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Abstract

This research aims to experimentally assess the influence of steel fibres (SF) on the shear performance of sustainable self-
compacting concrete (SCC) beams made using 100% recycled aggregates (RA). For this aim, a simple treatment procedure
was first utilised to improve the characteristics of the recycled aggregate by saturating particles in a cement-silica fume
slurry (CSFES). After that, seven concrete beams of dimensions 1700 mm X250 mm x 150mm. Five of which were made
from SCC mixes containing hooked-end, micro, and hybrid steel fibres with 0.5% and 1% volume fractions, and 100%
recycled aggregate. The remaining two were made with either normal aggregate or recycled aggregate and without any
steel fibres to serve as references. All beams were made without shear reinforcement and were designed to assess the con-
crete's contribution to the shear capacity. The beams were tested under a four-point bending configuration, based on which
the load—deflection diagram, failure load, and crack pattern were documented and discussed. Additionally, a comparative
analysis was performed to evaluate the validity of the typical codes and mathematical models proposed by researchers for
predicting the shear capacity of the tested beams. The results showed that using recycled aggregate lowered the maximum
shear capacity of reinforced SCC beams by about 15% compared to the reference beam made of normal aggregate. How-
ever, the incorporation of steel fibres resulted in a significant enhancement of the shear capacity. The shear enhancement
was about 47% and 37% for micro and hooked SF with 0.5% V; and 75%, 54%, and 70% for 1% micro, hooked, and
hybrid SF, respectively. Additionally, the comparative analysis has shown that the equations proposed by IS: 456 (2000)
and Li et al. (1992) were able to yield the best shear strength prediction for non-fibrous and fibrous beams, respectively.

Keywords Sustainable concrete - Treated recycled aggregate - Shear behaviour - Strengthening - Steel fibres - Structural
behaviour

Introduction

In recent years, the demolition of older structures for the
construction of new, modern buildings has resulted in the
production of an enormous amount of waste materials,
particularly concrete. Construction and demolition waste
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(C&D) currently constitutes 30—40% of the city's total solid
waste, resulting in approximately 75% of the waste that is
disposed of in landfills [1]. An investigation reported that
the European Union produces around 850 million kilograms
of C&D refuse annually [2]. This led to a search for meth-
ods and solutions that protected the natural world and the
economic utilisation of this trash. One of these methodol-
ogies that is getting more common and widespread is the
use of sustainable and recyclable resources in construction
applications.

It is generally recognised that coarse aggregate is the
dominant element in concrete, making up approximately
60% to 75% of the concrete volume. Thus, using recycled
aggregates (RA) instead of natural aggregates (NA) can
effectively reduce the demand for natural resources [3,
4], thereby decreasing CO: emissions associated with the
extraction and transportation of raw materials. At the same
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time, diverting building and demolition waste to treated
recycled aggregates manufacturing reduces landfill use.
Recycled coarse aggregate is created by the method of
crushing, screening, and removing impurities from building
waste [5]. During the crushing procedure, cement mortar
and a specific amount of adhesive mortar from the original
concrete stay in contact (adhered) with the formed RA par-
ticles [6, 7]. Therefore, the recycled coarse aggregate exhib-
its an increased water absorption capability, higher porosity,
and lower density than the natural aggregate [8—10]. Addi-
tionally, many studies have shown that the use of RA lowers
the mechanical performance of concrete mixes, such as the
splitting tensile strength and compressive strength [11-15].

Recycled aggregate (RA) may substitute for natural
aggregate (NA) in structural concrete with a percentage
of 100%. Many experimental studies examined the perfor-
mance of shear beams made from recycled aggregate con-
crete [16-20]. These investigations have shown that beams
made with fully recycled coarse aggregate had lower shear
strength capacity, wider shear cracks, and more deflec-
tion. Furthermore, beams made of NA, RA, and treated
RA exhibit the identical crack propagation pattern and load
deflection response. Rahal and Alrefaei [21] conducted an
examination of thirteen concrete beams with a strength
grade of 35 MPa and various percentages of replacement
(10 to 100%) of RA. They observed that the use of 100%
RA replacement reduced the shear strength by about 15%.
However, when RA was up to 35%, a reduction of only 2%
in shear strength was observed. Wardeh et al. [22] examined
the shear behaviour of beams made of full RA replacement.
A total of six reinforced concrete (RC) beams with a cross-
section of 200 x 250 mm and a length of 1900 mm were pre-
pared and tested. Two types of concrete grades were used:
35 MPa and 45 MPa grades, and various (a/d) ratios: 1.5 and
3. They observed that the shear strength in RA beams was
lower. The drop in shear strength with RA could be attrib-
uted to a lower split tensile strength when compared to the
NA mixtures. When compared to existing design codes, the
design equations were acceptable for RA concrete beams.
Pradhan et al. [23] studied the shear performance of RC
concrete beam specimens with RA. The test results showed
that although shear failure was comparable in NA and RA,
greater numbers of cracks and greater crack propagation in
RA beams were observed.

Khan et al. [24] investigated ten beams with a dimen-
sion of 150x230%2133 mm and four different replace-
ment ratios of RA, from 30 to 100%. They noticed that all
of the RA beams failed at greater ultimate deflections and
had lower initial stiffness than the control beam specimens.
This was due to the RA's having a lower elastic modulus.
They also found that at 100% RA, a considerable decrease
in shear failure load of beams was observed. In recent work
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by Al Mahmoud et al. [25], the effect of higher and lower
replacement ratios of RA on the shear failure of RC beam
specimens was studied. They observed a decrease in shear
strength by 11% when full replacement of coarse natural
aggregate was made, but the shear behaviour of RA beams
was similar to that of NA beams in load—deflection reac-
tion. Moreover, a similar tendency was also observed in
self-compacting concrete (SCC) mixes containing RA [26].
Farhood and Khudhair [27] studied the shear behaviour of
SCC beams with RA. They observed that the cracking and
ultimate shear strengths of RA beams were reduced by an
average of 6% and 18%, respectively. Also, increasing a/d
ratio from 1 to 2.5 resulted in reductions in the ultimate
shear strength by an average of 24 to 15%, respectively.
Therefore, these drawbacks to some extent limit the pro-
motion and implementation of RA in practical engineering
construction.

To overcome the aforementioned negative characteris-
tics of RA, a variety of strategies and procedures have been
suggested. These techniques can be divided into two main
types: strengthening and removing the adherent mortar.
The former includes pre-soaking in an acid solution [28],
pre-soaking in water [29], and mechanical grinding [28].
The latter includes carbonation [30], sodium silicate solu-
tion [31], calcium carbonate biodeposition [32], pozzolanic
slurry [33], polymer emulsion [34], carbonation [35], nano-
technology [36], and mixing techniques [37]. However,
when these enhancement approaches were implemented
[38], they could completely alleviate the RA inferiority.
For instance, the removal of adhered cement from RA par-
ticles resulted in only 7% improvement in its strength [10].
Further, whereas the pre-soaking of RAs in sodium silicate
solutions enhances their properties, it increases the prob-
ability of alkali-silica reaction, particularly at higher con-
centrations and increased soaking durations [39]. On the
other hand, the incorporation of inorganic admixtures [40]
improved the compressive concrete strength by 15%. When
RA is submerged in or sprayed with cement, silica fume, or
pozzolan slurry, the slurry infiltrates the pores of the adher-
ing mortar’s porous media until the voids are fully filled.
Thus, the formation of C-S—H gel enhances the microstruc-
ture of the interfacial transition zone (ITZ) and concrete [28,
41]. A thinner coating of cement slurry has formed on the
surface of RA, resulting in a significant improvement in the
bonding between the old ITZ and the new mortar. Regard-
less of the implementation of these treatment methods, the
efficiency of RA concrete remains inferior to that of NA
concrete.

Adding suitable mineral additives to recycled aggregate
concrete (RAC) can enhance the concrete's mechanical
characteristics and durability [42—45]. An appropriate quan-
tity of polypropylene (PP) fibres, steel fibres (SFs), blast
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fibres, and glass fibres was incorporated to improve the
compressive strength, flexural strength, and splitting tensile
strength of recycled aggregate concrete (RAC) [13, 46-50].
The incorporation of fibres to enhance concrete is a standard
practice defined by the fib Model Code 2010 [51]. The main
advantages are the optimisation and the enhancement of
post-cracking energy in the concrete, resulting in improved
cracking patterns that assure the long-term durability of the
building's frame [52, 53]. The steel fibres are most widely
used as reinforcement and are currently the topic of signifi-
cant study in the field of building [54]. Many variables, such
as type, shape, length, cross-section, fibre content, matrix
strength, mix design, and concrete mixing, influence the
benefits of steel fibres (SF) [10]. Straight and hooked steel
fibres have been widely used in building materials. Moham-
med Abd [55] investigated the influence of steel fibre on the
shear behaviour of RA self-compacting beam specimens.
The major factors in this study are transverse reinforce-
ment (50 and 100 mm spacing), steel fibres (V;=0.5%),
and coarse aggregate (NA and RA). They observed that
for shear behaviour, RA specimens had a lower cracking
moment than NA specimens. However, the addition of 0.5%
steel fibres to RA specimens resulted in 20% higher shear
capacity than that without steel fibres. They also reported
that SF specimens had a greater maximum deflection than
non-fibrous mixes. Kannam et al. [56] investigated the shear
performance of fibrous reinforced SCC beams with RA, and
with strength grades of 30 and 70 MPa. They reported that
the ultimate shear strength increased by 4% with the addi-
tion of SF. Ghoneim et al. [57] tested eight SCC beams with
100% RA and 0.75% volume fraction of hybrid fibres. They
stated that the incorporation of fibres enhanced crack for-
mation, development, and behaviour, resulting in a ductile
behaviour and failure mode. Also, they reported that when
comparing the shear capacity of fibrous specimens to that
of non-fibrous specimens, an increase of about 65% was
observed. Besides the structural benefits, the combina-
tion of RA with steel fibres provides good economic ben-
efits, since RA often provides a more cost-effective option
than natural aggregates, while the incorporation of fibres
improves structural performance and extends service life,
hence diminishing maintenance and repair expenses. The
dual benefits-environmental savings via a diminished car-
bon footprint and economic advantages through material
cost reduction and enhanced lifecycle performance-illus-
trate that RA in conjunction with fibres is both a technically
viable alternative and a sustainable, cost-effective solution
for the future of concrete construction.

The existence of accurate design models is a very impor-
tant matter for the successful implementation of any new
technique in the construction industry. Therefore, common
code and researchers propose several equations and models

to calculate the concrete contribution to shear strength. Some
of these equations are used for non-fibrous concrete beams
with recycled aggregate; however, other equations are only
for fibrous beams. For non-fibrous specimens, equations to
determine the ultimate shear capacity of concrete (Vi)
are proposed by Eurocode 205 [58], Egyptian code [59],
Canadian code [60], New Zealand standard code [61], IS
456:20,000 code [62], CEB-FIP [63], RILEM code [64],
as well as proposed equations from Zsutty [65], Gastebled
and May [66], Kim and Park [67], Rebeiz [68], Russo et al.
[69], Bazant and Kim [70], and Bazant and Sun [71]. On
the other hand, for fibrous specimens, several equations to
determine the shear force were proposed by Narayanan and
Darwish [72]; Kwak et al. [73]; Arslan et al. [74]; Kara [75];
Sharma [76]; Sarveghadi et al. [77]; Mansur et al. [78]; Li
et al. [79]; Li et al. (2) [79]; Lim and Oh [80]; Gandomi et
al. [81]; Dinh et al. [82]; and Al-Ta’an and Al-Feel [83]. The
accuracy of these codes in predicting the shear strength of
RA made concrete is also important in the future implemen-
tation of RA.

As illustrated, the use of recycled aggregate in concrete
could have a considerable positive influence on sustain-
ability. However, the inferior nature of the recycled aggre-
gate when compared with the natural aggregate results in
reduced structural behaviour, particularly the shear capacity
of the beams as shown by research, which limits to some
extent the promotion and implementation of RA in practical
engineering construction And although several treatment
methods were suggested by many researcher as illustrated,
these methods were not able to completely alleviate the RA
inferiority, despite the complexity of some of them. There-
fore, this paper aims to first utilise a simple and economical
treatment method to enhance the RA properties. The method
involves impregnating the RA with a cement-silica fume
slurry solution (CSFS), which is expected to infiltrate the
pores and enhance the microstructure of the interfacial tran-
sition zone. Although such a treatment method is expected to
enhance the mechanical properties of the RA considerably,
these properties are expected to remain inferior to those of
NA. Therefore, different steel fibre types, namely macro,
hooked-end, and hybrid steel fibres, were also added to the
mix to further enhance the mechanical characteristics of the
resulting concrete. Then, these SCC concrete mixtures were
used to manufacture seven concrete beams of dimensions
1700 mm X250 mm x 150 mm. The beams were tested under
a four-point bending configuration, and the test results were
reported and discussed. Additionally, a comparative analy-
sis of the accuracy of the different equations proposed by
the different codes of practice and researchers to predict the
shear strength of these beams was conducted.
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Experimental work
Materials properties
Binder and filler

Ordinary Portland cement (CEM 1) produced by the Karasta
Cement Plant, which satisfies Iraqi standard specification
IQS 45/1984 [84], was used in this study. Also, silica fume
was utilised in the preparation of the cement-silica fume
slurry (CSFS), in which the produced recycled aggregate
(RA) was treated (soaked). The used silica fume complies
with ASTM C1240-04 specifications [85]. A locally avail-
able limestone powder (LP), commercially named “Al-
Gubra”, was used to increase the number of fine materials,
which in turn increases the mix's fluidity and consistency,
as well as its resistance to segregation. The used LP had a
maximum particle size of less than 0.125 mm, which satis-
fies the EFNARC guidelines for SCC [86]. Additionally, the
LP had a specific gravity of 2.52, which was somewhat less
compliant with the EFNARC criteria [86].

Superplasticiser (SP)

Admixture type high range water reducing (HRWRA) was
utilised in the prepared mixtures, complying with ASTM
C-494 type F requirement [87]. GLENIUM® 54 is the name
of this superplasticiser, which is based on the Polycarboxyl-
ate polymer technology. The recommended dosage of this
material is 0.5%—2.5% by weight of cement.

Aggregates

Readily available natural sand with a maximum particle size
of 4.75 mm was utilised as fine aggregate in all SCC mixes,
see Fig. la, which falls within zone 2 of the Iraqi require-
ments 1QS 45/1984 [88]. The specific gravity, sulphate
content, and fineness modulus of the used sand were 2.59,
0.13%, and 2.48, respectively. Also, the sand was utilised
in a saturated surface dry state (SSD). Two different types
of course aggregates were also used in this investigation:

natural aggregate (NA) and recycled coarse aggregates
(RA), both of which have a nominal size of 20 mm, see
Fig. 1b. The used normal aggregate (NA) comprised of
crushed limestone in an SSD state,

The RA used originated from old cube specimens and
slab samples available in the construction laboratory of the
engineering college at the University of Al-Qadisiyah, see
Fig. 2a. These concrete specimens had an average compres-
sive concrete strength of 21 MPa, and were two to three
years old. Additionally, the components of the concrete
mixtures of these specimens were not analysed, since the
RA concrete mixture developed herein will not depend on
the equivalent mortar volume (EMV) strategy [89]. To pre-
pare the RA, the crushing procedure was carried out in two
steps; first, an impact machine was used to crush the con-
crete specimens, leading to large pieces of concrete. Then,
these large pieces were further crushed using a jaw crusher
to be converted to smaller particles, see Fig. 2b. The result-
ing RA had angular and irregular shapes. After complet-
ing the crushing process, the RA was washed, dried, and
sieved using standard coarse aggregate sieves to achieve the
required grading, see Fig. 2c and d. The RA was sieved in
order to comply with the requirements of zone 2 of the IQS
No. 45/1984 [88] requirements. The physical properties of
both the NA and RA are illustrated in Table 1.

Reinforcing steel bars and steel fibres

In this study, deformed steel bars were used with 16 and
10 diameters for longitudinal and additional reinforcement,
respectively. Table 2 illustrates the mechanical characteris-
tics of these tested bars. Three types of SF with different
volume fractions were used in producing the SCC mixes,
see Table 3. These include copper-coated micro steel fibres
(MSF), hooked steel fibres (HSF), and hybrid (micro and
hook-end) steel fibre (HYSF). The Sika Company provided
the materials. Table 3 shows that both fibres used had identi-
cal aspect ratios (L/D) to keep the mix variables as restricted
as possible.
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Fig. 2 Photo of chunks of concrete:
a Old slabs available in the con-
struction laboratories, b RA after
the crushing process, ¢ RA after the
sieving process, d a close up look
at the RA after the sieving process

Table 1 Physical characteristics of coarse aggregate (Normal and recy-
cled aggregate)

Property Normal Recycled Limit of
aggregate aggregate No.45
/1984
[88]
Specific gravity 2.63 2.31
Sulphate content % 0.03 0.42%* <0.1

*Means out of the standard specification limit. However, the total
SO3 of the mix was 2.9%, which was still less that that the maximum
limit (4.5%)

Table 2 Details of the tested steel bars

Property 10 16 Requirements
of A615/
A615M—12
Grade 60 [90]

Yield stress (MPa) 552.0 560.5 420

Tensile strength (MPa) 667.9 659.8 620

Area (mm?) 700 630 -

Mass (kg/m) 0.6 1.513 -

Diameter (mm) 10 16 -

Elongation % 14.17 15.00 9

Impregnation of RA with CSFS

During the crushing process of the old concrete specimens,
significant quantities of adhered mortar remain attached to
the RAs surfaces. This may result in the development of
defective porous and delicate layers in RA, which leads
to low density, high porosity, and high-water absorption,
thereby negatively affecting the durability and strength of
the resulting new concrete [11]. Thus, to enhance the quality

and obtain adequate performance of RA, an efficient treat-
ment method can be realised by modifying the deficient
old mortar and improving its microstructure. This can be
achieved by enhancing the bond between the original aggre-
gates and the residual cement matrix. Therefore, a simple
and economical treatment method, as recommended by
Alqgarni et al. [40], was implemented to enhance the RA
properties in the present investigation. The method leads to
low water absorption and moderate abrasion resistance.

The method involves impregnating the RA with a
cement-silica fume slurry solution (CSFES). To implement
the treatment method, the RA was washed first to remove
the mineral particles; after that, the RA was dried in environ-
mental conditions at 26°C for 24 h. The cement-silica fume
slurry solution was produced by combining 75% cement
and 25% silica fume (by weight). Cement and silica fume
were mixed in an amount of 10% by weight of the solution
water. Next, the RA was soaked in the cement-silica fume
slurry solution and mixed for approximately 60 min, as
shown in Fig. 3a and b. After mixing, RA was removed and
allowed to dry out for 24 h before it was subsequently cured
using wet gunny bags for 7 days at 26°C, see Fig. 3c. The
RA's appearance after the treatment procedure is illustrated
in Fig. 3d. Although the cement cannot be fully hydrated
within seven days, this period of time can be adequate to
provide the treated recycled aggregate with a satisfactory
level of efficiency. Furthermore, the remaining unhydrated
CSFS can experience hydration throughout the concrete
casting process.

@ Springer
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Table 3 Characteristics of utilised steel fibres
Shape

Name of streel fibre Micro Steel Fibre Hooked-end Steel Fibre Hybrid Steel Fibre
Designation MSF HSF HYSF

Aspect ratio (L/D) 60 60 60

Length (L), mm 12 30 -

Diameter (D), mm 0.2 0.50 -

Tensile strength, MPa 2850 1300 —

Fig.3 RA treatment procedure, a
Impregnating coarse RA in CSFS,
b RA curing, ¢ Appearance of
treated Coarse RA

recycled untreated RA, and recycled treated RA in accor-
dance with [91-93]. The results are illustrated in Table 4.

Table 4 Physical characteristics of normal and recycled aggregate

Physical properties Normal Untreated Treated . ” -
aggregate recycled recycled The treated RA (soaked in CSFS) showed improved physical
(NA) aggregate aggregate characteristics in terms of specific gravity and water absorp-
_ _ (RA) RA)* tion when compared to the untreated RA. The water absorp-
Specific gravity , 2.63 2.31 244 tion of recycled aggregate decreased substantially (from 6.2
Water absorption (%) 1-6 6.2 39 to 3.9%, respectively) in comparison to NA’s 1.6%. Fur-
LA% 221 29:3 257 thermore, Table 4 illustrates an enhancement in the specific
Dry density (kg/m®) 2356 2276 2283 ’ p

gravity of the treated RA compared to the untreated RA,
rising from 2.31 to 2.44. This enhancement may be attrib-
uted to the reduced porosity of the RA matrix, as the large

*After soaking of RA in CSFS

Improvement of recycled aggregate physical
characteristics

The specific gravity, water absorption, and LA abrasion
resistance were tested for all types of aggregate: normal NA,
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holes are filled with CSFS. Furthermore, the LA abrasion
resistance test of the untreated RA exhibited a bigger mass
loss (29.3%) in comparison to that of NA (22.7%). This
can be attributed to the poor characteristics of the untreated
RA, which is characterised by a porous volume of adhering
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Table 5 Mix proportion of normal and recycled aggregate SCC (kg/m?)

Beam No Mix ID C W SP LP FA CA SF RA% SF type SF %
1 NA-Ref 400 176 44 130 770 840 0 0 - 0

2 RA-Ref 4.8 780 0 100 - 0

3 RA-0.5M 53 767 39 100 Micro 0.5

4 RA-IM 6.5 755 78 100 Micro 1.0

5 RA-0.5H 53 767 39 100 Hooked 0.5

6 RA-1H 6.5 755 78 100 Hooked 1.0

7 RA-HY 6.5 755 78 100 Hybrid 1.0

C cement, W water, SP super-plasticizers, LP limestone powder, FA natural fine aggregate, CA natural coarse aggregate, RA treated coarse

recycled aggregate, and SF steel fibres

mortar, resulting in a large decrease in abrasion resistance
and a significant rise in the requirement for water absorp-
tion. However, after the treatment, the treated RA have illus-
trated a better abrasion resistance with a mass loss of about
25.7%, which is slightly higher than the 22.7% experienced
by the NA. This clearly demonstrates the effectiveness of
the treatment method, which reduced the porosity of the RA
matrix and increased the density.

Proportion of the prepared SCC mixes

Seven fibrous and non-fibrous RA-SCC mixtures with one
NA-SCC (as a reference mix) were cast in this experimen-
tal work with the goal of producing SCC with a targeted
40 MPa compressive strength and a 0.44 water-to-cement
(w/c) ratio. Two types of coarse aggregate, normal aggre-
gate (NA), and treated recycled aggregate (RA) were used
in this work in a saturated surface dry state (SSD). The
mixes were proportioned according to the rational simple
mix proportioning technique recommended in [94, 95]. In
this technique, design charts were developed to simplify the
proportioning of the SCC mixture. These charts apply to a
wide range of water-to-cement ratios, and the compressive
concrete strength grade was specifically defined as a design
parameter.

As given in Table 5, the reference mix (NA-Ref) was
made with normal aggregate NA (0%RA). In the second
mix, the NA was substituted by 100% treated RA without
steel fibres (RA-Ref) to serve as another reference. Addi-
tionally, all the remaining five mixtures were made by sub-
stituting the NA with 100% of treated recycled aggregate
RA in addition to adding steel fibres. The aggregates substi-
tution was done volumetrically (based on the specific grav-
ity of the aggregates) to keep the amount of remaining mix
ingredients constant (cement, aggregate, and water) and to
achieve a mix volume of one cubic meter. Three types of
steel fibre, including micro and hooked SF with 0.5% and
1% volume fraction, were used, leading to four different
mixtures. Additionally, only one mix of hybrid steel fibre
with 1% volume fraction was used in this experimental
study, see Table 5.

Fig. 4 a Mixing of concrete, b casting of the specimens, ¢ specimens
after casting and leveling the top surfaces, d curing of the specimens

Casting and curing of SCC beams

The mixture components were combined to meet the required
workability and performance criteria. Mixing was carried
out using a vertical handheld mixer with a 0.2 m? capacity.
The equipment was cleaned and moistened before use, and
all materials were prepared in a saturated surface-dry (SSD)
condition. The following procedure was used to produce
the SCC mix: Cement and coarse aggregate (either NA or
RA) were first blended with one-third of the total water for
about two minutes. Next, limestone powder and fine aggre-
gate (sand) were added. The hooked steel fibres were then
introduced and mixed together with the second third of the
water, which contained the superplasticiser, for another two
minutes. Finally, the remaining water was added and mixed
for one minute. A final one-minute mixing step was per-
formed to ensure full uniformity of the mixture. The fresh
properties of the SCC mixture were evaluated using three
experimental techniques: slump flow, Ty, and V-funnel
in accordance with the EFNARC recommendations [86].
The hardened characteristics, namely the compressive and
splitting tensile strength, were assessed at 28 days of age
using 100 x 100 % 100 mm cubes and 100 x 200 cylinders in
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Table 6 Designation of tested SCC beams 9 25
Beam designation Beam details 8 EaT500
S-NA-Ref Shear beam-Normal Aggregate- Refer- 74 —e—V-funnel - 20

ence mix (with no fibres) 6 -
S-RA-Ref Shear beam-Recycled Aggregate- Refer- o 5 - 15 8
ence mix % 4 =
S-RA-0.5M Shear beam-Recycled Aggregate- 0.5% S 3 | - 10 §
. n Bt
Micro steel fibres = 5 A
S-RA-1M Shear beam-Recycled Aggregate- 1% . 3
Micro steel fibres
0 y T T y T T T 0
S-RA-0.5H Shear beam-Recycled Aggregate- 0.5%
S &
Hooked steel fibres ?*%9 * Q‘;@ \é\ Q‘,& & *2*%
S-RA-1H Shear beam-Recycled Aggregate- 1% < ¥ QS' A & & ¥
Hooked steel fibres :
. Mix ID
S-RA-HY Shear beam-Recycled Aggregate- Hybrid
0, 1 0,
(0.5% micro+0.5% hooked steel fibres) Fig.6 Ts, and V-funnel test results of the tested SCC mixes
720 22
i °
710 20
18 A °
700 16 - °
g 14 1
£ 690 § 12 A ®
5 i A
5 < 10 4
= 680 g s
o = 8
g > 6 - ® NA-Ref & RA-Ref
wm 670 4 ® ARA-0.5M ®R-0.5H
® RA-1H ®R-1HY
660 21 ®RA-IM
0 T T T
650 0 2 4 6 8 10
S NC O e o sc¢
R U LU U U

Mix ID

Fig.5 Slump flow test results of the tested SCC mixes

accordance with BS EN 12390-3 [96] and BS EN 12390-6
[97], respectively.

Wooden moulds were used as formwork (Fig. 4b and c).
The mould interiors were covered with oil to avoid concrete
adhesion. After that, the beam samples were cast, and the
models' top surfaces were adjusted (Fig. 4c). Following that,
the samples were kept in a lab environment and covered
to maintain them in a humid environment. The formworks
were removed after 21 days, and the specimens were cov-
ered by polypropylene sheets to simulate a semi-controlled
environment, and continued until the required age was
reached (Fig. 4d). Seven SCC were manufactured. Each
beam was made using one of the already discussed seven
mixtures. Table 6 illustrates the details of the tested beams.
Two beams were constructed as reference beams, made of
mixtures containing either NA or RA and without SF. Four
beams were cast using the mixtures containing the two types
of steel fibres (Micro (MSF), and Hooked SF (HSF)) with a
volume fraction of 0.5% and 1%, respectively. One hybrid
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Fig.7 Ts, versus V-funnel time test results

beam sample was also cast by incorporating hybrid SF
(HYSF) with a Vof 1% (0.5% MSF+0.5% HSF).

Fresh properties tests

Workability is a crucial characteristic for every concrete
mixture and has been recognised as one of the most impor-
tant properties of fresh mixtures. Thus, the workability of
the SCC mixes was assessed using three tests: slump flow,
Ts00, and V-funnel. The tests were conducted according
to EFNARC recommendations [86]. Figure 5 presents the
slump test results for all the SCC mixtures. All the produced
mixtures exhibited a slump flow diameter that ranged from
670 to 710 mm. EFNARC [86] specifies a slump flow rang-
ing from 660 to 750 mm as SF2 class, which is the most
popular classification in concrete construction. To achieve
the required slump flow according to the SF2 classification,
an appropriate SP dosage was incorporated (see Table 5).
Figure 6 shows the outcomes of the Ty, and V-funnel
tests. These tests are used to evaluate the flow rate and fill-
ing capacity of SCC, offering an indication of their viscos-
ity. Tsq, varied from 2 to 6.1 s, whereas the V-funnel time
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ranged from 5 to 19 s. In normal concrete mixes (non-fibrous
mixes), the replacement of natural aggregates (NA) with
recycled aggregates (RA) resulted in a marginal increase in
the Ty, and V-funnel values. This may be associated with
some of the mortar adhering to the surfaces of recycled
aggregate, resulting in a slightly rougher surface compared
to natural aggregate. On the other hand, flow times increased
when using and increasing the volume percentage of fibres.
This can be attributed to the interlocking of steel fibres and
recycled particles inside the concrete matrix, which can
lead to a higher flow time [98]. All the tested mixes, with or
without SF, conformed to the necessary self-compactibility
requirements as per the recommended specification [86].

Figure 7 illustrates the relationship between the Tsy,
and V-funnel testing outcomes for the assessed fresh SCC.
Based on the ENFARC specification [86], SCC mixes can
be classified as VS1/VF1 class when the Tsy, and V-funnel
times are not greater than 2 and 8 s, respectively. On the
other hand, SCC can be categorised as VS2/VF2 when the
Tsqo 18 more than 2 s and V-funnel times are between 9 to
25 s. The majority of the mixes formed are obviously in
the VS2/VF2 class, which is suitable for the construction of
walls, columns, and ramps [86].

Mechanical characteristics

The hardened characteristics of SCC mixtures were
assessed, namely, the concrete compressive strength (fcy),
and splitting tensile strength (fs;). The average value of
three specimens was evaluated for each mixture. The test
outcomes are illustrated in Fig. 8. The results indicate that
the addition of the treated RA resulted in 8% reduction in
the compressive strength relative to the reference mixture
NA-Ref. It is worth mentioning that the authors also evalu-
ated the compressive strength of the untreated RA in another
study [99], and the reduction in compressive strength was
about 19% when compared with that of the reference mix-
ture with NA. This was be attributed to the reduced resis-
tance of the untreated recycled aggregate to pressures in
contrast with normal coarse aggregate. Additionally, the
inferior interfacial transition zones of recycled aggregates
may also contribute in this reduction. However, once the
recycled aggregate is treated with the CSFS, it will coalesce
and bridge the pores and cracks that already exist in the RA
matrix, and hence improve the RA's new ITZ connection
[100], thereby improving its compressive strength.

On the other hand, mixtures containing treated recy-
cled aggregate and steel fibres exhibited an increase in the
fewand fg;. Figure 8 indicates that the incorporation of 1%
MSF, HSF, and HY SF enhanced the compressive strength of
the mixture by 11%, 7%, and 10%, and the splitting strength
by 18%, 15%, and 20%, respectively, in comparison with
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Fig. 8 Hardened characteristics of the studied SCC mixtures
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|
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Fig.9 a Details of beams reinforcment, b actual figure of the reinforc-
ment and molds

the control mix (NA-Ref). This enhancement can be associ-
ated with both the improved microstructure of the treated
RA, and the contributions of the steel fibre. which increases
the concrete's toughness, and enhances the crack creation
mechanism [101-103].

Details of the RC beam and experimental setup

The seven concrete beams cast in the study had the same
dimensions, with each beam having a 250 mm depth,
150 mm width, and 1700 mm length. All the beams had
no shear reinforcement. Additionally, each beam was rein-
forced with 20320 mm steel deformed bars as a longitudinal
tensile reinforcement and one @10 mm bar as a longitu-
dinal compressive reinforcement. Also, two stirrups of @
10 mm bar, located at 75 mm from each end of the beam
(above the support), were used, see Fig. 9. The design of
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Fig. 10 a The used hydraulic testing machine, b coating and preparing
of the beam specimens
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Fig. 11 Load—deflection behaviour for fibrous and non-fibrous beams

the beams was conducted in accordance with ACI 318-19
[104].

For testing the beam samples, a universal testing machine
with a maximum capacity of 2000 kN was used (Fig. 10a).
As apparent in Fig. 10b, the evaluated SCC beams were
coated two days before testing in order to simplify the
observation of the developed and extended cracks. A digital
dial gauge with a maximum measurement range of 50 mm
was utilised for measuring the deflection at the midpoint of
the beam, correlating to the location of the highest bending

@ Springer

Table 7 Maximum deflection and ultimate shear load of the tested

specimens
Beam name Vimaz(N) A max Veap(kN)  Ratio rela-
(mm) tive to the
control
beam*
S-NA-Ref 139 7.30 69.5 -
S-RA-Ref 119 6.86 59.2 14.82%—
S-RA-0.5M 204 8.10 102 46.76%+
S-RA-1IM 243 8.15 121.5 74.82%+
S-RA-0.5 H 191 8.60 95.5 37.41%+
S-RA-1H 214 8.90 107 53.96%+
S-RA-HY 237 9.30 118.5 70.50%+

* It refers to the percentage of the ultimate load of beams compared
to the reference beam containing normal aggregate (0% R A substitu-
tion). A (+) indicates a rise (%) in the characteristics mentioned above
relative to S-NA-Ref beams, while a (—) signifies a decrease (%) in
those values

moment. Also, for collecting digital images of the tested
beam specimens under loading, DIC system was used, com-
prising a digital single lens reflex (DSLR) camera “Nikon-
D7200”. A grid of random black spots was then formed on
the white paint of the beam.

Results
Load-deflection response

Figure 11 illustrates the load—deflection curves of the tested
specimens, while Table 7 shows the maximum shear load
(Vimaz), and the mid-span deflection (A ) for all the
specimens. Figure 11 demonstrates that the beam speci-
men made of RA (S-RA-Ref) exhibited a lower stiffness
than that made of NA (S-NA-Ref). For instance, at 84 KN,
the mid-span deflection of beam S-RA-Ref was 4 mm,
whereas beam S-NA-Ref showed a mid-span deflection of
3 mm only. Additionally, the RA beam showed about 15%
less shear capacity than the beam made of NA (S-NA-Ref).
This can be related to the porosity characteristics of the old
cement mortar bonded to the surface of the recycled con-
crete aggregate particles, which can influence the aggregate
interlock mechanism, which has a substantial influence on
the shear strength. Another reason behind that reduction in
Vezp can also be related to the reduction in splitting tensile
strength of RA concrete (see Fig. 8). It is also important to
point out that all the tested beams failed by shear.

As for the beams with steel fibres, it can be observed that
these beams demonstrated a significantly higher stiffness
compared to the non-fibrous beams. Also, the shear capac-
ity of the RA concrete specimens with SF was considerably
higher than that of the non-fibrous beam. This positive influ-
ence seems to increase when increasing the volume fraction
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Fig. 12 a The cracking morphology of the tested RC beams, b The
cracking morphology from the DIC system

of the fibres. The increase in shear strength was about 47%
and 37% for the beams made of micro and hooked-end
steel fibres at V¢ of 0.5% when compared with the reference
beam, respectively. As the V;increased to 1%, an additional
increase in the shear capacity was observed, reaching about
75% and 54% for the beams made of micro and hooked-
end steel fibres. This enhancement in the shear behaviour
can be related to the inclusion of steel fibres, which arrest
the formulated cracks, and hence enhance the ductility and
ultimate shear capacity of the beams. Additionally, beams
made of macro steel fibres seem to offer better shear behav-
iour than those reinforced with hooked-end steel fibres. This
can be attributed to the ability of macro steel fibres to arrest
microcracks and hence improve the shear behaviour of the
beams.

As for the beam reinforced with a combination of macro
and hooked-end fibres, the results indicated that this beam
has also exhibited a considerable enhancement in the ductil-
ity, and a considerable increase in the ultimate shear capac-
ity, reaching about 71% higher than the control beams.
Additionally, the failure of this beam was more ductile
than the other fibrous beams. The fibre-reinforced beams
efficiently resisted additional load after the formation of
inclined shear cracks, resulting in a ductile failure mecha-
nism. This is no doubt a reflection of the combined ben-
efits from both the micro and hooked-end fibres. Micro steel
fibres can arrest small cracks, whereas the hooked SF fibres
may avoid or decrease the development of macro-cracks,
hence enhancing the final shear load and deform capacity of
the RA specimen [102, 103].

Crack patterns

The crack patterns at failure observed in the tested SCC
specimens are presented in Fig. 12. With increasing the
applied load, flexural cracks formed and propagated first,
then flexural-shear cracks appeared later. As the load
increases, the width of the formed shear cracks increases. As
a result, the failure of the investigated beam samples took
place because of the main diagonal shear cracks. The thick
lines drawn on the surfaces of the beams, shown in Fig. 12,
represent the major diagonal cracks which lead to the shear
failure. As planned in the beam design, all beams failed in
shear. It is interesting to note that the crack pattern of RA
concrete beam and the failure mode were similar to those
of NA concrete beam, as seen in Fig. 12. This illustrates the
effectiveness of using the treated RA. This tendency was
also reported by other researchers [18, 105].

On the other hand, the steel fibres (SF) in the RA-based
beams delayed the initiation and propagation of the diago-
nal shear cracks. Besides, the steel fibres also controlled the
propagation of the cracks and maintained their integrity till
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Table 8 International code and proposed equations to predict the shear force of concrete beams without steel fibers

Codes and authors

Concrete shear strength

Eurocode 2-05 [58]

Egyptian code [59]
Canadian code [60]
New Zealand code [61]

Ve = (0.18K(100pfer)"/*)bd > (0.035K3/2\/fer) bd
K= (1 + %0) <20

Ve = 0.24v/Foubd
Ve = 0.2y/Fobd
Ve = (0.07 + 10p) /Fe/bd

1S:456 [62]

0.85y/fer,cu(y/1458—1)
V, = 5 bd

Where 3 = O'ngg;“ Z1

CEB FIP [63] Vo — 015 (1 4 %) (%)1/3(100”0,)1/3%

RILEM [64] Ve=015% {/3(£) k(1005 px fur)/*bd
K= (1 + %0) <20

Zutty [65] Vi = 2.21(%)1/31;(1, fore > 25

Gastebled and May [66]

_ 37.41 (3d\ 3 L 2 £0.35
Ve = 0153521 (24) 5 (100)% (1 — /p) * £2%°bd
Kim and Park [67] Ve =358 pf [04+ (£)] Aaybd

_ 1

Ve =04+ /felpd/a (2.7 —0.444) bd
Where A, = Shape adjustment factor
Aq =a/dforl < a/d < 2.5and2.5fora/d > 2.5
Russo et al. [69] 14, /508 L .
V. =1.13 do [p0'4fg‘39 4 0.5/)0‘83]%)‘89(%) 1.2 0'45(d):| bd

Nassn
_ 0.831p% o
Ve 328 (Ve 210 [t )

1 5.08
V. = 0.54p"/3

+
— o (\/fc 12492 L) bd
At (a/d)
*V.: concrete contribution to shear strength, 4: beam hight, d: effective depth, f.: standard concrete compressive strength, p: reinforcement
ratio, a: shear span ( the space between both the left loading plate and the left support), b: web width, f,: yield strength of flexural reinforce-

ment,As: area of tension reinforcement, a/d: shear span/effective depth ratio, f;: flexural strength of normal concrete, f;: tensile strength of
concrete, a/d: shear span to depth ratio, d,: max size of Aggregate

Rebeiz [68]

Bazant and Kim [70]

Bazant and Sun [71]

(S

Fig. 13 Summary of the experi-
mental results versus pro-
posed equations for non-fibrous
beams
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Table 9 Comparison between analytical and experimental test results

Codes and authors Voo’ Viredicted
S-NA-Ref S-RA-Ref

Euro ode 2-05 [58] 1.8 1.6
Egyptian code [59] 1.5 1.3
Canadian code [60] 1.9 1.7
New Zealand code [61] 1.9 1.7
1S:456 [62] 1.3 1.2
CEB FIP [63] 2 1.8
RILEM [64] 2 1.8
Zutty [65] 1.8 1.6
Gastebled and May [66] 1.7 1.5
Kim and Park [67] 1.6 1.4
Rebeiz [68] 2 1.8
Russo et al. [69] 1.5 1.3
Bazant and Kim [70] 1.9 1.7
Bazant and Sun [71] 1.7 1.5

failure. From Fig. 12, it could also be noticed that, irrespec-
tive of the fibre type and volume fractions, the fibrous beams
had more refined and closely spaced cracks in comparison
to the reference beams (non-fibrous specimens). This is also
visible in the provided DIC images at failure, which shows
that the red areas, which represent the distribution of high
strain, in beams made with fibres are wider and distributed
over a larger area of the beam, than the beams without steel
fibres, where the red lines are thinner and sharper, which
indicates a strain concentration. This can be related to the
steel fibres in RA concrete beams, which have a significant
impact on delaying the initiation and propagation of diag-
onal shear cracks. After the cracks are initiated, the steel
fibres control the widening of the cracks, thus helping to
distribute the strains and maintain the beam's integrity until
failure takes place.

Comparative analysis for the prediction of
the shear capacity

Comparative analysis for the prediction of the shear
capacity for non-fibrous beams

To check the accuracy of existing code equations, which are
usually used for beams made of NA, to predict the shear
strength of beams made using RA, the ultimate shear force
(V,) values from the tests were compared with those pre-
dicted using standard design codes. For comparative anal-
ysis, all safety factors have been considered equivalent to
one, hence calculating the shear forces without load factors.
The experimental shear force at failure (V,y,) was compared
with the corresponding values calculated by Euro code 2—-05
[58], Egyptian code [59], Canadian code [60], New Zea-
land standard code [61], IS 456:20,000 code [62], CEB-FIP

[63], RILEM code [64], as well as proposed equations from
Zsutty [65], Gastebled and May [66], Kim and Park [67],
Rebeiz [68], Russo et al. [69], Bazant and Kim [70], and
Bazant and Sun [71].

Table 8 illustrates the equations used in this comparison.
For beam specimens prepared without steel fibres, Fig. 13
and Table 9 show the ratio the experimental shear strength
and the shear strength predicted using standard codes and
proposed equations for shear capacity (Voyy/V predictea)- This
ratio ranged from 1.3 to 2 for the reference beam (S-NA-
Ref), 1.2 to 1.8 for RA beam (S-RA-Ref). This shows that
the different models and equations proposed by codes of
practice and researchers underestimated the shear capac-
ity for all the tested beam specimens. This could be related
to the fact that these codes are designed to provide safe,
conservative lower-bound estimates, especially for unrein-
forced concrete, which may suffer from a brittle and sudden
shear failure. Nevertheless, code IS: 456 [63] provided the
most reasonable and precise estimate for the beams without
SF, since it underestimated the shear capacity by only 30%
for S-NA-Ref beams and 20%for S-RA-ref beams. As for
the analytical models proposed in the literature, Russo et al.
model [69] underestimated the shear capacity by 50% for
S-NA-Ref beams and 30% for S-RA-Ref beams.

Comparative analysis for the prediction of the shear
capacity for fibrous beams

The shear force measured during the laboratory tests for the
five concrete specimens presented in the current research
were compared to a few of the proposed equations and pre-
diction models reported in Table 10. These models were:
Narayanan and Darwish [72]; Kwak et al. [73]; Arslan et al.
[74]; Kara [75]; Sharma [76]; Sarveghadi et al. [77]; Man-
sur et al. [78]; Li et al. [79]; Li et al. (2) [79]; Lim and Oh
[80]; Gandomi et al. [81]; Dinh et al. [82]; and Al-Ta’an and
Al-Feel [83]

Figure 14 and Table 11 illustrate the shear force test
results of all fibrous beam specimens along with the calcu-
lated values according to the models proposed in the litera-
ture. Both the figure and table illustrate that most existing
codes and proposed equations have underestimated the
shear strength of the beams considerably. This could be
related to the fact that most of these equations are numer-
ically derived and fitted and thus they usually tend to be
conservative. Additionally, they don’t take into account the
existence of the RA. The analytical model of Li et al. (2)
[79] provided more reasonable predictions for the ultimate
shear load of the tested beams. The (Vey, / V predicted) 1210
of the model by Li et al. (2) [79] was on average 1.18, with
a corresponding COV of 7.09%. The shear calculated using
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Table 10 Equations for Vc from common equation of fibrous beams

Reference

Concrete shear strength

Narayanan and Darwish [72]

Kwak et al. [73]

Arslan et al. [74]

Kara [75]

Sharma [76]

Sarveghadi et al. [77]

Mansur et al. [78]

Lietal. [79]

Lietal (2) [79]

Lim and Oh [80]

Gandomi et al. [81]

Dinh et al. [82]

Al-Ta’an and Al-Feel [83]

F =L/DVyDy
Dy = 0.5forstraigth,0.75 forcrimped, 1.0 forhooked — ends
vp = 0.417F

Vu = [e (0.24fsp +80p2) + vy | bud

e=1forg > 2.80re = 2. 84fm"% <28
fsp =
Dy = 0.5forround, 0.75 forcrimped, 1.0 forindentedfibers

= {37 £ (p)"? +0.8vb} bd

fsp =

Fous
o= 4+ 0.7+ LOVE

a0 f> +0.74 1.0/FinM Pa

e=1forg > 340re:3.4afora <34
Vu = [2.1ef37 (pd/a)*?* + 0.8(0.417F)% 7] b.d
e =1fora/d > 3.5;e = 3.5d/afora/d < 3.5

Vy = (0 212% (5) + \/p(1+4F)fc) (28)"*bud

(5

)+ (52) (5) - S =0

_ d 3, Fdl/t cafe
Vi = |:( coclp(a/d)) + co + 3fdf:| bwd
withco = 3.324,c¢1 = 0.909, co = 2.289, c3 = 9.436

0.25
Vu= [g *0.8/Fr () } bod
pfip+2) (F 5 -2
Va= |p+ &+ (*E)Jrf{) + vy | bud
4 d
fer =0.79v/fer
vp = 0.417 Fwitht = 4.15M Pa
st = O'tbwd
or = 0.68F.
Ve = (0.16V/Fc +17.2208) bood > (0.29v/72) bud
Vu="Vsr+ Ve
dy = 0.5 forsmooth, 0.9 forde formed, 1.0 forhookendfibers
Vi = |1.25 + 4.68 ((fff,g)?’/‘l (o )I/B(d)_l/‘"’)} budfors > 2.5
Where ff =25fcc, fec = [t (1 — Vf) + 0(10(2TVf (lf/Df) s ft = 0.2924/fc/
a1 =05,a2 =1,7=4.15
Vi, = [1.25 + 4.68 ((ftfsp)3/4 + (ot )1/3(d)_1/3>] budfors > 2.5
Vi = [(0.2¢ + 0.25F1) /Fe+ T5ps 2] bd, e = 1for$ > 2.5
Vi = % (pfc+’Ub) + %m +2:| b.d
[ v 1/4
Vo = [0.13pf, +1.2(5565) " (1 - 7)} bud,c=0.1h
1
045*7‘*1)-*—7” h—2s
Vi, = < 4 df ( 51)>+(10*p*fcl*ads)1/3fo7"3>2.5

a:(l—\/1—2.353("w)( <) % d

* fsp: estimated split-cylinder strength of fiber concrete, fe, 7 cubic strength of fiber concrete's, d,: maximum aggregate sizes, h: beam hight,
T: average interfacial bond stress of the fiber matrix, d: effective depth, F fiber factor, d: bonding factor of fiber, fs;: splitting tensile strength
of fiber concrete, f.: standard concrete compressive strength, V: fiber volume fraction, p: reinforcement ratio, a: shear span, the space between
both the left loading plate and the left support, b: web width, f: is yield strength of flexural reinforcement, A, area of tension reinforcement,
vy: fibers' shear strength, a/d: shear span/effective depth ratio, f;: Flexural strength of normal concrete, I /dy steel fiber aspect ratio, f:: ten-
sile strength of concrete,as: shear span, 3: Ratio of equivalent stress block depth to the neutral axis depth, equal to 0.85 for f. <28 MPa and
decreasing at a rate of 0—04 for each 5- MPa increase inf,
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Fig. 14 Summary of the experimental results versus proposed equa-
tions for fibrous beams

all the above-mentioned models underestimated the shear
capacity for all of the beams.

Conclusions

Based on the basic results from this study, the following
conclusions can be concluded:

1. The treatment method was successful in reducing the
water absorption and increasing the specific gravity
of the RA to a comparative level to that of NA, which
reflects the effectiveness of the implemented treatment
method.

2. The addition of RA and steel fibres has reduced the
workability of the resulting concrete; however, the addi-
tion of a suitable amount of superplasticiser can restore
the workability to levels comparable to those of con-
crete made with NA or even higher.

Table 11 Comparison between analytical and experimental results

The use of the treated RA in the concrete mixture leads
to a slight reduction in the mechanical properties (com-
pressive and tensile strength) of the resulting concrete
in comparison with concrete made with NA. However,
the addition of steel fibres can enhance the mechanical
properties considerably, leading to comparable or even
higher levels than those of NA concrete, depending
on the type of steel fibres. Generally, the compressive
strength of fibrous mixes improved by about 2.2% and
0.7% for the micro and hooked-end SF, respectively,
at Vy of 0.5%. Moreover, when incorporating 1% SF,
the compressive strength exhibited significant improve-
ment for micro, hooked, and hybrid SF by 11%, 7.1%,
and 9.6%, respectively.

The use of the 100% treated RA in the SCC beam has
led to about 15% reduction in the shear capacity when
compared with the beams made of NA. However, the
ultimate shear strength could be improved significantly
by adding steel fibres by about 47% and 37% for the
micro and hooked-end SF, respectively, at V; of 0.5%,
and by about 75%, 54%, and 71% when using V; of
0.5% of micro, hooked-end, and hybrid SF, respectively.
The inclusion of 0.5% micro-steel fibre could be recom-
mended as it sufficiently achieves full compensation for
the inferior performance of RA concrete, thereby allow-
ing for full substitution of natural aggregate by recycled
aggregate in SCC mixes.

The crack morphology of all studied beams was
observed to be very similar. Nonetheless, the non-
fibrous beams generally showed higher crack width and
deflection compared to the fibrous ones.

The comparative analysis has shown that most of
the existing codes and proposed design equations by
researchers provide conservative results when predict-
ing the shear capacity of fibrous and non-fibrous beams
made of RA. The most reasonable predictions were

Reference V,.,/V

Average COV %

exp predicted
S-RA-0.5M S-RA-1M S-RA-0.5H S-RA-1H S-RA-HY
Narayanan and Darwish [72] 23 2.2 1.8 1.5 1.6 1.88 18.96
Kwak et al. [73] 1.7 1.7 1.4 1.3 1.4 1.5 12.47
Arslan et al. [74] 1.3 1.4 1.1 1.0 1.2 1.2 13.18
Kara [75] 2.1 2.1 1.7 1.5 1.6 1.8 15.71
Sharma [76] 1.3 1.5 1.2 1.4 1.5 1.38 9.45
Sarveghadi et al. [77] 1.6 1.6 1.3 1.1 1.2 1.36 16.93
Mansur et al. [78] 1.7 1.7 14 1.2 1.4 1.48 14.65
Lietal. [79] 14 1.5 1.3 1.2 1.4 1.36 8.38
Lietal. (2) [79] 1.2 1.3 1.1 1.1 1.2 1.18 7.09
Lim and Oh [80] 1.9 1.9 1.5 1.4 1.5 1.64 14.68
Gandomi et al. [81] 1.3 14 1.1 1.1 1.2 1.22 10.69
Dinh et al. [82] 1.7 1.9 1.6 1.7 1.8 1.74 6.55
Al-Ta’an and Al-Feel [83] 1.8 1.5 1.7 1.4 1.5 1.58 10.40
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made by the code IS: 456 (2000) and Li et al. (1992),
which underestimated the shear capacity by no more
than 30% for S-NA-Ref beams and 20%for S-RA-ref
beams, respectively.
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