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Abstract: In order to investigate the influence of igneous rock powder and silica fume on the per-
formance of cement mortar, facilitate the application of igneous rock powder in engineering, and
promote the greening of the cement industry, this study examined the pozzolanic activity of three
different types of igneous rock powders: granite, andesite, and tuff. It explored the workability and
mechanical properties of both binary systems (igneous rock—cement) and ternary systems (igneous
rock-silica fume—cement). Microscopic techniques including X-ray diffraction (XRD), thermogravi-
metric analysis—differential thermal analysis (TG-DTA), scanning electron microscopy (SEM), and
nitrogen adsorption were used to investigate the mechanisms of how different types of igneous rock
and silica fume affect the cementitious systems. The results showed that the pozzolanic activity of
igneous rock powders was relatively weak, and their inclusion at levels below 20% had minimal
impact on the flowability of cement mortar. In fact, within the 20% inclusion range, andesite powder
even increased the flowability. Co-blending igneous rock powders with silica fume promoted the
early hydration of cement, resulting in reduced calcium hydroxide (CH) content in the hydration
products. The most significant increase in strength of the cement mortar system was observed when
5% to 10% (by mass) of igneous rock powder and 5% to 10% of silica fume were used as replacements
for cement. The highest cement mortar strength was achieved when 10% andesite and 10% silica
fume were used as replacements, resulting in a compressive strength of 52.2 MPa.

Keywords: igneous rock; silica fume; cement-based composite materials; workability; mechanical
performance; microscopic analysis

1. Introduction

With the continuous development of the economy, the construction of railway, road,
and other transportation infrastructure continues to expand, and the demand for cement
concrete has increased significantly. As a primary component of concrete, cement re-
quires a significant quantity of mineral resources during its production and transportation
phases, leading to the emission of substantial amounts of CO; gas and other pollutants.
Consequently, the cement industry is characterized by high energy consumption and
environmental pollution [1,2].

The use of mineral admixtures to replace part of cement can reduce the environmental
pollution of cement production and promote the utilization of resources, which is an
effective way to promote sustainable development [3-5]. As the main auxiliary cementing
materials, fly ash and mineral powder have an uneven geographical distribution, and
a series of economic problems such as transportation cost should be considered in the
construction of infrastructure in remote areas [6,7]. Therefore, it is urgent to find a mineral
admixture that can meet the performance requirements of Portland cement as an auxiliary
cementing material to reduce the engineering cost.

Igneous rock, one of the three major rock types in the Earth’s lithosphere, accounts for
66% of all rocks in the Earth’s crust and is widely distributed. Typical igneous rocks include
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tuff, andesite, and granite, all of which exhibit pozzolanic activity. Using them as new types
of admixtures benefits the cement industry. Research has shown that igneous rock minerals
possess some level of reactivity, and their chemical composition is highly similar to fly ash.
When finely ground to a certain degree, igneous rock powders exhibit potential hydraulic
activity, known as the “volcanic ash effect” [8,9]. However, due to the relatively low content
of amorphous SiO; in some igneous rock minerals, their hydraulic activity is limited, which
is not conducive to the development of cement’s later-stage strength. This can result in
slow strength growth and a lower density. Therefore, the use of igneous rock materials as
mineral admixtures requires modification to address these issues effectively [10]. On the
other hand, silica fume is an industrial byproduct of large-scale metallurgical processes. It
mainly consists of SiO, with a nanometer-sized particle range, high specific surface area,
and high reactivity. Its average particle size is 100 times smaller than that of cement, and
the particles are spherical in shape. Silica fume exhibits strong volcanic ash characteristics.
When incorporated into cement, silica fume quickly dissolves and reacts with the Ca(OH),
generated during cement hydration to produce C-S-H gel. This can improve the pore
structure and refine the crystals in the cementitious matrix [11,12]. As a result, silica fume
is an excellent modifying admixture.

In view of this, this paper aimed to solve the problem of raw material sources of cement
and concrete by adding igneous rock powder and to improve the strength performance of
composite concrete by compounding silica fume. It also explored the influence of igneous min-
eral admixture and silica fume on the working performance of cement mortar and the strength
growth mechanism through microscopic tests, so as to provide a certain reference value.

2. Experimental
2.1. Raw Materials

The cement used was Hai Luo brand 42.5 ordinary Portland cement. The technical
specifications are provided in Table 1. Igneous rock powders selected are sourced from
Sichuan, China, including tuff, andesite, and granite powders. The chemical compositions
of the cement and igneous rock are shown in Table 2, and the particle size distribution
and cumulative passing rates can be found in Figure 1. The mineral phase compositions
of the three types of igneous rock obtained by X-ray diffraction (XRD) are presented in
Figure 2. The experiments use fine aggregates conforming to ISO standard sand (GB/T
17671-2021) [13], and laboratory tap water was used as the testing water.

Table 1. Cement technical specifications.

Densit Standard Initial Final Flexural Compressive
( /Cm3¥ Consistency Setting Time Setting Time Stability Strength Strength
& (Min) (Min) (MPa) (MPa)
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Figure 1. Igneous rock powder and cement: particle size distribution and passing percentage.
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Table 2. The chemical composition of igneous rocks and silica fume.

Chemical Cement Andesite Tuff Granite Silica Fume
Composition (%) (%) (%) (%) (%)
SiO, 21.20 57.94 39.71 68.66 92.58
TiO, 1.28 0.87 0.86 0.43 -
Al,O3 4.85 17.02 14.24 13.12 0.32
Fe, O3 2.57 3.27 9.78 3.20 0.18
MnO 0.05 0.14 0.18 0.12 -
MgO 3.00 3.33 6.95 0.82 1.08
CaO 54.92 6.79 11.39 4.08 0.52
Na,O 0.11 3.48 1.55 2.33 -
K,O 0.42 1.62 1.64 3.37 -
P,Og 0.05 0.21 0.23 0.26 -
LOI 3.94 1.65 13.64 3.23 2.60
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Figure 2. Igneous rock mineral phase composition.

2.2. Mix Design

To investigate the pozzolanic activity of different igneous rock powders, specimens
of standard mortar were prepared by replacing 30% of the cement with equal masses of
andesite powder, granite powder, and tuff powder. The mix proportions are shown in
Table 3.

Table 3. Material quantities for volcanic ash activity test.

Granite Andesite Tuff Standard
Cement Water
Sample () Powder Powder Powder (mL) Sand
8 g ) ) ®
OPC 450 0 0 0 225 1350
A30 315 0 135 0 225 1350
N30 315 0 0 135 225 1350
H30 315 135 0 0 225 1350

To explore whether the inclusion of igneous rock powders, silica fume, or their combi-
nations would affect the performance of cement mortar, different percentages (5%, 10%,
15%, and 20%) of silica fume, andesite powder, granite powder, and tuff powder were indi-
vidually added to cement mortar. Specimens of the binary system mortar with admixtures
were prepared as per the single admixture scheme outlined in Table 4. Simultaneously,
various combinations of igneous rock powders (andesite powder, granite powder, and
tuff powder) and silica fume were added in different proportions to prepare specimens of
ternary system mortar with admixtures. The combinations are shown in Table 5. Please
note that the numbers in the naming scheme represent the replacement percentages. For
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instance, “SF5A15” represents the mix design of cement mortar where silica fume replaces
5% of the cement and andesite powder replaces 15% of the cement.

Table 4. The mix proportions for single admixture test samples.

Andesite Tuff Granite

Sample Slhc(i /F)ume Powder Powder Powder Ce(r:/u)ent
° (%) (%) (%) °

OPC 0 0 0 0 100
SF5 5 0 0 0 95
SF10 10 0 0 0 90
SF15 15 0 0 0 85
SF20 20 0 0 0 80
A5 0 5 0 0 95
A10 0 10 0 0 90
A15 0 15 0 0 85
A20 0 20 0 0 80
N5 0 0 5 0 95
N10 0 0 10 0 90
N15 0 0 15 0 85
N20 0 0 20 0 80
H10 0 0 0 5 95
H15 0 0 0 10 90
H20 0 0 0 15 85
H10 0 0 0 20 80

Table 5. The mix design parameters for composite incorporation of igneous rock powder and
silica fume.

1e Andesite Tuff Granite
Silica Fume Cement
Sample (%) Powder Powder Powder %)
(%) (%) (%)
SF5A15 5 15 0 0 80
SF10A10 10 10 0 0 80
SF15A5 15 5 0 0 80
SF5N15 5 0 15 0 80
SF10N10 10 0 10 0 80
SF15N5 5 0 5 0 80
SF5H15 5 0 0 15 80
SF10H10 10 0 0 10 80
SF15H5 15 0 0 5 80

2.3. Preparation of Specimens

According to the design plan, the corresponding proportions of cement and igneous
rock powder were weighed. Next, 1350 g of standard sand was weighed, and 225 milliliters
of testing water were measured and set aside. A cement mortar mixer and a vibrating table
were used to prepare mortar specimens with dimensions of 40 mm x 40 mm x 160 mm.
The specific preparation process follows the guidelines outlined in GB/T 17671-2021 “Ce-
ment Mortar Strength Testing Method (ISO Method)” [13]. The completed molds were
immediately placed on a level rack in a humid environment to ensure adequate moisture
contact. After 24 h of curing, the specimens were demolded and placed horizontally or
vertically in a water tank at a temperature of 20 °C £ 1 °C, as per the curing stages. The
specimens were placed on a grid that does not easily rot, with an appropriate spacing
between them. A schematic representation of the procedure is shown in Figure 3.



Buildings 2024, 14, 359

50f19

MoldingJ [ Pre-conservation | | demould J

Figure 3. The flowchart for specimen preparation.

2.4. Methods of Testing
2.4.1. Testing for Flowability, Strength, and Reactivity

Igneous rock powder and silica fume were used to replace a portion of the cement in
the production of cement mortar. After the mortar was prepared successfully, its flowability
was tested immediately in accordance with GB/T 2419-2005 “Method for Determining
Flowability of Cement Mortar” [14]. The tensile and compressive strength of the cement
mortar specimens were determined for 3 days and 28 days of curing following GB/T
17671-2021 “Cement Mortar Strength Testing Method (ISO Method)” [13]. The loading rate
for flexural strength testing was 50 N/s £ 10 N/s, while the loading rate for compressive
strength testing was 2400 N/s 4= 200 N/s.

The reactivity of the igneous rock powder was calculated as the ratio of the compres-
sive strength of the cement mortar specimens with 30% igneous rock powder replacement
to the compressive strength of 100% cement mortar specimens at 28 days, as shown in
Formula (1) [15]:

Hpyg = — 1)

Hyg—Activity index (%);

R3p—Compressive strength of cement mortar with 30% igneous rock powder replace-
ment at 28 days (MPa);

Ro—Compressive strength of 100% cement mortar at 28 days (MPa).

The calculation results should be accurate to the nearest 1%.

2.4.2. Microscopic Analysis Methods

The preparation of cement paste samples according to the test plan was carried out,
and they were cured under the same conditions for 28 days for microscopic analysis. For
the phase analysis of the different samples, an AXS D8 ADVANCE X-ray diffractometer
from Bruker, Germany, was used. The samples were ground into fine powder with particle
sizes smaller than 75 pm. The powdered samples were then spread and lightly pressed into
sample holders, and excess powder was removed. These sample holders were placed in
the X-ray diffractometer and scanned at intervals of 0.5° with a scanning rate of 13°/min
and a scanning angle range from 15° to 90°.

Thermal analysis (TG-DTA, TG means thermogravimetric analysis and DTA means
differential thermal analysis) was conducted using an SDT Q600 simultaneous thermal
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analyzer manufactured by TA-Waters, Eden Prairie, MN, USA, with a temperature range
from room temperature to 800 °C and a heating rate of 10 °C/min. Observation of the
microscopic structure of the composite cement hydration products was performed using
a Hitachi S-4800 field emission scanning electron microscope (SEM). The samples were
ground into powder, adhered to a conductive tape on the sample stage, and then gold-
coated. Afterward, they were placed in the scanning electron microscope for observation.
The pore size distribution was determined using nitrogen adsorption. Cement paste
samples were dried in an oven at 60 °C for 24 h. Small pieces of samples and impurities
were removed from the surface of the cement, and then a Micromeritics ASAP 2460 porosity
analyzer was used to analyze the pore structure.

3. Results
3.1. Igneous Rock Activity Analysis

The volcanic ash activity index for tuff, granite, and andesite is shown in Figure 4.
Tuff had the lowest activity index among the three igneous rocks, at only 52%. Granite’s
volcanic ash activity index was 57%, slightly higher than tuff but lower than andesite’s
volcanic ash activity. Andesite had the highest volcanic ash activity index among the three
igneous rocks, at 61%. None of the activity indices of these three igneous rocks exceeded
65% [16]. Therefore, andesite powder, granite powder, and tuff powder cannot be used
directly as admixtures in cement mortar and concrete. To use them as admixtures, they
would need to undergo activation or be combined with other admixtures to enhance the
strength properties of the cementitious materials.
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Figure 4. The activity index of mortar specimens with different igneous rock admixtures replacing
cement at 28 days.

3.2. The Impact of Igneous Rock Powder and Silica Fume on the Workability of Cement Mortar

(1) Silica fume—cement binary system

According to Figure 5, it can be observed that an increase in the silica fume content
gradually reduces the flowability of the cement composite system mortar. Research in-
dicates that silica fume has an extremely small average particle size, approximately one
percent of the size of cement particles, and a large specific surface area, generally ten to
twenty times that of cement [17]. It requires more water to wet the surface of the particles,
and silica fume has a significant adsorption effect on water. A significant amount of free
water in the cementitious system is adsorbed by silica fume, leading to a decrease in flowa-
bility when silica fume is added. When the silica fume content was 10%, the flowability of
the cement-silica fume binary system decreased by 5.1%, and when the silica fume content
was 20%, the flowability of the cement-silica fume binary system decreased by 15.4%. This
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indicates that as the silica fume content gradually increased, the decrease in the flowability
of the cement-silica fume binary system became more pronounced. Analysis suggests
that when the silica fume content is below 10%, there is a lower amount of silica fume
present, and the smaller particles of the silica fume can effectively play a “filling effect”
and “water-reducing effect” throughout the cementitious system. When the silica fume
content exceeds 10%, the flowability of the cement is significantly reduced. This is because
the high content of silica fume requires a significant amount of water to wet the particle
surfaces, leading to water absorption in the cementitious system far exceeding its role as a
pore-filling agent, impeding the flow of the cement slurry to some extent [18].

200

190

180+

Flowability (mm)
=
(=}

160

150

0 5 10 s 20
Mixing dosage (%)

Figure 5. Flowability of cement mortar with varying silica fume content.

(2) Igneous rock—-cement binary system

Figure 6 shows the flowability test results for the igneous rock powder—cement binary
composite cementitious system. According to Figure 6a, it can be observed that the flowa-
bility of the composite system increases initially with an increase in the andesite powder
content, peaking at 20% admixture content. At 20% admixture content, the flowability
was the highest, showing an increase of 1.59% compared to the control group. However,
beyond 20% admixture content, the flowability rapidly decreased. This is because andesite
powder has a small particle size, and the inclusion of these powder particles can act as
rolling balls between sand particles, cement particles, and between sand and cement parti-
cles, reducing the resistance to mutual sliding between these particles. Additionally, the
fine andesite powder particles can fill the gaps between cement particles, improving the
particle size distribution of the cementitious material and facilitating the flow of the slurry,
thus increasing the mortar’s flowability. As the admixture content increases further, an
excessive adsorption of free water by the powder particles leads to the formation of clusters,
increasing the relative resistance to sliding, and flowability decreases rapidly.

According to Figure 6b, the flowability of the composite system decreases linearly
with an increase in tuff powder content. The lowest flowability was observed at 40%
admixture content, with a 21.25% reduction compared to the control group. This is because
tuff powder, with its laminar structure, has a large internal specific surface area, which can
adsorb some of the free water and additives in the mortar. This reduces the dispersing and
encapsulating abilities of the cement paste, resulting in a deterioration of workability.

Figure 6¢ shows that the flowability of the composite system gradually decreases with
an increase in granite powder content. However, the reduction in flowability within the
range of 10% admixture content was relatively small. Beyond 10% admixture content, the
flowability decreased rapidly, with a 31.55% reduction at 40% admixture content compared
to the control group. Granite powder contains minerals such as quartz, feldspar, and
mica, with mica being a layered mineral. Its crystal structure provides strong interlayer
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adsorption characteristics. As the admixture content increases to a certain degree, the
excessive adsorption of free water by the granite powder particles causes the formation of
clusters in the mortar, resulting in a significant reduction in flowability.
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Figure 6. The flowability test results for the igneous rock powder-cement binary composite cementi-
tious system.

(3) Igneous rock-silica fume—cement ternary system

The flowability test results for the igneous rock-silica fume—cement ternary composite
cementitious systems are shown in Figures 7-9. In the andesite-silica fume-cement system,
with a 20% mineral admixture, the addition of andesite had a relatively small impact on
the flowability of the composite system compared to the other silica fume and igneous rock
powder test groups. The SFSAS test group had the highest cement mortar flowability in
this system, with only a 0.92% reduction compared to the control group, reaching 193.2 mm
(Figure 7). As shown in Figure 8, when tuff powder and silica fume were used to partially
replace cement, the flowability decreased with increasing content. The SF15N5 test group
had the lowest flowability, with an 8.2% reduction compared to the control group, reaching
only 176 mm. Figure 9 reveals that in the case of granite powder and silica fume used to
replace cement, the flowability of mortar significantly decreased compared to the reference
cement. With a fixed content of 20% mineral admixture, an increase in the amount of granite
powder led to decreased flowability of the mortar. This is consistent with the conclusions
drawn for the binary systems, where andesite powder within 20% had a favorable effect on
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the flowability of cement mortar and could partially offset the adverse effects of silica fume.
Consequently, the cement mortar flowability of the andesite—silica fume—cement system
was the highest among the tested systems.

200
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190

—_

e}

e
1

170 4
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160

OPC SFSA5 SF10A10 SF5A15 SF15A5

Figure 7. Flowability of the andesite powder—silica fume—cement ternary composite system mortar.
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Figure 8. Flowability of the tuff powder—silica fume-cement ternary composite system mortar.

3.3. The Influence of Igneous Rock Powder and Silica Fume on the Mechanical Strength of
Cement Mortar

In Section 3.1, it was found that igneous rock powder cannot be directly used as an
admixture for cement mortar and concrete. Therefore, this section only investigated the
impact of igneous rock powder and silica fume as a composite substitute for cement on the
strength performance of cement mortar.
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Figure 9. Flowability of the granite powder-silica fume—cement ternary composite system mortar.

(1) Andesite powder-silica fume—cement ternary cementitious system

Figure 10 shows the contour maps of the compressive strength of the andesite-silica
fume-cement system at 3 days and 28 days of hydration. From Figure 10, it can be observed
that there is a high-strength region in the ternary system, with the proportions of the three
components in the high-strength region being 80~90% cement, 5~15% silica fume, and
5~15% andesite powder. In this composition, the compressive strength of the SF10A10-P.O
composite system was 29.7 MPa at 3 days and reached 52.2 MPa at 28 days, while the
28-day strength of the reference cement was 45.5 MPa. This represents a 14% improvement
in strength compared to the reference cement. The 28-day compressive strength of the
SF10A10-P.O composite system with 20% mineral admixture was 35% higher than when
using 20% granite or 20% silica fume individually. It is evident that the composite substitu-
tion has a significant strengthening effect on the entire cementitious system. Moreover, the
development of strength in this high-strength region is quite substantial.

3 d Compressive strength 28 d Compressive strength

31.00

29.39

0.80 0.85 0.90 0.95 1.00 0.80 0.85 0.90 0.95 1.00
Cement Cement
(a) 3 days (b) 28 days

Figure 10. The contour map of compressive strength for the andesite-silica fume—cement system.
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Figure 11 displays the contour maps of the compressive strength of the andesite—silica
fume—cement system at 3 days and 28 days of hydration, and the overall strength of the
high-strength region increases with the extension of the curing period.

3 d Flexural strength 28 d Flexural strength

0.00 5. 000 0.00 8. 500

0.05

1.550

1. 663

1.775

75
6. 488

1. 663
6.200

0.00

0.20 1. 550

7 a 7 0.00 7
0. 80 0.85 0.90 0.95 1.00 0. 80 0.85 0.90 0.95 1. 00
Cement Cement
(a) 3 days (b) 28 days

Figure 11. The contour map of flexural strength for the andesite-silica fume—cement system.

(2) Tuff-silica fume-cement ternary blended system

Figure 12 shows the contour maps of the 3-day and 28-day compressive strength
for the tuff-silica fume-cement system. It can be observed that there are two relatively
independent high-compressive strength regions. The first high-strength region corresponds
to a composition range of 90% to 95% cement, 5% to 10% silica fume, and 0% to 5% tuff. In
this region, the highest strength was achieved when the silica fume content was 5% and the
tuff content was 5%, with a cement content of 90%. The ternary system SF5T5-P.O exhibited
a 3-day strength of 24.3 MPa, which is 4.5% higher than the reference cement. The 28-day
strength reached 48.3 MPa, a 6% improvement compared to the reference cement. The
proportion range for the three components corresponding to another high-strength area
was as follows: 80% to 85% cement, 10% to 20% silica fume, and 0% to 10% volcanic ash.
And the second high-strength region has a central point with 15% silica fume, 5% tuff, and
80% cement. In this region, the ternary system SF15T5-P.O showed a 3-day compressive
strength of 22.6 MPa, similar to the early strength of the reference cement. With increasing
curing age, the 28-day strength of SF15T5-P.O reached 48.6 MPa, which is 6% higher than
the reference cement. When 20% mineral admixture is added, the 3-day compressive
strength of SF15T5-P.O increased by 43% compared to single additions of 20% tuff and
20% silica fume. The 28-day compressive strength increased by 36% and 16% compared
to single additions of 20% trachyte and 20% silica fume, respectively. This indicates that
the combination of tuff and silica fume in certain proportions significantly enhances the
overall strength of the ternary blended system.

Figure 13 shows the contour maps of the 3-day and 28-day flexural strength for the
tuff-silica fume—cement system. Analysis of the contour maps reveals that ternary blending
of silica fume and tuff powder leads to a slight increase in early flexural strength, with
further increases as the curing age progresses. However, the strength development in
flexural strength is not as pronounced as in compressive strength, indicating that ternary
blending has a lower impact on flexural strength.
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Figure 12. The contour map of compressive strength for the tuff-silica fume—cement system.

3 d Flexural strength 28 d Flexural strength
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0.95 1. 00 0.80 0.85 0.90 0.95 1.00
Cement Cement
(a) 3 days (b) 28 days

Figure 13. The contour map of flexural strength for the tuff-silica fume-cement system.

(3) Granite-silica fume—-cement ternary blended system

Figure 14 presents the contour maps of the 3-day and 28-day compressive strength
for the granite—silica fume—cement system. It can be observed that there are two relatively
independent high-compressive strength regions. The first high-strength region corresponds
to a composition range of 90% to 100% cement, 0% to 10% silica fume, and 0% to 10%
granite. In this region, even with less than 10% silica fume in the cement, a relatively high
strength can be achieved. The second high-strength region, with 15% silica fume content,
5% granite content, and 80% cement content, showed a 3-day compressive strength of
23.7 MPa. In comparison, the reference cement has a 3-day strength of 22.1 MPa, indicating
a 7% increase in early strength for the SF15G5-P.O ternary system. The 28-day strength
of SF15G5-P.O reached 48.3 MPa, while the reference cement has a 28-day strength of
45.5 MPa, representing a 6% improvement in strength. With the addition of 20% mineral
admixture, the 3-day compressive strength of SF15G5-P.O increased by 43% compared to
single additions of 20% granite and 20% silica fume. The 28-day compressive strength
increased by 34% and 14% compared to single additions of 20% granite and 20% silica
fume, respectively. This suggests that ternary blending significantly enhances the overall
strength of the ternary blended system.
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Figure 14. The contour map of compressive strength for the granitesilica fume-cement system.

Figure 15 shows the contour maps of the 3-day and 28-day flexural strength for the
granite—silica fume—cement system. The development of strength in the ternary system
was similar to the tuff-silica fume—cement ternary blended system, with minimal impact
on flexural strength after ternary blending.
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Figure 15. The contour map of flexural strength for the granite-silica fume-cement system.

Silica fume and volcanic rock powder are both active mineral admixtures with varying
degrees of pozzolanic activity. They can undergo secondary hydration reactions with
the cement hydration product Ca(OH); to form C-S-H gel, which, along with the micro-
aggregate effect, significantly increases the strength of the mortar. Additionally, when
these mineral admixtures are used in combination to replace part of the cement, they have
different particle sizes, which leads to a better particle size distribution in the system.
This allows for more effective filling of the voids between cement particles and results in
increased mortar density, making the structure more compact. The effect of this combination
is not simply mechanical mixing but rather a synergistic interaction between different types
of admixtures, known as the “superposition effect.”

3.4. The Influence of Igneous Rock Powder and Silica Fume on the Phase Composition of
Cementitious Materials

Figure 16 shows the XRD (X-ray diffraction) patterns of the cementitious system at
28 days of age with different igneous rock powders and silica fume replacing cement. In the
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case of a single admixture of igneous rock powder, the diffraction peak of AFt (ettringite)
was not prominent, indicating a lower generation of AFt. However, when silica fume was
added in combination with igneous rock powder, the content of AFt significantly increased,
demonstrating a higher degree of hydration in the system with combined admixtures. No
new hydration products were detected in the XRD patterns at various ages, suggesting
that the addition of volcanic rock powder to the cementitious system does not lead to the
formation of new hydration products.
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Figure 16. The XRD charts of cementitious systems after the replacement of cement with different
volcanic rock powders and silica fume.

Furthermore, when both silica fume and volcanic rock powder were added, the diffrac-
tion peaks of Ca(OH), gradually decreased. The group with 10% volcanic rock powder
and 10% silica fume exhibited the lowest diffraction peaks for Ca(OH),. This suggests
that the Ca(OH), formed during hydration has reacted with the primary component of
the volcanic rock powder, SiO;, consuming some of the Ca(OH),. Ca(OH); in hydrated
cement paste appears in a layered and plate-like structure, with weak connections between
the layers. This layered structure makes it prone to fracture under external forces. Ca(OH),
has poor stability and is easily eroded. In addition, Ca(OH); crystals tend to accumulate at
the interface between cement and aggregates, forming large crystals that reduce the bond
strength at the interface, resulting in a transition zone with poor mechanical properties in
the cement paste [19]. The decrease in Ca(OH), also indirectly indicates that the combined
addition of igneous rock powder and silica fume is beneficial for the strength enhancement
of cement mortar.

3.5. Composite Cementitious System TG-DTA Thermal Analysis

Figure 17 shows a comparison of TG-DTA curves for different volcanic rock powder
single and composite cementitious systems. It can be observed that the TG-DTA curve
characteristics are essentially the same for all of the mixed pastes, with three weight loss
steps corresponding to three endothermic peaks. There are two endothermic peaks between
75 °C and 120 °C, with one around 100 °C corresponding to the dehydration of AFt crystals,
and the endothermic peak around 120 °C related to the dehydration of AFm crystals. The
two additional endothermic peaks between 400~500 °C and 680~750 °C correspond to
the decomposition of Ca(OH); and CaCOs, respectively [20]. The dehydration process of
C-5-H gel is spread throughout the entire heating process, so there are no distinct weight
loss steps or endothermic peaks in the graph.
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Figure 17. TG-DTA curves of different cementitious systems.

Based on the TG curve in Figure 17a, it can be seen that when the temperature reached
550 °C, the weight loss due to chemical water in different cementitious systems with the
addition of silica fume increased. For the cementitious system with a single addition of 20%
volcanic rock powder, the weight loss rate was about 18%. After adding silica fume, the
weight loss rate for the composite cementitious system was about 19%. For the cementitious
system with a single addition of 20% tuff, the weight loss rate was around 15%, and it
increased to about 16% after adding silica fume. For the cementitious system with a single
addition of 20% granite powder, the weight loss rate was around 16%, and it increased to
about 17% after adding silica fume.

This indicates that with the addition of silica fume, more hydration products are
formed, promoting early cement hydration reactions, ultimately leading to an increase in
early strength. From the DTA curve in the graph, it can be seen that after adding silica
fume, the area of the endothermic peak corresponding to the decomposition of Ca(OH), in
the cementitious system is smaller than in the single rock powder systems. This suggests
that silica fume, with a highly active volcanic ash effect, reacts with Ca(OH); after addition,
consuming some of the Ca(OH),.

3.6. The Influence of Igneous Rock Powder and Silica Fume on the Pore Structure of
Cementitious Systems

Figure 18 shows the pore size distribution curves of different granite—silica fume-
cement ternary systems. Partial replacement of cement with granite mineral admixtures
and silica fume can have a certain impact on the pore structure. From the figure, it
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can be observed that the pore size distribution of the SF10A10 sample is similar to the
control group, with the highest content of small pores (<10 nm) and the lowest content of
large capillary pores (10~100 nm). Its average particle size is 6.1984 nm. In comparison,
the SF10H10 sample has the lowest content of small pores and the highest content of
large capillary pores, with an average particle size of 6.9042 nm. This indicates that the
appropriate addition of andesite powder and silica fume can refine the pore structure of
the cement composite system. It is believed that silica fume has a smaller particle size
and higher activity, which allows it to better fill the pores in the cement matrix, refine the
pore structure, and increase the system’s density. Andesite powder has a smaller average
particle size than tuff powder and granite powder, and smaller particle-sized powder can
fill more pores, reducing porosity. In addition, the high activity of silica fume allows it to
react more fully with the hydration products in cement, and the high activity of andesite
powder relative to other igneous rock powders, coupled with the composite superposition
effect, allows the active components in the powder particles to be fully released, participate
in cement hydration reactions to generate more C-S-H gel, fill the pores, and enhance
the mechanical properties of the cement matrix. In comparison, the particle size of tuff
powder and granite powder is larger, and they are considered to be low-activity volcanic
ash materials with lower early reactivity. Therefore, their filling effect is poor, leading to an
increase in the content of coarse pores and large capillary pores, a decrease in the density
of the cement matrix, and a subsequent decrease in strength.
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Figure 18. The pore size distribution curve of the igneous rock powder-silica fume-cement ternary
composite system paste.

3.7. The Influence of Igneous Rock Powder and Silica Fume on the Microstructure of the
Cementitious System

The microstructure of the three pastes with 15% andesite powder and 5% silica fume,
15% granite powder and 5% silica fume, and 15% tuff powder and 5% silica fume at 3 days
of hydration is shown in Figure 19. It can be observed that in the early stages of hydration,
there are relatively few hydration products, and the network-like structure of the hydration
products is in the initial stages of formation. However, there are some hydration products
on the surfaces of various mineral powder particles. In Figure 19a, the surface of andesite
powder shows early-formed flocculent C-S5-H gel and some ettringite. In Figure 19b, the
granite powder is partially enclosed by C-5-H gel and ettringite to some extent, leading to
a denser structure. In Figure 19¢, the surrounding area of rhyolite powder also contains
some C-S5-H gel and ettringite. This indicates that igneous rock powders indeed play a
certain role as nucleation sites in the early stages of hydration, promoting cement hydration.
This is because the powder surfaces have some adsorption capacity for calcium ions in the
solution, and when the solution becomes supersaturated, CH crystals and C-S-H gels begin
to form on the powder surface. This reduces the concentration of Ca?* around C3S, thus
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promoting cement hydration. It is believed that the difference in the amount of hydration
products with the complex addition of the three igneous rock powders and silica fume is
related to the physical and chemical properties of the rock powders themselves.

S4800 5.0kV 17.8mm x20.0k SE(M)

$4800 5.0kV 17.8mm x20.0k SE(M)

(a) 15% andesite—5% silica fume (b) 15% granite-5% silica fume

$4800 5.0kV 18.1mm x20.0k SE(M)

(c) 15% tuff-5% silica fume

Figure 19. Scanning electron microscope (SEM) images of the andesite powder-silica fume co-blend.

XRF analysis of the igneous rock powders indicated that rhyolite has the least amount
of silica and alumina and the lowest volcanic ash activity (52%) compared to granite
powder (57%) and andesite powder (61%). The higher content of alkali oxides (e.g., Al,O3)
in andesite and granite, along with the different particle sizes of various powders, allows
for better filling and the formation of a “superposition effect.” This makes it easier for them
to react with the high-alkaline substances produced by cement hydration, resulting in an
increase in the needle-like AFt crystals after hydration. These needle-like crystals build up
between the pores, leading to a denser structure.

4. Conclusions

This study tested the macroscopic properties and microstructure of cement mortar
after replacing an equivalent amount of cement with volcanic rock powder and silica fume.
It investigated the influence of volcanic rock powder and silica fume on the workability
and mechanical properties of cement mortar, exploring their impact mechanisms. The main
conclusions are as follows:

1.  Within a 20% range of volcanic rock powder, there is a minor decrease in flowability,
and even a potential improvement in mortar flowability with 0% to 20% inclusion of
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andesite powder. However, the flowability of mortar significantly decreases when
volcanic rock powder exceeds 20%.

2. The most significant increase in strength in the cement mortar system occurs when
5% to 10% (by mass fraction) volcanic rock powder and 5% to 10% silica fume replace
cement. Specifically, the maximum strength of cement mortar obtained after replacing
10% of cement with both andesite and silica fume reaches 52.2 MPa.

3. The combined use of volcanic rock powder and silica fume refines the pore structure
of the cement composite system, increasing the compactness of the cement matrix.
Among them, the combination of andesite and silica fume shows the best effects in
refining pores.

4. Substituting part of the cement with volcanic rock powder and silica fume yields fa-
vorable performance in various aspects of mortar, providing some reference value for
the application of volcanic rock as a supplementary cementitious material in concrete.
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