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Shear Strength of Stirrup-Free Recycled Aggregate Concrete
Beams Reinforced with Steel Fibers
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Abstract

The shear strength of recycled aggregate concrete (RAC) beams is usually lower than that of counterpart natural aggregate
concrete (NAC) beams. The use of steel fibers can recover some of such shear strength, but research is needed to develop
practical design tools for RAC beams reinforced with steel fibers. This article studies experimentally and analytically the shear
strength of stirrup-free RAC beams reinforced with commercial steel fibers. Sixteen beams were tested in four-point bending
using a shear-span-to-depth ratio (a/d) of 3.2. Fourteen of such beams were cast with RAC using 100% RCA reinforced
internally with different fiber volume fractions (Vy= 0%, 0.5%, 0.75%, 1.0% or 1.5%), types of steel fibers (hook ends or double
hook ends), and longitudinal reinforcement ratios (ow = 1.6% and 2.5%). Another two control beams were cast with NAC
without steel fibers. It was found that adding a minimum V¢ = 0.5% of steel fibers to the RAC beams improved the shear
strength by more than 51%. Steel fibers significantly improved shear behavior of RAC beams at volume fractions > 0.75% and
prevented their shear failure. A shear stress limit of 0.3\/ﬁ, as recommended by ACI 318-19 for normal beams with steel
fibers used as shear reinforcement, can be conservatively adopted for the design of stirrup-free RAC beams with steel fibers.
A new modification factor to the ACI 318-19 shear equation is also proposed to explicitly account for the effect of steel fibers
and longitudinal reinforcement ratios on the shear strength of RAC beams. The findings in this article contribute towards the
development of practical guidelines for the design of RAC elements with steel fibers subjected to high shear forces.
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1. Introduction

Concrete is the primary material used in construction
worldwide. However, concrete production and its subsequent
end-of-life management pose a range of environmental
challenges. These include cement production and its
associated CO; emissions, high energy consumption, mining
and extraction of raw materials, and waste generation after
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demolition at the end of service life of concrete structures. In
recent years, numerous attempts have been made to reduce or
replace the volumes of raw aggregates used in concrete. A
potential solution is the replacement of natural aggregates with
fine and coarse recycled concrete aggregates (RCA), which in
turn can reduce the dependency on raw materials and decrease
construction and demolition waste (CDW).[

The use of RCA obtained from CDW has been the main
subject of research study for decades. Several works studied
the mechanical properties and durability of RCA compared to
natural aggregates.’?” The research findings suggest that the
mechanical properties and durability of RCA are inferior to
those of natural coarse aggregates (NCA). To improve the
quality of RCA, several researchersi®% have proposed
solutions to improve the quality of RCA. In spite of these, the
resulting recycled aggregate concrete (RAC) produced with
such RCA is often of lower quality than an equivalent natural
aggregate concrete (NAC). As aresult, RAC is frequently only
used in non-structural applications in construction.
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Several researchers have studied the shear strength of
reinforced RAC beams and slabs made with RAC and
compared results to those from NAC specimens.[*-¥1 In some
of these studies, the shear strength of RAC beams (with or
without internal stirrups) was investigated by varying several
parameters, such as the volume of RCA substitution,
compressive strength of concrete, shear-span-to-depth ratio,
longitudinal reinforcement ratio, and effective depth. The
results from these experiments indicate that the shear strength
of RAC beams decreased as higher volumes of RCA were
used in the RAC. It was also found that the crack patterns of
RAC beams were similar to those of counterpart NAC beams.
Moreover, an increase in the shear-span-to-depth ratios
reduced the shear strength of RAC beams. The shear strength
of RAC bheams was also lower in RAC beams with low
longitudinal reinforcement ratios. In spite of this, it was also
found that the shear strength of RAC beams could be
conservatively predicted with the existing shear equations(?!
included in ACI 318.E

A potential solution to enhance the shear strength of RAC
is the use of fibers into the concrete mix. Several types of
fibers (such as polypropylene and steel fibers) have been used
to improve the mechanical properties of concrete and the
flexural and shear strength of RC beams.*4¢! Particularly,
steel fiber-reinforced concrete (SFRC) can offer enhanced
tensile strength and crack control through the inclusion of steel
fibers. Past studies have adopted different detailed techniques
(e.g. piezoelectric transducers) to examine cracking and detect
damage considering the fracture characteristics of the
microstructure of SFRC.¥7# The results indicate that the
randomly distributed fibers in SFRC play a crucial role in
crack propagation. The main parameters that affect this
process include the fiber volume fraction, fiber aspect ratio,
fiber orientation, as well as the maximum pullout stress (or
debonding process) between fibers and the concrete matrix.[“]
Moreover, the crack-bridging effect provided by the steel
fibers significantly enhances the shear resistance of concrete,
providing a pseudo-ductile response that contrasts with the
brittle behavior of plain concrete subjected to shear forces.
This in turn improves the residual strength of SFRC elements
(especially in tension) and increases their energy dissipation
capacities.’ Adding fibers into concrete also enhances its
toughness and durability. As a result, steel fibers are a
promising alternative reinforcement in concrete elements
subjected to shear forcesd due to the good cracking
performance of SFRC and, under specific circumstances, the
brittle shear failure of elements can be changed to ductile
(flexural dominated) failures.’2 The combination of RAC
with steel fibers can lead to more sustainable and durable
construction materials. Whilst a relatively large database of
NAC beams with steel fibers exists 53 and this led to the
standardization of stirrup-free SFRC beams in ACI 318,
such database does not yet exist for RAC beams reinforced
with steel fibers and therefore additional research is necessary
to build up a robust database. Moreover, limited guidelines are
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available for the design of RAC elements with steel fibers
subjected to shear. Studies on stirrup-free beams with RAC
cast with 100% RCA and steel fibers are also very limited.

This article studies experimentally and analytically the
shear strength of stirrup-free RAC beams reinforced with steel
fibers. Sixteen beams were tested in four-point bending using
a shear-span-to-depth ratio (a/d) of 3.2. Fourteen of such
beams were cast with RAC using 100% RCA reinforced
internally with different fiber volume fractions (Vs = 0%, 0.5%,
0.75%, 1.0% or 1.5%), types of steel fibers (hook ends or
double hook ends), and longitudinal reinforcement ratios (p,,=
1.6% and 2.5%). Another two control beams were cast with
NAC without steel fibers. A new modification factor to the
ACI 318-19 shear equation is also proposed to account
explicitly for the effect of steel fibers and different
longitudinal reinforcement ratios on the shear strength of RAC
beams. The findings in this article contribute towards the
development of practical guidelines for the design of RAC
elements with steel fibers subjected to shear. The study also
contributes with new experimental data of RAC beams
reinforced with steel fibers, which builds up towards creating
a robust database for standardization purposes. This, in turn,
can lead to updates in building codes/standards that can
promote the wider use of recycled materials in structural
applications.

2. Materials and methods

The experimental program involved testing sixteen reinforced
concrete beams without shear reinforcement. The investigated
variables included the steel fiber volume fraction, fiber types,
and longitudinal reinforcement. The materials, mix
proportions and details of the beams are described in the
following sections.

2.1 Material properties

The concrete mixes included Type 1 Ordinary Portland
Cement (OPC), NCA, RCA, natural fine aggregate (FA),
water, and superplasticizer (SP). The RCA was prepared by
crushing waste concrete cylinders with a compressive strength
of approximately 30 MPa (Fig. S1a). A low-cost machine (Fig.
S1b) crushed the cylinders, which resulted in the RCA shown
in Fig. Slc.

The NCA and RCA used in this study had a maximum size
of approximately 19 mm, the typical maximum size used in
concrete for structural elements in Thailand. The specific
gravity and water absorption of the RCA were 2.4 and 4.59%,
respectively, while the corresponding values of NCA were 2.7
and 0.28%. The properties of NCA, RCA, and natural fine
aggregate (FA) are summarized in Table 1.

The diameter of the steel bars used as main longitudinal
reinforcement was 16 mm and 20 mm. The nominal diameter
of the shear reinforcement used in the control beams was 6
mm. The yield and ultimate stresses of the reinforcing steel
are shown in Table 2. Commercial Dramix® steel fibers were
used (Fig. 1). The mechanical properties of the two types of

© Engineered Science Publisher LLC 2024



Engineered Science

Research article

Table 1. Physical properties of aggregates.

Properties FA NCA RCA
Bulk Specific Gravity (SSD) 2.6 2.7 24
Unit Weight (kg/m?3) 1730 1397
Water Absorption (%) 0.54 0.28 4.59
Moisture (%) 0.1 0.61 2.24
Fineness Modulus 2.7 - -
Max. size (mm) 4.76 19.1 18.6

fibers (3D and 4D) utilized in this study are shown in Table 3.
These properties were provided by the manufacturer of the
fibers.

Table 2. Mechanical properties of steel reinforcement.
Nominal size Yield Stress Ultimate Stress

Elongation (%)

(mm) (MPa) (MPa)

20 540 656 17
16 549 640 22
6 402 590 29

2.2 Concrete mix proportions

Concrete mixes were designed and produced to attain a
balance between workability and strength. The mixes had a
water-cement ratio of 0.5 and a target compressive strength of
40 MPa. Two beams were cast for each mix design, one beam
with 16 mm longitudinal bars (pw = 1.6%), and one beam with
20 mm longitudinal bars (pw = 2.5%), according to Table 4.
Cement, water, and natural fine aggregate used in mix
proportion were 500 kg, 250 kg, and 765 kg, respectively.
Superplasticizer was also added to increase the workability of
the mixes. Table 4 also lists the different volume fractions of
3D or 4D fibers used in the tests (Vi = 0%, 0.5%, 0.75%, 1.0%
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or 1.5%). The selected fiber volume fractions are typically
adopted by contractors in the construction of SFRC floors and
slabs-on-grade. The beam ID is also shown in Table 4, which
begins with the beam number, followed by the fiber volume
fraction and type of fiber. Bar sizes are at the end to distinguish
different longitudinal reinforcements. For instance, F1-3D-
DB20 corresponds to a beam with 1.0% of steel fibers (3D
type) with 20-mm bars (DB20) used as longitudinal
reinforcement (pw = 2.5%).

Table 3. Mechanical properties of steel fibers.

Properties 3D Fibers 4D Fibers
(Hook Ends) (Double Hook Ends)
Tensile Strength (MPa) 1125 1500
Length (mm) 60 60
Diameter (mm) 0.75 0.9
Aspect Ratio (I/d) 80 65

2.3 Beam geometry

The beams had a rectangular cross-section of 150 <200 mm,
and a total length of 1800 mm (see Fig. 2). The effective depth
of the beams was maintained at 170 mm, with a shear-span-
to-depth ratio (a/d) of 3.2. A constant concrete cover of 20
mm was adopted. The beams were designed to have two
longitudinal reinforcement ratios in order to produce under-
reinforced sections: eight beams with two 16 mm bars (pw =
1.6%), and eight beams with two 20 mm bars (pw = 2.5%).
Accordingly, the beams are divided into two series: series
DB16 for beams with 16 mm bars, and series DB20 for beams
with 20 mm bars. Two 6 mm longitudinal bars were also added
as top reinforcement (Fig. 2(b)). Stirrups, made from 6-mm
round steel bars, were installed along 2/3 of the beam length
at a 100 mm spacing (see Side A in Fig. 2(a)).

K
||||||||I‘|||||||||‘|||||||||||||||||||‘IIII|I|I|‘|III||III‘
0o 1 2 3 4 3

6 mm.

Fig. 1 Fiber types of Dramix 4D (left) and 3D (right).
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Table 4. Concrete mix proportions and 1D of beams.

Concrete mix proportions (kg/m?)

i 0, 0,
No. 'D Fiber (%) - pw (%) NCA RCA Fibers Superplasticizer
B1 F0-DB16-N 0 1.6 768 - - 1.25
B2 F0-DB16 0 1.6 - 768 - 1.25
B3 F0.5-3D-DB16 0.5 1.6 - 768 39.0 1.50
B4 F0.75-3D-DB16 0.75 1.6 - 768 58.5 1.50
B5 F1-3D-DB16 1.0 1.6 - 768 78.0 1.60
B6 F1.5-3D-DB16 15 1.6 - 768 117.0 1.60
B7 F0.75-4D-DB16 0.75 1.6 - 768 58.5 1.50
B8 F1-4D-DB16 1.0 1.6 - 768 78.0 1.60
B9 F0-DB20-N 0 25 768 - - 1.25
B10 F0-DB20 0 25 - 768 - 1.25
B11 F0.5-3D-DB20 0.5 25 - 768 39.0 1.50
B12 F0.75-3D-DB20 0.75 25 - 768 58.5 1.50
B13 F1-3D-DB20 1.0 25 - 768 78.0 1.60
B14 F1.5-3D-DB20 15 25 - 768 117.0 1.60
B15 F0.75-4D-DB20 0.75 25 - 768 58.5 1.50
B16 F1-4D-DB20 1.0 25 - 768 78.0 1.60

The rest of the beam (Side B in Fig. 2(a)) was deliberately left
without stirrups to assess the effectiveness of steel fibers as an
alternative to conventional shear stirrups. This was also done
to understand the role of steel fibers in preventing shear
failures. All the beam reinforcement met the ACI 318-1914
requirements, thus representing typical solutions adopted in
practical designs. As a result, all beams were expected to fail
primarily by shear at the unreinforced Side B. Fig. S2 shows a
typical photo of a beam (FO-DB16-N) just before testing.

2.4 Test setup and testing procedure
The beams were subjected to four-point bending after 28 days

’ Applied load, P

of casting, according to the arrangement shown in Fig. 2(a).
The beams were simply supported on roller and pin supports,
with a 1600-mm clear span. Two linear variable differential
transformers (LVDTSs) were positioned at the mid-span of the
beams (one of each beam’s faces) to measure vertical
deflections. Likewise, two vertical LVDTs were also placed
at the beam’s supports (Fig. 2(2)). The effective deflections at
the mid-span of the beams were then calculated by subtracting
the uplift recorded by the two LVDTs at both supports from
the initial mid-span LVDT readings. A 1000 kN jack applied
increasing load to a transfer beam resting on the top of the
beams. The load was applied gradually until the beams failed.

JSpreader beam

| 2o i FA LVDT |
1 9
L
| —f—¢$6 mm@100— |
o
j=ii Side A A 5 ¥0Tmourbed | 5 Side B J=i
e 550 ah 500 e 550
100 100
« 1600 >
(a) Concrete cover = 20 mm
150 150
e — -

© °] 2-¢6 ] 2-96

o o

o o

N N
o o 2-016 o o] 2-20

Series | Series |l
Section A-A
(b)

Fig. 2 Details of beams: (a) elevation, test setup and instrumentation, (b) reinforcement.
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Load and deflections were monitored and recorded by a data
acquisition system. On the same testing day, three concrete
cylinders (diameter of 150 mm and height of 300 mm) were
tested to determine the compressive strength of the concrete.

3. Results and discussion

A summary of test results is shown in Table 5, including
average concrete compressive strength (f7c), yielding load (Py),
ultimate load (Py), calculated shear strength (Viest), normalized
shear stress (Viest/(bd V£/)), and failure modes. The main
results are discussed in the following sections.

The data in Table 5 indicate that whilst pairs of beams were
cast with the same mix concrete proportions, the compressive
strength on the testing day was sometimes slightly different.
Such differences in f can be attributed to several factors,
including the natural (and unavoidable) variability of concrete,
the variable physical properties of RCA (which is often
heterogeneous even within the same RCA batch), minor
variations in mixing and vibration (the latter was done by hand
using a portable poker), and the presence of steel fibers.
Moreover, only one beam was tested per day, and therefore
additional strength could have developed over the testing
period (20+ days).

3.1 Ultimate load and failure behavior

As expected, the beams without steel fibers (B1, B2, B9, B10)
failed in shear, as illustrated by the typical diagonal shear
cracking observed during the tests (see Fig. S3 and S4). Beams
with modest fiber volume fractions Vrof 0.5% and 0.75% (B3,
B11, B12, BI15) also experienced shear failure. The eight
remaining RAC beams experienced a flexural failure instead,
which can be attributed to the steel fibers acting as shear
reinforcement. Table 5 presents the ultimate load and shear

Table 5. Summary of

strength, equivalent to half of the ultimate loads. Although
eight of the RAC beams experienced flexural failure, the shear
strength for those beams was conservatively estimated to be
half of the ultimate load in this study.

Including steel fibers at volume fractions of 0.75%, 1.0%
or 1.5% in other beams in the DB16 series (pw = 1.6%)
changed the shear failure into a flexural failure, as depicted in
Fig. S3. Moreover, the ultimate strengths of the beams
increased with the amount of steel fibers, thus confirming the
positive effect of steel fibers on the beams’ overall strength.
The results suggest that the steel fibers acted as the traditional
shear reinforcement they intend to replace, increasing the
shear strength of the beams above their flexural strength and
thus forcing the beams to fail in flexure.
As for the shear failure of the beams in Fig. S3 and S4, it was
observed that beams without steel fibers experienced a shear
failure on the unreinforced Side B (i.e. without stirrups), with
approximately 45<inclination angles. Small vertical cracks
were also observed within the beams’ mid-span, and these
propagated towards the supports. On the other hand, beams
with fibers exhibited multiple vertical cracks at the mid-span.
These cracks then spread diagonally and led to combined
flexural-shear cracks. The test results also indicate that the
steel fibers helped reduce the crack widths, thus resisting more
effectively the diagonal tension in the section and increasing
the shear strength.

3.2 Load-deflection responses

Figure 3 compare, respectively, the load vs mid-span
deflection curves for beams with reinforcement ratios pw =
1.6% (series DB16) and pw = 2.5% (series DB20). From the
results in Table 5 and Fig. 3(a), it is evident that beams B1
(FO-DB16-N) and B2 (F0-DB16) only exhibited small cracks

results of tested beams.

No. D fe COV of f%c Py Pu Viest Shear Stress Failure
(MPa) (%) (kN) (kN) (kN) Vies(bdVF))  Mode
Bl FO-DB16-N 34.2 3.9 - 67.0 335 0.22 Shear
B2 FO-DB16 41.1 4.2 - 73.7 36.85 0.22 Shear
B3 F0.5-3D-DB16 375 2.3 - 106.2 53.1 0.34 Shear
B4 F0.75-3D-DB16 40.8 3.2 116.3 120.2 60.1 0.36 Flexure
B5 F1-3D-DB16 41.3 3.8 114.7 119.6 59.8 0.36 Flexure
B6 F1.5-3D-DB16 44.7 4.2 119.7 149.8 74.9 0.43 Flexure
B7 F0.75-4D-DB16 44.6 4.1 1171 130.9 65.45 0.38 Flexure
B8 F1-4D-DB16 45.7 3.5 118.2 125.2 62.6 0.36 Flexure
B9 FO-DB20-N 37.0 4.4 - 101.3 50.65 0.33 Shear
B10 FO0-DB20 37.2 34 - 83.2 41.6 0.27 Shear
Bl1 F0.5-3D-DB20 375 4.3 - 129.2 64.6 0.41 Shear
B12 F0.75-3D-DB20 453 4.1 - 144.5 72.25 0.42 Shear
B13 F1-3D-DB20 454 31 162.3 165.7 82.85 0.48 Flexure
B14 F1.5-3D-DB20 37.7 3.2 182.9 185.4 92.7 0.59 Flexure
B15 F0.75-4D-DB20 44.1 2.6 161.2 163.2 81.6 0.48 Shear
B16 F1-4D-DB20 44.1 3.3 162.2 163.0 81.5 0.48 Flexure

© Engineered Science Publisher LLC 2024
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and underwent less than 6 mm deflection at the mid-span
before a sudden failure occurred at Side B. This type of failure
is common for beams without shear reinforcement. The
ultimate beam strengths were 67 kN for B1 (FO-DB16-N) and
73.7 kN for B2 (FO-DB16), respectively. Adding a Vi of 0.5%
of 3D steel fibers in beam B3 (F0.5-3D-DB16) improved its
shear strength, and its ultimate load increased to 106.2 KN. A
small defection of 8 mm and tiny cracks were observed in this
beam before a sudden shear failure occurred. With the increase
in steel fibers Vs from 0.75% to 1.5% in B4 (F0.75-3D-DB16),
B5 (F1-3D-DB16), and B6 (F1.5-3D-DB16), the ultimate
loads were increased by 1.63, 1.62, and 2.03 times,
respectively, compared to the counterpart RAC beam without
steel fibers B2 (FO-DB16). Larger deflections above 25 mm
were measured in these RAC beams. This confirms the
effectiveness of steel fibers at increasing the tensile strength
of RAC after post-cracking and at altering the failure mode
from shear to flexure.

Figure 3(b) shows the response of beams in the DB20
series (pw = 2.5%). Beams B9 (FO-DB20-N) and B10 (FO-
DB20) showed similar behavior compared to B1 (FO-DB16-N)
and B2 (FO-DB16). They underwent small deflections of less
than 8 mm and tiny cracks before a shear failure occurred.
Beam B11 (F0.5-3D-DB20), B12 (F0.75-3D-DB20), and B15
(F0.75-4D-DB20) also experienced a shear failure despite
adding Vrof 0.5% and 0.75% of steel fibers. However, the steel
fibers effectively increased the ultimate loads in these beams
by more than 1.6 times compared to those without steel fibers.
Multiple cracks were visible along the beam length with larger

ratios pw = 1.6% and pw = 2.5%. In these figures, the shear
stresses (Viest/bd, where b =150 mm, and d = 170 mm) were
normalized by the square root of compressive cylinder
strength /7 to fairly assess the results. The results indicate that,
for beams with pw = 1.6% (DB16 series), the normalized shear
stresses between Bl and B2 were similar. However, the
normalized shear stresses for B3, B4, B5 and B6 were higher
by 1.5, 1.6, 1.7 and 1.9 times that of B2, respectively. Similar
trends were observed for RAC beams with pw = 2.5% (series
DB20), where the normalized shear stresses of beams B11,
B12, B13, and B14 increased respectively by 1.5, 1.6, 1.8, and
2.2 times over that of B10. However, the RAC beam without
fibers in this series (B10) had a lower shear stress (by 18%)
compared to that of the control NAC beam (B9). Adding steel
fibers of 0.5% volume fraction to RAC beams significantly
improved the normalized shear stresses by 51% and 55% for
beams with pw of 1.6% and 2.5%, respectively. It is noted that
the shear stresses of all RAC beams with steel fibers
effectively sustained shear stresses above 0.3\/E (shown as a
dashed line in Fig. 4), which is the lowest bound shear stress
recommended in ACI 318 for RC beams with steel fibers used
as shear reinforcement.

3.3 Effect of fiber volume fraction
The normalized shear stresses (Vtest/bd\/ﬁ) vs steel fiber
volume fraction (V;) are compared in Fig. 5 for the RAC

beams reinforced with steel fibers. The results indicate an
increase in shear strength as the fiber volume fraction

deflections than those without fibers. With V; of 1.0% and 1.5%increased, similar to SFRC beams with cast with NAC. For

steel fibers, the shear failures were prevented in the beams, as
shown in Fig. S3. The beams sustained multiple cracks and
large deflections beyond 25 mm before concrete crushing
occurred at the top of the beam. The steel fibers controlled the
crack width in these beams, primarily by increasing the
concrete tensile strength.

Figure 4 compare, respectively, the normalized shear stress
vs mid-span deflection curves for beams with reinforcement
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RAC beams with a ratio pw = 1.6% (series DB16), the beams
with 3D steel fibers at V; of 0.5%, 0.75%, 1.0% and 1.5% had
normalized shear stresses of 51%, 64%, 66%, and 95% higher
than the RAC beams without the fibers. Likewise, for beams
with a ratio pw = 2.5% (series DB20), the normalized shear
stress of RAC beams with V; of 0.5% and 1.5% fibers was 54%
and 121%, respectively, being thus higher than that of the
RAC beams without 3D fibers. The difference between a Vs of
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Fig. 3 Load vs deflection curves for beams with reinforcement ratios (a) pw = 1.6%, and (b) pw = 2.5%.
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Fig. 4 Normalized shear stress vs. deflection for beams with lon

fibers 0.5% and 0.75% led to a slight increase in shear stresses
for RAC beams in this series. In both series of RAC beams,
the effectiveness of steel fibers in preventing shear failure at
Vi of 0.5% and 0.75% is marginal.
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Fig. 5 Normalized shear stress vs fiber volume fraction for of
RAC beams with reinforcement ratios pw = 1.6% and 2.5%.

3.4 Effect of longitudinal reinforcement ratio

The effect of the longitudinal reinforcement ratios on the
shear strength of fiber-reinforced RAC beams was evaluated
using the two longitudinal reinforcement ratios adopted here,
i.e. pw = 1.6% and 2.5%. A previous study™®! showed that the
longitudinal reinforcement contributes to the shear resistance
of RAC beams without stirrups. Moreover, the shear equation
in ACI 318-19 was modified to conservatively estimate the
shear strength of RAC beams without stirrups.

Figure 5 compares RAC beams with steel fibers at different
volume fraction (Vi) for two longitudinal reinforcement ratios.
For RAC beams without steel fibers, the beam B10 in the
series DB20 (with pw = 2.5%) had 23% higher shear strength
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gitudinal reinforcement ratios (a) pw = 1.6%, and (b) pw = 2.5%.

than the beam B2 in the DB16 series (with pw = 1.6%). For
steel fibers of 0.5% volume fraction, the beam B11 with py =
2.5% had 20.6% higher shear strength than the beam B3 (with
pw = 1.6%). For Vs above 0.75%, the effect of longitudinal
reinforcement ratios on shear strength could not be accurately
determined because the steel fibers prevented shear failure,
and flexural failure modes occurred instead. However, an
increase in shear stress of at least 17%, 30% and 37% for fibers
at Vs of 0.75%, 1.0%, and 1.5% was conservatively estimated
for RAC beams with pw = 2.5% compared to counterpart
beams with pyw = 1.6%. These results confirm that the amount
of longitudinal reinforcement can contribute to the shear
resistance of RAC beams.

3.5 Effect of fiber type

The normalized shear stresses of RAC beams with 3D and 4D
steel fibers is shown in Fig. 6. For beams with pw = 1.6%
(series DB16 in Fig. 6(a)), the responses of four of the RAC
beams (B4 vs B7 and B5 vs B8) were similar. Their stiffness,
failure modes, and ultimate loads were virtually identical.
Both types of steel fibers (3D and 4D) improved the beams’
shear strength effectively, so that their shear strengths were
higher than their flexural strength and changed the failure
modes from shear to flexure.

The impact of 4D steel fibers was more evident for RAC
beams with a higher longitudinal reinforcement ratio of pw =
2.5% (series DB20). For beams with pw = 2.5% and steel fibers
at Vi of 0.75%, B15 with 4D fibers showed higher shear
strength than B12 with 3D fibers by 14%, as depicted in Fig.
6(b). This higher ultimate strength was attributed to the higher
tensile strength of 4D steel fibers. However, the effect of 4D
fibers was not observed for steel fibers at 1.0% (B13 vs B16)
since including 1.0% steel fibers of both types altered the shear
failure to flexural failure in both beams.

3.6 Bending moment capacities
The experimental and calculated yielding and ultimate
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Fig. 6 The normalized shear stresses with different fiber types for beams with reinforcement ratio (a) pw = 1.6%, and (b) pw = 2.5%.

moment capacities of the tested beams are summarized in
Table 6. The calculated moment capacities are based on ACI

318 by neglecting the strain hardening of steel reinforcement
and the tensile resistance from the steel fibers. The results
show that the steel fibers can enable ductile flexural failures in
eight beams with Vs of 0.75% and 1.0% for longitudinal
reinforcement ratios pw = 1.6% and 2.5%, respectively.
Conversely, the other eight beams failed by shear because
their shear strengths were lower than moment capacities. The
results also show that the use of a Vi of 0.5% was insufficient
to enhance the shear strength of beams without stirrups (see
B3 and B11). This is consistent with the ACI 318
recommendations that allows the total replacement of shear
reinforcement with steel fibers but with at least a V; of 0.75%.

Therefore, the ultimate moments for these beams (B1-B4, and
B9-B12) are much lower than calculated ultimate moments.
This behavior is corroborated by the low toughness
experienced by such beams, with energy absorptions <1000
KNmm for most beams.

Table 6 also shows that, for beams B4-B8, B13-B14, and
B16, the ductile behavior is enhanced by adding steel fibers at
Vi of 0.75%, 1.0%, and 1.5%. These beams mobilized their full
flexural capacities even without shear reinforcement since the
steel fibers improved their post-cracking behavior in shear.
The yielding observed in the tests (see yielding plateaus in Fig.
3) and ultimate moments for these beams agree well with the
predicted moment capacities, as shown in Table 6. The
toughness of RAC beams also significantly improved by 8.7

Table 6. Summary of yielding and ultimate moments of tested beams.

My,test My,cal Mu, test Mu,cal Toughness

No. 1D (kNm) (kNm) (kNm) (kNm) Mu,test / Mu, cal (kNmm)
B1 FO-DB16-N - - 18.4 31.6 - 202

B2 FO0-DB16 - - 20.2 32.6 - 290

B3 F0.5-3D-DB16 - - 29.2 321 - 543

B4 F0.75-3D-DB16 32.0 31.8 331 325 1.02 2510
B5 F1-3D-DB16 315 31.9 329 32.6 1.01 2487
B6 F1.5-3D-DB16 32.9 320 41.2 33.0 1.25 3154
B7 F0.75-4D-DB16 322 320 36.0 32.9 1.09 2681
B8 F1-4D-DB16 325 320 344 33.0 1.04 2597
B9 FO-DB20-N - - 27.9 44.9 - 545
B10 FO0-DB20 - - 22.9 44.9 - 296
B11 F0.5-3D-DB20 - - 355 450 - 761
B12 F0.75-3D-DB20 - - 39.7 47.2 - 1166
B13 F1-3D-DB20 44.6 46.7 45.6 47.2 0.97 3342
B14 F1.5-3D-DB20 50.3 45.6 51.0 45.1 1.13 3874
B15 F0.75-4D-DB20 - - 448 46.9 - 1921
B16 F1-4D-DB20 44.6 46.2 44.8 46.9 0.96 3361
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times by adding 0.75% steel fibers into the beam with pw = 1.6%conservatively adopted for RAC beams with the 3D and 4D

(B4) compared to the RAC beam without steel fibers (B2).

4. Prediction of concrete shear strength
4.1. Ultimate concrete shear strength
ACI 318-19 provides two shear equations for concrete beams,
which can be used for beams with at least the minimum shear
reinforcement:

V. =0.171\/f.bd @

V. = 0.66A(p,,)/3\/f.bd )
where 1 is a reduction factor for lightweight aggregate, f7c is
the concrete compressive strength (in MPa), b is the beam
width (in mm), d is the effective depth (in mm), and py is the
longitudinal reinforcement ratio.
For beams with stirrups below those required for shear
reinforcement, the shear equations are:

V. = 0.664,A(p,,) 3\ f;bd 3)
where /s is the size effect modification factor, that can be

calculated as:
2
As = \Il+0.004d =1 )

Table 5 and Fig. 4 compare the normalized shear stresses for
RAC beams with steel fibers and the ACI 318-19 provisions.
Parra-Montesinos et al.[5354 suggested that reinforced concrete
beams with deformed steel fibers with at least a V; of 0.75%
exhibited failure shear stresses above 0.3\/ﬁ. Accordingly,
this conservative lower bound was adopted in ACI 318-19 for
reinforced concrete beams built with steel fibers as shear
reinforcement. In this study, the tested RAC beams with steel
fibers with V¢ of 0.5% to 1.5% exhibited shear stresses above
the conservative lower bound value of 0.3,/f;, as indicated by
the dashed lines in Fig. 4. This suggests that the ACI 318-19
provisions for shear of beams built with SFRC can also be

steel fibers used in this study.

4.2 A New equation for shear prediction of RAC beams
with steel fibers
Table 7 summarizes the shear stress ratios of all beams tested
in this study. Equation (3) was used to calculate V¢, as shown
in column (4) of Table 7. Fig. 7 shows the relationship
between shear strength ratios (Viest/Vc) and steel fiber volume
fractions (V). It is clear that the addition of more fibers helped
improve the shear strength of the beams. A linear relationship
was also determined, as shown by the dotted line in Fig. 7.

A new practical modification factor k obtained from the
linear relationship shown in Fig. 7 was incorporated into
Equation 3, thus leading to the proposed Equation (5):

Vproposed = 0-66Ask(pw)1/3\/zbd (%)
where: k = 0.92V; + 1.51, for 0.5% <V; <1.5% (6)

Equation 5 was then used to calculate the shear strength of the
beams (Vproposed), as listed in column 6 of Table 7. It is shown
that the shear predictions from the proposed equation were
relatively close to the experimental results, as shown by
Viest/Vproposed ratios close to one (see last column of Table 7).

5. Practical implications

The enhanced shear strength and improved post-cracking
behavior of steel fiber-reinforced RAC make it a promising
material for use in different structural elements. In beams in
particular, the ability of steel fibers to bridge cracks can help
recover the strength of RAC and change its traditionally brittle
behavior into a more ductile one, thus increasing the resilience
of RAC structures. Steel fiber-reinforced RAC can also be
used in other structural members subjected to high shear
stresses, such as flat slabs,[5°1 corbelsi®®1 and short/squat

Table 7. Summary of shear strength ratios.

No. ID Vi Viest Ve Vtest/ Ve Vproposed Vtest/ Vproposed
(%) (kN) (kN) (kN)
Q) @ (©) (4) ) (6) (0]
B1 FO-DB16-N 0 335 24.9 13 - -
B2 FO0-DB16 0 36.9 27.3 1.4 - -
B3 F0.5-3D-DB16 0.5 53.1 26.0 2.0 514 1.03
B4 F0.75-3D-DB16 0.75 60.1 27.2 2.2 59.9 1.01
B5 F1-3D-DB16 1.0 59.8 26.7 2.2 65.1 0.92
B6 F1.5-3D-DB16 15 74.9 28.4 2.6 82.3 0.91
B7 F0.75-4D-DB16 0.75 65.5 284 2.3 62.6 1.05
B8 F1-4D-DB16 1.0 62.6 28.8 2.2 70.0 0.90
B9 FO0-DB20-N 0 50.7 29.8 1.7 - -
B10 FO0-DB20 0 41.6 29.9 14 - -
B11 F0.5-3D-DB20 0.50 64.6 30.0 2.2 59.2 1.09
B12 F0.75-3D-DB20 0.75 72.3 33.0 2.2 72.6 1.00
B13 F1-3D-DB20 1.0 82.9 33.0 2.5 80.3 1.03
B14 F1.5-3D-DB20 15 92.7 30.1 3.1 87.1 1.07
B15 F0.75-4D-DB20 0.75 81.6 325 25 71.7 1.14
B16 F1-4D-DB20 1.0 81.5 325 2.5 79.2 1.03
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Fig. 7 Relationship between shear strength ratio and fiber volume
fraction for tested beams.

columns." Steel fiber-reinforced RAC can also be used for
the rehabilitation of existing structures that are prone to shear
deficiencies®™ or repair overlays,*® offering a sustainable
alternative to conventional strengthening techniques.

Moreover, the successful application of steel fiber-
reinforced RAC in real-world projects could drive broader
adoption of recycled materials in structural applications,
reducing the reliance on natural aggregates and promoting the
adoption of circular economy principles in the construction
sector. This is relevant for Southeast Asia, a region which is
lagging in this respect.

From a cost optimization perspective, the use of steel fibers
can potentially replace traditional shear reinforcement like
stirrups, thereby simplifying the construction process and
reducing labor costs. Additionally, the improved mechanical
properties of steel fiber-reinforced RAC can extend the service
life of structures, leading to lower maintenance and repair
costs over time. Moreover, by incorporating RCA, the demand
for virgin materials and CDW are both reduced, thereby
reducing the carbon footprint associated with aggregate
extraction and transport. Additionally, the reduced need for
traditional reinforcement, thanks to the use of steel fibers, can
further cut down the carbon emissions associated with steel
production and shipping. This shift towards low-carbon
construction materials is necessary so that the construction
sector can meet its climate targets. In this regard, the recycling
and construction industries need to implement advanced
methods for rapid CDW and RCA screening®®! so that the
high demand for recycled materials can be met.

The results in this study also suggest that current code
approaches to calculate/limit shear stresses in elements can be
modified for the use of steel fiber-reinforced RAC. However,
since this study conducted tests on a limited number of beams,
the modification factor (Equation 6) proposed here may not
fully capture the variability of other RAC reinforced with
other types of steel fibers. Additional tests on RAC beams with
steel fibers are recommended to validate the findings

10| Eng. Sci., 2024, 31, 1249

presented here and to corroborate if such modification factor
is applicable to beams with other types of RAC (with different
RCA replacement volumes) and different types of steel fibers.
Likewise, beams with different cross sections, lengths and
load arrangements should be tested to investigate any size
effects and, if necessary, propose different modifications to
the ACI 318 equation. It should be noted that whilst the focus
of this study was on isolated beam elements, future research
should also investigate the residual shear resistance of RAC
beams with steel fibers using larger elements (e.g. a shear-
deficient steel fiber-reinforced RAC frame).

6. Conclusions

This study conducted experimental and analytical
investigations on the effect of steel fibers on the shear strength
of recycled aggregate concrete (RAC) beams without stirrups.
Natural coarse aggregates were totally substituted with
recycled concrete aggregates (RCA) reinforced with steel
fibers (hook ends or double hook ends) at different fiber
volume fractions (V= 0%, 0.5%, 0.75%, 1.0% or 1.5%). Two
longitudinal reinforcement ratios (o = 1.6% or 2.5%) were
examined. A new modification factor to the ACI 318-19 shear
equation is also proposed. Based on the experimental results,
the following conclusions can be drawn.

e Compared to control RAC beams without steel fibers, the
steel fibers with hook ends at Vy= 0.5% effectively improved
the shear stresses of RAC beams by 51% and 55% at p,. = 1.6%
and 2.5%, respectively.

¢ Adding steel fibers with hook ends at Vy= 0.75% prevented
the shear failure of RAC beams with p,, = 1.6%. Moreover, for
RAC beams with p,, = 2.5%, the steel fibers with hook ends at
Vr= 1.0% prevented shear failures and changed them to
flexural failures.

e The amount of longitudinal reinforcement impacted the
shear strength of RAC beams with and without fibers.
Increasing the longitudinal reinforcement ratios from 1.6% to
2.5% enhanced the shear capacity of RAC beams by 20.6%
for steel fibers with hook ends at Vy=0.5%.

o The effectiveness of steel fibers with double hook ends was
more evident for RAC beams with high longitudinal
reinforcement ratios p, = 2.5%. For RAC beams with p,, =
1.6%, the impact of steel fibers with hook ends (3D) and
double hook ends (4D) was similar.

o Steel fibers at Vy= 0.75% or higher can be effectively used
instead of stirrups for RAC beams with p,, = 1.6% and above.
Moreover, RAC beams with steel fibers of at least V= 0.75%
can sustain shear stresses above 0.3\/3 . This value agrees
with the conservative lower bound value included in ACI 318-
19 for normal aggregate concrete beams with steel fibers
replacing conventional stirrups.

o The use of the new modification factor into the ACI 318-19
equation led to good predictions of the shear stresses of the
tested RAC beams reinforced with steel fibers. The factor
explicitly accounts for the effect of the steel fibers and
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different longitudinal reinforcement ratios. However, further
research is needed to verify the accuracy of such equations at
predicting the shear stress of other beams.
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