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Abstract: To enhance the engineering applicability of coal gangue-based geopolymer concrete
(CGGC), Nano-silica (NS) was used to modify CGGC, the influence of different NS dosage (0-2.5wt%)
on mechanical properties and durability of CGGC was studied. The compressive, flexural and
splitting tensile strengths were tested, the mass and strength loss of samples were analyzed under
different sulfate attack ages with different NS dosages. With the increase in the dosage of NS, the
mechanical strength and sulfate resistance of CGGC first increase and then decrease. When the
dosage is 1%, the mechanical properties are improved most significantly, and when the dosage is
1.5%, the sulfate resistance is the strongest. Combined with scanning electron microscopy, X-ray
diffraction and pore image analysis tests, it was revealed that NS optimized the pore defects in the
matrix, generated more cementitious materials, and made the microstructure of the matrix more
uniform and denser, both porosity and total pore number had a good linear correlation with
compressive strength and sulfate resistance. The smaller the porosity and the fewer the total pore
number, the better the engineering applicability of the sample.

Keywords: geopolymer concrete; coal gangue; nano-silica; pore structure

1. Introduction

In recent years, with the enhancement of people's environmental awareness and the increasingly
severe problem of global warming, green building materials have received widespread attention.
Geopolymer concrete (GPC) can effectively reduce carbon dioxide emissions when replacing
ordinary Portland cement concrete (OPC)[1,2], and at the same time solve the serious problem of
industrial solid waste accumulation[3]. Moreover, GPC has excellent mechanical properties[4,5],
high-temperature resistance[6], acid resistance[7], seawater erosion resistance[8] and electrical
performance[9], and thus has received extensive attention.

Coal gangue is the waste produced during the coal mining and washing processes. Currently,
Chinese coal mines have accumulated a large amount of coal gangue, which is increasing by 300
million tons annually[10]. The massive accumulation of coal gangue leads to the waste of land
resources. Meanwhile, when it catches fire spontaneously, it will release harmful gases such as
nitrogen oxides[11]. Previous studies have shown that calcined coal gangue is rich in amorphous
aluminosilicate and is an ideal material for preparing geopolymers[12]. However, the calcium content
in coal gangue is extremely low, which leads to insufficient strength of its geopolymer. Therefore, it
is necessary to activate and compound it with other silicon-aluminum raw materials with high
calcium content (such as slag) to optimize its performance[13,14]. At present, the performance
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research of geopolymer concrete using slag and fly ash as cementitious materials has been quite
mature.[15-18]. Nevertheless, investigations into employing coal gangue as a cementitious substance
are rather limited.

The unstable development of GPC strength and relatively low fracture performance[19], also
hinder its application in engineering construction. The utilization of nanomaterials in the realm of
civil engineering offers innovative approaches for enhancing the properties of GPC[20,21]. Nano-
silica (NS), being the most prevalent nanomaterial, has garnered considerable focus owing to its
remarkable pozzolanic activity and the capacity to reduce the energy requirement for
nucleation[22,23]. A suitable quantity of NS can substantially boost the mechanical characteristics
and durability of GPC, while also refining the microstructure of the substance[24]. Previous studies
have shown that the modification of geopolymers by NS mainly occurs through filling effects,
nucleation effects, and pozzolanic effects: NS fills the pores in the structure, improves the interface
transition zone structure, enhances the overall density, and reduces the porosity[25-28]; NS acts as
nucleation sites for gel precipitation, leading to the formation of additional geopolymer gels,
promoting the hydration process of geopolymers, and initiating the latent activity of mineral
admixtures.[29-32]; NS can react with the hydration compound Ca(OH):,The process of refining
Ca(OH): crystal grains and producing high-strength calcium silicate hydrate (C-S-H) gel is effectively
achieved.[33-35].

Numerous research studies have demonstrated that the modification effect of NS in different
matrix materials varies greatly[36-38]. Meanwhile, polymer materials are usually exposed to harsh
environments for a long time and are prone to durability problems. One of the primary factors
impacting the durability of concrete materials is sulfate exposure.[39-41]. Large amounts of sulfate
are present in seawater, groundwater, river water and saline-alkali land in nature[42]. At present, the
optimal dosage of NS in coal gangue base polymer concrete is not clear. Moreover, research on NS-
modified polymers mainly focuses on their mechanical strength, while studies on the influence of
their resistance to sulfate attack are relatively scarce. Thus, investigating the ideal dosage of NS in
coal gangue geopolymer concrete and its impact on the sulfate resistance of geopolymer concrete is
of paramount importance.

In summary, nano-silica-modified coal gangue geopolymer concrete (NS-CGGC) was
synthesized employing coal gangue as the primary raw material and nano-silica as the modifying
agent. Tests for compressive strength, splitting tensile strength, flexural strength, and sulfate attack
resistance were carried out. A comparative analysis was conducted to assess the impact of varying
NS dosages on the mechanical characteristics and sulfate resistance of CGGC. The microscopic
mechanism of the comprehensive performance changes of geopolymers caused by NS was revealed
through methods such as SEM, XRD and image analysis. The objective of this study is to establish a
reference for the formulation design of geopolymer concrete in the future, as well as provide a
foundation for the practical application of geopolymer concrete in extremely severe conditions.

2. Experimental Procedure

2.1. Materials

Raw materials: The coal gangue powder is produced by Yunshi Mineral Products Processing
Plant in Lingshou County, Hebei Province. It is a first-grade calcined coal gangue powder with a
grayish-black appearance, a particle size of approximately 18 um, a density of about 2.8 g/cm?, and a
loss on ignition of 7.9%. The blast furnace slag (BFS) is produced by Hebei Jiegui Mineral Products
Co., Ltd. It appears as white powder with a particle size of approximately 75 um and a density of
about 2.9 g/cm?, and its loss on ignition is 0.23%. The analysis of the chemical composition of both
materials is presented in Table 1.

Alkali activator: A mixture of sodium silicate and sodium hydroxide solution. Sodium
hydroxide appears as flaky solid with a purity of 98%. Sodium silicate is a semi-transparent viscous
liquid with an initial modulus of 3.17 and a water content of 50%.
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Coarse and fine aggregates: The coarse aggregate consists of continuously graded pebbles,
where large pebbles measure between 10 and 20 millimeters, while smaller pebbles range from 5 to
10 millimeters. In a 1:1 ratio, both large and small pebbles are incorporated into the geopolymer
concrete. The fine aggregate is natural river sand, with a fineness modulus of 2.6 to 3.0 and an
apparent density of 2635 kg/m?3.

Nanomaterials: The hydrophilic nano-silica used in the experiment was produced by Zhongbei
Nano Powder Technology Co., Ltd. The substance seems to be an irregularly shaped, opaque white
powder. The physical characteristics are presented in Table 2. Nano calcium carbonate with a particle
size of 20 nm.

Chemical reagent: Anhydrous sodium sulfate (Na:SOs), with a colorless and transparent
crystalline appearance, and a purity of 99.6%.

Table 1. Chemical composition of raw materials (mass%).

Materials SiO2 Al0s CaO Fe:0s Mg0 Na0 K0
CG 50.8 28.1 3.6 6.2 12 12 0.7
BES 42.10 8.60 6.40 40.00 7.57 - -

Table 2. physical characteristics of NS.

Density Volume density Specific surface
Particle size PH purity (%)
(g/em?) (g/em) area (m?/g)
20nm 2.2-2.6 0.06 240 7 99.9

2.2. Mix Proportion Design

Based on the team's previous experience, the quality ratio of BFS to CG is 1:1, and the binder-to-
aggregate ratio, water-to-binder ratio, and sand ratio are 4, 0.41, and 0.38 respectively. Based on this
foundation, an investigation into the impact of NS dosage on the performance of CGGC was
conducted. The dosage of NS with a particle diameter of 20 nanometers was 0.5%, 0.1%, 1.5%, and
2%.and 2.5% of the overall weight of the cementitious materials, respectively. The mix ratio is
presented in Table 3.

2.3. Test Procedure

Mix the water glass and sodium hydroxide 24 hours in advance, add water and stir thoroughly,
then let it stand and cool to complete the preparation of the alkali activator. After thoroughly mixing
the cementitious material, coarse and fine aggregates, and NS for 5 minutes, the alkali activator is
added and the mixture is further stirred for 4 minutes. After all the materials are thoroughly mixed,
they should be quickly filled into the mold and vibrated on the vibration table until they are
compacted. Then, a layer of impermeable film should be covered on the surface of the sample. After
24 hours, the solidified and hardened specimens were demolded, wrapped with impermeable film,
and kept in an oven at 80°C for 24 hours. After being taken out of the oven, they were placed in a
drying room at 20+2°C for curing until a predetermined duration. Then, the well-cured concrete was
tested and analyzed. The entire test process is shown in Figure 1.
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Figure 1. Flowchart of the experiment.
Table 3. Mix proportions of CGGC (Kg/m?3).
Test NS (wt% Coal Water River Coarse
Slag NaOH NS
Group ) gangue glass sand aggregate
CGGC 0 214.3 214.3 0
NS-0.5 0.5 213.23 213.23 2.14
41.1 180.2 651.5 1062.9
NS-1.0 1 212.16 212.16 4.29
NS-1.5 1.5 211.09 211.09 6.43
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NS-2.0 2 210.01 210.01 8.57
NS-2.5 2.5 208.94 208.94 10.72

2.4, Tests

2.4.1. Strength Test

In accordance with the "Test Methods for Mechanical Properties of Normal Concrete" (GB/T
50081-2019), a cubic compressive strength test (100mm X 100mm X 100mm) was performed utilizing
a microcomputer-controlled pressure testing machine (WHY-2000), which has a measurement
precision of *1%. Cubic specimens (100mmx=100mmx=100mm) were subjected to splitting tensile
tests using a splitting tensile fixture. The flexural strength of the sample (100mm X 100mm X 400mm)
was determined through the application of the three-point loading technique. The test images are
shown in Figure 1. The specimens were non-standard ones. According to the provisions of the
standard for mechanical property test methods, the compressive, splitting tensile and flexural
strengths should be respectively multiplied by 0.95, 0.85 and 0.85 as corrections.

2.4.2. Sulfate Erosion Test

In accordance with the "Standard Test Methods for Long-Term Performance and Durability of
Concrete" (GB/T50082-2024), the specimens are immersed in a 5% Na2504 solution, as shown in
Figure 2(a). After 14d, 28d, 42d, 56d, 70d and 84 days of the erosion period, the influence of sulfate
erosion on the specimens was reflected by observing the surface morphology changes, testing the
compressive strength changes and the mass changes. The measurement of mass changes is shown in
Figure 2(b). The rate of mass depletion (Am) and the rate of compressive strength decline (AF) were
determined using Equations (1) and (2), respectively.

m

Am =0 ="M 100% 1)
m,

The value of mo represents the mass of the sample prior to erosion (in g), while m:1 denotes the
mass of the sample following erosion (in g).

AF =Mx100% ()

0
The value of Fo represents the initial strength of the material prior to erosion (in MPa), while F1
denotes the strength of the material following erosion (in MPa).

B A

| ]

03 | AR R S

(a) Immersion (b) Weighing

Figure 2. Sulfate erosion test

2.4.3. Micromorphology Analysis
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The remaining samples in the center of the geopolymers following the splitting tensile test were
chosen as the testing specimens and were subsequently divided into fragments with a width ranging
from 10 to 20 millimeters. The test samples were placed in a brass stub sample holder and double-
sided carbon tape. After being dried with infrared light for 5 minutes, they were coated with a small
ion sputtering instrument to improve their surface conductivity. The microscopic architecture of the
specimens was examined using a Prisma-E scanning electron microscope. The microscopic images
were captured at a voltage range of 0.3-30 kV and a magnification level of 5-10,000x.

2.4.4. XRD Analysis

The composition of the ground samples (which were obtained by crushing the mortar and
reducing it to a powder with a particle size less than 80 pm) was examined utilizing a Ulima IV X-
ray diffraction analyzer. XRD analysis was conducted across a range of scan angles (20), spanning
from 5 degrees to 80 degrees.

2.4.5. Two-dimensional pore analysis

The sample slices were processed. To enhance the contrast of the pores, the test surface was
immersed in black ink for coloring and then dried. Micron-sized calcium carbonate particles were
dusted onto the substrate to occlude the interstices. The treated test surface was photographed with
a digital microscope camera. Then, Image ] software was used to perform binary processing on the
captured images, as shown in Figure 3, to make the pores stand out more clearly against the test
surface. Finally, the number and size of the pores were statistically analyzed.

(a) Test surface image (b) Test surface binary image

Figure 3. Photographing and binarization processing.

3. Results and Discussion
3.1. Mechanical strength

3.1.1. Compressive Strength

(1) Destructive form

Figure 4 shows the failure images of CGGC and NS-CGGC specimens under a curing age of 28
days in the compressive strength test. It can be seen from the figure that CGGC has more cracks when
it fails, with obvious surface spalling and poor specimen integrity. NS-CGGC has significantly fewer
cracks and narrower widths when it fails, with only a small amount of debris falling off the surface.
The specimen has a low degree of damage and high integrity, indicating that NS can improve the
integrity of the specimen.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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54
cracks

calized exfoliation®
(a) CGGC (b) NS-CGGC
Figure 4 Morphology of compressive failure

(2) data and analysis

Figure 5(a) illustrates the alteration in compressive strength among specimens subjected to
varying NS dosages, specifically at curing ages of 7 days and 28 days. As evident from the graph, as
NS dosage increases, The compressive strength of the samples initially rises before experiencing a
decline, and the optimal NS concentration varies between 7 days and 28 days. Figure 5(b) illustrates
the improvement rate of compressive strength for specimens with varying NS dosages in comparison
to the control group at 7 days and 28 days. Observation of the graph reveals that the compressive
strength improvement rate of the test samples initially rises before experiencing a decline as NS
dosage continues to rise. This is in line with the variation in compressive strength. The compressive
strength values for the reference group samples at 7 days and 28 days are 34.76 MPa and 39.78 MPa,
respectively. Upon NS dosage reaching 1.5%, the compressive strength of the samples attains its peak
value of 43.08 MPa at 7 days, which is 23.94% greater than that of CGGC. Upon NS dosage reaching
1%, the compressive strength of the test samples attains its peak value of 48.67 MPa at 28 days, which
is 22.35% greater than that of CGGC.

60

[ 74
[ 284

50

404 NS-2.5 NS-1
30

209

Compressive Strength (MPa)

0 0.5 1 1.5 2 2.5 NS-2 NS-1.5
NS (wt%)

(a) Compressive strength (b) Strength improvement rate

Figure 5 NS-CGGC test results analysis diagram

3.1.2. Split tensile Strength

(1) Destructive form

Figure 6 illustrates the failure images of splitting tensile strength tests for CGGC and NSCGGC
specimens, both at a curing age of 28 days. As observed from the illustration, following the emergence
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of fine fissures in CGGC, it rapidly extended into two broad vertical fissures, a characteristic feature
of brittle failure. Upon the inclusion of NS, the microscopic cracks within the samples exhibited no
rapid expansion following their emergence. And the destruction displayed a particular level of
flexibility. A single longitudinal primary fissure emerged on the specimen's surface, preserving its
overall structural soundness.

(a) CGGC (b) NS-CGGC
Figure 6 Morphology of splitting tensile failure

(2) data and analysis

Figure 7(a) presents the splitting tensile strength of test samples with varying NS dosages at
curing ages of 7 days and 28 days. As evident from the diagram, as NS dosage rises, the specimens
exhibit an initial increase in their splitting tensile strength, followed by a subsequent decrease. When
the dosage of NS is less than 1%, the splitting tensile strength of the specimens gradually increases
with the increase of NS dosage. When the dosage of NS exceeds 1%, the splitting tensile strength of
the specimens gradually decreases with the increase of NS dosage. The tensile strengths of the
reference group specimens at 7 days and 28 days are 3.17 MPa and 3.62 MPa, respectively. When the
NS dosage was 1% and the curing periods were 7 days and 28 days respectively, the peak splitting
tensile strengths of the tested samples were 3.96 MPa and 4.48 MPa respectively. Figure 7(b)
illustrates the improvement rate of splitting tensile strength in comparison to the reference group at
7 days and 28 days for various NS dosages. Observation of the graph reveals that the increment rate
of splitting tensile strength in the samples initially rises before experiencing a decline as NS dosage
continues to increase. This is in line with the law of variation in splitting tensile strength. When the
NS dosage was 1%, the increments rate of splitting tensile strength after 7 days and 28 days of curing
were 24.92% and 23.76% respectively.

74
[ 284

NS-2.5

splitting tensile Strength (MPa)

NS-2 NS-1.5

0 0.5 1 1.5 2 2.5
NS (wt%)
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(a) Splitting tensile strength (b) Strength improvement rate
Figure 7 NS-CGGC test results analysis diagram

3.1.3. Flexural Strength

(1) Destructive form

Figure 8 illustrates the failure pattern observed in the flexural strength test conducted on the
specimen. In the case of CGGC, a single diagonal crack band emerged as the applied load increased,
and the crack width swiftly widened until it traversed the entire cross-sectional area. Upon the
incorporation of NS, the deterioration of the sample demonstrated a specific degree of malleability.
In addition to the primary crack, some fine and relatively short microcracks were present.

(b) NS-CGGC
Figure 8 Morphology of flexural failure

(2) data and analysis

Figure 9(a) illustrates the alteration in flexural strength of specimens subjected to varying NS
dosages at curing periods of 7 days and 28 days. Observing the graph, it is evident that as NS dosage
rises, the flexural strength of the samples initially rises before experiencing a subsequent decline. That
is, when the NS dosage is less than 1%, the flexural strength of the samples gradually increases with
the increase of NS dosage. As the dosage of NS exceeds 1%, the flexural strength of the specimens
gradually decreases with the increase of NS dosage. The flexural strengths of the reference group
specimens at 7 days and 28 days are 2.13 MPa and 2.62 MPa, respectively. When the NS dosage is 1%
and the curing age is 7 days and 28 days, the flexural strengths of the specimens reach the maximum
values of 2.72 MPa and 3.28 MPa, respectively. Figure 9(b) illustrates the flexural strength
increasement rate of test samples with varying NS dosages in comparison to the reference group at 7
days and 28 days. As observed from the diagram, the flexural strength increasement rate of the
samples exhibit an initial rise followed by a decline as the NS dosage rises, which is consistent with
the flexural strength variation pattern. When the NS dosage is 1% and the curing age is 7 days and
28 days, the flexural strength improvement rates are 27.70% and 25.19%, respectively.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 9 NS-CGGC test results analysis diagram

3.2 Sulfate erosion

3.2.1 Apparent deformation

The apparent deformation of specimens with different immersion ages is shown in Table 4. It
can be seen from the figure that both groups of specimens have surface phenomena such as epidermal
peeling, flaking and damage, and the degree of damage of the specimens increases with the increase
of immersion age. When the immersion age is 84 days, the surface of the NSO specimen has already
presented a honeycomb-like appearance. Compared with the NS0 specimen, after the addition of NS,
the flaking phenomenon on the surface of the specimen is weakened, and only slight peeling occurs
when the immersion age is 84 days. At the same immersion age, the specimens with added NS have
better integrity, and the degree of surface damage and flaking is smaller. This indicates that the
addition of NS can effectively inhibit the damage caused by sulfate attack.

Table 4. Morphology after sulfate erosion.

Erosion
. 14d 28d 42d 56d 70d 84d
period

CGGC

NS-1-
CGGC

3.2.2. The Law of Quality Loss

The mass change results of specimens with different NS dosages immersed in 5% sodium sulfate
solution are shown in Figure 10. It can be seen from the figure that when the NS dosage is the same,
with the increase of immersion age, the mass of the specimens first slightly increases and then
gradually decreases. For CGGC immersed in 5% sodium sulfate solution for 14 and 28 days, with the
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increase of NS dosage, the mass increase first decreases and then increases. During a period of 42

days, 56 days, 70 days, and 84 days, as the NS dosage is increased, the rate of mass loss initially
decreases before subsequently rising.

g4 ——NSO NS0.5
NS1 NS1.5
——NS2 NS2.5

Mass loss rate ( %)

0d 14d 28d 42d 56d 70d 84d
Erosion period

Figure 10 Mass changes of specimens at different ages in sulfate solution

3.2.3. The law of strength loss

The relationship between the compressive strength of specimens with different immersion ages
and the NS dosage is illustrated in Figure 11(a). It can be seen from the figure that under the same
NS dosage, the compressive strength of the specimens gradually decreases with the increase of the
immersion age, and the law conforms to a linear relationship, which can be expressed by Equation
(3). The fitting parameters are shown in Table 5. The correlation coefficient R? is all greater than 0.95,
indicating that the formula has a good correlation. It can be seen from the table that the value range
of the fitting parameter a is 39.47 to 48.82; the value range of the fitting parameter b is -0.08 to -0.06,
with a small difference, so it can be approximately considered that the straight lines are parallel. The
relationship between the compressive strength loss rate of samples with different immersion ages
and the NS dosage is illustrated in Figure 11(b). It can be seen from the figure that under the same
immersion age, the specimens’ compressive strength loss rate initially rises and subsequently declines
as the NS dosage is increased. When the dosage is 1.5%, the strength loss rate is the smallest.

50 20
1 = NSO NS0. £
18] NS1 NSL. £ 154 —— Nso NS0. 5
] * Ns2 NS2. £ NS1 NS1.5
D 46 164 —— NS2 NS2.5
[a )
= e
= 44 9 3 14
» [}
g 42 & 192 4
& 2]
= [%2]
0 40 S 10 4
= =
w38 w5 87
7] n S
£ 36 g 6
5 &
S 344 44
324 2
= ' i ' : T 28 £ 56 70 84
0 20 10 60 80 ; _
Erosion period(d) Erosion period(d)
Figure 11(a) Relationship between compressive Figure 11(b) Relationship between
strength and immersion age compressive strength loss rate and NS dosage
F=a+bxt 3)
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In the formula, F denotes the compressive strength of the sample (in MPa); t denotes the soaking age

(in d); the fitting parameters a and b are the intercept and slope, respectively.

Table 5. Fitting Parameters Table.

NS (Wt%) a b R?
0 39.466 -0.0784 0.98636

0.5 42.210 -0.0679 0.97342

1 48.821 -0.0647 0.97708

15 47.961 -0.0594 0.98548

2 46.029 -0.0668 0.99372

25 44.072 -0.0810 0.99715

3.3. Microscopic Analysis

3.3.1. SEM

The SEM scanning results are shown in Figures 12 and 13. Figures 12(a) and (b) present the
1.00KX SEM magnification effects of the NSO group and the NS1 group. It can be observed that the
CGGC present a rough surface., with numerous pores and cracks. NS-1 has a smooth and dense
surface, with narrower crack widths, shorter crack lengths, and more gel. The gel marked by circles
in the illustration significantly prevents the formation of cracks. Macroscopically, the group with
added NS has higher mechanical strength.

Figures 13(a) and (b) show the 10.00KX SEM magnification effects of the NS-1.0 group and the
NS-2.0 group. The arrows in the figures indicate the growth direction of the gel. By comparing the
two figures, it can be observed that the surface of NS-1.0 is more uniform, and the gel products are
orderly and regularly overlapped; while the gel products of NS-2.0 are irregularly intertwined and
overlapped, with numerous defects in the structure. This occurs because adding too much NS results
in agglomeration, which subsequently leads to the buildup of gel. Macroscopically, when the NS
content is 2%, the splitting tensile strength of the concrete decreases to some extent.

3.3.2. XRD

To elucidate the impact of NS content on the hydration outcomes of CGGC, XRD analysis was
performed on the 28-day specimens from each NS content category, and the findings are presented
in Figure 14. The XRD patterns mainly consist of quartz phase (5iO2), zeolite phase, albite phase
(NaAlSisOs), anorthite phase (CaAl2Si20s), and amorphous gel phase.

By comparing the XRD curves of the control group and the NS groups, it is observed that the
peak intensities of the quartz and albite phases in the NS groups increase significantly within the
range of 25-30°, reaching the maximum value when the NS dosage is 1%. Compared with the NSO
group, the intensity increases are 298 and 286, respectively. This indicates that the inclusion of NS
results in a heightened peak intensity of the quartz crystal phase, NS functions as a filler to address
defects within the matrix. Simultaneously, the introduction of NS facilitates the geopolymerization
reaction, augmenting the reaction products, particularly the N-A-5-H gel content. Consequently, this
renders the geopolymer structure more dense and stable, while also bolstering the strength and
sulfate resistance of NSCGGC.
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By comparing the NS-1 group and the NS-2 group, it is found that the peak intensity of the albite
phase in the NS-2 group is significantly reduced. This is due to the agglomeration of NS, which is

unfavorable for the geopolymerization reaction, and this is also consistent with the observed changes
in mechanical properties and sulfate resistance.

cracks i \ cracks
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Figure 12 Microscopic morphology (x1000)
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Figure 13 Microscopic morphology (x10000)

1.Zeolite 2.CaAl,Si,Og
3.8i0, 4.NaAlSi;Oq
| |
NS-2.0
2,
= X 1 3
% b, ) (- A h * A
g ‘I NS-1.0
\H
CR— T U W W N e I
NS-0.5
NS-0
1 1 1 1 1  § 1 1 1 1 1 1 1 1

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20/ (Degree)

Figure 14 XRD patterns

3.3.3. Pore Analysis
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Six groups of specimens underwent a two-dimensional pore analysis. In each group, three
samples were chosen, and for each sample, three cross-sections underwent testing. From each cross-
section, nine regions were carefully chosen to ensure uniformity. Initially, the targeted areas were
imaged utilizing an electron microscope camera, after which 486 images underwent analysis through
Image ] software. The binary images of the samples are depicted in Figure 15. The software output
the total number of pores, porosity, and pore size distribution and other geometric parameters, which
were used for quantitative analysis of the specimens and to elucidate the mechanism through which
NS influences the macroscopic behavior of geopolymer concrete, specifically from the viewpoint of
pore characteristics.

Figure 15 Binary image of the sample

According to Table 6, the pores were classified and the results of pore analysis are shown in
Figure 16. The findings demonstrate that adding NS can substantially decrease the porosity and the
number of pores within the samples. Both the porosity and the number of pores of the samples first
decrease and then increase with the increase of NS dosage, and the optimal dosage is 1%. In the
reference group, GCGC exhibits a porosity of 4.899% and a total pore count of 3660. When the NS
dosage reaches 1%, the porosity of GCGC decreases to 2.162%, and the total pore number reduces to
2515. This represents a reduction of 55.87% in porosity and 31.28% in total pore number compared to
the reference group. This is because NS exhibits a filling effect and high reactivity during
geopolymerization, allowing it to fill pores and serve as nucleation sites, thereby increasing the
compactness of the structure.

Table 6. Classification Standards for Pores.

Classification Micropore Small pore Mesopore Macropore

Equivalent pore diameter
0~50 50~100 100~150 >150
(pum)
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Figure 16 Results of pore analysis

3.3.4. Correlation Between Pore Characteristics And Mechanical Strength And Durability

(1) Correlation between pore characteristics and compressive strength

To accurately describe the influence of pore structure on the strength of CGGC, it is necessary to
study the relationship between pore structure parameters and CGGC. As shown in Figure 17, the
square of the linear correlation coefficient between the 28-day compressive strength of CGGC and
the porosity is 0.9303; the square of the linear correlation coefficient between the 28-day compressive
strength of concrete and the total number of pores is 0.91774. This indicates that both the porosity
and the total number of pores can well reflect the magnitude of the concrete strength. Based on the
magnitude of the linear correlation, it can be inferred that the influence of different pore structure
parameters on the compressive strength is in the order of total porosity > total number of pores.

50 50
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Figure 17 Fitting diagram of correlation analysis between 28d compressive strength and pore characteristics

(2) Correlation between the pore characteristics and the strength loss rate under sulfate attack
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As observed in Figure 18, a substantial linear relationship exists between the pore structure
parameters of CGGC and the rate of compressive strength loss in the specimens. When the immersion
ages are 28 days, 56 days and 84 days respectively, the square of the linear correlation coefficient
between the compressive strength loss rate and the porosity is 0.92907, 0.86836 and 0.80544
respectively, and the square of the linear correlation coefficient between the compressive strength
loss rate and the total pore number is 0.95303, 0.9153 and 0.71424 respectively. This indicates that
both the porosity and the total pore number can well reflect the sulfate resistance of concrete, among
which the total pore number has the greatest influence on the sulfate resistance of CGGC, followed
by the porosity. The linear correlation coefficients between the porosity and total pore number and
the compressive strength loss rate of the samples gradually decrease with the increase of the
immersion age. This is mainly because the difference between the pore characteristics and the initial
pore characteristics increases continuously with the increase of the sulfate immersion age.

0.08 0.08
Equation y =a+ bk Equation y =a+ bkx
Plot Loss of strength - Plot Loss of strength
Weight Unweighted Weight Unweighted
0.07 a  -T.OSIME-1 % 0.0068 0.07 - a ~0.06806 + 0.01205
2 b 0.01618 = 0.00198 2 b 3.92718E-5 = 3.87981
B SSE 6. 89524E-5 " Q SSE 1. 5656865 "
2 Pearson’s r 0.97121 3 Pearson’s r 0.98103
©0.06| & ccom 0.94325 ®0.064 | B com 0.96243
= Adjusted R 0.92907 s Adjusted R 0.95303
v v
& &
< 0.05 1 < 0.05 1
=1 =1
=1 =1
(o) (o)
~ ~
+> +>
2] 2]
0.04 0.04
n n
0.03 T T T T T T T 0.03 T T T T T T
2.0 2.5 3.0 3.5 1.0 4.5 5.0 2400 2600 2800 3000 3200 3400 3600 3800
Prosity (%) Number of proes
(a) Strength loss rate and porosity-28d (b) Strength loss rate and number of pores-28d
Equation y = a + bkx Equation y = a + bkx
0.124| Ppiot LoE8 of Stienath . 0-129|  piot Loss of strength A
Veight Unweighted Veight Unveighted
a 0.02325 * 0.01211 a -0. 06402 £ 0.02112
30.114 b 0.02057 + 0.00353 B 0.114 b 5.01661E-5 + 6.80289
LR SSE 2. 18167E-4 n = SSE 1. 40369E-4 ™
2 Pearson’s 0.94588 3 Pearson’s r 0.96553
£0.104| R (cop) 0. 89468 £0.109| r con> 0. 93224
= Adjusted R 0. 86836 & Adjusted R 0.9153
v v
=} =}
— 0.09 - — 0. 09 -
= =
+ +
& &
3 0.08 3 0.08
~ ~
+> +>
2] 2]
0.07 0.07
n
0. 06 T T T T T T T 0. 06 T T T T T T
2.0 2.5 3.0 3.5 1.0 4.5 5.0 2400 2600 2800 3000 3200 3400 3600 3800
Prosity (%) Number of proes
(c) Strength loss rate and porosity-56d (d) Strength loss rate and number of pores-56d

© 2025 by the (s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202505.1225.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 May 2025 d0i:10.20944/preprints202505.1225.v1

17 of 21

0.18 0.18
Equation y =a + b¥x Equation y = a + b¥x
Plot Loss of strength Plot Loss of strength =
0.17|  Veight Unweighted Weight Unveighted
a 0. 05666 + 0.01759 a -0.03311 % 0.04633

20,164 b 0.02387 + 0.00512 20 164 b 5.482776-5 + 1.49237
O‘O SSE 4. 59938E-4 O‘O SSE 6. 7552E-4
o Pearson’s r 0.91888 " 2 Pearson’s r 0.87829 "
© 0.159| ®r* ccop) 0.84435 © R* (COD) 0.77139
& Adjusted R* 0. 80544 @ Adjusted R* 0. 71424
20.14 20.14
S S
0. 13 2
[=] [=]
[} [}
H o i o
5012 . S0.12 .

0.11

0.10 T T T T T T T 0.10 T T T

2.0 2.5 3.0 3.5 4.0 4.5 5.0 2500 3000 3500 4000
Prosity (%) Number of proes
(e) Strength loss rate and porosity-84d (f) Strength loss rate and number of pores-84d

Figure 18 Fitting graph of correlation analysis between compressive strength loss rate at different soaking ages

and pore characteristics

4. Conclusions

Based on the preparation of CGGC by CG and BFS, the effects of different NS dosages (0-2.5wt%)
on the mechanical properties and sulfate resistance of CGGC were mainly studied. Subsequently, the
specimens were examined for microstructure, composition, and pore architecture. The findings of the
study can be summarized as follows:

(1) As the NS dosage increases, the mechanical strength of CGGC initially rises and subsequently
declines. The mechanical properties of CGGC are enhanced most markedly when the NS dosage
reaches 1%. At 28 days, the compressive strength of coal gangue-slag composite geopolymer concrete
is the highest (48.67 MPa), the splitting tensile strength is the highest (4.48 MPa), and the flexural
strength is the highest (3.28 MPa).

(2) As the NS dosage increases, the sulfate resistance of CGGC initially improves and then
declines. The sulfate resistance of CGGC reaches its peak when the NS dosage is 1.5%. After 84 days
of erosion, the strength loss rate of NS-CGGC is the smallest (10.93%), which is 37.08% lower than
that of CGGC.

(3) The results of SEM, XRD and two-dimensional pore analysis show that the incorporation of
NS optimizes the pore defects in the base, reduces the porosity and pore number; at the same time,
more cementitious materials are generated, making the microstructure of the base more uniform and
dense, and enhancing the engineering performance of the geopolymer concrete.

(4) The examination of the connection between pore structure features and macroscopic
properties reveals a strong linear relationship between porosity, total pore number, and the
compressive strength as well as sulfate resistance of the specimens. Samples with lower porosity and
fewer total pores tend to exhibit greater compressive strength and better sulfate resistance.

Geopolymer concrete has a good resource-economic-environmental synergy effect. After
clarifying the impact of varying NS dosages on the mechanical and sulfate resistance properties of
BFSCGGC in this study, it provides a basis for the engineering application of CGGC in high sulfate
erosion areas. The subsequent research will focus on the synergistic modification of nanomaterials
and fiber materials, as well as investigating the impact of curing systems on the functionality of
CGGC, to promote the systematization of material research.
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