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Abstract: In this work, the feasibility of partially and totally replacing natural sand with used foundry
sand in self-compacting concrete was studied. Natural sand was replaced in 50% and 100% vol.
by used foundry sand. The fresh state properties parameters analyzed in this study were slump
flow, t500, V-funnel, Japanese ring and L-box following EFNARC guidelines. Results indicated an
improvement in the fresh state properties when used foundry sand was utilized for partial and total
replacement. The mechanical properties compressive strength and splitting tensile strength were
obtained and analyzed at 7 and 28 days. Regarding the compressive strength, used foundry sand
enhanced compressive strength by up to 67% compared to control concrete. For splitting tensile
strength, the self-compacting concrete with 50% vol. of used foundry sand displayed a slight decrease
(2.8%) compared with the control concrete. SEM images showed that the concretes with used foundry
sand had a less porous and more compacted matrix than the control concrete. It was concluded that
the incorporation of used foundry sand in large volumes can be utilized as a sustainable alternative
natural fine aggregate.

Keywords: self-compacting concrete; used foundry sand; siderurgical aggregates; eco-concrete;
mechanical properties

1. Introduction

Foundry sand is used in the manufacture of mold formwork for the production of
ferrous and non-ferrous casting materials and it is mainly made up of silica sand and
binders of a natural or chemical nature. The natural binder is mostly bentonite clay mixed
with water with a carbonaceous additive to enhance the casting surface [1], while chemical
binders include phenolic-urethanes, sodium silicates, epoxy resins and furfuryl alcohol [2].
Depending on the binder additive used, these will receive the name of green foundry sands
(GFS) or chemical foundry sands (CFS), respectively [2,3]. During the casting process, the
sand from the molds is reused until its properties are no longer suitable. It has been reported
that this use is around 8 to 10 times at temperatures about 1500 ◦C [4], which is when a
by-product known in the literature as waste foundry sand (WFS) or used foundry sand
(UFS) is generated. In this research work the term UFS will be used. The UFS generated
on an annual basis has been reported to be 100 MT [5], while Sandhu and Siddique [6]
reported 62.64 MT. Dyer et al. [7] reported that 0.60 tons of UFS are generated per 1 ton of
steel production.

The physical-chemical properties of UFS will depend of the casting process, type
of metal, fines content, number of times that the sand has been reused and the industry
sector [2]. Overall, their properties are suitable for the replacement of the fine aggregate
fraction [8]. It is because of the high quantities of UFS produced and its good physical and
chemical properties that researchers have studied its applications in the civil engineering
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sector. Researchers have found that UFS is suitable for layers in pavement structures,
reducing costs and reducing CO2 emissions compared with natural sand [9]. It can also be
used in subgrade fill [1], pavement structures [8], where chemical composition and leachate
analysis show that there is no hazard in their implementation [8], and cement-treated
bases [10], where UFS’s feasibility as a fine aggregate has been proved.

Regarding mortars, Cevik et al. [11] found that at early ages (3 days of curing), the
partial incorporation of UFS (15% and 30%) increases the compressive strength by 13.51%
and 12.35% (respectively) but at 28 days, the compressive strength of the mortars with
15% of UFS decreases 5.45% compared to the reference mortar. In another study, Monosi
et al. [12] reported a decrease in the fresh state properties of 8%, 19% and 22% when the
UFS replacement in mortars with a w/c ratio of 0.5 was 10%, 20% and 30%, respectively.
For the compressive strength, a decrease of 2%, 20% and 30% was reported with WFS
replacement of 10%, 20% and 30%, respectively [12]. The loss of properties in the fresh state
properties and mechanical properties of mortars when replacing natural sand with UFS
is attributed to the loose links between the cement paste and the aggregate due the fine
powder of carbon and clay of the binders used [13]. Vazquez et al. [14], reported a decrease
of 70% in compressive strength at 7, 14 and 28 days with mortars with total replacement of
natural sand by UFS from an aluminum plant. This is due to the reaction between cement
and the metalized aluminum, creating hydrogen gas and resulting in microfractures within
the cement matrix [14]. UFS has also been used in the manufacture of masonry elements as
clay replacement up to 50%wt. [15,16] and total replacement [17]. It also has been reported
that the hazardous components are inertised during the firing process [18].

As for conventional concrete, the increase or decrease in fresh state properties and
mechanical properties such as compressive strength depends on the type of UFS, whether
or not there was a previous treatment and the substitution rate [2]. In relation to fresh state
properties, Ahmad et al. [19] stated that the decrease in fresh state properties is due to the
fineness of UFS [19]. Bilal et al. [20] reported a decrease of 31.25% in the slump test when
40% of natural sand was replaced by UFS [20]. For mechanical properties, Ahmad et al. [19]
also studied up to 50% replacement of natural sand by UFS, reporting a compressive
strength decrease at all ages because of the impurities within the sand [19]. By contrast,
Siddique et al. [21] studied up to 20% replacement of natural sand by UFS in concrete,
reporting that the mechanical properties increase at all ages as the replacement percentage
increased, which is due to the more fine particles in the UFS, creating a denser matrix [21].

Self-compacting concrete (SCC) is a special type of concrete that does not require
vibration to be compacted; that is, it can flow under its own weight and, even in the
presence of congested reinforcements, it completely fills and compacts the formwork [22]. It
has been studied with other by-products such as electric arc furnace slags [23,24], where its
feasibility for use as coarse aggregate has been demonstrated, showing adequate fresh state
properties and mechanical behavior. Likewise, SCC with recycled aggregates of precast
concrete as coarse aggregates has displayed mechanical properties [25] and durability [26]
similar to SCC with natural aggregates. Moreover, SCC with recycled aggregates from
railway wastes has shown adequate fresh state properties, mechanical properties and
durability [27].

Regarding UFS in SCC, Siddique and Sandhu [28] studied SCC with 5, 10 and 15%
replacement of natural sand by UFS, reporting an increase in compressive strength and
splitting tensile strength at all ages (7, 28 and 56 days). The slump flow increases 3% with
10% and 15% UFS replacement. By contrast, Parashar et al. [29] reported decreases in fresh
state properties, SCC’s behavior and mechanical properties when increasing replacement
percentages up to 40%. Ashis and Verma [30] studied SCC with up to 50% replacement
of UFS at intervals of 10% and the results indicated that the incorporation of UFS does
not affect the passing ability and viscosity, but negatively affects the flowability as the
UFS replacement proportion increases. A decrease in the segregation of the SCC was
also reported with an increase in UFS incorporation, due the low specific density of the
UFS, avoiding settling [30]. In the same study [30], it was reported that at early ages, UFS
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negatively affects compressive strength, but for longer ageing it does the contrary. This is
due to the presence of a high silica content which slows down the pozzolanic reactions.
However, with longer ageing, an improvement in compressive strength was observed.
Sandhu and Siddique [6] analyzed the replacement rate from 5% to 30% of UFS in SCC. It
was reported that the fresh state properties and mechanical properties decreased as the
replacement rate increased due to the increase in the specific surface area of UFS, leading to
improper hydration and formation of voids. A 100% replacement of natural fine aggregate
by UFS can be proposed as a solution to landfill disposal and, at the same time, result in
eco-efficient concrete. Makul [31] concluded that UFS can be used in ready mixed concrete
plants and precast concrete yards. Moreover, it has been reported that the use of UFS led to
50–60% cost saving compared to natural sand [3].

Because of the high production of UFS, researchers have studied its application in
cement-based materials. This has led to the development of more eco-efficient concretes
which improve environmental conditions by avoiding the deposit of this by-product in
landfills. The replacement of natural sand by UFS in conventional concrete and SCC is
usually around 30–50%. Not many studies have experimented with large volumes because
it is reported that the properties of fresh and hardened concrete are negatively affected.

In this regard, one study reported in 2011 by Şahmaran et al. [32] shows a total
replacement of UFS. In that study, the fresh state and mechanical properties of the SCC
decreased compared to the control concrete. In the absence of further studies using full
UFS replacement, the authors of this paper considered using chemical UFS to investigate
whether its effect on SCC can be beneficial for the mechanical and fresh properties.

The novelty of this work is to contrast the results of other authors who have indicated
that the use of large volumes of UFS negatively affects the fresh and hardened properties
of SCC. The aim of this work will be to test whether chemical UFS in partial and total
proportions are suitable for certain applications in construction based on the determination
of their fresh state properties and their mechanical properties.

Therefore, the aim of this work is to investigate whether there can be a contrast in the
total replacement of UFS in the manufacture of SCC when the UFS type is QFS. To achieve
this, a novel dosing method has been proposed and experiments have been carried out
with longer mixing times to ensure the correct homogeneity of the materials.

2. Materials and Methods
2.1. Materials

The cement used was a CEM I-52.5 R with a density of 3 g/cm3 and a Blaine specific
surface of 4400 m2/kg. Limestone filler (LF) with a Blaine specific surface of 3720 m2/kg
was used as extra powder material according to EFNARC guidelines [22]. Table 1 shows the
physical properties of the limestone coarse aggregate (LC), limestone sand (LS), silica sand
(SS) and UFS. The characterization was performed according to the EN-1097-6 standard [33].

Table 1. Physical properties of the aggregates used.

Material Bulk Density (g/cm3) Absorption (% wt.) Porosity (% vol.)

LF < 0.063 mm 2.76 - -
UFS 0/2 mm 2.66 3.37 8.96
SS 0/1 mm 2.63 0.21 0.55
LS 0/4 mm 2.68 0.15 0.40

LC 4/16 mm 2.66 0.14 0.37

An X-ray fluorescence chemical analysis (XRF) was performed for the cement and
UFS. Results show that the three principal components are SiO2, CaO and Al2O, as can be
seen in Table 2.
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Table 2. XRF chemical composition of cement and UFS.

Material SiO2 CaO Al2O3 Cr2O3 Fe2O3 SO3 K2O MgO TiO2 P2O5 Others

Cement 17.81 65.6 4.65 - 3.25 4.50 0.60 1.2 0.2 - -

UFS 83.9 7.83 2.87 1.67 1.40 0.72 0.70 0.53 0.13 0.06 <0.05

The grading curves of these materials were obtained following the methodology of
the EN-933-2 [34] standard and they are shown in Figure 1.
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2.2. Mix Proportions

For this study, three mixes were designed based on the EFNARC guidelines [22] with
the amount of coarse aggregate set at 60% vol. All mixes use the same amount of CEM
52.5 R, effective water and Master Ease 5025 superplasticizer. The same amount of LC is
also used but a different amount of three types of sand. The three mixes are described
below based on the use of one sand or another:

• A control mix (SCC-C) using only LS and SS adjusted by Fuller’s method.
• A mix that, without using SS, combines UFS with LS (SCC-UFS-100) to obtain an

overall particle size distribution as similar as possible to the SCC-C mix. For this
purpose, adjustment equations with the granulometric modulus of the sands were
proposed.

• A mix that uses half the UFS of the previous mix (SCC-UFS-50) and allows for the use
of SS. The proportion of SS and LS is calculated using the adjustment equations with
their granulometric modulus.

• The mix proportions are shown in Table 3.

The proposed procedure for mixing concrete is necessary because of the use of UFS. Its
high absorption compared to LS and SS makes the correct homogenization in the mixture
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of the materials difficult, so to guarantee this, longer mixing and resting times are proposed.
The fabrication procedure of the three SCC mixes is described below (Figure 2):

• Determine the moisture content of aggregates.
• Weigh the aggregates, and moisten the concrete mixer beforehand.
• Add the aggregates from the largest to smallest and add the cement and powder

material.
• Mix all the materials for 3 min.
• Add half of the mixing water without superplasticizer (this addition will not take

longer than 20 s) and mix for 3 min.
• Add the second part of the water with the superplasticizer and mix for 3 min.
• Stop the concrete mixer and allow the concrete to settle for 3 min.
• Finally, start the concrete mixer and mix the concrete for a further 5 min.

Table 3. Mix proportions (kg/m3).

Component SCC-C SCC-UFS-50 SCC-UFS-100

CEM 52.5 R 340 340 340
Water 200 200 200

LF 196 196 196
LC 4/16 1060 1060 1060
LS 0/4 450 291 133
SS 0/1 178 89 -

UFS 0/2 - 247 494
Superplasticizer 5.12 5.12 5.12

w/c 0.59 0.59 0.59
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2.3. Fresh State Properties

In order to characterize this concrete, the slump flow test and t500 were determined
following the methodology of the EN-12350-8 standard [35]. This standard describes the
method to evaluate the flow capacity and stability of the concrete to be obtained.

V-funnel tests were performed according to the EN-12350-9 standard [36] in order to
determine the viscosity and filling capacity of self-compacting concrete. L-box tests were
performed according to the EN-12350-10 [37] standard using 3 bars to evaluate how SCC
flow through narrow openings such as spaces between reinforcing bars.

Finally, the Japanese ring test was performed according to the EN-12350-12 stan-
dard [38] to determine the throughput capacity.

Table 4 shows EN-260-1 [39] and EFNARC guidelines [22] range of results of the
self-compacting concretes’ fresh state properties.
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Table 4. EN and EFNARC guidelines.

Test EN Guidelines EFNARC Guidelines

Slump flow (mm) 550–850 650–800
t500 (s) <2–≥2 2–5

L-box (dimensionless) ≥0.8 0.8–1
Japanese ring (mm) ≤10 0–10

V-funnel (s) <9–9 to 25 6–12

2.4. Mechanical Properties

Cubic specimens of the 100 mm side were produced according to EN-12390-2 [40]. The
compressive strength of the specimens was tested at 7 and 28 days of curing according to
EN-12390-3 [41] with a SUZPECAR servo hydraulic machine of 1500 kN capacity at the
0.5 MPa/s load rate. Splitting tensile strength EN-12390-6 [42] was performed on three
thirds of standard cylindrical specimens of 150 × 300 mm at 28 days with a SUZPECAR
servo hydraulic machine of 1500 kN capacity at a 0.05 MPa/s load rate.

2.5. Concrete Microstructure

Concrete structural analysis was carried out with a Zeiss EVO MA15 scanning electron
microscope. Micrographs were obtained at different magnifications of the paste-aggregate
interface to compare the microstructure of each proposed blend.

The samples analyzed in the SEM were obtained from the inside center of the speci-
mens tested at 28 days compressive strength. For this, it was necessary to extract appro-
priately sized fragments from each mixture and introduce them into the chamber of the
device. When selecting samples, care was taken to ensure that they contained at least one
coarse aggregate piece.

Before loading the samples into the SEM, they were gold-plated to obtain images at
high magnification and good resolution. To compare the microstructure of the three mixes
analyzed, micrographs of the slurry in contact with the coarse aggregate were taken at 1500,
3000 and 7000 magnifications.

3. Results and Discussion
3.1. Fresh State Properties

The results of the fresh state properties tests can be seen in Table 5. The replacement
of natural sands by UFS resulted in an improvement in the slump flow, as can be seen in
Figure 3. The SCC-C (a) presented a slump flow of 500 mm, the SCC-UFS-50 (b) a slump
flow of 730 mm, while SCC-UFS-100 (c) resulted in a slump flow of 750 mm, improving the
fluidity by 46% and 50%, respectively, both corresponding to a SF2 category according to
EN-206-1 [39]. This is because LS and SS have more fines than UFS, resulting in a higher
absorption of water, thus decreasing the SF value. Siddique and Sandhu [28] also reported
an increase in the slump flow when up to 15% replacement of UFS was used.

Table 5. Fresh state properties of the self-compacting concretes.

Material SF (mm) t500 (s) V-Funnel (s) J-Ring (mm) L-Box

SCC-C 500 5 10 10 0.13
SCC-UFS-50 730 1 5 14 0.80

SCC-UFS-100 750 2 3 16 0.80

Regarding viscosity, Figure 4 shows that the t500 test of SCC-C obtained a time of 5 s
to reach the 500 mm mark, which classifies it as in class VS2 according to EN-206-1. It is
observed that the incorporation of UFS decreased the time in which the SCC reached the
500 mm mark; SCC-UFS-50 achieved a time reduction of 80% (1 s), while SCC-UFS-100
reduced the time by 60% (2 s). These two SCC are catalogued in class VS1 according to EN-
206-1. It is observed that there may be a relationship between the analyzed parameters, so a
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fitting formula between the t500 and the v-funnel is performed. The equation analyzing the
correlation between the v-funnel test and t500 shows an R2 result of 0.99, thus concluding a
relationship between these parameters. The variation between the V-funnel time and the
t500 is higher with respect to the lower percentage of replacement. This is more evident in
the SCC-C, which has the longest throughput times. The improvement in the t500 test result
can be attributed to the fact that UFS does not have as many fines as LS and SS, resulting in
a less viscous paste.
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Figure 4 also shows the results of the V-funnel test. It can be observed that partial and
total replacement of UFS results in a decrease in the passing times. A reduction of 70%
and 50% was found, respectively. The reduction in V-funnel passage times and t500 is due
to the improved fresh state properties of UFS concretes, which is reflected in the slump
diameter. This is because this by-product has less fines than natural sands, leading to a
higher flowability of the paste. This is more evident in the SCC-UFS-50, where the V-funnel
times and t500 decrease significantly compared to the SCC-C. From Figure 4, it can also
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be observed that there is a relationship between the V-funnel test and the t500 test, which
means that from the result of the t500 test, the V-funnel results can be predicted. According
to the research presented by Martins et al. [43] where UFS from the automotive industry
was used, this is because UFS has sub-angular-to-round-shaped particles, which improves
the fluidity of the SCC. Siddique and Sandhu [28] also reported a decrease in V-funnel time
of 10% with the incorporation of up to 15% of UFS.

The t500 time of the SCC-UFS-50 and SCC-UFS-100 was reduced by 60% and 80%,
respectively, compared to the SCC-C. Regarding the V-funnel, the SCC-UFS-100 and SCC-
UFS-50 presented a decrease in time of 50% and 70% compared to SCC-C. The results
presented are in line with the work by Sandhu and Siddique [6], where it is reported that
UFS can be incorporated into SCC, while fulfilling EFNARC standards. Şahmaran et al. [32]
reported V-funnel time with 100% of UFS similar to those found in this research.

For the Japanese ring test, the SCC-C reached the limit value of 10 mm, whereas
SCC-UFS-50 and SCC-UFS-100 were above this limit.

L-box test results show that SCC-C does not have an adequate passing capacity, which
could be due to the volume of LC used and to LS and SS having more fines than UFS,
creating more friction between the aggregates. On the contrary, SCC-UFS-50 and SCC-UFS-
100 fulfil the standard requirement. Similar results with the incorporation of UFS were
reported by Sandhu and Siddique [6].

3.2. Mechanical Properties

Figure 5 shows the results of the compressive strength of the three self-compacting
concretes at 7 and 28 days of age. SCC-C attained a compressive strength of 21.91 MPa
after 7 days, while SCC-UFS-100 and SCC-UFS-50 attained 28.94 MPa and 36.61 MPa,
respectively. Compared to SCC-C, SCC-UFS-100 obtained a 32% increase in compressive
strength, while the SCC-UFS-50 presented an increase of 67%. At 28 days age, SCC-C
presented a compressive strength of 35.92 MPa, while SCC-UFS-100 and SCC-UFS-50
attained a compressive strength of 41.25 and 41.76 MPa, resulting in an increase of 15%
and 16%, respectively. In general, it is observed that at early ages, SCC-UFS-100 and
SCC-UFS-50 have higher compressive strength than SCC-C, with SCC-UFS-50 displaying
the highest strength. However, at 28 days the difference between SCC-UFS-100 and SCC-
UFS-50 is minimal. The graphical representation of the development of the SCC strength
over time can be represented by means of a logarithmic adjustment as reported by other
authors [24,27]. From the equations shown in Figure 5, it is shown that the correlation of R2

analyzing the evolution of compressive strength as a function of time is close to 1; therefore,
the fit is adequate to observe the strength of the concretes at different ages, allowing a
curve fit in which it is observed that the behavior of SCC-UFS-50 has a higher strength
than the other two concretes. The compressive strength differences between the materials
studied could be explained by SCC-C fresh state properties being lower than the other two
concretes, leading to poor self-compaction and creating voids within the concrete matrix,
resulting in a lower compressive strength.

Comparing the SCC-UFS-50 with the results of the Sua-iam et al. [44] study in which
50% UFS replacement was incorporated along with a rice husk ash cement substitution
(0–20%), the compressive strength was higher at all ages.

The compressive strength results match the findings reported by Ashish and Verma [30],
where it was observed that with the increase in up to 50% of UFS replacement, the com-
pressive strength increased as well. This was attributed to the high silica content of UFS,
thus creating a denser matrix [30].

Figure 6 shows the appearance of compression cracks at 28 days for SCC-C, SCC-
UFS-50 and SCC-UFS-100. The breakage of the SCC-UFS-50 and SCC-UFS-100 specimens
was more satisfactory than that of the SCC-C specimens, which is due to the fact that the
applied force propagated through the paste-aggregate interface as stated by Sosa et al. [18],
resulting in the observed fracture planes.
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As for splitting tensile strength, Figure 7 shows that there is a decrease of 2.8% between
SCC-C (2.15 MPa) and SCC-UFS-50 (2.09 MPa). On the other hand, SCC-UFS-100 shows a
decrease of 28% (1.53 MPa) compared to SCC-C and a decrease of 26% compared to the
SCC-UFS-50. Additionally, the calculation of the standard deviation of the data obtained
was performed, resulting in a standard deviation of 0.06 for the SCC-C and 0.07 for both
SCC-UFS-50 and SCC-UFS-100.

In general, it is observed that there is no significant difference between SCC-C and SCC-
UFS-50. Similar results were reported by Sandhu and Siddique [6], where it was observed
that the incorporation of up to 30% of UFS in self-compacting concrete slightly reduced the
splitting tensile strength. Parashar et al. [29] reported that the splitting tensile strength is
not affected with the incorporation of up to 40% UFS compared to the control concrete.
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3.3. Concrete Microstructure

The microstructural analysis of the concrete at 1500× magnification is presented in
Figure 8. It is observed that the SCC-C presents a less compacted and more porous structure
than the other two concrete types. This could be related to the lower fresh state properties,
where SCC-C presented a lower slump flow and higher t500 time compared to the other
concretes. On the other hand, the SCC-UFS-100 showed a more compacted and less porous
structure compared to the control concrete, which could also be related to the fresh state
properties improvement enhancing concrete compaction. Smazewski [45] concluded that
the bond between the aggregates and paste of concrete with UFS affects the concrete
strength. Sosa et al. [23] reported that the SCC strength is due to the closed microstructure
of the matrix. Moreover, Sandhu and Siddique [6] concluded that a denser microstructure
of SCC improves the compressive strength.

Figure 8. Micrographs obtained at 1500×.

Figure 9 shows magnifications at 3000× and 7000× comparing SCC-C and SCC-UFS-
100. It is observed that SCC-C has a less compact matrix than SCC-UFS-100, which explains
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why the compressive strength is lower than concrete with UFS. The lack of compaction of
the SCC-C increases the porosity of the concrete, so a decrease in the mechanical properties
would be expected. This picture confirms the above-mentioned relation of low fresh state
properties and lower compressive strength of SCC-C compared to self-compacting concretes
containing UFS.
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4. Conclusions

In this research, the fresh state properties, mechanical properties and microstructure
of self-compacting concrete made with UFS as partial and total replacement for natural
fine aggregates was studied. After analyzing the results, the following conclusions can
be drawn:

• The partial and total replacement of natural fine aggregates by UFS resulted in an
increase in the diameter of the SF, by 46% and 50%, respectively, and in a decrease in
t500 and V-funnel times by 60% and 80%, respectively, which is due to the lack of fines
in UFS compared to natural sand, resulting in a decrease in the friction between the
aggregates and the cement paste.

• There is a strong relationship between the t500 test and V-funnel test, which will help in
predicting the results of the V-funnel test based on the t500 test. L-box results improve
with the partial and total replacement of UFS compared to the control concrete.

• It is observed that at early ages, SCC-UFS-100 and SCC-UFS-50 have higher compres-
sive strength than SCC-C, with SCC-UFS-50 being the one that presents the highest
strength at 7 and 28 days, which is due to the lower compaction capacity of SCC-C,
resulting in a less resistant material.
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• Splitting tensile strength results showed that there is no great difference between
SCC-C and SCC-UFS-50, but SCC-UFS-100 shows a decrease of 27%.

• SEM images proved that the incorporation of UFS enhances the concrete, creating a
denser and less porous material compared to the control mix. This explains the higher
compressive strength of concrete with UFS.

• In general, the partial and total incorporation of UFS in self-compacting concrete
resulted in improved fresh state properties and mechanical properties. Self-compacting
concrete with 50%vol. showed better mechanical properties and adequate fresh state
properties. Likewise, the findings in this study show that total UFS replacement
achieves an improvement in the fresh state properties and mechanical properties
compared to control concrete, making this by-product a sustainable alternative to the
use of natural fine aggregates.

• For the construction industry, the concretes developed in this research have been
classified as SF2 and VS1, so they can be used in elements such as walls, columns,
tunnel linings, foundation slabs and pavements. In addition, the use of a raw material,
in this case natural sand, could be reduced to a lesser proportion.

• For the foundry industry, the use of its by-product creates a solution to avoid landfill
contamination and monetary savings by avoiding paying for the deposit to landfill.

• Future studies could be carried out to analyze the durability of these concretes, with
water penetration, oxygen permeability and carbonation being of particular interest.
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32. Şahmaran, M.; Lachemi, M.; Erdem, T.K.; Yücel, H.E. Use of Spent Foundry Sand and Fly Ash for the Development of Green

Self-Consolidating Concrete. Mater. Struct. Constr. 2011, 44, 1193–1204. [CrossRef]
33. EN 1097-6; Tests for Mechanical and Physical Properties of Aggregates—Part 6: Determination of Particle Density and Water

Absorption. British Standard Institute: London, UK, 2014.
34. EN 933-2; Tests for Geometrical Properties of Aggregates. Determination of Particle Size Distribution. Test Sieves, Nominal Size

of Apertures. British Standard Institute: London, UK, 1999.
35. EN 12350-8; Testing Fresh Concrete—Part 8: Self-Compacting Concrete—Slump-Flow Test. British Standard Institute: London,

UK, 2020.
36. EN 12350-9:2011; Testing Fresh Concrete—Part 9: Self-Compacting Concrete—V-Funnel Test. British Standard Institute: London,

UK, 2011.

http://doi.org/10.1016/j.resconrec.2021.105585
http://doi.org/10.1016/j.conbuildmat.2018.03.151
http://doi.org/10.3390/app11010435
http://doi.org/10.1007/s41779-017-0096-9
http://doi.org/10.2174/1876400201003010018
http://doi.org/10.1016/j.conbuildmat.2021.122833
http://doi.org/10.1016/j.cscm.2018.e00170
http://doi.org/10.1016/j.matpr.2020.02.052
http://doi.org/10.1016/j.jenvman.2019.04.048
http://doi.org/10.1016/j.jenvman.2010.11.004
http://doi.org/10.1002/suco.202000830
http://doi.org/10.3390/ma12162645
http://doi.org/10.1016/j.jclepro.2017.10.255
http://doi.org/10.1016/j.jobe.2021.102268
http://doi.org/10.3390/app10030773
http://doi.org/10.1016/j.conbuildmat.2018.06.132
http://doi.org/10.1016/j.conbuildmat.2020.121263
http://doi.org/10.1016/j.jclepro.2019.04.386
http://doi.org/10.1016/j.conbuildmat.2020.118875
http://doi.org/10.1016/j.jhazmat.2020.123329
http://doi.org/10.1016/j.rinma.2019.100014
http://doi.org/10.1617/s11527-010-9692-7


Appl. Sci. 2023, 13, 409 14 of 14

37. EN 12350-10:2011; Testing Fresh Concrete—Part 10: Self-Compacting Concrete—L Box Test. British Standard Institute: London,
UK, 2011.

38. EN 12350-12:2011; Testing Fresh Concrete—Part 12: Self-Compacting Concrete—J-Ring Test. British Standard Institute: London,
UK, 2011.

39. EN 206-1; Concrete—Specification, Performance, Production and Conformity. British Standard Institute: London, UK, 2021.
40. EN 12390-2; Testing Hardened Concrete. Part 2: Making and Curing Specimens for Strength Tests. British Standard Institute:

London, UK, 2015.
41. EN 12390-3; Testing Hardened Concrete—Part 3: Compressive Strength of Test Specimens. British Standard Institute: London,

UK, 2011.
42. EN 12390-6; Testing Hardened Concrete—Part 6: Tensile Splitting Strength of Test Specimens. British Standard Institute: London,

UK, 2010.
43. de Barros Martins, M.A.; Barros, R.M.; Silva, G.; dos Santos, I.F.S. Study on Waste Foundry Exhaust Sand, WFES, as a Partial

Substitute of Fine Aggregates in Conventional Concrete. Sustain. Cities Soc. 2019, 45, 187–196. [CrossRef]
44. Sua-iam, G.; Makul, N.; Cheng, S.; Sokrai, P. Workability and Compressive Strength Development of Self-Consolidating Concrete

Incorporating Rice Husk Ash and Foundry Sand Waste—A Preliminary Experimental Study. Constr. Build. Mater. 2019, 228,
116813. [CrossRef]

45. Smarzewski, P. Mechanical Properties of Ultra-High Performance Concrete with Partial Utilization of Waste Foundry Sand.
Buildings 2020, 10, 11. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.scs.2018.11.017
http://doi.org/10.1016/j.conbuildmat.2019.116813
http://doi.org/10.3390/buildings10010011

	Introduction 
	Materials and Methods 
	Materials 
	Mix Proportions 
	Fresh State Properties 
	Mechanical Properties 
	Concrete Microstructure 

	Results and Discussion 
	Fresh State Properties 
	Mechanical Properties 
	Concrete Microstructure 

	Conclusions 
	References

