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The aim of this study is to investigate the engineering properties and solidification mechanism of loess through the use of alkali-
activated coal gangue powder with sodium silicate. Experimental methods and comprehensive analysis were employed to examine
the effects of different proportions of alkali-activated coal gangue powder with sodium silicate on the engineering properties of
loess, including mass shrinkage, compressibility, and shear strength. Additionally, scanning electron microscopy was utilized to
gain in-depth insights into the interaction and solidification mechanism between loess and alkali-activated coal gangue powder.
The results show that the sodium silicate alkali-activated gangue powder curing loess has significantly improved the compressive
strength and shear strength of the loess. With a ratio of 7:2: 1, the 28 days compressive strength of solidified loess is 1.7 MPa, and
the shear strength is 67.92 kPa, which is 1.91 and 2.13 times the 28 days compressive strength and shear strength of unmixed
gangue powder and sodium silicate specimens respectively. The hydration—hydrolysis reaction, ion-exchange reaction, and volca-
nic ash reaction of the gangue powder under an alkaline environment generated hydrides that filled the pores between soil particles,
enhanced the interparticle cohesion, and made the internal structure of the specimens denser, improving the engineering perfor-
mance of loess solidification. The proposed sodium silicate alkali-activated gangue powder curing loess mechanism can provide a

theoretical reference for the engineering application of gangue powder and the curing modification of loess.

1. Introduction

Loess is widely distributed in Asia, Europe, America, and
Africa, covering approximately 10% of the global land area
[1]. However, loess possesses unique geotechnical character-
istics. Macroscopically, it has developed joints, fractures, and
piping channels, which contribute to significant structural
behavior. Microscopically, its loose and porous structure is
prone to deformation upon contact with water, exhibiting
pronounced destructiveness [2]. Due to the special properties
of loess, such as its susceptibility to collapse and damage
under loading and wetting, the geological and ecological
environment of loess plateaus is extremely fragile. It has
become one of the regions with the most severe soil erosion
worldwide and is also highly prone to geological hazards [3].
Since 1949, human engineering activities have intensified

and resulted in various geological disasters with adverse con-
sequences to the Loess Plateau [4, 5]. For example, secondary
disasters caused by a sharp rise in the water table [6], as well
as massive infrastructure damage and casualties caused by
landslides [6-10]. Loess, as a typical problematic soil, has
generated numerous issues in geotechnical engineering, ecologi-
cal environment, and geological hazards. Therefore, employing
appropriate solidification methods to enhance the physical and
mechanical properties of loess and analyzing the mechanisms
behind performance improvement using materials science
approaches and methods have become a focal point of research
in the field of loess solidification in geotechnical engineering.
Some investigations presented an early classification of
loess improvement curing methods, as well as a more com-
prehensive discussion [11, 12]. Li et al. [13] investigated the
effect of quicklime on the strength, water-stability, and
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TasLE 1: Main chemical composition of loess (%).

SIOZ AL203 CaO MgO Kzo F6203 Na20
40.31 19.03 17.36 6.73 4.5 7.52 2.05
TasLE 2: Main chemical composition of coal gangue powder (%).

SiO, AL,0, CaO MgO K,O Fe, 05
54.21 18.03 3.37 1.46 0.98 0.59
TaBLE 3: Main chemical composition of sodium silicate.

Na,O (%) SiO, (%) Modulus Stack density Whiteness (%) Dissolution rate S (60°C, 1%)

21.73 60.44 2.87 0.55 91.34 77

compressibility of loess. Liu et al. [14] examined the effect of
NaOH and KOH on the curing of loess by sodium silicate
alkali-activated fly ash-based aggregates. Li et al. [15] assessed
the mechanism and strength characteristics of calcium
lignosulfonate-cured collapsible loess. Xia et al. [16] investi-
gated the compressive strength and engineering applicability
of different ratios of fly ash-based materials for curing the
loess soil of railway roadbeds. Some researchers studied the
effect of a hydrophobic curing agent on the basic physical
properties and compressive strength of solidified loess
[17,18]. Lv et al. [19] studied the microstructure and mecha-
nism of three forms of cured saline soils, including sodium
silicate, diatomaceous ash, and sodium silicate mixed with
diatomaceous ash. Qian et al. [20] examined the modification
of raw soil properties using a fluidized bed and calcined FGD
gypsum from solid sulfur ash. Zha et al. [21] conducted a
study on the engineering properties of modified expansive
soils using fly ash and lime-fly ash admixtures.

It’s easy to notice that most previous studies have predomi-
nantly utilized cement and lime as the binding agents for stabi-
lizing loess. However, the conventional use of cement and lime
for soil solidification carries substantial environmental conse-
quences, which do not align with today’s low-carbon develop-
ment ideals. On the other hand, coal gangue, an industrial waste
with limited economic value, exhibits significantly lower carbon
emissions compared to traditional cement. Hence, it represents
an economically viable, eco-friendly alternative for solidifying
loess. In light of this, this study employs coal gangue and an
alkali activator to produce a low-carbon geopolymer binding
material, in lieu of cement or lime. This study investigates the
impact of sodium silicate on the engineering properties of
alkali-activated coal gangue powder in the solidification of loess
and explores the underlying curing mechanisms. This study not
only enhances coal gangue utilization and reduces cement con-
sumption, fostering sustainable development, but also provides
valuable insights into the application of geopolymer soil stabi-
lizers in engineering. It broadens the environmental benefits
and practical applications of coal gangue waste, aligning with
the contemporary ethos of low-carbon development and carry-
ing significant real-world implications.

2. Experimental Study on Solidification of Loess
with Sodium Silicate Alkali-Activated Coal
Gangue Powder

2.1. Materials

2.1.1. Raw Soil. The raw soil used for the test was Q3 loess
from Xifeng District, Qingyang City, Gansu Province, China,
with a relative density of 2.7, a plastic limit of 18%, and a
liquid limit of 30.1%. The main chemical composition is
shown in Table 1. The main chemical composition is shown
in Table 1. The raw soil sample was passed through a 5 mm
standard sieve, and the mixing water was ordinary tap water.

2.1.2. Coal Gangue Powder. The gangue powder tested in this
study was provided by a building material sales department
in Hebei with a density of 2.3 g/cm’, with a specific surface
area of 930 m”/kg of ordinary coal gangue powder. The main
chemical composition of ordinary gangue powder is shown
in Table 2.

2.1.3. Sodium Silicate. The sodium silicate used in the test
was instant powdered sodium silicate produced by a com-
pany in Qingdao. The main chemical composition is shown
in Table 3.

2.2. Test Plan. The test was based on the consideration of the
economical and effective range of materials when blended
with different doses. Five groups of ratios were designed
according to the specific conditions of the materials, as
shown in Table 4.

where the water—solid ratio is the ratio of water to solid
material, and the water-reducing agent is 1% of the cementi-
tious material.

2.3. Test Methods

2.3.1. Specimen Preparation and Maintenance. The raw soil
with a 5mm sieve was dried in an oven at 110°C in accor-
dance with the Standard for Geotechnical Test Methods
(GBT50123-2019), prepared by light compaction according
to the ratios shown in Table 3, and six cylindrical
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TaBLE 4: Test plan.

Sample Raw soil (%) Coal gangue powder (%) Sodium silicate (%) Water reducer (%) Water—solid ratio (%)
JC1 100 0 0 1 22
JC2 91 5 4 1 22
JC3 84 10 6 1 22
JC4 78 15 8 1 22
JC5 70 20 10 1 22

(b)
FIGURE 1: 28 days apparent of each group of specimens: (a) JC1, (b) JC2, (c) JC3, (d) JC4, and (e) JC5.

compression specimens of @ 102 mm X 116 mm were made
for each group. The shear strength specimens were cut by
means of a @ 61.8 mm X 20 mm ring cutter after light com-
paction, and eight specimens were taken from each group.
The compression and shear specimens were placed in
a maintenance room for 28 days at a temperature of
20—-30°C with a relative humidity of 60%—80%. A specimen
from each group was selected for the compressive specimens
to record the change in mass drying and shrinkage over a
period of 28 days.

2.3.2. Compression Test. The specimen compression test was
carried out by using a microcomputer-controlled universal
testing machine to load a cylindrical compressive specimen
of @ 102 mm X 116 mm without lateral limit after 28 days of
curing at a loading rate of 1 mm/min. The load and displace-
ment of the specimen were recorded. When the load dropped
to 85% of the peak load, the specimen was considered to be
damaged as the end condition of the test.

2.3.3. Shear Test. The shear strength of the specimens was
tested using a ZJ strain-controlled straight shear apparatus in
a fast shear mode after 28 days of curing, with a shear speed
of 0.8 mm/min and vertical pressures of 100, 200, 300, and
400 kPa. The cohesion and angle of internal friction of each
group of specimens were calculated.

3. Evaluation of the Mechanical Performance of
Solidification Loess

3.1. Specimen Apparent and Mass Dry Down Results. The
specimens were kept at a temperature of 20—30°C. Figure 1
shows the appearance of the specimens at 28 days. During
the maintenance period, the mass drying shrinkage of each
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FiGure 2: Changes in mass drying shrinkage during the 28-day
curing period for different specimens.

group of specimens was recorded. The change in mass drying
shrinkage of the specimens during the maintenance period
was plotted, as shown in Figure 2.

Figure 1 shows that within 28 days of specimen mainte-
nance, due to the evaporation of curing water and mineral
hydration reactions, the salt accumulated on the outer sur-
face. The outer crust thickness of specimen JC2 is only about
2mm, and the sealing effect is not satisfactory. There is salt
crystal precipitation on the outer surface, forming salt frost
in the surface layer, which is most obvious around the top, as



shown in Figure 1(b). The outer crust of JC5 is approxi-
mately 15 mm thick.

Figure 2 shows the mass of each group of specimens
decreased as the curing time increased. The mass of JCl1,
JC2, JC3, JC4, and JC5 specimens decreased by 309.5,
311.3, 299.5, 273.2, and JC5283.6 g, respectively, at 28 days.
There was little or no change in the height or diameter of the
specimens.

3.2. Compression Test Analysis

3.2.1. Damage Characteristics of Compression Test. Using a
microcomputer-controlled universal testing machine with a
1 mm/min loading rate, each group of specimens with typical
damage forms is shown in Figure 3(a) load—displacement
curve is shown in Figure 4. According to Figures 3 and 4,
the damage pattern and damage process of each group of
specimens are essentially similar. When the test machine first
started to load, there was no obvious change on the surface of
the specimen. As the load is gradually increased, fine cracks
appear on the upper surface of the specimen mostly in an up-
and-down direction. As the load continues to increase, the
fine cracks gradually extend downwards and become multi-
ple longitudinal cracks, which slowly widen in width as they
extend. When the specimen is loaded to the peak load, the
crack extends to the lower surface of the specimen, forming a
longitudinal penetration crack on the surface. The crack
width then spreads further under load, and part of the soil
falls off the surface of the specimen and the specimen is
damaged.

3.2.2. Compression Test Results. Specimen compression test
results for Table 5 can be seen as follows: specimens mixed
with coal gangue powder and sodium silicate curing loess
have improved compressive strength, while specimens not
mixed with coal gangue powder and sodium silicate curing
loess exhibit compression strengths of 1.13, 1.07, 1.64, and
1.91 times, respectively. The compressive strength of the
modified raw soil specimens in combination with 20% coal
gangue powder and 10% sodium silicate (JC5 group) was the
highest, reaching 1.7 MPa. The results show that the com-
pressive strength of the solidified loess specimens can be
improved by sodium silicate alkali-activated coal gangue
powder under the condition of reasonable dosing. The

(c)
FiGure 3: Typical damage patterns for each group of specimens: (a) JC1, (b) JC2, (c) JC3, (d) JC4, and (e) JC5.
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ductility ratio of each group of specimens (JC2-JC5) mixed
with coal gangue powder and sodium silicate curing loess is
reduced compared with the ductility ratio of JC1 group spe-
cimens not mixed with coal gangue powder and sodium
silicate curing loess, which are 87%, 89%, 96%, and 86%
of JC1 group specimens. In comparison to the ductility ratio
of JC1 group specimens, the ductility ratios of each group of
specimens (JC2-JC5) mixed with gangue powder and sodium
silicate solidified loess were 87%, 89%, 96%, and 86%, respec-
tively, for the JC1 group specimens. Mixing coal gangue
powder with sodium silicate curing loess will reduce the
ductility ratio, but the reduction is not large, just 15%.

3.3. Shear Test Analysis. Figures 5 and 6 show the shear test
specimens and post-shear test specimens for each group, and
the shear strength versus vertical pressure curves for each
group of specimens are shown in Figure 7. The linear fitting
analysis of the curve in Figure 7 suggests that the cohesive
forces of the specimens in the JCI to JC5 groups are 31.87,
34.15, 40.61, 59.76 and 67.92 kPa respectively; the internal
friction angles are 11.34°, 10.05°, 12.83°, 10.23°, 10.23°, and
15.59°, respectively. A close angle of internal friction exists
between each group of specimens, with the smallest cohesive
force of the JCI group specimens, the largest cohesive force
of the JC5 group specimens, which is 2.13 times greater than
the cohesive force of the JC1 group specimens, and an
enhanced cohesive force is observed for sodium silicate
alkali-activated gangue powder curing loess.

4. Solidification Mechanism of Loess by Sodium
Silicate Alkali-Activated Coal Gangue Powder

To further investigate the solidification mechanism of sodium
silicate alkali-activated coal gangue powder solidified loess,
specimens were taken from the core and shell parts of each
group of specimens after the destruction of the compressive
performance test, placed in anhydrous ethanol to terminate
hydration, vacuum-dried and the block samples were gold
sprayed and tested using a Gemini 300 (ZEISS, Germany)
scanning electron microscope to analyze their microscopic
morphology.

Figures 8 and 9 show the core and shell parts of the
specimens in the JC1 to JC5 groups at 2,000x typical micro-
scopic scanning electron microscopy (SEM) photographs,
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TasLE 5: Compression test results for specimens.

Mean peak Mean limit Compressive strength .
Mean peak . . . Ductility
Sample displacement displacement Mean Standard Coefficient of .
load (kN) o RO ratio
(mm) (mm) (MPa) deviations variation
JC1 7.23 3.061 4.062 0.89 0.035 0.039 1.33
JC2 8.22 3.025 3.506 1.01 0.134 0.133 1.16
JC3 7.77 3.609 4.299 0.95 0.227 0.239 1.19
JC4 11.97 3.231 4.177 1.46 0.325 0.222 1.29
JC5 13.86 2.587 2.981 1.70 0.164 0.097 1.15
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FIGURE 6: Specimen form after shear test.

respectively. According to the figures, JC1 group specimens
are not mixed with curing materials, the soil structure is
loose, particles are arranged in a disorderly manner, and
there are more voids in the soil. As sodium silicate and
coal gangue powder are added to the JC2 to JC5 group

FIGure 7: Shear strength versus vertical pressure curve for each
group of specimens.

specimens and mixing is increased, coal gangue powder
not only performs a microaggregate filling and physical fill-
ing role but also in an alkaline environment, AL—O and
Si—O bonds in coal gangue powder will be dissolved, and
silicon and aluminum ion monomer will be continuously
dissolved. Dissolved ions such as (SiO,)*~ and (AlO,)’~ com-
bine with cations Ca®* to undergo a volcanic ash reaction,
forming a cementitious material mainly composed of silicon
and aluminum-hydrated calcium silicate (Ca-nSiO,-mH,0)
and hydrated calcium aluminate (Ca-nAl,O;-mH,0), further
filling of soil pores within the raw soil forms strong binding
and bonding forces, thus increasing the strength of cured
soil. As well, under alkaline conditions, with appropriate
levels of SO,*~ and Ga®*, calcium aluminates (3Ca0O-Al,O5-
3CaSO,mH,0) may be produced with the active silica-
aluminous material. The needle-like rods seen in Figures 8(d),
8(e), 9(d), and 9(e) may be hydration products such as cal-
cium alumina (3Ca0O-Al,05;-3CaSO,-mH,0), which cross
and embed into each other as the specimen ages, causing
the material voids to be filled and improving the internal
compactness of the cured soil sample. The addition of
water-reducing agents in the cured soil sample system will
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FiGure 8: SEM images of the core of each group of specimens at 28 days: (a) JC1, (b) JC2, (c) JC3, (d) JC4, and (e) JC5.

further exert a dispersing and lubricating effect on the gangue
powder and soil in an alkaline environment, reducing the
amount of water used in curing and the porosity after curing,
thus enhancing the engineering performance of the sodium
silicate alkali-activated gangue powder solidified loess.

5. Conclusions

The compression and shear strength development of loess
using sodium silicate alkali-activated gangue powder as cur-
ing material was studied, and its microstructure was tested.
The following conclusions are drawn:

(1) The compression strength of the loess was greatly
improved by using sodium silicate alkali-activated gangue
powder. With the increase of sodium silicate and gangue
powder, the overall compression strength of loess tends to

increase; in the ratio of loess, gangue powder, and sodium
silicate is 7:2:1 (JC5 group specimens), the average
compression strength of loess specimens is the high-
est, reaching 1.7 MPa, which is 1.91 times the com-
pressive strength of JC1 group specimens.

(2) The sodium silicate alkali-activated gangue powder

curing loess has a great improvement on the shear
strength of loess. In the ratio of loess, gangue powder,
and sodium silicate was 7:2:1 (JC5 group speci-
mens), the cohesive force of solidified loess specimens
was the highest, and the angle of internal friction was
also the largest, reaching 67.92 kPa, which was 2.13
times as much as in JC1 group specimens.

(3) Sodium silicate alkali-activated gangue powder cur-

ing loess mechanism is due to the alkaline conditions;
gangue powder occurs in the hydration hydrolysis
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FiGure 9: SEM images of the shell of each group of specimens at 28 days: (a) JC1, (b) JC2, (c) JC3, (d) JC4, and (e) JC5.

reaction, ion exchange effect, and volcanic ash reac-
tion generated hydrides fill the pores between the soil
particles. This enhances the cohesion between the
particles, so that the internal structure of the speci-
men is more dense, so that the engineering properties
of solidified loess are enhanced.
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