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The soil of the Loess Plateau is highly susceptible to erosion due to its distinct loess structure
with poor water stability and disintegrates easily. Previous research has focused on
improving soil strength without considering stability and ecological performance.
Comprehensive improvements may be achieved by cross-linked polymers (CLPs), but
their effect on loess structure remains unclear. In the present study, we investigate CLPs as a
new organic soil stabilizer to improve soil aggregate stability. To determine the effect of CLPs
on the stabilization of loess, a series of indoor tests was conducted to assess unconfined
compressive strength, water stability, soil-water characteristics, and plant height. The
stabilization mechanism was analyzed by comparing the microstructure, mineral
composition, and features of functional groups of loess before and after treatment. The
results showed that, compared with untreated loess, the unconfined compressive strength
and anti-disintegration property of treated loess were significantly increased. The water
retention capacity was improved, and the germination rate and growth of plants were
promoted. Microscopic analysis showed that the use of CLPs did form new minerals in the
loess or change the functional groups, rather, CLPs improved the microstructure, reduced
the total volume of pores, and increased the degree of soil compaction. Field tests showed
that the erosion of loess hillsides was effectively controlled by CLPs. Under the same erosive
conditions, the slope surface treated with CLPs was more intact than the untreated slope
surface. Our findings provide new strategies regarding the application of CLPs as soil
stabilizers to control loess erosion and promote vegetation restoration.
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1 INTRODUCTION

Loess is rich in calcium and soluble salts; its structure is loose, cementation is weak, and large pores
and vertical joints develop. Under rainfall or irrigation, the integrity and stability of loess without
vegetation cover are easily damaged, which may cause various disasters, such as collapse, landslide,
and debris flow (Peng et al., 2018; Feng et al., 2020). With more intensive construction on the Loess
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Plateau, exposed slopes have been produced, causing serious soil
erosion (Hu et al., 2020; Wu et al., 2020).

The factors influencing soil erosion on loess slopes can be
summarized into four categories: rainfall, soil erodibility,
topography, and slope surface cover (Liu et al., 2019). By
reducing the slope (Zhao et al., 2015; Li et al., 2019) and
setting buffer steps (Duan et al., 2021a; Wen et al., 2021), we
can effectively reduce the kinetic energy of runoff and control rill
erosion (Wei et al., 2007; Fu et al., 2009; Zhao et al., 2013; Tang
et al., 2020). For slope surface cover, erosion control can be
achieved by, for example, planting trees and grass (Chen et al.,
2018; Yan et al., 2021) or laying artificial turf (Li et al., 2020).
However, there remain challenges associated with implementing
these physical measures, such as large engineering volume,
complicated construction, and incomplete erosion control.
Furthermore, such measures mainly strengthen the
macroscopic structure of the slope, but they fail to alter the
soil properties. For the problem of loess erosion, the
microstructure of loess can be fundamentally improved by
stabilizers to improve soil stability.

Soil stabilizers can be divided into calcium-based stabilizers and
non-calcium-based stabilizers according to composition (Behnood,
2018; Jalal et al., 2020). Studies have shown that calcium-based
stabilizers, such as lime (James, 2020), gypsum (Ahmeda and Issa,
2014), fly ash (Xu et al., 2019; Yoobanpot et al., 2020), cement
(Choobbasti and Kutanaei, 2017), and ground granulated blast
furnace slag (GGBFS) (Keramatikerman et al., 2016), significantly
enhance the compressive and shear strength. Indeed, this kind of
stabilizer offers an effective measure to increase the bearing
capacity of foundations. However, the abovementioned
techniques are inapplicable to soil conservation, since such
measures cause excessive hardening of the soil. Moreover, the
use of traditional calcium-based stabilizers in soil stabilization
projects leads to ecological damage, including the consumption
of energy and resources, increasing pH, and high CO2 emissions.
Non-calcium-based soil stabilizers aremore suitable for controlling
hillslope erosion owing to their lower concentration and stability
strength. Such stabilizers have achieved soil reinforcement (Zhang
T. et al., 2020), improved the degree of compaction (Kushwaha
et al., 2018; Mohammad and Eris, 2020), and increased soil
aggregation (Ghasemzadeh and Modiri, 2020), which manifests
as an increase in mechanical strength. Some non-calcium-based
stabilizers can alter the form and distribution of water in soil
(Chandler et al., 2017), thereby reducing soil erodibility. Indoor
and outdoor rainfall simulation experiments have demonstrated
the feasibility of using non-calcium-based stabilizers to prevent or
control erosion (Song et al., 2019; Krainiukov et al., 2020). Different
non-calcium-based stabilizers have different benefits in terms of
seed germination, seedling growth, and long-term plant growth
(Liu et al., 2011; Chang et al., 2015; Yang et al., 2019).

Loess is more susceptible to erosion than many other soils,
resulting in lower vegetation coverage and fragile ecological
environments on the Loess Plateau. For the effective use of
soil stabilizers to control loess hillslope erosion, the overall
performance must be considered, including soil stability, plant
compatibility, and water-retention capacity. Most previous
research focused on optimizing soil strength, and there

remains a lack of more comprehensive research considering
stability and ecological performance. Such comprehensive
improvements may be achieved by grafting with a
polyacrylamide (PAM), containing amide groups, and
carboxymethylcellulose (CMC), containing several hydroxyl
groups. Both CMC and PAM can effectively stabilize the soil
while improving the water-retention capacity (Ozan et al., 2018).
CMC is used as agricultural water retention additive, which can
improve soil water retention capacity, but its solution viscosity is
limited due to low molecular weight. PAM can make up for the
lack of viscosity because of the larger molecular weight. The high
viscosity solution formed by PAM solution due to flocculation
and high molecular weight can effectively stabilize the soil. By
crosslinking and polymerization, the viscosity increases with the
increase of molecular weight, and has the excellent water
retention performance of CMC. In the present study, a new
type of dual CLP was synthesized using the abovementioned
method. The application benefits of this new curing agent in loess
erosion control were evaluated comprehensively.

2 MATERIALS AND METHODS

To determine whether CLPs improve the engineering performance
of loess, the unconfined compressive strength (UCS),
disintegration, and soil-water characteristic curve (SWCC) were
determined, and a pot experiment was carried out on untreated
and CLP-treated loess. To explain the stabilization mechanism, the
effects of CLPs on loess particles, pore characteristics, mineral
composition, and functional groups were studied through scanning
electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-
transform infrared spectra (FTIR).

2.1 Materials
The loess used in this study was obtained from a land excavation
slope in Yanan, Shaanxi Province, China. The coordinates of the
sampling point are 109°19′25″ E and 36°36′00″ N. The sampling
site is shown in Figure 1. Owing to rainfall and soil erosion on
both sides of the drainage ditch, many erosive rills were formed
on the hillside, and collapse was evident. The physical properties
of loess were: natural water content, 12.77%; soil natural density,
1.6 g cm−3; plastic limit, 17.4%; liquid limit, 28.9%; optimum
water content, 18%; maximum dry unit weight, 1.77 g cm−3;
plasticity index, 11.5. Moreover, the particle size distribution is
presented in Figure 2. As per the Chinese Soil Classification
System, the soil was classified as silty clay.

CLPs are cross-linked copolymers synthesized by grafting
PAM with CMC, and the preparation reaction formula is
shown in Figure 3A. First, 10 g of CMC and 1 g of PAM were
added to 200 and 100 ml of ultrapure water, respectively. Then,
the two solutions were heated in a water bath at 80°C. Next, we
added 40 ml of CMC solution, 10 ml of PAM solution, and 50 ml
of distilled water to the flask and used ammonium persulfate as
the initiator for graft copolymerization. To ensure the full
progress of the cross-linking reaction, the solution was stirred
for 2 h to obtain CLPs. The FTIR spectrum of the CLPs is shown
in Figure 3B. There were numerous absorption peaks in the
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CLPs, including OH stretching vibration (3,400 cm−1), CH2

asymmetric stretching vibration (2,945 cm−1), -CH2- bending
vibration (1,459 cm−1), C�O stretching vibration (1,735 cm−1),
O–C–C antisymmetric stretching vibration (1,272 cm−1),
symmetrical CO deformation (1,146 cm−1), and aromatic ring
CH twisting vibration (669 cm−1). All absorption peaks at these
positions are caused by the characteristic functional groups in
CMC and PAM. The CLPs are in the form of a transparent
amorphous liquid, and their basic parameters were:
concentration, 2.0%; pH 6.8–7.2; viscosity, 25 m Pa s; density,
1.1 g cm−3; boiling point, 100°C.

2.2 Sample Preparation
The collected loess was dried and sieved through a 2-mm sieve.
Then, the CLPs were diluted to 0% (water), 0.4, 0.8, 1.2, 1.6, and
2.0% (undiluted). We took the diluent of 18% of the dry weight of
loess and stirred it to obtain the stable loess of CLPs. Stable loess
with different CLPs concentrations was obtained by adjusting the
concentration of CLPs solution. According to the dry density of
1.5 g cm−3 (85% of the maximum dry density), layering and
compaction in the standard sample preparation mold were
carried out so that the sample was uniform. The UCS mold
was a cylinder with a diameter of 50 mm and a height of 100 mm.

The SWCC mold was a ring cutter with a diameter of 61.8 mm
and a height of 20 mm. The disintegration test mold was a
cylinder with a diameter of 61.8 mm and a height of 40 mm.
Following the unconfined compressive test, the samples were
required for SEM. The UCS samples were demolded for testing
after curing for 3, 7, 14, and 28 days. Other samples were
demolded for testing after curing for 14 days.

2.3 Test Methods
2.3.1 Unconfined Compressive Strength Test
The UCS test was carried out according to the Chinese Standard for
Soil Test Method (GB/T 50,123, 2019) using strain-controlled
unconfined compression apparatus (YYW-2, Ningxi Soil
Instrument Co., Ltd, China) at a loading rate of 2.4 mm/min.
The relationship curve between axial stress (σ) and axial strain
(ε) was drawn, and the peak stress (σf) on the curve was taken as the
UCS. When the peak stress on the curve was not evident, the axial
stress corresponding to 15% of the axial strain was taken as the UCS.

2.3.2 Disintegration Test
The disintegration test was carried out by the static water measure
method. Into a beaker, we placed 1,500 ml of water and the prepared
disintegration sample m0. The state of the sample was recorded at

FIGURE 1 | Soil erosion on loess hillslope and sample location. (A) Geographical location of the sampling area; (B) panoramic image of the sampling area; (C)
erosion gully on the hillslope; (D) drain collapsed owing to water erosion.
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2 s, 10 s, 1, 10, 60 min, and 24 h. After 24 h, the beaker was placed
for 12 h to precipitate the residual samples, absorb the
supernatant, and air dry to obtain the sample. Then, the
samples were cooled to 25°C for sieving, the soil mass in
each particle size range was recorded, and the stability index
was calculated using Eq. 1 (Zhang et al., 2020).

K �
∑
11

n�1
[10mn × (n − 1)]

m0

(1)

whereK is the stability index with a value of 0–100; the range of n
is 1–11; and mn corresponds to sieved particle sizes of 0–1, 1–2,
2–5, 5–10, 10–20, 20–30, 30–40, 40–50, 50–60, 60–61.8, and
61.8 mm (initial size).

2.3.3 Soil-Water Characteristic Curve Test
The SWCC test was carried out with a 1D-SDSWCC pressure plate
extractor (Earth Products China Ltd, China). The dehumidification
curve was used to characterize the SWCC. The sample was fully
saturated before the test and then placed on a porous ceramic plate
for testing. The suction range of the instrument was 1–1,500 kPa.
The suction of the matrix was loaded by the “axis translation
technique”. The reference of negative pore water pressure was
translated from the standard atmospheric pressure to the final
pressure of the loading chamber. By increasing the pore gas
pressure, matrix suction was applied to the sample to force the
soil water to seep out, and the drainage volume of the soil was
measured to obtain the matrix suction–volume water content
relationship curve. Since the dehydration process of cohesive
soil is relatively slow, loess treated with 1.6% CLPs and
untreated loess were selected for the experiment.

The van Genuchten model (van Genuchten, 1980) was used to
obtain the air entry value, dehumidification rate, residual water

content, and other parameters of treated and untreated loess. The
formula is as follows:

θw � θr + (θs − θr)
[1 + (a × φ)n](1 − 1

n
) (2)

where θw is the volumetric water content; θs and θr are the
saturated and residual volumetric water content (%), respectively;
φ is the matrix suction (kPa); a is the air entry value (kPa); and n
is affected by soil pore characteristics, which is a parameter
related to the dehydration rate of the soil for high air entry values.

2.3.4 Pot Experiment
To explore the effect of CLPs on plant growth, a pot experiment
was conducted. The experimental subjects comprised one control
(CLP concentration of 0%) and three CLP treatment groups (CLP
concentration of 0.8, 1.6, or 2.0%). Alfalfa was selected for the
experiments as this plant was often used for slope protection and
cultivation in loess areas. We placed 4 kg of loess soil in 12 pots
(three treatments plus the control with three replicates) of 24 cm
diameter and 20 cm height, and then sowed 100 selected seeds
into each pot. Each pot was sown with 100-selected seeds, covered
with approximately 1 cm of soil, covered with plastic wrap, and
placed in a greenhouse for cultivation. The indoor cultivation
temperature, relative humidity, and light period were controlled
at 25°C, 60%, and 16 h, respectively. Once the plants had
developed three-petaled leaves, the germination rate of alfalfa
was calculated. In order to ensure sufficient space and nutrients in
the pot, 50 seedlings were selected. Control the same number of
seedlings to confirm that the difference in soil water content and
plant growth is not caused by the inconsistent number of
seedlings. Five hundred milliliters of pure water was supplied
every 2 days. In the first 4 weeks after germination, alfalfa plant
height was measured weekly. Meanwhile, to study the health of

FIGURE 2 | Particle-size distribution curves of loess.
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the plants under adverse conditions, the water content of potted
plants in each group was controlled to be the same. Then, the
humidifier was turned off and watering was stopped. The drought
stress treatment was carried out to the sixth week for measuring
soil water content. After rehydration, we continued to monitor
the plant height indicator after 8, 10, and 12 weeks.

2.3.5 Scanning Electron Microscopy Test
The microstructure of soil treated with CLPs at different
concentrations was analyzed by scanning electron microscopy
SEM. A Prisma E scanning electron microscope (Thermo Fisher
Scientific, Waltham, Massachusetts, United States) was used. The
samples were plated with a thin layer of gold before testing to avoid
the accumulation of electric charges on the surface of the samples.
Using image processing techniques, we vectorized the SEM images
of soil microstructure, and the pore structure characteristics were
quantitatively analyzed. The process included 1) preprocessing, 2)
binarization, 3) rasterization, 4) vectorization, 5) measuring the
perimeter and area, and 6) calculating the surface void ratio
according to the following formula.

em � Sn/(S − Sn) × 100% (3)

where em is the surface void ratio (the ratio of the pore area to the
area of the soil particles in the two-dimensional image); and Sn
and S are the total areas of the pore polygons in the image and the
total area of the image in the same statistical range, respectively.

2.3.6 Field Test
Through the field test, the role of CLPs in the prevention and
control of loess hillslope erosion was evaluated. The loess

sampling site was an engineering excavation hillslope with a
slope of 50–55°. Two test plots (13 m long; 5 m wide) were
established. Both slopes were sown, and the selected grass
species were alfalfa, tall fescue, ryegrass, and bluegrass. The
CLP diluent, loess, and seeds were mixed uniformly and then
spread for sowing. Firstly, 15 kg of 1.6% CLPs was added to every
100 kg of loess on the treated slope surface, and the same amount
of water was added to the untreated slope surface. Then, 50 g of
mixed grass seeds was added. After being evenly combined, the
mixture was sprayed on the slope. The field test procedures were
as follows: 1) The vegetation and topsoil were removed, and the
slope surface was leveled by compaction. 2) Three-dimensional
nets were laid on the modified slope and fixed with pegs. 3) The
loess, seeds, and CLP diluent (or pure water for the untreated
slope) were mixed according to the above proportions and then
evenly spread on the slope (90 kg mixed mud per square meter
was paved with a thickness of 5 cm). 4) The plastic film was
removed 2 weeks later, and the plots were watered every 3 days
after curing. Finally, the erosional features on the slopes were
observed and compared.

3 RESULTS

3.1 Effect of CLPs on Unconfined
Compressive Strength
Figure 4A–D shows the stress–strain relationship of samples
with different CLP concentrations for each curing period.
Compared with the untreated samples, the σf of the treated
samples notably increased, while Figures 4E,F shows the change
trend in the UCS of samples treated with different

FIGURE 3 | (A) Reaction formula for preparing cross-linked polymers (CLPs); (B) Fourier-transform infrared reflection spectrogram of CLPs.
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concentrations of CLP with curing time. The σf of the CLP-
treated samples was significantly higher than that of the
untreated samples. As the concentration of CLP increased,
the σf of the samples exhibited an increasing trend.
Comparing the UCS of samples with different CLP
concentrations in the same period, at 3 days, the strength
slightly increased with the increase in material content, and
at 7 days, the UCS of each sample showed an increasing trend
with the increase in CLP concentration. After 28 days, the σf of
the 2.0% CLP-treated samples was 1,497.84 kPa, which was
3.04 times that of the untreated samples (491.97 kPa).
However, with the continuous increase in CLPs, the σf of soil
tended to gradually stabilize. Compared with 2.0% CLPs, the
application of 1.2% CLPs increased strength by more than 90%
in each curing period. Therefore, considering the cost and
strength, the optimal concentration range of CLPs was
1.2–1.6%.

3.2 Effect of CLPs on Disintegration
Table 1 and Figure 5 illustrate the disintegration of samples
treated with different concentrations of CLPs after soaking for
24 h. According to the disintegration failure mode and
disintegration products, the untreated loess immediately and
strongly bubbled and collapsed after being soaked in water
and completely disintegrated within 1 min leaving scaly
fragments and powder, and the water became turbid. In the
loess samples reinforced with 0.4 and 0.8% CLPs, cracks appeared
initially after being immersed in water and further expanded over
time; the loess completely disintegrated after soaking for 10 min.
The disintegration mode was layered spalling accompanied by a
massive slump, and the final disintegration product was a muddy
mixture of thick scales and granular fragments. The loess samples

treated with 1.2% CLPs had to be soaked for 10 min before cracks
appeared and did not completely disintegrate until 1 h. The final
disintegration product was thick soil. The loess samples treated
with >1.6% CLPs remained intact. Therefore, the addition of
CLPs significantly improved the anti-disintegration property
of loess.

Improvements in the anti-disintegration property of loess can
be quantitatively evaluated using the stability index. The stability
index results of the samples treated with CLPs are shown in
Figure 6. When the concentration of CLPs was 0, 0.4, 0.8, 1.2, 1.6,
and 2.0%, the stability index was 0, 3.85, 9.57, 20.28, 88.06, and
100, respectively. When the CLP concentration was <1.6%, the
anti-disintegration property sharply increased. At CLP
concentration of 1.6%, the stability index slowly increased,
indicating increased stability in the loess. After loess samples
treated with 2.0% CLPs were soaked for 24 h, their stability index
reached 100%.

3.3 Effect of CLPs on Soil Water Retention
The relationship between the matrix suction and volumetric
water content of treated and untreated loess was characterized
by the SWCC (Figure 7). The SWCC of both treated and
untreated loess were consistent with the VG model. However,
the SWCC of the treated loess trended to the upper right
compared with the untreated loess, that is, under the same
matrix suction, the treated loess had a higher volumetric water
content than the untreated loess. These results are in line with
previous findings (Eyo et al., 2020; Zhai et al., 2020). White et al.
(1970) and Vanapalli et al. (1999) suggested that the SWCC can
be divided into three stages namely boundary effect, transition,
and unsaturated. Combined with the fitting parameters of every
stage obtained from the VG model, the hillslope of the transition

FIGURE 4 | (A–D) Stress–strain curves of cross-linked polymer-treated loess curing for 3, 7, 14, and 28 days (E–F) Unconfined compressive strength of cross-
linked polymer-treated loess at different curing times.
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stage, saturated volumetric water content, air entry value,
dehumidification rate, and residual water content of loess can
be obtained (Table 2). Following this, the effect of CLPs on soil
water retention was analyzed. In the boundary effect stage, the
soil was saturated, and only free water driven by gravity was
discharged. The saturated volumetric water content of treated
loess was 54.24% and that of untreated loess was 43.25%,
indicating that CLPs considerably improved the saturated
volumetric water content of loess. With the gradual increase in
matrix suction, the capillary water in the pores was gradually
discharged due to its inability to resist the applied matrix suction.
The critical value of matrix suction is referred to as the air-entry
value. The air-entry value of the treated loess (6.26 kPa) exceeded

that of the untreated loess (5.16 kPa), indicating that CLPs
improved the capillary water holding capacity of loess. After
the matrix suction exceeded the air-entry value, the
transitional stage began, during which the changes in the
SWCC were even more considerable. The absolute value of
the tangent slope of the transition stage is defined as the
dehumidification rate, which represents the strength of the
capillary force in the soil against the loss of external forces. The
dehumidification rate of treated loess was 0.31 and that of
untreated loess was 0.74. This result indicated that increased
matrix suction made it more difficult for the capillary water of
the treated loess to discharge, thereby, strengthening the water
retention capacity. The suction continued to increase and

TABLE 1 | Disintegration of loess under different cross-linked polymer (CLP) concentrations.

CLP concentration
(%)

Disintegration experimental phenomenon

2 s 10 s 1 min 10 min 60 min 24 h

0 Bubbly Cracked Disintegrated and Turbid —— —— ——

0.4 Bubbly —— Cracked Disintegrated —— ——

0.8 Bubbly —— Cracked Disintegrated —— ——

1.2 Bubbly —— —— Cracked Disintegrated ——

1.6 Bubbly —— —— —— —— ——

2.0 Bubbly —— —— —— —— ——

—— indicates no significant changes were observed.

FIGURE 5 | Samples treated with different cross-linked polymer (CLP) concentrations following immersion for 24 h.
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reached the unsaturated stage. With increased suction, the
water content stopped decreasing, and the residual water
content of treated loess significantly increased compared
with that of untreated loess. Calculating the effective water
content (field water content minus residual water content)

showed that the effective water content of treated loess was
higher than that of untreated loess.

3.4 Effect of CLPs on Plant Growth
Characteristics
The water content of potted loess was measured after 2 weeks of
drought stress (Figure 8A). Under the same initial water content
and culture conditions, the water content of potted loess treated
with CLP concentrations of 0, 0.8, 1.6, and 2.0% was 4.34, 4.97,
5.38, and 5.73%, respectively. This result indicated that when CLP
concentration increased, the water content of the potted loess also
increased. The loess with treated CLPs had an improved water
retention capacity owing to the presence of hydrophilic
functional groups. This, in turn, enhanced the infiltration of
water into loess particles.

After sowing for 3 days, the germination rate of the seeds in
each pot was calculated (Figure 8A). The germination rate of
untreated seeds was 65%, and that of seeds treated with 0.8, 1.6,
and 2.0% CLPs was 66, 67, and 69%, respectively, indicating that
CLPs did not adversely affect the germination rate. After 28 days,
the average plant height wasmeasured, as shown in Figures 8B,C.
The plants grew well, and evident differences in plant height were
observed after 3 weeks. As the concentration of CLP increased,
plant height also increased, indicating that CLPs promoted plant
growth to some extent. Treated loess exhibited less water
evaporation, therefore, more water was available to promote
plant growth. After 12 weeks, the alfalfa taproots in loess
treated with 2.0% CLPs were significantly more developed and
thicker than those in untreated loess. These findings suggest that
the application of CLPs did not inhibit plant development and

FIGURE 6 | Anti-disintegration index of samples treated with different
concentrations of cross-linked polymers (CLPs).

FIGURE 7 | Soil-water characteristic curve of treated and untreated loess. Regions ①, ②, and ③ represent the boundary (gravity water loss area), transition
(capillary water loss area), and residual (combined water loss area) stages, respectively (White et al., 1970; Vanapalli et al., 1999).
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actually promoted plant growth. Therefore, CLPs can be
combined with vegetation to better control loess slope erosion.

3.5 Effect of CLPs on Soil Microstructure
3.5.1 Particle Skeleton Structure
The scanning electron micrographs (1,000×magnification) of the
untreated and treated loess are shown in Figure 9A. The
boundaries between the different sized particles and small
debris of untreated loess can be observed in Figure 9A (0%).

The loess particles were mainly in point contact, and
intergranular pores were developed. Furthermore, the structure
of the loess particles was loose and easily destroyed. This was not
the case for the treated loess (Figure 9A). After the CLPs were
added, they adsorbed small soil particles and connected and
wrapped large particles. The boundary of the particles was
blurred, and the contact mode was mainly that of inlaid
contacts. The contact area between the particles increased,
changing from point contact to surface contact.

TABLE 2 | Soil-water characteristic parameters of treated and untreated loess.

CLP concentration
(%)

Saturated water
content (%)

Field capacity
(%)

Entry air value
(kPa)

Dehumidification rate
(%)

Residual water
content (%)

Effective water
content (%)

0 43.25 40.76 5.16 0.31 15.54 25.33
1.6 54.24 51.02 6.26 0.74 21.74 29.32

FIGURE 8 | (A)Water content ratio of potted loess treated with different cross-linked polymer (CLP) concentrations after drought stress, and its seed germination
ratio 3 days after sowing. (B) Plant height of potted plants treated with different cross-linked polymer concentrations over time. (C) Potted plants treated with different
cross-linked polymer (CLP) concentrations over time.
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The magnification was further increased to 5,000×
(Figure 9B). The untreated soil had clear particle boundaries,
smooth surfaces, and evident interparticle pores. Following CLP
addition, the pores were significantly reduced, and the structure
was more compact. The soil particles were wrapped layer by layer
by a flocculent or flaky substance, blurring the particle
boundaries. One part of the CLPs was combined with particle
debris and filled the large pores, while the other part was wrapped
on the surface of soil particles and adhered to particle debris.
Through these two actions, more soil particles were bonded to
form larger aggregates, leading to increased compaction of the
soil structure and further improving the structural stability.

3.5.2 Pore Structure Analysis
The binarized scanning electron micrographs is shown in Figure 9C.
The pore data were classified according to Lei (1988) and Zhang L.
et al. (2020), as shown in Table 3. The cumulative distribution curve
showed that the pore diameter decreased with increasing CLP
concentration (Figure 10A). The number and total area of various
pores in treated loessweremeasured (Figures 10B,C). The treated and
untreated loess had a similar number of pores, and both were

dominated by small pores with few large and medium pores. As
the CLP concentration increased, the number of micropores first
decreased and then increased. The number of small pores remained
basically unchanged, whereas the number of large and medium pores
exhibited a downward trend. The total pore area of untreated loess
mainly comprised large and medium pores, whereas the treated loess
mainly comprised medium and small pores. With the increased CLP
concentration, the total area of small pores showed little change,
whereas the total area of large and medium pores significantly
decreased. This result indicated that the CLPs changed the soil
structure mainly by affecting the area of large and medium pores.
The stabilizer wrapped the soil particles and filled the pores; therefore,
the total pore area and total porosity were significantly reduced.

4 DISCUSSION

4.1 Stabilization Mechanism of Solidified
Loess
The mechanisms underlaying soil stabilization vary and can be
divided into physical, chemical, and biological processes. Physical

FIGURE 9 | Scanning electron micrographs of untreated and cross-linked polymer (CLP)-treated loess samples after 28 days curing at 1,000×magnification: (A)
untreated loess; (B) 0.8%CLP-treated loess; (C) 1.6%CLP-treated loess; and (D) 2.0%CLP-treated loess. And 5,000×magnification: (E) untreated loess; and (F) 2.0%
CLP-treated loess after curing for 28 days.
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processes include fiber reinforcement (Chebbi et al., 2020), filling,
bonding, and wrapping (Ghasemzadeh and Modiri, 2020).
Chemical processes include calcification, chemical bonding,
hydrogen bonding, and ion exchange (Tingle et al., 2007;
Dehghan et al., 2019; Zhang et al., 2019). Biological processes
include microbially induced calcium carbonate precipitation
(Wang et al., 2019) and enzyme-catalyzed reactions (Chandler
et al., 2017). CLPs are formed by cross-linking carboxymethyl
cellulose and polyacrylamide.

Traditional soil stabilizers, such as lime, cement, and fly ash,
generate hydrated calcium silicate, calcium carbonate, and other
products through calcification reactions, which cause evident
changes in mineral composition (Choobbasti and Kutanaei,
2017; Al-mashhadani et al., 2018; James, 2020). Conversely,

CLPs are formed through polymer cross-linking and lack a
calcium source for the calcification reaction. Thus, their
stabilization mechanism differs from that of calcium-based
stabilizers. This was demonstrated by the XRD results of
different CLPs used to stabilize loess (Figure 11A). Before and
after enhancement, the peak group, position, and intensity of the
diffraction pattern were basically the same. This result indicated
that CLPs differed from calcium-based stabilizers and did not
produce new compounds that affected soil crystallization. These
findings are consistent with those of Liu et al. (2020) and Zhang
et al. (2016). CLPs contain hydrophilic functional groups, such as
-OH, -COOH, and -NH2, leading to changes in the functional
groups of treated loess. According to the infrared spectra of
treated loess (Figure 11B), the asymmetric stretching vibration of

TABLE 3 | Number of pores and surface porosity of treated loess with different cross-linked polymer (CLP) concentrations.

Pore type
CLP concentration
(%)

Macropore
D ≥ 32 μm

Mesopore
8 μm ≤ D < 32 μm

Small pore
2 μm ≤

D < 8 μm

Micropore D < 2 μm Surface porosity
ratio (%)

0 20 168 769 2,353 19.09
0.8 5 112 549 1,554 7.60
1.6 0 126 644 1,542 6.88
2.0 2 77 747 2092 5.22

D indicates the diameter.

FIGURE 10 | (A)Cumulative pore distribution percentage of loess treated with different cross-linked polymer concentrations. Pore quantity (B) and total area (C) of
loess treated different cross-linked polymer (CLP) concentrations.
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-CH2- was added at 2,945 cm−1. This indicated that aliphatic
hydrocarbon methylene groups were added to the treated loess,
corresponding to the macromolecular backbone of CLPs.
Simultaneously, the C–O symmetrical deformation peak at
1,125 cm−1 of the treated loess was more prominent,
indicating the addition of an ether bond. These new functional
groups were also found in the infrared spectra of the
corresponding CLPs. This result indicated that CLPs were not
completely hydrolyzed after being introduced into loess, and they
still existed as long chains of macromolecules.

Based on our and previous results, the CLP stabilization
mechanism could be described as the superposition of physical
and chemical effects. The process included the following steps: 1)
After the CLPs were mixed with the soil, they dissociated and
released a large amount of free H+, which was exchanged with
themetal cations in the soil particles. In response, the thickness of the

water film of the electric double layer was weakened, and the soil
particles were arranged more closely, enhancing the mechanical
properties. The particle structure, as observed through SEM, also
supported this conclusion. Additionally, the dissociated H+ could
combine with elements such as O and N in loess minerals and
organic matter to form hydrogen bonds and enhance the stability of
the soil (Latifi et al., 2017). 2) After themixed treated loess lost water,
the CLPs formed a gel to fill the soil pores. The gaps between the
particles adsorbed, wrapped, and bound soil particles to form an
overall three-dimensional spatial network structure, which wasmore
stable. This alteration also reduced the large and medium pores and
the total pore area, which further improved the soil stability (Bu et al.,
2019). When CLPs were added to the soil, the gel formed by its
curingwas filled with particles, altering themicrostructure of the soil.
Moreover, CLPs contain abundant hydrophilic groups. Combined,
these factors could contribute to an increase in the bound water and

FIGURE 11 | (A) X-ray diffraction patterns of loess treated with different cross-linked polymer concentrations. (B) Fourier-transform infrared reflection spectrogram
of loess treated with different cross-linked polymer concentrations.
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capillary water content of treated loess and enhance its water
retention capacity. This contribution was manifested by an
increase in the effective water content and residual water content
of the treated loess and a decrease in the dehumidification rate.

4.2 Application
Details of the slope surface in the field test are illustrated in
Figure 12. Owing to the impact of rainfall erosion, some seeds
were washed down, cracks appeared after 30 days, and there was
more vegetation coverage in the lower part of the slope than in the
upper part. This phenomenon was more evident on the untreated
slope, indicating that the application of CLPs reduced soil
erosion. The images after 50 days showed that increasing
erosion rills appeared on the untreated slope under rainfall
and irrigation conditions. However, the vegetation coverage on
the treated slope significantly increased, with no significant
erosion occurred. After 70 days, rill erosion further developed
into flaky denudation on the untreated slope, and the surface
layer peeled off, forming scaly erosion. Meanwhile, the treated
loess remained basically intact. After 90 days, the untreated slope
continued to deteriorate. The upper part of the untreated slope
was not effectively protected by the vegetation, increasing the

erosion. The worsened erosion led to vegetation deterioration,
which further increased the erosion. However, the surface of the
treated slope was mostly covered by vegetation forming a barrier
on the surface, and the splash erosion caused by raindrops was
alleviated. Therefore, the field tests showed that treating slope
loess with CLPs was an effective and feasible measure for
controlling soil erosion and restoring vegetation. In addition,
the CLP material was used in very small quantities, achieving
significant results at a concentration of only 1.6%, at a cost of only
34 USD per ton soil-binder mixture.

5 CONCLUSION

Herein, we proposed a method for alleviating the erosion of loess
slopes by stabilizing them with double cross-linked polymers.
Our main conclusions are as follows:

1) CLPs can significantly increase the UCS of loess. The strength
increases with the increase in CLP concentration and curing
time. The UCS of loess treated with 2.0% CLPs (1,497.84 kPa)
was 3.04 times that of untreated loess (491.97 kPa). The
optimal concentration range for CLP application is
1.2–2.0%, and the optimal curing time range is 7–14 days.

2) CLPs can improve the anti-disintegration property of loess.
With an increase in CLP concentration, the stability index of
loess was greatly increased, and the 1.6% CLP treatment
showed the best anti-disintegration effect considering cost
and benefit.

3) The SWCC index showed a higher saturated effective water
content and lower dehumidification rate in treated loess
compared with that in untreated loess. The treated loess
showed a better ability to hold and retain water than
untreated loess.

4) CLPs can reduce water evaporation from potted loess without
inhibiting the germination rate of plant seeds. Under long-
term conditions, CLPs can significantly promote plant growth
due to their water retention capacity.

5) XRD, FTIR, and SEM showed that CLPs did not affect the
mineral composition of loess nor did they cause major
changes in the functional groups. However, the particles
were more closely connected, and the contact mode
changed. Thus, the porosity was reduced, and many pores
were filled with gel and debris. CLPs stabilized loess through
ion exchange, hydrogen bonding, and packing and filling.

6) CLPs not only improve the strength and disintegration
resistance of loess but also have high water retention. Field
tests showed that compared with untreated loess slopes, the
slopes treated with CLPs had reduced soil erosion, which
promoted vegetation recovery.

7) As a new type of soil stabilizer, CLPs have the following
advantages: 1) They can be configured into a solution at
normal atmospheric temperature (15–20°C) and can be diluted
to varying degrees. 2) They can be solidified at normal atmospheric
temperaturewith high strength. 3) The concentration of CLP stock
solution is only 2.0%, the amount of CMC and PAM needed is
small, and the cost/performance ratio is high.

FIGURE 12 | Untreated and cross-linked polymer (CLP)-treated loess
hillslopes in the field test over time. (A) Overview and (B) close-up of slopes.
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