
Academic Editor: Dan Bompa

Received: 20 December 2025

Revised: 2 February 2026

Accepted: 11 February 2026

Published: 14 February 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

A Study on Shear Performance of Longitudinally Reinforced
SFRC Beams with Satisfactory Composite-Recycled Aggregates
Mingshuang Zhao 1, Kele Wang 2 , Minglei Zhao 3, Changyong Li 1 , Xinxin Ding 1 and Shunbo Zhao 1,2,*

1 International Joint Research Laboratory for Eco-Building Materials and Engineering of Henan, North China
University of Water Resources and Electric Power, Zhengzhou 450045, China;
zhaomingshuang@ncwu.edu.cn (M.Z.); lichang@ncwu.edu.cn (C.L.); dingxinxin@ncwu.edu.cn (X.D.)

2 Xuchang Innovation Center of Low-Carbon Eco-Building Materials Technology, Zhongyuan Institute of
Science and Technology, Xuchang 461000, China; wangkele@zykj.edu.cn

3 School of Civil Engineering, Zhengzhou University, Zhengzhou 450001, China; mlzhao@zzu.edu.cn
* Correspondence: sbzhao@ncwu.edu.cn

Abstract

Composed of recycled small-particle coarse aggregates with virgin large-particle crushed
stones, satisfactory composite-recycled aggregates are developed to overcome the short-
comings of large particle recycled coarse aggregate, making a new concrete with similar
mechanical properties to conventional concrete. This brings a development of steel fiber
reinforced satisfactory composite-recycled aggregate concrete (SFRSCAC) used for struc-
tural engineering. To identify the shear performance of longitudinally reinforced SFRSCAC
beams without stirrups, ten test beams were fabricated and experimentally studied by
four-point bending tests, incorporating ingot-mill steel fiber in volume fraction from 0 to
2.0%. Results show that steel fibers could delay shear cracking and effectively increase
shear strength of test beams, but could not fundamentally change the shear failure with
brittle characterization of bond cracking along the longitudinal reinforcement. The as-
sessment using existing prediction formulas of reinforced steel fiber reinforced concrete
(SFRC) beams demonstrates that the shear cracking resistance and shear strength of lon-
gitudinally reinforced SFRSCAC beams reach the level of reinforced SFRC beams. This
provides a basis for broadening the application of SFRSCAC, just like conventional SFRC in
structural engineering.

Keywords: longitudinally reinforced concrete beams; satisfactory composite-recycled
aggregates; steel fiber; shear performance; comparative analysis

1. Introduction
Faced with a huge amount of waste concrete and bricks from old buildings and

infrastructures during urban renewals, recycling and reusing them as aggregates of concrete
remains the most widely applicable and optimal solution [1–3]. This helps to alleviate
the excessive exploitation of natural sand and stone resources, aligning with the global
trend for producing sustainable, cost-efficient, low-carbon, and eco-friendly concrete with
recycled aggregates [4–6].

Compared with virgin aggregates, including gravels and crushed stones, recycled
coarse aggregates (RCA) from waste concrete or bricks have a special morphological
characteristic with attached old mortar on the surface, creating uncertain impacts on
concrete properties, especially those heavily dependent on RCA quality, such as density,
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drying shrinkage, and tensile strength [7–10]. This directly affects the load-bearing prop-
erties of concrete structures using RCAs. Studies indicate that using the replacement
ratio of virgin aggregate as a key variable, the shear strength of longitudinally reinforced
RCA concrete beams decreases by 11% with a 30% replacement ratio [11], 9.5% with a
20%~80% replacement ratio [12], and 12.5% with a 50% replacement ratio [13]. When the
replacement ratio reached 100%, the shear strength declined, respectively, by 17.5%, 11%,
5%, and 28% [13–15], while lower cracking resistance and wider crack width were observed
for reinforced RCA concrete beams under bending [16]. An opposite result of the shear
strength of beams increased by 5% to 16% when RCA with low adhered mortar content
was used in 50 MPa concrete [17]. Meanwhile, the status changed in beams with a varying
of shear-span to depth ratio (λ) or longitudinal reinforcement ratio (ρ): a 50% replacement
ratio led to a 27% lower shear strength at λ = 1.15, and a nearly equivalent strength at
λ = 2.5 [15]; beams tested at λ = 3.10 exhibited similar shear strengths across replacement
ratios from 0% to 100% when ρ = 1.81; whereas, a 6% reduction in shear strength with a
100% replacement ratio and ρ = 1.16% [18]. When using stirrups as shear reinforcement,
no significant difference in shear strength was observed between reinforced RCA concrete
beams and virgin aggregate concrete beams at λ = 2.55 [19]. To mitigate the differences
caused by admixing RCA as coarse aggregate, improving RCAs quality is necessary by
methods of the surface morphology regulation or surficial carbonized modification [6,8–10].
When using high-quality RCA, the crack patterns and failure modes of reinforced RCA
concrete beams closely resemble those of virgin aggregate concrete beams, with failure
mainly influenced by the shear-span to depth ratio [20,21]. Therefore, studies have focused
on classifying RCA into categories based on its physical and mechanical properties [22,23].

Alongside the fabrication of recycled coarse aggregates, a certain amount of recycled
fine aggregates is generated in particle sizes lower than 5 mm, which need to be reused
to realize full recycling of wastes. However, the impact of recycled fine aggregates on the
mechanical properties of concrete is more complex, with intricate physical and chemical
factors. The shear strength of beams decreased by 11–19% even with a 30% replacement
ratio of both recycled fine and coarse aggregates [11]. When using 100% recycled fine
and coarse aggregates, beams exhibit lower flexural cracking resistance and wider crack
width, and reduced shear strength [24,25]. This reveals a problem regarding how to utilize
recycled fine aggregate in producing concrete.

To completely reuse the recycled fine and coarse aggregates in producing new concrete,
and concerned about the composition of RCAs with virgin aggregates to play a combined
role of different particle sizes, a kind of satisfactory composite-recycled aggregates (SCAs)
based on compact packing test has been developed [26]. The SCAs featured continuous
gradation with recycled small-particle aggregates and virgin large-particle aggregates. The
recycled small-particle aggregates are fabricated through a three-stage recycling process,
reaching an optimized level of surface-bonded mortar and specific particle morphology. The
virgin large-particle aggregates leverage the benefits of large-particle constituents of coarse
aggregates. Meanwhile, the recycled fine aggregate is strict in controlling mud content
by means of detecting the methylene blue value, which should be lower than 1.4 [27,28].
Since the mechanical properties of concrete heavily rely on the quality of coarse aggregates,
particularly large particles, concrete with 100% recycled fine aggregate and SCAs (abbr.
SCAC) achieves comparable properties to conventional concrete [26]. This maximizes the
use of small-particle RCAs with recycled fine aggregate, and enables reinforced SCAC
beams having similar load-bearing performances to reinforced conventional concrete beams
in bending and shear [29,30].

Simultaneously, the excellent tensile behaviors of steel fiber reinforced concrete (abbr.
SFRC) [31–33] have motivated studies on steel fiber reinforced RCA concrete to further
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enhance structural load-bearing capacity [34,35]. A study demonstrated that adding
0.75% volume fraction of steel fibers delayed the onset of the first crack, controlled crack
width and propagation, and increased the shear strength contributed by RCA concrete by
59.2–64.5% compared to that without steel fibers [36]. Another study showed that incorpo-
rating steel fibers at 0.5–1.5% volume fraction increased the shear strength by 1.4–16.7%
for reinforced concrete beams with 30% recycled aggregate, and by 24.5–59.4% for the
beams with 70% recycled aggregate [37]. For high-strength concrete beams containing steel
fibers and recycled coarse aggregates, the shear failure mode closely resembled that of
conventional concrete beams, with shear strength increasing as the recycled coarse aggre-
gate replacement ratio rose [38]. Shear capacity decreased by 10–20% in beams with both
fine and coarse recycled aggregates at replacement ratios of 50% and 100%, the loss could
be nearly offset with steel fibers at 0.5–1.0% volume fraction; when the volume fraction
of steel fibers was 0.5% and 1.5%, the shear capacity was improved with an increase of
12.9–37.1% [39,40].

Inspired by the above studies, the steel fiber reinforced SCAC (abbr. SFRSCAC) was
designed to fabricate reinforced SFRSCAC beams, expecting to achieve the same load-
bearing level of reinforced SFRC beams. This promotes the fundamental understanding of
reinforced SFRSCAC beams related to reinforced SCAC beams under shear. In this study,
ten longitudinally reinforced SFRSCAC beams without stirrups were designed to fail in
shear, in view of the longitudinal reinforcement ratio ρ = 1.15%, and the volume fraction
of ingot-mill steel fiber varied from 0 to 2.0%. An experimental study was performed for
the beams with a four-point bending test at a shear-span to depth ratio of 2.6. The shear
cracking, formation of a critical inclined crack, and ultimate failure modes were observed,
while the strains of SFRSCAC and longitudinal tensile steel bars, the mid-span deflection,
and the loads were measured. Based on test results, the impacts of steel fibers are assessed,
and methods for predicting shear cracking resistance and shear strength of test beams are
proposed, depicting the necessity of this study before practical application.

2. Materials and Methods
2.1. Preparation of SFRSCAC

Common Portland cement of 42.5 strength grade produced by Huixian Mengdian
Cement Co., Ltd. of Henan, China, was used with a density of 3095 kg/m3, and a flexural
strength of 5.2 MPa and 8.1 MPa, while the compressive strength of 29.5 MPa and 56.2 MPa
at curing ages of 3 days and 28 days. These properties meet the relevant specifications
outlined in the China code GB 175 [41]. A polycarboxylate superplasticizer, produced by
Jiangsu Sobute New Materials Co., Ltd., Nanjing, China, was used, with a water-reducing
ratio up to 25% and a solid content of 21%. The mixing water was tap water. The ingot-mill
steel fibers with nominal tensile strength exceeded 600 MPa, produced using a special
milling machine [42,43], had a length of 32 mm and an equivalent diameter of 0.8 mm,
creating an aspect ratio (lf/df) of 40.

Based on the principle of maximum compact packing density, the SCAs consist of
small-particle RCAs along with large-particle virgin crushed limestones [26]. The RCAs
were categorized into two particle sizes of 5–10 mm and 10–16 mm, while the virgin crushed
limestone had a particle size of 16–20 mm. The composite percentage of them in mass
was 55:25:25 to meet the continuous gradation in particle size of 5–20 mm, making the
SCAs have an apparent density of 2725 kg/m3, a compact packing density of 1522 kg/m3,
and a 24 h water absorption rate of 5.2%. The fine aggregate, a byproduct of the coarse
recycled aggregates, had a particle size below 5 mm after screening, aligning with the
particle gradation in zone II with a fineness modulus of 2.82 [44,45].
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The mix proportion of SFRSCAC was designed using the absolute volume method
with a target cubic compressive strength of 36.5 MPa at strength grade CF30 as specified in
China codes [31,46]. The variable was the volume fraction of steel fiber, vf = 0.8%, 1.2%,
1.6%, and 2.0%. The water to cement ratio w/c = 0.34 with a water dosage of 180 kg/m3, the
sand ratio was 40%, and the dosage of superplasticizer was adjusted to maintain the slump
of fresh mixes within the range of (100 ± 20) mm [47,48]. Additionally, the aggregates were
weighed in a saturated dry surface condition, and any additional water required to account
for the absorption of recycled aggregates was added by presoaking the aggregates before
mixing. The results of the mixed proportions are summarized in Table 1.

Table 1. Mixed proportions and tested the mechanical properties of SFRSCACs.

vf
(%)

Dosage of Raw Materials (kg/m3) Basic Mechanical Properties

Water Cement Fine
RCAs SCAs Steel

Fiber Water Reducer Additional
Water

f cu
(MPa)

f c
(MPa)

f t
(MPa)

Ec
(GPa)

0

180 529

659 989 0.0 3.6 56.2 26.6 20.4 2.15 28.6
0.8 651 976 62.8 3.6 55.5 28.5 22.0 2.61 29.0
1.2 647 970 94.2 3.6 55.2 29.4 23.1 2.94 29.9
1.6 643 964 125.6 4.0 54.8 30.8 24.3 3.28 30.2
2.0 638 958 157.0 4.5 54.5 32.5 25.2 3.75 31.9

Along with the test beams, cubic specimens with a size of 150 mm and prism specimens
of 150 mm × 150 mm × 300 mm were cast and cured under the same conditions. The
cubic specimens were tested for the cubic compressive strength f cu, and the splitting tensile
strength f t. the prism specimens were tested for the axial compressive strength f c, and the
modulus of elasticity Ec. All tests were conducted according to the specifications of China
code GB50081 [49]. Test results are summarized in Table 1.

2.2. Test Beams

Ten beams with a typical rectangular section were designed, each with a sectional
width b = 150 mm and depth h = 400 mm, and a total length of 2.7 m with a span l0 = 2.4 m.
The shear-span, defined as the centerline distance from the support to the load point, was
fixed at a = 950 mm, resulting in a shear-span to depth ratio λ = 2.6. Corresponding to the
SFRSCACs with volume fraction of steel fibers vf = 0, 0.8%, 1.2%, 1.6% and 2.0%, the beams
were marked as L0-A/B, L0.8-A/B, L1.2-A/B, L1.6-A/B, L2.0-A/B, where letter L denoted
the test beam, and letters A, B identified the same two beams in a group.

As per the specifications outlined in China codes JGJ/T 465 [33], and verified using
the semi-empirical formula proposed for predicting the shear strength of longitudinally
reinforced SFRC beams [50,51], the beams without stirrups were designed to fail in shear
to evaluate the contribution of steel fibers. The longitudinal tensile reinforcement consisted
of two HRB500 hot-rolled deformed rebars, with a diameter of d = 20 mm. The measured
yield strength was f y = 542 MPa, ultimate strength f st = 684 MPa, and modulus of elasticity
Es = 2.05 × 105 MPa. The concrete cover thickness for the longitudinal tensile rebars was
cs = 25 mm, and the longitudinal reinforcement ratio was ρ = 1.15%. The effective depth
of cross-section h0 = h − cs − d/2 = 365 mm. The details of the test beams are depicted in
Figure 1.

Based on previous studies [42,43,48], the orientation and uniform distribution of steel
fibers are critical to the performance of structural components. Therefore, the procedures
of mixing and vibration for the fresh mix were strictly followed throughout the casting
process. The mixing process was the same as that for conventional concrete, with the only
difference being that the recycled aggregates were presoaked using additional water to
achieve a saturated condition. The steel fibers were mixed with the aggregates to ensure
uniform distribution in the fresh mix. The SFRSCAC for test beams was compacted using
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vibrators attached to the outside of the steel molds. The screed top surface was covered
with plastic film for 48 h after compaction, after which the steel molds were demolded. The
test beams were cured by spraying water for 7 days and then cured in ambient conditions
for the remaining 21 days until the loading tests began.

Figure 1. Details of test beams.

2.3. Loading Approach

Figure 2 exhibits the arrangement of the four-point bending test. The loading device
consisted of a counter-force frame, two jacks, and two load sensors. The jacks were
connected to a hydraulic oil pump to symmetrically apply loads on the top surface of the
simply supported test beam. The load sensors were linked to a data collector to monitor
and control the loading process. Due to the continuous deformation of test beams under
loads, the load of each step on the test beams was determined with a maximum deviation
of ±5%. Meanwhile, three displacement meters were placed at the bottom of the mid-span
and the supports to measure the mid-span deflection. Along the predicted shear cracks,
three strain rosettes were attached to the side surface of the shear span of the test beam,
measuring the principal strain of SFRSCAC.

 

Figure 2. Test device, arrangements of SFRSCAC strain gauges and displacement meters.

As depicted in Figure 3, eight strain gauges were affixed to the surface of the longitu-
dinal rebars to measure the tensile strain. All data from the strain gauges and displacement
meters were automatically recorded using a data collector.

Figure 3. Arrangement of the strain gauges pasted on longitudinal rebars.
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According to the specification of China code GB/T 50152 [52], the load increment of
each step within normal serviceability should not exceed 20% of the target load, while
that approaching the ultimate should not exceed 5% of the target load. This makes a test
to accurately grasp the loading characteristics of test beams. Therefore, the increment
of each step of the symmetrical loads in this study was taken as 10% of the ultimate
load predicted using existing formulas [50,51], while the increments near shear cracking
and shear capacity were taken as 5%. The load rate was about 1 kN/min. The appear-
ance of initial cracks, crack development, and crack widths were recorded during the
loading process.

3. Results
3.1. Crack Distribution and Failure Mode

Figure 4 shows the photos of test beams with crack distribution and failure mode. All
beams went through four distinct stages under concentrated loads: short and thin flexural
cracking initially occurred, followed by the formation of the first shear crack, a critical
inclined crack, and finally, shear failure.

 

 

Figure 4. Crack distribution and shear failure mode of test beams.

The forces at various stages of flexural cracking (Vf,cr), initial shear cracking (Vcr,ini),
critical inclined crack (Vcr,crit), bond cracking along longitudinal tensile steel bars (Vcr,b),
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and the ultimate (Vu), are summarized in Table 2. After shear cracking, multiple inclined
cracks formed, but only one developed into a critical inclined crack. During the progression
of the inclined cracks, the steel fibers bridging across the cracks were gradually pulled out
or fractured, producing a continuous cracking sound, while the flexural cracks extended
slowly with smaller widths. When the critical inclined crack formed, it rapidly extended,
reducing the depth of the shear-compression zone and reaching the longitudinal tensile
steel bars, leading to the formation of a bond crack along the steel bars. This accelerated
the failure process, resulting in a sudden shear failure.

Table 2. Experimental data of test beams.

Beam Vf,cr
(kN)

Vcr,ini
(kN)

Vcr,crit
(kN)

Vcr,b
(kN)

Vu
(kN) Vcr,crit/Vu Vcr,b/Vu Failure Mode

L0-A 25 36 55.6 59.2 70.7 0.768 0.844 Shear
L0-B 31 40 54.4 61.7 72.5 Shear/Compression

L0.8-A 35 43 60.6 83.4 89.2 0.686 0.906 Shear
L0.8-B 30 45 64.0 81.0 92.3 Shear
L1.2-A 38 56 73.8 98.0 98.2 0.714 0.992 Shear
L1.2-B 40 56 72.6 105.6 107.2 Shear
L1.6-A 47 56 78.6 121 122.7 0.688 0.999 Shear
L1.6-B 40 61 89.6 123.4 121.9 Shear
L2.0-A 44 71 99.2 129.4 131.2 0.744 0.950 Shear
L2.0-B 40 70 93.2 116.2 127.3 Shear

Based on the test data presented in Table 2, the shear force at the formation of a critical
inclined crack ranged from 76.8% to 68.6% of the ultimate shear force, showing a tendency
to increase with the volume fraction of steel fiber. This indicates a beneficial effect of
steel fibers in controlling inclined cracks before the critical inclined crack forms [37–39].
Meanwhile, the shear force at the formation of the bond crack along the longitudinal
tensile steel bars ranged from 84.4% to 99.9% of the ultimate shear force, showing no clear
relationship with the volume fraction of steel fiber, and was closer to the ultimate shear
force of the beams with steel fibers. This suggests that, although the shear forces at the
formation of a critical inclined crack, bond crack, and ultimate state increased with the
volume fraction of steel fiber, the steel fibers did not alter the brittleness of shear failure.
In fact, as the shear cracks developed along the shear span of test beams, the internal
redistribution of shear stress allowed the beams to reach new equilibrium states, leading
to an increase in the shear force applied to the beams. When the critical inclined crack
formed, the equilibrium state mainly relied on the tension of the steel fibers bridging the
crack. However, as the crack widened with the continued increase in shear force, the
steel fibers lost their bearing capacity due to fracture or debonding from the SFRSCAC
matrix, which accelerated the development of the critical inclined crack and caused bond
failure along the longitudinal tensile steel bars. Unlike stirrups, which provide continuous
reinforcement [29], steel fibers cannot provide effective reinforcement when the crack width
becomes large, thus failing to prevent the abrupt shear failure of test beams.

Generally, all test beams exhibited typical shear failure, characterized by the appear-
ance of bond cracks along the longitudinal tensile steel bars. However, beam L0-B failed in
shear with a crushed compression zone and a peeling off of the SFRSCAC due to the bond
crack along the longitudinal tensile steel bars.

3.2. Strains of SFRSCAC and Longitudinal Rebars

The principal tensile strain at the detected point, measured using strain gauges, was
computed based on elastic material behavior. The maximum values at the formation of
shear cracking are summarized in Table 3. Due to the strain gauges not fully spanning
the cracks in different test beams, the test results showed higher variability. However, a
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clear trend can be observed from the data comparison: the tensile strain at shear crack-
ing increased with the increased volume fraction of steel fibers, thereby enhancing the
shear resistance.

Table 3. Maximum principal tensile strain of SFRSCAC for test beams.

Beam Test Value (10−6) Mean Value (10−6) Ratio

L0-A 73.6 77.0 -L0-B 80.3
L0.8-A 125.9 108.5 1.41L0.8-B 91.1
L1.2-A 254.2 284.7 3.70L1.2-B 315.1
L1.6-A 230.0 221.2 2.87L1.6-B 212.4
L2.0-A 187.7 192.8 2.50L2.0-B 197.8

Based on the test results, the strain in the longitudinal tensile steel bars increased
linearly with the applied load before shear cracking, followed by a sharp rise at the
formation of a critical inclined crack. However, when the beams failed under shear, the
longitudinal tensile steel bars did not yield. Therefore, detailed data from the strain gauges
are not presented here.

3.3. Mid-Span Deflection and Ductility

The mid-span deflections of test beams increased with the loading level, as depicted
in Figure 5. In addition to the deflection caused by bending deformation, the mid-span
deflection was primarily influenced by shear deformation in the shear-span. The deflection
increased linearly before the SFRSCAC cracking but exhibited a nonlinear increase after
the appearance of flexural and shear cracks. The curves showed a marked inflection when
the critical inclined crack formed, after which the deflection developed rapidly until shear
failure occurred. With the increase in the volume fraction of steel fiber, the number of steel
fibers increased across the critical inclined crack, creating higher shear resistance to assist
the matrix of SFRSCAC. This prolongs the rapid development portion of the deflection
curve with a larger final deflection, indicating a greater ductility with an improved failure
in test beams. However, the shear resistance provided by steel fibers will disappear with
the fracturing or debonding of steel fibers across the critical inclined crack, leading to a
limited improvement of ductility. This differs from the stirrups as shear reinforcement,
which can provide shear resistance even if at the ultimate failure state with marked shear
crack width, as stirrups having enough elongation after yield [19,40].

0 2 4 6 8 10 12
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Figure 5. Shear force vs. mid-span deflection curves of test beams.
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3.4. Shear Cracking Resistance

Based on the test data summarized in Table 2, the shear cracking resistance of test
beams increased with the volume fraction of steel fiber. When the volume fraction of steel
fiber was 0.8%, 1.2%, 1.6%, and 2.0%, the shear cracking force of the test beams increased by
15.8%, 47.4%, 53.9%, and 85.5%, respectively, compared to test beams without steel fibers.
Similarly, the shear force at the formation of a critical inclined crack increased by 13.3%,
33.1%, 52.9%, and 74.9%, respectively.

Since this study only considered the variation of ingot-mill steel fibers in volume
fraction of 0.8–2.0%, a popular expression of the fiber factor F is introduced to reflect the
effect of steel fibers, using the following Equation:

F =

(
lf
df

)
vfηf, (1)

where, lf/df is the aspect ratio of steel fiber, vf is the volume fraction of steel fiber, ηf is the
bonding factor, ηf = 0.9 for ingot-mill steel fiber [51].

To study the variation of the shear force with change of the fiber factor F, the average
stress along the cross-sectional depth is defined as the nominal shear stress τ = V/bh0.
Considering that shear cracking and the extension of shear cracks primarily depend on the
maximum principal stress, which is related to the tensile strength of SFRSCAC (f ft, for the
matrix without steel fibers, marked as f t), the ratios τcr,i/f ft (or τcr,i/f t) for the shear forces
at initial shear cracking and the formation of a critical shear crack are depicted in Figure 6.

0.0 0.2 0.4 0.6 0.8

0.1

0.2

0.3

0.4

0.5

0.6

τcr,crit /ft   average 0.46

 τcr,init /ft  average 0.33

τ c
r,i
/f t

 

F
Figure 6. Variation of the ratio τ/f t with the F.

It can be observed that the values of τcr,i/f t remain almost unchanged with a varying
F. The average of τcr,init/f t at shear cracking is 0.33 with a variation coefficient of 0.057,
while the average value of τcr,crit/f t at the formation of a critical inclined crack is 0.46
with a variation coefficient of 0.047. This indicates that the shear forces at the initial shear
cracking of test beams are primarily dependent on the tensile strength of SFRSCAC, both
with and without steel fibers, under the condition of a constant shear-span to depth ratio
(λ = 2.6) and longitudinal tensile reinforcement ratio (ρ = 1.15%). Furthermore, due to the
steel fibers forming a diffused network across the shear cracks, the shear-span remains
intact before the appearance of a critical inclined crack, ensuring effective transfer of shear
stress along the cross-sectional depth. This creates a foundation for maintaining a constant
nominal shear stress at the formation of a critical inclined crack. Therefore, for reinforced
SFRSCAC beams, whether with or without steel fibers, the shear strength at the formation
of the critical inclined crack can serve as a reliable reference for shear strength prediction.
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Based on the test data from this study, the variation of tensile strength f t with the fiber
factor F is presented in Figure 7. Similar to that of SFRC [50,51], a linear fit can be applied
to obtain a equation with good agreement, as follows:

fft = 2.06(1 + 1.06F), (2)

0.0 0.2 0.4 0.6 0.8

1

2

3

4

  Test data
 fft=2.06(1+1.06F);  R2=0.978f ft

 (M
Pa

)

F

Figure 7. Variation of the tensile strength f t with the F.

In Equation (2), the value of 2.06 represents the tensile strength (f t) of the SCAC matrix.
Due to limited data available for the SFRSCAC, the expression for the tensile strength of
conventional concrete is referred to in this study as follows: f t = 0.395f cu

0.55 [53]. Taking
f cu = 26.6 MPa for SCAC from Table 1, f t = 0.395 × 26.60.55 = 2.40 MPa, close to the test
value of 2.15 MPa. Therefore, the tensile strength of SFRSCAC depends on the fiber factor F,
based on the tensile strength of SCAC. This is attributed to SCAC having similar mechanical
properties to conventional concrete, thanks to the composite technology that overcomes
the shortcomings of coarse recycled aggregates [26].

Therefore, combined with Equation (2), the shear cracking resistance Vinit,f and the
shear force Vcrit,f at the formation of a critical inclined crack for longitudinally reinforced
SFRSCAC beams can be obtained with the following Equations (3) and (4),

Vinit,f = 0.33(1 + 1.06F)bh0 ft, (3)

Vcrit,f = 0.46(1 + 1.06F)bh0 ft, (4)

The finding of Equation (3) aligns with the study of the shear cracking resistance of
reinforced SCAC beams with strength grades ranging from 30 MPa to 60 MPa [29]. The
finding of Equation (4) extends the elastic scope of the shear band up to the formation of a
critical inclined crack, due to the strengthening effect of steel fibers.

3.5. Shear Strength

Based on the test results listed in Table 2, the shear strength of the SFRSCAC beams
increased by 26.7%, 43.4%, 70.8%, and 80.5% with steel fiber volume fractions of 0.8%,
1.2%, 1.6%, and 2.0%, respectively, compared to the test beams without steel fibers. This
indicates a significant enhancement in the shear strength of longitudinally reinforced
SFRSCAC beams when steel fibers are used as shear reinforcement. This indicates that the
improvement of shear strength contributed by steel fibers is evident, since steel fibers play
an important role in bridging shear cracks to restraining their propagation, maintaining a
high residual load-bearing capacity even after damage occurs, thereby increasing safety
redundancy [37–40].

Based on previous studies [50,51], steel fibers mainly contribute to the shear capacity
of longitudinally reinforced SFRC beams in two aspects: one is the fiber bridging action on
critical inclined cracks, providing distributed tensile resistance perpendicular to the cracks;
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another is strengthening on the dowel action of longitudinal tensile reinforcements with
stronger bonding to SFRC, reducing the bond slip at inclined crack section and increasing
the shear stiffness with bonded surrounding concrete. By semi-empirical synergetic analysis
of the shear strength of longitudinally reinforced SFRC beams, the shear capacity can be
calculated as follows:

Vuc =

[
0.23

(
1 + 5

√
ρ
)

λ − 0.5
fft +

√
ρ(1 + 2F) f ′c

(
3
λ

) 1
3
+

0.36 tan θ

0.0225 + tan2 θ
f ′c

1
3 + (0.062 + 0.35 cot θ)vb

]
bh0, (5)

θ =
π

4

(
1 +

λ1/3

3

)
, (in which λ = 4.0 for λ > 4.0), (6)

vb = 0.41
(

1.53 + 0.6 f ′c
0.55
)

F, (7)

where θ is the inclined angle of the critical diagonal crack, and vb is the tensile strength of
steel fibers bridging the shear crack.

The conservative form of Equation (5) can be expressed as follows:

Vuc =

(
0.23

(
1 + 5

√
ρ
)

fft

λ − 0.5
+
√

ρ(1 + 2F) f ′c

(
3
λ

) 1
3
)

bh0, (8)

moreover, referenced to the approach in China code JGJ/T 465 [33], Equation (8) can be
further simplified for the convenience of design as follows:

Vuc =
0.22

(
1 + 5

√
ρ
)

λ − 0.5
f ′c

0.55
(1 + 1.05F)bh0, (9)

where λ = 1.2 for λ < 1.2, and λ = 4.5 for λ > 4.5.
Meanwhile, the formula specified in China code JGJ/T 465 [33] for longitudinally

reinforced SFRC beams is also used to evaluate the shear capacity of test beams in
this study:

Vuc =
1.75

λ + 1
fftbh0 (10)

Figure 8 illustrates the comparisons of the shear strength of test beams with the
predicted results using the above formulas, where the cylinder compressive strength (f c

′)
is obtained from multiplying the cubic compressive strength (f cu) by a coefficient of 0.85.
Meanwhile, the shear forces at the formation of critical inclined cracks in the test beams
are also compared with the calculated results from Equations (8)–(10), and the ratios are
presented in Figure 9. For convenience, the statistical results of the shear strength ratios
of test to predicted Equations (5) and (8)–(10), and the ratios of shear stress at a critical
inclined crack to the predicted results using Equations (8)–(10), are summarized in Table 4.

From Figure 8 and Table 4, it can be observed that Equation (5) provides a good fitness,
with an average ratio close to 1.0 and a low variation coefficient. This suggests that the shear
strength of longitudinally reinforced SFRSCAC beams can be predicted using the same
formula as for longitudinally reinforced SFRC beams, meaning that steel fibers present
the same reinforcing effect on the shear strength of longitudinally reinforced SFRSCAC
beams and longitudinally reinforced SFRC beams. Therefore, the longitudinally reinforced
SFRSCAC beams catch up to the level of the longitudinally reinforced SFRC beams in shear
performance, having no shear strength loss induced by RCA.

When using the more conservative Equations (8)–(10), the tested shear strength is
1.3 to 1.5 times higher than the predicted values, ensuring a sufficient safety margin for
reinforced SFRSCAC beams under shear.
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Figure 8. Comparisons of the test results to the predicted results of the shear strength of test beams.
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Figure 9. Comparisons of the test to the predicted results of the shear stress at a critical inclined crack.

Table 4. Statistical results of the shear strength ratios between the test and the predicted equations.

Shear Strength Shear Stress at a Critical Inclined Crack

Equation (5) Equation (8) Equation (9) Equation (10) Equation (8) Equation (9) Equation (10)
Aver. Vari. Aver. Vari. Aver. Vari. Aver. Vari. Aver. Vari. Aver. Vari. Aver. Vari.
0.987 0.040 1.505 0.043 1.396 0.041 1.313 0.046 1.083 0.059 1.005 0.075 0.944 0.047

Meanwhile, from Figure 9 and Table 4, the shear force at the formation of a critical
inclined crack is well predicted using Equations (8)–(10). This indicates that the conservative
formulas for predicting shear strength accurately correspond to the shear force at the
formation of the critical inclined crack in reinforced SFRSCAC beams. Therefore, if the
reinforced SFRSCAC beam is designed with the conservatively predicted shear strength,
it will remain in a loading state without reaching a critical inclined crack. Additionally,
this approach ensures that the beams maintain a limited width of inclined cracks, meeting
the durability requirements for stirrup protection. This aligns with the purpose of the
conservative shear strength predictions specified in design codes for reinforced concrete
beams under shear [33,53].
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4. Conclusions
The experimental study focused on longitudinally reinforced SFRSCAC beams in

this paper, with the volume fraction of steel fiber ranging from 0% to 2.0% as the main
experimental variable. The shear performance of ten test beams was analyzed through a
four-point loading test, including crack patterns, failure modes, SFRSCAC strain in the
shear-span, strain of longitudinal tensile steel bars, mid-span deflection, shear cracking
force, and shear strength. Conclusions can be drawn as follows:

(1) The brittle shear or shear-compression failure occurred in test beams with a shear-
span to depth ratio of 2.6. Steel fibers did not alter the shear failure mode in beams with
sufficient flexural resistance. The brittleness of shear failure, characterized by bond cracking
along the longitudinal tensile steel bars, was not mitigated. This attributes to most steel
fibers either fractured or unbonded with the SFRSCAC due to a rapid widening of the
critical inclined crack.

(2) Steel fibers significantly enhanced the shear crack resistance of test beams. With
volume fractions of steel fiber at 0.8%, 1.2%, 1.6%, and 2.0%, the shear cracking load of test
beams increased by 15.8%, 47.4%, 53.9%, and 85.5%, compared to the beams without steel
fibers. Similarly, the shear force at the formation of a critical inclined crack increased by
13.3%, 33.1%, 52.9%, and 74.9%. The shear forces at both shear cracking and the formation
of a critical inclined crack increased linearly with the fiber factor, and were directly related
to the tensile strength of SFRSCAC.

(3) The shear strength of test beams increased by 26.7%, 43.4%, 70.8%, and 80.5% with
steel fiber volume fractions of 0.8%, 1.2%, 1.6%, and 2.0%, compared to test beams without
steel fibers. Alongside comparisons with predicted results using formulas proposed for
longitudinally reinforced SFRC beams, the shear strength of SFRSCAC was comparable to
that of SFRC, meaning that no shear strength loss is induced by RCA. The conservatively
predicted shear strength is close to the shear force at the formation of a critical inclined
crack, ensuring adequate resistance to control shear cracks within a limited width of
longitudinally reinforced SFRSCAC beams.

(4) It should be noted that despite increased shear strength and cracking resistance,
all test beams presented a brittle shear failure with bond cracking along longitudinal
reinforcement. This indicates that steel fibers could minimize but not fully replace stirrups
as shear reinforcement in structural applications. Before practical application in structural
engineering, the shear performance of reinforced SFRSCAC beams with stirrups should
be thoroughly studied. Therefore, a series of studies with varying factors of shear-span
to depth ratio, stirrup ratio, and longitudinal reinforcement ratio is still necessary in
the future.
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