
Citation: Lai, H.; Zhou, C.; Liu, Z.

Study on Ecological

Mini-Aggregations Based on Polymer

Composite Materials. Sustainability

2024, 16, 3431. https://doi.org/

10.3390/su16083431

Received: 13 March 2024

Revised: 16 April 2024

Accepted: 18 April 2024

Published: 19 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Study on Ecological Mini-Aggregations Based on Polymer
Composite Materials
Haoqiang Lai 1,2, Cuiying Zhou 1,2,* and Zhen Liu 1,2,*

1 School of Civil Engineering, Sun Yat-sen University, Guangzhou 510275, China; laihq3@mail2.sysu.edu.cn
2 Guangdong Engineering Research Center for Major Infrastructures Safety, Guangzhou 510275, China
* Correspondence: zhoucy@mail.sysu.edu.cn (C.Z.); liuzh8@mail.sysu.edu.cn (Z.L.)

Abstract: In order to explore an efficient slope soil ecological restoration method that is environmen-
tally friendly and conducive to plant growth, this paper conducted a study on ecological aggregations
based on polymer composite materials. This paper developed ecological mini-aggregations, in-
cluding ecological mini-clusters and ecological mini-bags, which can be used for the restoration
of slopes with different steepnesses and surfaces. The developed materials are environmentally
friendly and have good ecological performance. To study the mechanical stability, erosion resistance,
and ecological performance of the ecological mini-aggregations, we conducted laboratory erosion
resistance stability tests, shear strength tests, and plant growth tests, and variance analysis of the test
result data was conducted to reveal the effects and laws of the aggregation materials. The results
show that the mechanical stability of ecological mini-aggregations is strong, the erosion resistance
is high, and the ecological performance is favorable. The performance is sufficient for slope soil
ecological restoration, and there is an optimal material ratio for the addition of materials to ecological
mini-aggregations. The above research revealed the mechanism controlling polymer composite
materials in the development of ecological mini-aggregations; these materials can be included to
create ecological mini-aggregations that exhibit strong erosion resistance stability and ecological
performance. These research results can provide new technical means for the efficient ecological
restoration of slopes.

Keywords: polymer adhesive material; ecological mini-aggregation; ecological restoration; ecological
mini-bag; ecological mini-cluster

1. Introduction

The ecological restoration of slopes is of great significance for engineering safety,
ecological safety, and natural disaster prevention. Using ecological aggregations is an
efficient technology in ecological slope protection; commonly used ecological aggregations
include ecological bags and planting blankets. Ecological bags, also known as planting bags
or grass belts, are made of nonwoven fabrics, shading nets, polypropylene, or polyester
fibers as raw materials and filled with planting substrates and seeds [1–3]. Planting blankets
are usually a three-dimensional composite grass blanket structure composed of plant fiber
layers, plant seeds, and planting substrates. Research on ecological slope protection with
these conventional ecological aggregations mainly focuses on improving the stability of
the ecological aggregations, improving the materials adopted, optimizing the planting
substrate, and improving ecological performance. Using ecological aggregations for slope
protection has been proven to be an effective ecological restoration method [4–7].

Ecological aggregations can be used to protect highway slopes, riverbank slopes, etc.
While ecological aggregation can be used for slope protection work, it can also restore the
vegetation of the slope, promoting the restoration of the slope’s ecological environment.
This is a prominent advantage that distinguishes the technology from traditional geotech-
nical slope protection, but it also has the disadvantage of being suitable for only gentle
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slopes. Scholars have been trying to improve the materials used for ecological aggregation,
seeking materials that can provide sufficient erosion resistance and stability to the planting
substrate while also being environmentally friendly [1,8,9]. For example, Lutfi [10] studied
using coir and water hyacinth to develop ecological bags to replace plastic bags and reduce
environmental pollution. Shaari [2] utilized waste cotton nonwoven fabric and starch as
material for ecological aggregation, resulting in ecological aggregations with sufficient
strength and stability. Bhattarai [11] developed three different types of biodegradable
erosion control blankets, all of which can reduce soil erosion to varying degrees. The opti-
mization of planting substrates also plays a crucial role in the slope protection performance
of ecological aggregation, where the ratio of planting substrate materials can affect the
ecological performance of the ecological aggregation [12–14]. Faucette [15] added various
fertilizers to planting blankets to enhance the plant growth rate of the blankets and found
that using compost and a planting blanket can effectively reduce the soil erosion of the
slope and enhance its erosion resistance [16]. Research on planting substrates still needs to
be improved in terms of water retention, ecological performance, and erosion resistance. In
response to the current problems in ecological aggregation research, it is necessary to seek
new feasible materials for the development of ecological mini-aggregations.

This paper takes the ecological restoration of slope soil as an example and uses polymer
composite materials to develop ecological mini-aggregations, including ecological mini-
bags and ecological mini-clusters, and with polymer composite materials including red-bed
soil, polymer adhesive material, and polymer water-retaining material. We conducted
erosion resistance stability tests, shear strength tests, and planting tests on the ecological
mini-aggregation materials, studied the effect and controlling mechanism of the ecological
mini-aggregation materials, and found the optimal ratio of the materials. This study can
provide new means for the efficient ecological restoration of slopes.

2. Materials and Methods

This study used polymer composite materials to develop an ecological mini-aggregation
that can be applied to ecological restoration of slope soil. In order to study the mechanical
stability, erosion resistance, and ecological performance of the ecological mini-aggregation,
erosion resistance stability tests, shear strength tests, and plant growth tests were conducted.
Analysis of variance on the test results was conducted to reveal the effectiveness of the
polymer composite materials.

2.1. Development Process of Ecological Mini-Aggregation
2.1.1. Materials

Polymer composite materials include polymer adhesive material, polymer water-
retaining material, and red-bed soil. The development of planting substrates for ecological
mini-aggregations uses polymer adhesive material and polymer water-retaining material,
and the development of red-bed ecological membranes uses weathered red-bed soil and
polymer adhesive material. A description of the development of the utilized red-bed
ecological membrane can be found in another paper by our team. The polymer adhesive
used was a type of strong water-based nano-adhesive, and the polymer water-retaining
material used was a type of water-retaining material with good water absorption and
retention performance; both materials will eventually degrade into CO2 and H2O [14,17].

The planting soil used for the development of the ecological mini-aggregation was
prepared from sandy loam widely distributed in mountainous areas. There are many steep
rocky slopes to be ecologically repaired due to mountain excavation, and the need for
ecological restoration of slopes is urgent. The particle grading curve of the test soil sample
is shown in Figure 1, and its physical properties are shown in Table 1.
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Table 1. Properties of planting soil.

Saturated Moisture
Content (%)

Dry Density
(g/cm3)

Liquid Limit
(%)

Plastic Limit
(%) Plasticity Index

41.3 1.94 23.5 16.2 15

2.1.2. Basic Principles

Ecological mini-aggregations based on polymer composite materials aim to enhance
the ecological self-healing ability of soil to achieve slope ecological restoration. The soil fixa-
tion and ecological effects of ecological mini-aggregations are mainly influenced by factors
such as the physical properties of the red-bed ecological membrane and the material ratio
of the materials. Ecological mini-aggregations can be applied in the ecological restoration
of different slopes (especially steep slopes) and different slope conditions. By controlling
factors such as the ratio of ecological mini-aggregation materials, the ecological slope
protection effect of ecological mini-aggregations based on polymer composite materials
can be controlled.

The development of ecological mini-aggregations involves the use of a red-bed ecolog-
ical membrane. A red-bed ecological membrane is obtained by uniformly mixing red-bed
soil and polymer adhesive material in a certain ratio and then using the film-casting
method [17]. The ecological membrane has good slope protection performance, effectively
improving the erosion resistance of the slope by relying on its material strength and viscos-
ity. It can protect slopes from being directly washed by rainwater (as shown in Figure 2),
and at the same time, it forms a stable and integral erosion-resisting slope surface layer by
bonding with surface soil particles via its viscosity. It can also be used to develop ecological
mini-bags.

The implementation of slope ecological restoration technology for ecological mini-
clusters includes laying an ecological membrane on the slope surface and then placing
ecological mini-clusters. Ecological membranes are materials with high strength, and
covering the slope surface can greatly reduce the erosion of the slope by rainfall. The red-
bed ecological membrane is viscous and can adhere to soil particles on the surface of the
slope, enhancing the stability and integrity of the shallow soil. An ecological mini-cluster
contains polymer adhesive material, and the surface is also viscous and can bond with the
red-bed ecological membrane to fix it on the slope (as shown in Figure 2). Therefore, it
can be fixed on steep slopes for ecological restoration. With polymer adhesive material,
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an ecological mini-aggregation forms a stable internal structure, which endows it with
the ability to resist erosion and disturbances. After the plant seeds inside the ecological
mini-aggregation germinate, they can penetrate the ecological mini-aggregation and grow.
The root will eventually penetrate the red-bed ecological membrane and grow into the
slope soil, achieving a soil fixation effect through the plant root system and, thus, ecological
slope protection.
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Figure 2. Content and principles of ecological mini-aggregation development based on polymer
composite materials.

An ecological mini-bag is fixed on the slope by the adhesive force of the bag itself. Such
a bag is made of red-bed ecological membranes with certain strength and viscosity, so it can
be fixed on steep slopes for ecological restoration purposes. The planting substrate inside
the bag includes planting soil, polymer adhesive material, and polymer water-retaining
material. The planting substrate protected by the bag creates a good environment for plant
growth. After the plant fully grows and develops, the reinforcement effect of shallow
roots, the anchoring effect of deep roots, and the hydrological effect of plant stems and
leaves are the core components of slope ecological protection. Compared to an ecological
mini-cluster substrate, an ecological mini-bag substrate is protected by the bag, the bag is
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of strong stickiness and strength, and it is suitable for the ecological restoration of slopes
with stronger erosion conditions and higher steepness.

2.1.3. Development Process

(1) Development of an ecological mini-cluster

An ecological mini-cluster is made from planting soil, plant seeds, polymer water-
retaining material, and polymer adhesive material. A certain ratio of planting soil, polymer
water-retaining material, and polymer adhesive material is evenly mixed with water. After
adding plant seeds, the mix is kneaded into clusters to obtain an ecological mini-cluster.
To ensure that plant seeds are included in the ecological cluster, as shown in Figure 3,
ecological mini-clusters have a diameter of 4–6 cm.
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Figure 3. Ecological mini-clusters based on polymer composite materials.

(2) Development of an ecological mini-bag

The development of an ecological mini-bag utilizes the tensile strength and viscosity
of an ecological membrane. The high strength of the ecological membrane allows it to be
made into a structurally stable bag, while its viscosity eliminates the need for additional
adhesive material. By using an ecological membrane, an ecological mini-bag with erosion
resistance can be developed. The specific development process of an ecological mini-bag is
as follows. Cut the ecological membrane into a portion of approximately 10 cm × 11 cm
using scissors or sharp tools, as shown in Figure 4. Fold it in half. Use a pointed cone to
pierce and punch the folded red-bed ecological membrane. Wet the edge of the ecological
membrane with water, and use the viscosity of the ecological membrane itself to press
together the folded edges of the red-bed ecological membrane so that it forms a bag. Once
the bag has been made, prepare the plantlet substrate. Mix the planting soil and polymer
composite materials evenly in a certain ratio for later use. Fill the ecological mini-bag with
prepared plant substrate and 3–5 plant seeds to ensure uniform distribution of plant seeds
within the bag.
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Figure 4. Development of an ecological mini-bag.

To study the stability and ecological performance of the ecological mini-aggregations,
erosion resistance stability tests, shear strength tests, and planting tests were conducted
on ecological mini-aggregation substrates made with nine different material ratios, as
shown in Table 2, and a control group substrate without polymer composite materials.
The mechanical stability and ecological performance of the ecological mini-aggregation
substrates under different polymer composite material ratios were studied. We conducted
variance analysis of the test results, to study the effectiveness and mechanism of developing
an ecological mini-aggregation based on polymer composite materials.

Table 2. Substrate ratios of the ecological mini-aggregations.

Test Group Polymer Water-Retaining Material (%) Polymer Adhesive Material (%)

CK (0) 0 0
1 0.06 0.03
2 0.12 0.03
3 0.18 0.03
4 0.06 0.06
5 0.12 0.06
6 0.18 0.06
7 0.06 0.09
8 0.12 0.09
9 0.18 0.09

Note: The dosages in Table 2 are expressed as mass ratios.
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2.2. Ecological Mini-Aggregation Stability Test
2.2.1. Erosion Resistance Stability Test of Ecological Mini-Aggregation Substrate

A soil aggregate is the size of the basic component unit of soil structure, which has an
important impact on the formation and maintenance of the soil structure and can reflect soil
fertility, water retention, and porosity to a certain extent. The characteristics of water-stable
aggregates are closely related to the structural stability of the soil. The average weight
diameter (MWD) and geometric average diameter (GMD) of soil aggregates are the most
commonly used indicators to evaluate the resulting stability. The larger the MWD and
GMD values, the higher the degree of aggregation, the better the structure, and the stronger
the stability of the ecological mini-aggregation substrate [18].

Dry sieving and wet sieving methods were used to determine the structural stability
and water stability of the ecological mini-aggregation substrates. The dry sieving method
can effectively analyze the mechanical stability of ecological mini-aggregation substrates
and serve as an important indicator for evaluating their sensitivity to disturbance. This
study focused on ecological aggregation substrates made with 10 different material ratios,
as shown in Table 2. After the substrates were cured under outdoor natural conditions for
48 h, dry and wet sieving methods were used to study the erosion resistance stability of the
ecological mini-aggregation substrates [19]. The standard sieve groups used in the test had
pore sizes of 5 mm, 2 mm, 0.5 mm, 0.25 mm, and >0.25 mm. During the wet sieving test,
the aggregates were completely submerged in 3–4 cm of water and sieved for 30 min at a
frequency of 20 times/min. Dry sieving was performed for 10 min on a sieve shaker.

The formula for calculating the M1 content of non-water-stable aggregates within a
certain particle size range is:

M1 =
m′

1
m1

× 1000 (1)

In the formula, m′
1 is the mass of non-water-stable aggregates within a certain particle

size range, g; m1 is the mass of the dried test soil sample, g.
The formula for the M2 content of water-stable aggregates within a certain particle

size range is:

M2 =
m′

2
m2

× 1000 (2)

In the formula, m′
2 is the mass of water-stable aggregates within a certain particle size

range, g; m2 is the mass of the dried test soil sample, g.
The water stability of aggregates in an ecological mini-aggregation substrate is an

important indicator of erosion resistance, especially the number of water-stable aggregates
with particle sizes greater than 0.25 mm. When the proportion of water-stable aggregates
with particle sizes greater than 0.25 mm exceeds 70%, the ecological mini-aggregation
substrate has good water stability and strong erosion resistance.

The calculation formulas for the average weight diameter MWD (mm) and GMD (mm)
of soil aggregates are:

MWD = ∑n
i=1 ximi (3)

GMD = exp
(

∑n
i=1 milnxi

∑n
i=1 mi

)
(4)

Above, xi is the average particle size of aggregates within a specific particle size range,
mm, and mi is the percentage of the mass of aggregates within a specific particle size range
relevant to the dry weight of the tested soil sample, %.

2.2.2. Ecological Mini-Aggregation Substrate Shear Strength Test

The test subjects were ecological mini-aggregation substrates made with 10 different
material ratios, as shown in Table 2, which were cured under outdoor natural conditions for
48 h. According to Geotechnical Engineering Test Method and Criterion (GB/T50123-1999) [20]
and referring to actual engineering conditions, unconsolidated undrained shear testing
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was conducted. The ZJ quadruple strain-controlled direct shear apparatus was used, with
vertical loads of 50 kPa, 100 kPa, 200 kPa, and 400 kPa and a strain rate of 0.8 mm/min.
Three tests were conducted per group, and the average result was taken as the test result.
The shear strengths of specimens under different vertical pressures were determined.
Afterward, the shear strength–vertical pressure curve of each group of samples was drawn,
and the cohesion and internal friction angle properties of the samples were obtained based
on the curve intercepts and slopes. The substrate shear strength test is shown in Figure 5.
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2.3. Ecological Mini-Aggregation Substrate Planting Test

To study the ecological performance of the ecological mini-aggregations and determine
the optimal material ratio for the substrate, a substrate planting test of ecological mini-
aggregation substrate was conducted. The substrate ratio for the test is shown in Table 2.
The test was divided into a control group and nine test groups, totaling ten groups. The
plant used in this testing was pigeonpea, which is a commonly used plant in ecological
slope protection. Each test group included 400 g of planting soil, which was placed in
a planting vessel. Materials were added to each group of soil samples in their designed
material ratios. After uniform mixing, 10 pigeon pea seeds were sown in each group.
Each sample was supplied with 50 mL of water during each watering time. Water was
applied every other day for the first three days and then every three days. A dry situation
was simulated, and the number of plant germinations was recorded. The height of plant
growth was recorded every two days, and the test time was 20 days. Three parallel tests
were performed for each group of samples, and the average of the results was taken. The
calculation formula for the plant germination rate is as follows.

χ =
a
a0

× 100% (5)

In the equation, χ is the plant germination rate of this group, %; a is the number of
sprouted plants; and a0 is the number of seeds sown in this group. The substrate planting
test is shown in Figure 6.
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3. Results
3.1. Stability of Ecological Mini-Aggregation
3.1.1. Erosion Resistance Stability of the Ecological Mini-Aggregations

Test results from the dry sieving method can reflect the mechanical stability of an
ecological mini-aggregation substrate, while wet sieving method test results can reflect the
water stability of an ecological mini-aggregation substrate; the better the water stability,
the stronger the resistance to rainwater erosion. When the proportion of water-stable
aggregates with a particle size greater than 0.25 mm is greater than 70%, the ecological
mini-aggregation substrate has good water stability and strong erosion resistance. In Table 3
and Figure 7, the stability test results of the ecological mini-aggregation substrates are
presented.
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The MWD and GMD of the aggregates in an ecological mini-aggregation substrate can
reflect the quality of the ecological mini-aggregation structure. The larger the value, the
stronger the stability of the ecological mini-aggregation structure. The MWD and GMD of
each test group for the aggregate stability tests of the ecological mini-aggregation substrates
are shown in Figure 8. It can be seen that in both types of tests, the MWD and GMD
results of the designed ecological mini-aggregation substrates are significantly improved
over those of the control group. After adding certain amounts of material, the structure
of the ecological mini-aggregation substrate is clearly more stable, and its resistance to
disturbance is also stronger.
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The wet sieving test can reflect the aggregate structure and distribution of a mini-
aggregation substrate, and the stability of the aggregates is the ability of the soil aggregates
to maintain structural stability. A two-way analysis of variance on the MWD and GMD
of aggregates in the wet sieving test results was conducted, with the addition of adhesive
and water-retaining material as independent variables and the MWD and GMD of the
aggregates as dependent variables. In the analysis of aggregate MWD, for variable adhesive
material, F-test results showed that the significance p-value was 0.046 < 0.05, showing that
adhesive material has a significant impact and the main effect on MWD. For variable water-
retaining material, F-test results showed that the significance p-value was 0.998 > 0.05,
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showing that water-retaining material has no significant impact on MWD. In Figure 9, the
mean values comparison of the variance analysis for the results of the wet sieving test is
presented; combining with Figure 8b and observing the results of experimental groups 1–9,
it can be seen that overall, when the amount of polymer water-retaining material is fixed,
the more adhesive material added, the larger the MWD and GMD of the mini-aggregation
substrate, and vice versa. When the amount of polymer adhesive material is fixed, the more
water-retaining material added, the smaller the MWD and GMD of the mini-aggregation
substrate. This indicates that adhesive material plays a main role in enhancing the stability
and erosion resistance of the ecological mini-aggregation, while water-retaining material
has a certain counterproductive effect.
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Soil aggregate stability is the ability of aggregates to resist external disturbance and
maintain structural stability and is the key factor in determining the quality of the aggregate
structure. Soil aggregates are considered the “storage reservoir” of soil nutrients, and an
increase in their quantity indicates enhancement of soil’s ability to store nutrients, retain
water, and enhance permeability. Therefore, aggregates are often one of the indicators of
good soil ecological performance. Through the above analysis, it can be seen that compared
to the control group CK without added material, the number of large aggregates and
water-stable aggregates in ecological mini-aggregation substrates with the addition of
polymer composite materials significantly increased. It can be inferred that the addition
of polymer composite materials not only enhances the structural stability and erosion
resistance of ecological mini-aggregations but also enhances their soil fertility and ecological
performance.

3.1.2. Shear Strength of Ecological Mini-Aggregations

The shear strength parameter of an ecological mini-aggregation substrate also reflects
its structural stability. The larger the shear strength parameters are, the more stable its
structure. As shown in Figure 10, the shear strength test results of the ecological mini-
aggregation substrates show that the cohesion and internal friction angle of the tested
groups with added polymer composite materials are greater than those of the control
group CK without material, indicating that the addition of polymer composite materials
effectively enhances the mechanical stability of the ecological mini-aggregation. Observing
test Groups 1–9, overall, when the amount of polymer water-retaining material is fixed, the
more adhesive material added, the greater the cohesion and internal friction angle area, and
vice versa; when the amount of polymer adhesive material is fixed, the more water-retaining
material added, the smaller the cohesion and internal friction angle of the ecological mini-
aggregation substrate, and vice versa. This indicates that the adhesive material plays the
main role in enhancing the mechanical stability of ecological mini-aggregations, while the
water-retaining material has a certain counterproductive effect. This is very similar to the
conclusions of the aggregate stability test for the ecological mini-aggregation substrates.
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3.2. Ecological Performance of Ecological Mini-Aggregations

The ecological performance of ecological mini-aggregations is crucial for slope ecologi-
cal restoration. The plant germination rate and plant height in plant growth tests can reflect
the ecological performance of ecological mini-aggregation substrates made of different
material ratios. In Figure 11, the planting test results of the ecological mini-aggregation
substrates are shown. From the figure, it can clearly be seen that the germination rate and
plant height of the test groups with the addition of polymer water-retaining material and
polymer adhesive material are higher than those of the control group CK, which indicates
that the added materials effectively promote plant growth and development and that
these substrates create a good growth environment for plant growth and development. By
comparing and analyzing plant growth, it can be seen from the graph that Group 6 has
the highest germination rate and plant height, with a germination rate of 80% and a plant
height of 7.6 cm.
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A two-way analysis of variance on the MWD and GMD of aggregates in the plant
growth test results was conducted, with the addition of adhesive and water-retaining mate-
rial as independent variables, and plant germination rate and plant height as dependent
variables. In analysis of plant germination rate, for variable addition of water-retaining
material, F-test results showed that the significance p-value was 0.020 < 0.05, showing
that water-retaining material has a significant impact on the germination rate. For vari-
able addition of adhesive material, F-test results showed that the significance p-value was
0.048 < 0.05, showing that adhesive material has a significant impact on the germination
rate as well. It can be inferred that both materials have a significant impact on plant germi-
nation, but water-retaining material has a greater impact. In the analysis of plant height, for
variable water-retaining material, F-test results showed that the significance p-value was
0.133 > 0.05, which indicates no significant impact on plant height. For variable adhesive
material, the F-test showed that the significance p-value was 0.047 < 0.05, which indicates a
significant impact on plant height. In Figure 12, the mean value comparison of the variance
analysis for plant growth test results is presented; combining with Figure 11 and comparing
groups 1–9, it can be found that with a fixed amount of adhesive material added, as the
amount of polymer water-retaining material increased, the water content of the substrate
increased, and the plant germination rate increased. When the amount of water-retaining
material was constant, as the amount of adhesive material increased, the plant germination
rate mainly showed a trend of first increasing and then decreasing. It can be inferred that
adding too much polymer adhesive material may harm plant germination. In terms of
plant height, with an increase in water-retaining material, the overall plant height showed
a decreasing trend, and excessive water-retaining material was detrimental to plant growth.
In sum, an optimal material ratio scheme should be selected to ensure the overall stability
of the ecological mini-aggregations, while ensuring that the porosity and water retention
of the substrate are suitable for plant growth and that the ecological mini-aggregation can
improve the ecological self-repair ability of a slope.
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From the above tests, it can be concluded that ecological mini-aggregations with
polymer composite materials exhibit strong water stability, mechanical stability, good
structural stability and erosion resistance, and good ecological performance. Polymer
composite materials create good conditions for plant growth.

The adhesion of polymer adhesive material is the reason for the enhanced stability
of the ecological mini-aggregation substrate structure. Adhesive material significantly
enhances the mechanical properties of an ecological mini-aggregation, while polymer
water-retaining material has a certain counterproductive effect on improving their mechan-
ical properties. However, the presence of polymer water-retaining material is the main
factor in improving the ecological performance of an ecological mini-aggregation. A new
physical and chemical connection (ionic bond, hydrogen bond, or van der Waals force) is
generated between the adhesive material molecules and the soil particles [17]. Through
these chemical bonds, the long-chain macromolecules of the polymer wrap the surface of
the substrate particles to form a stable aggregate composed of a certain number of soil
particles, enhancing soil aggregates, and promote plant growth, and these interconnected
long-chain macromolecules form an elastic and viscous covering layer on the surface of
the substrate aggregate, effectively enhancing the structural stability of the ecological
mini-aggregation substrate. Compared to directly applying composite materials to slope
soil, this study used a red-bed ecological membrane for slope protection, further reducing
soil erosion on slopes [7,17]. Polymer water-retaining material effectively enhances the
plant growth environment of the substrate. Water-retaining material can absorb water and
expand when moisture is sufficient and release water and contract when the surround-
ing soil is drier, providing good water conditions for plant growth that are beneficial for
the germination of plant seeds, but excessive water may harm the later stages of plant
growth. The repeated expansion and contraction of water-retaining material during the
process of absorbing and releasing water can lead to an increase in soil voids. During the
water absorption process, water-retaining material expands in volume, compresses the
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surrounding soil, and forces the soil to undergo microdeformation, thereby playing a role
in fluffy soil and increasing soil porosity and permeability. Adhesive material establishes
new physical and chemical connections between particles, thereby enhancing the overall
strength and stability of the ecological mini-aggregation substrate. However, excessive
interparticle connectivity may cause soil compaction in the substrate, reducing the porosity
and permeability of the ecological mini-aggregation substrate. It can be concluded that
adhesive material and water-retaining material interact with each other in the ecological
mini-aggregation substrate. An increase in the porosity and permeability of the ecological
mini-aggregation substrate means a decrease in structural stability, but the growth and
development of plants require the soil to have a certain pore structure and permeability.

Therefore, when developing ecological mini-aggregations based on polymer composite
materials, it is necessary to consider the actual situation, the climate of the slope, rainfall
erosion, and other conditions; select a suitable ratio; and develop an ecological mini-
aggregation that meets sufficient stability requirements while also having good plant
growth conditions. As shown in Figure 13, in this study, Group 6 corresponds to the
optimal ratio, with strong mechanical stability and good water stability. Overall, Group 6
exhibits strong erosion resistance stability and the best ecological performance.
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4. Conclusions

1. Ecological mini-aggregations developed using eco-friendly polymer composite mate-
rials can effectively achieve the ecological restoration of slope soil. Ecological mini-
aggregations have excellent erosion resistance, great mechanical properties, strong
structural stability, and good ecological performance. The development mechanism
for ecological mini-aggregation materials was revealed through tests.

2. Polymer composite materials can provide excellent erosion resistance and stability
to ecological mini-aggregation while also possessing good ecological performance,
which can improve the plant growth conditions in a planting substrate and promote
plant growth. Polymer adhesive material can enhance the structural stability and
erosion resistance of ecological mini-aggregations, but can also reduce the porosity of
the substrate, leading to excessive hardening that is not conducive to plant growth.
Polymer water-retaining material can improve plant growth conditions but is not
conducive to the structural stability of ecological mini-aggregations. There is an opti-
mal material ratio for the addition of polymer composites. In this study, the optimal
material ratio for the development of ecological mini-aggregations was determined to
be 0.18% polymer water-retaining material and 0.06% polymer adhesive material.

3. This paper studied the mechanical and ecological properties of ecological mini-
aggregations with different polymer composite material ratios, providing valuable
theoretical and data references for the application and promotion of ecological mini-
aggregations in ecological slope protection and soil ecological restoration.

Author Contributions: H.L.: investigation, visualization, writing—original draft, writing—review
and editing. C.Z.: conceptualization, methodology, formal analysis, supervision, resources, validation.
Z.L.: conceptualization, methodology, formal analysis, supervision, resources, validation. All authors
have read and agreed to the published version of the manuscript.

Funding: National Natural Science Foundation of China (42293354); National Natural Science
Foundation of China (42277131); National Natural Science Foundation of China (42293351); National
Natural Science Foundation of China (42293355); National Natural Science Foundation of China
(42293350).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors would like to thank all the editors and reviewers of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bilck, A.P.; Olivato, J.B.; Yamashita, F.; de Souza, J.R.P. Biodegradable bags for the production of plant seedlings. Polimeros 2014,

24, 547–553. [CrossRef]
2. Shaari, M.F.; Isa, H.M.M.; Rashid, A.H.A.; Sunar, N.M.; Mahmood, S.; Ismail, N.; Kassim, A.S.M.; Marsi, N. Biodegradability

Characterization of Cotton Waste Planting Bag Prototype. In Proceedings of the 4th International Conference on Mechanical,
Manufacturing and Plant Engineering (ICMMPE), Melaka, Malaysia, 14–15 November 2018; pp. 453–464.

3. Xu, X. Slope Protection with Vegetation of Baoji (Shaanxi)-Hanzhong (Shaanxi) Expressway. Agric. Sci. Technol. 2015, 16, 151.
4. Zhou, J.Y.; Yang, J.L.; Zheng, D.; Liu, J.S. Simple Tests for the Design Parameters and Sinkage Algorithm for Eco-bags Slope.

In Proceedings of the International Conference on Modern Hydraulic Engineering (CMHE), Nanjing, China, 9–11 March 2012;
pp. 844–849.

5. Zheng, D.; Zhou, J.Y.; Yang, J.L.; Zhu, Z.X. Applied Research on the Eco-Bags Structure for the Riverside collapse Slope in
Seasonal Frozen Soil Zone. In Proceedings of the International Conference on Modern Hydraulic Engineering (CMHE), Nanjing,
China, 9–11 March 2012; pp. 855–859.

6. Zhang, Y.; Feng, M.M.; Yang, J.Y.; Zhao, T.N.; Wu, H.L.; Shi, C.Q.; Shen, Y. Effects of soil cover and protective measures on
reducing runoff and soil loss under artificial rainfall. Soil Water Res. 2015, 10, 198–205. [CrossRef]

https://doi.org/10.1590/0104-1428.1589
https://doi.org/10.17221/137/2014-SWR


Sustainability 2024, 16, 3431 19 of 19

7. Liu, H.; Li, Q.; Li, Q.; Han, Y.; Cai, D. Effects of Polyacrylamide on Runoff and Sediment Characteristics of Slope in Northeast
Black Soil Area. IOP Conf. Ser. Earth Environ. Sci. 2020, 526, 012042. [CrossRef]

8. Sidhu, R.S.; Dougherty, M.; Zech, W.C.; Guertal, B. Cost Effectiveness of Erosion Control Covers during Vegetation Establishment
under Simulated Rainfall. J. Water Resour. Prot. 2015, 7, 119–129. [CrossRef]

9. Barragán, D.H.; Pelacho, A.M.; Martin-Closas, L. Degradation of agricultural biodegradable plastics in the soil under laboratory
conditions. Soil Res. 2016, 54, 216. [CrossRef]

10. Lutfi, M.; Nugroho, W.A.; Vo, H.T.; Djoyowasito, G.; Ahmad, A.M.; Sandra, S. Performance test of organic planting bags for
woody plant seedlings. Int. J. Agric. Biol. Eng. 2020, 13, 93–98. [CrossRef]

11. Bhattarai, R.; Kalita, P.K.; Yatsu, S.; Howard, H.R.; Svendsen, N.G. Evaluation of compost blankets for erosion control from
disturbed lands. J. Environ. Manag. 2011, 92, 803–812. [CrossRef] [PubMed]

12. Du, T.; Wang, D.M.; Bai, Y.J.; Zhang, Z.Z. Optimizing the formulation of coal gangue planting substrate using wastes: The
sustainability of coal mine ecological restoration. Ecol. Eng. 2020, 143, 105669. [CrossRef]

13. Mao, Z.X.; Li, Q.; Wang, Y.C. Research on the application of a cement and soil aggregate for the ecological restoration of vegetation
in artificial soil. PeerJ 2023, 11, e14657. [CrossRef] [PubMed]

14. Liao, J.; Liu, Z.; Zhou, C.; Zhang, Q. Disintegration Resistance of Steep-Rocky-Slope Wall-Hanging Soil Based on High-
Performance Ester Materials. Sustainability 2022, 14, 8850. [CrossRef]

15. Faucette, L.B.; Risse, L.M.; Jordan, C.F.; Cabrera, M.L.; Coleman, D.C.; West, L.T. Vegetation and soil quality effects from hydroseed
and compost blankets used for erosion control in construction activities. J. Soil Water Conserv. 2006, 61, 355–362. [CrossRef]

16. Faucette, L.B.; Risse, L.M.; Nearing, M.A.; Gaskin, J.W.; West, L.T. Runoff, erosion, and nutrient losses from compost and mulch
Mankets under simulated rainfall. J. Soil Water Conserv. 2004, 59, 154–160. Available online: https://www.jswconline.org/
content/59/4/154 (accessed on 12 March 2024).

17. Lai, H.; Zhou, C.; Liu, Z. Ecological membrane for slope engineering based on red bed soil. PLoS ONE 2023, 18, e0286949.
[CrossRef] [PubMed]

18. Ding, W.-F.; Zhang, X.-C. An evaluation on using soil aggregate stability as the indicator of interrill erodibility. J. Mt. Sci. 2016, 13,
831–843. [CrossRef]

19. Amézketa, E. Soil Aggregate Stability: A Review. J. Sustain. Agric. 1999, 14, 83–151. [CrossRef]
20. GB/T50123-2019; Geotechnical Engineering Test Method and Criterion. Direct Shear Test 2019. Field Test Asia Pte Ltd.: Singapore,

2019; pp. 122–125.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1088/1755-1315/526/1/012042
https://doi.org/10.4236/jwarp.2015.72010
https://doi.org/10.1071/SR15034
https://doi.org/10.25165/j.ijabe.20201305.4975
https://doi.org/10.1016/j.jenvman.2010.10.028
https://www.ncbi.nlm.nih.gov/pubmed/21036461
https://doi.org/10.1016/j.ecoleng.2019.105669
https://doi.org/10.7717/peerj.14657
https://www.ncbi.nlm.nih.gov/pubmed/36655042
https://doi.org/10.3390/su14148850
https://doi.org/10.1007/0-387-28324-2
https://www.jswconline.org/content/59/4/154
https://www.jswconline.org/content/59/4/154
https://doi.org/10.1371/journal.pone.0286949
https://www.ncbi.nlm.nih.gov/pubmed/37289840
https://doi.org/10.1007/s11629-015-3447-4
https://doi.org/10.1300/J064v14n02_08

	Introduction 
	Materials and Methods 
	Development Process of Ecological Mini-Aggregation 
	Materials 
	Basic Principles 
	Development Process 

	Ecological Mini-Aggregation Stability Test 
	Erosion Resistance Stability Test of Ecological Mini-Aggregation Substrate 
	Ecological Mini-Aggregation Substrate Shear Strength Test 

	Ecological Mini-Aggregation Substrate Planting Test 

	Results 
	Stability of Ecological Mini-Aggregation 
	Erosion Resistance Stability of the Ecological Mini-Aggregations 
	Shear Strength of Ecological Mini-Aggregations 

	Ecological Performance of Ecological Mini-Aggregations 

	Conclusions 
	References

