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This paper aims to develop and evaluate the performance of steel fiber-reinforced concrete made with
recycled concrete aggregates (RCA) and desert dune sand. Different fresh and hardened properties of
RCA concrete mixtures with and without steel fibers were evaluated and compared with those of a mix-
ture made with natural coarse aggregates (NA). Test parameters included the RCA replacement percent-
age and steel fibers (SF) volume fraction (7). Test results showed that the substitution of 30% of NA with
RCA in plain concrete mixes did not reduce the design cylinder compressive strength (f'.), whereas the

Keywords: use of higher percentages of RCA replacement compromised the fresh and hardened properties of the
Steel fibers L. . . .
Dune sand concrete. The addition of SF significantly reduced the adverse effects caused by the inclusions of RCA

in the mixes. RCA-based concrete mixtures having 70 and 100% RCA replacements could be produced
with f’c values comparable to that of a NA-based concrete, when minimum ¢ values of 1, and 2% were
added, respectively. The RCA replacement increased the water absorption and sorptivity but decreased
the ultrasonic pulse velocity, bulk resistivity, and abrasion resistance. The addition of SF improved the
hardened properties of RCA-based concrete mixes to an extent of exceeding some of those of the NA-
based counterpart, as in the case of abrasion resistance. Analytical regression models were introduced
to correlate different concrete properties to the 28-day cylinder compressive strength.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Concrete is one of the most consumed construction materials. It
uses significant amount of non-renewable natural resources in the
production of its components, aggregates and cement. To sustain
the continuous population growth and construction development,
more concrete will be required. Consequently, the increasing
demand for aggregates raises concerns of the depletion of their
current sources and the availability of new sources. At the end of
its service life, a concrete structure is demolished, creating massive
amounts of construction and demolition waste (CDW) [1]. The con-
crete waste is mostly disposed of in landfills, instigating serious
environmental hazards. The limited space for landfills to contain
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CDW and the scarcity of natural resources for natural aggregates
(NA) promote the concept of reusing this waste by manufacturing
RCA as a potential substitute to NA. This promising approach is
considered an innovative means to promote the use of sustainable
materials in construction.

The usage of concrete made with RCA has been limited to non-
structural applications such as roadway subbase [2,3]. This is
because RCA has lower strength and elastic modulus and higher
water absorption and porosity compared to NA [4,5]. As a result,
the incorporation of RCA in concrete mixtures causes a decrease
in its mechanical performance compared to its conventional coun-
terpart [6-8]. Cakir [9] studied the effect of using a 100% RCA
replacement on the concrete compressive strength. It was con-
cluded that the compressive strength of concrete with a 100%
replacement of RCA decreased by approximately 24% compared
to that of concrete made of NA. Corinaldesi [10] investigated the
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mechanical properties of concrete made of RCA. The target com-
pressive strength was attainable with up to a 30% replacement of
RCA. However, with this RCA replacement, the elastic modulus
decreased by 15% compared to that of NA-based concrete. Male3ev
et al. [11] studied the properties of fresh and hardened concrete
made with different replacement percentages of RCA (0%, 50, and
100%). The researchers concluded that the bulk density of fresh
concrete, wear resistance, and modulus of elasticity decreased
while increasing the quantity of RCA. Furthermore, when the RCA
was obtained by crushing a high-strength concrete, the compres-
sive strength was not reduced compared to that of normal-
strength concrete. Yet, the properties of concrete made of RCA
were affected by the source of RCA used [11,12]. Concrete made
of RCA obtained from an unknown source had lower compressive
and tensile strengths than those of concrete made of RCA obtained
by crushing of concrete structures with known compressive
strengths of 30 MPa and 50 MPa [12]. The compressive stress-
strain behavior of steel fiber-reinforced concrete and of recycled
aggregate concrete had been separately studied previously [13,14].

To counteract the strength reduction when RCA is used in con-
crete, different measures were proposed such as increasing the
cement content, reducing water-to-cementitious material (w/cm)
ratio, adding fly ash, removing the old adhered mortar by using a
mechanical grinder or by presoaking in water or in acid, strength-
ening the old adhered mortar attached to the RCA by using poz-
zolanic solutions or calcium carbonate deposition that can fill the
micro cracks inside the adhered mortar, and adding steel fibers
(SF) [1,15-17]. Tam et al. [18] proposed a new two-stage mixing
approach, whereby part of the mixing water was added to the fine
and coarse aggregates before the remaining water was added
alongside the cement. Experimental results showed that the com-
pressive and tensile strengths of RCA concrete prepared using this
alternative approach were 22% higher than those of conventionally
mixed RCA concrete mixtures. Furthermore, previous research has
investigated the effect of adding up to 2% SF, by volume, on the
properties of RCA concrete mixtures. Results of fiber-reinforced
RCA concrete showed that the elastic modulus, tensile strength,
toughness and impact resistance increased, while the compressive
strength was not significantly affected by the inclusion of fibers,
compared with those of NA-based concrete. This was mainly
attributed to the random fiber orientation in the concrete mixtures
[13,19,20]. The inclusion of SF improved the quality of concrete
made of RCA by reducing the development of micro-cracks [21-
23]. Carneiro et al. [24] studied the effect of adding 0.75% SF to con-
crete mixes made with 25% RCA replacement. Experimental results
reported an increase in the compressive strength and a more duc-
tile failure, whereby the toughness, measured by the slope of the
descending branch of the compressive stress-strain curves,
increased. While SF incorporation into RCA concretes seems
promising, limited information is available in the literature on
the viability of using a SF volume fraction >2% to improve proper-
ties of concrete made with up to 100% RCA replacement percent-
age. In addition, the majority of previous work altered mixture
proportions to attain a target design compressive strength and
slump [21,22]. The abrasion resistance of the RCA-based mixtures
and the use of the ultrasonic pulse velocity (UPV) and resistivity
tests as non-destructive techniques (NDTs) to evaluate the quality
of RCA-based concrete has received little attention.

This paper aims to develop and evaluate the performance of
concrete made with RCA, desert dune sand and SF as a sustainable
construction material for structural application. In this study, RCA
were obtained from crushed concrete structures with an unknown
strength and were not subjected to any treatment. This scheme
provides a more industrially-favored approach that promotes the
use of RCA in its as-received conditions. Previous work has gener-
ally used natural fine aggregates with coarse RCA; in this research,

locally-abundant desert dune sand was employed as fine aggre-
gates to emphasize the contribution towards sustainable construc-
tion. Conventional concrete mixture components were
proportioned for a 28-day cylinder compressive strength of
30 MPa. The mix proportions were kept constant in all mixtures.
NA was replaced by RCA in the order of 30, 70, and 100%, by mass.
SF were added in the order of 1, 2, and 3%, by volume, to RCA-based
concrete mixes in an effort to improve various hardened proper-
ties, including compressive strength, stress-strain response, and
modulus of elasticity. The effect of RCA replacement and SF addi-
tion on slump, fresh density, and hardened density was also
assessed. Further, the water absorption, sorptivity, UPV, bulk resis-
tivity, and abrasion resistance of the mixtures were evaluated. This
investigation provides the engineering community a cutting-edge
material characterization of steel fiber-reinforced RCA concrete
and would serve as a solid platform to build a design methodology
for using such a new concrete as a sustainable material for struc-
tural applications.

2. Materials and methods

A total of 13 mixes were designed and prepared using different proportions of
NA, RCA and SF. The experimental investigation was carried out on 100 mm cubes,
100 x 200 mm cylinders (diameter and height) and 100 x 50 mm discs (diameter
and thickness) to evaluate different fresh and hardened properties of the concrete
mixes. It is worth noting that the ability of concrete to resist abrasion (i.e. Los Ange-
les abrasion) and penetration of aggressive ions (i.e. absorption, sorptivity, and bulk
resistivity), provides an indication on its probable future durability in line with
Mehta [25] and ACI Committee 201.2 [26]. The properties of different materials
used, concrete mixture proportioning, sample preparation procedures, and perfor-
mance evaluation tests are presented in the sections below.

2.1. Materials

ASTM Type I ordinary Portland cement (OPC) was used as a binder in the con-
crete mixtures. Locally-abundant desert dune sand was employed as a sustainable
fine aggregate in all mixes. The gradation curves of cement and dune sand are
shown in Fig. 1. The coarse aggregates included NA and RCA. While the NA was
obtained as crushed limestone with a nominal maximum particle size (NMS) of
19 mm, the RCA were collected from a local concrete recycling plant that crushes
construction and demolition waste from old concrete structures with an unknown
compressive strength with a NMS of 25 mm. It is worth noting that the plant did not
perform any chemical treatment to the obtained RCA nor separated unwanted
materials such as fagade stones, bricks, ceramics and other debris. The particle size
distribution of different mixes/blends of NA and RCA used in this study are shown
in Fig. 2. All grading curves were within the upper and lower limit bounds specified
by ASTM (33 [27]. Table 1 summarizes the physical properties of fine and coarse
aggregates. It is clear that RCA is lighter than NA with a lower specific gravity
and dry-rodded density. The former is also more susceptible to abrasion and mass
loss due to exposure to magnesium sulfate (soundness). Nevertheless, all measured
properties were within the typical limits given by the ASTM standards and/or inter-
national design codes [28-31], except the water absorption of the RCA, which was
found to be higher. The absorption, measured as per ASTM C127 [32], of RCA was
nearly 30 times more than that of NA. To account for such absorption, additional
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Fig. 1. Particle size distribution of cement and dune sand.
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Fig. 2. Particle size distribution of different mixes of NA and RCA.

Table 1
Physical properties of fine and coarse aggregates.

Standard Test NA RCA Dune Sand

ASTM C29 1635 1563 1663
ASTM C127 022 6.63 -
ASTM (131 160 326 -
ASTM C136 249 250 1168
ASTM (88 1.20 278 -
ASTM C127 282 263 277
ASTM C136 682 744 145

Property Unit

Dry-rodded density kg/m>
Absorption %
Los Angeles abrasion %
Surface area cm?/g
Soundness (MgSO,4) %
Specific gravity -
Fineness modulus -

water was added to the RCA to attain a saturated surface dry (SSD) condition prior
to batching into the concrete mix. The double hooked-end SF added in some mixes
had a tensile strength of 1345 N/mm?, Young’s modulus of 210000 N/mm?, mean
diameter (dy) of 0.55 mm, mean length (I;) of 35 mm, and an aspect ratio (l/dy) of
65 [33].

2.2. Mixture proportioning

The proportions of all concrete mixtures employed in the current study are
given in Table 2. The concrete mix design method of ACI 211.1 [34] was first
employed to develop a control concrete mixture (i.e. NA-based mixture) with a
design cylinder compressive strength () of 30 MPa. The cement, dune sand, and
water contents were kept constant in all mixtures at 470, 570, and 230 kg, respec-
tively. Due to the slight variation in the specific gravity of the RCA compared to that
of the NA, in addition to the inclusion of SF in some mixes, the corresponding vol-
umes of the mixes containing RCA/SF slightly changed. This difference in volume
was trivial and negligible, as shown in the last column of Table 2. Samples were
labeled as RxSFy, where x denoted the percentage of RCA, relative to total amount
of coarse aggregate, and y represented the SF volume fraction. For instance, the con-
trol mix without RCA and SF is designated by ROSFO. RCA replacement percentage
(RCA, %) was taken as 0%, 30%, 70%, 100%, while SF volume fraction percentage
(75, %) was altered between 0, 1, 2 and 3%.

Table 2
Mix proportions of different concrete mixes.

2.3. Sample preparation

Concrete sample preparation, including mixing, casting, placing, consolidation,
and curing was performed in accordance with the guidelines of ASTM C192 [35].
Specimens were produced using a laboratory mechanical mixer by first mixing in
the SF, if any, with the SSD coarse aggregates for 3 minutes. This allowed the SF
to uniformly disperse into the mix, especially with high volume fractions of 2 and
3%. Cement and dune sand were later added and further mixed for another 2 min-
utes. The water was then gradually incorporated into the dry components and
mixed together for 2 more minutes to ensure a homogenous and uniform mixture.
Fresh concrete samples were cast in two layers and compact-formed using a vibrat-
ing table for up to 10 seconds to ensure proper consolidation, as per ASTM C192
[35]. Specimens were then covered with plastic sheets, demolded after 24 hours,
and cured in a water tank at 23 + 2 °C until time of testing. Three replicate speci-
mens were prepared for each test.

2.4. Performance evaluation

Experimental tests were carried out on more than 200 specimens to evaluate
the different fresh and hardened properties of the concrete mixes produced in
the current study. These tests are described in the following sections.

2.4.1. Slump and density

Fresh concrete slump was measured directly after mixing to evaluate the effect
of RCA replacement and SF volume fraction on the workability and rheology of con-
crete mixes, following the procedure of ASTM C143 [36] and at the recommenda-
tion of ACI Committee 544 [37]. Additionally, the fresh (py) and hardened, 28-day
(pn) concrete densities were determined according to ASTM C138 [38] and C642
[39], respectively.

2.4.2. Water absorption

The water absorption test was conducted on 100 x 50 mm concrete disc spec-
imens at the age of 28 days, in accordance with ASTM C642 [39]. Samples were
placed in the oven for 24 h until a mass change <0.5% was attained. They were then
immersed in water, after which the mass of the saturated surface-dry specimen was
determined. The water absorption was calculated using Eq. (1):

SSD mass (g)-Oven-dry mass (g)
Oven-dry mass (g)

Water absorption (%) = x 100% (1)

2.4.3. Capillary sorptivity

Sorptivity test was performed, as per ASTM C1585 [40], to determine the rate of
water absorption. The mass of the 28-day concrete specimen was recorded at differ-
ent time intervals up to a maximum of 6 hours. Eq. (2) was used to determine the
absorption. The slope of the best-fit linear relationship of the absorption plotted
against the square root of time from 1 min to 6 h is defined as the initial rate of
water absorption, i.e. sorptivity [40].

Change in mass at time t (g)

Absorption, I(mm) = Exposed area (mm?) x Density of water (g/mm?)

2

2.4.4. Compression behavior

Compressive strength tests were performed on concrete cubes and cylinders in
accordance with BS 12390-3 [41] and ASTM C39 [42] procedures, respectively. Axial
loads were applied at a loading rate of 7 kN/s using an electro-hydraulic servo con-
trolled machine with a capacity of 2000 kN. Experimental compression stress-strain
curves were developed to determine the peak stress, peak strain, and static chord

Mix No. Mix Designation Mass (kg) Volume (m?)
Cement RCA NA Dune Sand Water SFs Total
1 ROSFO 470 0 1130 570 230 0 2400 1.00
2 R30SFO 470 339 791 570 230 0 2400 1.01
3 R70SFO 470 791 339 570 230 0 2400 1.02
4 R100SFO 470 1130 0 570 230 0 2400 1.03
5 R30SF1 470 339 791 570 230 78 2478 1.02
6 R70SF1 470 791 339 570 230 78 2478 1.03
7 R100SF1 470 1130 0 570 230 78 2478 1.04
8 R30SF2 470 339 791 570 230 156 2556 1.03
9 R70SF2 470 791 339 570 230 156 2556 1.04
10 R100SF2 470 1130 0 570 230 156 2556 1.05
11 R30SF3 470 339 791 570 230 234 2634 1.04
12 R70SF3 470 791 339 570 230 234 2634 1.05
13 R100SF3 470 1130 0 570 230 234 2634 1.06




N. Kachouh et al./Construction and Building Materials 213 (2019) 348-359 351

modulus of elasticity, E, according to ASTM C469 [43]. The applied axial load was
measured employing a 500-kN compression load cell, while the resulting axial
strain was recorded using two 60-mm-long strain gauges that were placed verti-
cally at mid-height and on diametrically opposite points of the cylinder’s
circumference.

2.4.5. Ultrasonic pulse velocity

The UPV test was used as a non-destructive technique to assess the quality of
28-day concrete. Direct UPV tests were conducted on 100 mm cubes samples
according to ASTM C597 [44].

2.4.6. Bulk resistivity

Bulk resistivity of concrete is defined as the ability of concrete to resist the dif-
fusion of chloride ions due to electrical current circulation [45]. The rate of penetra-
tion of these aggressive ions into the concrete governs its durability [25]. The bulk
resistivity depends on the microstructure properties of concrete such as the size
and shape of pores [45]. As such, its test results were used to compare probable
future durability of concrete mixtures produced in this work. The bulk resistivity
test was conducted as per ASTM C1760 [45]. Only plain concrete mixtures without
SF were considered in this test. This is because the presence of SF or other embed-
ded electrically conductive materials may yield unrepresentative results. After cur-
ing for 28 days, the saturated surface-dry concrete cylindrical specimen was placed
in a voltage cell (cells filled with NaCl). Once surface dry state was attained, the cell
was loaded with a voltage of 60 + 0.1 V and the resultant current was measured at
60 + 5 seconds. Eq. (3) was used to measure the bulk resistivity:

Bulk Resistivity (kQ.cm)

B Applied voltage (V) x (Avg. sample diameter (mm))®
" 1273.2 x Current at 1 minute (mA) x Avg. sample length (mm)

2.4.7. Abrasion resistance

Concrete surfaces are heavily damaged by induced friction and rubbing actions.
Abrasion resistance of concrete is defined as the capacity of concrete to resist wear-
ing caused by impact and friction, and could be used to indicate the probable future
durability of the concrete produced in this work [25,26]. It depends on the strength
of the cementitious paste and aggregate as well as the strength of their interface
[46,47]. A Los Angeles abrasion machine was employed to measure the mass loss
due to impact and abrasion, as per the procedure prescribed in ASTM C1747 [48].
The mass of each 28-day specimen was recorded before and after the completion
of the test. The resistance to abrasion was expressed as the percentage mass loss
after 500 revolutions.

3. Experimental results and discussion
3.1. Fresh and hardened density

Fresh and 28-day hardened concrete densities are presented in
Table 3. The values ranged from 2248 to 2815 kg/m>. The density
decreased as the RCA replacement percentage increased. Approxi-
mately 12 and 14% reduction in fresh and hardened concrete den-
sity were respectively observed by increasing the RCA replacement
percentage from 0% to 100%, as shown in the fourth and fifth col-
umns of Table 3. It is well known that concrete density is mostly
affected by the unit weight of its constituents and air content.

Hence, the lower dry-rodded density of the RCA, displayed in
Table 1, contributed to the reported reduction in density. The exist-
ing mortar attached to RCA could also create a rough, porous sur-
face texture that possibly increased the air content. This
decreasing trend was also noticed in concrete mixes with a fixed
steel volume fraction, v For example, the addition of 1% SF in
R30SF1 increased the fresh density from 2677 kg/m> (ROSFO) to
2680 kg/m>; yet, the replacement of NA by 100% RCA (R100SF1)
led to a decrease to 2500 kg/m>. Additionally, the fresh and hard-
ened concrete densities of mix R30SF3 were 5.2% and 6.2% higher
than that of mix ROSFO, respectively, indicating that the effect of
RCA replacement on density was less significant in the presence
of high amount of SF.

The difference between fresh and hardened concrete densities
was calculated and presented in Table 3 (sixth column). An
increase in RCA replacement percentage increased the difference
between fresh and hardened concrete densities. For mix R100SFO,
the difference between fresh and hardened densities was almost
double that of the control mix ROSFO, owing to the larger amount
of unbound water in RCA concrete. As shown in Fig. 3, a strong cor-
relation (correlation coefficient, R? = 0.97) exists between fresh ( £5)
and hardened (pj,) concrete densities. This relationship allows the
prediction of the 28-hardened concrete density from the measured
fresh concrete density with high accuracy. The relationship
between these two properties was established and defined as
follows:

pr=0.97p; (4)

3.2. Slump

The workability of concrete incorporating different RCA
replacement percentages and SF volume fractions was character-
ized by the slump. As highlighted previously, the cement, dune
sand, and water content were kept constant in all mixes. Also, all
aggregates were used in SSD condition and did not absorb any of
the mixing water. Table 3 presents the slump of fresh concrete
with values ranging from 0 to 150 mm. It should be noted that, if
natural fine aggregates with density, specific gravity, surface area,
and fineness modulus of 1845 kg/m?, 2.63, 63.5 cm?/g, and 3.32,
respectively, had been used, the slump of the NA-based control
mix would have been 175 mm, according to the ACI 211.1 [49].
In comparison, the reported slump of the control mix with dune
sand was lower at 150 mm. Apparently, the replacement of natural
fine aggregates by dune sand led to a reduction in the slump, pos-
sibly due to its larger surface area, higher fine particles contents,
and, consequently, higher amount of adsorpted layer water [50].

Table 3

Fresh and hardened density and slump of concrete mixes.
Mix Designation pf(l<g/m3) on (kg/m?) Difference in fresh Difference in hardened Difference between fresh Slump (mm) Change in

density (%) density (%) and hardened density (%) slump (%)

ROSFO 2677 2617 - - 2.2 150 -
R30SFO 2655 2560 -0.8 -2.2 3.6 135 -10
R70SFO 2430 2340 -9.2 -10.6 3.7 117 -22
R100SFO 2357 2248 -11.9 -14.1 4.6 95 -37
R30SF1 2680 2610 0.1 -0.3 2.6 120 -20
R70SF1 2595 2527 -3.1 -34 2.6 100 -33
R100SF1 2500 2430 —6.6 -7.2 2.8 86 —43
R30SF2 2750 2690 2.7 2.8 2.2 30 -80
R70SF2 2658 2589 -0.7 -1.1 2.6 25 -83
R100SF2 2600 2530 -29 -33 2.7 20 -87
R30SF3 2815 2780 52 6.2 1.2 0 —100
R70SF3 2710 2675 1.2 2.2 1.3 0 —100
R100SF3 2640 2600 -14 -0.7 1.5 0 -100

" with respect to that of ROSFO.
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Fig. 3. Relationship between fresh and hardened concrete density.

Results of Table 3 also show that the replacement of NA by RCA
reduced the concrete slump. The reduction in slump for the mixes
with RCA was calculated with respect to that of the NA-based con-
trol mix (ROSFO) and reported in the last column of Table 3. Gener-
ally, the slump reduction increased with higher RCA replacement
percentage. The replacement of 30% RCA, in the absence of SF,
resulted in a 10% slump reduction compared to that of ROSFO. Fur-
ther increase in the RCA replacement percentage to 100%, in the
absence of SF, caused a slump reduction of 37%. Thus, it could be
noted that the slump decreased by an average of 3.5% (5.2 mm)
for every 10% NA replaced by RCA. Such reduction in slump is owed
to the rough surface texture and irregular geometric shape of RCA
[6,51,52].

The effect of SF addition on the slump of concrete made with
different replacement percentages of RCA was also investigated.
Concrete mixes with a 100% RCA replacement and having SF vol-
ume fractions of 1, 2, and 3%, exhibited 43, 87, and 100% slump
reductions, respectively, compared to that of the NA-based con-
crete mixture. This corresponded to an average 38.3% loss
(57.3 mm) in slump for every steel fiber volume fraction of 1%.
With more cement paste needed to cover the SF, less paste was
available for workability requirements. It is obvious that the inclu-
sion of 2 and 3% SF, by volume, in the mix had a more severe
impact on workability than that caused by the RCA replacement.

3.3. Water absorption and sorptivity

The ability of concrete to absorb water is characterized by its
water absorption. Since water is the primary carrier of aggressive
ions, concrete resistance to water absorption and transport affects
its durability [25]. Accordingly, water absorption and sorptivity
(rate of absorption) tests can be used as an indirect evaluation of
the concrete porosity and to provide probable future durability of
the mixtures produced in this work [53]. Results of water absorp-
tion experimental testing are presented in Table 4. The NA-based
control specimen (ROSFO) exhibited the lowest water absorption
of 5.72%. The substitution of NA by RCA increased the water
absorption. RCA replacement of 30, 70, and 100% resulted in 7.83,
8.90, and 9.41% absorption, respectively, representing 37, 55, and
65% respective increases. It can be thus noted that, on average,
every 10% RCA replacement caused approximately an 8% increase
in the water absorption. This is mainly due to the porous structure
of the mortar adhered to the RCA, which provided extensive void
sites and caused an increase in water absorption. The addition of
SF led to a decrease in the water absorption. Compared to plain
concrete counterparts with RCA (R30SFO, R70SFO, and R100SFO),
the addition of 1, 2 and 3% SF volume fractions resulted in average
reductions in water absorption of 6, 16 and 22%, respectively.

Table 4

Water absorption and initial rate of water absorption.
Mix RA SF Water Initial rate of
Designation (%) (%) Absorption (%) absorption (mm/./s)
ROSFO 0 0 5.72 0.023
R30SFO 30 0 7.83 0.030
R70SFO 70 0 8.90 0.037
R100SFO 100 0 9.41 0.040
R30SF1 30 1 7.30 0.029
R70SF1 70 1 8.40 0.034
R100SF1 100 1 8.80 0.038
R30SF2 30 2 6.40 0.025
R70SF2 70 2 7.30 0.029
R100SF2 100 2 8.30 0.033
R30SF3 30 3 5.98 0.022
R70SF3 70 3 6.80 0.026
R100SF3 100 3 7.70 0.030

Based on these results, it can be seen that the inclusion of SF in
concrete mixtures densified the concrete matrix and reduced the
water absorption of RCA concrete [54].

Sorptivity is the ability of concrete to absorb and transport
water through its microstructure by capillary suction. It is mainly
affected by the structure and distribution of the pores in the con-
crete [55]. While the initial sorptivity or rate of absorption repre-
sents the sorption process governed by capillary pores, the
secondary sorptivity is attributed to that controlled by gel pores
[56]. Typically, the initial sorptivity is higher than the secondary
sorptivity because water occupies larger capillary pores at a faster
rate than smaller gel pores. For this reason, only the initial sorptiv-
ity was considered of significant importance in this work. The val-
ues of water absorption are plotted against the square root of the
time, as shown in Fig. 4. The slope of the sorptivity curve was
higher for the first 30 min (42 s®°) than that over the remaining
exposure time. This is mainly attributed to the respective filling
of large and small pores at early and late stages. Fig. 4(a) illustrates
the curves of capillary sorptivity of concrete mixes without SF. An
increase in RCA replacement percentage resulted in a higher water
absorption and also yielded higher slopes. The effect of SF on the
rate of water absorption is shown in Fig. 4(b-d). The slopes and
total absorption decreased with a higher addition of SF. While it
is well known that fibers in concrete resist water movement
[53], it is also believed that they occupy the relatively larger void
space in the concrete structure, hence, reducing the rate of water
absorption [53,54].

Table 4 presents sorptivity results of concrete specimens at the
age of 28 days. For plain concrete mixes (i.e. without SF), it is clear
that the sorptivity increased with an increase in the RCA replace-
ment percentage. The addition of steel fibers decreased the sorptiv-
ity of the RCA-based mixtures, possibly because they filled the
concrete voids [53,54]. In his work, Tamrakar [57] also explained
that a high number of steel fibers may enhance the bonding of
the concrete matrix, resulting in lower absorption and sorptivity.
On average, the addition of SF by 1, 2 and 3%, by volume, resulted
in a decrease in the rate of water absorption by 6, 19 and 27%,
respectively, compared to that of equivalent RCA-based plain con-
crete mixes. The obtained reductions in water absorption and sorp-
tivity indicate that the ability of concrete to resist water absorption
and transport could be improved by the addition of SF. This is con-
sistent with observations reported in the work of Ramadoss and
Nagamani [54].

3.4. Compressive strength

Table 5 presents the compressive strength of concrete mixes at
the ages of 3, 7 and 28 days. The effect of subsequent hydration
curing on the compressive strength was studied by calculating
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Table 5
Compressive strength of concrete cylinders and cubes.
Mix Designation Compressive Strength (MPa) Increase in f’, from Increase in f’, from f'dfeu
3-Day 7-Day 28-Day fou 3 to 28 days (%) 7 to 28 days (%)
ROSFO 235 284 36.4 42.6 55 28 0.85
R30SFO 17.8 22.1 30.8 33.8 73 39 0.91
R70SFO 13.9 171 25.8 27.0 86 51 0.95
R100SFO 13.7 17.2 24.7 26.0 81 44 0.95
R30SF1 15.9 21.7 32.0 35.0 101 48 0.91
R70SF1 13.0 173 285 30.6 119 64 0.93
R100SF1 12.6 16.8 26.1 28.1 108 55 0.94
R30SF2 20.6 24.2 331 36.4 60 37 0.91
R70SF2 17.2 19.5 29.3 31.8 70 50 0.92
R100SF2 16.5 18.4 26.9 284 63 46 0.94
R30SF3 229 27.5 343 38.8 50 25 0.88
R70SF3 20.2 229 30.6 334 51 33 0.92
R100SF3 194 22.6 28.0 29.6 44 24 0.94

the percentage increase in strength from 3 to 28 and 7 to 28 days.
Hydration of cement promoted up to 119 and 64% compressive
strength gains from 3 to 28 and 7 to 28 days, respectively.
Although the initial 3-day strength of the mixes with RCA were
lower than that of the NA-based control mix, their strength gain
over time was generally higher. It seems that the weak bond
between the old and new mortar is mainly responsible for the
low early strength. With time, the hydration reaction progressed,
providing a better bond and rendering this weakness less promi-
nent. The effect of SF on strength development was also investi-
gated. From Table 5, it can be seen that the inclusion of SF with
vr> 2% resulted in a higher early-age (3-day) compressive strength
but reduced the rate of the hydration reaction, to some extent,

compared to mixes with z<2%. It is also worth noting that the
strength gains exhibited by the RCA-based mixes having a 3% SF,
by volume, were insignificantly different from those exhibited by
the NA-based control mix.

The development of the cylinder compressive strength of con-
crete mixes is illustrated in Fig. 5. It is clear that all mixes, regard-
less of the percentage of RCA replacement and SF volume fraction,
showed a similar strength development profile as that of the con-
trol mix ROSFO. Nevertheless, results of Fig. 5 show that the con-
crete compressive strength at different ages was majorly affected
by the RCA content. As expected, the control/reference sample
(ROSFO) achieved the highest strength at the age of 3, 7 and
28 days. However, it is worth noting that, although the control
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Fig. 5. Development of compressive strength of concrete mixes: (a) SF 0%; (b) SF 1%; (c) SF 2%; (d) SF 3%.

mix was designed to achieve a 28-day design cylinder compressive
strength of 30 MPa, as per the procedure of ACI 211.1 [34], the
experimental cylinder compressive strength was 21% higher at
36.4 MPa. Apparently, concrete mixtures made with dune sand
instead of natural fine aggregates have better particle packing
and denser concrete structure [50]. Nevertheless, the experimental
strength results are compared to the 28-day design compressive
strength (30 MPa), as illustrated in Fig. 5(a). The substitution of
30% of NA with RCA in plain concrete mix R30SFO did not reduce
the strength below the 30 MPa mark. However, mixes with higher
RCA replacement percentages failed to achieve the 30-MPa design
cylinder strength. This can be attributed to the weak paste-
aggregate interface and the rough, porous structure of the RCA.
As shown in Fig. 5(b-d), the addition of SF in volume fractions of
1, 2, and 3% to 30% RCA concrete samples resulted in compressive
strengths in the range of 32-34 MPa, thus exceeding the 30-MPa
design cylinder strength. Furthermore, concrete mixes with a 70%
RCA replacement and SF volume fractions of 1, 2, and 3% were able
to achieve 95, 98, and 100% of the 30 MPa design cylinder compres-
sive strength, respectively. Upon complete replacement of NA by
RCA (100%), concrete samples with 1, 2, and 3% SF volume fractions
achieved 87, 90, and 93% of the 30-MPa design cylinder compres-
sive strength, respectively. The addition of SF provided a denser
concrete, evidenced by density and absorption results of Tables 3
and 4. Also, their presence resulted in a better structural integrity
due to its bridging effect. Thus, it could be concluded that 100%
RCA could be used in steel fiber-reinforced concrete mixes made
with desert dune sand and a minimum v of 2% while sustaining
a maximum loss of 10% in the design cylinder compressive
strength. Nevertheless, a lower RCA replacement percentage of
70% could be used in conjunction with a steel fiber volume fraction

of 1% to produce concrete with a limited loss of up to 5% in the
design cylinder compressive strength. No loss in the design cylin-
der compressive strength was recorded for mixtures with a 70%
RCA replacement and vy > 2%.

The 28-day cube compressive strength, f,, is also presented in
Table 5. Similar to the cylinder compressive strength, increasing
the RCA replacement percentage resulted in a reduction in cube
strength. The plain concrete mix with 100% RCA (R100SF0) showed
a decrease in f, by 39%. This could be attributed to the old adhered
mortar attached to RCA, creating a weak interface zone, and to the
poor quality of RCA with abundant cracks and voids. The addition
of SF slightly increased f, of the RCA-based mixtures. On average,
the addition of 1, 2 and 3% SF, by volume, resulted in 7, 10 and 14%
increases in the cube strengths, respectively, compared to those of
their plain RCA-based counterparts. Clearly, RCA replacement had
a dominant effect on the concrete compressive strength over the
addition of SF. Table 5 also presents the ratio of f’./f.,. The NA-
based control specimen ROSFO had a ratio of 0.85. An increase in
RCA replacement percentages in plain concrete led to an increase
in f'J/fo. This indicated that the difference between the cube and
cylinder compressive strengths decreased when more RCA was
used in the concrete mix. It seems that the confinement effect of
cubes in compression is not as apparent when NA is replaced by
RCA. Nevertheless, the addition of SF volume fraction of 3% to a
concrete mixture having a 30% RCA replacement (R30SF3) could
enhance this confinement and produce a concrete with an f’./f.,
ratio closer to that of the NA-based control counterpart.

The relationship between f’. and f., is illustrated in Fig. 6.
Clearly, a linear correlation exists between the cylinder and cube
compressive strengths. Several models were developed using lin-
ear regression analysis for mixes with the same RCA replacement
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percentage. Results show that mixes with 30, 70, and 100% RCA
have average f'/f, ratios of 0.90, 0.92, and 0.93, respectively. With
similar ratios being reported, a single relationship was established
to represent all mixes, as shown in Eq. (5). In fact, it could be used
to predict the cylinder compressive strength from the cube
strength with reasonable accuracy (R?=0.92). Nevertheless, a
more accurate prediction equation, Eq. (6), was introduced to
include a y-intercept with a correlation coefficient, R, of 0.99.

fe=091f, (5)

fL=072f, +6.34 (6)

In addition to the relationships introduced in Egs. (5) and (6),
prediction equations suggested by Gao et al. [22], Xiao et al. [58]
and Xie et al. [59] were employed to estimate the cylinder com-
pressive strength given the cube strength of RCA-based concrete
mixtures with and without steel fibers, as shown in Fig. 7. It can
be seen that most of previously published equations underesti-
mated the experimental value of f’.. However, only when f’.
exceeded 32 MPa, the equations by Gao et al. [22] and Xie et al.
[59] could be used to provide a reasonable prediction.

3.5. Compressive stress-strain response

Typical axial compressive stress-strain curves of 28-day cylin-
der concrete specimens are illustrated in Fig. 8. The effect of SF vol-
ume fraction on the stress-strain behavior is examined through
comparing mixes of 30% RCA replacement [Fig. 8(a)]. In fact, the
peak stress increased by an average of approximately 4% for every
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Fig. 7. Predicted versus experimental values of f..

1% SF volume fraction added to concretes with 30% RCA. On the
other hand, concrete mixes made with 70% and 100% RCA were
associated with increases of approximately 7 and 5% for every 1%
SF volume fraction, respectively. While these increases seem
insignificant, it should be noted that SF are mainly added to con-
crete mixes to enhance the deformation capacity due to their
bridging effect. Fig. 8(a) also shows the effect of SF addition on
the peak stress-strain response. Upon the addition of 1, 2, and 3%
SF, the strain at peak increased by 160, 197, and 234%, respectively.
On average, each 1% SF added could increase the strain at peak by
98, 46, and 35% for 30, 70, and 100% RCA concrete mixes, respec-
tively. It can be thus concluded that the most significant effect of
adding SF was to increase the deformability of RCA concrete mixes,
evidenced by the increase in peak strain of mixes with higher vol-
ume fractions.

Fig. 8(b) investigates the influence of RCA replacement percent-
ages on the compression behavior of plain concrete samples. In the
absence of SF, the peak stress and slope of stress-strain curves
decreased as the RCA replacement percentage increased in the
mixes. Such reduction can be attributed to the reduction in density
and modulus of elasticity of concrete mixes, particularly for the
mixes with higher RCA replacement percentage. This is consistent
with findings reported in the literature by other researchers
[3,8,10,14,58]. Higher RCA replacement yielded a slightly higher
peak strain, as low-strength concrete exhibits larger strain at peak
load. This also resulted in a reduced elastic modulus. It can be thus
concluded that the increase in the SF volume fraction changed the
stress-strain response and allowed the specimens to exhibit
greater peak strains compared to that of the plain specimens with
RCA replacement.

3.6. Modulus of elasticity

The modulus of elasticity, E., of concrete mixes with different
RCA and SF percentages were obtained from stress-strain curves,
using Eq. (7), as per ASTM C469 [43]:

S =S
& — 0.00005 )

where S, is the stress corresponding to 40% of the ultimate stress, S;
is the stress corresponding to a longitudinal strain of 50 millionths
and &, is the longitudinal strain produced by the stress S.

As shown in Fig. 9, a reduction in the E. value was noticed with
an increase in the percentage of RCA replacement. For plain con-
crete mixes, 30, 70, and 100% RCA replacements resulted in respec-
tive decreases in E. of 19, 42, and 46% compared to that of the NA-
based control mix, ROSFO. This is consistent with other findings
reported in previous investigations [58,59]. This reduction in E. is
mainly due to the presence of cement mortar attached to RCA, cre-
ating a more porous and less dense concrete structure. Further-
more, the addition of SF by 1, 2 and 3% volume fractions led to
average increases of 8, 11 and 17% in E., respectively, compared
to those of plain RCA-based concrete counterparts. Such increase
in the modulus of elasticity of RCA-based specimens containing
SF can be attributed to the increase in their compressive strength,
which increased the value of S,, in Eq. (7), and thus their modulus
of elasticity. Yet, it should be noted that the increase in the modu-
lus of elasticity of the SF concrete mixes having a 100% RCA
replacement percentage was insignificant. Apparently, the effect
of RCA replacement on E. was more prominent than that of SF
addition.

Modulus of elasticity results were modeled based on regression
analysis. Two models were proposed, as presented in Egs. (8) and
(9), to predict the values of E. (in GPa) with reasonable accuracy
(R%>=0.96). Eq. (8) relates E, to f'. (in MPa) as a linear function with
a y-intercept, similar to that proposed by ACI 363 [60]. In compar-

E. (MPa) =
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ison, Eq. (9) provides similar prediction accuracy but as a power
function.

E.=18.1y/f. - 717 (8)

E. = 0.0552f %1% 9)

Cc

The obtained relationships in Eq. (8) and (9) are compared to
those developed by ACI Committee 363 [60], ACI Committee 318
[61], Dilli et al. [62], Ahmed and Shah [63], CEB-FIP [64]| and Men-
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Fig. 10. Correlation between modulus of elasticity and 28-day cylinder compres-
sive strength.

dis [65]. Fig. 10 presents the predicted versus experimental modu-
lus of elasticity. The equations introduced in this work gave a
reasonable accuracy with values converging around the 45°-line.
The model suggested by Dilli et al. [62] significantly underesti-
mated the modulus, while those proposed by Ahmed and Shah
[63] and Mendis [65] tended to overestimate it. Furthermore, the
equation given by the ACI Committee 363 [60] slightly overesti-
mated the modulus for values lower than 22 GPa and accurately
predicted the modulus for values between 22 and 30 GPa, after
which it underestimated the experimentally obtained modulus of
elasticity. Similarly, the model proposed by CEB-FIP [64] overesti-
mated the modulus for experimental values lower than 30 GPa and
tended to underestimate modulus of elasticity values higher than
30 MPa. Clearly, the presence of SF and RCA rendered codified
and other equations reported in the literature of typical concrete
mixes unsuitable.

3.7. Ultrasonic pulse velocity and bulk resistivity

The UPV test was used to assess concrete strength and quality. A
higher velocity is an indication of a denser concrete mix. It is
directly affected by the presence of voids and pores in the concrete
matrix and in the aggregates. The results of the UPV test conducted
on concrete specimens at the age of 28 days are summarized in
Table 6. Results ranged between 2222 and 4831 m/s with lowest
and highest velocities recorded for the 100% RCA plain concrete
and NA-based control mixes, respectively. For plain RCA-based
concrete mixes (7=0%), RCA replacements of 30, 70 and 100%
resulted in 34, 51 and 54% respective reductions in the velocity rel-
ative to that of the NA-based control specimen. Such a reduction is

Table 6
UPV and bulk resistivity of 28-day concrete samples.

Mix Designation RA (%) SF(%) UPV (m/s) Bulk Resistivity (kQ.cm)
ROSFO 0 0 4831 6.3
R30SFO 30 0 3167 4.4
R70SFO 70 0 2353 4.0
R100SFO 100 0 2222 3.8
R30SF1 30 1 3589 -
R70SF1 70 1 2898 -
R100SF1 100 1 2703 -
R30SF2 30 2 4000 -
R70SF2 70 2 3300 -
R100SF2 100 2 2989 -
R30SF3 30 3 4348 -
R70SF3 70 3 3800 -
R100SF3 100 3 3456 -
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a direct indication of the increase in void and crack content in sam-
ples with higher RCA replacement percentage, which ultimately
resulted in lower hardened concrete density, as shown in earlier
sections. Nevertheless, Malhotra [66] classified concrete specimens
as “good” for UPV values falling in the range of 3660-4580 m/s.
Without SF, plain concrete mixes with any RCA replacement fell
outside the range. The addition of 2-3% SF volume fraction could,
however, produce better quality concrete that falls within the des-
ignated range.

The UPV test results were also correlated to the 28-day cylinder
compressive strength, so that strength can be estimated through a
non-destructive test method. As shown in Fig. 11, a strong linear
correlation exists between these two properties with a correlation
coefficient, R?, value as high as 0.91. Eq. (10) presents the proposed
linear regression equation to predict f’. (MPa) using the velocity, v
(m/s), values. With a continuously increasing linear equation, it is
clear that a denser concrete mix, characterized by a higher UPV
value, leads to a higher compressive strength. Nevertheless, such
equation could be of great value to the construction industry to
anticipate the performance of sustainable concrete made with
RCA, dune sand, and SF without the need for extensive experimen-
tal testing.

f.=0.0044v + 14.854 (10)

Results of bulk resistivity experimental testing are also shown
in Table 6. As noted earlier, SF are electrically conductive materials
and may produce unrepresentative results. Therefore, only plain
mixes with and without RCA were considered in this experiment.
Values ranged between 3.8 and 6.3 kQ.cm. Apparently, the bulk
resistivity of concrete was affected by the presence of RCA. In fact,
30, 70, and 100% RCA replacement led to 30, 36, and 40% reduc-
tions in the bulk resistivity, respectively, compared with that of
the NA-based concrete specimen. This is mainly due to the rough,
porous surface texture of RCA, in addition to the weak interface
zone between the old and new cement paste, which resulted in
large amount of pores present in RCA concrete mixes, higher water
absorption, and reduced mechanical properties. Although the low-
est RCA substitution (30%) had a significant impact on resistivity,
higher percentages of 70 and 100% did not seem to affect it propor-
tionally. It is possible that the increase in pore space when a 30%
RCA replacement percentage was used had severely lowered the
resistivity to the extent that higher replacement percentages could
not cause further severe reduction.

3.8. Abrasion resistance

Fig. 12 shows the abrasion resistance of various concrete mixes
incorporating different quantities of RCA and SF. Results showed
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Fig. 12. Effect of RCA and SF percentages on the abrasion resistance of concrete.

that higher RCA content led to more abrasion mass loss. Compared
to ROSFO mix, plain concrete specimens with 30, 70, and 100% RCA
replacement exhibited 2, 8, and 36% increases in mass loss due to
abrasion, respectively. This is mainly associated to the weaker
abrasion resistance of the RCA compared to the NA, as noted in
Table 1, and the inferior hardened properties of the RCA-based con-
crete specimens compared to those of the NA-based control spec-
imen. As shown in Fig. 12, the addition of SF considerably
improved the abrasion resistance of RCA concrete mixes, as mani-
fested by the significant reduction in their abrasion mass loss rel-
ative to those of their plain RCA-based counterparts. For concrete
mixes with a 30% RCA replacement percentage, increasing the SF
volume fraction from 1 to 3% did not result in a further increase
in the abrasion resistance (i.e. the abrasion mass loss of these spec-
imens were insignificantly different). An average reduction of 47%
in the abrasion mass loss was recorded for these specimens com-
pared to that of the plain RCA-based counterparts, irrespective of
SF content. Yet, the effect of adding SF was different in concretes
with higher RCA replacement. The addition of 1%, 2% and 3% of
SF, by volume, in concrete mixes having a 100% RCA replacement
percentage resulted in respective reductions of 27, 40 and 47% in
abrasion mass loss compared to that of the plain RCA-based coun-
terparts. It seems that adding SF maintained better geometric
integrity of concrete samples, owing to the bridging effect of SF.
As a result, steel fiber-reinforced RCA concrete specimens were
more resistant to abrasion.

4. Conclusions

Different fresh and hardened properties of plain and steel fiber-
reinforced concrete made of RCA and dune sand were examined in
this paper. Based on tests results, the following conclusions can be
drawn:

e Fresh and hardened concrete densities and slump decreased as
more NA was replaced with RCA. The addition of SF resulted in
an increase in fresh and hardened concrete densities but further
reduced the slump. A regression model capable of predicting
the hardened 28-day concrete density from the fresh density
was introduced.

Water absorption and the initial sorptivity were increased by
approximately 8% for every 10% RCA replacement percentage.
The addition of SF improved the hardened properties of RCA
concrete by reducing the water absorption and the initial sorp-
tivity by an average of approximately 7.5 and 9%, respectively,
for every 1% SF added.

The incorporation of SF resulted in higher early age cylinder
compressive strength but limited the development of hydration
reaction. RCA replacement had a dominant impact on the com-
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pressive strength over SF addition, with a reduction in strength
due to the former outweighing the strength gain due to the
latter.

The replacement of 30% of NA with RCA in plain concrete did
not result in a reduction in the design cylinder compressive
strength of 30 MPa. Mixes with higher RCA replacement per-
centages failed to achieve the 30-MPa design cylinder strength.
A RCA replacement percentage of 70% could be used in conjunc-
tion with a steel fiber volume fraction of 1% to produce concrete
with a limited loss of up to 5% in the design cylinder compres-
sive strength. No loss in the design cylinder compressive
strength was recorded for mixtures with a 70% RCA replace-
ment and vy > 2%.

For concrete mixes with a 100% RCA replacement percentage, a
minimum steel fiber volume fraction of 2% is needed to sustain
a maximum loss of 10% in the design cylinder compressive
strength.

An increase in RCA replacement percentage in plain concrete
mixes resulted in an increase in f’/f,, ratio, signifying a reduc-
tion in confinement effect. The addition of - of 3% could
enhance the confinement effect and produce a concrete with a
f'clfey atio closer to that of the NA-based counterpart. Two
regression models were introduced to predict the cylinder com-
pressive strength from the cube compressive strength with a
reasonable to high accuracy (R? = 0.92 and 0.99). These models
provided a more realistic approach compared to other models
available in the literature.

The experimental compressive stress-strain curves showed that
the increase in RCA replacement percentage in plain concrete
mixes resulted in a lower peak stress but slightly higher strains
at peak. The addition of SF significantly increased the strain at
peak stress.

The elastic modulus decreased with higher RCA replacement
percentages. For 30, 70, and 100% RCA replacement, it was
reduced by 19, 42, and 46%, respectively. The addition of SF
slightly increased the elastic modulus, with an average of 6%
increase for every 1% SF added. Accordingly, the effect of RCA
replacement on elastic modulus was more prominent than that
of SF addition. Two models were introduced by linear and
power regression analyses to estimate the 28-day elastic mod-
ulus of steel fiber-reinforced recycled aggregate concrete mixes.
UPV and bulk resistivity values decreased with an increase in
the RCA replacement percentages, possibly due to an increase
in voids and cracks content. The quality of the concrete, through
UPV, could be notably improved by adding SF. Regression mod-
els were introduced to correlate UPV value with the 28-day
cylinder compressive strength.

Mass loss due to abrasion increased with the RCA replacement
percentages. This inferior abrasion resistance of plain RCA-
based concrete was improved through the addition of SF, owing
to better geometric integrity and bridging effect of SF.

Based on the research findings, concrete made with 100% RCA,
steel fiber reinforcement, and desert dune sand could be developed
with fresh and hardened properties comparable to those of the
conventional concrete. Future studies will focus on the flexural
and tensile performance of steel fiber-reinforced RCA concrete
mixes. Lifecycle assessment and cost-benefit analysis are also crit-
ical aspects to the potential applications of such concrete and war-
rant separate studies in the future.
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