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Abstract - This research presents the combined effect of replacing natural aggregates by recycled concrete aggregates (RCA) and
incorporating basalt fibers on the workability, 7-day compressive strength, and 7-day splitting tensile strength of concrete mixes. Three
target design compressive strengths were used (30, 45, and 60 MPa). Untreated RCA were used in addition to two types of basalt fibers
at volume fractions ranging from 0 to 3%. The basalt fiber types used in this work had lengths of 20 and 43 mm. Locally available desert
dune sand was utilized in concrete mixes as a sustainable replacement to conventional crushed fine aggregates. The experimental results
showed that the incorporation of basalt fibers resulted in a significant decrease in the workability of fresh concrete. The retention of 7-
day compressive strength in basalt fiber-reinforced RCA concrete was superior when the design strength was 30 MPa rather than 45 and
60 MPa. The 7-day splitting tensile strength of RCA-based concrete was effectively restored upon the addition of basalt fibers. It exceeded
that of the control mixes with higher basalt fiber volume fractions and 43 mm-long basalt fibers.

Keywords: Basalt fiber, recycled concrete aggregates, dune sand, sustainability, compressive strength, splitting tensile
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1. Introduction

The rapid growth of the world’s population demands the construction of more infrastructure. In the process, more
concrete is needed, rendering it one of the most extensively used materials in the world [1]. Coarse aggregates, a major
constituent in concrete, are extracted from natural non-renewable resources. With the increasing need for concrete, more
coarse aggregates are being used, instigating the depletion of natural aggregate resource. It is therefore necessary to find an
alternative material that can replace natural coarse aggregates as the main filler in concrete with limited to no effect on the
concrete’s performance.

Generally, after its service life, a concrete structure is demolished, thus producing an excessive amount of waste, i.e.,
construction and demolition waste (CDW). Such waste is typically disposed of in landfills. While it is considered a steadfast
means of resolving the problem of waste management, it has hazardous environmental effects through leeching into the
ground [2]. Moreover, space to sort out CDW is becoming more limited in landfills [3]. As such, it is necessary to provide
an alternative to properly manage CDW.

The conversion of CDW into recycled concrete aggregates (RCA) has been suggested to relieve the stress on landfills
by utilizing so-produced RCA as a replacement to natural aggregates (NA). The process serves to promote environmental
sustainability [4]. Nonetheless, the use of RCA is limited to road construction as sub-base material, owing to its lower
strength, higher water absorption and superior porosity compared to NA [5]. While some literature have focused on
improving the properties of RCA by chemical or physical enhancement [6-7], others have incorporated additional
components, including steel fibers [8-10]. However, there is limited literature available on the performance of concrete made
with RCA and basalt fibers (BF). Feng et al. [11] studied the combined effect of RCA and basalt fibers on the performance
of concrete. The basalt fibers of length 18 mm were added in range of 0-0.2%, by volume, and the replacement ratio of RCA
was 50%. The experimental results showed that optimum contents of BF for cube compressive strength was 0.1%, and for
splitting tensile strength and elastic modulus, optimum value was 0.2%. Further, Wang et al. [12] studied the combined
influence of basalt fibers and nano-silica on the properties of concrete made with 50 and 100% RCA. Basalt fibers of 32 mm
length were added in range of 0-3 kg/m3. The experimental results showed that for 100% RCA concrete, flexural strength
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was maximum at BF contents of 2 kg/m?®. Clearly, there is a need for more research on the effect of RCA and basalt
fibers on structural concrete.

Accordingly, this research article is a pilot study that aims to examine the early-age strength and workability
properties of concrete made with dune sand, RCA and BF having different lengths. Natural coarse aggregates were
replaced by 100% RCA, which was provided in an untreated shape from a local recycling plant. Locally available dune
sand was used as sustainable fine aggregates to promote environmental sustainability. Concrete mixes were designed to
attain compressive strengths of 30, 45, and 60 MPa. The coupled effect of 100% RCA and up to 3% BF, by volume, on
the workability, 7-day compressive strength, and 7-day splitting tensile strength was investigated.

2. Materials and Methods
2.1. Materials

ASTM Type-I cement, NA, untreated RCA, dune sand, and tap water were used for concrete mix preparation and
curing of specimens. RCA were obtained from a local recycling plant with nominal maximum size (NMS) of 25 mm,
dry rodded density of 1563 kg/m?, water absorption of 6.62%, Los Angeles abrasion of 32.6%, specific gravity of 2.63,
fineness modulus of 7.74, soundness of 2.7%, and surface area of 2.5 cm?/g. In comparison, NA were in the form of
dolomitic limestone with NMS of 20 mm, dry rodded density of 1635 kg/m?, water absorption of 0.22%, Los Angeles
abrasion of 16.0%, specific gravity of 2.82, fineness modulus of 6.82, soundness of 1.2% and surface area of 2.49 cm?/g.
Dune sand consists of very fine particles, ranging between 300 to 600 microns, with a unit weight of 1663 kg/m?®, water
absorption of 19.92%, specific gravity of 2.77, and fineness modulus of 2.24. Both coarse aggregates, RCA and NA,
were used in saturated surface dry (SSD) condition to account for water absorption. Two types of basalt fibers were used
with mean lengths (lIr) of 20 and 43 mm and aspect ratios (I#/ds) of 28 and 61, respectively. Each type of BF had a mean
diameter (d) of 0.7 mm, tensile strength of 1100 MPa, specific gravity of 1.9, and Young’s modulus of 60 GPa. The
two types of basalt fibers are shown in Fig. 1.
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Fig. 1: (a) Physical appearance of basalt fibers and (b) length of basalt fibers

2.2. Mix Proportioning

Concrete mixes were prepared as per provisions of BS EN 206 [13], having target 28-day cube compressive
strengths of 30, 45 and 60 MPa. Samples made with 100% natural aggregates served as a benchmark. Table 1 shows the
constituents of each concrete mix. They were labelled as xRyBFz/n, where x represents target compressive strength (in
MPa), y is percentage of RCA (%), z is volume fraction of basalt fibers (%), and n represents the length of basalt fiber
(in mm). For instance, 30R100BF0.5/20 represents a 30 MPa-concrete made with 100% recycled concrete aggregates,
and 0.5% volume fraction of 20 mm-long basalt fibers.

2.3. Sample Preparation

Concrete mixes were prepared in the laboratory at 24+2°C and 50+5% relative humidity. Dry components,
including cement and fine and SSD-coarse aggregates were mixed in a concrete mixer for 3 minutes. Water was then
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added and mixed with the dry components for another 3 minutes to ensure uniformity. Basalt fibers were incorporated into
the mix at the end of the mixing period to avoid damaging the fibers. Fresh concrete was then cast into 100 mm x 200 mm
cylinders and 100 mm cubes and compacted using a vibrating table. The specimens were covered with plastic sheet for 24
hours, demoulded after one day and placed in water tank for curing until testing at an age of 7 days. Three specimens were
prepared for each test.

Table 1: Mix proportions of concrete mixes with different basalt fiber contents

Cement Sand NA RCA Water Superplasticizer BF

Mix Design (kg/m®) | (kg/m®) | (kg/m®) | (kg/m®) | (kg/m®) (kg/m?®) (kg/m?)
30R0OBF0 470 570 1130 0 230 0.00 0.0
30R100BF0 470 570 0 1130 230 0.00 0.0
30R100BF0.5/43 470 570 0 1130 230 0.00 10.5
30R100F1/43 470 570 0 1130 230 0.00 21.0
30R100F1.5/43 470 570 0 1130 230 0.00 315
30R100BF0.5/20 470 570 0 1130 230 0.00 10.5
30R100F1/20 470 570 0 1130 230 0.00 21.0
30R100F1.5/20 470 570 0 1130 230 0.00 315
30R100F2/20 470 570 0 1130 230 0.00 42.0
30R100F3/20 470 570 0 1130 230 0.00 63.0
45R0BFO 567 543 1100 0 216 0.62 0.0
45R100BF0 567 543 0 1100 216 0.62 0.0
45R100BF0.5/43 567 543 0 1100 216 0.62 10.5
45R100F1/43 567 543 0 1100 216 0.62 21.0
45R100BF1.5/43 567 543 0 1100 216 0.62 315
45R100BF0.5/20 567 543 0 1100 216 0.62 10.5
45R100F1/20 567 543 0 1100 216 0.62 21.0
45R100F1.5/20 567 543 0 1100 216 0.62 315
45R100F2/20 567 543 0 1100 216 0.62 42.0
45R100F3/20 567 543 0 1100 216 0.62 63.0
60ROBFO 617 513 1079 0 216 0.92 0.0
60R100BFO 617 513 0 1079 216 0.92 0.0
60R100BF0.5/43 617 513 0 1079 216 0.92 105
60R100F1/43 617 513 0 1079 216 0.92 21.0
60R100BF1.5/43 617 513 0 1079 216 0.92 315
60R100BF0.5/20 617 513 0 1079 216 0.92 10.5
60R100F1/20 617 513 0 1079 216 0.92 21.0
60R100F1.5/20 617 513 0 1079 216 0.92 315
60R100F2/20 617 513 0 1079 216 0.92 42.0
60R100F3/20 617 513 0 1079 216 0.92 63.0

2.4. Performance Evaluation

The experimental program consisted of casting more than 150 specimens to study workability, compressive strength,
and splitting tensile strength of different concrete mixes. The provisions of ASTM C143 [14] were followed to determine
slump of fresh concrete mixes. Compressive and splitting tensile strength tests were performed on 100 mm cubes and 100 x
200 mm cylinders at 7 days in accordance with BS EN 12390-3 [15] and ASTM C496 [16], respectively. The load was
applied at rate of 7 and 1 kN/s using compression testing machine of 2000 kN capacity, respectively. The average result of
the three replicate specimens was used in the analysis.
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3. Results and Discussion
3.1. Slump

The workability of concrete was characterized by its slump. It is worth noting that the mixture proportions of the
benchmark/control concrete mix, i.e., cement, aggregates, and water contents, were not changed throughout the
program. Fig. 2 demonstrates the workability of different concrete mixes. The mixes labelled ‘CON’ and ‘0%’ in this
and all subsequent figures refer to the control mix having 100% NA and the concrete mix having a 100% RCA and 0%
basalt fiber volume fraction, respectively. The slump values of the control concrete mixes with target compressive
strengths of 30, 45 and 60 MPa were 155, 215, and 220 mm, respectively. The replacement of coarse aggregates by
100% RCA resulted in negligible increase in the slump for 30 and 45 MPa samples. However, for 60 MPa-concrete, the
workability decreased by 16%, owing to the irregular particle shape of RCA [17]. The addition of 43 mm-long BF to
the RCA-based mix at volume fractions of 0.5, 1 and 1.5% resulted in 16, 90, and 94% slump reduction compared to
that of the control mix of 30 MPa. Moreover, the addition of up to 3% volume fraction of 20 mm-long BF resulted in as
much as 48% reduction in slump compared to 30 MPa-control concrete mix. Considering 45 MPa-concrete, the more
20 and 43 mm BF were added to the mix, the higher the reduction in slump. In fact, at a fixed volume fraction of 1.5%,
a 93 and 35% loss in workability was noted for 20 and 43 mm basalt fiber-reinforced RCA concrete. Clearly, longer
fibers were more impactful. In case of 60 MPa concrete, the addition of 20 and 43 mm BF at volume fraction of 0.5-3%
and 0.5-1.5% led to a 28-73% and 66-98% lesser slump compared to the control mix, respectively. Apparently, while
the replacement of NA by RCA had a negligible effect on workability, the addition of basalt fiber was more influential,
especially at higher volume fractions and with 43 mm-long fibers.
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Fig. 2: Slump of concrete with different design strength, fiber lengths, and fiber volume fractions

3.2. Compressive Strength

The 7-day compressive strength of concrete made with different proportions of RCA and BF is shown in Fig. 3.
Three replicate specimens per mix were used to obtain an average. The 7-day compressive strength of 30, 45, and 60
MPa control mixes was 33.4, 44.9, and 52.7 MPa, respectively. Upon the replacement of NA by 100% RCA, the
compressive strength decreased by 47, 47, and 58%. Clearly, the adverse effect of RCA replacement is intensified at
higher design strengths.

Nevertheless, the compressive strength was enhanced with the addition of basalt fiber for 30, 45, and 60 MPa RCA
concrete mixes, as shown in Table 2. It should be noted that concrete with 1.5% volume fraction of 43 mm BF were not
tested, as samples could neither be cast nor compacted. In case of 30 MPa-concrete, the addition of 43 mm at volume
fraction of 0.5 and 1% increased the compressive strength by 27 and 21%, respectively, compared to concrete made with
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100% RCA. Alternately, 0.5, 1, 1.5, 2, 3% volume fractions of 20 mm BF resulted in 37, 10, 29, 25, and 17% superior
compressive strength to plain RCA-based concretes. While basalt fiber incorporation into 100% RCA mixes is clearly
beneficial, it is interesting to also report the strength retention compared to the control mix. Concrete made with 43 mm
basalt fibers at volume fractions of 0.5-1% could retain between 62 and 65% of the compressive strength of the control mix.
mix. Counterparts made with 20 mm BF at volume fractions of 0.5, 1, 1.5, 2, and 3% resulted in retaining 70, 58, 66, 64, and
64, and 60%. Apparently, both fibers could restore part of the lost compressive strength. Yet, 20 mm fibers seemed to be
be slightly more effective.

Table 2: Comparison of compressive and splitting tensile strength of control and basalt fiber-reinforced concrete

Increase in feu Achieved fou of Increase in ft .
Mix Design ?I\\;I%af)w compared to RCA | BFRC as percent '(A‘I\\A/%af)t compared to RCA Qch;(\:;eri EfOLEF(I;S
concrete (%) of NC (%) concrete (%) P

30ROBF0 334 - - 1.7 - -

30R100BF0 17.2 - - 1.3 - -
30R100BF0.5/43 21.9 27 65 1.9 45 114
30R100F1/43 20.8 21 62 2.4 86 147
30R100BF0.5/20 235 37 70 1.8 36 107
30R100F1/20 18.9 10 58 1.6 25 98
30R100F1.5/20 222 29 66 1.9 42 112
30R100F2/20 215 25 64 1.7 30 102
30R100F3/20 20.1 17 60 1.9 48 117

45R0BFO 44.9 - - 2.3 - -

45R100BF0 23.9 - - 1.5 - -
45R100BF0.5/43 27.2 14 61 2.2 47 95
45R100F1/43 21.7 16 62 3.1 109 135
45R100BF0.5/20 27.2 14 61 2.3 56 101
45R100F1/20 21.7 16 62 1.9 30 84
45R100F1.5/20 27.3 14 61 2.3 56 101
45R100F2/20 275 15 61 24 60 104
45R100F3/20 25.7 8 57 2.6 74 113

60ROBF0 52.7 - - 2.5 - -

60R100BF0 22.1 - - 1.5 - -
60R100BF0.5/43 275 25 52 2.2 45 89
60R100F1/43 30.8 39 58 3.3 116 132
60R100BF0.5/20 24.5 11 46 1.7 13 69
60R100F1/20 25.3 14 48 1.6 8 66
60R100F1.5/20 29.1 32 55 2.4 58 97
60R100F2/20 29.3 33 56 25 61 99
60R100F3/20 26.9 22 51 2.9 89 115

feu = 7-day compressive strength, fi = 7-day splitting tensile strength, BFRC= basalt fiber reinforced concrete, NC= normal concrete

For 45 MPa-concrete, the addition of up to 1 and 3% volume fractions of 43 and 20 mm BF resulted in up to 16%
improvement in compressive strength compared to plain concrete made with 100% RCA. In terms of retaining the
compressive strength of the control mix, incorporating 43 mm and 20 mm-long BF at volume fractions within 1 and 3%
could retain 62%. The results indicate that similar strength improvement and retention could be achieved using either the 20
or 43 mm basalt fibers.

Considering 60 MPa-concrete, the addition of 0.5 and 1% volume fractions of 43 mm BF resulted in 25 and 39%
improvement in compressive strength in comparison with plain RCA-based concrete. An increase from 11 to 33% in strength
was noted when basalt fiber volume fraction increased from 0.5 to 3%. The highest retention of compressive strength for 20
and 43 mm basalt fiber-reinforced concrete was 58 and 56% with 3 and 1% volume fractions. While both basalt fiber types
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could attain similar improvement and retention of strength compared to the control mix, there effectiveness was superior
at lower concrete strength of 30 MPa.
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Fig. 3: Compressive strength of concrete mixes with different design strength, fiber lengths, and fiber volume fractions

3.3. Splitting Tensile Strength

The 7-day splitting tensile strength of concrete made with different proportions of RCA and basalt fibers is shown
in Fig. 4. Triplicate specimens were tested for each mix to obtain an average. The splitting tensile strength of 30, 45,
and 60 MPa control mixes was 1.7, 2.3, and 2.5 MPa, respectively. The replacement of NA by 100% RCA decreased
the respective control splitting tensile strength by 24, 35, and 40%. Compared to the results of 7-day compressive
strength, it is obvious that the replacement of NA by RCA has a less detrimental effect.

The addition of basalt fibers in concrete mixes with 100% RCA improved splitting tensile strength significantly in
comparison to the control mixes, as indicated in Table 2. For 30 MPa-concrete, the splitting tensile strength increased
by 45 and 86% when 0.5 and 1% volume fractions of 43 mm-long basalt fibers were added to RCA-based concrete. In
comparison, 0.5, 1, 1.5, 2, 3% volume fractions of 20 mm basalt fiber resulted in 36, 25, 42, 30, and 48% respective
increase compared to plain concrete made with 100% RCA. As for the retention level, 20 and 43 mm fiber addition at
volume fractions up to 1 and 3% resulted in retaining 147 and 117% of the splitting tensile strength of the control mix.
Clearly, both fiber types are effective at increasing the splitting tensile strength to the extent that a stronger concrete
than the control was produced. Nevertheless, it is worth noting that 43 mm basalt fiber-reinforced RCA concrete showed
superior performance to 20 mm counterparts.

For 45 MPa-concrete, the addition of up to 1 and 3% volume fractions of 43 and 20 mm basalt fibers resulted in up
to 109 and 74% enhancement in splitting tensile strength compared to the plain RCA concrete. With reference to the
control mix, the retention level for these volume fractions of the two types of basalt fibers was 135 and 113%. As for 60
MPa-concrete, the splitting tensile strength increased by 45 and 116% upon adding 0.5 and 1% volume fractions of 43
mm BF in comparison to the plain RCA concrete mix. These values denote a retention of 89 and 132% of the splitting
tensile strength of the control mix. On the other hand, the addition of 20 mm BF at volume fraction of 0.5, 1, 1.5, 2, and
3% increased the splitting tensile strength by 13, 8, 58, 61, and 89%, respectively, representing a strength retention of
69, 66, 97, 99, and 115% of that of the control mix. Similar to the 30-MPa concrete mix, 43 mm basalt fiber-reinforced
RCA concrete presented higher splitting tensile strength enhancement and retention than 20 mm equivalents. However,
the addition of 43 mm-long basalt fibers to concrete mixes is more effective with higher design compressive strengths.
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Fig. 4: Splitting tensile strength of concrete mixes with different design strength, fiber lengths, and fiber volume fractions

4. Conclusions
This paper demonstrates the combined effect of basalt fibers and recycled concrete aggregates on performance of

concrete mixes made with desert dune sand. The experimental investigation was performed on cylinder and cube specimens

to determine workability, compressive strength, and splitting tensile strength. The following conclusions can be drawn:

(i) Thereplacement of NA by 100% RCA had a negligible effect on the concrete workability. The addition of basalt fibers
decreased slump, especially when 43 mm-long fibers and/or high volume fractions were employed.

(if) Significant reduction in 7-day compressive strength was noted upon replacement of 100% NA by RCA. Higher
reduction percentages were associated with concrete having higher design strength. The incorporation of 20 and 43
mm-long basalt fibers resulted in similar improvement of compressive strength for 100% RCA concrete with design
strength of 45 and 60 MPa. Yet, the shorter fibers were relatively superior to longer ones when both were incorporated
at a fiber volume fraction of 0.5% in concrete with lower design strength (30 MPa). This was, however, not evident
when the fiber volume fraction was 1%. In terms of strength retention, fibers were general more effective at retaining
the design strength of 30 MPa control mixes upon replacing NA with RCA.

(iii) The 7-day splitting tensile strength of concrete increased with an increase in basalt fiber volume fraction for both
lengths, i.e., 20 and 43 mm. The splitting tensile strengths of basalt fiber-reinforced concrete mixes made with 100%
RCA were higher than that of the RCA-based control mix and, in most cases, even higher than that of the NA-based
control mix. Among the two fiber lengths, the longer (43 mm) led to a higher increase in splitting tensile strength. They
were especially effective when incorporated into concrete with high design strength (60 MPa).
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