www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Research on the properties of
polymer stabilized coal gangue
materials in rubber powder slag
base

Zhenxia Li%%3* Tengteng Guo%23*, Chenze Fang'?3*, Yuanzhao Chen%23* & Jiaxin Nie?

In order to solve the problems of high energy consumption in cement production, environmental
pollution by coal gangue, shortage of aggregate resources in road engineering, and improvement

of shrinkage performance of semi-rigid base materials, the properties of rubber powder slag-based
polymer stabilized coal gangue materials were studied. On the basis of raw material tests, the
mechanical properties and durability of slag-based geopolymer stabilized materials with different
geopolymer content and coal gangue substitution rate were studied. The unconfined compressive
strength, indirect tensile strength, compressive rebound modulus, freeze-thaw and dry shrinkage
tests of geopolymer stabilized crushed stone/coal gangue (GSS/GSG) mixtures with different rubber
powder contents were carried out. The microstructure of geopolymer stabilized coal gangue mixture
was analyzed by scanning electron microscopy and energy spectrum analysis. The results show that
with the increase of geopolymer content, the compressive strength, indirect tensile strength and frost
resistance of GSS continue to increase, but its drying shrinkage performance will be adversely affected.
When coal gangue replaces natural gravel, its performance in all aspects has decreased, and the
mechanical properties and frost resistance have decreased significantly. The incorporation of rubber
powder will slightly reduce the mechanical properties of geopolymer stabilized coal gangue material,
but can effectively improve its drying shrinkage performance. The optimum content of rubber powder
is 1.2%, and the dry shrinkage coefficient is reduced by 12.1%. The bonding effect of C-S-H generated
by slag can promote the formation of N-~A-S-H gel from fly ash. The rubber powder can stabilize

the pore of the coal gangue material and the energy absorption of the rubber powder by filling the
geopolymer, so as to achieve the purpose of stabilizing the shrinkage performance and compressive
resilient modulus of the coal gangue material by the geopolymer.

Keywords Pavement materials, Semi-rigid base material, Geopolymer stable coal gangue, Rubber powder,
Microscopic mechanism

With the rapid development of China’s economy, the scale of infrastructure has always maintained a high growth.
By the end of 2023, the total mileage of expressways in Henan Province was 8300 km. It is expected that by the
end of 2025, the total mileage of expressways will exceed 10,000 km. Large-scale infrastructure construction
requires the support of the cement industry. The mass production and use of cement not only consumes a lot of
energy', but also produces high carbon emissions. The comprehensive energy consumption per ton of cement
production is about 113.5 kgce?. Global greenhouse gas emissions from cement production account for about
5-7%. In addition, harmful gases such as SO,, NOy and CO are emitted, causing environmental pollution3’4. At
the same time, with the rapid advancement of industrialization, the production of industrial waste is also
increasing. How to make rational use of these industrial wastes is an important task on the road of green
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sustainable development in China. Geopolymer composites made from industrial wastes such as fly ash, slag and
other aluminosilicate materials can help reduce carbon emissions by 80%; this makes geopolymers a green
alternative to cement™®. Most of the raw materials of geopolymer come from industrial waste, and compared
with traditional Portland cement, it has the characteristics of low carbon emission, fast setting and early strength.
Therefore, it can be regarded as an environmentally friendly cementitious material that is more in line with the
concept of sustainable development, and has dense, high strength, durability and corrosion resistance. For a long
time, China’s main energy has been dominated by coal’~. According to statistics, China’ total coal consumption
in 2022 accounted for 50.6% of the world’s total. At the same time, China is also the largest coal importer, with
imports close to 6 EJ, and its proportion is far more than the world average. A large amount of solid waste mainly
composed of coal gangue is produced in the process of coal production'®. Due to the low utilization rate of coal
gangue, a large part of it is accumulated into mountains and occupies a large area of land resources!!. The non-
biodegradable toxic heavy metal elements contained in coal gangue may be transferred to soil and water. In
order to solve these problems, many scholars have carried out a lot of experimental research!>~'°. Raw materials
for geopolymers come from a wide range of sources, often including granulated blast furnace slag, fly ash,
metakaolin, or rice husk ash. Yi et al.!” studied the effect of different content and particle size of rice husk ash on
the solidified soil of rice husk ash-geopolymer. The results showed that the optimum content of rice husk ash was
10%. During the curing process, sodium silicate hydrate and calcium silicate hydrate gel were produced, filling
pores and bonding soil particles to form a complete structure. Liu et al.'® studied the effect of rice husk on the
mechanical properties of metakaolin-based geopolymers in different ways, and determined the optimum
preparation conditions of rice husk ash. The results showed that the rice husk ash pretreated by hydrochloric acid
contained 98.4% amorphous SiO,, which made the pore structure of the geopolymer more dense and had higher
strength. Dingetal.'” analyzed the effects of the molar ratio of raw material oxides n (CaO + MgO):n(SiO, + AL O,),
cement-sand ratio, water glass content and NaOH content on the working performance and mechanical
properties of slag-fly ash based geopolymer mortar. Liu et al.?’ prepared a ternary geopolymer by changing the
mix ratio of mineral powder, fly ash and metakaolin, and using the compound sodium silicate to excite the alkali,
tested its mechanical properties, and analyzed the hydration process through microscopic tests. The results show
that the ternary geopolymer is a composite cementitious material mainly composed of C-S-H, C-A-S-H, and
N-A-S-H gels formed by the raw materials under the action of alkali-activated hydration. The larger the
proportion of mineral powder, the shorter the setting time of the geopolymer, the more calcium-based gels in the
hydration products, and the higher the strength of the specimen. The base mixture is one of the main ways of
coal gangue road engineering application. Domestic and foreign researchers have done a lot of research on the
application of coal gangue to road base?"*. Di et al?* conducted a preliminary study on the engineering
properties of coal gangue through compaction test and triaxial strength test. They systematically analyzed the
variation patterns of shear strength parameters, maximum dry density and optimum moisture content of coal
gangue with the content of coarse material. Wang et al.?® studied the influence of vibration mixing process on the
performance of cement stabilized coal gangue mixture, and put forward the best conditions and methods of
vibration mixing process. Li et al.?6 used waste coal gangue instead of natural stone as road base material.
Through the physical, mechanical, chemical and activity tests of coal gangue aggregate, the optimum gradation
composition of unconfined compressive strength was determined. Through mechanical test and durability test,
it is concluded that the mixture with 4% cement content can not only meet the requirements of early strength of
4.16 MPa, but also show a high-efficiency strength growth rate of 36.10%, showing the best mechanical properties.
At the same time, its total shrinkage coefficient is 1.12x 1072, and its anti-drying shrinkage performance is the
best. Through the microscopic test, it is concluded that the cement hydration product Ca (OH), in the cement
stabilized coal gangue mixture reacts with the active SiO, and Al,O, in the coal gangue to form the glauberite,
which is beneficial to the overall strength and bonding quality of the mixture. Guan et al.*” also aimed at the
possible problems of coal gangue as pavement base, prepared coal gangue by separation and crushing process,
and optimized its gradation. The compressive strength test, splitting test, freeze—thaw test and dry shrinkage test
of cement stabilized coal gangue with different cement content were carried out, and the test results were
compared and analyzed. The results show that the optimum cement content of cement stabilized coal gangue is
4%, which can be used for light traffic base and heavy traffic subbase of secondary and lower highways. Zhang
and Fang?® studied the flexural tensile properties of cement stabilized coal gangue subgrade materials with
cement content of 4-7%. The results showed that the flexural tensile strength and flexural tensile modulus
increased linearly with the increase of cement content. The cement stabilized coal gangue subgrade material has
good flexural tensile properties and is suitable for the base of pavement structure. Zhang et al.?® studied the effect
of cement content on the temperature shrinkage coefficient of cement coal slag stabilized coal gangue base
material by electrical measurement method, and compared it with cement stabilized crushed stone and cement
stabilized crushed stone. The results show that the temperature shrinkage coefficient of cement coal slag stabilized
unburned coal gangue is the largest at — 10 to 20 °C, while the temperature shrinkage coefficient of cement coal
slag stabilized spontaneous combustion coal gangue is the largest at — 10 to 0 °C, and the temperature shrinkage
coefficient is the smallest when the cement dosage is about 5%. The temperature shrinkage coefficient of cement
cinder stabilized coal gangue base material is small, which is suitable for pavement base of road in cold area™®.
Focused on the temperature shrinkage performance of lime-fly ash stabilized coal gangue materials, and explored
the feasibility of its application to pavement base in cold regions®!32,

In summary, geopolymers have the advantages of a wide range of raw materials. Researchers at home and
abroad have also conducted a lot of research on the preparation methods and conditions of geopolymers
prepared from different raw materials, and have achieved certain research results, mainly including the
mechanical properties of geopolymers under different preparation conditions. Frost resistance and shrinkage
performance in different environments. In view of the application of coal gangue in semi-rigid base, the
mechanical and durability properties of coal gangue are studied from the aspects of mixing process, cement
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Experimental parameters ::;lt Specification requirement
Fineness (%) 6.6 <10

Initial setting time (min) | 166 >45

Final setting time (min) 237 <600

Stability (min) 12 <5

Strength of cement mortar (MPa)

3d |51 | 240
28d |85 | =265

Break off strength

3d |27.3 | 221.0
28d | 47.3 | 2425

Compressive strength

Table 1. The results of cement test performance.

Index Unit | Test result Technical requirement
Apparent specific gravity / 2.673 2245

Moisture content % 0.24 210

Particle size range <0.6mm | % 100 100

<0.15mm % 99.2 90-100

<0.075mm % 91.9 75-100

Appearance - Hit to the spot | No agglomerates
Hydrophilic coefficient - 0.63 <1

Table 2. Slag powder performance test results.

Component | CaO | SiO, | ALO, | Fe,0, | MgO |SO; | K,0 | Na,0
Content (%) | 2.32 | 53.04 | 3470 |2.53 0.86 |0.35|1.76 |0.475

Table 3. Chemical composition of fly ash.

dosage and substitution amount at home and abroad, and its feasibility is proved. In addition, researchers at
home and abroad have done some research on the mechanical properties and durability of inorganic binder
stabilized materials mixed with rubber powder, and achieved satisfactory results. However, at present, there are
relatively few studies on the stabilization of coal gangue with geopolymer as cementitious material in China, and
due to the nature of semi-rigid base itself, the high water absorption and high pressure crushing value of coal
gangue and the toughness of geopolymer are poor. Based on the existing research results, how to improve its
shrinkage performance and frost resistance under the premise of taking into account the mechanical properties.
Therefore, prolonging its service life is an important problem to be solved urgently. Therefore, this paper studies
the slag-based polymer stabilized coal gangue material with rubber powder.

Materials and methods

Materials

Cement

In this experiment, P.O 42.5 ordinary Portland cement produced by a cement Co., Ltd.in Henan was used.
According to the requirements of ' Highway Engineering Cement and Cement Concrete Test Procedures’ (JTG
3420-2020)%3, the setting time, fineness, stability and mortar strength of the selected cement are tested. The
test results are shown in Table 1. All the performance indexes of the selected cement meet the requirements of
“Technical Rules for Construction of Highway Pavement Base” (JTG/T F20-2015).

Slag powder

The basic performance test of the selected slag powder raw materials is carried out. The results of the slag powder
performance test are shown in Table 2. The properties of the selected slag powder meet the requirements of the
specification®.

Fly ash

Fly ash is a kind of volcanic ash material, which has the ability to improve the working performance of the
matrix and improve the deformation resistance and crack resistance of the material. This test uses grade II fly ash
produced by a company. The chemical constituents are shown in Table 3.
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Test parameters Test results | Specification requirements
Fineness (%) 9.2 <12

‘Water demand ratio (%) 91 <105

Water content (%) 0.3 <1

Loss on ignition (%) 3.01 <5

Average particle size (um) | 20.05 /

Table 4. Performance test results of fly ash.

Test results

Technology index 20-26.5mm | 10-20 mm | 5-10 mm | 0-5 mm | Technical requirements | Test methods
Crushing value (%) - 15.9 - <26 T0316
Apparent relative density | 2.746 2.736 2.722 2.718 226 T0304

Water absorption(%) 0.56 0.60 0.69 - <20 T0304
Needle flake content(%) | 6.3 7.5 8.1 - <22 T0312

<0.075 mm particle 0.41 0.60 0.35 1291 | 22515 T0310
content (%) =2l=

Table 5. gravel raw material quality test results.

Ingredients (%) | NaOH | Na,CO, | Cl SO, |N PO, |SiO,
Content (%) 98.1 1.5 0.005 | 0.005 | 0.001 | 0.001 | 0.01 |0.002 |0.05 | 0.326

Table 6. Chemical composition of sodium hydroxide.

The basic performance tests such as fineness, ignition loss and water demand ratio of the fly ash were carried
out. The results of the fly ash performance test are shown in Table 4. The test results show that the properties of
the selected fly ash meet the requirements of the specification®*.

Gravel

The aggregate used in this test is the gravel aggregate used by a stone factory in Zhengzhou City. It is divided
into four blocks according to the particle size, which are 1# (19-26.5 mm), 2# (9.5-19 mm), 3# (4.75-9.5 mm)
and 4# (0-4.75 mm). According to the requirements of ' Highway Engineering Aggregate Test Procedure ' JTG
E42-2005%, the basic performance of all gravels in the test is tested. Table 5 is the performance test results of the
gravel used in the test.

Coal gangue

The coal gangue used in this paper is taken from the abandoned coal gangue hill in Songcun, Xinmi City,
Zhengzhou City, Henan Province. The stone is mostly gray or gray black. Because the rock is large and hard, it
is crushed by jaw crusher. After screening, the performance test results of coal gangue are shown in Table 6. The
mineral composition of coal gangue is analyzed by XRD, and the results are shown in Fig. 1.

According to the standard spectrum of the material and the XRD test results of the coal gangue in Fig. 1, it
can be seen that the strong diffraction peak appears at about 20=27°, and the weak diffraction peaks appear
near 21°, 37° and 39°, 50°, indicating that the coal gangue is dominated by quartz minerals. The main mineral
composition of coal gangue includes quartz, kaolinite, calcite, dolomite, etc.

Alkali activator
The sodium hydroxide used in the test is a solid (white small granular) sodium hydroxide provided by a chemical
company. The NaOH content is >98%, and its chemical composition is shown in Table 6.

Water glass, also known as sodium silicate, as shown in Fig. 2, is an inorganic substance, an aqueous solution
of sodium silicate, and a mineral binder. Its chemical formula is Na,0-nSiO,, which is a soluble inorganic silicate.
The performance test results are as follows: Table 7.

Rubber powder

Rubber powder is made by crushing waste tires. The common production methods include room temperature
chemical method, room temperature crushing method, freezing method and so on. The rubber powder used in
this experiment is 60 mesh rubber powder produced by Dujiangyan Huayi Rubber Co., Ltd. The main technical
indexes of rubber powder are shown in Table 8.
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Fig. 1. XRD patterns of coal gangue.

(Water glass) (Water glass)
Fig. 2. Appearance of water glass.
Inspection project Water insoluble (%) | Density (g/cm?) Si0, (%) | Na,O (%) | Fe (%) | Modulus
Test results 0.29 1.264 26.2 8.8 0.02 |3.07
Technical requirements | <0.50 1.368-1.394 >26.0 >82 <0.05 |2.8-3.1

Table 7. Chemical composition of sodium hydroxide.

Mix proportion design

Gradation design

According to the recommended gradation range of C-B-1 used in expressways and first-class highways in Rule’,
the aggregate synthesis gradation of each grade is adjusted according to the screening test results of gravel raw
materials. When 1#: 2#: 3#: 4# = 13: 25: 22: 40, it can meet the requirements, and the results are detailed in Fig. 3.
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Inspection project Unit | Detection results | Norm value
60 Mesh screening rate % 92 290

Ash % 6 <s

Rubber hydrocarbon content | % 54 242
Carbon black content % 32 228
Acetone extract % 15 <21
Apparent density g/em® | 1.024 /

Natural gum content % 40.35 /

Table 8. Test results of main technical indexes of rubber powder.

100 |- —&— Upper limit of gradation
—®— Lower limit of gradation

The median gradation value
80 F —¥— Synthetic gradation

60

40 |

Percent of pass (%)

0 1 1 1 I I I I 1 I 1 1
31.526.5 19 16 13.2 95 475236 1.18 0.6 0.3 0.150.075

Size of screen mesh (mm)

Fig. 3. Synthetic grading curve.

Mix proportion design

The slag powder/fly ash ratio of the slag-based geopolymer prepared in this experiment is 2.5:1, the water glass
modulus is 1.2, the alkali activator concentration is 40%, and the water-cement ratio is 0.4. Because the amount
of cementitious materials has a great influence on the performance of inorganic binder stabilized materials,
the geopolymer content of 3%, 4%, 5%, 6% and 7% was selected, and a set of cement stabilized crushed stone
materials with cement content of 5% was set as the control group to study the influence of geopolymer content
on the mechanical properties and durability of slag-based GSS. The effects of cement and geopolymer on the
properties of inorganic binder stabilized materials were compared and analyzed. Coal gangue with particle size
range of 5-10 mm and 10-20 mm was used to replace natural aggregate with 15%, 30% and 45% respectively.
Five kinds of geopolymer content were selected to analyze its mechanical properties and durability, and the
best replacement amount of coal gangue was obtained. From this, 21 groups of mix ratios are obtained, and
the specific mix ratio is shown in Table 9. On the basis of this experimental group, through the unconfined
compressive strength test, one of them was selected as the control group, and five groups of rubber powder
content (0.3%, 0.6%, 0.9%, 1.2%, 1.5%) from RG-1 to RG-5 were set.

Compaction test

The purpose of compaction test is to determine the maximum dry density of soil and its corresponding optimum
water content, which is an indispensable and important test to control the compaction quality of subgrade.
According to the test method of "Test method of inorganic binder stabilized materials for highway engineering’
(JTG E51-2009)%, five kinds of samples with different water contents were prepared, and the compaction test was
carried out. The dry density corresponding to the water content was measured by weighing, and the optimum
water content at the peak and the corresponding maximum dry density were determined. This experiment
adopts C method. Through the heavy compaction test, the maximum dry density and optimal water content of
each ratio were obtained. The results are shown in Table 10.

Test method

Analysis of unconfined compressive strength

The specimens were standardly cured for 7, 28 and 60 days. The last day of the curing period was soaked in water,
and then the surface water was removed with a dry towel. According to the specification®, the cement stabilized
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Number | Cement (%) | Geopolymer (%) | Natural aggregate (%) | Coal gangue (%)
C-S 5 0 100 0
GSS1 0 3 100 0
GSS2 0 4 100 0
GSS3 0 5 100 0
GSS4 0 6 100 0
GSS5 0 7 100 0
GCG15-1 |0 3 85 15
GCG15-2 |0 4 85 15
GCG15-3 |0 5 85 15
GCG15-4 |0 6 85 15
GCG15-5 |0 7 85 15
GCG30-1 |0 3 70 30
GCG30-2 |0 4 70 30
GCG30-3 |0 5 70 30
GCG30-4 |0 6 70 30
GCG30-5 | 0 7 70 30
GCG45-1 |0 3 55 45
GCG45-2 |0 4 55 45
GCG45-3 | 0 5 55 45
GCG45-4 | 0 6 55 45
GCG45-5 | 0 7 55 45

Table 9. Mix proportion design of geopolymer stabilized coal gangue material. CS: Cement stabilized crushed
stone; GSS: geopolymer stabilized gravel; GCG: geopolymer stabilized coal gangue.

The amount of cementitious material (%) ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7

(&

Maximum dry density (g/cm?) - - 2291 | - -
Optimum moisture content (%) - - 4.4 - -
GSS

Maximum dry density (g/cm?) 2359 | 2.388 | 2.403 | 2.383 | 2.374
Optimum moisture content (%) 3.7 39 4.0 4.2 4.5
GCG15

Maximum dry density (g/cm?) 2277 | 2301 | 2.352 | 2.298 | 2.225
Optimum moisture content (%) 4.1 4.2 44 4.5 4.7
GCG30

Maximum dry density (g/cm?) 2.143 | 2.196 | 2.262 | 2.324 | 2.218
Optimum moisture content (%) 4.6 4.7 49 5.1 52
GCG45

Maximum dry density (g/cm?) 2.047 | 2.113 | 2.141 | 2.084 | 2.033
Optimum moisture content (%) 4.7 4.9 5.0 53 5.5

Table 10. Compaction test results.

crushed stone, GSS and geopolymer stabilized coal gangue were subjected to unconfined compressive strength
test. During the test, the loading rate was kept at 1 mm/min.

Indirect tensile strength analysis

According to the regulation®®, the indirect tensile strength test of cement stabilized crushed stone, GSS and
geopolymer stabilized coal gangue was carried out. During the test, the loading rate of the universal testing
machine was controlled at 1 mm/min.

Analysis of compressive resilient modulus

The value of compressive resilience modulus is affected by the type, properties and structure of the material. In
this study, the static modulus characteristics of semi-rigid materials are tested by the top surface method in.
According to the results of the compressive strength test and the reduction according to the field conditions, the
compressive failure load is finally determined to be P. Set the predetermined unit pressure of 0.5P.
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Analysis of frost resistance

According to the specification’®, after the specimen is formed, the standard curing is 28 days. On the last day,
the specimen is immersed in water, and the water surface does not pass through the top surface of the specimen
by 2.5 cm. Then the specimens were taken out, the surface moisture was dried, and the unconfined compressive
strength under non-freeze-thaw conditions was tested. The specimen was placed in a low temperature box to
ensure that at least 20 mm of voids were left around the specimen to facilitate cold air circulation, and frozen
at —18 °C for 16 h. The time from the completion of the specimen to the temperature drop to —18 °C should
be within (1.5-2.0) h. After one cycle of freezing, weighing, in a 20 °C water tank for 8 h. Then the water on
the surface of the sample was dried and weighed again. The above freeze-thaw cycles were repeated until 5
freeze—thaw cycles were completed, and the unconfined compressive strength was measured. After the specimen
reaches the specified number of freeze-thaw cycles, the compressive strength (R, ) test after freeze-thaw is
carried out.

Dry shrinkage performance analysis

According to the specification®®, the beam was formed by static pressure method, and the sample size was
100 mm x 100 mm x 400 mm. There were 6 samples in each group, of which 3 samples were used to measure
the shrinkage deformation, and the other 3 samples were used to measure the drying shrinkage water loss rate.
The data were collected by using a dial indicator. The data were recorded once a day for the first 7 days and once
every 2 days after 7 days of age. A total of 29 d, 60 d and 90 d data were recorded. And calculate the dry shrinkage
strain and dry shrinkage coefficient.

Microscopic test
Using SU8020 HORIBA scanning electron microscope equipped with energy dispersive X-ray spectroscopy
(SEM-EDS), the scanning electron microscope test and energy spectrum analysis test were carried out on 7 d
and 28 d cement mortar and geopolymer mortar and 7d age GSG30-3 sample. The microstructure of the samples
was observed. The samples were subjected to fixed-point analysis, elemental line analysis and elemental surface
analysis to determine the surface micro-area composition.

The samples with a particle size of about 10 mm x 10 mm x 5 mm were prepared and dried under vacuum for
24 h. The samples were bonded to the metal table. Before the test, a thin layer of gold was uniformly plated on
the surface of the sample. The surface micro-morphology of the sample at four magnifications of 500x, 1000x,
2000x and 5000x was collected by 20 kV acceleration voltage, and the micro-images were output.

Test results and analysis
Unconfined compressive strength
The results of unconfined compressive strength test are shown in Figs. 4, 5, 6, 7 and 8.

Figure 4 shows the compressive strength of different coal gangue substitutions with 5% cementitious material
and the development curve of the compressive strength of the cement reference group with the curing age.
It can be seen from Fig. 4 that the compressive strength of CS, GSS and GCG increased with the increase of
age, and the growth rate slowed down obviously after 28 days, and then the strength increased slowly and
tended to be stable. In the early stage of specimen forming, the compressive strength of GSS3 group was much
higher than that of CS group, while in the later stage, the compressive strength of GSS3 group was still slightly
higher than that of CS group, but the difference was not significant. Specifically, the compressive strength of
GSS3 group was 7.76 MPa at 7 d, while that of CS group was 6.69 MPa. At the same amount of cementitious
materials, the compressive strength of GSS3 at 7 d, 28 d and 60 d was 16.0%, 5.64% and 2.65% higher than that
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Fig. 4. Unconfined compressive strength of GSS with different mix ratios.
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Fig. 5. Unconfined compressive strength of GSS group under different dosage of geopolymer.
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Fig. 6. Unconfined compressive strength of GCG15 group under different dosage of geopolymer.

of CS. The compressive strength of GSS3 group and the turning time of CS group were about 20 days. In the
process of strength development, the late strength improvement rate of GSS3 group was lower than that of CS
group. This is because the polymerization rate of geopolymer is higher, thus forming more three-dimensional
network structure, resulting in the early strength of GSS is higher than that of cement stabilized crushed stone,
and the later reaction rate decreases significantly. When the geopolymer is cured at room temperature for 5 h,
its compressive strength can reach a high level. If the curing method is more standardized and appropriate,
the strength of the geopolymer will further increase with the increase of the age, so it has good early strength
characteristics.

Figures 5, 6, 7 and 8 are the compressive strength of geopolymer stabilized coal gangue with different
replacement amounts of coal gangue with the change of geopolymer dosage. According to the analysis, with
the increase of the amount of geopolymer, the compressive strength of geopolymer stabilized coal gangue with
different replacement amounts of coal gangue is continuously improved. The 60 d compressive strength of
GSS group, GCG15 group, GCG30 group and GCG45 group is 8.02 MPa, 7.62 MPa, 7.04 MPa and 6.37 MPa
respectively when the amount of geopolymer is 3%, and the 60 d compressive strength is 14.33 MPa, 13.23 MPa,
12.19 MPa and 10.76 MPa respectively when the amount of geopolymer is 7%. They increased by 80.9%, 73.6%,
73.1% and 68.9% respectively. This is because as the amount of geopolymer increases, more zeolite precursors
(N-A-S-H) and hydrated calcium aluminosilicate gels are formed by the reaction, and more gels exist in the
pores between the aggregate surface and the aggregate, so that the cementation strength between the geopolymer
and the aggregate is improved, and the integrity is better, so that the strength of the geopolymer stabilized coal
gangue is improved.
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Fig. 8. Unconfined compressive strength of GCG45 group under different dosage of geopolymer.

Further analysis of Figs. 5, 6, 7 and 8 shows that the compressive strength of geopolymer stabilized coal gangue
at the same age increases rapidly when the dosage of geopolymer is 3-5%. When the dosage of geopolymer in
GSS group, GCG15 group, GCG30 group and GCG45 group increases from 3 to 5%, the compressive strength
increases by 44.9%, 42.3%, 45.3% and 45.4% respectively. When the dosage of geopolymer is 6% and 7%,
the compressive strength of geopolymer stabilized coal gangue increases by 23.3%, 22.1%, 19.2% and 8.0%
respectively compared with that of 5% geopolymer. On the one hand, when the amount of geopolymer is low, the
overall alkaline environment in the geopolymer stabilized coal gangue material is weak. In addition, the calcite in
natural gravel and coal gangue will dissolve some Si, Ca and Al elements to participate in the geopolymerization
reaction, thus further weakening the alkaline environment in the geopolymer stabilized coal gangue material, so
that the geopolymerization reaction can generate less gel that can form strength; On the other hand, when the
dosage of geopolymer is 3-5%, with the increase of the dosage of geopolymer, the products of geopolymerization
reaction increase, so that there are more gel substances between the aggregate surface and the aggregate, and
the bonding force between the aggregate and the aggregate increases to form an effective embedded structure,
thereby improving the strength of geopolymer stabilized coal gangue materials. However, when the amount of
local polymer is too large, it will destroy the interlocking and friction between aggregates to a certain extent. At
the same time, it will lead to an increase in the optimal water consumption of geopolymer stabilized coal gangue
materials, resulting in a decrease in the degree of compaction, so the strength growth rate slows down.
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Fig. 10. Indirect tensile strength of GSS group under different dosage of geopolymer.

Through the analysis of the unconfined compressive strength of each group at 7 d, 28 d and 60 d, it is
found that the unconfined compressive strength of geopolymer stabilized coal gangue materials with different
substitution rates is small when the dosage of geopolymer is 3% and 4%, and the growth rate slows down from
5 to 7%. Therefore, GSG15-3, GSG30-3 and GSG45-3 were selected to explore the influence of different coal
gangue substitution rates on the mechanical properties and durability of geopolymer stabilized coal gangue
materials. However, the dosage of different geopolymers also affects the mechanical properties and durability
of geopolymer stabilized materials. Therefore, GSS1, GSS2, GSS3, GSS4 and GSS5 were selected for subsequent
experiments. In addition, GSG30-3 was used as the control group, and five groups of rubber powder content
from RG-1 to RG-5 were set (0.3%, 0.6%, 0.9%, 1.2%, 1.5%).

Indirect tensile strength
The results of indirect tensile test for different mix ratios are shown in Figs. 9, 10, 11 and 12.

It can be seen from Fig. 9 that the indirect tensile strength of GSS material is slightly larger than that of
cement stabilized crushed stone under the same content of geopolymer instead of cement. When the dosage of
geopolymer is 5%, the indirect tensile strength of GSS3 at 7 d age is 0.76 MPa, while that of CS with the same
dosage of cementitious material is 0.63 MPa. The former is 20.63% higher than the latter. At the curing age of 28 d
and 60 d, the indirect tensile strength of GSS with 5% dosage is 1.22 MPa and 1.36 MPa, respectively, which is
5.23% and 6.25% higher than that of CS, respectively. This is mainly because the strength of geopolymer material
is formed faster, and the later strength growth rate is slower than that of cement stabilized crushed stone, which
leads to the smaller difference between the later strength of the specimen after geopolymer replacing cement and
that of cement stabilized crushed stone. It is still slightly larger than cement stabilized gravel.

Scientific Reports |

(2025) 15:4898 | https://doi.org/10.1038/s41598-025-88018-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1.4
—a— GSG15-3
- ® -GSG30-3
<12k --A--GSG45-3
& 8
=] =
gl‘o = ol
7]
2
a
Eo08
b3}
=
=
g
0.6 - Z,"
i
1 1 1
7 28 60

Instar (d)

Fig. 11. Indirect tensile strength of GCG45 group under different dosage of geopolymer.
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Fig. 12. Indirect tensile strength of mixtures with different rubber powder dosages.

It can be seen from Figs. 10 and 11 that with the increase of coal gangue replacement rate, the change trend
of indirect tensile strength and unconfined compressive strength of the specimens is similar, both of which show
a downward trend, and the rate of decline gradually increases. The indirect tensile strength of GSS group is the
largest under the five kinds of geopolymer dosage, and its strength increases with the increase of geopolymer
dosage, which is 0.47 MPa, 0.62 MPa, 0.76 MPa, 0.88 MPa and 0.95 MPa respectively. The indirect tensile
strength of GSG45 group was the smallest, and the strength was 0.29 MPa, 0.40 MPa, 0.56 MPa, 0.64 MPa
and 0.76 MPa, respectively. Taking 5% geopolymer dosage as an example, the 7 d indirect tensile strength of
GCG15, GCG30 and GCG45 groups decreased by 10.14%, 24.59% and 35.71% respectively compared with
GSS group with the increase of substitution amount. The indirect tensile strength of 28 d decreased by 4.27%,
19.6% and 35.55% respectively compared with GSS group with the increase of substitution amount. The indirect
tensile strength of 60 d decreased by 4.61%, 17.24% and 30.76% respectively compared with GSS group with
the increase of substitution amount. The reason for this change trend is similar to that of compressive strength.
This is because the internal pores of coal gangue are more and the internal structure is rock bedding, rock joints,
coal structure, coal asphalt bedding, which leads to its ability to resist damage when subjected to lateral external
force. Relatively low, followed by the fact that the needle-like content of coal gangue is more, the aggregate can
not form a better embedded structure, resulting in a decrease in friction and mechanical bite force between
the aggregates, which leads to a decrease in the indirect tensile strength of geopolymer-stabilized coal gangue
materials. In practical engineering applications, too much coal gangue substitution is more likely to cause cracks
in the base. It directly affects the service life of the road.

It can be seen from Fig. 12 that the incorporation of rubber powder has a negative effect on the indirect
tensile strength of geopolymer stabilized coal gangue. This is because when the rubber powder is mixed with
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Fig. 14. The variation trend of compressive resilience modulus with different substitution amount of
geopolymer content.

the geopolymer stabilized coal gangue, the bonding surface of the mixture will become more complex, resulting
in the combination between the rubber powder and the geopolymer and the aggregate is not close enough, and
the flexible rubber powder and the rigid aggregate deformation is not coordinated, resulting in a decrease in the
overall mechanical properties, which is not conducive to the growth of the splitting strength. When the amount
of rubber powder is too large, the rubber powder will also agglomerate, which is easy to crack and damage in the
rubber powder aggregation area, resulting in the deformation or damage of geopolymer stabilized coal gangue
material under external force or environmental change.

Compressive resilient modulus

The compressive rebound modulus test was carried out for different mix ratios to study the effect of the amount
of geopolymer and the amount of coal gangue substitution on the rebound modulus of geopolymer stabilized
coal gangue. The test results are shown in Figs. 13 and 14.

According to the analysis of Fig. 13, the compressive resilient modulus of the slag-based polymer stabilized
coal gangue material gradually decreases with the increase of the replacement rate of coal gangue. The maximum
compressive resilience modulus of the GSS3 group with a substitution amount of 0% is 2808 MPa; the compressive
resilient modulus of GCG15-3 group, GCG30-3 group and GCG45-3 group with coal gangue replacement rate
of 15%, 30% and 45% and geopolymer dosage of 5% were 2637 MPa, 2451 MPa and 2078 MPa, respectively,
which decreased by 6.2%, 12.7% and 26.0% compared with GSS3 group. This is because the elastic modulus of
coal gangue is lower than that of natural gravel. Natural gravel usually has good elastic modulus due to its hard
stone and stable structure. Due to the inhomogeneity of its composition and structure, the elastic modulus of
coal gangue is relatively low, which leads to the weakening of its anti-deformation ability. Secondly, the crushing
value of coal gangue is lower than that of natural gravel, and its ability to resist external load is lower. At the
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same time, the soft impurity content of the fine soil on the surface of the coal gangue aggregate is large, and the
water absorption rate is large, which leads to the increase of the optimal moisture content of the geopolymer
stabilized coal gangue material and the decrease of the maximum dry density, which directly affects the degree
of compaction and reduces the stiffness of the specimen.

Figure 14 shows the variation of compressive rebound modulus of GSS with the increase of geopolymer
content. It can be seen from the diagram that the content of geopolymer has a great influence on the compressive
resilient modulus of geopolymer stabilized materials. It can be seen from the fitting that the compressive resilient
modulus of slag-based geopolymer stabilized materials increases linearly with the increase of geopolymer
content. The content of geopolymer in the GSS group increased from 3 to 7%, and the compressive resilient
modulus increased from 1747 to 3401 MPa, an increase of 94.7%. This is due to the increase of the amount
of geopolymer, the increase of geopolymerization reaction products, and the formation of more hardened
substances. This not only enhances the cohesive force inside the geopolymer stabilized coal gangue material, but
also enables the material to better resist deformation when subjected to external forces, and enhances the ability
of the material to restore its original state after being subjected to pressure.

The compressive resilient modulus test results of slag-based geopolymer stabilized coal gangue materials with
different amounts of rubber powder are shown in Fig. 15.

It can be seen from Fig. 15 that the compressive resilience modulus of geopolymer stabilized coal gangue
materials will decrease with the increase of rubber powder content. The compressive resilience modulus of
rubber powder content from 0.3 to 1.5% is 2310 MPa, 2194 MPa, 2101 MPa, 2065 MPa, 2011 MPa, respectively,
compared with GSG30-3. The modulus decreased by 5.75%, 10.49%, 14.28%, 15.75%, and 17.95%, respectively.
It can be seen from the diagram that there is a nonlinear change between 0.3 and 1.5%. This is because the
modulus of geopolymer stabilized graded coal gangue mainly depends on the modulus and volume of each
component. As a flexible material, the elastic modulus of rubber powder is much smaller than that of geopolymer
and aggregate, so that the compressive elastic modulus of geopolymer stabilized coal gangue decreases.

Frost resistance analysis
The results of freeze-thaw test are shown in Fig. 16.

It can be seen from Fig. 16 that the compressive strength loss of the specimens in the GSS3 group was 95.7%
after 5 freeze-thaw cycles, and the BDR (The compressive strength loss of the specimen after n freeze-thaw
cycles) of the GS group was 95.0%. The GSS3 group was slightly larger than the GS group. This is because the
three-dimensional network structure of the geopolymer can effectively resist the erosion of water and ice crystals,
reduce the damage of the freeze-thaw cycle to the material structure, and the GSS has higher water stability
and durability than cement. Even in the harsh freeze-thaw environment, GSS can maintain good performance
stability, and it is not easy to crack and peel off.

With the increase of the amount of geopolymer, the BDR value of geopolymer stabilized macadam increases
continuously. The BDR values of GSS1, GSS2, GSS3, GSS4 and GSS5 are 89.4%, 94.3%, 95.7%, 97.0% and 97.4%
respectively, and the growth rate decreases gradually. The reason is that the higher amount of geopolymer means
that there are more geopolymer pastes in the GSS material to fill the voids between the aggregates, thereby
improving the compactness of the GSS material. This helps to reduce the space for water penetration and ice
crystal formation, thereby improving the frost resistance of GSS materials to a certain extent.
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Fig. 15. Compressive rebound modulus of mixtures with different rubber powder dosages.
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Fig. 17. Freeze—thaw tests on geopolymer stabilized coal gangue materials mixed with rubber powder.

The strength loss rate of geopolymer stabilized coal gangue increased with the increase of coal gangue
substitution rate. The BDR values of GCG15-3 group, GCG30-3 group and GCG45-3 group were 92.4%, 90.1%
and 87.3%, respectively, which were 3.45%, 5.85% and 8.78% lower than the 95.7% of the reference group. It can
be seen that the higher the substitution amount of coal gangue, the faster the BDR value of geopolymer stabilized
coal gangue material decreases. This is because the coal gangue itself contains more voids or incompletely burned
coal components. With the increase of coal gangue content, the porosity of geopolymer-stabilized coal gangue
may increase accordingly, resulting in the formation of weak points or voids inside the geopolymer-stabilized
coal gangue material, thereby increasing its permeability and water absorption capacity. During the freeze—thaw
cycle, the water in these voids is easy to freeze and expand, and the geopolymer stabilized coal gangue base
material cracks.

It can be seen from Fig. 17 that the strength loss rate of geopolymer stabilized coal gangue materials increases
with the increase of rubber powder content, and the greater the content of rubber powder, the more obvious the
BDR of the mixture decreases. The BDR of RG-1, RG-2, RG-3, RG-4 and RG-5 are 93.2%, 92.6%, 91.9%, 89.7%
and 86.2%, respectively. This shows that the incorporation of rubber powder has an adverse effect on the frost
resistance of geopolymer stabilized coal gangue materials. Because the bonding between the rubber powder
and the geopolymer is not dense, microcracks may occur in the specimen, which further increases the water
absorption of the geopolymer stabilized coal gangue material, and finally increases the internal expansion stress,
resulting in the loss of strength. Therefore, considering the freeze—thaw cycle durability of geopolymer stabilized
coal gangue materials, the rubber powder content should not be too large.
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Dry shrinkage (um)
Dry shrinkage age (d) | CS | GSS1 | GSS2 | GSS3 | GSS4 | GSS5 | GCG15-3 | GCG30-3 | GCG45-3
1 91 6 7 8 10 12 15 12 12
2 20 | 14 18 22 24 28 29 25 25
3 32 |24 29 37 40 45 41 38 38
4 44 | 34 39 51 55 63 53 52 52
5 57 |45 50 63 69 79 64 66 67
6 70 | 54 59 75 82 94 75 82 82
7 85 |61 68 85 95 107 86 95 99
9 100 |67 75 95 107 118 96 107 113
11 113 |71 81 104 116 128 105 117 125
13 123 |75 88 111 124 136 113 125 135
17 131 | 82 98 122 136 152 128 140 153
19 138 | 84 102 127 142 158 134 146 161
21 144 | 86 106 130 147 163 139 152 168
23 149 | 88 109 133 152 168 144 157 175
25 154 | 89 111 135 156 172 147 160 180
27 156 |90 113 136 159 176 150 163 185
29 158 |91 115 137 162 179 152 165 187
60 160 |95 120 142 169 186 157 171 194
90 164 |98 122 145 173 190 160 174 197

Table 11. Dry shrinkage of different proportions with age.

Water loss rate (%)
Dry shrinkage age (d) | CS | GSS1 | GSS2 | GSS3 | GSS4 | GSS5 | GCG15-3 | GCG30-3 | GCG45-3
1 0.82 058 |0.64 |0.70 0.81 0.88 |0.75 0.79 0.91
2 1.45 | 1.04 1.12 1.25 1.45 1.56 1.33 1.39 1.61
3 1.90 | 1.37 1.48 1.64 1.90 |2.04 1.74 1.81 2.10
4 2.22 | 1.59 1.72 1.91 2.22 2.38 2.03 2.11 2.46
5 246 | 1.77 1.91 2.11 2.47 2.63 2.25 2.34 2.73
6 263 1190 |206 |227 |265 |2.83 242 2.52 292
7 2.74 | 1.99 2.15 2.37 2.77 2.97 2.54 2.64 3.04
9 2.83 1206 |223 2.46 2.87 3.08 |2.64 2.74 3.14
11 290|212 |230 |253 2.96 317 | 272 2.83 3.23
13 297 | 2.18 2.36 2.59 3.03 3.25 2.79 2.90 3.30
17 3.03 | 2.23 241 2.65 3.09 332 |285 2.97 3.36
19 3.08 | 227 |245 2.70 3.15 338 |2.90 3.02 3.42
21 3.12 | 2.33 2.52 2.78 3.23 3.47 2.98 3.10 3.50
23 3.15 | 236 |255 2.81 3.26 350 |3.01 3.14 3.53
25 3.18 | 238 |257 |283 3.29 3.53 3.03 3.17 3.56
27 321|240 |259 2.86 3.32 3.56 |3.05 3.19 3.59
29 3.23 | 2.42 2.61 2.88 334 |3.58 |3.07 3.22 3.61
60 3251249 |2.68 2.96 3.42 3.67 3.15 331 3.69
90 3.33 | 2.55 2.73 3.01 3.48 3.73 3.22 3.39 3.76

Table 12. The water loss rate of different ratios with age.

Dry shrinkage performance analysis

Tables 11, 12, 13 and 14 are the development of drying shrinkage, water loss rate, drying shrinkage strain and
drying shrinkage coeflicient of geopolymer stabilized macadam and cement stabilized macadam and geopolymer
stabilized coal gangue with age. Figures 18, 19, 20, 21, 22, 23, 24 and 25 show the development of dry shrinkage,
water loss rate, dry shrinkage strain and dry shrinkage coefficient of GSS, cement stabilized crushed stone and
geopolymer stabilized coal gangue with age.
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Dry shrinkage strain (u€)
Dry shrinkage age (d) | CS GSS1 | GSS2 | GSS3 | GSS4 | GSS5 | GCG15-3 | GCG30-3 | GCG45-3
1 226 | 150 | 1.75 | 2.00 | 250 | 3.00 | 3.75 3.00 3.00
2 5.02 | 3.51 | 450 | 550 | 6.01 7.01 7.26 6.26 6.25
3 8.03 | 6.01 | 7.26 | 9.25 | 10.02 | 11.26 | 10.26 9.51 9.50
4 11.04 | 851 | 9.76 |12.76 | 13.77 | 15.76 | 13.26 13.02 13.01
5 17.56 | 13.52 | 14.76 | 18.76 | 20.53 | 23.52 | 18.76 20.53 20.51
6 21.32 | 15.27 | 17.02 | 21.26 |23.79 | 26.77 | 21.52 23.79 24.76
7 25.09 | 16.78 | 18.77 | 23.76 | 26.79 | 29.52 | 24.02 26.79 28.26
9 28.35 | 17.78 | 20.27 | 26.01 |29.04 | 32.02 |26.27 29.29 31.27
11 30.86 | 18.78 | 22.02 | 27.76 | 31.05 | 34.03 | 28.27 31.30 33.77
13 32.87 | 19.53 | 23.27 | 29.26 | 32.55 | 36.03 | 30.27 33.30 36.02
17 34.62 | 20.53 | 24.52 | 30.52 | 34.05 | 38.03 | 32.02 35.05 38.27
19 36.13 | 21.03 | 25.53 | 31.77 | 35.55 | 39.53 | 33.53 36.55 40.27
21 37.38 | 21.53 | 26.53 | 32.52 | 36.81 | 40.78 | 34.78 38.06 42.02
23 38.64 | 22.03 | 27.28 | 33.27 | 38.06 | 42.03 | 36.03 39.31 43.77
25 39.14 | 22.28 | 27.78 | 33.77 | 39.06 | 43.03 | 36.78 40.06 45.02
27 39.64 | 22.53 | 28.28 | 34.02 | 39.81 | 44.03 | 37.53 40.81 46.27
29 40.14 | 22.78 | 28.78 | 34.27 | 40.56 | 44.78 | 38.03 41.31 46.77
60 41.14 | 23.79 | 30.03 | 35.52 | 42.31 | 46.53 | 39.28 42.81 48.52
90 41.65 | 24.54 | 30.53 | 36.27 | 43.31 | 47.54 |40.03 43.57 49.27

Table 13. Dry shrinkage strain of different proportions changing with age.

Coefficient of shrinkage (%)
Dry shrinkage age (d) | CS GSS1 | GSS2 | GSS3 | GSS4 | GSS5 | GCG15-3 | GCG30-3 | GCG45-3
1 2.75 | 2.59 274 | 2.85 3.08 3.40 5.00 3.81 3.29
2 3.47 | 3.38 4.01 439 | 4.15 | 4.49 5.47 4.52 3.89
3 423 | 4.40 4.92 564 | 527 5.52 5.90 5.26 4.53
4 498 | 5.34 5.66 | 6.68 6.19 | 6.63 6.53 6.17 5.30
5 6.68 | 7.13 7.18 8.27 | 7.75 8.31 7.75 8.14 7.03
6 7.79 | 7.68 790 | 895 859 | 9.02 | 848 8.99 8.14
7 8.87 | 8.14 8.40 | 9.66 934 | 9.59 | 9.11 9.76 8.99
9 9.76 | 8.37 8.80 | 10.28 9.83 | 10.10 9.67 10.35 9.68
11 10.39 | 8.62 9.32 | 10.71 | 10.25 | 10.46 | 10.14 10.78 10.22
13 10.85 | 8.77 9.65 | 11.05 | 10.52 | 10.85 | 10.63 11.22 10.71
17 11.25 | 9.05 9.99 | 11.31 |10.82 | 11.26 | 11.05 11.61 11.20
19 11.58 | 9.13 10.26 | 11.59 | 11.14 | 11.54 | 11.40 11.93 11.64
21 11.85 | 9.22 10.53 | 11.71 | 11.39 | 11.76 | 11.69 12.26 12.00
23 12.14 | 9.33 10.71 | 11.85 | 11.66 | 12.01 | 11.99 12.53 12.39
25 12.20 | 9.35 10.80 | 11.91 |11.87 |12.19 | 12.13 12.65 12.63
27 12.27 | 9.38 10.90 | 11.90 | 12.01 | 12.38 | 12.29 12.78 12.89
29 12.36 | 9.42 11.02 | 11.90 | 12.16 | 12.51 | 12.37 12.85 12.96
60 12.36 | 9.55 11.21 |12.02 | 12.39 | 12.69 | 12.45 12.92 13.14
90 12.29 | 9.64 11.19 |12.03 | 12.45 | 12.73 | 12.44 12.84 13.12

Table 14. Dry shrinkage coefficients of different ratios with age.

Different cementitious materials

It can be seen from Fig. 18 that with the increase of dry shrinkage age, the dry shrinkage of GSS GSS3 group
and cement stabilized crushed stone CS group increased continuously. The dry shrinkage of cement stabilized
macadam increased rapidly in the first 20 days, and the growth rate began to slow down after 20 days. The
dry shrinkage of geopolymer stabilized macadam increased rapidly in the first 15 days, and the growth rate
began to slow down after 15 days. From the 9th day, the cumulative dry shrinkage of GS group exceeded that
of GSS3 group. Table 15 is the fitting equation of dry shrinkage and age. The fitting equation can better reflect
the relationship between dry shrinkage and age, and R? is greater than 0.99. It can be seen from Fig. 18 that the
final water loss rate of GSS3 group with geopolymer as cementitious material is higher than that of CS group
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Fig. 18. Curves of dry shrinkage of geopolymer stabilized coal gangue with different substitution amounts
with age.
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Fig. 19. Curves of dry shrinkage of geopolymer stabilized coal gangue with different dosage of geopolymer
with age.

with cement stabilized macadam, and the water loss rate of GSS3 group and CS group increases rapidly in the
first 7 days, and the growth rate slows down from 7 to 28 days, and tends to be stable after 28 days. The water
loss rate of CS group at 90 days is 3.33% higher than that of GSS group 3.01%. The fitting equation of water loss
rate and age in Table 16 can better reflect the relationship between water loss rate and age, and R? is greater than
0.99. It can be seen from Fig. 22 that the dry shrinkage strain of GSS is greater than that of cement stabilized
crushed stone in the first 6 days. From the 6th day, the dry shrinkage strain of cement stabilized crushed stone
exceeds that of GSS. At the age of 90 days, the dry shrinkage strain of CS group is 14.7% higher than that of
GSS3 group. The R? of the fitting equation shown in Table 17 is greater than 0.98, which can better characterize
the development process of dry shrinkage strain with the increase of age. It can be seen from Fig. 24 that the dry
shrinkage coefficient of slag-based GSS increases rapidly in the first 19 days, which is higher than that of cement
stabilized crushed stone. Then the dry shrinkage coeflicient of GSS is overtaken by cement stabilized crushed
stone. At the age of 90 days, the total dry shrinkage coefficient of geopolymer stabilized coal gangue is about 4%
smaller than that of cement stabilized crushed stone. The R? of the fitting equation of dry shrinkage coefficient of
inorganic binder stabilized materials with different proportions presented in Table 18 is greater than 0.98, which
can better describe the development process of dry shrinkage coefficient with the increase of age.
Comprehensive analysis of the above phenomena, because the early strength of geopolymer develops rapidly,
and the geopolymer reaction products form a more stable three-dimensional network structure, which makes
the cohesive force between aggregates greater and the integrity better. To a certain extent, it improves the ability
to resist shrinkage stress, thereby reducing drying shrinkage; combined with the compaction test results, it can
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Fig. 20. The curve of water loss rate of rubber powder-geopolymer stabilized coal gangue with age.
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Fig. 21. The curve of water loss rate of geopolymer stabilized coal gangue with different dosage of geopolymer
with age.
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Fig. 22. The curve of dry shrinkage strain with age of different substitution amount.
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Peer group | Fitting equation R?
(5t1)
CS y=177.76 [ 1 — e\ %14 — 14.458 0.9956
Gss1 y = 18.80 (1 - e(_ ) +o4.02(1- e(_ i) | _ 12.923 0.9943
Gss2 y = 42.273 (1 —e 4:05)) +90.786 (1 —e 11‘-93)) —11309 | g9975
T
GSS3 y = 50.995 (1 P G = = 10)) +108.130 (1 - e( 5-70)> —14.952 | 0.9985
GSS4 y = 81.852 <1 ESE] ) +106.959 <1 e(f 13-72)> —16.401 |0.9972
GSS5 y = 79.237 (1 T ) 1 128.628 (1 - e( 12’580)) ~18.385 | 0.9967
GSG15-3 |y = 159.201 <1 - e(g 88)) — 2.452 0.9977
GSG30-3 |y = 69.396 (1 - e(_ T1.76 )> 4 115.489 (1 - e(_ 15’567)) — 11.548 | 0.9966
y=1206.751 1 — e( 0363) | _ 10.472
GSG45-3 0.9968
Table 15. Fitting results of dry shrinkage of inorganic binder stabilized materials with different ratios.
o - 3
Peer group | Fitting equatl/on AR 2 PRI R
cs y=0.714 ((1 _ T ) +2.791 (1 _eU 7 ‘“’)) —0.192 | 0.9956
GSS1 y = 1.981 (1 )) +0.713 (1 _ T 7)) —0.151 | .9983
€T
GSS2 y = 0.737 (1—e )> +2.123 (1—e( 2-43)> —0.133 | 0.9982
GSS3 y = 2.342 <1 > +0.849 ( e(f 16‘86)> 0.182 | 0.9985
GSS4 y = 0.906 (1—e )> 4277 (1—e(_2541)> —0.201 |09983
GSS5 y = 2.922 <1 e > + 0.986 (1 —e T 1639 ) —0.183 | 0.9985
GSG15-3 |y = 0.843 (1 —e )> +2.510 ( ) 0.145 | 0.9985
GSG30-3 = 2.582 <1 T2hs > +0.937 ( TTTER ) 0.139 |0.9984
GSG45-3 |y = 3.091 <1 - e(f 2-39)> +0.877 (1 - e(f 1”7)) —0.213 | 0.9982

Table 16. Fitting results of water loss rate of inorganic binder stabilized materials with different ratios.

be seen that the optimal water content of the GSS3 group is 4.0% less than 4.4% of the CS group. In the process of
early strength formation, the water required for the reaction of the cementitious material is mainly provided by
the water inside the mixture, so the water loss rate of the GSS is lower than that of the cement stabilized crushed
stone. The evaporation of water will cause the water loss of the gel, and the colloidal particles that lose the water
film will be subjected to molecular attraction, resulting in volume shrinkage. The increase of water loss rate leads

to the increase of dry shrinkage coeflicient of inorganic binder stabilized materials.
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Peer group | Fitting equation R?

cs y = 46.192 (1 - 6(713)) — 5.368 0.9883
GSS1 y = 5.303 <1e(_5§38)> +25.211 <1e(_4%9)> —4.812  |09827
(1 —e\ & 42)) + 23.565 (1 - e<41‘52)) —4.476 | 0.9910
<1 _\"som ) +6.570 <1 - e(_ﬁ) —6.022 | 09914
GSS4 y = 15.844 (1 —e\ 20 92)) + 34.372 (1 —e )
( + 18.271 ( 19105)) —4.582 |0.9885
(“ ( )

GSS2 = 11.552

GSS3 y = 36.059

x
~ 159

— 6.686 | 0.9881

GSS5 y = 36.609

x
GSG15-3 |y = 22.614 BRER — 3.033 |0.9924

) + 20.422

)) + 35.316
GSG45-3 |y = 31.016 <1 - e(_ 5-39)) +24.111 (1 - e<_ 15-089)) — 5.756 | 0.9976

,L
GSG30-3 |y = 14.012 e\ 526 — 5.648 | 0.9871

Table 17. Fitting results of drying shrinkage strain of inorganic binder stabilized materials with different

ratios.
Peer group | Fitting equatlon R?
y = —12.035 1—6(“5) +12.419
CS 0.9870
GSS1 y = 9.226 (1 _ 7 > +0.170 0.9756

GSS2 y = 7.491 (1 R ) +3.051 ( 6(1?’%9)> +0.715 | 0.9917
GSS3 y = 11.415 <1 - e( )) +0.485 0.9948
GSS4 y =2.913 (1 AT ) +8.926 (1 - e(‘*%“f‘)> + 0.686 | 0.9884
GSS5 y = 8.528 (1 e\ T00 > +3.321 ( 6(15181>> +0.952 | 0.9883

€T
GSG15-3 |y = —8.842 (1 - e( 8 27) + 12.485 0.9901
GSG30-3 |y = —11.093 (1 - e(f 6‘31)) +12.796 0.9838
GSG45-3 |y = —11.603 (1 - e(f 7‘88)) +13.052 0.9854

Table 18. Fitting results of dry shrinkage coefficient of inorganic binder stabilized materials with different
proportions.
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Different coal gangue substitution amount

Figures 18, 20, 22 and 24 also reflect the variation of dry shrinkage, water loss rate, dry shrinkage strain and
dry shrinkage coeflicient of geopolymer stabilized coal gangue with different coal gangue substitution rates
with the increase of age, all of which show an upward trend, and increase rapidly in the early stage and tend to
be gentle after 28 days. Comprehensive analysis shows that with the increase of coal gangue substitution rate,
the dry shrinkage, water loss rate, dry shrinkage strain and dry shrinkage coefficient of geopolymer stabilized
coal gangue increase. The dry shrinkage of geopolymer stabilized coal gangue with substitution rate of 15%,
30% and 45% increases by 10.3%, 20.0% and 35.8% respectively compared with that of 0%. The water loss rate
increased by 6.9%, 12.6% and 24.9% respectively. The dry shrinkage strain increased by 10.3%, 20.1% and 35.8%,
respectively. The dry shrinkage coefficient increased by 3.4%, 6.7% and 9.1%, respectively. This is because the
coal gangue itself is porous and has a high water absorption rate, resulting in a higher optimum water content of
the geopolymer-stabilized coal gangue material. Correspondingly, in the strength formation stage, the water loss
rate will also increase. Secondly, the surface of the coal gangue may dissolve in the alkaline environment. The
participation of silicon and aluminum elements in the polymerization reaction will also absorb part of the water,
resulting in a larger interaction between the particles inside the specimen, showing a greater shrinkage stress. In
addition, the anti-deformation ability of coal gangue is worse than that of natural gravel, so the drying shrinkage
coeflicient increases with the increase of coal gangue substitution rate.

Different amount of geopolymer
It can be seen from Figs. 19, 21, 23 and 25 that the dry shrinkage, water loss rate, dry shrinkage strain and dry
shrinkage coefficient of GSS increase with the increase of geopolymer content, and the early growth rate is
faster. This is because with the increase of the amount of geopolymer, the water required for the polymerization
reaction is more and more, resulting in the increase of the water loss rate of the geopolymer stabilized macadam
material. Secondly, the increase of the amount of geopolymer will make the polymerization reaction more
intense, the spacing between the powder particles in the mixture becomes smaller, and the interaction force
between the particles is enhanced, so that the shrinkage stress in the specimen increases, and the dry shrinkage
is increasing. The fitting equation shown in Table 15 can effectively characterize the relationship between age and
dry shrinkage. In addition, it can be seen from the compaction test results that with the increase of geopolymer
content, the optimum water content of GSS increases continuously. Because most of the water required for
early water evaporation and geopolymerization reaction comes from free water in the mixture, the water loss
rate increases. Table 16 is the fitting curve equation of water loss rate of geopolymer stabilized coal gangue with
different mix ratios, and R? is greater than 0.99. The relationship between water loss rate and dry shrinkage age
can be well characterized by fitting equation and fitting curve.According to the drying shrinkage mechanism,
the higher the water loss rate, the higher the internal humidity of the specimen at the end of the month, the loss
of water will cause the formation of water—air meniscus in the capillary, resulting in hydrostatic tensile stress,
resulting in volume shrinkage. The macroscopic performance is that the greater the water loss rate, the drying
shrinkage is about obvious, so the geopolymer stabilized coal gangue material will increase with the increase of
the amount of geopolymer, and the drying shrinkage coefficient will continue to increase. Further analysis of
Fig. 25 shows that when the amount of geopolymer is from 5 to 7%, the 90 d drying shrinkage coeflicient is not
much different. This is because when the amount of geopolymer is large, the geopolymer stabilized macadam has
a strong polymerization reaction in the early stage, and the later strength is basically stable. The influence of the
external environment on it will also become smaller.

The freeze-drying shrinkage test of slag-based geopolymer stabilized coal gangue materials with different
amounts of rubber powder was carried out. The dry shrinkage and water loss rate of different drying ages were
recorded according to the specifications. The test results and Figs. 26 and 27, the fitting curve equation is shown
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Fig. 26. Dry shrinkage of geopolymer stabilized coal gangue material mixed with rubber powder.
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Fig. 27. Water loss rate of geopolymer stabilized coal gangue material mixed with rubber powder.

Qg . 2
Peer group | Fitting equatu}n A R
y=-165358 | 1 — ATTe) ) L igosin
RG-1 0.9962
y=-156.180 | 1 — U5 ) ) 51382
RG-2 0.9968
y=—145.916 [ 1 — e(f T3 +140.805
RG-3 0.9975
y=—135.880( 1 — A TT) +132.262
RG-4 0.9955
y=-127571 [ 1 — LTI ) ) 03051
RG-5 0.9965
Table 19. Dry shrinkage fitting equation.
Peer group | Fitting equation R?
RG-1 y = —2.197¢" 45 — 0.652¢~ T8.4T + 2.682 | 09989
RG-2 y = —2.185¢~ 285 — 0.736¢~ T6.94 4 2.781 | 0.9988
RG-3 y = —2.355¢ T4 — 0.674e” TT.39T + 2.874 | 0.9988
RG-4 y = —2.469¢” TAT — 0.783¢~ T7.38 4 3.052 | 0.9984
RG-5 y = —2.555¢" 237 — 0.781e~ T6.04 + 3.123 | 0.9981

Table 20. Fitting equation of water loss rate.

in Tables 19 and 20. The results of shrinkage strain and shrinkage coefficient obtained by calculation are shown
in Figs. 28 and 29, and the fitting curve equation is shown in Tables 21 and 22.

It can be seen from Figs. 26 and 27 that the dry shrinkage and water loss rate of geopolymer stabilized coal
gangue materials with rubber powder increase with the increase of dry shrinkage age, but the growth rate shows
different changing rules. The fitting equations in Tables 19 and 20 can well reflect the relationship between
dry shrinkage, water loss rate and dry shrinkage age. Combined with the fitting equation, it can be seen that
the dry shrinkage of the five groups of content reached the peak at 4-6d, and the growth rate of the water loss
rate showed a downward trend, which was smaller than that of the geopolymer stabilized coal gangue material
without rubber powder. In addition, with the increase of rubber powder content, the final dry shrinkage and
water loss rate of geopolymer stabilized coal gangue materials continue to decrease.
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Fig. 28. Dry shrinkage strain of geopolymer stabilized coal gangue material mixed with rubber powder.
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Fig. 29. Dry shrinkage coefficient of geopolymer stabilized coal gangue material mixed with rubber powder.

Peer group | Fitting equation R?

RG-1 y = —41.415¢~ T1.62 + 40.198 | 0.9962
RG-2 y = —39.113¢~ T1.56 + 37.910 | 0.9961
RG-3 y = —36.543¢~ T1.43 + 35.263 | 0.9968
RG-4 y = —34.030e~ TT.16 + 33.124 | 09966
RG-5 y = —31.949¢ T1.09 + 30.864 | 0.9968

Table 21. Dry shrinkage strain fitting equation.

Through the analysis of Table 20 and Figs. 28 and 29, it can be seen that the dry shrinkage strain and dry
shrinkage coefficient of the geopolymer stabilized coal gangue material with rubber powder increase with the
increase of dry shrinkage age, which is similar to the GSG30-3 group without rubber powder. In the first 20 days,
the growth rate increased rapidly, the growth rate slowed down from 20 to 28 days, and the growth rate tended
to be stable after 28 days. The fitting equations shown in Tables 21 and 22 can accurately express the relationship
between dry shrinkage strain and dry shrinkage coefficient and dry shrinkage age. In addition, it can be seen
that the total dry shrinkage strain and dry shrinkage coefficient of RG-1, RG-2, RG-3, RG-4 and RG-5 decrease
with the increase of rubber powder content, and the larger the content, the greater the decrease. The total dry
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Peer group | Fitting equation R?
RG-1 y = —10.942e¢™ T0.51 4 12.962 | 0.9937
RG-2 y = —10.634e™ 10.72 +12.593 | 0.9951
RG-3 y = —10.734e™ T0.63 + 12.428 | 0.9953
RG-4 y = —10.239¢~ T0:37 + 12.053 | 0.9941
RG-> y = —9.996¢~ TO07 + 11.692 | 0.9958

Table 22. Dry shrinkage coefficient fitting equation.

shrinkage strains were 40.32 p€&, 38.07 p€, 35.31 p&, 33.31 pu€ and 31.05 pE, respectively, which were 7.5%,
12.6%, 19.0%, 23.5% and 28.87% lower than those in the GSG30-3 group. The dry shrinkage coefficients were
12.78%, 12.42%, 12.27%, 11.95% and 11.55%, respectively, which were 0.46%, 3.27%, 4.44%, 6.93% and 10.05%
lower than those in the GSG30-3 group. The reason may be that the incorporation of rubber powder reduces the
water content of the geopolymer stabilized coal gangue specimen, so that the water loss rate of the mixture with
rubber powder is less than that of the mixture without rubber powder. On the other hand, as an elastic material,
rubber powder can absorb and disperse the shrinkage stress generated by the geopolymer stabilized coal gangue
material during the drying process, and reduce the capillary tension, adsorbed water and intermolecular force
caused by water evaporation to a certain extent, thereby reducing the drying shrinkage. The dry shrinkage
coefficient of the specimen mixed with rubber powder increases slowly with the age, which is beneficial to
delay the cracking of the base layer. As the volume of rubber becomes larger, the improvement effect on the dry
shrinkage characteristics is more obvious.

Micro performance analysis
Figure 30 is the micro-morphology of 7 d cement mortar samples with different magnifications after mechanical
test.

The surface of cement particles at 7 d age may be covered with some initially formed hydration products,
such as hydrated calcium silicate (C-S-H) gel. These hydration products show a relatively small morphology
and have not yet formed a complete internal structure. It can be seen from Fig. 30a and b that the surface of
the cement mortar sample is relatively flat under the magnification of 500 times and 1000 times, and there is
no obvious grain and gully feeling, indicating that the compound formed in the early stage of the reaction of
the cementitious material forms the early strength. It can be seen from Fig. 30c and d that the morphological
characteristics of hydration products can be seen more clearly due to the increase of multiples. Due to the large
gap between the solid phases in the cement paste at the initial stage of hydration, the hydrate is less, the growth
space is large, and it is easy to identify. Fibrous and grid hydrated calcium silicate hydrate (C-S-H gel) and
flake Ca (OH), grow well and have a complete shape. In addition, there is a large amount of acicular ettringite
formation.

Figure 31 shows the micro-morphology of geopolymer mortar samples after mechanical tests at 7 d ages with
different magnifications.

The main hydration products in the geopolymer system include hydrated calcium aluminosilicate (C-A-S-H)
and hydrated sodium aluminosilicate (N-A-S-H) gels. Unlike traditional cement-based composites, strength
development does not depend on the formation of hydrated calcium silicate (C-S-H), but on the quality and
quantity of C-A-S-H/N-A-S-H gels*”%%. It can be seen from Fig. 31a that the morphology of the slag-based
geopolymer has a lamellar structure similar to that of the slag powder particles, with a dense microstructure
and a complete structure, which means that the cementitious material fully reacts to form a dense C-A-S-H
structure. It can be seen from Fig. 31b that the fly ash particles in the two states, the unreacted fly ash particles
are fuzzy spherical particles, and the partially reacted fly ash is similar to a ring, and the unreacted slag powder
particles are irregular blocks with layered silicate accumulation, which gradually disappear during the hydration
process. The reaction of fly ash particles is carried out from the surface to the inside and is surrounded by
hydration products. Fly ash particles have smooth shells and porous interiors. Subsequently, the fly ash particles
are filled with hydrated products or replaced by hydrated products. This is because the calcium content of slag
powder is higher than that of fly ash, and the early strength is formed quickly. The dissolution of silicon and
aluminum in fly ash is very slow, and it can be clearly seen from Fig. 31c and d. When calcium ions are dissolved
from the raw material slag powder, they preferentially combine with the Si ions in the solution and precipitate as
hydrated calcium silicate, which may be rich in alkali. Because of its low solubility, the precipitation of C-S-H
is better than that of Ca (OH),.

Figures 32 and 33 are the EDS spectra of cement mortar and geopolymer, respectively. In order to verify the
composition of spherical, flake and flocculent structures, the surface distribution of geopolymer materials was
tested. The test results are shown in Fig. 34.

By analyzing Figs. 32 and 33, it can be seen that the main elements contained in cement are O (50.7%), C
(16.7%), A1 (2.8%), Si (11.2%), Ca (14.6%), etc., and the main elements contained in geopolymer are Fe (0.11%),
C (37.1%), A1 (0.44%), Si (0.87%), Ca (61.43%), etc.

Combined with the surface distribution results of Fig. 34, it can be seen that the two cementitious materials
are mainly O, Al, Si, Mg, Ca, K and Fe. The uniformity of the distribution of geopolymer materials has a great
influence on the formation of strength. Therefore, in order to investigate the distribution of each element in the
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Fig. 30. Microscopic morphology of cement mortar samples at 7 d age.

cementitious material powder, the surface of the cementitious material powder is magnified to 1000 times. It
can be seen from the surface distribution of Ca, C, Al Si and Fe five elements. The distribution of each element
component of the geopolymer cementitious material is relatively uniform, and no component segregation occurs.
This further indicates that the geopolymer material has good dispersibility after the polymerization reaction and
can fully cement with the aggregate, indicating that C-A-S-H and N-A-S-H are the main components of the
geopolymer gel.

Figure 35 is the scanning electron microscope micro-morphology of the geopolymer-stabilized coal gangue
of the RG-4 group with rubber powder, and Fig. 36 is a simplified schematic diagram of rubber powder in the
geopolymer-stabilized coal gangue material.

It can be seen from Fig. 35 that the rubber powder is wrapped by C-S-H and C-A-S-H gels, and the rubber
powder is filled in pores and cracks, indicating that the interface between the rubber powder and the geopolymer
reaction product is good, and the thickness of the interface transition zone is small.

Analysis of Fig. 36, combined with Fig. 35, it can be seen that when subjected to external forces, the particles
will overcome the frictional resistance, move and fill each other to form a new arrangement. In this process, the
particles will deform, the voids will decrease, and the density will increase. When the external force increases, the
energy of particle movement and filling will also increase, making the material more dense. This densification
process helps to resist shrinkage deformation. At the same time, rubber powder has excellent tensile and
deformation ability. When the shrinkage deformation of geopolymer stabilized coal gangue occurs during the
formation of strength, the rubber powder can use its elastic properties to absorb part of the shrinkage stress,
thereby reducing the shrinkage deformation of geopolymer stabilized coal gangue.

Conclusion

(1) With the same amount of cementitious materials, the compressive strength, indirect tensile strength and
compressive resilient modulus of geopolymer stabilized macadam are slightly higher than those of cement
stabilized macadam. Because the three-dimensional network structure of geopolymer can effectively resist
water erosion and geopolymer has the characteristics of early strength, it can effectively reduce the damage

Scientific Reports | (2025) 15:4898 | https://doi.org/10.1038/s41598-025-88018-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

3

Partially reacted fly ash

C-(A)-S-H gel

Pi7 i

LR \ o 2 - 2 . g
PE L A0 REAT, BV SLIREEAR e, SN > b /2 A » 10.0um
3.0kV 7.9mm x2.00k SE(UL)

(c) SEM2000-fold (d) SEM5000-fold

Fig. 31. Microscopic morphology of geopolymer mortar samples at 7 d age.
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Fig. 32. EDS spectra of cement mortar.

of freeze-thaw cycle to the material structure and can just resist the internal stress of the specimen due to
water loss. The frost resistance and dry shrinkage performance are also better than those of cement stabi-
lized macadam.

(2) With the increase of the amount of geopolymer, the strength of GSS is also increasing, and the strength
growth rate is faster when the amount of geopolymer is 3-5%, and the strength change rate of 6-7% is low-
er. The compressive resilient modulus of slag-based geopolymer stabilized materials increases linearly with
the increase of geopolymer content. Although its frost resistance is also getting better, the rate of increase is
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Fig. 33. EDS spectra of geopolymer mortar.
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Fig. 35. RG-4 groups of geopolymer stabilized coal gangue material microscopic morphology.

(©)

gradually decreasing. In addition, the drying shrinkage coefficient is increasing, and the anti-drying shrink-
age performance of the specimen is reduced.

The addition of coal gangue is unfavorable to the compressive strength and indirect tensile strength of the
material, and the greater the content, the more the mechanical properties of the specimen decrease, and
the compressive resilient modulus of the slag-based polymer stabilized coal gangue mixture also shows a
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36. Simplified schematic diagram of rubber powder in geopolymer stabilized coal gangue specimen.

downward trend. Because the coal gangue itself contains more voids, the geopolymer stabilized coal gangue
material may form weak points or voids inside, thereby increasing its permeability and water absorption
capacity. Therefore, with the increase of coal gangue content, its frost resistance and dry shrinkage perfor-
mance are worse than the benchmark group.

The incorporation of rubber powder will have a negative impact on the mechanical properties of slag-based
geopolymer-stabilized coal gangue materials. With the increase of rubber powder content, the mass loss
rate of slag-based geopolymer-stabilized coal gangue materials after freeze-thaw cycles continues to in-
crease, and the greater the amount of rubber powder, the more obvious the BDR of the mixture decreases.
However, as an elastic material, rubber powder can absorb and disperse stress and reduce the shrinkage
stress generated by geopolymer-stabilized coal gangue materials during drying. Therefore, the addition
of rubber powder can significantly improve the dry shrinkage performance of geopolymer stabilized coal
gangue materials. The optimum dosage is 1.2%, and the dry shrinkage coefficient is reduced by 12.1%.
Calcium silicate hydrate gel (C-S-H) and calcium aluminosilicate hydrate gel (C-A-S-H) were formed by
polycondensation of slag powder and silica contained in water glass solution. The bonding effect of C-S-H
generated by slag can be used as a condensation nucleus to promote the formation of N-A-S-H gel from fly
ash. The rubber powder not only has a filling effect on the voids in the geopolymer stabilized coal gangue
material, but also the movement and filling energy of the rubber powder particles will increase, thereby im-
proving the compressive resilience modulus of the geopolymer stabilized coal gangue material and reducing
the shrinkage deformation of the geopolymer stabilized coal gangue.

In this paper, slag and fly ash are used as precursors to prepare geopolymers by alkali activation. Due to the
diversity of raw materials and preparation methods of geopolymers, there are also differences between alkali
activation and acid activation. Therefore, it is necessary to prepare geopolymers with different raw materials
to obtain better cementitious materials.

Data availability
Some or all data, models, or code that support the findings of thisstudy are available from the corresponding
author upon reasonable request.
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