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Abstract
As the foundation structure of highway engineering, the quality of the subgrade determines the service
life of highway engineering. Under this condition, the �lling soils are frequently improved for raising the
stability of the subgrade. Proper utilization of lower-cost waste materials will reduce demand for natural
materials and the cost of construction. In this study, the red Pisha sandstone (RPS) and carbide slag (CS)
as green and sustainable materials to reinforce the silty clay. The improvement effect was evaluated
through freeze-thaw cycles test, triaxial compression strength test, particle-size distribution test, X-ray
diffraction test, and scanning electron microscopy test. The results indicated that the addition of 15wt.%
RPS and 15wt.% CS increased about 136% of the triaxial compressive strength of silty clay. With the
increase of freeze-thaw cycles, the strength loss ratio and the deformation change slightly. It also has the
excellent function of freezing and thawing resistance and shear strength. The key factors for the superior
mechanical performance of RPS-CS stabilized silty clay are that more sand-size particles are bene�cial to
the hydration reactions of RPS and CS during the entire curing time, adequate �occulation and
agglomeration of soil particles occurred. Many small-sized rounded and plate-like CSH gels �lled most of
the soils pores and isolated pores fractures became fewer in the samples, which produced a denser and
less permeable material. The outcomes of this research will contribute to the utilization of red Pisha
sandstone and carbide slag as a sustainable stabilizer in highway subgrade applications in seasonal
frozen regions. 

1. Introduction
The area of the seasonal frozen soil is about 51,370,000 km2, which accounts for approximately 53.5% of
China’s land area (Zhou, Ma et al. 2018, Chen, Guo et al. 2020). Many engineering projects, such as dams,
highways, and railway oil pipelines, have been built in seasonal frozen regions due to the development of
the economy and the utilization of energy and natural resources. However, the physical and mechanical
properties of subgrade soils will deteriorate due to the freeze-thaw cycles, which leads to more
engineering problems (Chen, Guo et al. 2020, Du, Liu et al. 2021). With the implementation of “The Belt
and Road Initiative” strategy, the density of the tra�c network will be gradually increased and the tra�c
volume increases continuously. More and more engineering projects have been built in regions that lack
natural and high-quality soils. Thus, to extend the service time of the subgrade and reduce construction
costs, the �lling soils are frequently strengthened by different improved methods.

At present, in order to change low bearing capacity, many ameliorative measures have been applied to
strengthen the soil properties. Chemical stabilization is an effective method to improve the engineering
properties of silty clay (Dong and Wang 2019), and a lot of industrial by-products have been treated as
low-carbon and less energy intensive materials and are widely used in civil engineering (Cai, Du et al.
2015, Yi, Gu et al. 2016, Maria, Farhan et al. 2021). This is because large quantities of industrial waste
materials are usually piled outside factories or land�lled in some designated areas (Mmada, Amrb et al.
2021). A large amount of soil is occupied and environmental pollution is caused. Meanwhile, their
storage involves di�culties in terms of long-term stability. Thus, a large number of scholars utilized
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industrial waste materials to produce sustainable building materials for reducing the harmful impact on
people and the environment and save costs (Yi, Zheng et al. 2015, Ruan and Unluer 2016, Singh and
Subramaniam 2019, Zhang, Sojobi et al. 2019).

Carbide slag (CS) is an industrial by-product which widely used to improve the material properties of soil
(soft soil, silty soil, saline soil, and expansive soil, etc.) of subgrade (Cardoso, Fernandes et al. 2009).
Researchers pointed out that carbide slag is better than other materials (�y ash and quick lime) in
improving the swelling property of expansive soil (Zhang, Lv et al. 2019). CS can be used as an
alternative stabilizer of quick lime or other materials in highway subgrade applications (Jiang, Du et al.
2015). This is mainly because that carbide slag has a �ner particle size, greater speci�c surface area, and
higher pH value than others. The soil particle �occulation and agglomeration at the early stage and
pozzolanic reactions during the entire curing time are more adequate. As a result, the mechanical strength
of CS-stabilized soils has signi�cantly increased. A few studies indicated that CS, as industry waste, has
more economic and environmental bene�ts compared to MgO (Jiang, Du et al. 2015, Yi, Zheng et al.
2015). It can be seen that highway subgrade construction has been identi�ed as an avenue to consume
huge quantities of CS as a chemical additive for soil stabilization. According to statistics, about 90 to 114
tons of carbide slag was produced in China every year. A large number of areas were used to store these
industrial wastes (Yi, Gu et al. 2016). To expand its use scope, the storage of carbide slag can be
decrease and the negative environmental impacts can also be reduced.

The red Pisha sandstone (RPS) is a sediment source of the Yellow River, which is composed of
amorphous clay minerals and crystalline minerals. It is widely distributed in northwestern China with an
area of more than 16,700 km2. The bonded mechanism of RPS was bad and it has an unsatisfactory
petrographic structure, it is very hard like the rock when it is dry. However, it would collapse into sand
quickly when it is immersed in water due to the expansion of soggy clay minerals. Thus, its special
structural characteristics caused environmental damage such as land deserti�cation and soil erosion. In
order to control these phenomena, the research of RPS has focused on improving its weak native
structure and reducing the weathering rate after exposure to water (Liang, Yang et al. 2016, Li, Dong et al.
2018). In recent years, some studies focus on the recycling use of RPS has been conducted because this
material has the advantage of large storage and price moderate (Su, Zhang et al. 2013, Wang, Deng et al.
2020). The soft rock and sand compound soil technique greatly reduces the phenomenon that the
generates soil erosion and wasting of resources Researchers studied the soil quality development status
of a new type of mixed composite soil of soft rock and sand in the Mu Su sandy land during the long-
term planting process (Zhang, Guo et al. 2021). They found that the particle size of Pisha sandstone and
aeolian sand soil are complementary, and Pisha sandstone can be used as a natural material to restore
sandy land into cultivated land. In addition, some scholars suggested that the RPS is a potential
alternative material with a better improvement effect than standard sand in geotechnical applications (Li,
Zhang et al. 2016, Li, Dong et al. 2018, Dong, Li et al. 2019). They found that natural RPS can partly
dissolve in alkali solutions (NaOH), in which the active SiO2 and Al2O3 in natural RPS form geopolymers.
But the rate of dissolution of active SiO2 and Al2O3 is insu�cient to produce a binder with high strength.
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The addition of blast furnace slag or �y ash results in the formation of a large number of geopolymers
and hydration products in RPS, thus the strength is increased (Sivasakthi, Jeyalakshmi et al. 2021).
Gradually, some low-cost supplementary cementitious materials and geopolymers cement can be
developed in natural red Pisha Sandstone for realized the resource utilization of RPS. Thus, it may be a
bene�cial exploration to apply RPS in improving subgrade soil as an ameliorating material. However,
there have been few studies focusing on the improvement of silty clay with RPS and some inorganic
compound materials (cement, lime, and industrial wastes, etc.).

To expand the usage degree of RPS, industrial waste residue, and reduce the subgrade disease, this study
investigates the utilization of RPS, CS, and RPS-CS blends for silty clay stabilization in the seasonal
frozen regions. A series of tests, including freeze-thaw cycles test, triaxial compression strength (TCS)
test, particle size distribution (PSD) test, X-ray diffraction (XRD) test, and scanning electron microscopy
(SEM) test, were conducted in the laboratory. Subsequently, the properties of the improved silty clay were
analyzed comprehensively from the physical, chemical, and microstructure aspects. The goal of this
study is to enhance the sustainable utilization degree of red Pisha sandstone and carbide slag and
reduction in demand for natural high-quality soils and the cost of construction.

2 Materials And Methods

2.1 Material properties

2.1.1 Silty clay
The silty clay, which was obtained from a highway construction �eld in Lanzhou, China, was used in this
study (Fig. 1). The basic physical and engineering properties of the soil are listed in Table 1. The PSD
curve of the silty clay is shown in Fig. 2. The main chemical properties are shown in Fig. 3.
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Table 1
Physical parameters of silty clay

Property Value

Liquid limit, wL(%) 28.35

Plastic limit, wP(%) 13.04

Maximum dry density, ρd,max(g/cm3) 1.78

Optimum moisture content, wopt(%) 16.16

Speci�c surface area (m2/g) 11.46

Particle-size distribution (%)  

Clay (<2µm) 4.77

Silt (2µm to 74µm) 92.35

Sand (>74µm) 2.88

2.1.2 Red Pisha sandstone and carbide slag
The Rad Pisha sandstone (RPS) and carbide slag (CS) were collected from Yanglin City, Shaanxi
Province, China (Fig. 1). Their basic physical characteristics were listed in Table 2. The PSD curves of
RPS and CS are shown in Fig. 4. The maximum particle size of red Pisha sandstone is within the range of
400-600 µm and carbide slag is 50-100 µm. The main chemical properties are shown in Fig. 5.

Table 2
Basic physical properties of RPS and CS

Property RPS CS

Speci�c surface area (m2/g) 3.39 10.30

Particle-size distribution (%)

Clay (<0.002mm) 0 2.19

Silt (0.002mm to 0.074mm) 6.50 62.76

Sand (>0.074mm) 93.50 35.05

2.2 Sample preparation
The admixtures and dry silty clay were mixed �rstly, and then the required water was added. The mix
proportions of the mixture were listed in Table 3. For all the samples, the ratio of water was kept at a
constant value of 16%. The samples were prepared as cylinders with 39.1 mm in diameter and 80.0 mm
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in height. After being removed from the molds, three samples for each formulation were wrapped and
insulated in plastic bags to prevent them from evaporation. All prepared samples were subsequently
cured at 20°C ±2°C and relative humidity of 95% ±3 % for 7 days before testing.

Table 3
Mix proportion of mixture (wt.%)

Group Type Solid Powder Mix proportions s/b#

S RPS CS

A A 100 0 0 0.16

B B1 90 10 0

B2 85 15 0

B3 80 20 0

C C1 90 0 10

C2 85 0 15

C3 80 0 20

D D1 85 10 5

D2 80 10 10

E E1 80 15 5

E2 75 15 10

E3 70 15 15

2.3 Freeze-thaw cycles test
The soil samples with good mechanical properties were selected for the following freeze-thaw cycles test.
The samples were put in a temperature-control environmental box (temperature accuracy is ±0.5°C).
According to previous work (Qu, Ni et al. 2020), the samples were frozen at -20℃ for 12 h and thawed at
20℃ for 12 h. The freeze-thaw procedure was conducted in a closed system without water supply. The
soil samples experienced different cycle numbers of 0, 5, 10, 15, and 20.

2.4 Experimental method
2.4.1Triaxial compression strength test (TCS)

All triaxial tests were performed by applying the GDS unsaturated soil triaxial system (Fig. 6). Referred to
the previous experience, a constant axial displacement rate of 0.4 mm/min was adopted. The con�ning
pressure of all the triaxial tests was controlled as 100 kPa, 200 kPa, and 400 kPa, respectively. During the
tests, load and deformation data were recorded and stored by the data acquisition system. After the axial
deformation reached 15%, the test was stopped.
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2.4.2 Particle-size distribution test (PSD)
PSD tests were conducted using a Mastersizer 2000 laser particle-size analyzer after freeze-thaw cycles.
Prior to PSD analysis, all soil specimens were air-dried and grinded through a 0.075mm sieve. Then, a
15g grinded specimen was mixed with su�cient distilled water and subjected to the PSD analysis.

2.4.3 X-ray diffraction test (XRD)
XRD tests are carried to examine the chemical composition of the raw materials and the samples after
the triaxial test and freeze-thaw test by a German Bruker D8 instrument. A Cu-Kα X-ray tube with an input
voltage of 40 kV and a current of 40 mA was utilized. Prior to the test, both these soil specimens were
dried and then grinded into a sieve with 0.038 mm. The XRD spectra were carried out between 2θ range of
5°and 90°at a scan rate of 2°/min. A step size of 0.02° was used.

2.4.4 Scanning electron microscope test (SEM)
The microstructure of samples (after freeze-thaw cycles) was observed by a Quanta FEG450 scanning
electron microscope at an accelerating voltage of 20kV. And the chemical elementals analyses were
performed by an energy dispersive X-ray spectroscope device equipped with this SEM system. In
particular, all samples in the experiment were dried and sprayed with gold, and the microscopic images
needed for analysis were obtained by scanning electron microscopy.

3 Results And Discussion
3.1 Macroscopic mechanical characteristics

3.1.1 Stress-strain response of triaxial compression test

 (a) In�uence of admixtures on the stress-strain curves

The stress-strain types of the soil samples with different con�ning pressures and admixtures volume
fractions are presented in Fig. 7. It can be seen that these samples behave as softening and plastic
characteristics in the presence of con�ning pressure. The plastic behavior is re�ected in Group A and
Group B samples. The softening characteristic is observed particularly in the Group C samples. This
softening characteristic is present slightly in the Group D and Group E samples. For higher con�ning
pressure (400 kPa), these samples have a tendency to develop with plastic characteristics. One important
reason is that with the increase of con�ning pressure, the inhibiting function on the radial deformation of
the sample is enhanced, which directly causes to the transformation of the curve feature (Farnam,
Moosavi et al. 2010). 

For Fig. 7(b), at any volume fraction of red Pisha sandstone content, the plastic behaviors of Group B
samples are not changed compared with sample A. According to Fig.7(c), the softening
characteristic showed a signi�cant improvement by increasing carbide slag content. With increasing
carbide slag content in a constant red Pisha sandstone content, these plastic behaviors have a tendency
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to change to the softening behaviors in Fig.5 (d) and (e). It is remarkable that a transition from softening
to plastic behavior can be predicted between 5 to 10 wt.% carbide slag in Fig.7 (d). 

 (b) Strength characteristics

Peak strength versus red Pisha sandstone and carbide slag content of soil samples are plotted in Fig.8
(a). Note that the maximum deviatoric stress observed during the triaxial test on each specimen was
recorded as the peak strength in softening behavior curves. And For the plastic behavior curves or
hardening behavior curves, the deviatoric stress at 15% axial strain was determined as the peak strength.
As illustrated in the �gure, the peak deviatoric stress was in�uenced by both the content of red Pisha
sandstone and carbide slag. To analyze the overall trend of strength change, the strength change ratio a
is introduced:  

Where qi is the peak strength of Group B to Group E samples; qA is the peak strength of sample A.

In Fig.8 (b), the relationship between strength change ratio and admixtures and volume fractions is
shown. For Group B samples, by increasing red Pisha sandstone content in a constant con�ning pressure
condition, the strengths no obvious change. Only adding red Pisha sandstone up to 15wt.% volume
fraction of silt clay is even smaller than the strength of the plain silt clay. For the Group C samples which
are containing only carbide slag, the strengths increase obviously with the increase of carbide slag
volume. Take the sample with the con�ning pressure of 200 kPa as an example, the strengths of the
samples in Group C are increased by about 124%, 143%, and 189% compared with sample A, respectively.
When carbide slag and red Pisha sandstone are mixed into the soil at the same time, the peak strength of
sample E3 is best. The strength change ratio is 136% under 200 kPa con�ning pressure. 

Failure patterns of these samples under the triaxial compression test are shown in Fig.9. Since the failure
modes were approximately similar in all the con�ning pressure ranges, the pictures for the 200 kPa
con�ning pressure test are depicted. As shown in this �gure, sample A (plain silty clay) and Group B
samples are plastic deformations. The deformation of group B samples is slightly less than that of
sample A. The Group C samples are obviously brittle deformation. The shear failures were observed on a
distinguished diagonal plane above the soil samples. And these samples also show other multiple shear
cracks during loading. With the increase of the content of carbide slag (from 10wt.% to 20 wt.%), the
failure mode becomes more obvious. In addition, no obvious shear failure surface was formed on Group
D and Group E samples, and there was a slight bulge and shear in the middle of the samples. This
indicates that adding red Pisha sandstone may lead to a more ductile behavior and seems to be su�cient
to prevent crack propagation and lateral expansion. As a result, the failure mode of these samples is
changed from brittle failure mode to plastic failure mode. 
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From what has been discussed above, it is clearly found that the red Pisha sandstone plays a less
signi�cant role in triaxial properties with increasing con�ning pressure to RPS-stabilized soil. There is
little change in strength and deformation. For CS-stabilized silty clays, an increase in volume fraction of
carbide slag increases to strength in soil. However, the deformation which showed a distinguished
diagonal plane and multiple shear cracks were obviously aggravated. For RPS-CS stabilized silty clays,
the strength was increased and a combination of shear and bulge mode of failure was observed.
Meanwhile, the degree of deformation does not vary much. 

Therefore, it can be considered that the samples of CS-stabilized silty clay (C1,10wt.% CS) and RPS-CS
stabilized silty clay (E3, 15wt.% RPS and 15wt.% CS) have a better improvement effect. In the following,
only these specimens were subjected to freeze-thaw cycles test, PSD test, XRD test, and SEM test. 

3.1.2 The ability of freezing and thawing resistance (C1 and E3) 

(a) In�uence of freeze-thaw cycles on strength characteristics 

Triaxial compression results of C1 (CS-stabilized silty clay) and E3 (RPS-CS stabilized silty clay) under
different freeze-thaw cycles and con�ning pressure conditions are shown in Fig.10. The con�ning
pressure has little effect on the curve type, and all of them show softening behavior. The freeze-thaw
cycles' have an obvious effect on the stress-strain behavior. For CS-stabilized silty clays, the peak
deviatoric points gradually move to the right with the increase of freeze-thaw cycles. However, the number
of freeze-thaw cycles has a slight effect on the residual stress. The characteristics of RPS-CS stabilized
silty clays are basically opposite to those of CS-stabilized silty clays. The peak points did not move with
the increase of freeze-thaw cycles. The residual stress decrease with the increase of freeze-thaw cycles
under 100 kPa con�ning pressure. When the con�ning pressure values are 200 kPa and 400 kPa, the
residual stresses are basically the same values under freeze-thaw cycles ≤10. The residual stresses have
a tendency to decrease under freeze-thaw cycles 10. Thus, it can be considered that the 5 freeze-thaw
cycles are the critical value of soil stability for RPS-CS stabilized silty clay. 

The variation of the peak strength with the con�ning pressure under different freeze-thaw conditions is
summarized in Fig. 11(a). It can be seen that the peak strength of CS-stabilized silty clays tends to
decrease with increasing freeze-thaw cycles; while the freeze-thaw cycles have little in�uence on the peak
strength of RPS-CS stabilized silty clays. Comparing with the lower con�ning pressure, the sample at
higher con�ning pressure has a larger loss on the peak strength. Fig.11(b) shows the relationship
between the strength loss ratio and the freeze-thaw cycles, respectively. The maximum strength loss ratio
of CS-stabilized silty clays is 0.137 under the con�ning pressure of 400 kPa, the freeze-thaw cycles of 20.
The minimum strength loss ratio is 0.018 under the con�ning pressure of 100 kPa, the freeze-thaw cycles
of 5. The maximum strength loss ratio of RPS-CS stabilized silty clays is 0.047 under the 100 kPa
con�ning pressure, the 15 freeze-thaw cycles. The minimum strength loss ratio is 0.004 under the 400
kPa con�ning pressure, the 5 freeze-thaw cycles. On the whole, the strength loss ratio of CS-stabilized
silty clays is greater than that of RPS-CS stabilized silty clays. 
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Since the failure modes were approximately similar in all the con�ning pressure ranges, failure patterns
of CS-stabilized silty clays and RPS-CS stabilized silty clays under the 200 kPa con�ning pressure test are
depicted in Fig.12. For CS-stabilized silty clays, shear failure was observed on a diagonal plane which is
typical of the brittle materials at the top of the �gure. After freeze-thaw cycles, the shear plane angle of
the sample decreases, but the distinguished shear plane is still obvious. And these samples also show
other multiple shear cracks during the freeze-thaw process. For RPS-CS stabilized silty clays, the failure
mechanism is bulging and shearing at the bottom of the picture. And all shear planes are smaller than
those of CS-stabilized silty clays. Therefore, it is clearly found that the RPS-CS stabilized silty clays have
smaller deformation during the freeze-thaw process.

3.1.3 Shear indexes 

According to the Mohr-coulomb theory, the internal friction angle (j) and cohesive force (c) of these
samples are calculated, as presented in Fig.13. It can be seen that with the increase of freeze-thaw cycles,
the internal friction angle of CS-stabilized silty clays decreases gradually (from 35° to 30°), while the
internal friction angle of RPS-CS stabilized silty clays has little change. This suggests that the effect of
freeze-thaw cycles on the internal friction angle of CS-stabilized silty clays is more obvious. It is known
from the cohesive force of RPS-CS stabilized silty clays gradually decreases with the increase of freeze-
thaw cycles. The cohesive force of CS-stabilized silty clays shows a trend of decreasing �rst and then
increasing. And, the change range of cohesion force of RPS-CS stabilized silty clays is smaller. 

With the view of the quantitative point, the conclusion that the freeze-thaw cycles have a greater effect
on cohesive force and internal friction angle of CS-stabilized silty clays than that of RPS-CS stabilized
silty clays is veri�ed again (Li, Li et al. 2018). This further explains the deformation of RPS-CS stabilized
silty clays is less than CS-stabilized silty clays after multiple freeze-thaw cycles, combined with Fig. 12.

3.2 Microscopic reinforcement mechanism

3.2.1 PSD test results  

(a) Variation of particle size distribution

Fig.14 presents the particle size gradation curves for CS-stabilized silty clays and RPS-CS stabilized silty
clays under different freeze-thaw cycles, respectively. It can be summarized that during the freeze-thaw
cycle process, the particle size becomes small.

At presented, in Fig.14(a), a larger peak exists in the 50mm -100 mm and a smaller peak exists in the
200mm -500mm for CS-stabilized silty clay without freeze-thaw cycle. The �rst peak moves to the left
and decreases under 5 freeze-thaw cycles. And the second wave peak also decreases, but there is
basically no moved leftward and rightward. When the freeze-thaw cycle is more than 10 times, the �rst
peak starts to increase and the second peak gradually disappears. Eventually, there is only one peak on
each of the curves. Fig.14(b) and Table 4 shows that for RPS-CS stabilized silty clay without freeze-thaw
cycle, two obvious peaks appear on the curve in the particle size range of 50mm -100mm and 400mm
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-600mm, respectively. The �rst peaks gradually increase and the second peaks gradually disappear with
the increase of freeze-thaw cycles. At the same time, these peaks do not shift from side to side.
Ultimately, the clay-sized particle percentage increased from 0.607% to 2.715% for CS-stabilized silty clay,
which is higher than those of RPS-CS stabilized silty clay (from 1.027% to 0.607%) after 20 freeze-thaw
cycles. The silt-sized particle percentage increases substantially from 48.176% to 61.974% and from
39.152% to 58.127%, respectively. And RPS-CS stabilized silty clay has more sand-size particles than CS-
stabilized silty clay.

Some experts believed that the short-term �occulation formation and long-term pozzolanic reactions
result in changes in clay-sized and sand-sized particle percentages in the stabilized soils (Tran, Cui et al.
2014). The �occulation contributes to the agglomeration of �ne particles and the synthesized pozzolanic
products would coat the surface of soil particles, both making a relatively high fraction of coarse-grained
particles (Kampala, Horpibulsuk et al. 2013, Tran, Cui et al. 2014, Jiang, Du et al. 2015).

Table 4 Results of PSD test.

Soil Freeze-Thaw
cycles

Clay-sized particle
(<2mm) (%)

Silt-sized particle
(2mm to 74mm)  (%)

Sand-sized particle
(>74mm) (%)

C1 0 0.607 48.176 51.217

5 2.511 58.611 38.878

10 2.615 60.974 36.411

15 2.496 60.790 36.714

20 2.715 61.974 35.311

E3 0 1.027 39.152 59.821

5 1.724 49.145 49.131

10 1.767 51.901 46.332

15 1.110 54.283 44.607

20 0.617 58.127 41.256

(b) Grading coe�cient

The grading coe�cients of all samples are shown in Table 5. When the uniformity coe�cient (Cu) is
greater than or equal to 5, the soil sample is inhomogeneous soil. And when the curvature coe�cient (Cc)
is in the range of 1 and 3, the grain size distribution of soil samples is good. It can be seen from the table
that the Cu of CS-stabilized silty clays increases at �rst and then decreases with the increase of freeze-
thaw cycles. The number of freeze-thaw cycles is greater than 10 times, and the Cu basically remains
unchanged ( 5) and the non-uniformity is signi�cant. The Cc is in the range of 1 and 1.31, and the particle
size distribution is good. The Cu of RPS-CS stabilized silty clays decreases with the increase of freeze-
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thaw cycles. When freeze-thaw is greater than 10 times, the particles are relatively uniform (Cu 5). The Cc

is in the range of 1 and 1.13, and the particle grading is a little worse than that of CS-stabilized silty clay. 

Table 5 Grading coe�cients of samples 

Soil Freeze-thaw 
 cycles 

Characteristic particle size(mm) Grading parameter 

D10 D30 D50 D60 Cu Cc 

C1 0 19.969 43.613 71.262 91.882 4.634 1.021 

5 11.083 30.977 52.118 67.112 6.055 1.290 

10 11.260 30.101 48.826 61.606 5.471 1.296 

15 11.617 30.751 50.181 63.566 5.472 1.281 

20 11.260 30.101 48.826 61.606 5.471 1.306 

E3 0 20.624 49.883 98.130 150.924 7.318 1.099 

5 15.701 38.814 67.453 92.920 5.918 1.033 

10 16.888 39.078 63.201 81.583 4.831 1.108 

15 16.038 37.653 60.758 77.863 4.854 1.135 

20 16.018 36.962 57.264 77.687 4.850 1.098 

Note: D10 D30 D60 are the effective particle sizes corresponding to the cumulative percentage of particle
size of 10%, 30%, and 60%; Cu is the non-uniformity coe�cient and Cc is the curvature coe�cient.

(c) The relationship between D50 and strength

Chen et al. pointed out that the sand-sized particles' content was directly related to strength (Chen, Li et
al. 2020). The more sand particles in the samples, the larger the pores are. And more su�cient the
chemical reaction of the admixture to improve the soil, the more obvious the effect of improving its
strength is. The relationship between strength and particle size under freeze-thaw cycles is shown in
Fig.15. It can be seen that the D50 and strength of RPS-CS stabilized silty clays are larger than that of CS-
stabilized silty clays during the freeze-thaw process. The experimental results are consistent with
previous research results. The specimens with more sand-sized particles can provide better pore
connectivity, the pozzolanic reaction can reach a higher degree, consequently, this sample has a stronger
cementing property between the soil particles. Thus, from the view of particle size distribution, it can be
concluded that compared to the CS-stabilized silty clay, the red Pisha sandstone mixed with carbide slag
will be yield at higher stress.

3.2.2 XRD results



Page 13/30

The crystalline phases determined by XRD analysis were shown in Fig.16. Unlike the case in sample A,
the annite, albite, clinochlore, and calcite diffraction peaks in CS-stabilized silty clay (C1) without freeze-
thaw cycle became weaker in Fig.16(a). However, new diffraction peaks (biotite, dolomite, kornerupine,
ettringite, and portlandite) were observed after the pozzolanic reaction. This indicated that when silty
clay was activated by 10 wt% CS, the structure of some mineral phases, which have poor water erosion
resistance and strength, was destroyed to yield active Si and Al. It is noted that when the freeze-thaw
cycle is greater than 5, some minerals (dolomite and ettringite) diffraction peaks disappeared and other
diffraction peaks became weaker. In Fig.16(b), when 15wt% RPS and 15wt% CS were used as the mineral
additives, RPS-CS stabilized silty clays, did not produce any new diffraction peak after
the pozzolanic reaction, compared with RPS-CS stabilized silty clay. But, with the increase of freeze-thaw
cycles, the ettringite diffraction peaks do not tend to decrease, unlike CS-stabilized silty clay. Other
diffraction peaks do not change with the increase of freeze-thaw cycles. At the same time, it can be seen
that calcite is present in these samples. The formation of calcite is attributed to the air exposure of soil
during the curing period and subsequent carbonation of CS and hydrated products. 

In addition, some experts found that the active Si and Al can generate produced amorphous
gels(Kinuthia, Wild et al. 1999, Du, Jiang et al. 2014). This is because the pozzolanic reactions between
portlandite (Ca(OH)2) and reactive SiO2 and Al2O3 in the soil matrix are reacted, which can be expressed
by the following:

During the pozzolanic reactions, alkaline portlandite is gradually consumed and transformed to less
alkaline secondary cementitious products (C-S-H gels and C-A-S-H gels) with good water erosion
resistance and high strength. For the CS-stabilized silty clays, formation of C-S-H is detected at 2q of
21.5°, 29.3°, 36.2°, and 49.1°. The XRD results of the RPS-CS stabilized silty clays reveals the formation
of C-S-H (21.5°, 27.5°, 28.3°, 29.3°,31°, 36.2°,49.1° and 50.9°). As C-S-H is the secondary cementitious
product formed in the pozzolanic reactions, the identi�ed peaks of C-S-H and the presence of portlandite
in the CS-stabilized silty clay and RPS-CS stabilized silty clay after 20 freeze-thaw cycles con�rm the
progress of pozzolanic reactions is not completely over.

3.2.3 SEM results

The scanning electron microscopy was taken at 15,000 magni�cations, as shown in Fig.17 and Fig.18.
According to particle distribution characteristics (Fig.14 and Table 4), the ratio of large-size particles in
RPS-CS stabilized silty clay is greater than that in CS-stabilized silty clay without freezing and thawing
cycle. Thus, the soil particles in CS-stabilized silty clay are easily spotted, which are loosely surrounded
and bonded by the CSH gel matrix in Fig. 17a. Meanwhile, the sample had a poor microstructure with
many pores. For the RPS-CS stabilized silty clay, CSH gels are only around several large-size soil particles
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in Fig. 18a. The particle shape was irregular and the diamond horn of the particle is prominent. The
contact mode between particles is point contact, indicating a very limited hydration reaction occurred.
The differences can exist due to the surface area and hydrophilia in CS-stabilized silty clay are stronger
than that of RPS-CS stabilized silty clay that it was because the former contains more clay particles (Yi,
Gu et al. 2014). The hydration reaction of CS-stabilized silty clay is earlier than that of RPS-CS stabilized
silty clay, and the uneven �occulation and agglomeration products are formed in the early curing time. 

With the increase of freeze-thaw cycles (from 5 to 20), the contact mode of soil particles and hydration
products in CS-stabilized silty clays gradually transition from edge-to-face to face-to-face in
Fig.17(b)-17(d). The CSH gels are basically wrapped around the soil particles after 20 freeze-thaw cycles.
Apart from the rounded and �occulent CSH particles, reticular microstructures were displayed in the
sample. However, some soil particles could be seen clearly, and the size of the particles was
heterogeneous. For the RPS-CS stabilized silty clay, when the freeze-thaw cycle is 5 times, the content of
CSH gels increased and slowly adhered to the surface of soil particles rather than just around the soil
particles in Fig.17(b). With the increase of freeze-thaw cycles, large amounts of small-sized rounded and
plate-like CSH �ll most of the clay pores (Fig.17(c) and Fig.17(d)). After 20 freeze-thaw cycles, the
distribution of the gel among the particles seems to be fairly homogeneous. The pores between the soil
particles have become mostly �lled with gels, which altered the microstructure and produced a denser
and less permeable material. 

An earlier study showed that CSH gels control the �nal properties of the binding matrix and the
mechanical behavior (shear strength, stiffness, and compressibility) of the stabilized soil (Corrêa-Silva,
Miranda et al. 2020). The different microstructure and binding ability of CSH gels might re�ect the
different strengths of soils. The strength of samples decreases as the CSH gels shape more amorphous
and binding ability decreases. Thus, it can be seen that the morphologies of CSH gels in Fig.17e and
Fig.18e are different; the former is more dispersed, more amorphous, and less uniform. These may be the
reasons why the CS-stabilized silty clay has no advantage in strength over that of the RPS-CS stabilized
silty clay after 20 freeze-thaw cycles.

4 Conclusions
In this study, silty clay of highway subgrade is improved by using lower-cost sustainable red Pisha
sandstone and carbide slag. The improvement effect was compared and analyzed by multi-scale
laboratory experiments of physical, mechanical, and microstructural properties. The following
conclusions can be drawn:

(1) A study of interrelated effects of admixture volume fraction, con�ning pressure, strength, and also
deformation characteristics shows that the modi�cation effect of CS-stabilized silty clay (10wt.% CS) and
RPS-CS stabilized silty clay (15wt.% RPS and 15wt.% CS) are better than others without freeze-thaw
cycles. The strength increased by about 124% and 136%, respectively.
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(2) Through the freeze-thaw test, the strength loss ratio, deformation degree, shear strength, and other
parameters of CS-stabilized silty clays and RPS-CS stabilized silty clays were obtained. After 0-20 times
freeze-thaw cycles, the range of strength loss ratio is 0.018 to 0.137 for CS-stabilized silty clays and
0.004 to 0.047 for RPS-CS stabilized silty clays. The deformation degree of CS-stabilized silty clays is
greater than that of RPS-CS stabilized silty clays. On the whole, the freeze-thaw resistance and shear
strength of E3 samples are better than C1 samples.

(3) RPS-CS stabilized silty clay attains more sand-size particles percentage relative to the CS-stabilized
silty clay after 20 freeze-thaw cycles. The particle grading structure of the former is slightly worse than
that of the latter. With the view of the particle characteristics, the superior mechanical performances of
the RPS-CS stabilized soil over CS-stabilized silty clay are wide pore channels exist in the samples and
this structure is more conducive to hydration reaction.

(4) The types of chemical products were similar and the contents were different for these two samples.
Their main hydration products are CSH gel and ettringite. After 20 freeze-thaw cycles, for CS-stabilized
silty clay, the rounded, �occulent, and reticular CSH gels are basically wrapped around the soil particles.
For RPS-CS stabilized silty clay, large amounts of small-sized rounded and plate-like CSH �lled most of
the soil pores. The RPS-CS stabilized silty clay attains a denser and less permeable structure.

(5) The use of sediment of the Yellow River and industrial waste residue as building materials is a way of
resource conservation and environmental protection. Meanwhile, it not only strength the complex
utilization degree of red Pisha sandstone and carbide slag, but also open up a path for exploit of
secondary resource and improved properties of subgrade �lling soil. In the future, research into the
durabilities at long ages of these materials is still needed to provide further and clear insights.
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Figure 1

Location map of the study region

Figure 2

Particle size gradation curve of silty clay
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Figure 3

XRD patterns of silty clay

Figure 4
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Particle size gradation curve of RPS and CS

Figure 5

XRD patterns of RPS and CS

Figure 6
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Triaxial test equipment for GDS unsaturated soil

Figure 7

Deviatoric stress-strain curve under the in�uence of different con�ning pressure
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Figure 8

Diagram of the relationship between peak strength, strength change ratio, and admixture (c) Failure mode

Figure 9

Failure mode of triaxial compression test
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Figure 10

Stress-strain curve of triaxial compression tests under different con�ning pressure and freeze-thaw
cycles. (a) C1:σ3=100kPa (b) C1:σ3=200kPa (c) C1:σ3=400kPa (d) E3:σ3=100kPa (e) E3:σ3=200kPa (f)
E3:σ3=400kPa
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Figure 11

Chang of peak strength and strength loss ratio under different freeze-thaw cycles (b) Failure patterns of
C1 and E3

Figure 12
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Failure mode of triaxial compression test under different freeze-thaw cycles

Figure 13

Chang of internal friction angle and cohesive force under different freeze-thaw cycles

Figure 14
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Particle size gradation curve of C1 and E3 samples under different freeze-thaw cycles

Figure 15

Correlation between strength and average particle size D50 of C1 and E3 under different freeze-thaw
cycles
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Figure 16

XRD patterns of C1 and E3 under different freeze-thaw cycles
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Figure 17

SEM images of C1 samples



Page 30/30

Figure 18

SEM images of E3 samples


