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Abstract: The cement industry is one of the world’s largest CO, emitters. The need to minimize
these emissions, and assimilate by substitution and different types of waste, are challenges faced in
the European Union. The use of granite sawmill from the ornamental stone industry allows for the
manufacturing of pozzolanic cements, in which 10% and 20% of ordinary Portland cement (OPC)
has been replaced by waste. In the present paper, properties of cements and mortars have been
tested (when fresh and once set), such as workability, setting, retraction, mechanical resistance to
bending and compression, elastic modulus to compression, creep, retraction, and durability. In all
cases and substitution proportions, the results have been as satisfactory as those achieved with OPC,
even better, allowing a second life to the waste, and participating in the principles of the circular
economy. Bot substitutions are very resistant and have great durability for the gelifraction processes
from the new green cements. Using this waste—granite sawmill—its volume is minimized and
transfer to a landfill is avoided.

Keywords: waste; granite saw dust; pozzolanic reaction; pore size; recycling; gelifraction

1. Introduction

Energy expenditure for cement production is increasing [1], although the cement
industry tries to produce sustainable cement, participate in the circular economy, and
conserve natural heritage, and biodiversity. In Europe, this industry depends, largely, on
the supply of raw materials that, in some cases, must be imported, in addition to the energy
expenditure for their production and the consequent CO, emissions [2]. However, the
energy demand in clinker production has been reduced, using alternative fuels [3] and
recycled materials [4], from a large number of products at the end of their useful lives; they
do not enter into viable cycle recovery, leading to a loss of secondary raw materials and,
consequently, a negative impact on the environment.

Although cement production initially focused on ordinary Portland cement (OPC),
a fraction of this cement was replaced by supplementary cementitious materials from
different sources: paper sludge [5], bamboo leaf ash [6], paper sludge and fly ash [7],
drinking-water treatment waste [8], calcination of biomass [9], agricultural products [10],
coal-mining waste [11], sugar cane bagasse ash [12], palm oil fuel ash [13], rice husk ash [14],
coal-mining tailings [15], and others. In the future, all cements will need to be based on
materials that are globally available in sufficient quantities. CaO, SiO,, Fe;O3, and Al,O3,
which are considered key materials in this regard [16].

Currently, it is about reusing resource-efficient construction materials, considering the
volume of construction and demolition waste (C&DW) volume generated in the European
Union (EU), and the impact of cement-based materials, along with the development of new
ecocements and the incorporation of greater quantities of secondary raw materials under
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the standards of their life cycles. C&DW are of particular relevance in the current context
of the European sustainability strategy, because their volume reaches one of the highest
waste rates in the EU. The management of this waste has become one of the most urgent
needs of modern society, which requires specific actions: the minimization and prevention
of the generation of waste, and the promotion of its recovery as a secondary raw material.
Moreover, 54% of C&DW are deposited in landfills in the EU, generating significant
environmental impacts (loss of incorporated energy, CO, emissions, and soil pollution).

The most common material in the construction sector is concrete and its composition
based on aggregates, binders, water, and chemical additives allows the total or partial
replacement of natural aggregates or clinker by recycled aggregates and supplementary ce-
mentitious materials, i.e., as waste. This option is one of the most commonly used to achieve
a sustainable environment through resource-efficient cement-based construction products.

Currently, waste related to the quarrying and granite-cutting industry is used (it
is included in the European Waste Catalog (EWC) and its listing (EWL) as 010413, non-
hazardous waste). Ramos et al. [17] have considered in these residues that, if they are
ground with enough fineness, the properties of the cement mixture improve. The afore-
mentioned residues generate a denser matrix that reduces the expansion of the mortar with
substitution by up to 38% when compared to Portland cement. Furthermore, the resistance
to chlorides is improved, almost 70%, without changing properties, such as workability
and resistance [18]. With the same waste, and studying the microstructure of the aggregates
generated by adding them to cement, these wastes are investigated by Pacheco Torgal and
Castro-Gomes [19] and Ostrowski et al. [20].

Kumar Sharma et al. [21] have shown that the substitution in cement of an aliquot by
polished granite residues decreases the compressive and bending strength of the mortar,
but provides better results in the absorption of water, abrasion, and permeability. Kumar
Gupta and Kumar Vyas [22] consider it advantageous to use the waste generated by the
cutting and finishing of granite blocks as a replacement in mortars, providing better results
than mortars without replacement [23-25]. The present paper includes the study of the
mechanical properties that help to interpret the results obtained by the substitution of
10% and 20% waste of granite cutting in OPC, whose mixtures have previously been
characterized by XRD, SEM/EDX, with satisfactory results, in terms of structure and
pozzolanicity. Properties, such as consistency, setting, shrinkage, volumetric stability,
flexural and compressive strength, porosity, and durability in gelifraction processes will
now be studied.

2. Materials and Methodology
2.1. Materials

Three samples have been studied. The P sample corresponds to a residue from the
cutting of granite blocks with water as a lubricant. This water is removed by evaporation.
The PR-1 sample is a residue of the dry working of gray granite, and the PR-2 sample is
similar to the previous one, only that the starting material is the so-called blond granite.
The difference between both samples is the biotite concentration A commercial ordinary
Portland cement (OPC) type CEM I 42.5 R is used for the substitutions, and the sand meets
the specifications of CEN EN 196-1 standard [26].

2.2. Methodology

For workability, setting times have been established according to UNE-EN 196-3
standard [27]. The particle size was determined by laser diffraction spectrometry (LDS) in
arange of 0.1 um to 1750 um (SYPATEC HELOS 12 LA spectrometer).

Properties in a hardened state have been determined, such as flexural [28] and com-
pressive strength [29], longitudinal deformation modulus [30], standard creep [31], shrink-
age [32], and durability [33]. Durability was evaluated from the elasticity modulus varia-
tion, by ultrasound, as well as the change in weight. For these measurements, there has
been used a climatic chamber capable of guaranteeing continuous freeze/thaw cycles at a



Appl. Sci. 2021, 11, 2136

3o0f14

temperature between —20 °C and +15 °C [34]. The speed of the ultrasound was measured
using a TICI-PROCEQ ultrasound with a frequency of 54 Hz.

Since the mechanical resistance of cement-based materials is closely related to the
microporosity of the cementitious matrix [35]. They were determined by means of a
computed tomography (CT-Scanner XT-H-160 from NIKON with Target of W, 0.375 mm Cu
filter with 708 ms times per frame, with a total of 4 frames, and number of projections from
1100 to 155 kV and 57 pA) to obtain images of sections in the different internal structures.

The analysis for the identification of solid phases has been carried out by XRD in an X-
ray diffractometer model SIEMENS D-5000. Identification and quantification is performed
the Match v.3 program and Rietveld Full Prof software (Match!) with the Inorganic Crystal
Structure Database (ICSD) and the Crystallography Open Database (COD) [36], with rutile
as the internal standard in the samples. The equipment used for SEM/EDX analysis was a
PHILIPS model XL scanning electron microscope with tungsten source.

3. Results and Discussion
3.1. Natural Samples

Granite sawdust is a material whose main components are quartz, feldspars, and
phyllosilicates that provide OPC rich in alkalis, with a high concentration of Si and Al,
which helps to improve the properties of cement, such as workability, generating ecological
pozzolanic cement. These new “green” cements enter the cement manufacturing cycle and
the waste recycling cycle, replacing current raw materials.

All samples were of similar mineralogical composition, with varying contents of albite
and orthoclase, as well as quartz, biotite, chlorite, and hematite. The PR-2 sample lacked
kaolinite and had a low concentration of biotite. The PR-1 sample had the highest content
of amorphous material (10%) [37].

3.2. Properties in Fresh Condition

Substitutions of 10 and 20% of granite residue, by weight, have been prepared in
initial OPC, according to UNE EN 197-1 [28].

The two systems studied corresponded to 10% and 20% waste substitutions in the
initial OPC, and monitoring of the species that appeared with the additions at 1, 7, 28, 90,
180, and 360 days of curing, compared to the OPC anhydrous in the same curing time.

The XRD patterns of the 10% and 20% substitution granite waste samples showed
calcite, alite, belite, bassanite, ferritic phase (C3AF), tricalcium aluminate, portlandite,
ettringite, and tetracalcium aluminate hydrate (C4AF).

3.2.1. Consistency

The consistency of cement mortars is an indirect measure of workability. This property
indicates the ability to flow. The mix test was carried out with the reference sand and
the cements with the proposed substitutions, spreading the mass on the shaking table.
The results on the cement mortars consistency are found in Table 1. The mean values
corresponding to three determinations of consistency are provided. In addition, the loss of
fluidity of cements with the addition is detailed, in relation to the standard cement (OPC).

Table 1. Consistency of mortars made with different waste additions. (CPO = Cement Portland Ordinary).

Mortar Medium Consistency (mm) Loss of Fluidity (%)
CPO—10% P 142.6 18.47
CPO—20% P 136.8 35.17

CPO—10% PR1 140.1 20.11
CPO—20% PR1 137.2 36.22
CPO—10% PR2 140.4 19.15

CPO—20% PR2 138.4 35.78
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A decrease is detected in the measurement of the diameters of the extended mass
(medium consistency), when the percentage of substitution increases from 10% to 20%. The
loss of fluidity has a linear trend as the percentage of addition waste increases (from 10%
to 20%). The consistencies are very similar for all samples, as well as the loss of fluidity as
seen in Figure 1.

250
200
150
100
N I I I I
0
P CPO- CPO- PRl CPO- CPO- PR2 CPO- CPO-
10%P  20%P 10%PR1 20%PR1 10%PR2 20%PR2

W water of normal consistency (cc)
| setting start time (min)
@ final setting time (min)

Figure 1. Setting related parameters for each mixture.

Studies on admixture cements using metakaolin [38] show that the resulting mixtures
increase the water demand necessary to maintain their workability. The replacement of
metakaolin by low cement content (5% by mass) practically does not affect the fluidity
of the paste. However, with higher percentages of substitution (greater than 10%), re-
ducing or superplasticizing products in the addition of water are usually necessary to
guarantee workability.

3.2.2. Setting

The test was carried out on cement pastes with substitutions that have been proposed
and the setting time was determined with the Vicat needle. Waste added to the cement paste
generated a parabolic tendency of increase in the water demand for a normal consistency.
The higher demand for water corresponds to the higher specific surface area and the finer
size distribution in some wastes that are added to the cement, which hinders the fluidity of
the cement paste. As shown in Figure 1, more water is required to wet the entire surface of
the cement, as it is larger.

The smallest setting times correspond to the larger waste substitutions in the cement.
The justification for this process may be related to the particle size: the finer particles will
serve as crystallization nuclei that help in hydrated phase formation [39].

The reaction products obtained in the waste/cement system, in all cases and additions
studied, are, above all, layered double hydroxide (LDH) compounds, whose concentrations
increase with setting time, in addition to portlandite and amorphous material. LDH
compounds presence reduces the carbonation of the cement. All of these products enhance
their formation when the substitution is 20% waste and, therefore, they are directly linked
to the setting time. In an inverse relationship: higher concentration of reaction products,
shorter setting time [40].

3.2.3. Shrinkage

The fresh shrinkage test was performed on cement mortars, using the standard sand
indicated in the materials and with the substitutions of 10 and 20% of OPC cement. The
dimensions of the molds used were 75 x 75 x 300 mm in which the references were placed
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on the fresh dough. Using the visual method of measure of the shrinkage of the paste,
the longitudinal shrinkage was calculated. The shrinkage measurements presented in
Figure 2 have been made on the PR-1 sample. Shrinkage increases with exposure time. In
all cases, the OPC pattern is the one that most retracts and, on the other hand, the 20%
waste substitution is the one that reaches the lowest values. In the early stages, there is a
significant difference between two additions, but with the exposure time, the results of
both are practically the same; in any case, they retract less than standard cement.

Exhibition time (days)

o 5 10 15 20 25 30 35 40
0
-0.01 I
-0.02
-0.03
-0.04
-0.05
-0.06
-0.07

drying shrink (%)

-0.08
-0.09
-0.10
ECPO @ECPO+10%PR-1 @ECPO+20% PR-1
Figure 2. Variation of drying shrinkage in PR-1 sample.

The result is consistent with that obtained by Ozgiir Bezgin [41] in materials exposed
to different levels of relative humidity, and with 30% and 50% addition. In general, it can
be said that the shrinkage increases with decreasing humidity.

3.2.4. Volumetric Stability

The volume stability test was carried out on cement pastes by measuring the volumet-
ric expansion of the paste of normal consistency, once the Le Chatelier molds had been
filled, according to UNE-EN 196-3 [27]. The values obtained in the different measurements
are provided in Table 2.

Table 2. Laboratory measurements to determine volume expansivity.

Mortar First Reading (mm) Second Reading (mm) Third Reading (mm)
10% P + 90% CPO 0.90 1.15 1.42
20% P + 80% CPO 1.00 1.30 1.50
10% PR-1 + 90% CPO 0.88 1.10 1.45
20% PR-1 + 80% CPO 1.10 1.40 1.60
10% PR-2 + 90% CPO 0.90 1.10 1.40
20% PR-2 + 80% CPO 0.95 1.20 1.45

By the partial readings, a slight increase in the expansion of the pastes is detected
in the 10% waste substitution; the explanation may be due to the incorporation of free
lime linked to the decomposition of calcite and ettringite formation [42] with an additional
volume increase. Table 2 shows that the difference between the third and the first reading
does not influence the volume variation of the cement pastes. The test values are lower
than those indicated in the mentioned standard.
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The results of the mechanical properties and mortar durability with substitution
equalize with time. Addition cement is unfavorable in their properties at short setting
times in the marine environment [43].

3.3. Properties in Hardened State
3.3.1. Flexural and Compressive Strength

The resistance of a cement considers that of a normalized mortar mixed with siliceous
sand, with a water/cement ratio equal to 0.5 [26]. The tests were carried out on three
prismatic molds of 40 x 40 x 160 mm, completed with mortar, according to the standard.
In all the tests, the strengths for one year are considered, starting with the flexural strength.
Compared with standard cement, all of the additions show lower values than that relative to
the OPC: the lowest value coincides with 20% substitution. Flexural strength measurements
are achieved in all substitutions, lower than those of the OPC, but almost equal, after the
reaction year, when the substitution is 10% waste, while the 20% waste substitution remains
with lower values in all times studied, as seen in Figure 3.
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2days 7days 28days 90days 180 days 360 days

B CPO B 10%P +90% CPO [0 10%PR-1+ 90% CPO
B 10%PR-2+ 90% CPO @ 20%P +80% CPO @ 20%PR-1+ 80% CPO
W 20%PR-2 + 80% CPO

Figure 3. Variation of the flexural strength for all specimens.

The particle size of the system also influences the development of resistances—these
being higher the greater the reaction surface provided by the cement.

The partial substitution of pozzolanic materials in the OPC generates a decrease in the
resistance in the first curing ages, while in the long-term, they can reach (or even exceed)
the strengths of the OPC. The hydrated calcium silicate 3CaO 2510, H,O (C-S-H gels)
in its different forms and structures, is the main responsible for cohesion and resistance.
Consequently, an increase in said product due to the pozzolanic reaction causes a gain in
mechanical resistance in the medium- and long-term.

The mortars to be obtained must be of the compression resistance class after setting
42.5 N (normal resistance) or 42.5 R (high initial resistance), with initial resistance values
after 2 days, higher or equal to 10 MPa for 42.5 N and equal to or greater than 20 MPa
at 42.5 R; then, after 28 days, reach values equal to or greater than 42.5 MPa, in both
classes [28].

Short-time compression values increase with the formation of amorphous C-S5-H
gels and when the concentration of portlandite decreases [44]. Setting time, mechanical
strength, and shrinkage are related with higher mechanical strength, since it implies less
shrinkage [45]. The elasticity modulus under compression increases as the percentage of
cement substitution for siliceous materials is higher [40].
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Amorphous materials generate a strength gain at an early age due to the filler effect,
which is immediate and facilitates the acceleration of cement hydration during the first day.
The maximum effect occurs between 7 and 14 days for replacement percentages between
5% and 30%. After 14 days of curing, the strength gain is less [46].

The incorporation of granite wastes in mortars does not modify the logarithmic trend
that links composition and curing time, regardless of the percentage of waste substitution
(10% or 20%) [47]. Figure 4 show the results when 10% waste is added: the compressive
strength increases with time and, in all cases, exceeds the OPC value. However, there is a
20% waste substitution, and after 28 days of reaction, the trend changes and coincides with
that proposed by Ramos et al. [17] in conventional mortars, and with results similar to those
of Frias et al. [48] and Vardhan et al. [49], when studying sludge and calcareous materials,
respectively, in the manufacturing of new cements. As shown in Figure 4, the highest
values correspond to the PR-2 sample, although at the end of the time, the compressive
strengths are equalized.

2days 7days 28days 90days 180 days 360 days

80
70

6

o

5

o

4

o

3

o
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o

1

o

Compressive strenght (Mpa)
o

mCPO E10%P +90% CPO @ 10%PR-1+ 90% CPO
B 10%PR-2 + 90% CPO @ 20%P + 80% CPO O 20%PR-1+ 80% CPO
B 20%PR-2 + 80% CPO

Figure 4. Variation of the compressive strength values for all studied samples.

Abd-Elmoaty [50] considers granite powder substitutions of different percentages (5%
and 10%). The optimal addition is 10%, generating a positive effect on the tensile strength
and without detecting changes in the chemical phases of the mixture with respect to the
standard cement.

3.3.2. Porosity

Given that the mechanical resistance of cement-based materials is closely related to the
porosity of the cementing matrix [36], the size, volume, and distribution of the pores in the
specimens were determined. Computed tomography was performed (NIKON CT-Scanner
XT-H-160 with Target of W, filter of 0.375 mm Cu with times of 708 ms per frame with a
total of four frames, and the number of projections from 1100 to 155 kV and 57 nA) to obtain
images of cuts in the different internal structures and pore size of the systems. Ostrowski
et al. [20] consider that substitutions of around 7% waste improve the mechanical and
elastic properties when different particle sizes are combined, avoiding homogeneity. In the
same line, Pacheco Torgal and Castro-Gomes [19] express themselves by adding between
20 and 50% of granite powder to cement.

The largest number of pores in the mortars with addition corresponds to the small size
at the initial moment of the hydration reaction of the PR-1 sample, decreasing markedly
later. In Figure 5, the mentioned relationship with the particle size of the granite sawdust
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waste can be seen; which is smaller than in the OPC cement. Pores with greater volume are
scarce in all reaction times and additions, except in 20% waste substitution, where there is
a greater volume of pores, which then diminish after one year of reaction.

90
80 T
70
60
50
40
30

20
10 H
o | ] m _

0%/0days 10%/0days 20%/0days 0%/360days 10%/360days 20%/360 days

Number of pores (%)

E<0.000lmm? m0.001/0.09mm® @>0.09mm?

Figure 5. Macroporosity quantification (in % of number of pores) grouped into three pore volume
range (>0.09 mm?, 0.09 mm3-0.001 mm?, <0.001 mm?) for PR-1 sample.

The number of intermediate volume pores in the OPC is almost constant throughout
the reaction time, perhaps with a slight decrease, per year, and, finally, pores of lower
volume are the majority, remaining in the OPC throughout the time. Their number in-
creases when the waste substitution is 10%, a trend that is very markedly repeated for 20%
waste substitution.

Total porosity and average pore size in the mortars with granite sawdust substitution
after one year of curing are modified with regard to OPC, generating a decrease in the
average porosity (0.001 to 0.09 mm?®) of mortars with 10% and 20% waste substitutions.
The trend changes after one year when the substitution is 20%.

The average pore size changes as the cement hydration process develops towards a
smaller size in the case of low-value substitutions, with regard to the initial mortars [51],
showing the importance of the pore diameter in relation to the volume total sample. For
volume of pores, the most numerous are those greater than 0.09 mm?>. These pores remain
constant in number throughout the hydration reaction. Intermediate pores are almost
non-existent; they decrease for a 10% waste substitution per year, as shown in Figure 6.

Small pores are predominant in size in mortars with addition; their quantity decreases
over time, unlike those of greater volume. The above observation is clearly detected
from the electron microscope images studied in the mortars in Figure 7A, allowing us to
appreciate the grain edges of the mortars without substitution. The grains are held together
by C-5-H gels and ettringite fibbers, which give them a slightly porous appearance, as
seen in Figure 7B.

Porosity is linked to the existence of C-S-H gels [52]. They are gels that change their
morphology according to their degree of hydration, so that the needle growth naturally
forms over time, accelerated by rapid drying—their growth being interrupted by slow
drying [53]. Figure 8 allows this observation. C-S-H gels are materials highly sensitive to
temperature and their apparent density increases with changes in thermal cure from 5 °C
to 50 °C. Their increase means that gels take up less space, resulting in higher capillary
porosity [54] that has a detrimental effect on mechanical properties and durability at high
temperature [55]. C-S-H gels at the beginning of their formation are metastable and can
evolve, slowly generating water and portlandite [56].
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Figure 6. Macroporosity quantification (in % of pore volume) grouped into three pore volume ranges
(>0.09 mm?3, <0.09 mm?3, >0.001 mm?3, <0.001 mm3) for PR-1 sample.

Figure 7. CPO sample without addition at one year of reaction. (A) Enlarged image of grain contact
with portlandite. (B) Ettringite crystals with porous C-S5-H gels.

Figure 8. Mortar with 20% substitution at one year of reaction. (A) Grain-to-grain contact with
oriented portlandite sheets. (B) Aggregates have increased in size.
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3.3.3. Durability in Gelifraction Processes

Freeze/thaw processes are one of the main causes of degradation of mortar and
concrete [57] in cold climate regions [58]. The durability of the systems in the gelling
processes has been measured for twelve hours in order to ensure that, when the ice formed
in the cooling cycle melts, it melts completely and goes to liquid state [33].

The speed of the ultrasonic wave velocity was measured in a TICO PROCEQ ultra-
sound meter with frequencies of 54 Hz and the relative dynamic modulus of elasticity was
determined [34]. Compressive strength was determined according to UNE-EN 196-1 [26].
Porosity was measured by mercury intrusion with BET. The resistance to gelling was
considered when the following occurred: (a) relative modulus of elasticity was equal to or
less than 60 °C, and (b) breakage of the specimen with external cracking.

Each mortar type manufactured: (1) two 80 x 80 x 400 mm prisms to measure
the relative dynamic modulus of elasticity by means of ultrasonic wave propagation and
weight variation and, (2) twelve 40 x 40 x 160 mm prisms to evaluate compressive strength
before each freeze/thaw cycle and after 28, 62, and 114 cycles.

The results obtained are presented in Figures 9 and 10 for mortars with 10% and 20%
waste substitution from PR-1 granite sawdust waste. The maximum number of freeze/thaw
cycles in which the structure remained after testing two specimens has been considered as
standard, according to the data mentioned in Table 3.

120

100 +——

80 \ \
\ threshold vaiue\
60

whitout addition 10% addition = 20% addition

Relative dynamic modulus (%)

20

0 15 30 45 60 75 90 105 120
Number of cycles

Figure 9. Variation of the relative dynamic module due to failure when reaching 60% failure.

120 -
100 -

80 -

threshold value
whitout addition 10% - 20% addition

60

40 -

Relative dynamic modulus (%)

0 15 30 45 60 75 90 105 120
Mumber of cycles

Figure 10. Variation of the relative dynamic modulus due to cracking failure.
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Table 3. Number of cycles before failure occurs.
Without Addition 10% Addition 20% Addition
crack failure 30 64 82
60% threshold 35 86 110
mean 325 75 95

Mortars with substitutions have very similar behavior up to 45 cycles; a relevant fact,
since the mortar without addition shows deterioration due to gradual failure, reaching the
threshold value in those 45 cycles. In Figure 9, corresponding to 60% failure, it can be seen
that the mortar with 20% addition is more resistant to gelling than 10% replacement.

Something similar happens in the figure for cracking failure. The parity of mortars
with replacement, both 10% and 20%, is different from that of mortar without addition
and reaches longer times in terms of number of cycles. The porosity values obtained are
provided in Table 4.

Table 4. Total porosity of mortars (%) exposed to gelifraction cycles.

Cycles (Number) Without Addition 10% Addition 20% Addition
0 10.15 13.23 12.96
64 17.12 15.32 11.53
92 19.21 15.30 15.22

Table 4 shows that the total porosity values are between 10% and 14%, with values
similar to those obtained by Pera et al. [59] for pozzolanic cements made from calcined
paper sludge, which also coincide with those cited by Frias and Cabrera [60] in metakaolin-
based pozzolans.

The greatest strengths of mortars made with additions are related to the size of the
pores. When 65 cycles are reached, the mortars show a distribution in which a secondary
peak appears between 1 p and 300 p-that is, towards a smaller pore size. Mortar without
addition has a larger pore size.

Compressive strength values in mortars with addition once again influence the best
results when it comes to binary cements—that is, with addition. Sabir [61] already carried
out this evaluation with additions of silica fume and Girodet et al. [62] in metakaolin.

4. Conclusions

Three samples of ornamental stone sawmill granite sawdust have been studied. They
were siliceous rocks with quartz, biotite, kaolinite, amorphous material, and feldspars
(albite and orthoclase). The particle sizes were between 5 um and 9.5 pm.

Natural samples have been tested for pozzolanicity tests. After one year of cement
reaction, and follow-up at 1, 7, 28, 90, 180, and 360 days, all of the samples showed
pozzolanic activity, with higher values of pozzolanic activity for grey granite sawdust
waste. This waste content was a large amorphous material concentration.

When 10% waste was added to the OPC, the same compounds were produced as
if they were cement, without substitution, and coexisting with the initial minerals in the
waste (quartz, feldspar, mica, kaolinite, and hematite). When 20% was added, the processes
were similar to that mentioned for 10%, in terms of the hydration products obtained, and
those inherited from the initial composition. C-5-H gels and LDH compounds appeared
in large quantities. In the samples with substitution, portlandite concentration decreased
in medium times and remained in long.

Shortest setting times corresponded to the residue additions with the highest percent-
age related to the particle size and amorphous material present; therefore, it took the least
time to set.

The shrinkage values that have been measured were directly proportional to time,
with the smallest values for 20% substitution after one year, the percentage of addition did
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not influence the shrinkage, and all of the waste was equal in behavior. The volumetric
stability showed a slight increase in the expansion of the pastes with an addition of 10%,
but the values obtained in the additions and samples were within the standard.

The flexural strength for all wastes and for all additions was less than the OPC. Lower
results coincided with short cure times, but equalized over time. The compressive strength
increased in all waste and substitutions, stabilizing in the year.

Total porosity and average size of the pores in the mortars with addition were modified
with respect to the OPC. There was a decrease in porosity from 0.001 to 0.09-mm? of the
mortars with substitutions of 10% and 20%. The most abundant pore volume was greater
than 0.09 mm?, keeping its number constant throughout the hydration reaction. Medium-
sized pores were reduced in number, from 10% addition and with 20% addition; larger
pores were almost non-existent.

Mortars made with 10% and 20% waste substitutions have a higher durability in terms
of gelifraction processes, compared to mortars without addition.
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