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Abstract: Reducing the crack width is a vital feature for protecting rebars from corrosion. In this
investigation, the impact of steel fibres (SFs) on the cracking of recycled coarse aggregate reinforced
concrete (RCARC) beams was investigated. Twenty-seven reinforced concrete (RC) experimental
samples (150 mm X 200 mm X 1500 mm) were manufactured. Shear rebars were considered with
different spacings. Specimens were tested under a four-point flexural setup. Recycled coarse aggregate
(RCA) from a destroyed building was employed at 0%, 50% and 100% by weight. SFs were added at
three contents (0%, 1% and 2%) in order to reduce the crack width. The mid-span load-displacement
relationship and the crack propagation and width were measured during the tests. Therefore,
this study intended to assess the impact of utilising RCA and natural coarse aggregate on cracks’
spacing and propagation in RC beams when SFs were employed. The obtained outcomes were
compared with the requirements of CSA 5474, NS 3473E, EC2-04, CEB-FIP and ACI 224R-01. It was
found that enough shear rebars should be provided through the beams to control the crack width and
propagation, but that SFs enhanced the bending performance of RCARC with no shear rebars.

Keywords: crack width; flexural behaviour; recycled aggregate; reinforced concrete beams; steel fibres

1. Introduction

The corrosion of rebars accelerates when cracking occurs in reinforced concrete (RC) members.
Cracking in RC is a phenomenon that cannot be avoided under tensile or flexural loading. Many types
of research have been performed on the width of cracks in RC members [1-9]. Cracking occurs because
of exceeding the concrete tension strain from the maximum tension capability. Therefore, rebars endure
the tension force beyond what caused the cracks [10-14]. In many theories, slip is ignored at the first
stage of cracking [11-14]. Therefore, the sections do not remain in place in the crack section.

Arora and Singh [15] studied the flexural performance of a concrete beam made with 100%
recycled coarse aggregate (RCA) that was subjected to fatigue failure. The results were compared
with those of natural coarse aggregate (NCA) concrete beams. They revealed that using 100% RCA in
concrete in the place of NCA resulted in poor fatigue performance. Choi and Yun [16] studied the
long-term deflection and flexural performance of reinforced concrete beams with RCA. The specimens
were loaded for 360 days. Furthermore, the experiments were compared with ACI 318 analytical
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outcomes and a new model was proposed to calculate the long-term flexural deflections. Similar crack
patterns were observed, regardless of the aggregate type, even though several cracks occurred in the
beams made with recycled aggregate. Azad [17] studied the flexural behaviour of reinforced concrete
beams made with recycled waste materials. In this study, polyethylene terephthalate (PET) wastes
were used as a recycled material. The results indicated that PET waste could be used in concrete in
proportions up to 15%. Gao and Zhang [18] investigated the flexural behaviour of steel fibres (SF)
RCA concrete. The flexural strength, toughness and deflection dramatically improved by increasing
the SF content. Based on previous studies, it is clear that adding SFs to RCA concrete beams is an
effective method for improving their performance. Seara-Paz et al. [19] evaluated the influence of RCA
on the flexural performance of reinforced concrete beams. The specimens were subjected to four-point
loading after 28 days. The cracking behaviour showed differences between RCA and conventional
concrete. Therefore, it is possible that using SFs could enhance the bending performance of RCA beams.
Tosic et al. [20] compared the flexural performance of RCA-reinforced concrete with the Eurocode
equations, based on 217 experimental specimens. They found that Eurocode 2 could anticipate the
bending and shear resistance of RCA concrete beams without stirrups. Tarek et al. [21] used brick as
the RCA to manufacture specimens. The results were compared with the proposed ACI 318-14 model
to predict the flexural performance of the concrete beams. In comparison with virgin brick aggregate,
the use of RCA did not reduce the cracking moment nor the maximum load-bearing capacity of the
specimens. Zaetang et al. [22] used RCA at 0%, 20%, 40%, 60%, 80% and 100% by weight to produce
concrete. Although the RCA beams were weaker than the NCA beams, improvements in the strength
and abrasion resistance were obtained because of better bonding between the RCA and the cement
paste due to the increased surface porosity and roughness of RCA.

Conversely, SFs offer a solution for reducing crack propagation. In some studies, the shear cracking
in RC beams was investigated by using SFs only, a shear rebars ratio and the combination of stirrups and
SFs [23-26]. Furthermore, the post-cracking stress transferability in concrete increases by increasing the
SF content [27-32]. To evaluate the correct potential of the fibres, the transferred post-cracking stress
through cracks must be considered by including an additional contributing term [33]. The slip occurred
in tension rebars. Therefore, the load—displacement relationship can be measured as a criterion to study
cracking [34-40]. Additionally, high SF contents improve the tensile strength of concrete members
by improving the bond resistance between the concrete and rebars [41]. Conversely, if an insufficient
SF content is used, the tensile strength is not considerably enhanced [42]. In 2008, Kim et al. [43]
investigated the performance of FRC beams with four kinds of fibres and two SF contents (0.4 and 1.2%).
According to the results, high strength steel twisted fibres perform significantly better than other SF in
a higher strength matrix. Altun and Aktas [44] evaluated the influence of SF on the bending behaviour
of lightweight concrete beams. Therefore, cracks propagate faster in RC members manufactured
using lightweight concrete than in normal and high-strength concrete. It was shown that SFs increase
the toughness capacity of prismatic concrete beams and their ductility. Yoo et al. [45] studied the
post-cracking performance of normal and high-strength SF-reinforced concrete beams. The flexural
strength, post-peak ductility and deflection capacity significantly increased by using a 1% SF content.

Mertol et al. [46] evaluated the effect of SF contents on the flexural behaviour of RC beams.
For over-reinforced specimens, the post-peak stiffness of the beams was significantly lower than
that of normal-weight concrete specimens. Patil and Single [47] tested SF reinforced concrete beams
under predominant torsion and bending. They showed an improvement in the torsional strength,
combined torsional-shear—bending strength and crack strength of the concrete when SFs were used.
Luccioni et al. [48] investigated the static and dynamic behaviour of SF RC beams. Improvements were
found in the static bending response with different fibre contents compared to those conducted under
dynamic loading. Lee et al. [49] determined the structural response of SF RC beams under different
loading values. The results indicated that the use of SFs improved the ductility of the beams regardless
of the strain rate. Furthermore, the shear strength of the SF-reinforced beams substantially improved.
RCA generally represents a way to change a waste creation into a reserve. Consequently, utilising
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demolished supplies as an alternative to natural ones could be a beneficial technique to keep the
environment safe. RCA has widely been utilised in non-structural concrete elements and lower feature
uses, such as back-fills and lower layers of roads, and natural aggregates have been used in a wide range
of structures [50]. Alternatively, SFs not only delay the creation of cracks but also control their growth,
and when combined with the post-crack bridging capability of fibres, SFs diminish the width of cracks
when concrete is restrained [51]. In the hardened state, the interaction between SFs and mortar plays a
bridging role in order to delay the widening of cracks. Therefore, if sufficiently high contents of SFs
are provided in the specimens, the tension resistance of the concrete matrix will substantially increase.
Furthermore, the bridging role of SFs in the mortar resulted in obtaining the composite performance of
concrete that causes a transition from micro-cracks to macro-cracks and prevents increasing the cracks’
width. In concrete with a low fibre content, the fibres do not meaningfully enhance the tension and
bending resistance of the concrete. Alternatively, in concrete containing a high SF content, the benefits
of fibre reinforcement include raising the tension resistance, the strain-hardening response before
cracking and a boosted stiffness beyond crack instalment [51]. When the member with fibres undergoes
bending, their presence leads to enhancing the shear behaviour of the RC member. Furthermore, using
fibres at the cracks’ location causes a postponement of the crack extension [52].

Different standards suggest different equations to predict the crack spacing and width in RC
beams. According to CSA S474 [53], the average crack distance (S,) is calculated as follows:

kikadphes b

Sm,CSA = 2(6 + 0.15) + ,
Ast

)
wherec, s, b, d, and Ag; are the reinforcement cover (mm), outer rebar’s layer distance (mm), cross-section
width (mm), rebar diameter (mm) and outer area of the tension rebar’s layer (mm?), respectively.
Furthermore, k; refers to the participation rate and boundary condition coefficients for rebars, which are
considered equal to 0.4 and 0.8 for smooth and conventional rebars, respectively; k; is the strain
coefficient, which is equal to 0.25(¢1 + €2) /2¢1, where €1 and ¢ are the highest and lowest effective
strains in the tensioned area, respectively. Moreover, hi ¢y is the effective tensioned depth (mm) and is
considered equal to the largest amount of either ay + 7.5d;, or a; + 7.5d,. Furthermore, it should not
be much larger than the tensioned area or half the height of the section, according to CSA 5474 [53].
Furthermore, it should not be much larger than the area of the tension or half the thickness as shown
in Figure 1.
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Figure 1. Thickness of the buried area according to CSA-5474-2044 [53].

NS 3473E [54] presents a similar equation for calculating the average crack distance, as follows:
k1kod

Smns = 2(c+ 0.1s) + =, @)
Ptns

where ¢ and s are the concrete cover’s and the outer rebar layer’s distance (mm), respectively. k; is an
environmental factor that is based on the rebar’s corrosion, which is equal to 0.4 for ribbed rebars;
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ky is a strain factor equal to 0.25(¢1 + €2) /2¢1, where €1 and ¢; are the highest and the lowest effective
strains in the tensioned area, respectively. p, is the effective rebar’s ratio, equal to Ast/Act, where Ay
is the effective cross-section area of concrete and Ag; is the area of the tensile rebars (Figure 2).
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Figure 2. Calculation of the effective area to determine the flexural crack spacing, according to NS
3473E 2003 [54].

CSA 5474 [53] and NS 3473E [54] propose a similar formula to anticipate the crack spacing,
with little variance in the slope of strain, which calculates the effective rebar’s section. According to NS
3473E [54], the crack spacing is determined using the following relationship.

Wk,NS = 1-7Wm,NS/' Wm,NS = rwe1Smns, 3)
B (Usr )2

=1-—|—| 204 4

’ 25k \og ) = ()

where the correction coefficient r represents the plasticisers” impact on the hardened concrete’s strain.
€1 is the tensile strain in the outer tensile rebar’s layer, according to a non-axial stress distribution,
with the main stress direction parallel to the longitudinal reinforcement, ¢; = €5 = 0s/Es. os, Es and
S are the steel rebar’s stress, the steel rebar’s modulus of elasticity and the average distance between
cracks, according to Equation (2), respectively. Furthermore, f8 is the conditional factor, which is defined
according to the environment condition (in a natural condition with no humidity, it is considered
equal to 1), and k; is equal to 0.4 for ribbed rebars. CSA-5474-04 [53] recommends calculating the
average crack spacing according to average crack spacing as in Equation (1). According to EC2 [55],
the concrete cover is the first parameter that affects the flexural crack’s spacing. According to this
standard, the average flexural crack’s spacing can be obtained using the following formula:
dpAct

Smecz = 2C+kiky 14, ©)
where C and d,, are the reinforcement cover and diameter (mm), respectively. A /A is the effective
cross-section rebar’s ratio. k1 is equal to 0.8 and 1.6 for ribbed and smooth rebars, respectively. k; is
equal to 0.5 for members under bending and 1.0 for those under pure torsion (Figure 3).
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The crack spacing (W) is calculated as follows:
Wi eco = Bec2; WinEc2 = SmEc2&€s2, (6)

where Wy g; is the design crack spacing, S,, ec» the crack spacing according to Equation (3) and £ is a
dimensionless coefficient between 0 and 1. ¢, is the average strain under external load combinations.
Becz is the average cracking ratio for design purposes

CEB-FIP [56] suggests a different formula for predicting the crack spacing. According to this
standard, the crack spacing can be obtained utilising the formula below:

2
Sm,CEB = gls,mam (7)

where [ ;,,4x is the length of tension rebar’s slip, which can be calculated using Equations (8) and (9) for
the complete cracking and first crack, respectively:

dp
3'6ptCEB ’

ls,max = (8)
052 1

Ll . S 9
27y b<1+a)ptCEB ©

ls,max =

where 0 is the rebars’ tension stress at cracking (MPa); d;, is the rebar’s diameter (mm); 7} is the
mean value of the boundary stress (MPa), which is equal to 1.8 ., (), Where f.;, () is the average value
of concrete’s tensile strength at cracking (MPa). p;,, is the effective rebar’s area, equal to As; /A,
where Ag; and A are the longitudinal rebar’s area and the concrete’s effective cross-sectional area,
respectively. Furthermore, to simplify Equation (9), the value of (1 + a )can be considered equal to 1.0,
where a is the ratio between the moduli of the elasticity of steel and concrete (g—z) CEB-FIP [56] offers
the following equation to determine the flexural crack spacing:

Wk,CEB = ls,max(ESZ - ,BCEstrZ - 5cs>/ (10)

where ¢ is the free concrete shrinkage strain, ¢4 is the rebar’s stress due to the cracks under an
equivalent load fet,, which can be calculated as Acgfesrz = fotm/ Acef(l + aptCEB)' Furthermore, BcEp is
a dimensionless constant and ¢ is the steel’s strain, which can be ignored in the transition section.
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Using ACI 224R-14 [57], the maximum crack spacing in the beams and slabs is calculated based on static
analysis. Thus, the maximum bending crack spacing can be calculated using the following formula:

Wi act = 0.076Bactfs VdcA x 1073, (11)

where Wy sc; is the maximum crack spacing (mm), f; is the steel rebar’s stress (MPa), d. is the cover
of the outer tensile rebar’s layer (mm) and A the symmetrical concrete’s cross-sectional area (mm?).
BAacr is a ratio equal to 1.2 times the space between the horizontal axis and the concrete’s outer tensile
layer divided by the distance between the horizontal axis and the longitudinal rebars in the RC beam,
as shown in Figure 4.

Centroid of the
flexural tension
rebars

A ogr =Effective tension area
/' ” {(Shaded area / No. of bars)
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Figure 4. Determination of A, d. and S to calculate the flexural crack spacing according to ACI
224R-01 [57].

According to ACI 224R-14 [57], the moment crack spacing restricts the rebars stress f; at the
cracked section under a load of 2/3f,. Furthermore, the distance between the tensile rebar’s and
concrete’s outer tensile layer (S) should not exceed the following value:

95000
S(mm) = 15( 540,

)—zscm (12)

where C, is the minimum distance between the surface tensile rebar’s or prestressed rebar’s and the
concrete’s outer tension layer.

2. Research Significance

A short-term literature review indicated that many types of studies have been done to evaluate
the crack spacing and width in RC beams. According to previous studies, crack spacing is slightly
reduced by increasing the SF content. Alternatively, SFs can enhance the bending and shear behaviour
of concrete beams [58-60] but the impact of RCA on the flexural and shear crack width and propagation
has not been studied. Therefore, in this study, the influence of RCA and SF on the compressive
and tensile strength of concrete was evaluated because the compressive and tensile strengths of
concrete influence the flexural and shear strength of RC beams. This issue could also be observed
in models proposed by several standards. Then, the influence of SFs on the crack spacing of RC
beams manufactured using different values of RCA and NCA, as well as of the shear rebar’s spacing,
was analysed. The main objective was to control the cracking and their propagation in RC beams
when RCA was used, which is an important factor in the failure mode of RC beams and the corrosion
potential of rebars. After the evaluation of cracking and their width in experimental specimens,
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the results were compared with those from numerical models proposed by several standards to show
the ability of codes to predict crack widths when RCA and SFs are used.

3. Materials and Methods

3.1. Specimens’ Specifications

As discussed above, the crack spacing and propagation in SF RCARC beams was investigated.
In this section, the properties of materials” and specimens’ characteristics are described briefly.

The NCA was characterised according to the Chaboki et al. investigation [58]. In this research,
RCA and NCA were used in specimens. The RCA came from demolished buildings and RCA was
incorporated at 0%, 50% and 100% by weight. The used NCA and RCA are demonstrated in Figures 5
and 6, correspondingly. Additionally, the grading graph of the aggregates is demonstrated in Figure 7.
The characteristics of the aggregates were determined and are shown in Table 1.

——100% Natural Aggregate

___50% Natural Aggregate
50% Recycled Aggregate

—--100% Recycled Aggregte

(Passing)%

0.1 1 10 1

Sieve size(Log scale){mm)

Figure 7. Grading curve of the aggregates employed in the current investigation.
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Table 1. Physical and chemical properties of RCA and NCA.

Physical Properties Aggregate Type
NCA RCA

Apparent density (g/cm3 ) 2.8 2.7

Bulk density (g/cm?) 2.7 2.6
Water absorption (wt%) 1.44 1.19
Crush index (%) 30.00 48.9
Porosity (%) 39 3.88

Cement was mixed with the RCA, NCA and SFs, and then a solution of water and high-performance
super-plasticiser was added to the mix until the SFs were uniformly distributed in the concrete mixture.
The SFs were used at 0%, 1% and 2% (by volume). In addition, the NCA was substituted by RCA at
0%, 50% and 100% by mass. The concrete mix design properties and the compression and tension
strengths for the various concrete mixes are specified in Table 2.

Table 2. Concrete mixes” compositions and strengths.

Svecimen 0SE- 0SE- 0SE- 1SE- 1SE- 1SE- 2SF- 2SF- 2SF-
pectmens ORCA 50RCA 100RCA ORCA 50RCA 100RCA ORCA  50RCA  100RCA
Water (kg/m®) 165 165 165 165 165 165 165 165 165
Cement (kg/m®) 400 400 400 400 400 400 400 400 400
SFs (kg/m?) 0 0 0 78 78 78 156 156 156
RCA (kg/m) 0 420 840 0 385 765 0 345 685
NCA (kg/m®) 840 420 0 765 385 0 685 345 0
NFA (kg/m®) 950 950 950 950 950 950 950 950 950
Average tensile stress (MPa) 3.78 4.29 4.04 5.00 6.12 4.10 5.01 4.68 4.99
Tensile stress coefficient 0.17 0.04 0.09 0.01 0.27 0.04 0.27 0.09 0.13
of variation
Average compressive 38.4 35.0 37.1 36.8 35.7 35.7 369 35.7 35.6
resistance (MPa)
Compressive strength 1.56 1.08 1.65 133 1.19 0.85 1.38 1.00 078

coefficient of variation

NFA: natural fine aggregates, SFs: steel fibres. The number before SF refers to the percentage by volume of steel
fibres, while the number before the RCA refers to the percentage of recycled coarse aggregate by mass.

In Table 2, SF and RCA in the denomination of the mixes indicate the SF and RCA contents,
e.g. 1SF-50RCA means 1% SFs by volume and 50% RCA by mass. Rebars with diameters of 20 mm,
10 mm and 8 mm were employed as tensile, compressive and shear rebars, correspondingly. The rebars
were investigated in the direct tension setup and their specifications are shown in Table 3. To make
the mixes, SFs with two bent ends were used. The tensile strength, modulus of elasticity and failure
strain of the SFs were 200 GPa, 2 GPa and 3%, correspondingly. It should be stated that the length and
equivalent diameter of the SFs were respectively 60 mm and 0.9 + 0.03 mm, as shown in Figure 8.

Table 3. Rebar test results.

Properties Results
Rebar diameter (mm) 8 10 20
Yield stress (MPa) 370 410 370
Ultimate stress (MPa) 560 680 560
Yield strain (%) 13.0 13.0 15.3
Ultimate strain (%) 25.0 25.4 259

Modulus of elasticity (GPa) 209.3 210.10 213.2
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Figure 8. Type and dimension of the SFs used in this study.

In this study;, a total of 27 RC beams with a 200 mm height, 150 mm width and 1500 mm span
were produced using diverse SF and RCA contents. Shear rebars were spaced at 100 mm and 200 mm
and without rebars. Three of these laboratory samples were selected as the control samples with no
SFs or RCA. The geometrical characteristics and arrangements of the rebars are shown in Figure 9.

T 1y

E
I 300 mm l

(@)
L\'DT\i G50 mm i
- .
TN 1300 mm 10 mma
210 1g10
- a TR o3
®) &{/ 1p20 L9 2 220
Ll | | 25 mm
; 75 mm ! 150 mm
110 100
. 851 o8
(<) {I b5 EE 120
el | ;-. 1% mm
: £ o
(d) { #s 2 [~ 2420
bl || 15 mm
=¢=|:|IH 150 mm

O mm

Figure 9. Geometry of the beams and arrangement of the rebars: (a) boundary condition, (b) specimen
without transverse reinforcement, (c) specimens with a 200 mm transverse reinforcement spacing
and (d) specimens with a 100 mm transverse reinforcement spacing. (Note: LVDT: Linear variable
differential transformer).

3.2. Test Setup and Loading Condition

After 28 days, the specimens were tested using a four-point bending setup. The beams were
supported by round bars and two concentrated line loads, as shown in Figure 10a.

The test was carried out under displacement control circumstances and the stopping condition
was set to be the failure of the specimens. The deflection of the beam was documented at each load
step using Linear variable differential transformers (LVDTs). Furthermore, to measure the strain-stress
performance of the cylindrical specimens, a laser strain gauge device was used, as shown in Figure 10b.
It should be stated that the friction in this setup was automatically neglected by using the laser strain
gauge. Conversely, to measure the crack widths in the beams, a mechanical calliper with an accuracy
of 0.01 mm was used and the crack widths were recorded at each loading step. In addition, to measure
the crack widths, a crack camera was used.
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(b)

Figure 10. Test setup: (a) four-point bending test of the beams and the (b) compressive stress-

strain setup.

4. Results and Discussion

Since the compression and tension strengths of concrete determine the bending performance of
concrete beams and their cracking, the impact of the SF and RCA contents on the concrete compression
capability was studied. The results are represented in Figure 11. According to this figure, the cracking
occurred only in the concrete surface when SFs were added and the specimen did not collapse,
which became more perceptible when 2% SFs were added. The lack of concrete tensile strength led
to collapsing of the specimen and the cores of the specimens were broken. Hence, by adding SFs,
a resistant core of concrete specimens prevented it from collapse, and only the specimens’ surface
was cracked and detached. This issue resulted from the bridging role of SFs that kept the particles
close together and increased the tensile strength of the concrete. Alternatively, due to RCA’s higher
and more angled specific surface compared to NCA, they were better impregnated with cement paste,
which prevented the complete disintegration of the sample. Hence, the incorporation both SFs and
RCA increased the adhesion between the cement paste and the aggregates and fibres. Therefore,
more force was needed to separate the particles from each other and break than the unreinforced
concrete, which improved the behaviour of the concrete.

The tensile behaviour of the concrete specimens with RCA and SFs was also studied. In order
to investigate the failure of specimens under the Brazilian test (splitting tensile strength), the results
are presented in Figure 12. According to this figure, a specimen with no SFs was divided into two
parts. However, the addition of SFs prevented the two parts from separating when it failed due to
the bridging role of the fibres in the concrete paste. Furthermore, using RCA weakened the tensile
strength of the specimen, which could be compensated for by adding SFs. Hence, RCA could be used
as a replacement for NCA when SFs were used, with no considerable reduction in the tensile strength.
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]

0SF-0RCA 1SF-ORCA 2SF-0RCA 1SF-50RCA

2SF-50RCA 0SF-100RCA 1SF-100R6A 2SF-100RCA

Figure 11. Effects of the SF and RCA contents on the concrete’s compressive behaviour.

0SF-0RCA 1SF-0RCA 2SF-0RCA 0SF-50RCA 1SF-50RCA
2SF-50RCA 0SEF-100RCA 1SF-100RCA 2SF-100RCA

Figure 12. Effects of the SF and RCA contents on the concrete’s tensile behaviour.
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To evaluate the compressive and tensile behaviour of the unreinforced concrete in detail,
the stress—strain performance of the specimens produced using different RCA and SF contents
were studied. Figure 13 shows the stress—strain curves of the tested specimens.
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(9
Figure 13. Stress—strain curves of the specimens (a) with no RCA, (b) 50% RCA and (c) 100% RCA.

Each stress—strain curve was obtained by averaging the stress-strain outcomes of three specimens.
These relationships were determined using uniaxial compression tests. Using SFs led to an increased
strain, which increased the deformation of the concrete and reduced the crack widths, but it did not
have an impact on the maximum stress. Therefore, the strain was significantly improved when 2% SFs
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were used and the concrete beams could be deformed more without a sudden collapse with the use
of SFs. Contrariwise, raising the RCA content reduced the maximum strain but the maximum stress
increased. The maximum stress and strain increased when both RCA and SFs were used. Therefore,
NCA could be replaced by RCA when SFs were used with no reduction in the tensile performance
of the concrete. Furthermore, trend lines with high R? values were determined in order to predict
the stress and strain of the RCARC. As per Figure 13, the maximum error between the experimental
outcomes and presented formulas was 6%, which indicates a high accuracy. Table 4 presents the
obtained formulas for different specimens.

Table 4. Stress-strain formulas for different SF reinforced RCARC.

Specimens Formula R?
0SF-ORCA y = —1x107x? + 40269x — 0.37 0.9838
1SF-0RCA y = —9x10%? + 35670x — 0.19 0.9959
2SF-ORCA y = —2x10%2 + 18183x + 2.85 0.9429
0SF-50RCA y = —3x107x + 22481x + 5.28 0.8862
1SF-50RCA y = —1x107x? + 47581x — 0.28 0.9839
2SF-50RCA y = —3x10%x? + 20805x + 2.63 0.9574
0SF-100RCA y = -3x107x? + 69316x + 1.75 0.9921
ISF-100RCA  y = —2x107x2 4 47953x + 1.75 0.9921
2SF-100RCA  y = —4x 10%%2 + 25425x + 4.88 0.9492

5. Flexural Capacity and the Load-Displacement Relationship

After evaluating the influence of SFs and RCA on the compressive and tensile behaviour of
unreinforced concrete, 27 SF-reinforced RCARC beams were produced and measured, where the results
are presented in this section. SFs were used at 0%, 1% and 2% (by volume). RCA was incorporated at
0%, 50% and 100% by weight. Furthermore, the effect of shear rebars was considered via different
stirrup spacings. The load—displacement behaviour at the mid-span of the specimens, the maximum
load-bearing capability and the crack widths and propagation were studied. In Figures 14-19,
the loading capacity and load-displacement behaviour of the specimens are represented.

120

— 0SF-0RCA-WTD

- - 0SF-50RCA-WTD

------ 0SF-100RCA-WTD
1SF-0RCA-WTD
1SF-50RCA-WTD
1SF-100RCA-WTD
2SF-ORCA-WTD

o TS 2SF-50RCA-WTD

2SF-100RCA-WTD

100 —

Load (kKN)

20 25 30 35 40 45 50
Displacement (mm)

Figure 14. Bending behaviour of the specimens with various SF and RCA contents and no shear rebars.
WTD: without transverse reinforcement.
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Figure 19. Failure in specimens with 100 mm stirrup spacing and crack propagation.

As per Figures 14 and 15, the maximum bearing capability was substantially increased by
increasing the SF content due to the effective role of SFs in improving the compressive and tensile
strength of the unreinforced concrete. Furthermore, using RCA had a momentous impact on the
maximum loading capacity. Furthermore, SFs enhanced the bending resistance strength of concrete due
to the lack/insufficiency of shear rebars. Hence, SFs played a role as partial transverse reinforcement
and improved the shear performance of the concrete beams. Therefore, the SFs reduced the inclined
and shear crack widths and led to improving the first crack loading. As seen in Figure 15, the lack of
shear rebars led to shear failure of the specimens but crack propagation increased and the inclined crack
widths were reduced by using RCA. Based on the models proposed by several standards, improving
the compressive strength of the concrete led to improving the shear behaviour of RC beams. Therefore,
according to the results of the compressive behaviour of the unreinforced concrete and the tested
beams, RCA was used to produce RC beams without shear reinforcement when 2% SFs were used
(Figures 14 and 15).

According to Figures 16 and 17, the flexural behaviour improved by providing shear rebars spaced
200 mm apart, which was further enhanced by increasing the RCA content. Conversely, the maximum
bearing resistance capacity dropped after the maximum bearing capability point when 100% RCA
was used. This led to a dramatically increased crack propagation but the flexural capacity abruptly
decreased after the maximum loading point in specimens without RCA. Furthermore, the flexural
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capacity was increased by utilising SF. Furthermore, reducing the shear rebars’ spacing was necessary.
Therefore, enough stirrups should be provided and SFs should be added to the concrete mix.

Conversely, reducing the shear rebars’ spacing to 100 mm led to an increase in the bending
capability and failure cracks occurred at the middle of the specimen’s width with the maximum spacing
(Figures 18 and 19). Adding SFs to concrete improved the bending performance of the specimens
as a result of improving the compressive and stress—strain behaviour of the unreinforced concrete.
The minimum shear rebars’ spacing should be provided but SFs should be included as well. As it
is seen in Figures 18 and 19, NCA could be replaced with RCA at 100% if enough stirrups and
SFs are provided in the specimen by comparison with the control specimen (without RCA and SF).
According to Figure 19, in addition to increasing the bond between the reinforcement and the concrete,
cracks developed less when SFs were used due to the bridging role of the SFs. Therefore, specimens
with 2% SFs showed greater ductility and did not fail suddenly.

According to Figure 19, reducing shear rebars” spacing to 100 mm led to dropping the impact
of SFs on the bending performance of the RCARC beams. Furthermore, raising the RCA contents
generally led to an increased deformation; however, adding SFs did not have a momentous effect
on the maximum flexural capability. On the other hand, providing enough shear rebars caused an
improvement in the bending performance of specimens. Therefore, crack propagation increased
and the crack widths decreased. Furthermore, the first crack loading increased when increasing the
RCA content. Hence, using SFs in RC beams that were manufactured with sufficient shear rebars
(100 mm spacing) only reduced the crack widths and there was no significant influence of the structural
performance of the RC beams. However, when insufficient shear rebars (200 mm spacing) were used,
using SFs not only limited the crack widths and their propagation but also improved the structural
performance of RC beams.

According to Figures 15, 17 and 19, in addition to increasing the bonding between the rebars
and the concrete, cracks developed less after adding SFs due to the bridging role of the fibres and the
improvement of the bond-slip between the rebars and the concrete because, with the reduction of
the slip between the concrete and rebars, the crack widths were lower. Therefore, specimens with 2%
SFs deformed with more ductility and did not collapse abruptly. In specimens with no SFs, the crack
propagation was much shorter than in those with SFs. In contrast, in beams with SFs, the final crack
spacing corresponding to the stabilised cracking phase was on average 23% smaller than that of the
specimens with no SFs. According to these outcomes, it became clear that the formed cracks were
consistently much more irregular in beams with SFs than in those without. The crack spacing’s
variation ratio ranged from 14 to 39% in beams with no SFs, and from 39 to 46% in specimens with
SFs. The relationship between the maximum and average crack spacing was a momentous factor too.
This relation was 1.60 in specimens with no SFs and 1.74 in specimens with SFs.

To study the effect of RCA and SF contents as a function of the shear rebars’ spacing, the crack
spacing at the peak loads are presented in Table 5 and Figure 20. In Figure 20, the enclosed area of the
polygons indicates the influence of the variables on the crack spacing. This means that a reduction of
the enclosed area shows a reduction of the crack widths and the positive influence of SFs. Furthermore,
in Table 5, the corresponding cracking loads are shown. According to Table 5, using SFs resulted in
a considerably decreased crack width at the peak load. Contrariwise, using RCA with more broken
surfaces led to a better aggregate bond with cement than using NCA. Therefore, this resulted in
reducing the crack widths and increasing the flexural capacity. Providing enough shear rebars along
the specimens’ length was essential, especially in specimens with shear cracks, but using SFs could
dramatically control the effect of the lack of shear rebars in terms of a reduction in the crack widths.
Regarding Figure 20, SFs had a substantial impact on reducing the crack widths at the peak load but
there was no significant difference when 1% and 2% SFs were used (Figure 20). Alternatively, using
1% SFs did not have an extensive impact on reducing the crack widths when 100% RCA was used
(Figure 20c), but using 2% SFs improved the crack widths in all specimens. According to Figure 20,
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using 2% SFs significantly reduced the crack widths at the peak load, in contrast to using 1% SFs.
Conversely, increasing the RCA content reduced the ultimate crack width reduction effect of SFs.

Table 5. Cracking and load corresponding to crack occurrences.

Specimens Loading of First Crack Specimen’s Crack Widths at the Mode of Failure
Occurrence (kN) Failure Load (kN) Peak Load (mm)
OSF-ORCA-WTD 20.0 70.0 12.0 Shear
O0SF-ORCA-20TD 20.2 80.1 12.0 Shear
OSF-0RCA-10TD 20.6 90.5 5.0 Flexural
0SF-50RCA-WTD 20.1 70.2 7.0 Shear
0SF-50RCA-20TD 20.2 90.1 6.5 Shear
0SF-50RCA-10TD 20.6 90.7 2.0 Flexural
0SF-100RCA-WTD 20.1 80.0 11.0 Shear
0SF-100RCA-20TD 30.4 90.0 4.0 Flexural
0SF-100RCA-10TD 20.8 90.5 3.0 Flexural
1SF-ORCA-WTD 20.2 80.1 8.0 Shear
1SF-O0RCA-20TD 20.8 100.0 9.0 Flexural
1SF-O0RCA-10TD 30.2 100.6 35 Flexural
1SF-50RCA-WTD 10.1 80.2 5.0 Shear
1SF-50RCA-20TD 20.0 90.6 3.0 Flexural
1SF-50RCA-10TD 20.6 95.4 2.5 Flexural
1SF-100RCA-WTD 20.0 80.1 9.0 Shear
1SF-100RCA-20TD 20.6 100.2 35 Flexural
1SF-100RCA-10TD 404 100.9 3.2 Flexural
2SF-0RCA-WTD 20.2 80.0 3.6 Shear
2SF-0RCA-20TD 40.4 90.0 34 Shear
2SF-0RCA-10TD 40.8 100.5 35 Flexural
2SF-50RCA-WTD 20.0 90.1 4.0 Shear
2SF-50RCA-20TD 20.1 90.7 35 Flexural
2SF-50RCA-10TD 20.6 100.3 35 Flexural
2SF-100RCA-WTD 30.0 90.1 5.0 Shear
2SF-100RCA-20TD 40.2 100.5 35 Shear
2SF-100RCA-10TD 50.5 110.2 2.5 Flexural
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Figure 20. Effect of SFs on the maximum crack widths for (a) 0% RCA, (b) 50% RCA and (c) 100% RCA.

Therefore, the characteristics of these specimens are demonstrated in Table 6. Moreover, in order
to provide an accurate analysis, the results were compared with those of the literature and are presented
in Figure 21 [59,60].

Table 6. Characteristics of the various specimens.

Series Number Beams Dimensions (mm) Reinfozf:ttsli:it (mm) Stirrups (mm) Fr;/c(zzll:lﬁ’/o )

B1 150 % 200 x 1500 2#8 #6@125 —

1 BF1 150 x 200 x 1500 2#8 #6@125 1
BFla 150 x 200 x 1500 2#8 — 1

B2 150 % 200 x 1500 2#12 #6@125 —

2 BF2 150 % 200 x 1500 2#12 #6@125 1
BF2a 150 x 200 x 1500 2#12 — 1

B3 150 x 200 x 1500 2#16 #6@125 —

3 BF3 150 x 200 x 1500 2#16 #6@125 1
BF3a 150 x 200 x 1500 2#16 — 1

4 B1-0.0F 150 x 200 x 1500 #3 #3@127 —

# and @ indicates the size of transverse rebars and their spacing, respectively, e.g. #6@125 means stirrups with
diameter of 6 mm with 125 mm spacing.

The crack width increased under loading after increasing the shear rebars’ spacing. Furthermore,
using RCA resulted in lower crack widths and a greater flexural moment resistance when cracks
occurred. Using SFs led to lower flexural crack widths and the flexural strength was also significantly
increased after cracks appeared (Figure 21b,e). As seen in Figures 20c and 21f, the flexural crack
widths were increased by increasing the tensile rebars’ diameter in the RCARC beams. Furthermore,
Figure 21a-d shows that the effect of longitudinal tensile rebars was more than the effect of the shear
rebars on the crack widths. Therefore, providing enough shear rebars limited the crack propagation
and the crack widths decreased. Furthermore, the crack at the peak load increased due to increasing
the RCA contents. Additionally, cracks developed less by adding SFs due to the bridging role of the
fibres. However, in specimens with no SFs, the crack propagation was considerably lower than that
with SFs. Therefore, it could be observed that the cracks were more irregular in the SF-reinforced
beams relative to those of the control specimens (with no SFs or RCA).
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Figure 21. Applied load—crack width performance of specimens with various SF and RA contents
(a) specimens without SF with different RCA contents, (b) specimens with different SF contents and
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Finally, the results were compared with the requirements of CSA 5474 [53], NS 3473E [54],
EC2-04 [55], CEB-FIP [56] and ACI 224R-14 [57], where the results are shown in Figures 22-24.
In specimens with no shear rebars or SFs, the available equations predicted crack widths lower than
the obtained results, where crack width was reduced by adding SFs. Furthermore, codes could
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not predict the crack width when NCA was replaced with RCA, especially for 100% replacement.
CSA predicted the crack width properly but CEB predicted inaccurate widths when no SFs were
used in the RCARC specimens (the predicted crack widths were less than that obtained numerically).
Conversely, in the experimental samples with 200 mm and 100 mm shear rebar spacings, all standards
presented appropriate equations regarding predicting the crack width at different SF and RCA contents
(Figures 22-24). It should be mentioned that CEB properly predicted the crack width in specimens with
200 mm and 100 mm stirrup spacings. Additionally, the obtained experimental results were compared
with those achieved based on the requirements of the codes, as illustrated in Table 7
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Figure 22. Observed versus predicted ultimate crack width of specimens without shear rebars.
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Figure 23. Observed versus predicted ultimate crack widths of specimens with a 200 mm shear
rebar spacing.
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Figure 24. Observed versus predicted ultimate crack width of specimens with a 100 mm shear
rebar spacing.

Table 7. Comparison between the numerical and experimental results of the crack widths.

Specimens vx—’:}g WC%::"’ W%‘;;" w—e"z ‘{x,—f;*
1SE-100RCA-10TD 2.220815 1.61263 2.43332 2.584992 2911027
1SF-ORCA-20TD 2.090179 1.517769 2.290184 2.432934 2.73979
1SF-ORCA-WTD 1.974058 1.433449 2.162951 2.297771 2.58758
1SF-100RCA-20TD 2.030459 1.474404 2.22475 2.363421 2.66151
2SF-0RCA-10TD 2.368869 1.720138 2.595541 2.757325 3.105096
2SF-50RCA-WTD 2.030459 1.474404 2.22475 2.363421 2.66151
1SF-ORCA-10TD 2.030459 1.474404 2.22475 2.363421 2.66151
0SF-100RCA-WTD 0.646055 0.469129 0.707875 0.751998 0.846844
2SF-50RCA-10TD 1.776652 1.290104 1.946656 2.067994 2.328822
0SF-100RCA-20TD 1.776652 1.290104 1.946656 2.067994 2.328822
2SF-50RCA-20TD 2.030459 1.474404 2.22475 2.363421 2.66151
0SF-100RCA-10TD 2.368869 1.720138 2.595541 2.757325 3.105096
0SF-ORCA-WTD 0.592217 0.430035 0.648885 0.689331 0.776274
2SF-0RCA-20TD 0.789623 0.573379 0.86518 0.919108 1.035032
0SF-ORCA-20TD 1.421322 1.032083 1.557325 1.654395 1.863057
1SF-50RCA-10TD 2.842643 2.064166 3.11465 3.30879 3.726115
2SF-100RCA-WTD 2.842643 2.064166 3.11465 3.30879 3.726115
0SF-50RCA-20TD 3.553304 2.580208 3.893312 4.135987 4.657643
1SF-50RCA-20TD 2.368869 1.720138 2.595541 2.757325 3.105096
1SF-50RCA-WTD 1.421322 1.032083 1.557325 1.654395 1.863057
1SE-100RCA-WTD 0.789623 0.573379 0.86518 0.919108 1.035032
0A-50RCA-WTD 1.01523 0.737202 1.112375 1.181711 1.330755
2SF-100RCA-10TD 2.030459 1.474404 2.22475 2.363421 2.66151
2SF-0RCA-WTD 0.888326 0.645052 0.973328 1.033997 1.164411
2SF-100RCA-20TD 1.421322 1.032083 1.557325 1.654395 1.863057
0SF-ORCA-10TD 0.592217 0.430035 0.648885 0.689331 0.776274
0SF-50RCA-10TD 1.093324 0.79391 1.197942 1.272611 1.433121

Note: The subscripts on the Ws in the numerators denote the standards being assessed, while the exp subscript

refers to the experimental value.
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6. Conclusions

In this research, the impact of SFs on the cracking in RCARC beams was evaluated. The research
involved tests on 27 RC beams. In the specimens, SFs were mixed at different contents (0%, 1% and
2%). In the tests, the mid-span load—displacement relationship and the crack propagation and widths
were measured. The obtained laboratory results were also compared with the proposed equations of
CSA S474 (2004), NS 3473E (2003), EC2-04 (2004), CEB-FIP (2010) and ACI 224R-14 (2014). According
to the achieved outcomes, the following conclusions could be drawn:

1. RCA is an appropriate material that can be used instead of natural materials in concrete
for buildings.

2. The bending capability increased by increasing the RCA content. Additionally, using 100% RCA
decreased the load drop after the maximum bearing capability point, while in the specimen
without RCA, the bending resistance abruptly dropped after the maximum load.

3. SFsenhanced the maximum bearing capability and using this material with RCA enhanced the
flexural resistance of the RCARC beams compared to the control specimens.

4. Enough shear rebars must be provided over the beams to control the crack width and propagation
but SFs can enhance the bending performance of RCARC beams without shear rebars.

5. In addition to increasing the bonding between the rebars and concrete, cracks developed less
when SFs were used. Therefore, specimens with a 2% SF content deformed with more ductility
and did not collapse quickly.

6. Adding SFs to concrete improved the bending performance of the specimens. A minimum
number of shear rebars should be provided but SFs should be used in the specimens.

7. Inspecimens with no shear rebars, CSA properly predicted the crack width, unlike CEB. On the
other hand, all codes presented an appropriate equation to predict crack width in specimens with
different SF and RCA contents.

8. Incylindrical specimens under pressure, by adding SFs, cracking occurred only in the concrete
surface. Furthermore, due to RCA’s higher and more angulated specific surface compared to NCA,
RCA was better impregnated with cement paste, which prevented the complete disintegration of
the sample.

9.  Incylindrical specimens under indirect tensile stresses, a specimen with no SFs broke into two
parts but using SFs prevented them from separating. The use of RCA increased the tensile
strength of the specimen.

10. SFs had a significant effect on reducing the initial crack’s width but there was no significant
difference when 1% and 2% SFs were used. On the other hand, using 1% SFs did not have a
considerable effect on reducing the initial crack’s width when 100% RCA were used.

Author Contributions: Conceptualization, M.G. and J.d.B.; Formal analysis, M.G.; Investigation, A K. and
H.R.C.; Methodology, A.K. and H.R.C.; Software, M.G.; Supervision, M.G. and ].d.B.; Writing—original draft,
A K. and H.R.C; Writing-review & editing, ].d.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors wish to thank the CERIS (Civil Engineering Research and Innovation for
Sustainability) research centre and the FCT (Foundation for Science and Technology).

Conflicts of Interest: The authors declare that they have no conflict of interest.

Data Availability: The raw/processed data required to reproduce these findings cannot be shared at this time as
the data also forms part of an ongoing study.



Appl. Sci. 2020, 10, 7587 24 of 27

Notation

Act effective concrete cross-sectional area

Agt outer area of the tension rebars layer

b cross-sectional width

C concrete cover

d effective depth

dp diameter of the rebars

Es elasticity modulus of the steel rebars

M concrete compressive resistance

fy yield strength of the steel rebars

ko strain coefficient

Is,max length of the tension rebars’ slip

NCA natural coarse aggregate

RC reinforced concrete

RCA recycled coarse aggregate;

RCARC recycled coarse aggregate reinforced concrete;

S depth of the outer reinforcement layer

SFs steel fibres

Sm average distance between the cracks

Sm,csA average crack distance according to CSA S474 2004;

TD shear rebars’ spacing

Wi Ec2 design crack spacing

&1 highest effective strain in the tensioned area

& lowest effective strain in the tensioned area

Ecs free shrinkage strain of concrete

Egr rebars’ stress in the cracks under equivalent load fet

Ptxs effective reinforcement ratio.
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