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Abstract: This study aims to examine the impact of using basalt macro-fibers (BMF) on characteristics
of concrete made with recycled concrete aggregates (RCA). Test variables included the initial concrete
grade (normal- and high-strength concrete (NSC and HSC)), RCA replacement percentage (30 and
60%), and BMF volume fraction (v¢ = 0.5 to 1.5%). The compressive strength reduction in the plain
concrete caused by RCA was sensitive to the RCA replacement percentage rather than the initial
concrete grade. The splitting and flexural strength reductions of the plain HSC caused by RCA were
more significant than those of their NSC counterparts. The use of BMF compromised the concrete
workability. Such a detrimental effect increased with the BMF content and was more pronounced
for the HSC with 60% RCA. Reinforcing of RCA-based concrete with BMF tended to improve the
mechanical properties. In some instances, the use of BMF at v¢ > 1% caused a decay in the strength
gain. The addition of BMF to RCA-based concrete had a potential to fully restore the original splitting
and flexural strengths of plain concrete mixtures made with natural aggregates (NA). The increase in
the compressive strength of the RCA-based concrete caused by BMF was, however, not sufficient to
fully restore the original strength of the NA-based plain concrete. The resistances to water penetration
and abrasion of the RCA-based concrete improved by up to 17% and 47%, respectively, due to the
addition of BMF. Idealized tensile softening laws were established for RCA-based concrete reinforced
with BME

Keywords: basalt macro-fibers; concrete characteristics; recycled concrete aggregates; tensile
softening; workability

1. Introduction

Partial or full demolition of old reinforced concrete (RC) structures produces exces-
sive amounts of construction and demolition waste (CDW) [1]. Successful reuse of RCA
obtained from CDW in construction supports the concepts of circular economy and envi-
ronmental sustainability [2-6]. Replacement of NA with RCA would, however, produce
concrete with inferior properties [7,8]. Different types of fibers have a potential to offset
the probable strength degradation caused by RCA [9-20]. Surface corrosion of steel fibers
is considered a drawback that might diminish the sustainability of RC structures in harsh
environments [11]. In such a case, nonmetallic fibers, such as nylon (NF), polypropylene
(PPF), glass (GF), and basalt fibers (BF), could be considered a viable alternative [21-23].

The workability of RCA-based concrete reinforced with nonmetallic fibers is inferior
to that of their plain counterparts [12,13]. Fang et al. [12] reported a 65% reduction in the
slump of concrete with 50% RCA due to the addition of BF with a length (/) of 18 mm,
diameter (d) of 15 um, and Young’s modulus (Ey) of 89 GPa, at a volume fraction (v¢) of
0.2%. Wang et al. [13] reported that the inclusion of BF (I = 32 mm, d = 15 pm, E¢ = 100 GPa)
into concrete with 50% RCA at v¢ of 0.1% resulted in a 33% slump reduction.

Sustainability 2022, 14, 14267. https:/ /doi.org/10.3390/su142114267

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su142114267
https://doi.org/10.3390/su142114267
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-9664-2520
https://orcid.org/0000-0003-2734-018X
https://orcid.org/0000-0001-9349-350X
https://orcid.org/0000-0002-6433-7177
https://orcid.org/0000-0001-5837-1793
https://doi.org/10.3390/su142114267
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142114267?type=check_update&version=3

Sustainability 2022, 14, 14267

2 0f23

In terms of the compressive strength, Wang et al. [13] reported an 18% strength gain for
concrete with 50% RCA due to the inclusion of BF at v¢ of 0.1%. No additional compressive
strength gain was recorded at higher BF volume fractions. Katkhuda & Shatarat [14]
observed a 9% compressive strength gain for concrete with 20% RCA due to the addition of
BF (I =18 mm, d = 16 pm, E; = 89 GPa) at v¢ of 1%. Ali et al. [15] observed that the inclusion
of GF (I = 6-18 mm, d = 14 um, E; = 72 GPa) at v¢ of 0.5% enhanced the compressive
strength of concrete with 100% RCA by 9%. According to Lee [16], the compressive strength
of concrete made with 100% RCA increased by 86%, when NF (I = 19 mm, d = 23 um,
Ef =5 GPa) were added at v¢ of 0.12%. Meesala [18] found that the addition of woolen
fibers (I = 50 mm, d = 1 mm) at v¢ of 0.18% increased the compressive strength of concrete
with 50% RCA by 20%. Ahmed et al. [24] reported 10-25% compressive strength gains for
concrete made with 50% RCA due to the addition PPF (/ = 12 mm, E¢ = 3-3.5 GPa) at v¢ of
0.15-0.6%. Contrarily, Fang et al. [12] observed that the inclusion of BF slightly decreased
the compressive strength of concrete made with 50% RCA.

Some researchers [15,16,18] reported an improvement in the splitting tensile strength
(fsp) of RCA-based concrete due to the addition of nonmetallic fibers, whereas others [12,19]
reported a strength reduction. Ali et al. [15] reported that the inclusion of GF at v¢ of 0.25
and 0.5% enhanced f5, of concrete with 100% RCA by 18 and 23%, respectively. A higher
GF content of v¢ = 0.75% did not result in an additional improvement in fsp. According to
Lee [16], adding NF at v of 0.12% enhanced f5, of concrete made with 100% RCA by 88%.
Meesala [18] reported that the use of GF at v¢ of 0.16% raised fsp of concrete made with
50% RCA by 18%. On the other hand, Fang et al. [12] reported 7-16% reductions in fg, of
concrete made with 100% RCA due to the addition of BF at v¢ of 0.05-0.2%. Dong et al. [19]
also reported a 33% reduction in fsp of concrete made with 50% due to the inclusion of BF
(I'=15-19 mm, d = 13 um, E; = 93 GPa) at v¢ of 0.1%.

Conflicting results have been reported on the effect of nonmetallic fibers on the flexural
(rupture) strength (f;) of concrete made with RCA. Wang et al. [13] reported a detrimental
effect of BF (v¢ = 0.1%) on f;, where a reduction of up to 18% was recorded for concrete
made with 50% RCA. Katkhuda and Shatarat [14] reported an increase in f, of 4-61% for
concrete with 20% RCA due to the addition of BF at v¢ of 0.1-1.5%. Ali et al. [15] found
that adding GF at v¢ of 0.25 improved f, of concrete with 100% RCA by 34%. A declining
trend of f; was recorded at higher v; values of 0.5 and 0.75%, noting that a 28% strength
gain was maintained at v¢ of 0.75%. Das et al. [20] also found that adding PPF (I = 12 mm,
d = 25-40 um, Ey = 4 GPa) to concrete with 100% RCA at v¢ of 0.5% improved f; by 17%,
whereas only 9 and 1% strength gains were recorded v of 0.5 and 0.75%, respectively.

The ultrasonic pulse velocity (UPV) test is useful to estimate the quality of concrete,
where higher UPV values indicate less voids [25]. Lee [16] reported a 24% increase in the
UPV of concrete made with 100% RCA when NF were added at v¢ of 0.12%. Das et al. [20]
reported that the addition of PPF had no noticeable effect on the UPV of RCA-based
concrete. Artificial neural network can be used to predict the mechanical characteristics
of sustainable concrete mixtures such as those containing supplementary cementitious
materials based on test data [26]. Numerical simulation and analysis of RC structures made
with RCA and nonmetallic fibers not only requires characteristic strength data but also
information about the tensile softening behavior. Such a tension function can be obtained
through an inverse analysis of flexural test data of tested concrete specimens [27-32].

Despite the large number of studies on the behavior of concrete made with RCA and
nonmetallic fibers, the interaction between the initial concrete grade, the RCA replacement
percentage, fiber content, and properties of the concrete has received little attention. Little
effort has been devoted to the development of a tensile softening law for concrete with
RCA and BMF. An idealized relationship that can describe the post-cracking behavior of
concrete made with RCA and different BMF volume fractions is needed.
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2. Research Significance

This research offers new characterization test data for concrete made with RCA and
BME. New idealized tensile softening laws for RCA-based concrete reinforced with BMF are
developed. Findings of this study would assist practitioners and researchers in simulating
the behavior of BMF-reinforced structural members made with RCA. Outcomes of this
study would contribute to the widespread use of RCA in the construction industry, thus
promoting the concepts of the circular economy and environmental sustainability.

3. Experimental Program

Eighteen concrete mixtures were prepared (Table 1). The mix design method of ACI
211.1 [33] was utilized to obtain proportions of the NA-based NSC and HSC mixtures
at target cylinder compressive strengths (f') of 30 and 50 MPa, respectively. Trail mixes
were then examined with different dosages of superplasticizer (SP), obtained from BASF,
Abu Dhabi, UAE, to achieve a slump of approximately 200 mm for the NA-based NSC
and HSC. The mixtures were divided into two groups based on the concrete grade. Other
test variables were the RCA replacement mass percentage (30 and 60%) and the BMF
volume fraction (0.5, 1.0, and 1.5%). The concrete mixtures were identified as x-Ry-B-z,
where x represents the concrete grade (N for NSC and H for HSC), Ry refers to an RCA
replacement percentage of y%, B refers to BMF, and z denotes the value of v¢ (%). For
example, N-R30-B-1.0 denotes a mixture from the NSC group with 30% RCA and v; of 1.0%.

Table 1. Mixture proportioning.

Mass (kg/m?3)

Group  Mixture ID (:;f)
Cement Sand NA RCA  Water SP BMF °
N-R0-B-0.0 470 659 1080 0 230 0.47 0.0 0.0

N-R30-B-0.0 470 659 756 324 230 0.47 0.0 0.0
N-R60-B-0.0 470 659 432 648 230 0.47 0.0 0.0

N-R30-B-0.5 470 659 756 324 230 047 105 05
NSC  N-R30-B-1.0 470 659 756 324 230 047 210 10
N-R30-B-1.5 470 659 756 324 230 047 315 15

N-R60-B-0.5 470 659 432 648 230 0.47 10.5 0.5
N-R60-B-1.0 470 659 432 648 230 0.47 21.0 1.0
N-R60-B-1.5 470 659 432 648 230 0.47 31.5 1.5

H-R0-B-0.0 617 513 1080 0 216 0.92 0.0 0.0
H-R30-B-0.0 617 513 756 324 216 0.92 0.0 0.0
H-R60-B-0.0 617 513 432 648 216 0.92 0.0 0.0

H-R30-B-0.5 617 513 756 324 216 0.92 10.5 0.5
HSC H-R30-B-1.0 617 513 756 324 216 0.92 21.0 1.0
H-R30-B-1.5 617 513 756 324 216 0.92 31.5 1.5

H-R60-B-0.5 617 513 432 648 216 0.92 10.5 0.5
H-R60-B-1.0 617 513 432 648 216 0.92 21.0 1.0
H-R60-B-1.5 617 513 432 648 216 0.92 315 1.5

3.1. Materials

The cementitious material used in the concrete mixtures was ASTM Type-I Ordinary
Portland Cement [34], obtained from Emirates Cement Factory in Al Ain, UAE. As sus-
tainable fine aggregates, desert dune sand (DS), obtained from Al Ain Municipality in
Al Ain, UAE, was used. Figure 1 depicts grain size analysis curves of the cement and
DS. The grain size analysis of the cement was done using Beckman Coulter Particle Size
Analyzer (LS 13 320 XR), manufactured by BECKMAN COULTER, Brea, CA, USA. The NA,
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obtained from Stevin Rock in Ras Al Khaimah, UAE, included crushed dolomitic limestone
with a nominal maximum size (NMS) of 19 mm. The RCA, obtained from Al Dhafra
Recycling Plant, Abu Dhabi, UAE, had an NMS of 25 mm. The recycling plant utilizes
concrete of demolished structures with an unknown concrete strength to produce RCA.
Table 2 lists the physical properties of the aggregates. The water absorption, soundness
volume change, and abrasion mass loss of the RCA were higher than those of the NA by
16.5, 2.3, and 2.0 folds, respectively. The inferior properties of the RCA are owed to the
presence of old adhered porous mortar around the virgin aggregate that weakened their
soundness and increased their porosity. The specific gravity, fineness modulus, surface
area, and dry-rodded density of the RCA and those of the NA were slightly different
(difference < 9%). The BMF, obtained from ReforceTech AS, Ryken, Norway, had a length
of 43 mm, diameter of 0.72 mm, density of 2.10 g/ cm3, elastic modulus of 44 GPa, and
tensile strength of 900 MPa [35]. Basalt fibers are made from melted volcanic basalt rocks,
transformed into filaments, then assembled into twisted chopped basalt strands [35]. Basalt
fibers have a high temperature and alkaline resistance, higher tensile strength than that of
the E-glass and greater failure strain than that of the carbon fibers [36,37]. They are cheaper
than their counterpart glass and carbon fibers [38]. Basalt fibers are light, non-corrosive,
non-magnetic, non-conductive, non-toxic, and ecofriendly [38,39]. Such properties make
them suitable for a sustainable construction. The physical appearance of the aggregates
and BMF are shown in Figures 2 and 3, respectively.

100 g

80 - / — —Dune Sand |

60 - ’ |

40 - ¥
/ I
20 A ’ |
f’l J

Pt

Percentage passing (%)

0 dee=
0.1 1 10 100 1000
Particle size (um)

Figure 1. Grain size analysis curves of cement and dune sand.

Table 2. Physical properties of materials.

ASTM

Property Unit Standard NA RCA DS
Absorption % C127 [40] 0.40 6.58 -
Specific gravity - C127 [40] 2.82 2.63 2.77
Fineness modulus - C136 [41] 6.82 744 145
Surface area cm?/ g C136 [41] 2.49 2.50 116.8
Soundness (MgSOy) Y% C88 [42] 1.2 2.78 -
Los Angeles abrasion % C131 [43] 16.0 32.6 -
Dry-rodded density kg/ m3 C29 [44] 1635.0 1563.0 1663.0

Figure 2. Physical appearance of aggregates: (a) NA; (b) RCA; (c) DS.



Sustainability 2022, 14, 14267

50f23

Figure 3. Physical appearance of BMF.

3.2. Mixture Procedure and Testing Methods

The RCA were placed in a saturated surface dry (SSD) condition into the mixer. The
DS, cement, and NA (SSD condition) were then added and mixed with the RCA for 3 min.
Three minutes later, tap water containing SP was added and mixed with the ingredients.
The last step included adding and mixing of the BMF with other components. The concrete
samples were cast into the molds as per ASTM C 31 [45]. The molds were vibrated for 5 s
after placing each concrete layer using an electrical vibrating table. The specimens were
covered with polyethene plastic sheets and demolded after 24 h, then subjected to water
curing for 28-days. The investigated characteristics, testing standards, specimen details,
and apparatus features are provided in Table 3. Mechanical properties tests were conducted
on 3-5 replicate specimens, whereas the water absorption and abrasion durability tests
were conducted on 3 replicates. The workability and other durability characteristic tests
were conducted on one sample. Figures 4 and 5 show typical mechanical and durability

tests in progress.

Table 3. Testing method and specimen details.

Category Characteristic Test Standard Specimen Details Apparatus
1 ASTM C143 [4 Fresh
Workability Slump STM C143 [46] resh state Standard cone
Vebe time BS EN 12350-3:2019 [47] Fresh state Triton Engineering England
Cube compressive . Wykeham Farrance Engineering
strength BS EN 12390-3:2019 [48] Cube (150 x 150 mm) Limited Slough England (2000 kN)
Cylinder compressive . Wykeham Farrance Engineering
strength ASTM €39 [49] Cylinder (150 © > 300 mm) Limited Slough England (2000 kN)
. . . Wykeham Farrance Engineering
Mechanical Elastic modulus ASTM C469 [50] Cylinder (100 & x 200 mm) Limited Slough England (2000 kN)
i . . Wykeham Farrance Engineering
Splitting tensile strength ASTM C496 [51] Cylinder (150 & x 300 mm) Limited Slough England (2000 kN)
Prism Wykeham Farrance Engineering
Flexural strength ASTM C1609 [52] (100 mm x 100 mm x 500 mm)  Limited Slough England (2000 kN)
MATEST Italy oven (Temp. range
Water absorption ASTM C642 [53] Disc (100 @ x 50 mm) of 0-220 °C) and ACZEL balance
(0.01 g resolution)
Sorptivity container
Sorptivity ASTM C1585 [54] Disc (100 @ x 50 mm) (25 cm x 25 cm x 5 cm, with
Durability fitting ring diameters of 9.5-9.9 cm
. . Associates Scientific International
Abrasion ASTM C 1747 [55] Disc (100 @ x 50 mm) (ASI) New Delhi India
MATEST Italy
(40 cm X 30 cm x 18 cm with
UPv ASTM C597 [56] Cube (150 x 150 mm) two 55 kHz probes and

connecting cables)
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(b) (d)

Figure 4. Typical mechanical tests in progress: (a) cube compression test; (b) cylinder compression
test; (c) splitting tensile test; (d) flexural test.

(b)

Figure 5. Typical durability tests in progress: (a) Los Angeles abrasion; (b) ultrasonic pulse velocity.

4. Results
4.1. Workability

Figures 6 and 7 show the effect of the BMF on the workability of the NSC and HSC,
respectively. The slump and vebe time of the plain NSC mixture with 30 and 60% RCA
were insignificantly different from those of the benchmark mixture N-R0-B-0.0. The plain
HSC mixtures with 30 and 60% RCA exhibited, however, slump reductions of 12 and 26%,
relative to those of the NA-based mixture H-R0-B-0.0. The vebe time value of the HSC with
60% RCA was 17% higher than that of H-R0-B-0.0. It is evident that the slump decreased
and the vebe time increased with an increase in v¢ for both NSC and HSC. Figure 6a shows
that the slump of the BMF-reinforced NSC with 30 and 60% RCA reduced almost at the
same rate. Similarly, the rate of increase in the vebe time of the BMF-reinforced NSC was
at 30 and 60% RCA was marginally different (Figure 6b). The slump of the HSC with
60% RCA tended, however, to reduce at a higher rate when BMF were added at v¢ > 0.5
(Figure 7a). The vebe time of the BMF-reinforced HSC mixtures with 60% RCA was higher
than that of their counterparts with 30% RCA (Figure 7b). The slump reductions of the
NSC and HSC with 30% RCA caused by BMF were in the range of 5-32% and 11-26%,
respectively. At 60% RCA, the respective slump reductions were 24-51% and 13-84%.

6

NA-based NSC (N-R0-B-0.0) 4—RCA=60%

/
Vebe time (sec)
(%)

N
L

—e—RCA=30%
5

NA-based NSC (N-R0-B-0.0)

14 —e—RCA=30%
&—RCA=60%

- 0 - :
1 15 0 0.5 1 1.5

BMEF volume fraction (%) BMF volume fraction (%)

(a) (b)
Figure 6. Effect of BMF on workability of NSC: (a) slump; (b) vebe time.
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Figure 7. Effect of BMF on workability of HSC: (a) slump; (b) vebe time.

4.2. Mechanical Characteristics
4.2.1. Compressive Strength and Modulus

Figure 8 shows pictures of tested cube specimens. The plain cube specimens with RCA
tended to show concrete spalling and disintegration at failure (Figure 8a). The specimens
reinforced with BMF exhibited signs of cracks at failure but did not disintegrate into the
chips (Figure 8b). Figure 9 illustrates the development of the cube compressive strength for
the NSC mixtures at 3, 7, and 28 days. At 30% RCA, all concrete mixtures exhibited a similar
strength after 3 days of curing that was 19% lower than that of N-R0-B-0.0 (Figure 9a).
As the time progressed, the plain concrete mixture with 30% RCA (N-R30-B-0.0) showed
a lower cube compressive strength than that of their counterparts with BME. At 28 days of
curing, the cube compressive strength of N-R30-B-0.0 was approximately 12% lower than
that of N-R0-B-0.0. The BMF-reinforced NSC with 30% RCA exhibited a maximum strength
gain of 9% at v¢ of 1.0% relative to that of N-R30-B-0.0, after which a declining trend of the
cube compressive strength was recorded. The strength of all BMF-reinforced mixtures with
30% was still lower than that of N-R0-B-0.0 made with NA. In fact, a maximum of 95% of
the strength of NA-based mixture N-R0-B-0.0 was restored by N-R30-B-1.0. The plain NSC
concrete with 60% RCA showed a reduced cube compressive strength at all ages, relative
to that of their counterparts reinforced with BMF (Figure 9b). The 28-day cube compressive
strength of N-R60-B-0.0 was 34% lower than that of N-R0-B-0.0. The respective strengths of
BMF-reinforced mixtures N-R60-B-0.5 and N-R60-B-1.0 were 24 and 26% higher than that
of N-R60-B-0.0. The higher BMF volume fraction of 1.5% resulted in a reduced strength
gain of 17% only. Despite the improvement caused by the addition of BMF, a maximum of
83% of the strength of the NA-based mixture N-R0-B-0.0 was restored by N-R60-B-1.0.

(b)

Figure 8. Typical failure mode of cube specimens: (a) plain mixture (H-R30-B-0.0); (b) BMF-reinforced
mixture (H-R30-B-0.5).
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Figure 9. Development of NSC cube compressive strength with time: (a) N-R30; (b) N-R60.

Figure 10 shows the progression of the cube compressive strength of the RCA-based
HSC mixtures with time. At 30% RCA, the plain concrete mixture H-R30-B-0.0 showed
a lower cube compressive strength than that of its NA-based counterpart H-R0-B-0.0 at
all ages of curing (Figure 10a). Eventually, a 25% strength reduction was recorded by
H-R30-B-0.0 at 28 days, relative to that of H-R0-B-0.0. The addition of BMF at v¢ of 0.5%
improved the strength at all ages, with a maximum of 9% strength gain at 28 days. The
cube compressive strength decreased at the higher BMF volume fractions of 1.0 and 1.5%.
In fact, the cube compressive strength of the HSC mixtures with 30% RCA and v¢ of 1.0
and 1.5% was, on average, 8% lower than that of H-R30-B-0.0. These results emphasize the
possibility of occurrence of a strength decay when BMF are added at high volume fractions.
At 60% RCA, the plain HSC mixture H-R60-B-0.0 showed a reduced cube compressive
strength after 3 days of curing, relative to that of their counterparts reinforced with BMF
(Figure 10b). At 28 days, the cube compressive strength of H-R60-B-0.0 was 30% lower
than that of the NA-based mixture H-R0-B-0.0 and approximately 6% lower than that of
its counterparts reinforced with BMF. The cube compressive strength of the mixtures with
BMF was, on average, 76% of that of H-R0-B-0.0.
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Figure 10. Development of NSC cube compressive strength with time: (a) H-R30; (b) H-R60.

Figure 11a,b shows the effects of RCA replacement and BMF inclusion on f’. for
the NSC and HSC, respectively. The strengths of the NA-based benchmark mixtures are
included for the purpose of comparison. Figure 11a shows that the plain NSC with 30
and 60% RCA exhibited f’. reductions of 30 and 49%, respectively, relative to that of the
NA-based mixture N-R0-B-0.0. Their HSC counterparts exhibited respective reductions
of 31 and 49%, relative to that of H-R0-B-0.0 (Figure 11b). These results indicate that the
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reduction in f’. of plain concrete caused by RCA was sensitive to the RCA replacement
percentage and the slenderness ratio, but not affected by the initial concrete grade. The
addition of BMF at v¢ of 0.5% increased f’ of the NSC with 30 and 60% RCA by 7 and 34%,
respectively. The HSC with v¢ of 0.5% exhibited respective increases in f’. of 6 and 13%.
Further increase in v¢ resulted in no or an insignificant reduction in the strength gain. At
30% RCA, values of f’,. for the of NSC and HSC reinforced with BMF were, on average, 75
and 73% of that of the NA-based mixtures N-R0-B-0.0 and H-R0-B-0.0, respectively. The
respective values at 60% RCA were 66 and 58%.
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Figure 11. Effect of RCA and BMF on cylinder compressive strength: (a) NSC; (b) HSC.

Table 4 summarizes the 28-day cube (fc;) and cylinder (f’c) compressive strength
results along with values of the concrete Young’s modulus (E.). The plain NSC and HSC
mixtures with RCA exhibited reduced values of f’./fy, relative to that of their NA-based
counterparts. This behavior indicates that, under compression loading, plain concrete
mixtures made with RCA were more sensitive to the slenderness ratio than their NA-
based counterparts. The concrete mixtures made with RCA and BMF tended to exhibit
a slightly higher values of f’./f .y, than that of their plain counterparts, indicating a slightly
improved resistance to the slenderness effect. The Young’s moduli of the plain NSC
concrete mixtures N-R30-B-0.0 and N-R60-B-0.0 were 13 and 24% lower than that of their
NA-based counterpart N-R0-B-0.0, respectively. Similarly, the plain HSC concrete mixtures
H-R30-B-0.0 and H-R60-B-0.0 exhibited 27 and 31% reductions in their Young’s modulus,
respectively, relative to that of their NA-based counterpart H-R0-B-0.0. The addition of
BMF did not improve the Young’s modulus of the concrete. It should be noted that the
Young’s modulus of the concrete represents the slope of the linear part of the stress-strain
response of the concrete as per ASTM C469 [50]. Since the fibers start to contribute to
the concrete resistance after crack initiation, it might be reasonable not to anticipate an
improvement in the Young’s modulus of concrete reinforced with BMFE.

Table 4. Compression test results of concrete mixtures.

Group Mixture ID fcu (MPa) 1 f’c (MPa) 1 f'fcu E. (GPa)!
N-R0-B-0.0 40.0 (1.20) 36.5 (1.73) 091 35.6 (3.14)
N-R30-B-0.0 35.1 (1.69) 25.5 (1.43) 0.73 30.9 (2.65)
N-R60-B-0.0  26.3 (1.45) 185 (0.72) 0.70 26.9 (2.11)
N-R30-B-0.5 37.4 (1.10) 27.3 (1.52) 0.73 24.7 (0.32)

NSC N-R30-B-1.0  38.1(1.32) 27.4(0.88) 0.72 26.4(0.21)
N-R30-B-15  35.8(1.73) 27.9 (0.83) 0.78 27.3 (1.82)
N-R60-B-0.5  32.6 (1.45) 24.8 (2.16) 0.76 24.8 (3.1)
N-R60-B-1.0  33.2(0.78) 23.8(1.27) 0.72 233 (2.72)

N-R60-B-15  30.8 (1.04) 23.4 (1.58) 0.76 21.0 (3.27)
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Table 4. Cont.

Group Mixture ID  f, (MPa) ! f'c (MPa) 1 felfeu E. (GPa)!
H-R0-B-0.0 58.6 (0.81) 53.6 (2.15) 0.91 419 (3.22)

H-R30-B-0.0 44.0 (2.50) 37.1(2.53) 0.80 304 (3.97)

H-R60-B-0.0 413 (2.53) 27.3 (1.25) 0.66 29.0 (2.27)

H-R30-B-0.5 47.8 (2.23) 39.4 (1.99) 0.82 27.3 (3.90)

HSC H-R30-B-1.0  41.3 (0.59) 39.7 (1.74) 0.96 26.3 (0.76)
H-R30-B-1.5  40.0 (0.79) 38.6 (2.46) 0.97 26.6 (3.61)

H-R60-B-0.5 449 (2.47) 30.9 (1.22) 0.69 27.4(0.26)

H-R60-B-1.0 42.1 (0.46) 31.2 (1.83) 0.74 249 (0.48)

H-R60-B-15  45.9 (1.66) 30.7 (4.09) 0.67 26.1 (1.74)

! Values between parentheses represent the standard deviation.

4.2.2. Splitting Tensile Strength

Figure 12 shows pictures of specimens after conducting the splitting tensile strength
test. The plain NSC with RCA exhibited a longitudinal splitting crack that was widened
very rapidly upon its initiation causing a sudden failure. Comparable HSC specimens
broke into two halves indicating a brittle mode of failure. A fine splitting crack appeared in
the NSC and HSC specimens reinforced with BMF during the test. This crack widened grad-
ually with an increase in load, but the specimens remained intact after failure. Figure 13a,b
shows the effect of RCA and BMF on fs, of the NSC and HSC, respectively. The strengths
of the NA-based mixtures are included in the figures for the purpose of comparison. The
plain NSC with 30 and 60% RCA exhibited reductions in f;, of 6 and 13%, respectively
(Figure 13a), relative to that of the NA-based mixture N-R0-B-0.0. The decrease in the fsp
caused by RCA was more significant for the HSC, where 29 and 28% reductions were
recorded at 30 and 60% RCA, respectively, relative to that of H-R0-B-0.0 (Figure 13b).
Figure 13a shows that the inclusion of BMF at v of 0.5% fully restored the splitting tensile
strength of the NA-based NSC mixture. The splitting tensile strength of the mixtures
with 30% RCA further increased with increasing the BMF volume fraction. In contrast,
increasing the BMF volume fraction in the NSC mixtures with 60% RCA did not result in
an additional increase in fy,. It seems that fs, of the NSC with 60% RCA was too weak to
show an effect for the additional increase in the BMF volume fraction. Figure 13b shows
that it was necessary to use v¢ of 1.0% in the HSC mixtures with 30% RCA to restore f;, of
the NA-based mixture H-R0-B-0.0. The use of a higher v of 1.5% in H-R30-B-1.5 increased
fsp by 10%, compared with that of H-R30-B-1.0. Although the addition of BMF improved fs,
of the HSC mixtures with 60% RCA, a maximum of 92% of the strength of the NA-based
mixture H-R0-B-0.0 was restored, when the BMF were added at v¢ of 1.5%.

(d)

Figure 12. Sample pictures of specimens after the splitting tensile test: (a) N-R60-B-0.0; (b) H-R30-B-
0.0; (¢) N-R60-B-1.5; (d) H-R30-B-1.5.
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Figure 13. Splitting tensile strength results: (a) NSC; (b) HSC.

The addition of BMF increased fy, of the RCA-based mixtures, but the strength gain was
dependent on the RCA replacement percentage and the BMF volume fraction. Figure 14a,b
shows the relationship between the gain in f;, and the BMF volume fraction for the NSC and
HSC, respectively. At 30% RCA, the strength gains of the NSC and HSC mixtures with BMF
were computed relative to those of N-R30-B-0.0 and H-R30-B-0.0, respectively. Similarly,
fsp values of N-R60-B-0.0 and H-R60-B-0.0 were considered as baselines for the calculation
of the strength gain of the NSC and HSC mixtures with 60% RCA, respectively. It can be
seen that the strength gain of the BMF-reinforced NSC and HSC mixtures with 30% RCA
increased almost linearly at the same rate with increasing the BMF volume fraction. At 30%
RCA, the gain in f; of the BMF-reinforced NSC was in the range of 12 to 46%, whereas that
of their HSC counterparts was in the range of 7 to 53%. The gain in fsp for the mixtures with
60% RCA was dependent on the initial concrete grade and the BMF volume fraction. At v¢
of 0.5%, the strength gain of the NSC and HSC mixtures with 60% RCA was insignificantly
different from that of their counterparts with 30% RCA. The gain in fs of the NSC with 60%
RCA remained almost unaltered at the higher BMF volume fractions. This behavior could be
attributed to the significant weakness of the NSC having 60% RCA that could have hastened
the failure after initial cracking, thus limiting the contribution of the BMF to the splitting
tensile resistance. Failure of the concrete at the onset of crack initiation does not allow the
BMEF to contribute to the resistance of the splitting tensile forces. In contrast, the strength
gain of the BMF-reinforced HSC with 60% RCA continued to increase with an increase in
the BMF content. The strength gain of the BMF-reinforced HSC mixtures with 60% RCA
(3-27%) was, however, less pronounced, relative to that of their counterparts with 30% RCA.
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Figure 14. Relationship between the splitting tensile strength gain and the BMF volume fraction:
(a) NSC; (b) HSC.
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4.2.3. Flexural Performance

Figure 15 shows pictures of specimens failed in flexure. The plain concrete specimens
failed in a brittle manner at the onset of cracking at nearly zero deflection, leaving them
with no residual flexural strength nor toughness. As such, they exhibited a complete
fracture along the section depth at failure. Most of the specimens reinforced with BMF did
not split into two parts after a complete failure took place due to the bridging action of the
BME. This behavior can be ascribed to an enhancement in the concrete’s tension stiffening
due to the addition of BMF. The effects of RCA and BMF on f; of the NSC and HSC are
shown in Figure 16a,b, respectively. The flexural strengths of the NA-based mixtures are
included in the figures for the purpose of comparison. Figure 16a shows that the use of 30%
RCA did not reduce f; of the plain NSC mixture, whereas a 22% reduction was recorded for
its counterpart with 60% RCA, relative to that of the NA-based mixture N-R0-B-0.0. The
value of f; of the BMF-reinforced concrete with 30% RCA increased with an increase in the
BMF content, until a flexural strength gain of 18% was reached at v¢ of 1.0%, after which no
further strength gain was recorded. The inclusion of BMF at v¢ < 1% was not effective in
improving the flexural strength of the NSC mixture made with 60% RCA. Meanwhile, at
v¢ of 1.5%, the flexural strength of the NSC mixture with 60% RCA was 38 and 7% higher
than those of its plain counterparts N-R60-B-0.0 and N-R0-B-0.0, respectively. Figure 16b
shows that the inclusion 30 and 60% RCA reduced f; of the plain HSC mixtures by 19 and
26%, respectively, relative to that of the NA-based mixture H-R0-B-0.0. The use of BMF at
v¢ of 0.5 and 1.0% resulted in a similar strength gain of 59%, on average, relative to that of
H-R30-B-0.0. However, the strength gain was only 26% at the higher v¢ of 1.5%. At 60%
RCA, the inclusion of BMF in the HSC mixtures at v¢ of 0.5 and 1.0% resulted in no or
insignificant improvement in f,. For the HSC with 60% RCA, it was necessary to use BMF
at v¢ of 1.5% to restore f; of the NA-based mixture H-RO0-B-0.0.

|\ \

S/ N rwfmdﬂ
(d)

Figure 15. Sample pictures of specimens after the flexural test: (a) N-R60-B-0.0; (b) N-R60-B-1.0;
(c) H-R60-B-0.0; (d) H-R60-B-1.0.
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Figure 16. Flexural strength results: (a) NSC; (b) HSC.

The mixtures with BMF exhibited a tensile softening response after reaching the
peak load. The load-deflection responses of representative RCA-based NSC and HSC
specimens with BMF are depicted in Figures 17 and 18, respectively. Figure 17a shows that
the deflection responses of the NSC mixtures with 30% RCA and different BMF volume
fractions were insignificantly different, although a slightly improved response was recorded
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at v¢ of 1.0%. The flexural performance of the BMF-reinforced NSC mixtures with 60%
RCA (Figure 17b) was inferior relative to that of their counterparts made with 30% RCA
(Figure 17a). At 60% RCA (Figure 17b), the deflection response of the NSC mixtures with
v¢ of 1.0 and 1.5% was almost identical. An improved flexural response was, however,
recorded for the NSC with 60% RCA at v¢ of 1.5%. Figure 18a, shows that the response
of H-R30-B-1.5 with the higher v¢ of 1.5% was inferior to those of H-R30-B-0.5 and H-
R30-B-1.0. The effectiveness of using higher BMF volume fractions to further improve the
flexural response was, however, evident for the HSC mixtures made with 60%, as shown in
Figure 18b.

15 15
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Figure 17. Load-deflection response of RCA-based NSC with BMEF: (a) 30% RCA; (b) 60% RCA.
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Figure 18. Load-deflection response of RCA-based HSC with BMF: (a) 30% RCA; (b) 60% RCA.

Detailed results of the four-point bending flexural tests are presented in Table 5, where
Pimax denotes the peak load. According to ASTM C1609 [52], fs00” and f150" are the residual
strengths at deflection values of L/600 and L/150, respectively, and Tis0P is the flexural
toughness based on the area enclosed under the load-deflection response until a deflection
of L/150 (i.e., 3 mm), where D is the depth of the concrete prism (100 mm) and L is the
length of the prism between the center of the supports (450 mm). As explained earlier, plain
NSC and HSC mixtures did not show residual flexural strength nor toughness because of
the sudden failure that occurred at the onset of cracking. The bridging effect of the fibers
allowed the BMF-reinforced NSC and HSC flexural test specimens to exhibit a softening
behavior after cracking. Specimens N-R30-B-1.0 and H-R30-B-1.0 with 30% RCA and v¢
of 1.0% exhibited a higher residual strength and toughness than those of their respective
counterparts N-R30-B-0.5 and H-R30-B-0.5 with v¢ of 0.5%. Generally, further increase
in the BMF content to v¢ of 1.5% did not result in a further improvement in the residual
strength nor the toughness of the NSC and HSC with 30% RCA. Flexural test results of the
HSC with 60% RCA tended to show a trend similar to that of their counterparts made with
30% RCA. A continual increase in the residual strength and toughness with increasing the
BMF content was evident for the NSC mixtures made with 60% RCA.
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Table 5. Four-point flexural results.

. fe00'® f150'%° 100
Group Mix ID Pmax (KN) fr (MPa) (MPa) (MPa) Ty50 " (J)

N-RO-B-0.0 849 (0.18)  3.82(0.08) - - -
N-R30-B-0.0  8.68(0.09)  3.90 (0.04) - - -
N-R60-B-0.0  6.62(0.70)  2.98 (0.32) - - -

N-R30-B-0.5 899 (0.18)  4.04(0.08)  2.50 (0.32)  0.34(022)  9.02 (0.09)
NSC N-R30-B-1.0  10.24 (0.98)  4.61 (0.44)  2.80(1.09)  1.04 (0.30)  16.87 (1.41)
N-R30-B-1.5  10.36 (1.41)  4.66 (0.64)  2.43(0.08)  0.60 (0.14)  11.10 (0.79)

N-R60-B-0.5  6.93(026) 3.12(0.12) 099 (021)  0.32(027)  5.43(1.43)
N-R60-B-1.0  6.95(1.24)  3.13(0.56) 1.25(022) 0.75(0.13)  7.21 (1.46)
N-R60-B-15  9.11(1.30)  4.10(0.59)  1.92(0.62)  0.92(0.18)  11.54 (1.49)

H-RO-B-00 999 (1.32)  4.50 (0.60) - - -
H-R30-B-0.0  8.12(1.24)  3.65 (0.56) - - -
H-R60-B-0.0 743 (1.15)  3.34(0.52) - - -

H-R30-B-0.5 13.05(2.03) 5.87(0.91) 3.24(1.98) 0.20(0.12)  12.93 (3.96)
HSC H-R30-B-1.0  12.80 (0.79) 576 (0.36)  2.34(1.29)  0.67 (0.04)  11.05 (0.98)
H-R30-B-15 1037 (0.17) 4.59 (0.14)  1.82(0.18)  0.82(0.03)  9.68 (0.90)

H-R60-B-0.5  855(0.27) 3.85(0.12)  1.76 (0.20)  0.30 (0.16)  7.37 (0.34)
H-R60-B-1.0 753 (1.57) 3.39(0.71) 2.21(029) 1.03(0.36) 11.15(2.96)
H-R60-B-15  10.62 (1.59) 4.78(0.72)  2.72(047)  0.40(0.02)  10.49 (1.06)

Values between parentheses represent the standard deviation.

4.3. Durability Properties
4.3.1. Water Absorption and Sorptivity

Table 6 summarizes the durability test results. The plain NSC with 30 and 60% RCA
exhibited 21 and 52% increases in the water absorption, respectively, relative to that of N-R-
B-0.0. Their HSC counterparts HSC showed respective increases of 14 and 72%, relative
to that of H-R0-B-0.0. The increased water absorption values of the plain concrete with
RCA are indicative of their increased porosity, particularly at the higher RCA replacement
percentage of 60%. The NSC with 30 and 60% RCA having v¢ of 1.0% exhibited 4 and 9%
reductions in the water absorption, compared with those of N-R30-B-0.0 and N-R60-B-0.0,
respectively. Higher BMF volume fractions did not change the percent reduction in the
water absorption of the NSC. The HSC with BMF exhibited 3-11% and 13-17% reductions
in the water absorption at 30 and 60% RCA, respectively, relative to those of their plain
counterparts. The BMF may have obstructed some routes in the concrete, which could
have reduced the water migration. The sorptivity of the plain NSC with 30 and 60% RCA
increased by 65 and 62%, respectively, relative to that of N-R0-B-0.0. Their counterpart
HSC mixtures exhibited respective increases of 51 and 53%, relative to that of H-R0-B-0.0.
These results indicate that the effect of increasing the RCA replacement percentage from
30 to 60% on the rate of water migration was less evident in the results of the sorptivity
test, although was pronounced in the water absorption test. Overall, the inclusion of BMF
tended to reduce the sorptivity of RCA-based NSC and HSC mixtures. The reduction in
the sorptivity of the NSC and HSC with BMF was in the same range of 3-10% at 30% RCA
and 6-15% at 60% RCA, relative to those of their plain counterparts.
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Table 6. Durability characteristics test results.
. Water Sorptivity x 10~2 Abrasion Mass UPV
Group Mixture ID Absorption (%) (mm//s) Loss (%) (m/s)
N-R0-B-0.0 493 227 14.20 5149
N-R30-B-0.0 5.98 3.74 21.0 4564
N-R60-B-0.0 7.50 3.67 68.9 4331
N-R30-B-0.5 5.63 3.80 20.7 4654
NSC N-R30-B-1.0 5.74 3.45 19.5 4634
N-R30-B-1.5 5.33 3.62 13.7 4654
N-R60-B-0.5 7.44 3.37 44.51 4335
N-R60-B-1.0 6.82 3.33 41.93 4369
N-R60-B-1.5 6.69 3.32 37.81 4425
H-R0-B-0.0 422 1.66 8.3 5079
H-R30-B-0.0 4.79 2.50 19.4 4787
H-R60-B-0.0 7.24 2.54 23.1 4198
H-R30-B-0.5 4.65 2.32 14.2 4717
HSC H-R30-B-1.0 4.28 2.34 14.1 4803
H-R30-B-1.5 4.31 222 13.5 4697
H-R60-B-0.5 6.27 2.37 21.6 4340
H-R60-B-1.0 6.07 2.23 15.9 4727
H-R60-B-1.5 6.03 2.15 12.2 4400

Reduction in mass loss (%)
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4.3.2. Abrasion Resistance

Table 6 shows that the use of 30 and 60% RCA increased the abrasion mass loss of
the plain NSC mixture by about 1.5 and 5 folds, respectively, relative to that of N-R0-B-0.0.
The 30 and 60% RCA replacement percentages increased the abrasion mass loss of the
HSC by about 2.5 and 3 folds, respectively, relative to that of H-R0-B-0.0. The results
demonstrated that the increase in the abrasion mass loss of the plain NSC was sensitive to
the RCA replacement percentage, whereas that of the plain HSC with 30 and 60% RCA was
insignificantly different. The addition of BMF reduced the abrasion mass loss. Figure 19a,b
shows the reduction in the abrasion mass loss caused by the addition of BMF for NSC and
HSC, respectively. For the BMF-reinforced NSC with 30 and 60% RCA, the reduction in
the abrasion mass loss was 1-35% and 35-45%, respectively (Figure 19a). These results
indicate that the addition of BMF had a more pronounced effect on improving the abrasion
resistance at 60% RCA. Figure 19b shows that the reduction in the abrasion mass loss
caused by the addition of BMF to HSC with 30% RCA was almost constant at a value of
about 30%, irrespective of the BMF volume fraction. Their counterparts with 60% RCA
were affected by the BMF volume fraction, where 6, 31, and 47% reductions in the abrasion
mass loss were recorded at v¢ of 0.5, 1.0, and 1.5%, respectively.
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Figure 19. The reduction in the abrasion mass loss versus the BMF volume fraction relationship:
(a) NSC; (b) HSC.
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4.3.3. Ultrasonic Pulse Velocity

Table 6 shows that the UPV values of the plain NA-based NSC and HSC mixtures
N-R0-B-0.0 and H-R0-B-0.0 exceeded 4500 m /s, indicating an excellent concrete quality of
both mixtures [57]. The plain NSC mixtures N-R30-B-0.0 and N-R60-B-0.0 with 30 and 60%
RCA exhibited 11 and 16% lower UPV values, relative to that of the NA-based mixture
N-RO0-B-0.0, respectively. Their HSC counterparts showed respective reductions of 6 and
17%, relative to that of H-R0-B-0.0. The reduced UPV values of the concrete made with RCA
is an indication of the presence of more voids. Figure 20a,b demonstrates the effect of BMF
on UPV values of NSC and HSC with different RCA replacement percentages, respectively.
The incorporation of BMF had an almost no effect on the UPV of the NSC with 30 and 60%
RCA, irrespective of the RCA replacement percentage. Similarly, the HSC with 30% RCA
reinforced with BMF had similar UPV values. The addition of the BMF at v¢ of up to 1%
increased the UPV value of the HSC with 60% RCA by 13%. A declining trend in the UPV
value was observed at v¢ of 1.5%, where an increase of 5% only was recorded, relative to
that of its plain counterpart. Based on the UPV values, the quality of all concrete mixtures
with 30% RCA is rated as “Excellent”, whereas that of the majority of those with 60% RCA
is rated as “Good” [57].
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[ PY ? °
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Figure 20. Effect of BMF volume fraction on UPV of RCA-based mixtures: (a) NSC; (b) HSC.

5. Discussion

The main factors affected the performance of the mixtures tested in the present study
were the BMF volume fraction, RCA replacement percentage, and initial concrete grade.
Findings of the present study indicated that the workability of the RCA-based concrete mix-
tures decreased with an increase in the BMF volume fraction. The extent of the detrimental
effect of the BMF on the workability was dependent on the RCA replacement percentage
and the initial concrete grade. At 30% RCA, the slump reduction caused by the addition of
BMF for NSC and HSC was insignificantly different, where up to a 32% slump reduction
was recorded. The addition of BMF was more detrimental to the workability of the BMF-
reinforced concrete with 60% RCA. Such a detrimental effect was more pronounced for the
HSC (maximum slump reduction of 84%), rather than that of the NSC (maximum slump
reduction of 51%). The decrease in the workability of RCA-based concrete due to the addi-
tion of the BMF observed in this study is consistent with other published findings [12,13]
that showed 33 to 65% reductions in the slump of BF-reinforced concrete made with 50%
RCA. Such a reduction in the concrete workability can be attributed to the surface area of
the fibers, which utilized some of the cement paste for wrapping, in addition to an increased
resistance of the fresh concrete to the movement of particles due to the friction created by
the fiber network.
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Results of this study revealed the potential of BMF to increase the compressive strength
of RCA-based concrete. Varying the content of BMF had, however, no noticeable effect on
the compressive strength gain, irrespective of the RCA replacement percentage and the
initial grade of the concrete. The initial concrete grade also had no noticeable impact on the
compressive strength gain of the mixtures with 30% RCA, where an average increase of 8%
was recorded for both NSC and HSC. At 60% RCA, the compressive strength gain was less
pronounced for HSC mixtures (9-13%) than that of their NSC counterparts (26-34%). The
splitting tensile strength of the RCA-based concrete improved with the addition of BMFE,
but the strength gain was mainly affected by the RCA replacement percentage. At 30%
RCA, the splitting tensile strength gain of both NSC and HSC increased almost linearly at
the same rate with an increase in the BMF content, where up to a 53% strength gain was
recorded. The addition of BMF also improved the splitting tensile strength of the mixtures
with 60% RCA, but to a lesser extent with maximum strength gains of 16 and 22% for
NSC and HSC, respectively. The flexural test results implied the viability of using BMF to
improve the flexural strength of concrete made with 30% RCA by up to 18% for NSC and
59% for HSC, noting that the use of v¢ > 1.0% caused a minimal additional improvement or
a decay in the strength gain. At 60% RCA, the addition of BMF at v¢ < 1.0% tended to have
an insignificant effect on the flexural strength. In fact, it was necessary to use BMF at v¢
of 1.5% to obtain significant flexural strength gains of 38 and 43% for the NSC and HSC,
respectively. Previous studies attributed the improvement in the mechanical properties of
RCA-based concrete reinforced with nonmetallic fibers to the formation of a fiber network
that worked as a bridge in the cement matrix, resulting in decreasing propagation of micro-
and macro cracks [15,16,18]. The reduced strength gain observed in some cases of the
present study when high BMF volume fractions were used can be ascribed to a nonuniform
distribution and clustering of the fibers. The possibility of having a strength reduction
due to the addition of fibers or a declining trend after exceeding a specific fiber content
was noted in some of the previous studies [12,19]. Several reasons were reported for such
a strength decay including wrapping of the fibers with cement paste during the agitation
process, thus diminishing the effectiveness of the mortar, fracture of the fibers during
the agitation process, leading to a decreased anchoring length, and agglomeration and
nonuniform dispersion of the fibers into the matrix, which created weak surfaces and
prevented the formation of a space grip with integrity [12,19]

The addition of BMF to the RCA-based concrete mixtures tested in the present in-
vestigation tended to reduce the water absorption and abrasion mass loss, irrespective of
the initial concrete grade. The improved resistance to the water penetration and abrasion
caused by BMF was more pronounced for the mixtures with 60% RCA rather than those
with 30% RCA. The improvement in the abrasion resistance can be ascribed to the increased
stiffness of the matrix against tensile forces caused by abrasion [6,24]. A negligible increase
in the UPV values of the RCA-based concrete was recorded due to the addition of BMF.
Such a minor effect of the BMF on the UPV was not affected by the initial concrete grade nor
the BMF content. These observations are in agreement with findings of other studies [20],
which indicated no noticeable effect for the nonmetallic fibers on the UPV.

6. Idealized Tensile Softening Laws
6.1. Finite Element Modeling

A numerical three-dimensional (3D) finite element (FE) model was created for the
tested concrete prisms reinforced with BMF using ATENA software [58]. Figure 21a depicts
the geometry, boundary conditions, and locations of the monitoring points of a typical FE
model. Half of the concrete prism was modeled using 3D macro-elements, with a mesh
size of 15 mm, to take advantage of the specimen’s symmetry and shorten the processing
time. Steel plates were provided at the load and support locations to avoid concentration
of stresses at these locations. The boundary conditions included restraining the support
steel plate form movement in the transverse and vertical directions through a line support
and the plane of symmetry section from movement in the longitudinal direction via surface
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supports. Displacements were induced incrementally at the midpoint of the top steel plate.
Two monitoring points were employed to record the numerical data. One point was in the
middle of the top steel plate to record the load; whereas the other one was located at the
bottom soffit of the beam in the midspan to record the deflection.

Load Plate
Concrete J Monitoring point for load StiSS
»/ .
K ~
0 Surface support in f ¢
8 ‘—Llongitudinal direction 08 f" N
= 1 -0/ ¢

Plane of symmetry

Monitoring point for deflection

Support plate movement restriction in

Y% e
% < vertical and transverse direction

g 150 n

L/2=225

(a) (b)

Figure 21. FE modeling: (a) model geometry, boundary conditions, and monitoring points (dimen-

P Strain

‘Lp
™

0.5¢.,

25

sions are in mm); (b) Compressive hardening-softening law.

The constitutive law of the concrete in compression adopted in the FE analysis starts
by a linear part having a slope equal to E. of the concrete. The compressive hardening-
softening law is represented by a multilinear function (Figure 21b). The compressive strain
values of the breaking points are generated automatically by the software based on the
concrete compressive strength. Values of the plastic concrete strain at the compressive
strength (ep) were in the range of 0.09-0.11%, whereas those of the concrete plastic strain
at a complete release of stress (e4) were 0.59-0.61%. For large-scale RC members made of
fiber-reinforced concrete, the software manual recommends adopting a magnified value of
€4 to account for the probable increase in the compressive strain capacity caused by the
fibers [58]. Magnifying the value of e4 by up to 100 times in the present study had, however,
no effect on the numerical results of the prisms. This behavior was anticipated since failure
of the prisms was governed by the tensile strength and tensile softening behavior of the
concrete. The tensile softening law of the concrete reinforced with BMF is represented by
a multilinear function. Such a relationship has been developed based on an inverse analysis
of the flexural test data. Details of the tensile softening law and the inverse analysis are
presented in the following section.

6.2. Tensile Softening Law

An idealized trilinear tensile softening relationship was considered for the RCA-based
concrete reinforced with BMF. The first steeper branch was assumed constant for all of
the BMF-reinforced mixtures [27,31], but the slope of the next two branches varied based
on the BMF content. Several iterations were conducted to determine the stress and strain
values of the breaking points of the relationship at different contents of BMEF, based on an
inverse analysis of the flexural test results. Figure 22 depicts the tensile softening laws
obtained from the inverse analysis, with the y-axis representing the normalized tensile
stress, and x-axis represents the tensile strain. The uniaxial tensile strength, f;, was assumed
as 0.45f [59]. The post-peak response was primarily affected by the BMF content rather
than the RCA replacement percentage. Once the tensile strength is reached, the tensile
stress decreases linearly until it reaches a value of 0.4f; at a tensile strain of 0.008. In the
following two stages, the tensile stress continues to decline but at flatter rates, depending
on the BMF volume fraction.
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Figure 22. Idealized tensile softening laws of RCA-based concrete reinforced with BMF.

6.3. Validation of the Tensile Softening Law

A comparative analysis between the flexural responses predicted numerically and
those obtained from the experiments was conducted to verify the validity of the tensile
softening laws. The numerical versus experimental flexural responses of the NSC with BMF
are depicted in Figures 23 and 24, whereas those of their HSC counterparts are compared in
Figures 25 and 26. The response of some replicates was not captured due to a malfunction
of the transducer at the onset of cracking. Generally, the numerical and experimental
deflection responses showed a similar trend. Table 7 compares the load capacity and
flexural toughness predicted numerically with those obtained from the tests. The difference
between the predicted and measured loads was, on average 4.5%, with a minimum of 0.8%
and maximum of 8.2%. The deviation between the predicted flexural toughness and that
obtained from the tests was, on average, 18.8%. The good agreement between the numerical
and experimental results validates the accuracy of the idealized tensile softening laws.
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Figure 23. Numerical versus experimental flexural response of NSC with 30% RCA: (a) N-R30-B-0.5;
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Figure 24. Numerical versus experimental flexural response of NSC with 60% RCA: (a) N-R60-B-0.5;
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Figure 25. Numerical versus experimental flexural response of HSC with 30% RCA: (a) H-R30-B-0.5;
(b) H-R30-B-1.0; (c) H-R30-B-1.5.
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Figure 26. Numerical versus experimental flexural response of HSC with 60% RCA: (a) H-R60-B-0.5;
(b) H-R60-B-1.0; (c) H-R60-B-1.5.

Table 7. Comparison between experimental and numerical results.

Load Capacity (kN) Toughness (J) Error ! (%)
Mixture ID
Experimental Numerical Experimental Numerical Load Capacity Toughness

N-R30-B-0.5 8.99 9.49 9.02 7.04 5.6 22.0
N-R30-B-1.0 10.24 10.62 16.87 11.23 3.7 334
N-R30-B-1.5 10.36 10.77 11.10 12.74 4.0 14.8
N-R60-B-0.5 6.93 7.50 5.43 5.80 8.2 6.8
N-R60-B-1.0 6.95 7.48 7.21 7.74 7.6 74
N-R60-B-1.5 9.11 9.30 11.12 12.88 2.1 15.8
H-R30-B-0.5 13.05 13.17 12.93 10.59 0.90 18.1
H-R30-B-1.0 12.80 12.90 11.05 13.86 0.8 254
H-R30-B-1.5 10.37 10.70 9.68 12.46 3.2 287
H-R60-B-0.5 8.55 9.18 7.37 7.16 7.4 2.9
H-R60-B-1.0 7.53 8.14 11.15 8.34 8.1 25.2
H-R60-B-1.5 10.62 10.90 10.49 13.09 2.6 24.8

Average 45 18.8

|Experimental — Numerical|
Experimental x 100.

L Error (%) =

7. Conclusions

The workability, mechanical properties, and durability characteristics of NSC and
HSC mixtures made with 30 and 60% RCA and BMF at v; of 0.5-1.5% were examined. The
following conclusions can be drawn based on test results:
The use of BMF was detrimental to the concrete workability. At v¢ of 1.5%, the NSC
and HSC with 30% RCA showed similar slump reductions of 32 and 26%, respectively.
Respective slump reductions of 51 and 84% were recorded at 60% RCA.
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The plain concrete mixtures with 30 and 60% showed approximately 19 and 32%
reductions in the cube compressive strength, respectively, relative to that of their
NA-based counterparts. The respective cylinder strength reductions were 31 and 51%,
signifying an increased sensitivity of the plain RCA-based mixtures to the slenderness
effect. The addition of BMF at v¢ of 0.5% increased the compressive strength of the NSC
and HSC with 30% RCA by 8%, on average. At 60% RCA, the compressive strength
gain was 26-34% for the NSC and 9-13% for the HSC. The use of a higher BMF
content resulted in minimal additional strength gain or a reduced strength gain. The
compressive strength of all RCA-based mixtures reinforced with BMF was, however,
lower than that of the NA-based plain mixture.

The splitting tensile strengths of the plain NSC mixtures with 30 and 60% RCA were
6 and 13% lower than those of their NA-based counterparts, respectively. The plain
HSC with RCA exhibited higher respective strength reductions of 29 and 28%. The
BMF-reinforced NSC and HSC with 30% RCA showed splitting tensile strength gains
of 12-46% and 7-53%, respectively. At 60% RCA, the use of BMF with v¢ < 1.0%
improved the splitting tensile strengths of the NSC and HSC by up to 16 and 22%,
respectively. Minimal or no further enhancement in the splitting tensile strength was
record at v; of 1.5%. The addition of BMF to RCA mixtures at v¢ of 1.0% restored the
original splitting tensile strength of the NA-based plain mixture, except for the HSC
with 60% RCA, where the strength was not fully restored.

At 30% RCA, the plain NSC mixture exhibited no flexural strength reduction, whereas
its HSC counterpart exhibited a flexural strength reduction of 19%. At 60% RCA, the
plain NSC and HSC showed flexural strength reductions of 22 and 26%, respectively,
relative to those of their NA-based counterparts. The addition of BMF at v¢ < 1.0%
improved the flexural strength of the NSC and HSC with 30% RCA by up to 18 and
59%, respectively. At v¢ of 1.5%, minimal additional strength gain or a declining trend
of the strength occurred. The addition of BMF at v¢ of 1.0% to NSC and HSC with 30%
RCA fully restored the original flexural strength of the NA-based mixtures. At 60%
RCA, it was necessary to use v¢ of 1.5% to restore the original flexural strength of the
NA-based concrete.

Partial replacement of NA by RCA increased the water absorption, reduced the UPV,
and decreased the abrasion resistance. The addition of BMF to the RCA-based concrete
tended to reduce the water absorption, improve the abrasion resistance, and slightly
increased the UPV, irrespective of the initial concrete grade.

New idealized tensile softening laws were established for RCA-based concrete mix-
tures reinforced with BMFE. A comparison between the numerical and experimental
flexural responses verified the validity of the tensile softening laws.

Future research should investigate the effectiveness of using hybrid basalt fibers with
different lengths rather than single-length fibers in improving the properties of NA-
and RCA-based concrete. The shear behavior of large-scale concrete beams made with
RCA and BMF should be examined in future work.
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