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The presence of mortar makes recycled aggregate (RA) a heterogeneous material compared to its parallel ho-
mogeneous natural aggregate (NA). Consequently, the mix proportioning method most suitable for RA reuse for
structural applications has long been debated. This study presents an unconventional mix proportioning method
involving recycled fine aggregate (RFA), recycled coarse aggregate (RCA), and steel fibres (SF) for recycled
aggregate concrete production. The equivalent mortar volume (EMV) mix proportioning technique developed for
concrete containing RCA is extended to incorporate RFA and SF. Five different mixes were formulated using both
conventional and the extended EMV mix design methods, to study the flexural behaviour of reinforced concrete
beams produced with RA and SF. The results showed that the load bearing capacity of the beam of the mix
containing 100% RA and 1% SF prepared using the conventional method, increased by up to 13% and 8%
compared to similar mix without SF and the reference mix, respectively. The unconventional beam containing
60% RA showed equal load resistance of 63kN as the reference beam made entirely of NA. Additionally, the
unconventional beam had the fewest cracks, least crack width, and visually, the least deflection at the fracture
when compared to the other beams with or without SF. This study shows that the extended EMV mix propor-
tioning technique is adequate and offsets the need for SF addition in concrete containing RA.

1. Introduction the indiscriminate dumping of CDW, leading to environmental hazards.

Consequently, the world is confronted with how to protect the dimin-

Natural aggregate (NA) is diminishing at a faster rate in a bid to meet
the global demand for concrete, resulting in an urgent need for alter-
native sources of aggregates. In Europe alone, aggregates demand is 2.7
billion tonnes on a yearly basis [1]. The recent forecast by the Freedonia
group shows that the global demand for construction aggregates will rise
2.3% each year to 47.5 billion metric tons in 2023 [2]. This is expected
since aggregates occupy up to 75% by volume of concrete compared to
other constituent materials.

At the same time, many existing concrete structures are being
demolished following the desire to attain modern designs and specifi-
cations [3,4]. The renovation or outright replacement of ageing struc-
tures, redevelopment of urban spaces and incidences of natural
occurrences such as tsunamis and earthquakes have all contributed to
the massive generation of construction and demolition waste (CDW)
[5,6]. The common method of handling such construction wastes is to
dispose them in landfills. But landfills have become overwhelmed due to
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ishing non-renewable NA and the best way to manage the enormous
CDW being generated [3]. The way forward is to recycle the waste
concretes and use them as aggregates in new concrete [7-9].

The subject of recycling CDW is dated back to the end of World War IT
[10-13]. The first and second state of the art regarding recycled
aggregate (RA) and recycled aggregate concrete (RAC) were published
in 1986 [14]. Whereas the first state of the art covers between 1945 and
1977, the second reported investigations from 1978 to 1985. The data
contained in the first state of the art were limited, and most of the studies
reported were done with RA obtained by crushing concrete used for
laboratory experiments. Such version of RA, relatively clean, would
definitely show a composition and properties at variant with those of
polluted CDW [15-17]. The following conclusions are drawn from the
first state of the art:
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e The presence of crushed concrete fines reduces the workability of
concrete considerably, but their influence on compressive strength is
little. Conversely, the workability of the concrete mix incorporating
recycled coarse aggregate (RCA) is comparable to that of the refer-
ence mix consisting entirely of NA.

e The failure of RAC is initiated by the mortar adhering to the RA,
hence, the adhering mortar is otherwise known as the weakest link.

e Variation in the elastic modulus of the concrete made of RCA and
that of natural aggregate concrete (NAC) is insignificant.

e There are no concerns with respect to concrete resistance to freeze-
and-thaw when RA is sourced from an unpolluted concrete.

e Drying shrinkage of RAC is higher than that of NAC.

The second state of the art contains a more detailed information, but
in summary, it upheld that the major hindrance in using RA for concrete
manufacture is the adhering mortar. However, this problem can be
technically resolved. After almost three decades, Silva et al. [18]
reviewed a total of 236 publications covering from 1978 to 2014,
focusing on both physical and compositional properties of RA. The au-
thors concluded that RA can be likened to a normal aggregate and
globally accepted, if it is well processed and classified. Furthermore, the
following remarks are drawn from the report:

m The strength properties of concrete produced with RA are
negatively influenced by the mixed contaminants associated
with CDW.

A selective demolition approach produces a CDW with less
impurity than the comparable conventional method.
Aggregate size and shape are affected by both crusher type and
number of crushing stages; however, the use of jaw crusher
gives aggregates of best gradation.

Recycling procedure, quality of the parent material, and size,
all affect mechanical properties of RA.

RA obtained from concrete alone is of superior quality than
those sourced from masonry and CDW.

In comparison with NA, RA has a lower density and a higher
water absorption capacity. This is due to the high porosity of
the mortar adhering to the RA.

As opposed to one transition zone in NAC, there exist two
transition zones in RAC, and this is due to the attached mortar.
While one transition zone is formed between the original NA
and the adhering mortar, another is formed as a result of the
interaction between the new and old mortar.

From the foregoing, the downsides of RA for concrete making are
induced by the adhering mortar. Dry mortar being a lightweight sub-
stance is characterized by high water absorption capacity due to high
porosity. As a consequence, according to Wardeh et al. [19], an addi-
tional water is required for RAC mixes to achieve a similar workability
with their corresponding NAC mixes, and such alteration may impact on
the mechanical properties of the RAC. Efforts have been made to remove
the adhering mortar, including chemical process [20-22] and thermal
process [23-26]. But whereas the former introduces chloride and sul-
phate ions (which are detrimental) into the raw material, the latter uses
a high amount of thermal energy, resulting in the emission of carbon (iv)
oxide. On the other hand, some researchers proposed the use of certain
percentages of RA as replacements for NA [27-29], to normalize RA.
This idea of partial substitution with RA limits the full-scale integration
of concrete waste in the production of concrete [30]. Other techniques
suggested include, but are not limited to, altering the water-to-cement
ratio of the concrete mix [31,32], different mixing methods such as
two-stage mixing approach (TSMA), mortar mixing approach, and sand

1265

Structures 39 (2022) 1264-1278

enveloped mixing approach [33-35], and the inclusion of fibres in RAC
mixes [36-40].

The use of fibres in RAC mixes has become popular due to their in-
fluence on concrete responses to compressive, tensile, and flexural
forces, as well as crack development. In terms of compressive strength,
however, some authors reported an increase by fibre addition [41-45],
while others noted a significant reduction [46-50]. This contrasting
result may be attributed to varied fibre contents used, as “balling” effect
is expected in the concrete mix with a high fibre content, which ulti-
mately would impair concrete strength [7]. Other mechanical proper-
ties, including tensile and flexural strengths, of fibre-reinforced concrete
are generally improved. Vaishali and Rao [36] studied the performance
of three different types of fibres, namely; glass, polypropylene and steel
fibres. The authors concluded that steel fibre (SF) had the greatest in-
fluence and that improvement by fibres was more in RAC than NAC.
They also endorsed the use of both RFA and RCA in high performance
concretes, provided that the volume of SF is restricted to 1%.

Remarkably, until 2009, conventional mix proportioning methods
were used to formulate RAC mixes in most research (if not all). Using
such methods developed for concretes containing homogeneous NA,
would assume the heterogeneous RA as uncontaminated. The implica-
tion, therefore, is that the overall mortar content of the RAC mix would
be higher than that of its comparable NAC proportioned with similar
method [51]. Hence, Fathifazl et al. [52] proposed the “Equivalent
mortar volume (EMV)” mix proportioning technique, which considers
the adhering mortar as part of the total mortar content in RAC. This
method uses the actual properties of the RA to determine the right
replacement ratio, eliminating the use of trial-and-error method (per-
centage replacements) suggested in the literature. In addition, the po-
tential risk of any undesirable properties of RA with no history data or
from variety of sources pointed out by Bravo et al. [16], is prevented.
Another group of researchers proposed an optimization-based technique
referred to as particle packing method (PPM), which aims at maximizing
packing density of RCA, thereby minimizing the void content in RAC
[53].

The structural performance of RAC beams was enhanced using the
EMV and PPM methods compared to the conventional method [53-55].
With respect to crack pattern and morphology, Pradhan et al. [55]
observed that there was no significant difference between reinforced
beams of NAC and RAC, but the authors noted that the RAC beam
samples exhibited higher number of cracks than their equivalent NAC
samples. Similarly, Arezoumandi et al. [56] reported that RAC and NAC
beams tested in flexure showed similar crack development but not crack
spacing. The presence of SF improves the flexural strength of RAC
[39,41]. Up to 15% increase in flexural strength was noticed by using
2% (by mass of concrete) SF in RAC compared to NAC with no SF [41].
The results of an experimental study carried out with RCA derived from
demolished old concrete bridge and discarded laboratory concrete
samples showed that the flexural performance of reinforced RAC beams
under short-term loading, were satisfactory for both service and ultimate
loading, compared to NAC beams [57].

To the best of the present authors’ knowledge, no study to date, has
used any known unconventional method to proportion RAC mixes
involving RFA, RCA, and SF. Because RFA constitutes a larger propor-
tion of the crushed concrete than the corresponding RCA, its use in
concrete production would ensure an absolute solution to the environ-
mental impacts of waste concrete. Consequently, the EMV mix propor-
tioning technique developed for concrete containing RCA, was extended
in this work to incorporate RFA. On the other hand, the addition of SF in
RAC mixes is deemed necessary to compensate for loss of strength. The
flexural behaviour of the reinforced concrete beams produced using this
extended EMV approach, were studied alongside other beams, by
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examining the mid-span deflection, failure load and mode, crack initi-
ation and development, strains, and crack width (at the fracture). Also,
compressive strength, tensile splitting strength and hardened density of
the concretes were investigated experimentally.

2. Theory

RA derived from waste concrete can reduce the pressure on dimin-
ishing NA and the environmental challenges arising from construction
and demolition activities, if an appropriate mix design method is
adopted for RAC. Although the quality of the RA obtained from waste
concrete depends on the strength of the parent concrete, recycling
process, and particles size [10,18,58], as well as the extent of contam-
ination. In the writers’ opinion, precast waste concrete at a production
facility site is of high-quality and has not undergone any deterioration,
as such, the RA sourced from them can replicate similar results as NA in
concrete. This view has been expressed by early authors who maintained
that concrete wastes generated from new construction, repair, renova-
tion, and demolition, contain more impurities than those generated from
precast waste described to be of a superior quality and free from im-
purities [59-61]. Therefore, RA from precast waste concrete is believed
to be capable of replacing both fine and coarse aggregates in concrete,
without adverse effects on concrete properties, provided that the
adhering mortar is accounted for during the mix design.

Upon the foregoing, this work was stimulated. To verify these as-
sumptions, a large-scale experimental campaign was undertaken to
examine the mechanical properties of concretes prepared with RA (RFA
+ RCA) from precast waste concrete, using both conventional and the
extended EMV mix proportioning methods. The properties of concretes
consisting of partial and full replacements with RA were compared to
those of the reference mix made entirely of NA. The full description of
the “Extended EMV” technique is given in an earlier study by the authors
[3].

3. Materials and method
3.1. Materials

3.1.1. Aggregates

The NA used in this study was the original aggregate in the parent
concrete from which the RA was obtained. The RA was derived from
condemned precast concrete beams manufactured by Litecast Home-
floors Ltd, Nuneaton, United Kingdom. The information provided by the
company showed that the parent concrete had an average cube
compressive strength of 40 MPa after 24 h. The concrete rubble was
crushed in a Master Compact Crusher 70Go!™ and sieved into fine and
coarse aggregates. The aggregates were then stored in a 60-Litre Plastic
Barrels, according to grades (see Sections 3.1.1.1 and 3.1.1.2). The
moisture content of the aggregates in each container was determined
and used for the concrete mix design, accordingly. Important properties
required to characterize all aggregates were determined according to
relevant standards given in Table 1. The results of the sieve analyses of
both natural and recycled aggregates are given in Fig. 1.

3.1.1.1. Fine aggregates. All aggregates with nominal diameter less than
4.75 mm were regarded as fine aggregates for both NA and RA. The
aggregates are presented in Fig. 2 and their properties are given in

Table 1
Standard for the characterization of aggregates.

Property Standard

Sieve analysis of fine and coarse aggregates

Bulk density and voids in aggregate

Specific gravity and absorption of fine aggregate
Specific gravity and absorption of coarse aggregate

ASTM C136/C136M-14 [62]
ASTM C29/C29M-17a [63]
ASTM C128-15 [64]

ASTM C127-15 [65]
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Fig. 1. Grain size distribution of the aggregates.

Table 2. Because the grain size distributions of the ungraded natural and
recycled fine aggregates varied widely, the aggregates were sieved
through a set of wire mesh in the order of nominal apertures: 2.47 mm,
0.57 mm, and 0.075 mm, to obtain a medium range fineness modulus.
The particles that passed through the 0.075 mm sieve were discarded.
The combining ratio that gave a similar fineness modulus of 2.87 and
2.71 for natural fine aggregate (NFA) and RFA respectively, was 1:2:3
(corresponding to 2.47 mm:0.57 mm:0.075 mm). It is worth mentioning
that the fineness modulus of the ungraded RFA was found to be 3.25.

Generally, the specific gravity of RFA was found lower compared
NFA as shown in Table 2. It can also be observed that the specific gravity
of the RFA increases with increasing particles size, while that of the NFA
shows an inverse relationship with the particles size. The oven-dry and
saturated surface-dry specific gravity of the NFA are respectively 14.3%
and 23% greater than those of the RFA. The average absorptions of RFA
and NFA are 13.0% and 1.0% respectively. Whereas the absorption of
the NFA decreases with particles size, that of the RFA increases as par-
ticles size reduces. This can be attributed to high mortar content present
in RFA produced during the crushing process.

3.1.1.2. Coarse aggregates. Aggregates of maximum grain size 14 mm
which were retained on 4.75 mm sieve, were taken as the coarse ag-
gregates for both NA and RA. The aggregates were graded into two by
sieving them through 4.75-10.00 mm and 10-14 mm sieves. In this
study, all concrete mixes contained 70% and 30% of 4.75-10.00 mm and
10-14 mm grades, respectively. The natural coarse aggregate (NCA) and
RCA are as presented in Fig. 2 and their properties are given in Table 2.
Unlike their fine aggregate counterparts, the specific gravity of both
RCA and NCA are not affected by grain size.

However, the NCA has a higher specific gravity compared with RCA.
The water absorption capacity of both NCA and RCA decreases as par-
ticles size increase, with average values of 0.8% and 5.3% respectively.

3.1.2. Cement, water, and superplasticizer
CEMEX Rapid CEM I Portland cement conforming to the British
standard BS EN 197-1 [66] was used. The physical, chemical, and
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NFA

|
- EP e
0.075 — 0.57 mm 0.57 —2.47 mm 247 —4.75 mm

RFA

0.075 — 0.57 mm 0.57 —2.47 mm 247 —4.75 mm

4.75 —10.00 mm 10.00 — 14.00 mm

Fig. 2. Natural and recycled aggregates used in this study.

mechanical properties of the cement, provided by Rugby CEMEX UK 3.1.3. Steel fibres

Cement Limited, for an average of four set of tests, are given in Table 3. Three types of SF, all made of the same material composition but
Potable water obtained from the laboratory was used. A modified pol- differ in geometry as shown in Fig. 3, were employed in this study. The
ycarboxylate high range superplasticizer known as Sika ViscoCrete 335, length and diameter of the SF are 60 mm and 1.0 mm diameter
was used to achieve the desired workability of the concrete mixes. The respectively, resulting in an aspect ratio of 60. They have a common
product specification conforms to BS EN 934-2 [67] and its technical tensile strength of 1900 MPa, and chemical composition given in

data showed a density of 1.08 kg/1 (at + 20 °C) and maximum alkali Table 4.
content of 0.25%.
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Table 2
Physical and mechanical properties of natural and recycled aggregates.

Structures 39 (2022) 1264-1278

Aggregates Specific gravity Density (kg/m%) Water absorption (%) Void (%) Mortar volume (%)
type size fraction, d (mm) oD SSD Dry-rodded Loose bulk
NFA 0.075 < d < 0.57 2.62 2.64 - - 0.6 - -
0.570 < d < 2.47 2.57 2.60 - - 11 - -
2.470 <d < 4.75 2.48 2.52 - - 1.4 - -
RFA 0.075 < d < 0.57 1.78 2.10 - - 18.1 - -
0.570 < d < 2.47 1.96 2.20 - - 12.1 - -
2.470 < d < 4.75 2.15 2.34 - - 8.9 - -
NCA 4,750 < d < 10.0 2.60 2.63 1543 1450 0.9 41 -
10.00 < d < 14.0 2.62 2.64 1586 1479 0.6 39 -
RCA 4.750 < d < 10.0 2.30 2.42 1300 1207 5.4 43 51.5
10.00 < d < 14.0 2.30 2.42 1293 1171 5.1 44 52.0
OD; oven-dry, SSD; saturated surface-dry.
Table 3 Table 4
Physical/Chemical/Mechanical properties of cement. Chemical composition of SF.
Fineness (m?/kg) - 527 Elements Composition (%)
Initial setting time (mins) - 96
. C 0.7
Expansion (mm) - 0.8 )
. Si 0.22
Loss on ignition (%) - 2.86 M 0.55
Alkalis (Na;0)e (%) - 0.65 ’ n oo
Chloride as Cl (%) - 0.05 s 0.006
Compressive strength (MPa)” 2 days 38.9 .
Cr 0.02
7 days 51.5 )
Ni 0.01
28 days 62.7 G 0.03
Chemical composition (%) Si0, 19.99 Fu B. 1
AlLLO; 475 N alance
Fe,03 2.91
Ca0 63.77 . .
MgO 1.13 ratio of 0.42 and are summarized as follows:
SO3 3.56
Na0(eq) 0.65 (i) Natural aggregate concrete (NAC)—This was the reference mix
;:1{ g'gz consisting of NA and designed using the conventional method.
Cas 4'7 84 (i) Recycled aggregate concrete (RAC)—Both fine and coarse ag-
CoS 2.3 gregates in this mix were recycled, and the mix was designed with
CsA 8.33 conventional method.
C4AF 9.67 (iii) Steel fibre-reinforced recycled aggregate concrete (SFRRAC)—

§ Average of 25 data with a standard deviation of 0.03; 'Average of 25 data;
YAccording to BS EN 196-1.

————————

Fig. 3. Steel fibre types investigated.

3.2. Concrete mixtures

A total of five principal concrete mixtures were designed using both
conventional method and the extended EMV technique. All the mixes
were designed to have 40 MPa target strength, effective water-to-cement
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This comprised of the mix in (ii) and the optimum SF volume ratio
appropriate to the conventional mix design method.

(iv) Blended aggregate concrete (BAC)—This mix consisted of both
natural and recycled aggregates and was proportioned using the
extended EMV mechanism. The replacement level with RA
depended on the mortar content of the RCA as described in Sec-
tion 3.3.2.

(v) Steel fibre-reinforced blended aggregate concrete (SFRBAC)—
This composed of the mix in (iv) and the optimum SF content
appropriate to the extended EMV mix proportioning method.

3.2.1. Preliminary study

Rial mixes were designed and examined experimentally to attain the
desired workability (measured using a slump test) for the concrete mixes
stated in Section 3.2. Concretes for structural purposes are expected to
be consistence class S3 and the slump for class S3 is in the range 90-170
mm [68,69]. Also, the optimization of SF content appropriate to each
mix design method adopted was conducted. This was done by intro-
ducing SF volume fractions 0.125% to 1.50% in the concrete mixes and
testing some cube specimens under compression after curing in water for
7 days. Furthermore, the three types of SF adopted for this study were
investigated at this stage, to determine the one that best improves
concrete strength. In addition, two conventional mix proportion
methods given by the American Concrete Institute (ACI) [70] and the
Department of Environment (DoE) [71] were both assessed experi-
mentally. This was with the intention of determining the approach that
managed resources better without compromising concrete strength at
the same time. The details of the preliminary study have been published
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by the authors [3,72].

In summary, the studies showed that the undulated SF offered the
best improvement than its straight and hooked-ended counterparts. The
optimum SF volume ratios suitable for the mixes proportioned with the
conventional and the extended EMV methods were 1.0% and 0.5%,
respectively. Also, the ACI mix design method performed better than its
equivalent DoE approach, hence, the former was adopted for the present
investigation.

3.3. Mixture proportioning approaches

3.3.1. Conventional method

The absolute volume mix design method given by the ACI Committee
211 [70] was used to proportion the NAC, RAC, and SFRRAC mixes. In
this method, the RA was simply treated like its parallel NA with no
special consideration for the presence of the adhering mortar. However,
the mixing process of the mixes containing RA was different from those
constituting entirely of NA as shown in Fig. 4. All cubical and cylindrical
specimens were compacted in layers, regardless of mix proportioning
method, to achieve full compaction. Vibrating table was used for the

Structures 39 (2022) 1264-1278

cubes and cylinders, while needle vibrator was used for the reinforced
concrete beams. Concrete cubes and cylinders were cured in water by
immersion for the required age (7, 28, and 56 days) whereas the beams
were cured in air at room temperature for 28 days.

3.3.2. Equivalent mortar volume (EMV) method

According to the EMV guidelines, the replacement ratio of NCA with
RCA depends on the residual mortar volume (RMV) of the RCA and a
series of mathematical calculations are involved in the mix design. In
line with the EMV mix design provisions, the maximum theoretical RMV
of the RCA can be obtained using the following expressions:

SGE™ — (Virinea) (SGL)
SGRA

RMV s % = x 100 (€D)]

where VNAC .., SGN4, and SGR are the dry-rodded volume of NCA in
NAGC, bulk specific gravity of NCA, and bulk specific gravity of RCA,
respectively.

There is a possibility of total replacement of the NCA with RCA, only
if the maximum theoretical RMV obtained from Eq. (1) is greater than

Mix for Mix for Mix for
Add
30secs Add 60secs ' 30secs Fresh
NFA +NCA > »|water mixed >
Cement . concrete
with SP
(a) NAC
Mix for Mix for Mix for Add the Mix for
15secs |Add half of| gogsecs Add 30secs . 30secs
remainin, Fresh
RFA + RCA the total > . 108
» cement water mixed concrete
water .
with SP
(b) RAC
Mix for Mix for Mix for Mix for Add the Mix for
15secs |Add half of| gosecs 30secs 60secs . 30secs
RFA + RCA > the total Add Add steel remaining Fresh
cement fibres water mixed concrete
water .
with SP
(c) SFRRAC
Mix for Mix for Mix for Mix for Add the Mix for
REA 4 RCA 15secs Ag:: }:21;0f 60secs Add 305608‘ Add _’>Osecsk remaining 305(3(:3k Fresh
i NFA + NCA cement | water mixed concrete
water .
with SP
(d) BAC
Mix for Mix for Mix for Mix for Mix for Mix for
Add half of Add the
REA S RCA 15secs " t61t {) 60secs Add 30secs Add 30secs Add steel 60secs remaining 3OSeci Fresh
g © tota "INFA + NCA cement fibres | water mixed 7| concrete
water .
with SP
(¢) SFRBAC

Fig. 4. Mixing processes for different concrete mixtures.
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the actual (experimental) RMV of the RCA, otherwise, not viable.
Applying a similar procedure adopted by Abbas et al. [51], the actual
RMV of the RCA used in this study was found to be 52%. Using Eq. (1)
and necessary substitutions, the maximum theoretical RMV was 37.6%.
Thus, the viable replacement ratio with RCA was 60% and this ratio was
also applied to the RFA. The mixing procedures for the BAC and SFRBAC
mixes developed from the extended EMV guideline are illustrated in
Fig. 4. The resulting mix proportions studied, based on oven-dry con-
dition of the aggregates, are presented in Table 5.

3.4. Specimens and testing

An average of 5 cube specimens (100 x 100 x 100 mm) were pre-
pared from each mix and tested for hardened density according to BS EN
12390-7 [73] after 7, 28, and 56 days of curing. Subsequently, the
specimens were subjected to compression test in accordance with BS EN
12390:3 [74] using an automated 2000kN bearing capacity Avery-
Denison compression testing machine. A constant loading rate of 8kN/
s was applied on the specimens until failure occurred. The same machine
was used to test for tensile splitting strength in accordance with BS EN
12390-6 [75] using an average of 3 cylindrical specimens (150 mm
diameter x 300 mm high) prepared from each mix after 28 days of
curing. The application of load was done at a constant rate of stress of
0.05 N/mm?s. Flexural behaviour of NAC, RAC, SFRRAC, and BAC
beams were investigated using 80 x 180 x 1500 mm specimens, in
which two specimens were fabricated from each mix, cured, and sub-
jected to a four-point bending and simply supported test to determine
the ultimate load, strains, mid-span deflections, and crack patterns of the
reinforced concrete beams.

3.5. Instrumentation, test setup and procedures

Rebars of size 10 mm and stirrups of size 8 mm were used to produce
the beam specimens. For each beam, two 10 mm reinforcements and ten
two-legged stirrups (five at each end spaced at 20 mm centre-to-centre),
shown in Fig. 5 were used. Concrete cover of 20 mm to the re-
inforcements was achieved using six rubber spacers placed alternately at
the bottom of the two reinforcements. In order to reveal crack initiation
and propagation during the testing, one side of each beam was first
cleaned of any grits and painted white prior to the day of testing. On the
painted side, a vertical line was drawn at the centre of the beam which
divided it into two equal halves. A total of five DEMEC buttons were

Table 5
Concrete mix proportions.

Concrete constituents (kg/ m3) Concrete mixture

NAC RAC SFRRAC BAC SFRBAC
Water 213 213 213 153 153
Cement 507 507 507 364 364
w/c 0.42 0.42 0.42 0.42 0.42
NFA 707 0 0 203 203
RFA 0 534 534 305 305
NCA 856 0 0 493 493
RCA 0 754 754 754 754
SP 1.27 1.52 3.8 7.28 12
SF 0 0 78.5 0 39.25
Slump (mm) 110 135 135 170 170
Design method ACI ACI ACI EMV EMV

w/c; water-to-cement ratio, SP; superplasticizer.
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Fig. 5. Arrangement of reinforcements, stirrups, and rubber spacers.

installed on each side of the centre line, with the aid of glue, to measure
the surface strains. The horizontal and vertical distances separating the
DEMEC buttons were approximately 200 mm and 40 mm, respectively.

Each specimen was then positioned in the testing equipment main-
taining a clear distance of 1200 mm between the two supports. The
schematic of the test setup for the flexural behaviour is as illustrated in
Fig. 6(a) and the central cross-sectional area of the beams is shown in
Fig. 6(b), in which b = 80mm, h = 180mm, A; = 157.8mm? and y differ
for the various mixes studied. Where b, h, A;, and y are the width of the
beam, overall depth of the beam, cross-sectional area of the of the steel
reinforcements, and neutral axis depth, respectively. A 1000kN servo-
controlled hydraulic actuator attached to a rigid frame was used to
apply the load at 5kN increments and rate of 200 N/s. Before the load
application, the DEMEC readings (with no loads) were noted, and the
mid-span deflection was automatically zero. Subsequently, the DEMEC
readings at the incremental load were taken and recorded. While the
DEMEC readings were taken using a DEMEC gauge, the corresponding
mid-span deflection was read from the computer screen with data logger
with an electronic linear variable displacement transducer (LVDT). A
gauge factor of 0.403 x 10”2 was used to multiply each of the DEMEC
readings and the gauge reading at every load-step was subtracted from
the initial reading (with no loads) to obtain the concrete strain.

The load at the first cracks appearance was noted and the cracks were
amplified with coloured marker and the longest crack at every load-step
was traced using a thread and measured with a ruler. Upon additional
loads, the propagation of cracks was magnified with different colours of
marker and measured accordingly. The corresponding load producing
the cracks were labelled beside them and the load was sustained until
failure occurred. The ultimate load, failure mode, and estimated crack
width were all recorded.

According to Megson [76], the second moment of area about the
neutral axis for composite analysis using transformed area method, is
given by:

1=0by’/3+mA,(d —y) 2
where m is the modular ratio (the ratio of the elastic modulus of steel to
that of concrete) and d is the effective depth of the beam. Also, for
concrete beam of a rectangular section, Megson [76] gave the moment
of resistance, M, as:

M, =f/2by(d — y/3) &)

where f;, is the compressive strength of the concrete. Theoretically, from
Fig. 6(a), the ultimate moment, M,; will occur under the point loads
acting 400 mm from either supports of the beam. This can be expressed

mathematically as:
M, = Pa/2 4

The load value at which the induced moment (Equation (4)) equals
the beam moment of resistance (Equation (3)) is the theoretical failure
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Fig. 6. Idealised equipment setup for the four-point bending test and the central cross section of the reinforced concrete beams.

Table 6
Density of Hardened Concrete.

Age (days) Average density (kg/m®)
NAC RAC SFRRAC BAC SFRBAC
7 2381 2178 2228 2324 2340
28 2363 2182 2238 2358 2370
56 2366 2185 2235 2327 2360
2450
2400
—~ 2350
5
2 2300
2z 2250
E 2200
=}
5 2150
[}
E 2100
2050
2000
NAC RAC SFRRAC BAC SFRBAC

Concrete mixes

Fig. 7. Average density of hardened concrete showing the influences of RA, SF,
and mix proportioning method.

load [77]. Therefore, the ultimate theoretical load, P, can be expressed
as:

Py =2M,/a )

Substituting the dimensional values of the transformed beam section
and the modular ratios into Equations (2)—(5), the theoretical values of
M, and P, for all the mixes studied were obtained, presented, and
compared with their experimental counterparts in Table 7. The details of
the calculations are given in Appendix A.

4. Results and discussion
4.1. Hardened density
Table 6 shows the density of hardened concrete from the five mixes

studied, measured at 7, 28, and 56 days. The density of hardened con-
crete was determined at these ages because compressive strength was
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Fig. 8. Effect of curing age on the compressive strength of concrete.

required at the periods. However, since density does not change with
age, the average density of fifteen specimens for each mix was plotted in
Fig. 7. Obviously, Fig. 7 shows that the addition of SF improved the
density of hardened concrete despite the mix proportioning method.
This is evident when the densities of SFRRAC and SFRBAC are compared
to those of RAC and BAC, respectively.

In general, the hardened density of RAC consisting of 100% RA and
proportioned using the traditional method was reduced by 8% compared
with that of NAC. This variation was reduced to 6% when SF was
introduced to the RAC mix. Using the extended EMV mix proportioning
technique, however, only 1% difference was observed between the
hardened density of BAC and NAC mixes, in favour of the latter. Further
reduction to 0.8% was recorded in the density of concrete when SF was
added to BAC mix (that is, the SFRBAC mix). The density of the BAC mix
showed up to 7% higher value than that of the RAC mix.

4.2. Compressive strength

The compressive strength of concrete was affected by curing age,
aggregate type, RA content, SF addition, and mix proportioning method
as shown in Fig. 8. The compressive strength of concrete improved with
curing age regardless of the mix proportioning method and aggregate
type used. This was expected due to hydration process of the cement
composite. The reference mix showed a higher compressive strength
than the corresponding mixes containing RA, irrespective of the
replacement level with RA, presence of SF, or mix design method. In
comparison with NAC mix, the difference in compressive strength of
RAC, SFRRAC, BAC, and SFRBAC mixes measured at 7 days was 23.5%,
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10.8%, 7%, and 12.9%, respectively. These gaps were substantially
reduced at 28 and 56 days. This is because the rate of strength devel-
opment is higher in concrete containing RA than in normal concrete
[78,791, as a result of further hydration reaction induced by the residual
mortar [80].

In terms of substitution ratio with RA, the BAC mix consisting of 60%
RCA and RFA showed up to 17.8%, 12.5%, and 12.5% greater
compressive strength at 7, 28, and 56 days respectively than the com-
parable RAC made of 100% RA. It can therefore be concluded that the
compressive strength of concrete decreases as the RA content increases.
This is in agreement with the findings of previous researchers [29,81].

The compressive strength of the RAC mix proportioned with con-
ventional method was enhanced by the introduction of SF as shown in
Fig. 8. Similar findings have been reported in the past [41-45]. The
bridging effect of SF which prevented the propagation of micro-cracks
was responsible for the improvement. Additionally, it was reported
that the hydration reaction of the paste was promoted by the presence of
SF and more complete compared to concrete with no SF [37]. This study,
however, showed that the influence of SF on the compressive strength
depended on SF content and mix proportioning method adopted. The
presence of SF in the SFRBAC mix resulted in a harsh mix (due to high
coarse aggregate content), thereby reducing strength.

Using the extended EMV mix proportioning approach resulted in a
remarkable improvement on the compressive strength of the concrete.
Even though the cement content in the NAC mix was significantly higher
than that of the BAC mix, there was only 7% difference in their
compressive strength in favour of the reference mix. This impressive
outcome of the BAC mix was due to higher dosage of superplasticizer
and improved particle packing. According to Moosberg-Bustnes et al.
[82], the use of superplasticizer induces a loose but more homogeneous
particles packing in the concrete matrix. Table 5 shows that the BAC mix
contained a higher amount of superplasticizer relative to the RAC mix. It
has also been reported that RCA has a lower packing density than NCA
due to the mortar adhering to the RCA [19]. Therefore, the BAC con-
taining 60% RA is expected to have a higher packing density than the
equivalent RAC consisting of 100% RA. Since concrete properties are
enhanced by packing density [53], the BAC showed a higher strength.

Comparisons of results were made between the present study and
previous investigations where the EMV method was used to design the
concrete mix incorporating just RCA. Gupta and Bhatia [83] reported a
higher compressive strength for the concrete prepared with RCA using
the EMV guide compared to the conventional concrete. Up to 13%
greater strength was observed for the recycled concrete proportioned
with the EMV procedure than the normal concrete [52]. In the current
study, the BAC mix proportioned using the extended EMV technique, did
not achieve a higher compressive strength than the NAC. This may be
due to the presence of RFA in the BAC mix, and the fact that the quality
of the RCA used here differ from those of the previous works as shown in
the reported residual mortar contents of their RCA.

4.3. Tensile splitting strength

According to Fig. 9, all mixes consisting of RA showed a higher
tensile splitting strength than the reference mix, despite the substitution
ratio with RA. This agrees with the results published by early researchers
[39,84-86]. The tensile splitting strength of RAC mix made of 100% RA
was 4.05 MPa, while its comparable NAC consisting of 100% NA was
3.80 MPa. The BAC showed a tensile splitting strength of 4.30 MPa,
exhibiting up to 6% and 12% more strength than the parallel RAC and
NAGC, respectively. Fathifazl et al. [52] reported a similar result of 11%
higher strength for the RAC proportioned with the EMV method than the
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Fig. 9. Tensile splitting strength of concrete at 28 days.

conventional concrete. It can be deduced that RA content has a minimal
effect on this property of concrete. This confirms the position of previous
authors who maintain that the tensile strength of the RAC depends on
the quality of RA rather than the amount used [5,59,85].

The results presented in Fig. 9 also show that the tensile splitting
strength of the mixes incorporating SF is significantly higher than those
of other mixes. This was expected due to the ability of SF to bridge
cracking propagation, thus sustaining more load prior to failure. Ac-
cording to Akinkurolere [87], post-cracking resistance and toughness of
concrete are improved by SF. Although SFRRAC showed up to 33%
improvement over the RAC, there was no substantial difference between
the tensile strength of SFRBAC and BAC. In fact, the inclusion of SF led to
a slight decrease in the tensile splitting strength of SFRBAC compared to
BAC. The reason is because the BAC mix (with a high volume of coarse
aggregate) became harsh when SF was added, leading to strength
reduction.

4.4. Flexural behaviour

4.4.1. Ultimate load

Table 7 shows that the SFRRAC had the highest load bearing capacity
compared with NAC, RAC, and BAC beams. The SFRRAC beam con-
sisting of 100% RA showed up to 8% greater load capacity than the
comparable NAC (reference) beam. The results also show that the effect
of SF on the load capacity of the concrete beams containing RA,
increased above 13% when the RAC and SFRRAC mixes are compared.
Evidently, the RAC beam had the least resistance to the applied load, and
this was due to the RA content in the mix. There was about 6.3% defi-
ciency in the load resistance of the RAC beam relative to its corre-
sponding NAC beam.

However, using an alternative to the conventional mix proportioning
method enhanced the ultimate load capacity of concrete made of RA. In
Table 7, the BAC mix proportioned with the extended EMV method,
produced beams with up to 6% higher load capacity than the parallel
RAC mix. There was no significant difference in ultimate load between
the BAC and NAC beams. It is noteworthy that the cement content of the
BAC mix was substantially lower (143 kg per m® of concrete) compared
to those of the RAC, SFRRAC, and NAC mixes.

4.4.2. Cracking development and failure mode

Fig. 10 shows the cracking pattern of all the beams tested. In terms of
crack initiation, the RAC beams had their first cracks at 15 kN load while
those of other beams occurred at 20 kN load. The average number of first
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Table 7
Summary of results for the beams.

Structures 39 (2022) 1264-1278

Mix ID Ultimate load, Py (KN) Ultimate moment, M, (kNm) Mid-span deflection”, & (mm) Estimated crack width", (mm)
Ep Tp Ep/Tp Enm Tm Em/Tm

NAC 63.7 74.0 0.86 12.7 14.8 0.86 8.47 4.0

RAC 59.7 62.3 0.95 11.9 12.5 0.95 7.60 3.5

SFRRAC 69.0 68.1 1.01 13.8 13.6 1.01 11.75 3.0

BAC 63.4 69.5 0.91 12.7 13.9 0.91 10.37 1.0

Note: E and T mean experimental and theoretical respectively; 'Deflection at the load step before failure occurred *Crack width at failure.

(d) SFRRAC

Fig. 10. Crack patterns of the beams under four-point bending and simply
supported test.
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cracks observed was 10, 9, 3, and 4 for the NAC, RAC, BAC, and SFRRAC
beams, respectively. The corresponding longest of these first cracks
measured were 70 mm, 97 mm, 60 mm, and 56 mm, respectively. It must
be stated that for all the samples, cracks emanated from the tensile zone
(bottom) of the beam and their nature was hair-like. The cracks stag-
gered upwards from the bottom, concentrating mostly toward the
middle-third of the span of the beams, and were all flexural as indicated
in Fig. 10(a)-(d). More cracks developed and spread within the span of
the beams as the load intensity was increased, leading to shear cracks
which migrated from the support region and progressed toward the
nearest point load.

The concrete in the compression zone (top) of the beams crushed as
the load intensity was sustained, then failure was induced. Typically, the
neutral axis depth kept reducing following cracks development upon
load application, resulting in a corresponding reduction of the
compression zone. The steel reinforcements yielded first, followed by a
localized crushing of the concrete (in the vicinity of the point load) in the
compression zone as shown in Fig. 10. This type of failure is normally
regarded as a ductile mode of failure.

Although the nature of cracking propagation in the NAC, RAC, and
BAC beams containing no steel fibres was similar, the BAC beam had
fewer and lesser severe cracks (both before and at failure) than all the
other beams including the SFRRAC beam. This was due to a higher
content of coarse aggregate in the BAC mix compared to other mixes.
Previous researchers observed that when a concrete beam was subjected
to flexural testing, cracking propagation was impeded by coarse aggre-
gates and the cracks found a path of lowest resistance round the ag-
gregates [88]. Additionally, the BAC mix constituted a greater volume of
superplasticizer (which offers a better particle packing density in con-
crete) than the rest mixes and this significantly contributed to the
observed behaviour.

Overall, the SFRRAC beams showed the highest number of cracks on
average, but the intensity of the cracks was much lower compared to
those of the other beams. It was also observed that while the cracks
developed by the beams containing SF were mostly disjointed upon
additional load, those of the beams without SF were typically contin-
uous. Apparently, the presence of SF engendered a more ductile mode of
failure.

4.4.3. Load-deflection

Fig. 11 shows the plot of the load at each load step against the cor-
responding mid-span deflections for both experimental and theoretical
values for all the mixes. In theory, according to Megson [76], the
deflection (8) for a simply supported beam loaded as illustrated in Fig. 6
(a) is related to the applied load (P), shear span (x), elastic modulus of
concrete (E), and second moment of area of the beam about the neutral

axis (I) as follows:
8 = = —23Px’ /48Kl (6)

This relationship was used to obtain the values for the theoretical
deflection at the mid-span. The experimental results show that all the
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Fig. 11. Experimental and theoretical load—deflection plots obtained at every load-step for the beams from different mixes.

beams produced from mixes proportioned with the conventional method
(including the reference mix), exhibited a similar load-deflection
behaviour at the mid-span. Consequently, the general theory of bending
appropriate for conventional concrete can be applied to the concrete
containing RA. Conversely, the BAC beam showed a load—deflection
response at variant with the other beams, and this may be linked with
the higher coarse aggregate content of the BAC mix. It can also be
observed that the difference between the experimental and theoretical
load-deflection responses is narrower for the BAC beam than the beam
realised from mixes prepared using the conventional method. Further-
more, the load-deflection plots showed that the BAC beam had a higher
ductility compared to both NAC and RAC beams and similar ductility
with the SFRRAC beam (even with the presence of SF). However, it is
important to mention that the elastic modulus of concrete used in this
study was estimated according to ACI 318R [89]. Thus, the difference
between the observed and calculated values of the deflection is expected
to range from 80 to 120% due to mix proportions and elastic modulus of
aggregate which affect the elastic modulus of concrete [89]. Generally,
the results of this investigation show that the load-deflection responses
of the concrete beams containing RA are comparable to that of the
conventional beam made of NA.
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4.4.4. Strains

Fig. 12 shows the plot of the strains developed in the beams as the
loads were applied. Apparently, there is a linear distribution of strain
across the depth of the beams. Regardless of aggregate type, the beams
produced from the mixes without SF exhibited a similar pattern of strain
distribution. Conversely, the beam incorporating SF had a different
strain distribution pattern. A maximum strain value of 0.0044 was
recorded for both BAC and SFRRAC beams prior to failure, exceeding
those of their comparable NAC and RAC beams. The ability of SF to
intercept cracks in the SFRRAC beam and the higher volume of coarse
aggregate (which also restrained cracks) in the BAC beam, were the
factors responsible for the observed result. The points at which the lines
of best fit intersect the vertical axis of the plots are referred to as neutral
axis depth. It can be noticed in Fig. 12 that the neutral axis position was
shifting with increasing load, and it almost stabilized at a higher loading.
The results show that the experimental values of the neutral axis depth
range from 56-70 mm, 54-70 mm, 50-110 mm, and 52-68 mm for the
NAC, RAC, SFRRAC, and BAC beams respectively, measuring from the
top of the beams. Their equivalent values from the analytical approach
are 50.19 mm, 52.36 mm, 51.23 mm, and 50.97 mm, respectively. These
results show a good correlation between the experimental and analytical
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investigations.

It should be mentioned that the accuracy of the strain values depends
on the placement of the DEMEC buttons at the right positions. This is a
difficult task to achieve with 100% accuracy for all the ten DEMEC
buttons (as in the current study). Another factor that may have influ-
enced the analytical results is the fact that the elastic modulus of con-
crete was estimated from a mathematical equation, which ultimately
would affect the modular ratio of the composite beam used in deter-
mining the neutral axis position. Also, during the casting operation
(vibration of concrete), the positions of the reinforcements may have
changed due to a possible shift of the spacers, resulting in the alteration
of neutral axis positions. However, based on the results of this study, the
flexural behaviour of concrete beams containing RA does not vary
significantly from that of the conventional concrete beam. Again, the use
of the extended EMV mix proportioning approach offsets the re-
quirements for SF in the concrete containing RA and results in low
carbon footprint. Therefore, it can be stated that the BAC beam serves as
a better replacement for the conventional beam than the SFRRAC beam
from both economic and environmental points of view.

5. Conclusions

The flexural performance of reinforced concrete beams containing
both recycled coarse aggregate (RCA) and recycled fine aggregate (RFA)
with steel fibres (SF) were investigated experimentally and presented in
this work. Compressive strength, splitting tensile strength, and hardened
density of concrete were also studied. A total of five mixes were
formulated using both conventional and alternative mix proportioning
methods to evaluate load capacity, crack pattern and development,
strain, and mid-span deflection of the beams. The alternative method
known as Equivalent mortar volume (EMV) technique, which was
developed for RCA, was extended in this study to incorporate RFA, and
referred to as extended EMV method. Based on the results of this
investigation, the following conclusions were drawn:

= The EMV method can be adapted for RFA in concrete produc-
tion by applying the same substitution ratio obtained for RCA,
with no devastating effects on the mechanical properties of the
resulting concrete. However, to attain the desired workability,
the slump value of the BAC mix prepared using the extended
EMV method varied by up to 35% compared with the reference
mix.

m The mechanical properties of concrete were affected by both
recycled aggregate content and presence of SF. At full
replacement with recycled aggregate, compressive strength and
hardened density decreased by up to 21% and 8%, respectively,
while the splitting tensile strength increased by about 6% when
compared with the reference mix. The influence of SF on
splitting tensile strength depended on mix design method, with
the conventional and unconventional methods leading to 38%
and 10% increase, respectively.

m The SFRRAC beam showed the highest load bearing capacity

than the corresponding NAC, BAC, and RAC beams, with about

8%, 8%, and 13% difference, respectively. A similar trend was

observed for the moment capacity of the beams.

Cracks in the NAC, SFRRAC, and BAC beams were initiated at a

load of 20kN while those in the RAC beam occurred at a load of

15KkN. In terms of crack pattern, the NAC, RAC, and BAC beams
were similar, however, the BAC beam showed a relatively lesser
severe and fewer number of cracks attributed to greater quan-
tity of coarse aggregate. On the other hand, the SFRRAC beam
had the highest number of cracks but were mostly disjointed
due to the bridging effect of the SF. At the fracture, the BAC and

NAC beams showed the least and highest estimated crack width

of 1.0 mm and 4.0 mm, respectively. Therefore, the BAC beam
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showed a better performance at serviceability limit state than
all the other beams.

m All test beams failed in a ductile manner regardless of aggregate
type and mix proportioning method, although the use of SF was
of added advantage in this regard. Also, there was a good cor-
relation between the observed and predicted mid-span deflec-
tion for both the reference and BAC beams.
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Example: This illustrates the determination of the theoretical parameters defining the reinforced concrete beams produced from NAC mix. Recall

the following:

i. Concrete cover,C = 20mm

ii. Area of steel reinforcements (2Y10), A; = 157.08mm 2
iii. Width of beam,b = 80mm
iv. Overall depth of beam,h = 180mm

Hence, the effective depth of beam,.d = h—C —0.5 x diameter of steel = 155mm

v. Shear span of beam,a = 400mm

vi. Elastic modulus for concrete, E, = 4700\/fc where f; is the compressive strength of the concrete (MPa)

vii. Elastic modulus of steel,E;
Therefore, the modular ratio,.m = E/z, = 210000/34300 = 6.12
(1) Determining the neutral axis depth,y

From Equation (1), the neutral axis depth, y is given by:

y= mA.\/b<\/l+Td/mA.\. - 1)

Substituting,.y = 6.12 x 157.08/80<\/1 T2 x80x 155/6.12 x 157.08 71)

This gives,.y = 50.19mm
(2) Determining the moment of inertia,.l

From Equation (1), the moment of inertia, I is given by:
=0y’ /3+mA,(d —y)

Substituting,.I = 80 x 50.193/3 + 6.12 x 157.08(155 — 50.19)?
This gives, I = 13931814.41mm “.

(3) Determining the moment of resistance,.M,

From Equation (2), M; is given by:

M, = ¢ /2 [by(d — y/3)] where f, is the cylindrical compressive strength of the concrete.

Substituting,.M, = 53.3/2 x 80 x 50.19(155 —50.19/3) x 105
This gives,.M, = 14.8kNm

(4) Determining the ultimate load,.P,,
From Equation (4), the ultimate load, P,y is given by:.Py, = 2M;/a

Substituting,.Py, = 2 x 14.8/0.4
This gives,.Py, = 74kN

Similar procedures were followed to obtain the corresponding values for the RAC, SFRRAC, and BAC beam:s.
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