sections. (a) B1; (b) B2; (c) B3;
(d) B4; (e) B5; () B6; (g) B7; (h) BS.

3.5. Post-Cracking Shear Resistance

The post-cracking shear resistance (PCSR) of the tested beams is determined by
Equation (6), which indicates the load-bearing capacity of the tested beams after the onset
of the first shear diagonal crack.

pesr = Vo= Ve 1009, (6)

u



Buildings 2024, 14, 1374

14 of 20

Table 4 lists the calculated values of all tested beams. The average values of PCSR for
the U-H*-S0-V2.0, U-H*-50-V1.5, U-H*-S0-VO0, and N-H*-51-V0 beams were 56.5%, 64.5%,
44.5%, and 58.5%, respectively.

4. Discussion and Analysis of Experimental Results
4.1. Failure Modes and Crack Patterns
4.1.1. Effect of Beam Height on Failure Modes and Crack Patterns

Table 4 lists the initial diagonal crack load (P,;) and the diagonal cracking strength
(v¢i). It is demonstrated that increasing the beam height (k) could effectively improve the
diagonal cracking strength. As the h increased from 350 mm to 400 mm, the v,; could be
increased by up to 16.7% (U-H*-50-V2.0), 30.4% (U-H*-S0-V1.5), 14.5% (U-H*-S0-V0), and
11.9% (N-H*-S1-V0). However, it should be noted that the ultimate shear strength 7, of
non-stirrup UHPC beams decreased by 2.0% (U-H*-50-V2.0), 16.6% (U-H*-S0-V1.5), and
22.9% (U-H*-S0-V0) as the h increased from 350 mm to 400 mm.

4.1.2. Effect of Steel Fibers on Failure Modes and Crack Patterns

The bridging action of steel fibers plays a crucial role in determining the post-cracking
behavior of UHPC. It inhibits the development of microcracks in the UHPC matrix and
withstands tensile stresses, especially after concrete cracking. The schematic of bridging
action is depicted in Figure 13. As illustrated in Figure 8a—f, the steel fiber volume content
has a significant impact on the failure modes of UHPC beams. For example, by comparing
specimens B1, B2, and B3 as well as B4, B5, and B6 with the same beam height, respectively,
it can be identified that the lack of the bridging action of steel fibers resulted in specimens
B3 and B6 quickly losing their load-bearing capacity and suddenly failing. However,
in comparison with B3 and B6, the steel fiber-reinforced specimens B1, B2, B4, and B5
demonstrated excellent ductility. The test results confirmed the role of steel fibers in
improving the shear resistance of non-stirrup UHPC beams. This finding is in accordance
with the experimental results of Li et al. [50], although the ductility coefficients of the UHPC
beams in this study were lower than those of the aforementioned study. This discrepancy
may be attributed to the differing shear span-to-effective depth and reinforcement ratio
between this study and that of Li et al. [50].

Fibers along shear interface

Figure 13. Bridging action from fibers.

Table 4 shows a positive correlation between the volume content of steel fiber and
diagonal cracking strength. In the U-H35-50-V1.5(2.0) and U-H40-50-V1.5(2.0) beams, the
diagonal cracking strength could be increased by up to 81.8%, 127.3%, 109.5%, and 138.1%,
respectively, in comparison to the N-H35-51-V0 and N-H40-51-V0 beams. In comparison to
the U-H35-51-V0 and U-H40-51-V0 beams, the incorporation of steel fibers demonstrated
a notable enhancement in diagonal cracking strength, with an increase of 73.9%, 117.4%,
100.0%, and 127.3%, respectively. In the U-H35-50-V2.0 and U-H40-50-V2.0 beams, the
diagonal cracking strength was increased by up to 25.0% and 13.6%, respectively, compared
to the U-H35-50-V1.5 and U-H40-S0-V1.5 beams. The details of the effect of steel fibers on
the diagonal cracking strength are shown in Figure 14. From the results, it can be inferred
that the incorporation of steel fibers is conducive to delaying diagonal cracking and that
an increase in the volume content of steel fiber within a certain range is beneficial for
enhancing the beams’ diagonal cracking strength.
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Figure 14. Effect of steel fibers on diagonal cracking strength. (a) Effect of steel fibers on diagonal
cracking strength of 350 mm high beams; (b) effect of steel fibers on diagonal cracking strength of
400 mm high beams.

4.2. Post-Cracking Shear Resistance

The calculated values of PCSR listed in Table 4 suggest that the U-H*-50-V2.0 (1.5)
beams had comparable PCSR to the N-H*-51-V0 beams. Additionally, in the U-H*-50-V2.0
beams, PCSR reduced by 8% compared to the U-H*-S0-V1.5 beams, and in the U-H*-S0-V0
beams, PCSR reduced by 14% compared to the N-H*-51-VO beams. This indicates that
the U-H*-50-V0 beams cannot achieve comparable PCSR to the N-H*-51-V0 beams. In the
U-H35-50-V* beams, PCSR increased by 13.5% compared to the U-H40-S0-V* beams. Based
on the results presented above, it can be concluded that the incorporation of steel fibers
provides non-stirrup UHPC beams with comparable PCSR to NC beams. By reducing the
volume content of steel fiber to a certain extent, the PCSR of non-stirrup UHPC beams can
be increased to a certain extent. In addition, PCSR increases as the beam height is reduced.

5. Shear Design Recommendations for UHPC Beams
5.1. French Standard Formulae

According to French standard NF P 18-710-2016 [46], the shear capacity of UHPC
beams is primarily composed of three resistance terms: the contributions of the UHPC
matrix V¢, the stirrup contribution Vs, and the steel fiber contribution Vf. Consequently, the
formula for the shear capacity (V,,1) of the UHPC beam can be expressed as follows:

Vu1=VC+V5+Vf (7)

The formula for the contributions of the UHPC matrix V. can be described as:

0.21
Vc = kl V fcubhO (8)
YefYE

where the comprehensive safety factor 7.¢yg is set to 1.0. The prestressing improve-
ment factor k1 was equal to 1.0, since no prestressing was applied to the tested beams in
this study.

The contribution of the stirrups V; is calculated using the following equation:

A
Vs = %zfyscot 0 9)

where A, denotes the cross-sectional area of the stirrups, s represents the spacing of the
stirrups, z is given by z = 0.9h to determine the lever arm of internal forces, and fys
indicates the stirrup yielding strength. It was assumed that the non-stirrup UHPC beams
tested in this study had no shear contribution from stirrups.
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The formula for calculating the contribution of steel fibers V¢ can be described as:
Vf = AbO'f1COt9 (10)

where Aj, denotes the effective cross-sectional area of the beam, which is equivalent to the
value of bz.

5.2. PCI-2021 Formulae

According to the PCI-2021 report [47], the shear capacity of UHPC beams can be di-
vided into three constitutive terms: the contribution of the tensile strength of UHPC V¢, the
contribution of effective prestressing force V), and the contribution of shear reinforcement
Vs. Consequently, the shear capacity V,» can be calculated as follows:

Vio = Vip + Ve + Vp (11)
V= (4£ ”)bzcote (12)
Ve = AsvfyssZCOtG (13)
6 = 29° + 3500¢; (14)

where the longitudinal strain e is limited to values of less than —0.40 x 10~2 under
compressive stress and less than 6.0 x 103 under tensile stress, which correspond to
angles of 27.6° and 50.0°, respectively. To ensure consistency with reality, § = 40° in this
study. The residual tensile strength (f;,) is demonstrated in Table 2. As the UHPC beams
tested in this study did not have any prestressing tendons or stirrups, V), and V; were taken
as zero.

5.3. Xu's Formulae

Xu’s formulae [48] provide empirical equations for the shear capacity of UHPC beams,
taking into account the influence of prestressing force, steel fibers, and the shear span-to-
depth ratio. Therefore, the shear load capacity V,3 of UHPC beams can be determined
using the following equations:

Vis=Ve+ Vi + Vs (15)

Ve =k ( 5 _2 Vi 0.8) \V/ febhg (16)
Vs = (0.18 + 0.351)ps fysbho 17)
Vs = (0.99 — 0.12A) A fibhg (18)

fi = 0.0353f, (19)

where p; denotes the stirrup ratio. When A is smaller than 1.5, A is set to 1.5, and when A
is larger than 3.0, A is set to 3.0. The variable k; indicates the prestressing enhancement
coefficient. For non-prestressed UHPC beams, k; is equal to 1.0, while for prestressed
UHPC beams, it is equal to 1.25. As the UHPC beams tested in this study did not have
any stirrups, it was assumed that the corresponding shear contribution from the stirrups
was negligible.

5.4. Comparison of Calculated Values

Table 5 presents the calculated shear capacity V,; (French standard formulae), V2
(PCI-2021 formulae), and V3 (Xu’s formulae), along with the ratios V,;1/ Vi test, Vi / Vi test,
and V,;3/ Vi, test Of the calculated shear capacity to the tested shear capacity. The calculated
values of shear capacity displayed in Table 5 are all in units of kN.
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Table 5. Comparison between the experimental results and calculated values.
Experimental French Standard Formulae PCI-2021 Formulae Xu'’s Formulae
Results
NO. Vu,test Vc Vs Vf Vul Vul / Vu,test ch Vs Vu2 VuZ/ Vu,test Vc Vs Vf VuS Vu3/ Vu,test
Bl 670 156.5 0 420.4 576.9 0.86 898.9 0 898.9 1.34 107.5 0 553.0 660.6 0.99
B2 739 161.6 0 621.4 783.1 1.06 1123.6 0 1123.6 1.52 112.9 0 609.5 722.3 0.98
B3 259.5 133.0 0 0 133.0 0.51 324.6 0 324.6 1.25 86.3 0 0 86.3 0.33
B4 770 183.4 0 574.1 757.5 0.98 1053.4 0 1053.4 1.37 126.0 0 648.1 774.1 1.01
B5 742.5 189.4 0 878.2 1067.6 1.44 1316.7 0 1316.7 1.77 132.3 0 714.2 846.5 1.14
B6 247.5 155.9 0 0 155.9 0.63 380.4 0 380.4 1.54 101.1 0 0 101.1 0.41
Average: 0.91 Average: 1.47 Average: 0.81
STDEV: 0.33 STDEV: 0.19 STDEV: 0.35
CV: 0.36 CV: 0.12 CV: 0.43

For the French standard formulae, the ratio V,,1 / V, test ranged from 0.51 to 1.44, with
amean of 0.91, an STDEV of 0.33, and a coefficient of variation of 0.36. Comparison with
Li et al.’s [50] experimental findings suggested that the formulae were more accurate for
UHPC beams with larger shear span—depth ratios. In addition, the average ratio of the
calculated shear capacity to the tested shear capacity for the French standard formulae was
closest to 1.00.

The ratio of V5 / V), test for the PCI-2021 formulae ranged from 1.25 to 1.77, with an
average of 1.47, a STDEV of 0.19, and a coefficient of variation of 0.12. It was discovered
that the calculated values of the PCI-2021 formulae were about 1.5 times the tested results.
This demonstrates that the PCI-2021 formulae greatly overestimated the shear capacity of
the UHPC beams with larger shear span—-depth ratios. Additionally, this phenomenon was
more apparent when the beam height was 400 mm.

For Xu’s formulae, the ratio V,;3/V;, test ranged from 0.33 to 1.14, with an average of
0.81, a STDEV of 0.35, and a coefficient of variation of 0.43. It was found that Xu’s formulae
significantly underestimated the shear capacity of non-steel fiber-reinforced UHPC beams.
Comparison with Li et al.’s [50] experimental findings indicated that Xu’s formulae were
more accurate for UHPC beams with larger shear span—-depth ratios. Moreover, they were
more accurate in predicting the shear capacity of steel fiber-reinforced UHPC beams rather
than non-steel fiber-reinforced UHPC beams.

The comparison of the calculated values derived from the three formulae demonstrates
that the French standard formulae were more accurate for UHPC beams with larger shear
span-depth ratios, the PCI-2021 formulae greatly overestimated the shear capacity of UHPC
beams with larger shear span—depth ratios, and Xu’s formulae were more accurate for steel
fiber-reinforced UHPC beams with larger shear span-depth ratios. In summary, the French
standard formulae were the most suitable formulae for predicting the shear capacity of
UHPC beams in this paper.

6. Conclusions

This study investigated the shear behavior of both non-stirrup UHPC beams and
stirrup-reinforced NC beams under a larger shear span—depth ratio (2.8), subjected to
three-point loading. The following conclusions can be drawn from the findings:

(1) The failure modes of all eight tested beams were shear failures. Steel fibers are a crucial
factor that affects the failure mode of non-stirrup UHPC beams and can effectively
enhance the crack resistance of the beam.

(2) Increasing the beam height from 350 mm to 400 mm can effectively improve the
diagonal cracking strength. The incorporation of steel fibers is conducive to delaying
the appearance of diagonal cracks, and increasing the volume content of steel fibers
from 1.5% to 2.0% is beneficial to improving the diagonal cracking strength.

(38) The ductility of non-stirrup UHPC beams can be improved as the volume content of
steel fibers decreases from 2.0% to 1.5%.
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(4) The concrete of the web section of the tested beams experienced more significant
tensile stresses than the concrete near the support. The principal strains of the normal
concrete beams had more pronounced variations than those of the UHPC beam:s.

(5) The ultimate shear strength 7;, of non-stirrup UHPC beams decreased by 2.0% (U-H*-
50-V2.0), 16.6% (U-H*-50-V1.5), and 22.9% (U-H*-S0-V0) as the beam height increased
from 350 mm to 400 mm. The ultimate shear strength 7, will decrease as the beam
height of the beam increases.

(6) PCSR increased by 13.5% as the beam height was reduced from 400 mm to 350 mm.
By reducing the volume content of the steel fiber from 2.0% to 1.5%, the PCSR of the
non-stirrup UHPC beams can be increased by 8%.

(7) The French standard formulae were more accurate for the UHPC beams with a
larger shear span—-depth ratio (2.8), the PCI-2021 formulae greatly overestimated the
shear capacity of UHPC beams with a larger shear span—depth ratio (2.8), and Xu’s
formulae were more accurate for steel fiber-reinforced UHPC beams with a larger
shear span—depth ratio (2.8). Therefore, the French standard formulae were the most
suitable formulae for predicting the shear capacity of UHPC beams in this paper.
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