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Abstract: The river sand in the Santo Tomas River area of the Philippines is a kind of volcanogenic
sand. The sand is fine sand with a fineness modulus of 2.2, an apparent density of 2380 kg/m?,
a bulk density of 1320 kg/ m3, a mud content of 6.7%, a methylene blue value of 1.2, a soluble
chloride ion content of 0.00071%, and a light-matter content of up to 12.2%, which does not meet the
requirements of the three-zone grading. Based on a series of experiments, this paper systematically
studies and compares the workability, mechanical properties, and durability of two kinds of concrete
with the river sand in the Santo Tomas River area and natural river sand in Beijing, China as fine
aggregates, respectively. In addition, volcanogenic sand in the Philippines is technically optimized for
the purpose of in-depth study. After optimization, such sand reaches the standard of Zone II-graded
medium sand and is comprehensively improved in performance, which is evidenced by a fineness
modulus of 2.4, an apparent density of 2570 kg/m?, a bulk density of 1550 kg/m?3, a light-matter
content of 6.0%, and a mud content of 6.7%. Study results show that in terms of mechanical properties,
the concrete made of the optimized river sand in the Santo Tomas River area is superior to that made
from the natural river sand in the Beijing area. In addition, separated light matter can be used as a
natural light aggregate, which has a bulk density of 960 kg/ m3, a cylindrical compressive strength of
2.5 MPa, and a 1 h water absorption of 8.2%, respectively.

Keywords: volcanogenic sand; fine aggregate; optimization; concrete; lightweight aggregate

1. Introduction

As raw materials, sand and gravel are most frequently used for global infrastructure
construction. At present, 40-50 billion tons of sand and gravel are needed globally [1]. Due
to their importance, sand and gravel have become the world’s second-largest resource after
water. It is estimated that by 2030, the global demand for sand and gravel may increase to
60 billion tons per year [1]. Not long ago, a video conference of the Global Aggregates Infor-
mation Network (GAIN) was held, at which Michael W. Johnson, President of the National
Stone, Sand and Gravel Association (NSSGA), said that the U.S. sand and gravel market
was booming in 2021 due to the phase-I implementation of the Infrastructure Investment
and Jobs Act (IIJA), and the U.S. building industry would remain very promising by 2026.
In addition, Antonis Antoniou Latouros, President of the European Aggregates Association,
said that Europe experienced a strong economic recovery in 2021, and the European market
of sand and gravel aggregates remains promising overall despite the adverse factors of
energy and cost [2]. In 2018, China as the world’s largest producer and consumer of sand
and gravel, consumed more than 20 billion tons (accounting for nearly half of the global con-
sumption) of sand and gravel [3]. At the present stage, China is sparing no effort to dredge
and improve rivers, stop massive sand mining operations and crack down on illegal sand
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mining, thereby resulting in a significant reduction in river sand mining [4]. In the next few
years, the demand for sand and gravel and crushing equipment will continue to increase
with the Beijing-Tianjin-Hebei integration, the Integrated Regional Development of Yangtze
River Delta, the construction of Guangdong-Hong Kong-Macao Greater Bay Area and other
large regional economic circles in China, the construction of urban residential buildings and
large-scale national infrastructures in the future, and the construction of a large number
of infrastructure projects under the Belt and Road Initiative [5]. Currently, there is a huge
gap in river sand demand for infrastructure construction across China. In this context,
importing river sand from neighboring countries is undoubtedly the best choice.

As an important river channel in the Philippines, the Santo Tomas River, which is
home to the Pinatubo Volcano, is located in central Luzon and adjoins the South China Sea
in the west. In 1991, the Pinatubo Volcano erupted and produced a large amount of lava.
The lava covered the original riverbed and was mixed with the river sand, thus making
the natural river sand there the riverbed’s unique geographical characteristics [6,7]. This
paper studies and analyzes the properties of volcanogenic sand from the Santo Tomas
River and prepares C30-C60 concrete made of it. In addition, this paper compares such
C30-C60 concrete with concrete made of natural sand from Beijing in terms of workability,
mechanical properties, and durability.

2. Materials and Methods
2.1. Materials
2.1.1. Cementitious Materials

The cementitious materials used in this paper consist of cement, fly ash, and slag pow-
der with a mass ratio of 3:1:1. P-O 42.5 ordinary Portland cement was used for the test in
accordance with GB 175-2007 Common Portland Cement, which has a standard consistency
water consumption of 27.8%, an 80 um sieve residual percentage of 2.8%, a 28 d compressive
strength, and a flexural strength of 52.2 MPa and 9.7 MPa, respectively. The chemical compo-
sition of cement is shown in Table 1. In accordance with GB/T 18046-2017 Ground granulated
blast furnace slag used for cement, mortar, and concrete, grade-II fly ash has a 45 pm sieve
residual percentage of 13.2%, a burning loss of 3.1%, and a water demand ratio of 102%. The
chemical composition of grade-II fly ash is shown in Table 2. Furthermore, S95 grade slag has
an activity index of 95% and a fluidity of 98%. The chemical composition of S95 grade slag
is shown in Table 3. The particle size distribution of the cementitious material is shown in
Figure 1.

Table 1. The main chemical composition of cement (%).

Name CaO SiO, Al,O3 Fe, O3 MgO
Cement 64.60 21.30 6.14 4.42 1.94

Table 2. The main chemical composition of fly ash (%).

Name SiOZ A1203 F9203 CaO K20 503 MgO Na20
Grade-II fly ash 50.23 33.22 5.95 4.55 1.48 0.91 0.79 0.47

Table 3. The main chemical composition of grade slag (%).

Name CaO Si02 A1203 MgO SO3 F8203 Kzo NaZO
S95 grade slag 38.44 31.86 16.22 6.96 1.98 1.79 0.62 0.56
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Figure 1. Particle size distribution of cementitious materials.

2.1.2. Aggregates

The performance indices of coarse aggregates prepared from crushed stones with
particle sizes of 5-10 mm and 10-25 mm at a ratio of 1:4 are shown in Table 4. Natural
sand from Beijing is used as the fine aggregate for the control group, which has a fineness
modulus of 2.3 and belongs to Zone-II medium sand. The performance indices are shown
in Table 5.

Table 4. Performance indexes of coarse aggregates of two grades (%).

Grain Bulk Mud
Composition Density Clay Lump  Crush Index Void Ratio
3 Content
(mm) (kg/m>)
10-20 2870 0.3 0.0 5.4 45
5-10 2840 0.2 0.0 / 44

Table 5. Basic properties of natural sand from Beijing.

Fineness Specific Apparent . Void Ratio
Modulus Granularity Density (kg/m3) Bulk Density (%)
23 7.2 2630 1820 31

2.1.3. Water-Reducing Agent and Water

The polycarboxylic acid water-reducing agent used for testing has a solid content
of 10%, and a water reduction rate of 30%. In addition, the water used for the test was
drinking water.

2.2. Mix Proportion of Concrete
The concrete mix proportion is shown in Table 6.
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Table 6. Mix proportion of Beijing sand source concrete (BSSC) and Philippine volcanic sand concrete
(PVSC) kg/m3.

Sample Cement Fly Slag Water Fine Coarse Water Sand Ratio

Ash Powder Aggregate  Aggregate Reducer (%)
C30-BSSC 218 73 73 180 804 990 1.74% 44
C40-BSSC 260 87 87 182 682 1023 1.80% 40
C50-BSSC 300 100 100 175 642 1047 1.80% 38
C60-BSSC 317 106 106 159 613 1090 1.80% 36
C30-PVSC 218 73 73 180 698 980 1.60% 42
C40-PVSC 260 87 87 182 677 1015 1.80% 42
C50-PVSC 300 100 100 175 615 1014 1.80% 38
C60-PVSC 317 106 106 159 591 1051 2.05% 36

2.3. Test Methods
2.3.1. Test Method of River Sand Performance

Refer to GB/T 14684-2022 Sand for construction, JGJ 52-92 Technical requirements
and test methods of sand for ordinary concrete, and the JGJ 52-2006 Standard for technical
requirements and test methods of sand and crushed stone (or gravel) for ordinary Concrete
tests of the material properties of sand.

2.3.2. Concrete Workability Test Method

Refer to GB/T 50080-2016 Standard for test method of performance on ordinary fresh
concrete and GB/T 25181-2019 Ready-mixed Mortar to test the concrete mix performance.

2.3.3. Test Methods for Mechanical Properties of Concrete

Refer to GB/T 50081-2016 Standard for test methods of mechanical properties on ordinary
concrete, GB/T 50081-2019 Standard for test methods of concrete physical and mechanical
properties, and GB/T 50107-2010 Standard for evaluation of concrete compressive strength
to test the concrete’s strength. Non-standard specimens of 100 mm x 100 mm x 100 mm
were cured under standard curing conditions until the ages of 3 d, 7 d, and 28 d, respectively.
Their compressive strengths were determined in the unidirectional pressure loading mode.
In addition, the obtained flexural strengths were multiplied by the dimensional conversion
factor of 0.95. Non-standard specimens of 100 mm x 100 mm x 400 mm were cured under
standard curing conditions until the age of 28 d. The flexural strength was determined by
using a three-point bending loading method. The obtained flexural strength values were
multiplied by the dimensional conversion factor of 0.85. The standard prismatic specimen of
150 mm x 150 mm x 300 mm was cured until the 28 d age under standard curing condi-
tions, and the axial compressive strength was determined by unidirectional pressure action
of loading.

2.3.4. Concrete Durability Test Method

Refer to GB/T 50082-2009 Standard for test methods of long-term performance and
durability of ordinary concrete, and JGJ /T 193-2009 Standard for inspection and assessment
of concrete durability.

2.3.5. Light-Matter Performance Test Method

Refer to GB/T 17431.1-2010 Lightweight Aggregates and its Test Method-Part 1:
Lightweight Aggregates, GB/T 17431.2-2010 Lightweight Aggregates and its Test Method-
Part 2: Test Methods for Lightweight Aggregates to test the light-matter performance.
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3. Results
3.1. Material Properties of Volcanogenic Sand

The geographic location map of the Santo Tomas River and the volcanogenic sand
in the Santo Tomas River area are shown in Figure 2, the gradation curves are shown in
Figure 3, and the basic properties are shown in Tables 7 and 8.

Acumulated retained percentage (%o)

- - - Zone 11 sand
Volcanogenic sand

0.15 0.3 LN 1.18 2306 475
sieve size (mm)

Figure 3. Gradation curve of volcanogenic sand.

Table 7. Basic properties of volcanogenic sand (%).

Fineness Specific Appar.e nt Bull.c . . Mud Clay
Modulus Granular- Density Density  Void Ratio Content Lump
ity (kg/m?®) (kg/m®)

22 6.3 2380 1320 45 6.7 2.2
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Table 8. Other attributes of volcanogenic sand.
Chlorine Ion Organic .
Content Content Soundness Light Matter Methylene Blue
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As seen in Figure 2 and Tables 7 and 8, volcanogenic sand usually has a particle size
of less than 0.6 mm and fails to meet the Zone-III requirements for gradation. As a result, it
has a fineness modulus of only 2.2 and is deemed to be fine sand. In addition, its void ratio,
mud content, and clay lump content are slightly higher than the values of no more than
44%, no more than 5%, and no more than 2% in GB/T 14684-2022, while its light-matter
content is much higher than the values of no more than 2% specified in GB/T 14684-2022.

3.2. Workability of Concrete
The workability of C30-C60 concrete with different sand sources is shown in Figure 4.

2800 800 2800

I stump [ expansion [l apparent density I stump [ expansion [l apparent density

2380

C30-BSSC

2400

2400 - 2400

(=)
(=3
(=]

2000 2000

1600 1600

1200 1200

apparent density (kg/m?)

slump/expansion (mm)
s
(=}

apparent density (kg/m?)

800 800

[ 3
[=3
S

400 400

0 0
C40-BSSC C40-PVSC C50-BSSC C50-PVSC C60-BSSC C60-PVSC

(a) (b)

Figure 4. Workability of each concrete mix: (a) workability of C30/C40 concrete; (b) workability of
C50/C60 concrete.

As seen in Figure 3, the slump of PVSC is basically the same as that of BSSC. However,
compared to BSSC, PVSC has a poor slump-retaining capacity and a smaller apparent den-
sity. The poor slump-retaining capacity of PVSC is attributed to the fact that volcanogenic
sand has a rough and porous surface with open-and-closed pores and a strong water
absorption capacity [8]. Without pre-wetting, volcanogenic sand can absorb a large amount
of water in a short period, thereby speeding up the slump loss of concrete within a short
time and making it difficult to maintain the slump [9]. In addition, volcanogenic sand
contains more light matter and has a smaller apparent density than volcanogenic sand.
Additionally, due to the porous structure and small density of volcanogenic sand, PVSC
has a smaller apparent density [10].

3.3. Mechanical Property Test of Concrete
3.3.1. Test of Compressive Strength, Flexural Strength, and Axial Compressive Strength

The compressive strengths of concrete of different strengths prepared with different
fine aggregates at various ages are shown in Figure 5. The axial compressive strengths of
concrete of different strengths prepared with different fine aggregates at various ages are
shown in Figure 6. The flexural strengths of concrete of different strengths prepared with
different fine aggregates at various ages are shown in Figure 7.
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Figure 5. Compressive strengths of concrete with different ages and different sand sources.

100 100 100 100

I axial compressive strength [00] cubic compressive strength I axial compressive strength [0 cubic compressive strength
86.5

W 7./f. | fcp/fu86 , 88.8

85.9

80

80

60

40

20 20

Axial/Cubic Compressive Strength (MPa)
Axial/Cubic Compressive Strength (MPa)

0 0
C30-BSC C30-PSC C40-BSC C40-PSC C50-BSC C50-PSC C60-BSC C60-PSC
28d 28d

(a) (b)

Figure 6. The 28 d axial compressive strengths of concrete with different sand sources: (a) Ax-
ial compressive strengths of C30 and C40 concrete; (b) Axial compressive strengths of C50 and
C60 concrete.
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Figure 7. Flexural strength of concrete with different sand sources: (a) 28 d flexural strength; (b) 60 d
flexural strength.

As shown in Figure 5, the compressive strengths of PVSC at different ages (3 d,
7 d, and 28 d) are basically the same as those of BSSC. Specifically, the 28 d compressive
strength of C60-PVSC is slightly lower than that of BSSC. It can be seen from Figure 6 that
the 28 d axial compressive strength of PVSC is basically the same as that of BSSC, and their
fep and fcc both range from 0.7 to 0.9, which approximate the generic values of f., and f.
for light aggregate concrete [11]. In addition, as shown in Figure 7, PVSC and BSSC are
not significantly different in the 28 d flexural strength and 60 d flexural strength, with a
difference of only 0.1-1.2 MPa.

In fact, cement is an active component in concrete, and its strength directly affects the
strength of the concrete made [12]. Results show that PVSC and BSSC have little difference
in strength due to many reasons. First, the surface of Philippine volcanogenic sand is rough,
loose, and porous. The sand can absorb water during the mixing process, thereby reducing
the water-to-binder ratio and improving the compactness of cement stone. Second, the
rough surface of volcanogenic sand particles improves the sand’s capacity for binding
and bonding with cement stone, which makes the strength of light aggregate concrete
improve [13].

3.3.2. Elastic Modulus Test

The elastic modulus of concrete under static pressure is calculated according to the

following formula:

F,—F L
Ec=—2_T0 = 1
c T *An 1)

An =g, — ¢ )

In the equation:

E.—Elastic modulus of concrete under static pressure (Unit: MPa).

F;—The stress shall be the load corresponding to one-third of the axial compressive
strength (Unit: N).

Fo—The stress shall be the initial load corresponding to 0.5 MPa (Unit: N).

A—The bearing area of the specimen (mm?).

L—Measuring range (mm).

An—Average value of deformation on both sides of the specimen when loading from
Fy to F, for the last time (mm).

e;—Average value of deformation on both sides of the specimen at F,.
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go—Average value of deformation on both sides of the specimen at Fy.

1 GPa = 1000 MPa.
The elasticity modulus tester is shown in Figure 8. The test results on the elastic

modulus of concrete with different sand sources are shown in Figure 9.

Figure 8. Elastic Modulus of Tester.

60

B BssC[_]PvsC

wn
[«
T

IS
S

Elastic modulus (GPa)

10

C30 C40 C50 C60

Figure 9. Elastic modulus of concrete with different sand sources.

As shown in Figure 9, the 28 d elastic modulus of C30-C60-PVSC is slightly lower
than that of C30-C60-BSSC due to several reasons. First, in terms of fineness modulus
and gradation, Philippine volcanogenic sand is inferior to the natural river sand in Beijing.
Second, volcanogenic sand has a porous structure that absorbs some of the water and
reduces the water-binder ratio around the aggregate [14].
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400

3.3.3. Drying Shrinkage Test

A horizontal concrete shrinkage meter was used to determine the dry shrinkage
deformation at different ages, with pre-embedded copper probes at both ends of the
specimens. The experimental results are shown in Figure 10.
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Figure 10. Drying shrinkage of concrete with different sand sources: (a) drying shrinkage of C30
concrete; (b) drying shrinkage of C40 concrete; (c) drying shrinkage of C50 concrete; (d) drying
shrinkage of C60 concrete.

As shown in Figure 10, the drying shrinkage of concrete decreases with the increase
of concrete strength, because the amount of fine aggregate decreases with the increase
of concrete strength [15], i.e., the content of stone dust in concrete also decreases. At an
earlier age, the drying shrinkage rate of PVSC is greater than that of BSSC. However, as
the age is extended, the drying shrinkage rate of PVSC increases gently, and eventually
approximates that of BSSC. Due to a higher content of stone dust in volcanogenic sand than
that of natural river sand in Beijing, the slurry content in PVSC increases in the early stages,
thereby resulting in an increase in the shrinkage thereof. At a later stage, the filling effect
of stone dust improves the concrete’s compactness and inhibits its shrinkage. Meanwhile,
the water required for concrete hardening is guaranteed with an increase in water demand,
thereby reducing the shrinkage of concrete and causing the effect of internal curing [16,17].
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3.4. Concrete Durability Test
3.4.1. Test of Chloride Ion Penetration Resistance of Concrete

In this paper, the NEL method was used to test the chloride ion penetration resistance
of concrete. The NEL method assumes that the particle concentration is the chloride ion
concentration of concrete hole solution or the used salt solution concentration. On the
basis of measuring the conductivity of concrete after salt-filling, the diffusion coefficient
of chloride ions in concrete is calculated by using the Nernst-Einstein equation [18]. This
method enables us to determine the chloride ion diffusion coefficient of C20-C100 concrete
within 5-8 min, thereby truly realizing the rapid evaluation of concrete durability. This
method conforms to the ASTM C1202 United States standard.

The evaluation criteria of the NEL method are shown in Table 9, and the test results
are shown in Figure 11.

Table 9. Evaluation criteria of NEL method.

Chloride Diffusion Coefficient (1014 m?/s) Permeability
>1000 I (taunt)
500-1000 II (high)
100-500 I (middle)
50-100 IV (low)
10-50 V (very low)
5-10 VI (ultra Low)
<5 VII (ignore)
500
—=&— BSSC
12 —e— PVSC
=
X
L 400
= 90
=
L
2
%
g 300
o 85
2
w2
@ 27
o
o 200 200
9
8 163
<=
@)
100 | | | |
C30 C40 C50 C60

Figure 11. Diffusion coefficients of chloride ions in concrete with different sand sources and
relevant evaluation.

As shown in Figure 11, the chloride ion diffusion coefficient of PVSC is lower than
that of BSSC with the same strength, while PVSC has a better resistance to chloride ion pen-
etration. Concrete formulated with Philippine volcanogenic sand had 30.5%, 13.4%, 20.3%,
and 18.5% lower chloride ion diffusion coefficients compared to concrete formulated with
the same grade of Beijing natural river sand, respectively. The surfaces of the lightweight
particles in volcanogenic sand are rough and porous, so the hydration products of cementi-
tious materials can penetrate into the lightweight particles of volcanogenic sand. Due to
the internal curing effect, the water inside the lightweight particles of river sand is released
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and participates in the hydration reaction of cement, which increases the compactness of
the concrete structure and helps to prevent the transference of chloride ions [19].

3.4.2. Concrete Carbonation Resistance Test

During the concrete carbonation test, the cubic specimens were cured for 26 d under
standard curing conditions, then dried in a vacuum oven at 60 °C for 2 d, and placed under
a rapid carbonation chamber for rapid carbonation immediately after cooling down. The
concentration of carbon dioxide in the box is maintained at (20 & 3) %, the relative humidity
is controlled at (70 & 5) %, and the temperature is controlled at (20 & 2) °C. Notably, 28 d
later, they were split to determine the carbonation depth using phenolphthalein. The results
of the concrete carbonation test are shown in Figure 12.

8
—a— BSSC—e— PVSC

[o)} -
T T

W
T

\] w
T T

28d Average carbonization depth (mm)
— L
T T

0 | L | L | L |
C30 C40 Cs50 C60

Figure 12. Carbonation of concrete of different strengths.

As shown in Figure 12, the 28 d carbonation depths of C30-C60-PVSC range from
1.2 mm to 6.6 mm, which are basically the same as those of C30-C60-BSSC. When PVSC is
exposed to air, CO, gradually diffuses from its surface to the interior of the concrete through
the capillary pore channels between cement stones, pores in cement stones and aggregates,
as well as microcracks and small pores. In addition, the porous surface of volcanogenic
sand also promotes CO, infiltration. However, water absorption by volcanogenic sand
in porous structures reduces the water-to-binder ratio and promotes the formation of a
compact “self-vacuum” protective layer at the transition zone of interface with cement
stone [20]. As a result, the rapid infiltration of CO, is hindered, and the early carbonation
resistance of PVSC is enhanced. It is also possible that the concrete structure becomes
more compact due to the filling effect of stone dust in the volcanogenic sand and the
improvement of the interfacial transition zone between the slurry and the aggregates [21].

3.4.3. Concrete Seepage Resistance Test
For the purpose of the test, the average seepage height was determined based on the

constant water pressure, which is used to express the concrete seepage resistance. Test
results are shown in Figure 13.
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Figure 13. Concrete penetration depth.

As shown in Figure 13, PVSC is inferior to BSSC in terms of seepage resistance due
to several reasons. First, volcanogenic sand has many pores, particularly open pores,
which cause an increase in pathways for water infiltration. Second, the surface area of
volcanogenic sand is large, and more cement mortar is needed to wrap the aggregates.
Therefore, a lack of cement mortar will result in a poor effect of concrete wrapping, a
decrease in the bonding area of the interface between the aggregate and the slurry, and the
formation of water seepage pores in the concrete interface area, further resulting in poor
seepage resistance [22,23].

3.5. Optimization
3.5.1. Material Properties of Optimized Volcanogenic Sand

Tables 10 and 11 and Figure 14 show the optimized volcanogenic sand.

Table 10. Basic properties of optimized volcanogenic sand (%).

Fineness Specific Apparent Bulk Void Mud
Modulus Granularity Density Density Ratio Content
24 7.1 2570 kg/m® 1550 kg/m? 40 1.7

Table 11. Other properties of volcanogenic sand after optimized treatment.

Organic Content Soundness Light Matter Methylene Blue
qualified I 6.0% 1.0
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Figure 14. Gradation curves of optimized volcanogenic sand.

As shown in Tables 10 and 11 and Figure 14, the optimized volcanogenic sand has a
fineness modulus of 2.4 and a specific particle size of 7.1. According to the Chinese standard
GB/T 14684-2022, the volcanogenic sand is classified as medium sand. The apparent
density and bulk density of the optimized volcanogenic sand increased to 2570 kg/m? and
1550 kg/m?3, respectively, while the void ratio decreased to 40%. After optimization,
substandard volcanogenic sand became qualified in all three parameters. However, it is still
unqualified in light-matter content and belongs to natural volcanogenic light sand, which
is different from that specified in GB/T 14684-2022. Without adverse effects on various
properties of concrete, the optimized volcanogenic sand can meet the requirements for
ordinary engineering.

3.5.2. Workability and Compressive Strength of Optimized PVSC

Due to a high proportion of lightweight large particles, the volcanogenic sand is un-
qualified in many test indices. In view of this, such lightweight large particles therein were
separated out and washed according to Chinese standard GB/T 14684-2022 to obtain the
optimized volcanogenic sand and massive light matter containing large particles. Whereas
the composition of volcanogenic sand remains unchanged before and after optimization,
This paper tests the material properties of the optimized volcanogenic sand, the workability
and compressive strength of the new concrete for the unqualified items in volcanogenic
sand, so as to eliminate the non-conformity of volcanogenic sand.

The proportions of the mix of concrete made from the optimized volcanogenic sand
are shown in Table 12.

Table 12. Mix proportions of optimized PVSC kg/m3.

Sand
Fly Slag Coarse Water .

Sample Cement Ash  Powder Water  Sand Aggregate Reducer R(i/h)o
C30-PVSC 218 73 73 180 698 980 1.31% 42
C40-PVSC 260 87 87 182 677 1015 1.44% 40
C50-PVSC 300 100 100 175 615 1014 1.67% 38

C60-PVSC 317 106 106 159 591 1051 2.05% 36
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The workability of C30-C60 concrete with different sand sources is shown in Figure 15.
The compressive strengths of C30-C60 concrete with different sand sources at various ages
are shown in Figure 16.

800 2800 800 2800
I stump [ expansion [l apparent density I stump [ expansion [Jll apparent density
2420 2450 2420 2450 2440 2470
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Figure 15. Workability of each group of concrete after optimization: (a) Workability of C30 and C40
concrete; (b) Workability of C50 and C60 concrete.
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Figure 16. Compressive strengths of PVSC and BSSC after optimization.

As shown in Figures 15 and 16, PVSC is superior to BSSC in terms of compres-
sive strength after optimization, while they are basically the same in terms of slump,
expansion, and apparent density. There exist massive open pores and closed pores in-
side the lightweight large particles of volcanogenic sand, which results in lighter mass,
lower strength, and stronger water absorption [24]. After the sieving of such particles,
the water absorption of the volcanogenic sand was inhibited, which improved the poor
slump-retaining capacity of fresh concrete as well as the apparent density and compressive
strength of PVSC.
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3.6. Light-Matter Research

The chemical composition and material properties of the separated light-matter parti-
cles are shown in Figure 17.

Figure 17. Light-matter particles.

3.6.1. Chemical Composition of Light-Matter

X-ray fluorescence (XRF) tests were conducted after drying and grinding separated
light matter. The test results are shown in Table 13.

Table 13. Chemical composition of different samples (%).

Chemical . Loss on

Composition SIOZ A1203 CaO NaZO F8203 Kzo MgO Ignition
Volcanogenic sand 62.66 18.23 6.61 4.74 3.87 1.43 1.38 0.7
Light-matter particle 67.39 14.85 5.15 3.23 4.60 2.53 1.17 0.8

As shown in Table 13, the light matter separated from the Philippine volcanogenic
sand is basically the same as the Philippine volcanogenic sand in the chemical composition.
It indicates that they are the gravel of larger particle sizes in the volcanogenic sand.

3.6.2. Light-Matter Properties

The particle gradation of lightweight large particles and fine aggregates after sieving
for the test is shown in Tables 14 and 15, and the gradation curve is shown in Figure 18.

Table 14. Gradation of light-matter particles.

Mesh

Mesh Size (mm) 4.75 2.36 1.18 0.6 0.3 0.15
Ground

Grader retained percentage (%) 48.17 33.91 8.09 4.43 2.83 1.24 0.99
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Table 15. Basic properties of light matter.

Fineness Specific Ccoﬂmi?:iﬂe 1 h Water Bulk Density
Modulus Granularity P Absorption Density Grade
Strength
4.3 1.1 2.5 MPa 8.2% 960 kg/m3 1000
0 =
- -~ Zone Il sand e B
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— 20k T 1 e -7
) r -
=0 ’ 1
%“ £ #
2 40 t ; ¥ —
= # i
o . 4
E # - 1
2 60 -
= i e
2 # -
= 1 1
E -7 .’
S 80 - -
) = - e
{: P - . # _____.,-—""-
v . __________,_,--"
oo E=—=— T
015 0.3 0.6 1.18 236 4.75

sieve size (mm)
Figure 18. Gradation curves of light matter in volcanogenic sand.

The optimized light matter as natural light aggregates of volcanic cinder has a bulk
density of 960 kg/m3, which is less than 1200 kg/m3. According to the gradation curves of
light matter, the light matter in Philippine volcanogenic sand does not meet the gradation
requirements in GBT 14684-2022. In addition, the light matter in Philippine volcanogenic
sand fails to meet China’s gradation requirements for light aggregates.

3.6.3. Performance Test of Lightweight Mortar

Some mortar with the strength grade M30 made of natural sand from Beijing and
volcanogenic sand, respectively, was prepared. Their mix proportion is shown in Table 16,
and the test results are shown in Table 17.

Table 16. Mix proportion of Beijing sand source mortar (BSSM) and Philippine volcanic sand mortar

(PVSM) kg/m?3.
Sample Cement Sand Water Water Reducer
BSSM 480 1819 270 1.1%
PVSM 480 1086 270 0.8%

Table 17. Mortar test results.

Consistency Wate.r R Appar.e nt 7 d Strength
Sample Retention Density
(mm) 3 (MPa)
rate (kg/m?>)
BSSM 70 89% 2300 31.5
PVSM 84 92% 1940 30.2
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As shown in Tables 16 and 17, under the condition of the same cementitious material
and water consumption, the water-reducing agent dosage of mortar prepared with light
matter from Philippine volcanogenic sand is lower than that of mortar prepared with
Beijing natural sand. Specifically, only 0.8% of the water-reducing agent is needed to
achieve a consistency of 84 mm. In addition, comparison results show that the apparent
density of the mortar prepared with the light matter in the volcanogenic sand is only 84%
of that of mortar prepared with natural sand from Beijing. However, the water-retention
rate of the former is 92%, which is higher than that of the latter [25,26]. The 7 d compressive
strength of volcanogenic sand light aggregate mortar can reach 30.2 MPa.

4. Discussion

The detection age for concrete durability performance indicators specified in the
Chinese national standard GB/T 50082-2009 is usually tens of days, while the service
life of concrete in practical engineering is a dozen years or even decades. Although the
performance of volcanic sand concrete is not much different from that of ordinary concrete
in a short term, the long-term durability needs to be further observed. Specific test results
show that volcanogenic sand can be used to prepare C30-C60 grade concrete, but it is still
uncertain whether it can be used to prepare high-strength concrete or ultra-high-strength
concrete. At the same time, although the light substance content is greatly reduced after
optimization, it is still higher than the value of not more than 2% specified in the national
standard GB/T 14684-2022. If the light substance content can be further reduced to meet
the requirement, the utilization rate of volcanogenic sand will be further improved.

5. Conclusions

This paper analyzes the material properties of Philippine volcanogenic sand, as well
as the workability, mechanical properties, and durability of PVSC. The conclusions are
drawn as follows:

e PVGCis good in workability and resistance to chloride ion penetration and carbonation
but is weak in seepage resistance. Additionally, it has a slightly low apparent density
and a strength of up to C30-C50. Compared to BSSC, PVSC is similar in overall
performance but has a large slump loss.

e  Philippine volcanogenic sand contains as much as 12.2% of light matter. The vol-
canogenic sand optimized through sieving, washing, and drying large particles of
more than 4.75 mm reaches the standard of Zone-II medium sand, which obtains
a fineness modulus of 2.4, an apparent density of 2570 kg/m?, a bulk density of
1550 kg/m?, and a light-matter content of 6.0%. Compared with BSSC of the same
grade, PVSC, after optimization 1., is basically the same in terms of slump, expan-
sion, and apparent density and has a good slump-retaining capacity and 2. higher
compressive strength.

e  The separated light matter has a fineness modulus of 4.3, a cylindrical compres-
sive strength of 2.8 MPa, a 1 h water absorption rate of 8.2%, and a bulk density of
960 kg/m?3. Under the condition of the same cementitious material and water con-
sumption, the mortar made of Philippine volcanogenic sand, compared to the mortar
prepared with natural sand from Beijing, has a low apparent density of 1940 kg/m?
and a water-retention rate of 92%, and the seven-day compressive strength is 30.2 MPa.

Author Contributions: Conceptualization, investigation, writing—review and editing and method-
ology, L.B.; Experiment, data curation, formal analysis, writing—original draft preparation and
validation, ].B.; Methodology and investigation, L.D.; Methodology and investigation, Y.Z.; Formal
analysis, H.L.; Formal analysis, S.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Materials 2023, 16, 2306 19 of 20

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The support provided by the Department of Civil and Traffic Engineering at the
Beijing University of Civil Engineering and Architecture is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

Beijing Sand Source Concrete (BSSC); Philippine Volcanogenic Sand Concrete (PVSC). Beijing
sand source mortar (BSSM); Philippine volcanic sand mortar (PVSM).

References

1. Yun, Y, Jianfeng, Y. Research on the development and governance of global sand resources. China Ming Mag. 2020, 29, 6-10.

2. Under the New Situation, the Latest Information of the Global Sand and Gravel Industry will Be Released in the First Half of
2022. Available online: http:/ /www.zgss.org.cn/zixun/zhuti/14304.html (accessed on 22 October 2022).

3. Shurong, Z.; Torres, A.; Ruishan, C.; Chao, Y. Trends, challenges, and mitigation strategies for the use of sand and gravel resources
in China. J. East China Norm. Univ. 2022, 3, 137-147.

4. General Office of the Ministry of Water Resources on the Implementation of the National River Illegal Sand Mining Special
Rectification Action Notice. Available online: http://www.gov.cn/zhengce/zhengceku/2021-08/19/content_5632056.htm
(accessed on 23 October 2022).

5. Guangdong, Hong Kong and Macao, the Yangtze River Delta, Beijing Tianjin Hebei ... Regional Coordination Promotes High-
Quality Economic Development of Major Countries. Available online: http:/ /www.locpg.gov.cn/jsdt/2021-11/02/c_1211429388
.htm (accessed on 23 October 2022).

6.  Jixi, J. A Satellite Sounding Analysis for Pinatubo Volcanic Eruption of the Philippines. . Appl. Meteorol. Sci. 1994, 5, 506-512.

7. Self, S.; Zhao, ].-X.; Holasek, R.E.; Torres, R.C.; King, A.J. The Atmospheric Impact of the 1991 Mount Pinatubo Eruption. 1993.
Available online: https:/ /pubs.usgs.gov/pinatubo/self/ (accessed on 25 October 2022).

8. Hongjian, Z. Experimental Study on Internal Curing Concrete with Shale Pottery Sand. Master’s Thesis, Dalian University of
Technology, Dalian, China, 2020.

9. Shixing, S.; Shuai, D.; Jie, L.; Shuang, Z.; Zhiyong, S. Study on influence of concrete prewetting aggregate technology on slump
loss. Archit. Technol. 2021, 52, 1045-1047.

10.  Yuan, L. Research on the Performance and Application of Lightweight Aggregate Concrete Prepared with Volcanic Cinder.
Master’s Thesis, Hebei University of Technology, Tianjin, China, 2015.

11.  Jusong, Z. Concret Science, 2nd ed.; Harbin Institute of Technology Press: Harbin, China, 2011; p. 255.

12.  Yawei, G. Analysis of The Development And Strength Of Concrete Factors. Constr. Mater. Decor. 2019, 13, 37-38.

13.  Duo-wei, L.; Qiang, L.; Meng-shi, L. Experimental Study on Shearing Characteristics of Cinder Improved Soil by Gravely Sand.
J. Wuhan Univ. Technol. 2017, 39, 71-77+90. [CrossRef]

14. Peng-hui, L. Factors influencing elastic modulus of ordinary concrete. Guangdong Build. Mater. 2018, 34, 5-6.

15.  Jiwei, C.; Donghui, W.; Gelong, X.; Qing, T.; Jinge, C.; Yun, D. Foemulary Method for Mix Design of Ordinary Concrete. . Henan
Univ. Nat. Sci. 2022, 52, 595-601+609. [CrossRef]

16. Yudong, D.; Jueshi, Q.; Yanzhao, Q.; Qingchun, G.; Xingwen, J.; Zhi, W. Influence of Internal Curing on Properties of Cement
Mortars Prepared from Different Fineness Cements. |. Chin. Ceram. Soc. 2012, 40, 657-663. [CrossRef]

17.  Long, G. Study on the Material Properties and Rheological Properties of Tuff Manufactured Sand Cement Concrete. Master’s
Thesis, Chang’an University, Chang’an, China, 2021.

18. Lu, X. Application of the Nernst-Einstein Equation to Concrete. Cem. Concr. Res. 1997, 27, 293-302. [CrossRef]

19. Haiyang, Y. Study on the Performance of Cement Concrete with Tuff Manufactured Sand. Master’s Thesis, Chang’an University,
Chang’an, China, 2021.

20. Gao-zhan, Z.; Jing-cheng, G.; Qing-jun, D.; Jun, Y,; Jun, Y.; Wei-heng, X.; Jun, H. Preparation and Formation Mechanism of
Lightweight Ultra-high Performance Concrete. ]. Wuhan Univ. Technol. 2021, 49, 381-390. [CrossRef]

21. Jiliang, W. Study on the Influence of the Characteristics of Mechanism Sand on the Performance of Concrete and the Mechanism.
Ph.D. Thesis, Wuhan University of Technology, Wuhan, China, 2008.

22.  Weishi, L. The Study on Preparation and Properties of Lightweight Aggregate Concrete Made of Natural Cinder. Master’s Thesis,
Southwest Jiaotong University, Chengdu, China, 2018.

23. Barbuta, M.; Toma, L-O. Experimental evaluation of strength and elastic properties of polymer concrete with different volumes of
volcanic tuff acting as filler. J. Mater. Civ. Eng. 2015, 27, 04014191. [CrossRef]

24.  Wei-shi, L.; Xu, W,; Liang-jing, X.; Yong-xiang, Z.; Gu-hua, L. Study on the impact of the aggregate system on natural volcanic

lightweight aggregate concrete performance. Build. Sci. 2018, 34, 76-81. [CrossRef]


http://www.zgss.org.cn/zixun/zhuti/14304.html
http://www.gov.cn/zhengce/zhengceku/2021-08/19/content_5632056.htm
http://www.locpg.gov.cn/jsdt/2021-11/02/c_1211429388.htm
http://www.locpg.gov.cn/jsdt/2021-11/02/c_1211429388.htm
https://pubs.usgs.gov/pinatubo/self/
http://doi.org/10.3963/j.issn.1671-4431.2017.03.012
http://doi.org/10.15991/j.cnki.411100.2022.05.013
http://doi.org/10.14062/j.issn.0454-5648.2012.05.011
http://doi.org/10.1016/S0008-8846(96)00200-1
http://doi.org/10.14062/j.issn.0454-5648.20200369
http://doi.org/10.1061/(ASCE)MT.1943-5533.0001155
http://doi.org/10.13614/j.cnki.11-1962/tu.2018.03.012

Materials 2023, 16, 2306 20 of 20

25. Xue, E Preparation and Research of High Performance Volcanic Slag Concrete. Saf. Qual. 2019, 46, 127-128.

26. Li-guang, X.; Yong-hong, D. Research progress of volcanic slag lightweight aggregate concrete and its application. Concrete 2022,
7,78-82+86. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3969/j.issn.1002-3550.2022.07.016

	Introduction 
	Materials and Methods 
	Materials 
	Cementitious Materials 
	Aggregates 
	Water-Reducing Agent and Water 

	Mix Proportion of Concrete 
	Test Methods 
	Test Method of River Sand Performance 
	Concrete Workability Test Method 
	Test Methods for Mechanical Properties of Concrete 
	Concrete Durability Test Method 
	Light-Matter Performance Test Method 


	Results 
	Material Properties of Volcanogenic Sand 
	Workability of Concrete 
	Mechanical Property Test of Concrete 
	Test of Compressive Strength, Flexural Strength, and Axial Compressive Strength 
	Elastic Modulus Test 
	Drying Shrinkage Test 

	Concrete Durability Test 
	Test of Chloride Ion Penetration Resistance of Concrete 
	Concrete Carbonation Resistance Test 
	Concrete Seepage Resistance Test 

	Optimization 
	Material Properties of Optimized Volcanogenic Sand 
	Workability and Compressive Strength of Optimized PVSC 

	Light-Matter Research 
	Chemical Composition of Light-Matter 
	Light-Matter Properties 
	Performance Test of Lightweight Mortar 


	Discussion 
	Conclusions 
	References

