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Abstract: Waste foundry sand (WEFS) is a ferrous and non-ferrous foundry industry by-product,
produced in the amount of approximately 700 thousand tons annually in Poland and it is estimated
that only a small percentage of this waste is recycled. The study used WES to produce ultra-high
performance concrete (UHPC) as a partial substitute for quartz sand. It was replaced with WES
levels of 0%, 5%, 10%, and 15% by weight of quartz sand content. The UHPC mixtures were
produced and tested to determine the compressive strength, flexural strength, splitting tensile
strength as well as the modulus of elasticity at 28, 56, and 112 days. Scanning electron microscope
(SEM) analysis was done to identify the presence of various compounds and micro-cracks in UHPC
with WES. The results revealed an increase as well as an insignificant decrease in the mechanical
properties up to 5% and 10% WES replacement, respectively. These studies also prove improvement
in the microstructure of UHPC up to a 5% WES level. In all the tested properties in this work, 5%
WES was found to be an apt substitute for quartz sand.

Keywords: ultra-high performance concrete; waste foundry sand; physical properties; compressive
strength; splitting tensile strength; flexural strength; modulus of elasticity; microstructure

1. Introduction

Nowadays, practices related to the development of sustainable construction have the highest
priority. Of all the world’s building materials, concrete is the most widely used, therefore it is obvious
that sustainable concrete is also increasingly gaining more supporters primarily due to its ability to
accommodate recycled materials and its greater durability than conventional concrete.

Waste foundry sand (WES) is a ferrous and non-ferrous foundry industry by-product. Foundry
sand is a silica sand that is reused a number of times to fabricate new moulds, which after several
repeated cycles accumulates an excessive level of impurities that could compromise their quality. For
this reason, the mixture becomes useless in the fabrication of moulds and generates waste foundry
sand (WES). In the United States, Brazil, India, Spain and Poland, foundries generate about 8, 3, 1.7,
1, and 0.7 million metric tons of WES per year, respectively, which is almost entirely disposed of in
controlled landfills [1-5]. The recent average global recycling of this by-product is annually only a
few percent. Landfilling WES is not environmentally friendly, hence reusing the material would help
to promote more sustainable waste disposal methods.

In general, there are two kinds of foundry sands based on different binding systems employed
to form moulds for casting metals: green sands based on clay bonding and chemically bonded
foundry sands. Both types of these sands after losing their usefulness in moulds production are still
promising materials that can potentially be utilized as a substitute for fine aggregates or cement in
the production of concrete. The waste mass of the moulding together with core is around 90%
contaminated quartz sand, which after alloy casting may contain heavy metals. The remaining part
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is organic and inorganic chemical compounds in addition to dusty fractions [6]. In many modern
foundries, moulding sands are reused for many production cycles. The use of bentonite mass as the
basic substrate to produce moulds makes it possible to subject the pressed waste to refreshing
processes and its re-processing. Recovery in the processes of regenerating a pure sand matrix for the
purpose of its reuse as a replacement for fresh sand in newly prepared moulds is a complex issue due
to technological and ecological aspects. Pre-regeneration is most often used for treating moulding
sands. It enables improvement of their technological properties as a result of grinding lumps,
removing impurities and cleaning the used binder from the grain surface of the mass by partial
abrasion and its dedusting. It covers the fragmentation of broken moulds and cores to the size of
single grains as a result of crushing, sieving, and granulometric classification [7]. The finest sand
fractions cannot be reused and constitute waste mass directed to landfills, the main component of
WES. Studies have shown that is possible to utilize WFS in high-strength, normal and low-strength
concrete and WES can positively impact their mechanical properties [2-4,8-16].

The new generation concrete, ultra-high performance concrete (UHPC), has high compressive
strength exceeding 120 N/mm? [17-19], or according to other references 150 N/mm? [20-22]. Ultra-
high performance concrete (UHPC) is considered a very durable material due to its very high
strength-to-weight ratio compared to conventional concrete [18]. Nevertheless, on the other hand, it
is very sensitive to explosive spalling in fire conditions resulting from its low permeability and dense
structure [22,23]. UHPC is usually produced using a high cement content, very fine sand with a grain
size below 0.6 mm, water, silica fume, superplasticizers based on polycarboxylate ethers and steel
fibres [18]. In order to increase the mix homogeneity, coarse aggregate is usually completely
excluded, while the water-to-binder material ratio is less than 0.2. The material is currently used in
the construction of footbridges, highway bridges, as well as precast lattice systems for stadiums and
tall buildings [21,24]. The use of coarse aggregates in UHPC is not common, but possible if the
element size is much larger than the aggregate grain [25]. Coarse aggregates up to 8 or 16 mm were
used to produce UHPC to reduce the cement content and the material price [26]. It is necessary for
the coarse aggregates to have high strength (e.g., basalt, granite, calcined bauxite) to prevent UHPC
from cracking due to the aggregate grains [27]. Numerous investigations are conducted to produce
good UHPC with commercially available materials. Yang et al. showed that UHPC produced with
coarse limestone aggregate can achieve high permeability, low shrinkage and a flexural strength of
10 MPa [28]. Wang et al. [29] reported that UHPC can be produced without removing the coarse
aggregate by curing at room temperature. Their UHPC had a low w/cm ratio, a high content of
cement materials, steel fibers, limestone powder, as well as a combined efficient superplasticizer and
retarder. Camacho et al. [25] investigated UHPC suitable to produce precast elements by using locally
available materials (including limestone coarse aggregate) with standard mixing and curing
processes. Although there are small differences between the strengths and deformations of the
cementitious matrix and the aggregates, straight-lined cracks propagate through all the components
of coarse-grained UHPC. Torres et al. [30] reported the possibility of utilizing WES in UHPC as 10%,
20% and 30% replacement of river sand by evaluating the compressive strength, splitting tensile
strength, flexural strength, elastic modulus and Poisson’s ratio of UHPC. In their studies, cement,
silica fume, fine aggregates (river sand and WFS) with a grain size below 0.595 mm, superplasticizer
and water was used to produce UHPC. They concluded that all the strengths increased with 10%
WES replacement and decreased with 30% WEFS substitution. In addition, no statistically significant
change of UHPC properties were observed with 20% WES.

Numerous studies have been published on utilizing WES in conventional concretes. Only a few
studies have been published regarding the use of WES in high performance concrete and UHPC. An
exhaustive literature review has shown that currently no published research exists on using WES for
fine aggregate in coarse-grained ultra-high performance concrete. UHPC is manufactured using large
amounts of natural sand, which can easily be substituted with WES owing to the fact that their sizes
and fractions are alike. Hence, it is possible to recycle WFS in the production of a durable UHPC
compound to demonstrate the impact of the waste on the properties of the concrete.
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This research article discusses the results of experiments conducted to evaluate the fresh
properties of coarse-grained UHPC (slump, density), its physical properties (apparent density, open
porosity, absorbability), mechanical properties (compressive strength, flexural strength, splitting
tensile strength and modulus of elasticity), as well as microstructural analysis after replacing 0%, 5%,
10%, and 15% natural fine aggregate by WEFS.

2. Materials and Methods

2.1. Cementing Materials

CEM I 52.5N-HSR/NA Portland cement (CEMEX, Chelm, Poland) was used, which satisfies PN-
EN 197-1:2012 [31] and PN-B-19707:2013 [32]. This cement was selected as it is locally available and
can be employed to produce ultra-high performance concrete, intended for use in chemically
aggressive environments such as bridges, roads, airport structures, hydrotechnical, industrial and
ecological constructions, as well as to produce precast concrete in communication engineering. Silica
fume was used to compact the concrete matrix in the interfacial transition zone (ITZ) of the aggregate
grains with the cement paste. The average particle size of the silica fume particles of approximately
0.1 pm enables accurate filling of free spaces, in consequence, the strength and durability of the
hardened concrete is improved. The specific surface area of silica fume is 17,000 m¥kg. Table 1
presents the cement’s physical properties, while Table 2 gives the chemical compositions of the
cement and silica fume.

Table 1. Physical properties of cement.

Material Characteristics Cement

Specific surface area (m?/kg) 443

Water demand (%) 30
Start of setting (min) 120
End of setting (min) 180

Volume stability acc. to Le Chateliere (mm) 2
Compressive strength at 2 days (N/mm?) 27.7
Compressive strength at 28 days (N/mm?) 57.1
Tensile strength at 2 days (N/mm?) 5.3
Tensile strength at 28 days (N/mm?) 8.2

Table 2. Chemical composition of cement and silica fume (in %).

Compound Cement Silica Fume

SiO2 20.92 94.80
AOs 3.50 1.30
Fe20s 4.38 0.83

CaO 64.69 0.56
MgO 1.20 0.71

SOs 3.07 NA

K20 0.38 1.26
Na:0 0.22 0.41

Cl 0.08 NA

Loss on ignition 1.27 0.12
Insoluble matter 0.20 NA

2.2. Natural Aggregates and Waste Foundry Sand

The coarse aggregate was 2/16 mm crushed basalt stone. Locally obtained quartz sand having a
grain size of 0.125/2 mm was used for the natural fine aggregate in the UHPC mixtures.

WES came from a local iron casting firm. It was waste sand from moulds employed in the
foundry, see Figure 1la. It is classified as a clay bonded foundry sand commonly called green sand.
The WES was sieved to acquire a material finer than 2 mm to use as quartz sand replacement in



Buildings 2020, 10, 11

4 of 15

UHPC. Figure 1b presents the microstructure of the WFS. The round to sub-angular shape of the WFS

particles can be observed in the SEM micrograph.

(a)

(b)

Figure 1. (a) Foundry sand as mould in iron casting; (b) Microstructure of waste foundry sand

(WFS).

Table 3 displays the physical properties of the aggregates and WES, whereas Table 4 presents
the chemical composition of the basalt, sand, and WEFS determined by X-ray fluorescence (XRF).

Table 3. Physical properties of basalt aggregate, quartz sand, and waste foundry sand (WFS).

Material Characteristics Basalt Quartz Sand Waste Foundry Sand
Unit weight (kg/m?) 3086 1585 1521
Specific gravity 2.95 2.67 2.45
Absorption (%) 0.2 1.12 1.4
Fineness modulus 5.92 1.84 1.80

Compressive strength (N/mm?) 196

Table 4. Chemical composition of basalt aggregate, quartz sand and WFS (in %).

Compound Basalt Quartz Sand Waste Foundry Sand

SiO2 42.86 98.0
AlOs 11.46 0.8
Fe20s 13.42 0.2

CaO 11.13 0.1
MgO 9.71 —

SOs 0.01 —
Na20 2.93 —

K0 0.89 —

P20s 0.64 —

TiO2 2.36 0.8
MnO 0.21 —

95.3
1.9
0.7

0.35

By means of the chemical analysis, it was found that WFS contains a high level of SiOz, which is
beneficial with reference to the mechanical strength of UHPC. Moreover, the two fineness modulus
of both sands is much the same. It was also reported in paper [2] that a denser concrete was received,
and in turn higher mechanical properties owing to the higher number of fine particles present in
WES. Beside having a high silica content, the WFS particles have a thin coating of dust, binder and
burnt carbon (e.g., bentonite, resin, sea coal). In general, WFS contains less silica compared to quartz
sand due to the additives present in WES [10]. Table 5 gives the different reported chemical
compositions of WES [3,9,10,33,34] in comparison with the WES in my study.
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Table 5. Different chemical compositions of WES (in %).

Compound Etxeberria Guney Sahmaran Basar Khatib ~ Smarzewski
etal.[3] etal.[9] etal.[33] etal.[10] etal.[34] [this study]
5i02 84.90 98.00 76.00 81.85 87.91 95.30
ALOs 5.21 0.80 4.45 10.41 4.70 1.90
Fe20s 3.22 0.25 5.06 1.82 0.94 0.70
CaO 0.58 0.04 3.56 1.21 0.14 0.35
MgO 0.67 0.02 1.98 1.97 0.30 —
SOs 0.29 0.01 — 0.84 0.09 —
Na20 0.50 0.04 0.38 0.76 0.19 —
K0 0.97 0.04 1.20 0.49 0.25 —
P20s 0.05 — 0.05 — — —
TiO2 0.19 — 0.17 — — —
Mn20s 0.08 0.01 0.46 — — —
Cr20s 0.37 — — — — —
LOI 2.87 — 5.85 6.93 5.15 —

The chemical composition of WES may vary depending on the type of metal, combustible used,
as well as the type of binder. The composition further influences WES performance. Moreover, the
chemical and physical properties of WES from various stages of foundry processing differ [35].
However, foundry sands produced from a single foundry or foundries consortia should not show
significant variation over time and are often characterized by a consistently equivalent chemical
composition.

The particle size distributions of basalt coarse aggregate, quartz sand and WEFS were ascertained
according to PN-EN 933-1:2012 [36]. By means of sieve analyses, it was found that the grain size
distribution of the quartz sand and the WES were rather similar. It can be concluded that WES is a
compatible substitute for quartz sand regarding grain size.

2.3. Mixture Proportions

The UHPC mixtures proportions were formulated on the basis of a literature review. In previous
research, high contents of cement, fine natural sand and silica fume were mostly used to prepare
UHPC [29,37]. It was found that the most successful fine aggregate replacements with WES in
conventional concrete were predominantly below 30% [2,8,11,14].

The UHPC mixture formulations in this study contained fine quartz sand passed through a sieve to
receive a size of <2 mm and coarse basalt stone passed through a sieve <16 mm, type I Portland
cement, and condensed silica fume based on previous studies [19,23]. The optimal amount of silica
fume was selected based on experience [38]. The water-cementitious materials ratio (w/cm) of the
mixtures was maintained at 0.24 so as to monitor the impact of WES on the UHPC properties. The
utilized WFS was passed through a sieve less than 2 mm to fit the grain sizes between the fine
aggregates. The quartz sand was substituted with WES in amounts of 0%, 5%, 10%, and 15% of the
sand mass. A light yellow polycarboxylate ethers-based, liquid superplasticizer was added to the
UHPC mixtures, equalling 3% of the mass of the cementitious materials, to achieve sufficient
workability. The specific gravity of the material amounts to 1.07 at 20°C, contains alkali < 1.5% and
chlorides <0.1%, and does not give rise to air entrainment. The reference slump for the control mixture
was 120 + 20 mm. The unit weight test and slump test for workability were conducted on fresh UHPC.
Table 6 presents all the UHPC mixture proportions and fresh properties.

Table 6. Ultra-high performance concrete (UHPC) mixture proportion and properties of fresh

concrete.
Designation CWFS0 CWFS5 CWFS10 CWEFS15
Cement (kg/m?3) 670.5 670.5 670.5 670.5
Silica fume (kg/m?) 74.5 74.5 74.5 74.5

Quartz sand (kg/m?) 500 475 450 425
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Waste foundry sand (kg/m?3) 0 25 50 75
WES content (%) 0 5 10 15
Basalt (kg/m?) 990 990 990 990
Water (I/m?) 178 178 178 178
Superplasticizer (I/m?3) 20 20 20 20
Slump (mm) 120 118 115 111
Unite weight (kg/m?3) 2434 2432 2429 2425

Note: CWEFSO = control concrete; CWFSa = concrete with WES, where a = waste foundry sand content (in %).

When the WFS was added to the mixtures, decreases in the slump values and unit weights were
observed with an increasing amount of WES. Prabhu et al. [11] discovered that an augmentation in
WES content up to 10% reduced the slump of normal strength concrete, and then remained constant
for dosages up to 50% WEFS.

2.4. Preparation and Casting of UHPC Specimens

The basalt, quartz sand and WFS were oven dried for 24 h at 100 °C after they had been sieved.
Following drying, mixing of the ingredients of each mixture was carried out for approximately 12
min with a 100 L laboratory mixer. For the first 4 min only the dry aggregates were mixed, next half
of the water was poured in. The cement and silica fume were added afterwards. After thorough
mixing (about 4 min), the superplasticizer with the remaining water were poured into the mixer. The
mixing sequence used was based on earlier experience [39]. Following mixing, the slump test was
performed to ascertain the workability of the mixtures. The slump values are listed along with the
fresh concrete density in Table 6. Then the mixtures were placed in moulds, which were next put on
a vibrating table shaking at a rate of 150 Hz. UHPC from the same batch was used to cast all the
specimens for each WES replacement percentage. The same mixing and compacting sequence was
followed to produce each UHPC mixture. The same curing regime was used for all the UHPC
specimens so as to limit as many variables as possible. Curing the specimens for the first 24 h at room
temperature 20 + 2 °C was the regime that was implemented. After demolding, curing of the
specimens in a water bath at 20 + 2 °C lasted to 2 days before testing at 28, 56 and 112 curing days.
Dry curing of the specimens at 100 °C was carried out after they had been taken out of the water bath
two days before testing. 48 specimens are still being kept for further testing of the mechanical
properties of UHPC with WES after 2 years of maturation. The specifications of the UHPC specimens
are given in Table 7.

Table 7. Specimens specifications.

Test Shape Dimensions (mm) Number
Compression Cube 100 x 100 x 100 48
Splitting tensile Cube 100 x 100 x 100 48
Flexural Beam 50 x 50 x 250 48
Modulus of elasticity ~Cylinder 150 x 300 48

Small representative pieces from both the CWFS0 and CWEFS5 batches after the tensile splitting
test were taken to prepare three thin-layer polished plates of each of the selected UHPC specimens
for SEM analysis. The pieces were soaked, rinsed, dried in an oven at 60 °C, then prior to testing they
received a coating of gold powder. An accelerating voltage of 15 kV was used to carry out the SEM
investigations.

3. Results and Discussion

3.1. Physical Properties

Tests of the apparent density, absorbability, and open porosity were carried out on a set of three
100 x 100 x 100 mm cubic specimens of each mixture in compliance with the PN-EN 12390-7:2011 [40]
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and PN-EN 13755:2008 [41] recommendations. The mean results and standard deviations of the
UHPC physical properties are displayed in Table 8.

Table 8. Physical properties.

Designation CWFS0 CWEFS5 CWFS10 CWES15
Apparent density (g/cm?) 2.42 2.42 2.44 2.48
Standard deviation (g/cm?) 0.02 0.02 0.02 0.03
Absorbability (%) 3.11 2.98 2.78 2.70
Standard deviation (%) 0.04 0.04 0.03 0.03
Open porosity (%) 7.58 7.20 6.88 6.58
Standard deviation (%) 0.08 0.07 0.08 0.06

An increase in the WES content from 5% to 15% affects a gradual increase in the apparent density
of the UHPC up to 2%, and reduces both the absorbability and open porosity by 15%. It can be
observed that the density of UHPC rises due to the free spaces being filled with finer grains of waste
sand. Guney et al. were also able to reduce the absorbability of high strength concrete by increasing
the waste sand content [9].

3.2. Compressive Strength

At 28, 56, and 112 days, in accordance with PN-EN 12390-3:2011 [42], the compressive strength
of the UHPC mixtures containing WFS was ascertained. An average of three specimens were tested
per data point. The impact of the WFS content on the development of the compressive strength can
be seen in Figure 2. The lines at the top of the bars denote the standard deviation.
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Figure 2. Compressive strength results.

The designed compressive strength for the CWFS0 control mixture at 28 days was 120 =+ 5 MPa.
The CWFS0 mixture obtained an average compressive strength of 122.2 MPa, 129.8 MPa and 140.4
MPa at 28, 56 and 112 days, respectively. The results also revealed that when a 5% WFS substitution
for quartz sand was put into the mixtures, the compressive strength rose. The 28 day CWES5 cubes
attained a mean compressive strength of 135.5 MPa, which was 10.9% higher than that of the 28-day
CWESO cubes. All the CWES5 specimens had 8.5% higher compressive strengths on average
compared to the control specimens. When studying CWEFS10, cubes made with a 10% WEFS
substitution for quartz sand, the results revealed a drop in the compressive strength in contrast to the
reference CWFS0 mixture. A comparison of the 28-day compressive strengths shows a loss of 5%. The
mean strength loss from the reference to the 10% WES replacement was 7.2%. Considering the last
set of data for the CWFS15 mixture with an addition of WFS up to a 15% replacement, it was found
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that the compressive strength falls. The 28-day mean compressive strength shows a drop of 13.7%.
Between the reference mixture and the cubes with 15% WES substitution, the average declined in
compressive strength amounted to about 13.5%. The results indicate that WFS raises the compressive
strength of UHPC up to a 5% level of substitution. The 10% and 15% WEFS replacements adversely
affected the compressive strength of UHPC. The compressive strength results obtained in this study
are different to those published on normal- and low-strength concrete with WES [2,8]. The decrease
in compressive strength in UHPC begins earlier, as early as at a 10% WFS replacement level. This can
be attributed to some WEFS impurities affecting both the rheology and density of UHPC as the WFS
substitution for quartz sand increases. In addition, these differences may have resulted from the
various materials and mixtures utilized in compared studies. Moreover, concrete with a low water to
cement ratio more visibly showed the adverse influence of the WES addition [14]. As can be observed
in Table 6, both the workability and fresh density dropped, as the WES content was augmented; this
fall could result in lower compressive strengths at high levels of WFS replacement. The combined
loss in workability and fresh density lead to a rise in compressive strength at 5% WES substitution,
whereas there were slight decreases at 10% and 15% WEFS substitution. The loss in fresh density and
workability is probably due to the higher angularity degree of the WFS in contrast to the smooth
profile of the quartz sand employed as the fine aggregate [2,8]. Moreover, the large specific surface
area of fine bentonite and pulverized coal particles causes them to absorb water and reduce the
workability of normal-strength concrete as the WES replacement level increases [43]. On the other
hand, Portland cement hydration in conventional concrete can be enhanced by adding fine bentonite
and pulverized coal particles [16]. C-S-H gels can be formed on fine particles acting as nucleation
points, as a result hydration reactions occur and in turn heat release [44]. This phenomenon may
induce an increase in the mechanical strength of UHPC. Nevertheless, the water adsorption by the
bentonite and coal particles affects a lower effective water/cementitious materials ratio with a
percentage increase in WFS-containing mortars [45]. A similar phenomenon can decrease Portland
cement hydration also in this study, and may lead to more significant shrinkage, which may bring
about a reduction in the UHPC compressive strength with 10% and 15% WES replacement.

3.3. Splitting Tensile and Flexural Strength

Splitting tensile strength tests were carried out at 28, 56, and 112 days according to PN-EN 12390-
6:2011 [46]. Figure 3 shows the differences in the splitting tensile strength of UHPC with the various
WES contents.
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Figure 3. Splitting tensile strength results.

This variation with any amounts of WFS was quite alike to that seen as regards the compressive
strength. A trend of a rise in splitting tensile strength with an increase in WES up to 5% replacement
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followed by a decrease was noticed. The splitting tensile strength values for the reference mixture of
7.5 MPa, 8.1 MPa and 8.5 MPa at 28, 56 and 112 days, respectively were observed. As with the
compressive strength, a slight rise of roughly 7.4% in the results for the 5% WEFS mixture for all the
three ages was noted. A decline in the splitting tensile strength of UHPC for the 10% and 15% WES
ensued. In particular, there was a mean decrease of about 7.5% for the UHPC from 0% to 10% WES.
Then there was a decrease of 10% from 0% to 15% WEFS. Notwithstanding, there was no significance
between the 0% and 15% WES, which is an advantageous result as it reveals that WFS has no effect
on the splitting tensile strength at 15% substitution; this can increase UHPC durability without
compromising splitting tensile strength. Similar to the results of the compressive strength, the impact
of WEFS on reducing the density and workability of low-, normal- and high-strength concrete had
much the same influence on the splitting tensile strength [3,4,8-16].

Flexural strength examinations were carried out at 28, 56, and 112 days in accordance with PN-
EN 12390-5:2011 [47]. Figure 4 plots the flexural strength against the WES replacement level.
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Figure 4. Flexural strength results.

The results displayed in Figure 4 illustrate that with age, the flexural strength rises. A stable
increase of about 8.1% with age was found with respect to the specimens made from the reference
mixture without WFS. The CWFS0 mixture reached a mean flexural strength of around 9.5 MPa, 10.3
MPa and 11.1 MPa at 28, 56 and 112 days respectively. Regarding the CWFS5 mixture, flexural
strength values of about 11.1 MPa, 11.5 MPa and 12.5 MPa were obtained at 28, 56 and 112 days,
respectively. It was noticed that the flexural strength rose by roughly 13.7% with 5% WES
substitution. A minimal decline in flexural strength for 10% WEFS replacement was also observed.
Notably the CWEFS10 mixture attained flexural strength values of around 9.1 MPa, 10.1 MPa and 11.1
MPa at 28, 56 and 112 days, respectively. What is more, the mean flexural strength of the CWFS10
mixtures amounted to about 10.1 MPa, a marginal reduction in the mean flexural strength when
contrasted with the average flexural strength of the reference mixture, which was approximately 10.3
MPa. This was a 2% drop in flexural strength in comparison to the reference mixture CWESO. Finally,
the 15% WFS mixture had a mean flexural strength value of about 9.5 MPa. This meant a decline in
the mean flexural strength of about 8.4% compared to the reference mixture. The fact that the flexural
strength of UHPC lessens for the various WEFS substitutions indicates that a poorer UHPC mixture is
received when the WEFS content is higher. These results indicated a considerable rise in flexural
strength when WES is added up to 5%, next this strength declines at replacement levels of 10% and
15% WES. Even though there was a fall in the flexural strength with 10% and 15% WEFS replacement,
the tests indicated that with an amount of WES up to 15%, the flexural strength is reduced by less
than 10%. The results finally reveal the influence on the UHPC flexural strength due to WEFS
replacement up to 15%, but a only slight effect up to 10%. Once more, my results can be supported
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by the results published by other researchers on low-, normal- and high-strength concrete [3,4,8-16],
in which WEFS has an effect on the density and workability that results in an impact on the flexural
strength values.

3.4. Modulus of Elasticity

In compliance with ASTM C469/C469M-14 [48], tests were conducted to determine the modulus
of elasticity at 28, 56 and 112 days since it is an principle parameter in structural design. The elastic
modulus was calculated at 40% of the maximum stress. Figure 5 displays the effect of the WFS content
on modulus of elasticity development.
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Figure 5. Modulus of elasticity results.

According to the results given in Figure 5, an increase was observed at 5% WEFS replacement.
Identical results to those of the reference UHPC were noted for the 10% WEFS replacement at 112 days
of curing. Small decreases were obtained by the 10% WEFS replacement at 28 and 56 days of
maturation, as well as the 15% WEFS replacement at all the curing periods. Notably, the mean elastic
modulus values for the reference mixture were 42 GPa, 43 GPa and 43.6 GPa at 28, 56 and 112 days,
respectively. On the other hand, the 5% replacement exhibited the highest mean elastic modulus
values of 42.6 GPa, 43.9 GPa, 44.3 GPa at each age tested. The specimens with the 10% WEFS
replacement showed mean results of 41.4 GPa, 42.5 GPa, 43.6 GPa, at 28, 56, and 112 days,
respectively, which are similar to the reference samples. Finally, the 15% WES replacement showed
mean elastic modulus results of 41 GPa, 42 GPa, and 42.5 GPa at 28, 56, and 112 days, respectively.
These results indicate the beneficial effect of WES substitution up to 10% and a negligible drop in the
elastic modulus up to 15% WES substitution. The obtained results in this study are not consistent
with the literature, [3,4,8,10-16], in which WES replacement tended to have a slightly greater effect
on the elastic modulus of low- and normal concrete than the other mechanical properties. The results
acquired in this study are more in line with those obtained by Guney et al. from high-strength
concrete [9]. As described by Guney et al., the elastic modulus of concrete with 10% substitution for
natural sand was much the same as that of the reference concrete mixture [9]. It was also found that
the elastic modulus increases between 5.2% and 12% with a WFS replacement up to 30% and
depending upon the age of testing [2,13].

3.5. Microsturucture

Identification of the presence of various compounds and micro-cracks in the UHPC was
performed using an FEI Quanta 250 FEG (Thermo Fisher Scientific, Hillsboro, Oregon, USA) scanning
electron microscope (SEM).
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The micrographs of the reference mixture, and with 5% WES replacement are shown in Figure
6. The SEM micrographs were used to investigate the surface texture and morphology of UHPC. The
500x magnification SEM micrographs of the reference mixture (CWFS0) and the trial mixture with
5% WES replacement (CWES5) are presented in Figure 6a,b. These micrographs show the very
compact microstructures of both mixtures. However, in the CWFS0 reference mix, small micro-cracks
were observed at the aggregate and the cement matrix interface, which may induce a reduction in the
UHPC strength (Figure 6a). The percentages of silica content in the quartz sand and WFS were 98%
and 95.3% respectively. Figure 6 shows that the similar amount of SiO2 content generates well-formed
material microstructures due to eliminating and filling the voids [49,50]. On the other hand, WFS
contains 3.5 times more CaO than quartz sand.

HV
00 kV|74.6 ym Hi

(d)

Figure 6. SEM micrographs of UHPC specimens. (a) Reference mixture (mag. 500x); (b) 5%
replacement of WES (mag. 500x); (c) Reference mixture (mag. 4000%); (d) 5% replacement of WFS
(mag. 4000%).

The formation of calcium-silica-hydrate (C-S-H) gel was optimum in CWES5. It is the most
important phase present in the concrete, predominantly influenced by the size of the grains and the
type of particle, phases composition, and porosity [12]. Figure 6d shows that the C-S-H gel is evenly
distributed throughout the mixture and that the voids were significantly reduced in the mixture
containing the 5% WES replacement. In contrast, the SEM micrograph of the reference mixture
(Figure 6¢) shows that the C-S-H gel has extended to slightly less compared to the reference mix. This
phase contributes to densification of the interfacial transition zone (ITZ) and reduced porosity up to
5% WEFS, which helps to improve the mechanical properties of UHPC. As soon as the WFS was
increased to 10% and 15% the surfaces did not show significant differences due to the relatively low
WES replacement level. A reduction in strengths was noted owning to excess fine particles and
insoluble residues. This can be explained by the weaker bond strength of fine WEFS particles, but it
seems that the more important reason is the too many impurities present in the concrete with the
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higher WFS replacement level. According to Siddique and Noumowe [8], the reduced strengths in
low-strength concrete can be due to the decrease in workability that can hamper mixture
densification as well as the too numerous fine particles in WES, which can settle on the surface of the
aggregates and hinder the formation of a correct bond between the aggregate and the cement paste.

Aggarwal and Siddique [12] conducted a microstructural analysis of normal strength concrete
made with WES and discovered that C-S-H gel develops more extensively in specimens with a 10 or
lower percentage of WES substitution. However, this study also showed that at up to a 30%
substitution of sand, large C-S-H gel formation occurred. A growth in strength was seen despite the
fact that smaller C-S-H gel surfaces formed at higher levels of WES replacement.

4. Conclusions

This investigation has established the possibility of utilizing WES in UHPC as a replacement for
quartz sand by assessing the physical and mechanical properties of UHPC. On the basis of the results
of the compressive strength, flexural strength, splitting tensile strength, and modulus of elasticity
tests performed on UHPC specimens made with 0%, 5%, 10%, and 15% WES replacement, the
following conclusions were reached:

e  The workability falls with a rise in WES content. Therefore, the reduced workability affects the
consolidation, fresh density, as well as the mechanical and physical properties of UHPC.

e The compressive, splitting tensile, flexural strengths as well as elastic modulus of UHPC increase
with 5% WES replacement.

e None of the tested properties of UHPC exhibit decreases more than 10% with a 10% WEFS
replacement.

e  The compressive, flexural, and splitting tensile strengths, as well as the elastic modulus of UHPC
decrease in the specimens produced with 15% WES.

e Improvement in the microstructure of UHPC is observed due to the large C-S-H gel formation
up to 5% WES replacement. When the WES level is increased a reduction in mechanical strength
is noted because of excess WEFS fine particles and insoluble residues.

e  Based on the results gathered in this study, the optimum replacement amount of WES in UHPC
is about 5% by weight of quartz sand.
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