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Abstract: Modern society requires a large number of metal components manufactured by sand
casting, which involves the generation of a waste product known as Used Foundry Sand (UFS), of
which approximately 100 Mt are generated on an annual basis. Virtually all UFS is currently landfilled,
despite the economic and environmental cost overruns that this entails. Here, the recovery of UFS as
fine aggregates for the manufacture of concrete is proposed. Since the presence of UFS will mainly
affect the mortar that binds the aggregates in the manufacture of concrete, it was decided to isolate
this fraction and study only the effect of UFS in mortars. This study evaluated a total of 32 different
mixes combining different W/C ratios varying between 0.5 and 0.7 with 5 replacement ratios of
natural sand by UFS: 0, 25, 50, 75 and 100%, respectively. The combined effect was evaluated of the
W/C ratio and the replacement ratio on the workability, physical properties, mechanical properties,
mechanical durability, and microstructure of the mortars. The incorporation of UFS decreases the
workability of the mortars due to the absorption of the residue. For the physical properties of the
mortars, density decreased and porosity and absorption increased at all replacement percentages.
Flexural and compressive strength decreased when the replacement percentage was higher than
25 wt.%. In terms of mechanical durability, the mortars with UFS showed abrasion marks within the
limits of the EN-1338 standard. From the results obtained, it is possible to conclude that the mortars
with UFS require a higher amount of water. Therefore, while small replacement levels lead to a slight
improvement in the mechanical properties, this trend breaks down for high replacement levels due
to the negative effect of the high W/C ratios required. The authors recommend that for replacements
higher than 25 wt.% of UFS, the W/C ratio has to be taken into consideration to obtain the same
workability as the control mortar, although this decreases the mechanical properties.

Keywords: used foundry sand; mortar; workability; mechanical properties; wear resistance; w/c ratio

1. Introduction

Foundry sand (FS) is the material used in the manufacturing of mould boxes in the
sand-casting process of ferrous and nonferrous materials. The main constituents of FS
are silica sand and binders, which can be of natural or chemical origin [1]. When organic
binders such as bentonite clays are used along with carbon powder to enhance the cast
surface, the FS is called green foundry sand (GFS). When chemical binders are used instead,
such as phenolic-urethanes, epoxy resins, or sodium silicates, the FS is called chemical
foundry sand (CFS) [2]. The GFS or CFS is compacted against a mould that leaves a cavity
in the shape of the part required, and then molten metal is poured into it. Once the metal
has cooled, the sand box is broken up by the “shakeout” method. By means of vacuum
belts, a magnet collects the metal debris, and the sand is used several times again in the
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manufacture of moulds until its properties are no longer suitable for the casting process,
creating a by-product known as used foundry sand (UFS) [3].

The construction industry is responsible for 39% of CO2 emissions and for more than
50% of the extracted natural resources [4]. In this regard, the use of alternative cementitious
materials [5] and the reuse of solid waste from the construction, steel and foundry industry
benefits the environment by reducing the exploitation of natural aggregates, reducing CO2
emissions emitted by the machinery and transport of aggregates from the quarry to the
construction site. Moreover, the use of waste tire [6,7], marble [8,9], waste lathe fibres [10],
waste lathe scraps [11], waste glass [12,13], coal bottom ash [14] and PET [15] has been
studied as a substitute of coarse and fine aggregates in the concrete manufacturing towards
a more eco-friendly material.

According to Tittarreli [16], 100 Mt of UFS are generated annually and mostly land-
filled, thus creating an environmental cost [17]. The physical and chemical properties of
UFS vary depending on the foundry process or the metal and the binder used [1]. However,
it has been reported that most of the UFS is categorised as nonhazardous [18], and its
physical properties are suitable for use in cement-based materials such as low-strength
materials [19], cement-treated bases [20], conventional concrete [21,22] and self-compacting
concrete [23,24].

Regarding mortars, diverse authors have experimented with UFS and additions such
as ceramic mould shells and paraffin waxes wastes [25], polyurethane residues [26], high
phenolic contents [27] and geopolymers [28]. Monosi, Sani and Tittarelli [3] used a replace-
ment of up to 30% of natural sand (NS) by UFS with a fixed W/C ratio of 0.5, reporting
a decrease in the workability of 8, 19 and 22% as the UFS content increased by 10, 20 and
30%, respectively. At 28 days, the compressive strength of the mortars decreased when the
replacement was higher than 20%, which was attributed to the presence of fine powder
carbon and clay within the binder, causing a loosening of contacts and links between the
aggregates and cement matrix [3]. However, with up to 10% replacement of UFS the com-
pressive strength of the mortar was not affected significantly. Vázquez et al. [29] used UFS
from an aluminium foundry as a total replacement for NS in the manufacture of mortars.
The compressive strength results at 7, 14 and 28 days reported that the total inclusion of
UFS decreased the compressive strength by 71, 77 and 76% compared to the control mortar.
This was attributed to the reaction of cement with aluminium, which produces hydrogen
gas that creates microcracks in the cementitious matrix [29]. Çevik et al. [30] manufactured
mortars with up to 60% replacement (in steps of 15%) of NS by UFS and a fixed W/C ratio
of 0.5. Compressive strength results at 3 days showed an increase of 13 and 12% when 15
and 30% of UFS were used, respectively. However, at 28 days, the compressive strength
of the mortars decreased compared to the control mortar. Matos et al. [31] studied the
replacement of NS by 50 and 100% of UFS. Workability results indicated that, compared
with the control mortar, the replacement by UFS decreased the workability by 22 and 39%,
which was attributed to the presence of pulverised coal and fine particles of bentonite,
increasing the absorption of water, thus decreasing the workability [31]. For the reduction
in compressive strength, it was due to the lower compaction of the mix because of the
reduction in workability and to the excess of fine material in the UFS, which impedes the
proper bonding between the aggregates and the cement paste as stated by Siddique and
Noumowe [19].

The value of this research lies in the study of the physical–mechanical properties
and statistical analysis of the effects of incorporation of UFS in mortar to achieve more
sustainable materials, following the research line of low carbon footprint materials as other
authors developed [32]. Most studies use low UFS replacements and a fixed W/C ratio.
This paper investigates in depth the influence between higher UFS replacements and W/C
ratio. Moreover, the mechanical durability is analysed. The total use of UFS as an aggregate
in mortars is an alternative to avoid the exploitation of natural resources and increase the
life cycle of a material that is perceived as waste.
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2. Materials and Methods
2.1. Materials

A CEM I-52.5 R type cement according to EN 197-1 [33] was used with a density
of 3.05 g/cm3 determined according to UNE 80103 [34] and a Blaine specific surface of
4447.2 cm2/g obtained according to EN 196-6 [35]. The chemical composition of the cement
is given in Table 1.

Table 1. Cement chemical composition.

Composition (wt.%)

CaO SiO2 Al2O3 Fe2O3 SO3 K2O MgO TiO2 C

CEM I 69.6 18.65 3.15 2.66 3.22 0.54 1.17 0.17 0.47

The UFS and silica sand (SS) grading curve and images can be observed in Figures 1 and 2,
respectively. The aggregate grading curve was obtained by EN-933-2.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  3  of  23 
 

ratio. This paper  investigates  in depth  the  influence between higher UFS replacements 

and W/C ratio. Moreover, the mechanical durability is analysed. The total use of UFS as 

an aggregate in mortars is an alternative to avoid the exploitation of natural resources and 

increase the life cycle of a material that is perceived as waste. 

2. Materials and Methods 

2.1. Materials 

A CEM I‐52.5 R type cement according to EN 197‐1 [33] was used with a density of 

3.05 g/cm3 determined according to UNE 80103 [34] and a Blaine specific surface of 4447.2 

cm2/g obtained according  to EN 196‐6  [35]. The chemical composition of  the cement  is 

given in Table 1. 

Table 1. Cement chemical composition. 

Composition (wt.%) 

  CaO  SiO2  Al2O3  Fe2O3  SO3  K2O  MgO  TiO2  C 

CEM I  69.6  18.65  3.15  2.66  3.22  0.54  1.17  0.17  0.47 

The UFS and silica sand (SS) grading curve and images can be observed in Figures 1 

and 2, respectively. The aggregate grading curve was obtained by EN‐933‐2. 

0

20

40

60

80

100

0 0.5 1 1.5 2

UFS

SS

P
as
si
n
g
 [
%
w
t.
]

Sieve size [mm]  

Figure 1. Aggregate grading curve. 

   
(a)  (b) 

Figure 2. Used foundry (a) sand and silica sand (b). 

Figure 1. Aggregate grading curve.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  3  of  23 
 

ratio. This paper  investigates  in depth  the  influence between higher UFS replacements 

and W/C ratio. Moreover, the mechanical durability is analysed. The total use of UFS as 

an aggregate in mortars is an alternative to avoid the exploitation of natural resources and 

increase the life cycle of a material that is perceived as waste. 

2. Materials and Methods 

2.1. Materials 

A CEM I‐52.5 R type cement according to EN 197‐1 [33] was used with a density of 

3.05 g/cm3 determined according to UNE 80103 [34] and a Blaine specific surface of 4447.2 

cm2/g obtained according  to EN 196‐6  [35]. The chemical composition of  the cement  is 

given in Table 1. 

Table 1. Cement chemical composition. 

Composition (wt.%) 

  CaO  SiO2  Al2O3  Fe2O3  SO3  K2O  MgO  TiO2  C 

CEM I  69.6  18.65  3.15  2.66  3.22  0.54  1.17  0.17  0.47 

The UFS and silica sand (SS) grading curve and images can be observed in Figures 1 

and 2, respectively. The aggregate grading curve was obtained by EN‐933‐2. 

0

20

40

60

80

100

0 0.5 1 1.5 2

UFS

SS

P
as
si
n
g
 [
%
w
t.
]

Sieve size [mm]  

Figure 1. Aggregate grading curve. 

   
(a)  (b) 

Figure 2. Used foundry (a) sand and silica sand (b). Figure 2. Used foundry (a) sand and silica sand (b).



Appl. Sci. 2023, 13, 3436 4 of 21

The UFS was proportioned by a foundry company in Reinosa, Spain. Tables 2 and 3
show the absorption of the sands used in this study and the chemical composition of the
UFS, respectively. It can be observed that the UFS presents a higher absorption than the
SS, which is in concordance with findings in the literature [1]. Moreover, it is observed
that the main components of the UFS are SiO2, CaO and Al2O3, as reported by other
authors [1,36,37].

Table 2. Physical properties of the aggregates used.

Component Density [g/cm3] Absorption [%]

SS 2.58 0.35
UFS 2.58 3.37

Table 3. UFS chemical composition.

Composition (wt.%)

CaO SiO2 Al2O3 Cr2O3 Fe2O3 SO3 K2O MgO TiO2 P2O5 Others

FS 7.83 83.9 2.87 1.67 1.4 0.72 0.7 0.53 0.13 0.06 <0.05

2.2. Mix Proportions

Table 4 shows a description of the 32 different mix proportions used in this research
work. For all the mixes, the cement content was fixed at 500 g. The design of these dosages
is to investigate the effect of UFS on workability, physical and mechanical properties, and
mechanical durability.

Table 4. Mortar mix proportion descriptions.

UFS Replacement [%] 0% 25% 50% 75% 100%

W/C

0.50 (*) (**) 0.50 (*) 0.50 0.57 (*) 0.60
0.55 0.51 (*) (**) 0.52 (*) 0.59 (*) 0.65
0.60 0.52 (*) 0.55 (*) 0.60 (*) 0.67 (*)
0.65 0.55 0.56 (*) 0.62 (*) (**) 0.69 (*)
0.70 0.60 0.57 (*) (**) 0.65 0.70 (*) (**)

0.65 0.58 (*) 0.70
0.70 0.60

0.65
0.70

Mixes tested for physical properties (*) and wear resistance test (**).

2.3. Methods
2.3.1. Workability

The workability of all the mortars was tested on the flow table as described in EN-
1015-3 standard [38]. The objective of this test was to analyse the influence of the W/C
ratio as UFS% increased, based on the workability of the control mortar (0% UFS and
0.50 W/C ratio).

2.3.2. Physical Properties

The evolution of specific gravity, dry density and bulk density were obtained according
to EN 12390-7 [39] on the mortar specimens (*). The accessible porosity and the absorption
coefficient were obtained according to UNE 83980 [40] on the same specimens (*).

2.3.3. Mechanical Properties

At 28 days, the flexural strength of the 32 mixes was tested according to EN-1015-11 [41]
on standardised mortar specimens of 40 mm × 160 mm × 160 mm. After the flexural
strength test was performed, the two halves of the mortar were tested for compressive
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strength according to the same standard [41]. Figure 3 shows the setup of the respective
mechanical test.
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2.3.4. Wear Resistance

The mortar specimens were previously painted black in order to better appreciate the
abrasion marks. The wear resistance test was performed according to EN-1338 [42] (Annex
G) on the 3 faces of the standardised mortar specimens (**) at the age of 28 days (Figure 4).
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2.3.5. Variable Correlation

In order to perform the statistical analysis, a colour code matrix was made using the
Pearson correlation coefficient (r) parameter with the use of Python [43]. If this parameter
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is close to 1, it implies that both variables are highly correlated in a directly proportional
way. If this value is close to −1, it implies that they are strongly correlated in an inversely
proportional way. If this value is close to 0, it implies that there is no strong linear correlation
between the two variables.

2.3.6. Microstructural Characterisation

A scanning electron microscope (SEM) equipped with X-ray energy dispersive mi-
croanalysis capabilities was used to study the microstructure of select samples. As there
are several water–cement ratios in each one of the mortar mixtures, an intermediate ratio
was taken, in this case, 0.6, taking 5 different samples in total. Prior to analysis under the
microscope, the 5 samples were taken and left in the oven for 24 h, then removed and
metalised, as shown in Figure 5, to facilitate their observation in the SEM. The samples
were sprayed with a thin layer of gold in a pulverisation process in order to increase their
conductive properties. It is necessary because mortars are not good conductive materials.
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The samples analysed in the SEM were reduced to a size suitable for obtaining micro-
graphic images. In order to assess the compactness of the material, the growth of cement
hydration products and the possible cracks generated in the mechanical tests were studied.

3. Results and Discussion
3.1. Workability

Figure 6a shows the effect of both the W/C ratio and the UFS on the slump table
result test. The fitting equations for each UFS replacement percentage show that, in general,
there is a linear relationship between increasing W/C ratio and slump. If the methodology
is replicated in another study, validated results can be guaranteed for each replacement
percentage. It also shows that the higher the UFS replacement, the higher the W/C ratio
to obtain the same workability Figure 6b shows an example of the visual appearance of
two of the tests carried out, namely the 50% UFS case, but for W/C ratios of 0.52 and
0.57, respectively.

As shown in Figure 6b, the high absorption of the UFS influences the workability
of the mortar. It can be observed that with a W/C ratio of 0.52, the slump diameter is
100 mm, i.e., the lower diameter of the cone. For a W/C ratio of 0.57, a higher workability
is obtained, resulting in a slump diameter of 150 mm. It is also possible to conclude that to
obtain similar workability, increasing the UFS requires an increase in the amount of water.
In particular, to obtain workability similar to that obtained in the reference mortar with a
W/C ratio of 0.5 in the case of a UFS replacement equal to 50%, the W/C ratio should be
0.57, and 0.7 in the case of a UFS replacement of 100%.

From the results shown in Figure 7a, it is worth noting that there are no data for
high UFS values and low W/C ratios. This is because these mixes were too dry, and it
was not possible to achieve acceptable workability. The reduction in workability with the
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increase in UFS was also observed in other studies [1,22,31]. In this regard, Figure 7b shows
that for the same W/C (0.5), the slump diameter decreases with higher UFS replacement;
from UFS 50 onwards, there is no slump, so the diameter is the same that the flow mould
(10 cm). This reduction in workability for high UFS replacement is justified because UFS
has a much higher absorption than SS [3,44]. From Figure 7a, it is also possible to see
that, in general, a high W/C ratio and low UFS values increase workability. However, the
maximum workability values are found with a UFS of 25%. This is because the smaller
UFS particle size facilitates particle mobility. Therefore, it is possible to conclude that the
presence of UFS has two opposing effects: on the one hand, the particle geometry improves
the workability of the mixes, as stated by de Barros et al. [45], and on the other hand,
the higher absorption of UFS means that, especially for high UFS replacements, larger
quantities of water are required to obtain similar workability.

Appl. Sci. 2023, 13, x FOR PEER REVIEW  7  of  23 
 

0

4

8

12

16

20

0.5 0.55 0.6 0.65 0.7

UFS %0

UFS 25%

UFS 50%

UFS 75%

UFS 100%

Slump reference

y = ‐36 + 1e+2x   R
2
= 0.99 

y = ‐26 + 73x   R
2
= 0.96 

y = ‐26 + 68x   R
2
= 0.97 

y = ‐38 + 77x   R
2
= 0.99 

S
lu
m
p
 d
ia
m
et
er
 [
m
m
]

W/C ratio  
(a) 

   
(b) 

Figure 6. Mortar workability: slump table test results in cm (a) and comparative example for a fixed 

UFS value (b). 

From the results shown in Figure 7a, it is worth noting that there are no data for high 

UFS values and low W/C ratios. This is because these mixes were too dry, and it was not 

possible to achieve acceptable workability. The reduction in workability with the increase 

in UFS was also observed in other studies [1,22,31]. In this regard, Figure 7b shows that 

for the same W/C (0.5), the slump diameter decreases with higher UFS replacement; from 

UFS 50 onwards, there is no slump, so the diameter is the same that the flow mould (10 

cm). This reduction in workability for high UFS replacement is justified because UFS has 

a much higher absorption than SS [3,44]. From Figure 7a, it is also possible to see that, in 

general,  a  high W/C  ratio  and  low  UFS  values  increase  workability.  However,  the 

maximum workability values are found with a UFS of 25%. This is because the smaller 

UFS particle size facilitates particle mobility. Therefore, it is possible to conclude that the 

presence  of  UFS  has  two  opposing  effects:  on  the  one  hand,  the  particle  geometry 

improves the workability of the mixes, as stated by de Barros et al. [45], and on the other 

UFS= 50% ; W/C=0.57 UFS= 50% ; W/C=0.52 

Figure 6. Mortar workability: slump table test results in cm (a) and comparative example for a fixed
UFS value (b).



Appl. Sci. 2023, 13, 3436 8 of 21

Appl. Sci. 2023, 13, x FOR PEER REVIEW  8  of  23 
 

hand,  the higher absorption of UFS means  that, especially  for high UFS  replacements, 

larger quantities of water are required to obtain similar workability. 

(a) 

0

2

4

6

8

10

12

14

16

UFS replacement [%]

UFS 0%

UFS 25%

UFS 50%

UFS 75%

UFS 100%

S
lu
m
p
 d
ia
m
et
er
 [
cm

]

 
(b) 

Figure 7. Mortar workability: slump table test results in cm (a); effect of UFS in mortar workability 

with W/C = 0.5 (b). 

In Figure 8, the effect of modifying the UFS replacement is observed; as mentioned 

in the previous paragraph, the UFS has a strong influence on the mortar workability. The 

reduction in the workability is because of the high absorption of the UFS. This prevents 

the proper workability of mortars with low W/C ratios; in consequence, higher W/C ratios 

are necessary to obtain the same workability as the control mortar. This loss of workability 

is more evident as the percentage of replacement increases. 

Figure 7. Mortar workability: slump table test results in cm (a); effect of UFS in mortar workability
with W/C = 0.5 (b).

In Figure 8, the effect of modifying the UFS replacement is observed; as mentioned
in the previous paragraph, the UFS has a strong influence on the mortar workability. The
reduction in the workability is because of the high absorption of the UFS. This prevents the
proper workability of mortars with low W/C ratios; in consequence, higher W/C ratios are
necessary to obtain the same workability as the control mortar. This loss of workability is
more evident as the percentage of replacement increases.
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3.2. Physical Characterisation of Mortars

Figures 9–11 show the evolution of apparent specific gravity, dry density and bulk
density as a function of UFS replacement and W/C ratio.
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Figure 9a shows that increasing the UFS decreases the specific gravity of the mortars,
which is because, as previously stated, to increase the workability, the W/C should be
increased. This increase generates air voids within the matrix, generating a loss of density.
In general, it can be observed that mortars with UFS of 100% and W/C of 0.7 showed the
lowest densities compared to the control mortar. Figure 9b shows the percentual decrease
in the specific gravity between the mortar mixes with UFS 25, 50, 75 and 100% compared
with the reference mix (UFS 0%). It is observed that there is a minimal difference between
the decrease in UFS 25% and UFS 50% mortars, but as the UFS increases up to 100%, it is
evident that the decrease in the specific gravity is higher because the higher W/C ratios
needed to manufacture the mortars.

Figure 10a shows the influence of increasing UFS and W/C on dry density. As in the
previous figure, it can be observed that the mortar with UFS of 100% presents the lowest
densities with a W/C of 0.7. On the other hand, mortars with UFS of 25% and W/C up
to 0.57 present dry densities similar to those of the control mortar. Figure 10b shows the
percentual decrease in the dry density as the UFS increases; this is because the higher W/C
ratios form voids within the mortar matrix, creating a more porous and lighter structure.



Appl. Sci. 2023, 13, 3436 12 of 21

Figure 11a shows that mortars with UFS of 25% and W/C up to 0.53 achieved similar
bulk saturated densities to the control mortar. For mortars with UFS of 50% and W/C
between 0.55 and 0.57, a similar behaviour is observed, while for the mortars with UFS
of 100%, a decrease in bulk density is observed. Figure 11b shows a similar behaviour as
the previous plot; the decrease difference between UFS 25% and UFS 50% is minimal, but
as the UFS increases, the percentual decrease in the bulk density is higher because of the
higher W/C ratio.

Figure 12 shows the results for the porosity of mortars with different percentages of
UFS and W/C ratios. It is observed that, compared to the control mortar, the porosity of
mortars with UFS of 25 and 50% is very similar even with higher W/C ratios; this may
be due to the fact that FS contains a higher proportion of fines than SS, creating a denser
matrix as stated by other authors [46]. On the other hand, mortars with UFS of 75 and
100% present a higher porosity than the control mortar; this is because although the UFS
presents more fines, increases in the W/C ratio increase the air void content within the
matrix, making it more porous.
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Figure 13 presents the absorption results in relation to the UFS and W/C ratio. It is
well known that porosity is directly related to absorption, so an explanation similar to the
one presented in the previous figure is applied in this case. In general, mortars with UFS
replacement up to 50% and W/C ratios up to 0.58 show absorptions similar to those of the
control mortar.
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3.3. Mechanical Characterisation of Mortars

Figure 14 shows the flexural strength results as a function of the W/C ratio and the
UFS replacement, while Figure 15 shows the values of compressive strength as a function
of the same two parameters.
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Figure 15. Compressive Strength (MPa) as function of W/C ratio and UFS replacement.

From the results shown in Figures 14 and 15, it can be concluded that for high W/C
ratios and/or high UFS replacements, the mechanical properties of the mortars are reduced.
The effect of increasing the W/C ratio on the mechanical properties is clearly documented.
From these results, robust conclusions cannot be drawn on the effect of UFS replacement on
compressive strength, as there are no case studies with the same W/C ratios and different
UFS values. For this reason, these results were completed with the second batch of mixes,
which enables the comparison of test specimens (Figure 16) with the same W/C ratio and
different UFS replacements. These results are shown in Figure 17a.
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As previously stated, Figure 17a confirms that increasing the W/C ratio generally
decreases the mechanical performance of the mortars. An exception occurs for a UFS
replacement of 100%, where the lowest compressive strength is observed for a W/C ratio
of 0.6, and it increases with the W/C ratio. This is because, in the case of 100% UFS and a
W/C ratio of 0.6, the workability of the specimens was very low, the mortar was too dry,
and the specimens had defects that were detrimental to their strength. Regarding the effect
of the UFS replacement on the compressive strength for constant W/C values, there is no
uniform trend for all cases. This is because, as previously stated, there are two phenomena
that have opposite effects on the strength of the mortars. In general, given a fixed W/C
ratio, an increase in UFS replacement reduces the mechanical properties of the mortars,
as also reported by other authors [1,22,31,47]. However, as UFS has a higher absorption
than the SS, this water absorption can, in some cases, lead to an increase in the mechanical
properties of mortar and concrete, as reported by other authors [30,48], because the finer
particles of the UFS fill the pores of the mortar matrix, resulting in a denser material. This is
especially seen in cases of very high W/C ratios and UFS replacements. This phenomenon
is similar to recycled concrete, where recycled aggregates from concrete also have a higher
absorption [49].
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Figure 17b shows the influence of the W/C ratio on the compressive strength of
mortars with UFS. In general, it is observed that there is a trend in the loss of compressive
strength as the UFS replacement increases, as reported in the literature. The fitting equations
for each UFS replacement percentage show the relationship between increasing W/C ratio
and decreasing compressive strengths. It is observed that a small variation in the W/C
ratio has a major influence on compressive strength when higher percentages of UFS are
used. Moreover, it is observed that the slope increases with increasing UFS. For low W/C
ratios (0.5–0.52), UFS 25% mortars present an initial tendency to increase their compressive
strength up to 5%, but at high W/C ratios (0.55 to 0.7), there is a loss of compressive strength
of 17, 19, 23 and 49%, respectively. The UFS 50% mortars show similar behaviour, and it is
observed that with a W/C ratio of 0.52, the compressive strength is slightly higher than
that of UFS 25% (2%); at a W/C ratio of 0.55, this increase is 22%. However, as the W/C
increases from 0.6 to 0.7, the compressive strength losses are 32 and 53%, respectively. In the
case of UFS 75% mortars, as in the other two cases, there is a tendency to lose compressive
strength. It is worth mentioning that there are no W/C ratios of 0.5 and 0.55 in these
mortars because the high absorption of UFS makes it difficult to make specimens, so higher
W/C ratios were used. By comparing the compressive strength of the UFS 75% with a
W/C ratio of 0.57 (51.75 MPa), it was observed that the increase in W/C ratio decreases the
compressive strengths by 10, 32 and 64% as the W/C is 0.6, 0.65 and 0.7, respectively. The
loss of compressive strength is due to the high W/C ratios necessary to produce mortars
with the same workability as the control mortar. These high W/C ratios in mortars with
higher UFS replacements create a porous material, resulting in a less dense and less resistant
matrix.

3.4. Mechanical Durability

Figure 18 shows the wear results as a function of the UFS replacement amount for
samples with the same workability. This parameter evaluates the mechanical durability of
the mortars.
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From the results shown in Figure 18, it can be concluded that increasing the FSR
increases the wear value obtained in the test. The mechanical durability of mortars de-
creases with increasing UFS replacement. This is because mortars need a high W/C ratio
to achieve the same workability. This results in a more porous material, which could be
because it creates a loss of bond between the aggregates and the cement, as mentioned by
other authors [50–52]. Nevertheless, even with an FSR of 100%, the values obtained remain
below the most restrictive value defined in EN-1338 [42], which is 20 mm. Figure 19 shows
examples of the specimens’ appearance after the wear resistance tests.
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3.5. Variable Correlation

Figure 20 shows the correlation matrix of the results obtained in this work.
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The properties of the mortars can be grouped into four families or blocks: (1) worka-
bility, which includes “diameter”; (2) densities, which includes specific gravity, dry den-
sity and bulk density; (3) compactness, which includes both porosity and absorption;
and (4) mechanical properties, which includes flexural strength and compressive strength.
Figure 20 shows that there is a high linear correlation between the quantities in each family.
There is no clear correlation between workability and any of the other three families of prop-
erties. However, the properties in the density family are anti-correlated to the properties in
the compactness family and relatively well-correlated to the mechanical properties. Finally,
an inverse correlation between the compactness and mechanical properties of blocks is
also observed.

Regarding the effect of FSR and W/C on the workability block, we can see that there
is no clear trend in relation to either of these two variables. This is because it is a parameter
that depends on both variables simultaneously, and each one has an inverse effect. The
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greater the amount of water, the greater the diameter, but the greater the FSR, the smaller
the diameter. For this reason, it can be said that there is one effect that cancels out the other.

Regarding the density block, it can be observed that there is an inverse relationship
between the density values and both FSR and W/C. Moreover, it can be stated that this
inversely proportional relationship is clearer in the case of dry density and bulk density
than in the case of specific gravity.

Regarding the compactness block, it can be observed that there is a directly propor-
tional correlation; the higher the FSR or W/C, the higher the values of voids.

Finally, in the case of mechanical properties, it can be concluded that, as with densities,
the higher the values of both FSR and W/C, the lower the values of the mechanical properties.

3.6. Microstructural Characterisation

Figure 21 shows microstructural figures of samples with a W/C ratio of 0.6 and
different UFS replacement ratios for 25× magnifications.
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Figure 21 shows that mortars with 0% and 25% UFS have a homogeneous paste
without any visible pores. This could be because the low UFS replacement allows adequate
workability despite the high absorption of the UFS. On the other hand, for 50% and 75%
UFS, pores can be observed in the mortar paste. Finally, for 100% UFS, it can be observed
that the paste has large cavities, probably because the UFS absorbed most of the water.

Figure 22 shows microstructural figures of samples with a W/C ratio of 0.6 and
different FSR ratios for 500× magnifications.
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Figure 22. Microstructural analysis under 500× magnification: bond between paste and aggregates
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Figure 22 shows how the paste and aggregate interact in the mixture. For UFS of 0
and 25%, good bonding between the aggregate and the paste can be observed. It can also
be seen that as the UFS replacement increases, the bonding between the paste and the
aggregate becomes poorer as the space between the aggregate and the paste increases.
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4. Conclusions and Future Work

In this research, 32 mix proportions were manufactured to study the effect of the
UFS replacement and the water–cement ratio (W/C) on the workability, physical and
mechanical properties, durability, and microstructural characteristics of mortars. After
analysing the results, the following conclusions can be drawn:

• Increasing the UFS replacement reduces the workability of the mixes, making it
impractical to manufacture mortars with high UFS replacement and low W/C ratios.

• Increasing the UFS replacement decreases the compactness of the mortars, so it is
necessary to increase the W/C ratio, reducing the specific gravity, dry density and
bulk density and increasing the porosity and absorption.

• Low quantities of UFS replacement can lead to a slight improvement in mechanical
properties, while high UFS replacement requires high W/C ratios and, consequently,
it is not possible to achieve high values of mechanical properties.

• For the same workability, increasing the UFS replacement increases the wear value
obtained. Even with a UFS replacement of 100%, the values obtained remain below
the most restrictive value, which is 20 mm.

• From microstructural characterisation, it can be concluded that in mortars with low
UFS replacement, the paste and the aggregate are uniformly distributed without the
presence of pores and with good adhesion between the paste and the aggregate. When
the UFS replacement increases, pores begin to appear in the mortar.

• From a practical point of view, the authors recommend using up to 25% replacement
of UFS because, with a minimum amount of extra water, a workability equal to that of
a conventional mortar is obtained; it has slightly higher mechanical strengths, and the
mechanical durability is very similar to that of a control mortar.

• Future studies should be carried out in the field of mortars with UFS to increase the replace-
ment percentage without increasing the W/C ratio, maintaining the same workability.
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