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Abstract: This study investigated how the water–cement ratio and silica fume concentration affect
the compressive strength of cement mortars. This comprehensive study delved into the intricate
interplay between water–cement ratio and silica fume concentration, examining their influence on
cement-based mortars’ compressive strength and water absorption characteristics. The silica fume
concentration was investigated, ranging from 5% to 15% of the cement weight. The investigation
employed two distinct mixing techniques, mixing cement and silica fume, before extracting appro-
priate samples; alternatively, a magnetic stirrer was used to prepare samples by dissolving silica
fume in water. The cement mortars were also prepared with three different water–cement ratios: 0.44,
0.47, and 0.5. The interesting findings of compressive tests illuminated a consistent trend across all
curing days and mixing methods—a reduction in the water–cement ratio corresponded with a notable
increase in compressive strength. However, it is essential to note that the influence of the mixing
method on the compressive strength of cement-based mortars is based on the water–cement ratio.
The results show that by using the suggested technological method, it was observed that samples
prepared with water–cement ratios (W/C) of 0.47 and 0.44 exhibited higher compressive strengths
compared to those prepared using the well-known standard mixing method. The compressive test
results underscored that the water–cement ratio reduction consistently enhanced the compressive
strength in every combination of curing days and mixing techniques. Furthermore, this reduction in
the water–cement ratio was correlated with a decrease in water absorption of the mortar. Conversely,
the water–cement ratio itself played a pivotal role in defining how the mixing technique affected the
compressive strength and water absorption of cement-based mortars. This multifaceted exploration
underscores the nuanced relationships between key variables, emphasizing the need for a compre-
hensive understanding of the intricate factors influencing the mechanical and absorptive properties
of cement-based materials.

Keywords: silica fume; cement mortar; mixing method; compressive strength; water absorption

1. Introduction

Concrete, a pivotal material in civil engineering, has found extensive application
in both industrial and civil construction over the decades. Concrete is renowned for its
commendable performance and prolonged durability. As a heterogeneous and brittle
material, cement-based mixtures, particularly those exposed to difficult environmental
conditions, are prone to physical, chemical, and biological erosion. Factors such as chloride
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ions, water, carbon dioxide, and sulfate contribute to erosion, resulting in a decline in
performance or a reduction in the overall service life [1]. Rather than being a waste product,
silica fume has been accepted as a by-product of the silicon metal and ferro-silicon alloy
industries and is of excellent quality for the cement and concrete industries. The term
“silica fume” is used in the European standard [2], though it is also known by other names
such as microsilica, volatilized silica, condensed silica fume, and silica dust.

Silica fume is a highly reactive pozzolanic material [3–5] due to its extreme fine-
ness and high content of amorphous silicon dioxide. Its effects are related to the fol-
lowing factors: reduction in alkali–silica reactivity, creep rate, freeze–thaw durability,
coefficient of thermal expansion, dielectric constant, specific heat, dynamics of defect for-
mation, thermal conductivity, strength, ductility, modulus, vibration damping capacity,
sound absorption, abrasion resistance, air void content, bonding strength with reinforc-
ing steel, shrinkage, permeability, resistance to chemical attack, corrosion resistance of
embedded steel reinforcement, and degree of fiber dispersion in mixes containing short
microfibers [6–19].

In silica fume, trace amounts of iron, magnesium, and alkali oxides can also be identi-
fied. Silica fume is available in two color variations: premium white or grey. The literature
on silica fume and silica fume concrete exceeds 3000 publications. Its utility as a material for
supplementary cementitious purposes has been widely explored to enhance strength and
durability [20–23]. The mechanism of silica fume in mortar and concrete can be delineated
through three primary functions: refinement of pore size and matrix densification, reaction
with free lime, and refinement of the cement paste–aggregate interfacial zone. According
to Igarashi et al., ordinary concrete with silica fume had less coarse pores than regular
concrete, even within the first 12 and 24 h [24].

When silica fume is incorporated into concrete mixtures, it significantly alters the com-
pressive strength, primarily through the improvement in the aggregate–paste bond and the
enhancement in the microstructure. This enhancement primarily results from the improved
bond between the aggregates and paste, as well as the refinement of the microstructure.
In a study by Mazloom et al., the effect of silica fume (at concentrations of 0%, 6%, 10%,
and 15%) on the compressive strength of high-performance concrete was investigated
over 400 days, with concentrations ranging from 0% to 15%. The findings revealed that
at 28 days, the compressive strength of silica fume concrete exceeded that of the control
concrete by 21%, highlighting the positive influence of silica fume. However, beyond the
90 days, the development of compressive strength in concrete mixtures containing silica
fume showed negligible changes [25]. The ongoing investigation into the multifaceted
contributions of silica fumes and their lasting effects on concrete properties remains a focal
point in construction materials research.

In a recent comprehensive investigation, an upward trend in plastic shrinkage strain
was observed with increasing dosages of silica fume. Furthermore, this study highlighted
that silica fume played a mitigating role in reducing creep strain compared to concrete
prepared solely with Portland cement, with this effect being discernible across varying
dosage levels of silica fume [26–29]. The nuanced understanding gained from this research
sheds light on the intricate relationship between silica fume dosage and the mechanical
properties of concrete, particularly plastic shrinkage and creep.

Expanding on the implications of the findings, it was explained that silica fume exhibits
a significant enhancement in water resistance and possesses robust pozzolanic activity. This
characteristic renders it a valuable addition to concrete compositions, with the potential
to enhance the creation of durable structures [30]. The incorporation of silica fume into
concrete not only improves specific mechanical properties but also enhances the durability
and stability of the resulting structures, as shown in the results of this study. It highlights
the multi-faceted benefits that silica fume brings to the field of concrete technology and its
role in the search for environmentally friendly and durable building materials.

Cement mortar is a composite substance with distinct characteristics determined by
the proportions of its constituents [31]. Various parameters influence the mechanical prop-
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erties of cement mortar, including the water–cement ratio [32], age [33], sand-to-cement
ratio [34], and admixtures [35]. Numerous experimental studies have investigated the rela-
tionship between the water–cement ratio and the mechanical properties of cement mortar.
Haach et al. [36] observed that a higher water–cement ratio reduces both compressive and
flexural strength. Several studies have investigated the impact of ageing on concrete, with
findings indicating an enhancement in mechanical properties with increasing age [37–39].
Li et al. [32] noted that the demand for superplasticizers increases with the increase in
strength resulting from a reduction in the water–cement ratio or the addition of silica
fume and nanosilica. It is noteworthy that silica fume can enhance the volume stability
(soundness) of concrete mixtures [40,41].

This research extensively explores the effects of both the water–cement ratio and the
concentration of silica fume on the compressive strength and water absorption characteris-
tics of cement-based mortars. The primary focus of the investigation was on silica fume
concentrations, particularly at 5%, 10%, and 15% relative to the cement weight. To ensure
a comprehensive analysis, two distinct mortar preparation techniques were employed.
In the first approach, cement and silica fume were meticulously blended together, and
subsequently, samples were molded and then carefully extracted for evaluation. As an
alternative method, a magnetic stirrer was used for a different mixing procedure, wherein
silica fume was dissolved in water to form the mortar samples. This dual-pronged method
was adopted to ensure a robust assessment of the influence of silica fume concentration on
the properties of cement-based mortars. By delving into these diverse mixing techniques
and silica fume concentrations, this study aimed to provide a nuanced understanding of
their impact on compressive strength and water absorption, thus contributing valuable
insights to the broader field of cement-based materials research.

2. Materials and Methods
2.1. Materials

The binder used in the investigation was ordinary Portland cement 52.5 (GOST 31108-
2020) from the Armenian Ararat Cement Factory. Table 1 presents the chemical composition
and physical parameters of the cement used in compliance with EN 196-2:2002 [42,43], EN
196-3:2002 [44], and GOST EN 196-1:2002 [45]. Table 2 comprehensively outline the physical
and chemical properties of the sand, used in this study. The silica fume, sourced from the
“EFFECT GROUP” in Yerevan, Armenia, serves as an additive in these mortars. It is an
amorphous form of silicon dioxide (SiO2) produced as a byproduct in the production of
silicon metal and ferrosilicon alloys.

Table 1. Physical properties of cement.

Characteristics Days Results Obtained

Standard consistency (%) - 28

Specific gravity (g/cm3) - 3.1

Blaine fineness (cm2/g) - 4552

Compressive strength (MPa)

3 days 21

7 days 38

28 days 52

Setting time (min) Initial 55

Final 325

Chemical composition of cement (wt.%)

Al2O3 SiO2 Fe2O3 CaO MgO SO3
Loss on
ignition

Insol.
Residue

Free
CaO

4.5 21.9 2.17 61.6 1.1 2.1 3.2 1.9 1.5
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Table 2. Physical properties of sand.

Fineness
Modulus

Specific
Gravity Zone

Bulk Density in
Compact State

(kg/m3)

Bulk Density in
Loose State

(kg/m3)

2.35 2.50 II 1641 1470

The Fourier transform infrared (FTIR) spectrum depicted in Figure 1 for silica fume
serves as a valuable tool for elucidating insights into its molecular structure and vibrational
modes. Within the intricate patterns of the FTIR spectra associated with silica fume,
discernible bands emerge, each indicative of specific stretching and bending vibrations
inherent in the Si-O bonds. The nuanced positioning of these bands proves to be a dynamic
aspect, subject to variation contingent upon several factors. Paramount among these factors
is the distinctive production process employed, which introduces a range of influences on
the molecular arrangement and vibrational characteristics of the silica fume. Furthermore,
the amorphous nature of the silica fume also exerts a discernible impact on the precise
locations of these vibrational bands in the FTIR spectrum. The FTIR analysis of silica fume
becomes a sophisticated avenue for not only discerning the molecular intricacies but also
for unravelling the intricate dance of Si-O bond vibrations. The spectrum thus emerges
as a nuanced canvas, capturing the nuanced interplay of factors shaping the molecular
landscape of silica fume and contributing to the multifaceted characteristic of its vibrational
features. As shown in Figure 1, the bands at 456 cm−1 and 802 cm−1 were assigned to the
bending vibration of O–Si–O and symmetric stretching of Si–O–Si, respectively. The strong
band at 958–1270 cm−1 belonged to the asymmetric stretching modes of Si–O bonds. The
FTIR vibrational modes of silica fume were associated with the structural configurations of
Si–O bonds. The absorption bands at 1063.3, 1129.0, and 1172.2 cm−1 were associated with
the asymmetric stretching modes of the Si–O bonds.
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Figure 1. The FTIR spectra of the aforementioned silica fume.

Scanning electron microscopy (SEM) is a powerful imaging technique that uses elec-
trons to create high-resolution images of a sample’s surface. When examining silica fume
using SEM, it is possible to gain valuable insights into the morphology and size distribution
of the particles. Here is the most important point regarding SEM images of silica fume:
silica fume particles typically exhibit a spherical morphology, resembling tiny spheres or
agglomerates of spheres. The high magnification capabilities of SEM allow for detailed
observation of the surface features and structure of individual particles (Figure 2).
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2.2. Mixing and Sample Preparation

The primary objective of this study was to investigate the influence of silica fume and
variations in the water–cement ratio on the compressive strength of a Portland cement
composite material, incorporating an effective mineral additive. Additionally, we examined
changes in the technological scheme for preparing the mixture, particularly focusing on the
sequence of mixing the components.

In this study, to obtain a highly effective cement composite with increased corrosion
resistance and durability, silica fume was selected from the various existing mineral modi-
fiers (RA is rich in amorphous aluminosilicate rocks, which are widely used as hydraulic
additives), of various doses—5, 10, and 15% by weight of Portland cement M500 (class
52.5 N)—and river sand from the Ranchpar deposit as a filler.

Two techniques for producing mortar mixtures were investigated: in the first case,
silica fume was mixed with the sand, while in the second case, it was used as a suspension.
Beam samples measuring 40 × 40 × 160 mm were prepared from the cement-based mortar,
comprising Portland cement and river sand in a ratio of 1:2.5; or more precisely, to prepare
6 beam samples, 880 g of Portland cement M500 and 2200 g of sand were utilized.

In the first mixing method, Portland cement and silica fume were mixed for three
minutes, followed by the addition of sand. The mixture was then stirred for an additional
minute without adding water. Once a homogeneous dry mixture was achieved, the required
amount of water was added, and stirring continued for an additional five minutes to
produce a homogeneous mortar mixture. In the second mixing method, the mixing of
water and silica was performed with a magnetic stirrer (rotation speed 800 rpm, maximum
power of 145 W) for 5 min. Silica was gradually added to water on a magnetic stirrer over
1.5 min, followed by continued co-mixing for 3.5 min.

The resultant mixes were molded into beam samples using a vibrating table (C278,
Matest, Treviolo, Italy) in less than a minute. In the second mixing method, the components
were mixed in a different order. Portland cement and sand in a dry state were mixed for
2 min, and silica fume and water were stirred separately with a magnetic stirrer for 5 min
until a suspension was obtained. The cement–sand mixture was mixed with the resulting
suspension, and beam samples of the same size were formed from the resulting mixtures
and compacted according to the same regime.

Figure 3 shows the entire process of preparing test samples. The characteristic steps of
the starting materials included mixing water and silica with a magnetic stirrer and mixing
the materials together in a mortar, resulting in cement mortar in prismatic metal molds of
40 mm × 40 mm × 160 mm dimensions. After 24 h, the test samples were removed from
the mold and transferred to a chamber under normal conditions, where the temperature
was (20 ± 2) ◦C and the humidity was (98 ± 2)%. After 28 days of storage under these
conditions, the test specimens were removed from the water and subjected to testing.
The compressive strength was determined for cube-shaped specimens with dimensions of



Buildings 2024, 14, 757 6 of 13

40 mm × 40 mm. The arithmetic mean of the test values of one batch, i.e., six test specimens,
was taken as the compressive strength value according to EN196-1-2002, Point 10.2.
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2.3. Compressive Strength Testing

For the comprehensive evaluation of compressive strength, a meticulous sampling
approach was employed, with three samples randomly selected from each batch. The as-
sessment of compressive strength was executed with precision using an advanced 2000 kN
automatic concrete compression machine (Servo-Plus Progress, MATEST, Treviolo, Italy),
adhering to the rigorous standards outlined in EN 196-1. Notably, the specimens subjected
to compressive strength testing featured dimensions of 40 × 40 mm, ensuring a standard-
ized and consistent evaluation process. The compressive tests were meticulously conducted
at two crucial time points, specifically at the ages of 7 and 28 days. This critical examination
was facilitated by the deployment of an automatic compression machine (C089, MATEST),
characterized by a loading rate set at 2.4 kN/s. The deliberate choice of time intervals
allowed for a nuanced understanding of the evolution of compressive strength over a
defined period, contributing to a comprehensive understanding of the mechanical proper-
ties of concrete. Moreover, this multifaceted study encompassed an exploration of water
absorption characteristics, adding a layer of depth to the overall analysis. The examination
of water absorption followed stringent protocols as outlined in GOST 12730.3-2020 [46],
ensuring a meticulous and standardized approach. This additional facet of the investiga-
tion provides valuable insights into the material’s permeability and durability, enriching
the overall understanding of the concrete’s performance beyond its compressive strength.
The methodical integration of diverse testing procedures and standards underscores the
robustness of this study, yielding a comprehensive and nuanced portrayal of the concrete’s
mechanical and absorptive characteristics.

2.4. Water Absorption Calculation

Water absorption refers to the ability of material to absorb water when immersed in it
and is represented with water absorbing capacity [46].

After being dried at 105 ◦C to a consistent weight, the test samples were weighed in
an air-dried condition (m1). The saturated test samples were immersed in a container of
water maintained at a temperature of 20 ± 2 ◦C to determine their mass. The water level
was maintained at 50 mm above the upper mark of the test samples. The test samples
were weighed in the air at 24 h intervals with an accuracy of no more than 0.1% (m2). The
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samples are considered saturated when the variation in subsequent weights is less than
or equal to 0.1%. Following the previously indicated procedures, the test samples’ water
absorption (W) was calculated using the formula:

W =
m2 − m1

m1
· 100%,

where W is the mass water absorbing capacity (%); m2 is the volume water absorbing
capacity (%); and m1 is the mass of material saturated with water (g).

3. Results and Discussion

The starting ratio of water to cement (W/C) in this study was 0.5. At 7 days, with the
inclusion of silica fume in an amount of 5, 10, and 15% of cement mass, the compressive
strength, compared with the strength of the reference sample, according to the first mixing
method for preparing the mortar, increased by 24, 26.5, and 33.5%, respectively, and at
28 days, by 4, 16, and 21.1%, respectively. According to the second mixing method, the
prepared mixture exhibited nearly twice the strength gain during the initial hardening
period. At 7 days of age, the strength increased by 14.3, 19.8, and 30.6%, and in the second
period, the dynamics were slightly worse. At 28 days, the strength increased compared
with the reference sample by 12.6, 16.48, and 16.53%, respectively, but compared with
the first method, the strength was lower. The dynamics of strength gain are presented
graphically in Figure 4.
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The second batch of samples was prepared with W/C = 0.47 (reduction step 0.03), and
the results are graphically presented in Figure 5.
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When we prepared cement-based mortar using the first technique (W/C = 0.44), with
a silica fume content of 10 and 15%, the strength increased slightly (approximately 2%).
According to the second mixing method, when silica fume was mixed with water for
5 min, the mortar became even harder, because, when mixed, microparticles form lumps
(accumulations of particles), which capture part of the water, and the mixture becomes
even harder and the compaction process becomes more difficult, which leads to a decrease
in strength (Figure 6). At a water–cement ratio of 0.47, no drop in compressive strength
is observed. With different methods of mixing the components, the results obtained were
ambiguous, and the reason was a different water–cement ratio. At W/C = 0.5, the results
obtained were better with the first mixing technology, when the components were mixed in
a dry state and the silica fume was better distributed. Mixing silica in an excess amount of
water contributed to the fact that some of the microsilica remained in lumps, i.e., dispersed
worse. Reducing the amount of water led to the components of the mixture being in
more confined conditions. Aggregated clumps dispersed better during the mixing process
as they collided and rubbed against each other, leading to improved dispersion and the
manifestation of pozzolanic activity. The optimal amount of microsilica amounted to 10%
of the cement mass at W/C = 0.44. This contributes to the formation of a matrix with a
denser structure, increasing the strength of the conglomerate. However, it is important to
note that with an increased content of microsilica (15%), the concrete mixture became stiff,
which hindered the compaction of the samples and led to a slight decrease in strength (by
0.7 MPa). To mitigate this undesirable effect, a comprehensive approach to modification is
necessary, e.g., adding a plasticizer to silicon dioxide. The optimal amount of microsilica
was 10% of the cement mass at W/C = 0.44. This contributes to the formation of a matrix
with a denser structure, increasing the strength of the conglomerate. However, with an
increased content of microsilica (15%), the concrete mixture became stiff, which hindered
the compaction of the samples and led to a slight decrease in strength (by 0.7 MPa). To
mitigate this undesirable effect, a comprehensive approach to modification is necessary,
e.g., adding a plasticizer to silicon dioxide.
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At the end of the induction period, when the paste loses its plasticity, the reactive
amorphous silica fume, which lacks long-range order and is in a thermodynamically unsta-
ble state, undergoes a chemical interaction with calcium hydroxide (pozzolanic reaction),
which forms during the hydrolysis of the main Portland cement mineral. Because of this
chemical interaction, low–basic gel calcium silicate hydrate (CSH) is synthesized, which
increases the density of the cement matrix and, consequently, the mortar. In the composition
of the cement stone, there is a change in the balance between weakly hydrated phases and
more stable and durable calcium silicate hydrates. By removing easily leachable calcium
hydroxide from the cement matrix, the concrete becomes more resistant to aggressive
operating conditions.

In the case of the first mixing method (a), with a water–cement ratio (W/C) of 0.5, the
water absorption indicators of the samples decreased from 10% to 9.4% as the mass of silica
increased (0%, 5%, 10%, and 15%). With W/C = 0.47, it decreased from 10.8% to 9.4%, and
in the case of W/C = 0.44, it decreased from 9.6% to 6.1%. In the case of the second mixing
method (b), with a water–cement ratio (W/C) of 0.5, the water absorption indicators of the
samples decreased from 10% to 7.4% with the increase in the amount of silica (0%, 5%, 10%,
and 15%). For 0.47 W/C, it decreased from 10.8% to 7.3%, and in the case of W/C = 0.44, it
decreased from 9.5% to 6.6%.

According to these two mixing methods, a series of samples were prepared, wherein
the water–cement ratio (W/C) was varied to 0.5, 0.47, and 0.44, along with different
amounts of silica—5%, 10%, and 15% by the weight of Portland cement. All samples were
cured under the same normal conditions in a wet state at a temperature of (20 ± 2) ◦C.
Compressive strengths at 7 and 28 days, density, and water absorption were determined. It
was found that a decrease in water absorption mainly increases the strength of the samples
(Figure 7), which can be explained by a change in the nature of the porous structure.
New formations that are synthesized during the reaction between silica fume and calcium
hydroxide (formed during the hydrolysis of alite) slightly increase the average density of
the solution (up to 10%), which leads to a reduction in pore volume and the strengthening
of interpore walls. Density increases due to the compaction of the solution matrix, i.e.,
cement stone, which simultaneously increases the durability of the stone due to the removal
of easily washed-out calcium hydrosilicate from the composition.
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Compared to cement particles, silica fume has incredibly fine particles. These tiny
particles enhance the packing density of concrete by filling the gaps between larger particles.
The concrete’s permeability is decreased by this denser packing, which also decreases the
capillary pores’ size and continuity. A byproduct of cement hydration, calcium hydroxide,
reacts violently with silica fume. The cementitious matrix’s density and connectivity are
enhanced by the extra calcium silicate hydrate (CSH) gel that is created by this reaction.
This densification further restricts the flow of water through the concrete. The linked
pore structure is reduced because of the extra CSH gel production and cement matrix
densification. This reduction in interconnected pathways limits the movement of water,
thereby decreasing the permeability of concrete.

The addition of silica fume and the decrease in the water–cement ratio increase the
physical and mechanical characteristics of the solution, especially at W/C = 0.44 with a
silica fume content of 10%. Silica fume with a reduced water–cement ratio, located in
cramped conditions, was better dispersed due to the collision and friction of lumps during
the mixing process. With a good dispersion of silica fume, pozzolanic reactions between it
and Ca(OH)2 occur more intensively; low–basic hydrosilicates such as CSH are synthesized
in greater quantities, which affect the porous structure of the matrix and, as a result, water
absorption and permeability of the solution are reduced; and durability increases due to
the removal of easily washed-out (especially in cold water) calcium hydroxide from the
composition of the cement matrix.

4. Conclusions

This study investigated how the water–cement ratio and silica fume concentration
affect the compressive strength of cement mortars. This comprehensive study delved
into the intricate interplay between water–cement ratio and silica fume concentration,
examining their influence on cement-based mortars’ compressive strength and water
absorption characteristics. The predicted and experimental findings are incorporated to
reveal the following prominent conclusions:

1. In accordance with the second technological method, it was observed that samples
prepared with water–cement ratios (W/C) of 0.47 and 0.44 exhibited higher compres-
sive strengths compared to those prepared using the first method. However, this
trend did not hold for the W/C ratio of 0.5. This phenomenon can be attributed to
the inherent tendency of all mineral additives to aggregate, leading to a reduction
in specific surface area. To address this, these additives are typically mixed either in
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a dry state with other components or in water. Stirring silica fume with water, for
instance, facilitates the separation of aggregated particles through wedging with water
and collision impacts during the mixing process. However, it was noted that within
5 min, lumps of silica fume persisted in the suspension, diminishing its effectiveness.

2. Notably, at the lowest water–cement ratio (W/C = 0.44), the components of the mixture
experience more constrained conditions. This contributes to the formation of a matrix
with a denser structure, increasing the strength of the conglomerate. However, it
is crucial to consider that at an increased silica fume content of 15%, the concrete
mixture became rigid, making sample compaction challenging and leading to a slight
decrease in strength (by 0.7 MPa). To mitigate this undesirable effect, a comprehensive
modification approach is necessary, such as the addition of a plasticizer into silica.

3. Based on the aforementioned data, it can be concluded that the optimal composition
is achieved with a W/C ratio of 0.44 and a silica fume content of 10% by the weight
of cement, as per the second scheme. This formulation exhibited a 22.5% increase
in strength compared to the base sample. Furthermore, it maintained a high pH
environment, making this concrete suitable for reinforced concrete structures. This
comprehensive analysis underscores the significance of the intricate interplay between
water–cement ratio and silica fume content, highlighting the need for a nuanced
approach to achieve optimal concrete properties.
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