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Abstract: Conducting research on the dynamic behavior of root–soil systems is crucial for
accurately assessing the seismic response of ecological slopes, thereby providing a scientific
foundation for the development of appropriate seismic design measures. Documentation
of the improvement of soil dynamics through vegetation root systems is insufficient in the
current research. This study utilizes resonance column tests to explore how root systems
influence the dynamic properties of clayey soil and to uncover the mechanisms behind
this enhancement. The results indicate that both root distribution and mass density have a
significant impact on the soil’s dynamic shear modulus and damping ratio. When roots are
distributed in the upper part of the soil, the dynamic shear modulus and damping ratio
of the soil are higher than in cases of even distribution or concentration in the lower part.
The dynamic shear modulus initially increases and then decreases with the increase in root
mass density, reaching its peak at a root mass density of 1.5% g·cm−3. The damping ratio is
influenced by both root mass density and confining pressure, with different critical root
mass densities observed under varying confining pressures. The maximum enhancement in
dynamic shear modulus is 27.6%, achieved at a 3% root mass density, with a peak damping
ratio of 5.39%. Variations in both dynamic shear modulus and damping ratio with shear
strain follow the Hardin–Drnevich hyperbolic curve.

Keywords: plant roots and clay; resonant column test; dynamic characteristics; dynamic
shear modulus; damping ratio; root mass density

1. Introduction
In recent decades, rapid development has been witnessed in critical infrastructure

sectors such as highways, railways, and bridges in China. However, as a consequence, a
significant number of exposed engineering slopes have been formed, making them highly
susceptible to various geological hazards. As a response to this issue, vegetation-based
ecological protection has emerged as an essential approach for mitigating engineering slope
disasters and preserving the ecological environment, thus becoming a current research
focus within the field of geotechnical engineering [1–3]. Vegetation-based ecological slopes
are defined as measures adopted on slope surfaces, including grass planting and tree
plantation, aiming to stabilize and protect the soil on the surface and prevent the occurrence
of natural disasters such as soil erosion [4] and landslides [5]. Additionally, environmental
beautification and the promotion of ecosystem restoration are also achieved through these
measures [6].

The soil damping ratio, as a critical indicator of the energy dissipation capacity of
soil under dynamic loading, holds extensive research value in the field of geotechnical
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engineering. Particularly in slope protection engineering, the soil damping ratio directly
affects the stability and response characteristics of slopes under dynamic loads such as
earthquakes and vibrations. In the 1960s and 1970s, extensive research was conducted on
the damping ratio and shear modulus of soils by scholars such as Seed [7] and Hardin
et al. [8,9]. It was observed that the damping ratio of soils tends to increase with the increase
in shear strain amplitude. The experimental results of the dynamic stress–strain relationship
of soil were analyzed and summarized by Chen et al. [10]. It was recommended to use
the plasticity index to describe the empirical curve of the relationship between damping
ratio and shear strain. However, it has been found that using a single parameter (such
as plasticity index) to describe the damping ratio attenuation curve does not match the
actual working load conditions (soil usually bears multiple complex dynamic loads, such
as earthquakes, mechanical vibrations, and traffic loads).

The dynamic shear modulus and damping characteristics of red sandstone [11,12]
and tailings [13,14] were investigated by researchers, yielding valuable research findings.
Park D et al. [15] proposed empirical G/G max and D curves for the dynamic properties
of cohesive core materials by analyzing the shear modulus and damping ratio curves of
dam cores. Zhao et al. [16] conducted experimental research on the dynamic properties of
fiber-modified soil, revealing that a fiber content of 0.2% resulted in minimal damage and
maximum dynamic strength and elastic modulus for the modified soil samples. Collins KM
et al. [17] conducted a dynamic analysis of gravel based on shear modulus and damping
ratio, deriving a fitted relationship between optimal damping ratio and shear modulus. Li
et al. [18] performed large-scale dynamic triaxial tests on rice husk ash-modified soil, ana-
lyzing the effects of the rice husk ash content, dynamic stress amplitude, and reinforcement
method on the axial cumulative deformation, dynamic stress–strain curve, and dynamic
elastic modulus. Tang et al. [19] investigated the improvement in the dynamic performance
of loess in the Xining area before and after reinforcement using bidirectional geogrids.

The mechanism by which grass roots reinforce soil primarily involves two aspects:
directly enhancing soil structure through physical interaction and regulating soil moisture
and matric suction, while indirectly improving soil shear strength. Their combined effect
significantly increases soil strength and stability. Most studies consider the tensile strength
of roots as a direct measure of apparent root cohesion in slope soils [20].

Regarding the dynamic characteristics of root–soil composites, R. Sonnenberg et al. [21]
controlled the growth of willows to provide different root systems and distribution char-
acteristics. Using centrifuge model experiments for stability back-analysis, they found
that roots provided only a limited amount of reinforcement. In contrast, when compared
with measured root characteristics and commonly used root reinforcement models, roots
were found to provide significant reinforcement. Therefore, further research is needed
on the effective reinforcement of soil kernels by root systems. The presence of roots has
been demonstrated by several studies to enhance the damping ratio and shear strength of
soil. For instance, experimental and numerical investigations were conducted by Chenari
et al. [22], in which metal wires were substituted for plant roots, resulting in an observed
increase in the damping ratio with both shear displacement and root density. The perfor-
mance of root-reinforced soil under cyclic loading was explored through triaxial cyclic
loading tests conducted by Yan et al. [23], revealing improvements in the soil’s shear
strength attributable to the presence of roots. Furthermore, experiments conducted by
Liu et al. [24] revealed that roots possess a remarkable capacity to enhance soil resistance
against liquefaction, with cross-placed roots exhibiting superior reinforcement effects. How-
ever, due to the complexity of soil and the difficulty in representing the three-dimensional
distribution of roots with precise mathematical models, as well as the challenges in quanti-
tatively capturing root–soil dynamic interactions), the influence of plant root content on
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soil dynamic properties remains in its early exploratory stage. As a result, a mass ratio
methodology is proposed in this study to ascertain root content and dynamic character-
istic tests on red clay with integrated roots prevalent in southern regions of China were
conducted. By incorporating considerations such as root mass density and distribution,
the temporal variations of the dynamic shear modulus and damping ratio of root–clay
composites are elucidated by this investigation. These research findings provide valuable
insights to inform the design of anti-seismic and anti-vibration measures for ecological
slope protection along southern railway subgrades.

2. Experimental Materials with Tested Material
2.1. Experimental Materials

The test soil was obtained from the red clay of the railway embankment slope near
Zhuzhou West Station in Hunan, China, as illustrated in Figure 1. The particle size distri-
bution curve of the soil is presented in Figure 2. The physical parameters of the soil are
detailed in Table 1. The soil particle gradation curve is relatively smooth without significant
abrupt changes (the particle sizes at cumulative passing rates of 60%, 30%, and 10% are
d60 = 1.0214, d30 = 0.3520, and d10 = 0.0955, respectively). The uniformity coefficient (Cu)
is 10.70, and the curvature coefficient (Cc) is 1.27, indicating that it is well-graded soil [25].
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Table 1. Physical parameters of soil.

Coefficient of
Uniformity

Curvature
Coefficient

Plasticity
Limit Liquid Limit Plasticity

Index

14.29 1.11 22.87% 41.63% 18.76

The experiment employed the root systems of Cynodon dactylon, using grass roots
with a diameter of 0.5–1 mm and maintaining the length of the grass roots between 8 mm
and 10 mm. To quantify the number of roots added to the soil, we introduced the concept
of root mass density.

ρg =
mg

V
(1)

The following terms are defined as follows: ρg represents the root mass density, mg

stands for the total mass of roots within the soil sample, and V signifies the volume of the
soil sample.

2.2. Tested Equipment

For this experiment, the GDSRCA resonant column testing system, developed by the
British company GDS, was utilized. The testing system includes a computer, a data acqui-
sition unit, a backpressure controller, software-driven components, and signal amplifiers
as detailed in reference [26], depicted in Figure 3. The resonant column testing utilizes an
electromagnetic drive system to generate sinusoidal vibrations. In torsional experiments,
four pairs of coils are connected in series to generate torque acting on the soil specimen.
Due to the influence of the magnetic field, the drive disk undergoes oscillatory motion.
Adjusting the frequency and amplitude of the applied voltage enables the identification of
the resonant frequency of the specimen. The amplitude can be detected by scanning the
frequency applied using an accelerometer positioned on the drive disk.
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2.3. Experimental Procedure

To investigate the influence of plant roots in the 1–5 m clay layer on the dynamic
properties of soil, three different confining pressures (100 kPa, 200 kPa, and 300 kPa)
were applied. The root mass density of clay is generally low, ranging between 0 and
0.03 g·cm3 [27]. Therefore, the dynamic shear modulus and damping ratio of clay were
tested under five different root mass density conditions (0%, 1%, 1.5%, 2%, 2.5%, and 3%).

The experimental plant selected was Cynodon dactylon, a common local herbaceous
plant. It is a widely distributed grass species native to tropical and subtropical regions,
including Africa, Asia, and southern Europe. It is now widely cultivated globally, especially
in warm climates such as the southern United States, China, India, and Australia. Its
chemical composition is primarily cellulose and minerals, with fiber components mainly
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consisting of cellulose, hemicellulose, and lignin. Due to its strong drought resistance, it is
often used for slope protection and soil and water conservation [28].

The resonant column specimens were cylindrical, with a diameter of 50 mm and
a height of 100 mm. Due to specimen size limitations, Cynodon dactylon roots with a
diameter of 0.5–1 mm and a length of 8–10 mm were selected. The specimen soil was dried
at 108 ◦C for 8 h and then prepared with a dry density of 1.65 and a water content of 12%.
To thoroughly mix Cynodon dactylon roots with the soil, the soil and roots were evenly
divided into five portions by weight, as required by the standard [25]. The mixture was
layered into the mold in 20 mm layers, as shown in Figure 4.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 5 of 16 
 

108 °C for 8 h and then prepared with a dry density of 1.65 and a water content of 12%. 
To thoroughly mix Cynodon dactylon roots with the soil, the soil and roots were evenly 
divided into five portions by weight, as required by the standard [25]. The mixture was 
layered into the mold in 20 mm layers, as shown in Figure 4. 

In the installation process of the resonant column test, it is crucial to start by covering 
the specimen with latex film and securing it onto the base of the resonant column, ensur-
ing airtightness. Next, place the top cap, install the drive system, and connect the drive 
disk to the specimen’s top cap. Install the accelerometer, connect the coils, and safeguard 
the coil wires. Mount the top disk/LVDT on the top of the resonant column. After com-
pleting the installation of all components, double-check the magnet positions in the coils 
and make necessary adjustments to ensure the safety of all wires. Lastly, install the glass 
cover to complete the assembly of the entire testing apparatus. Careful execution of this 
process, involving detailed operations and precise adjustments, is crucial for ensuring the 
accuracy and reliability of the experiment, as depicted in Figure 5. In the preliminary ex-
periments, fine-grained soils such as clay exhibited significant damping effects at low fre-
quencies (<30 Hz), but the damping ratio gradually stabilized as the frequency increased. 
Testing in the 30 Hz to 150 Hz range captures the damping trend of clay while also provid-
ing stable damping ratio data. The testing conditions included undrained and unconsoli-
dated soil samples subjected to applied confining pressures. Upon reaching a stable con-
fining pressure, the twist resonance test was conducted using GDS RCA (v 1.0.0) software. 
In the test, an input voltage was applied, and a frequency sweep was performed within 
the range of 30–150 Hz. This procedure provided data on resonance voltage amplitude 
and resonance frequency, allowing for the calculation of parameters such as dynamic 
shear modulus based on these values. After completing the twist resonance test, the test-
ing apparatus automatically transitioned to the damping test mode, with the resonance 
frequency as a parameter for the damping test. These steps were repeated until all the 
necessary tests were completed, as outlined in reference [29]. 

 

Figure 4. Test specimen. Figure 4. Test specimen.

In the installation process of the resonant column test, it is crucial to start by covering
the specimen with latex film and securing it onto the base of the resonant column, ensuring
airtightness. Next, place the top cap, install the drive system, and connect the drive disk to
the specimen’s top cap. Install the accelerometer, connect the coils, and safeguard the coil
wires. Mount the top disk/LVDT on the top of the resonant column. After completing the
installation of all components, double-check the magnet positions in the coils and make
necessary adjustments to ensure the safety of all wires. Lastly, install the glass cover to
complete the assembly of the entire testing apparatus. Careful execution of this process,
involving detailed operations and precise adjustments, is crucial for ensuring the accuracy
and reliability of the experiment, as depicted in Figure 5. In the preliminary experiments,
fine-grained soils such as clay exhibited significant damping effects at low frequencies
(<30 Hz), but the damping ratio gradually stabilized as the frequency increased. Testing
in the 30 Hz to 150 Hz range captures the damping trend of clay while also providing
stable damping ratio data. The testing conditions included undrained and unconsolidated
soil samples subjected to applied confining pressures. Upon reaching a stable confining
pressure, the twist resonance test was conducted using GDS RCA (v 1.0.0) software. In the
test, an input voltage was applied, and a frequency sweep was performed within the range
of 30–150 Hz. This procedure provided data on resonance voltage amplitude and resonance
frequency, allowing for the calculation of parameters such as dynamic shear modulus
based on these values. After completing the twist resonance test, the testing apparatus
automatically transitioned to the damping test mode, with the resonance frequency as a
parameter for the damping test. These steps were repeated until all the necessary tests were
completed, as outlined in reference [29].
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3. Experimental Results Analysis
3.1. Influence of Plant Root Systems on Soil Shear Modulus

Torsional resonance testing provides resonance frequency and resonance voltage of
the specimen. The following formulas can be employed to calculate shear wave velocity,
shear modulus, shear strain, and other relevant parameters [29].

Rotational inertia:

I =
md2

8
(2)

Fundamental equation for fixed–free resonant column:

I
I0

= β tan(β) (3)

Shear wave velocity calculated according to the following formula:

Vs =
2π f l

β
(4)

Shear modulus can be calculated from shear wave velocity according to the following
formula:

G = ρV2
s (5)

In the provided expressions, the variables represent key parameters in the context
of the experiment. d stands for the outer diameter of the solid specimen, m denotes the
mass of the specimen, I signifies the rotational inertia of the soil sample, I0 represents the
rotational inertia of the column drive system, f is the natural resonance frequency of the
specimen obtained from the resonant column test, l indicates the height of the specimen,
and ρ represents the bulk density. These variables play crucial roles in characterizing and
analyzing various aspects of the experimental setup and outcomes.

Under the influence of dynamic loading, the dynamic shear modulus is a crucial
dynamic parameter characterizing soil behavior. It serves as a key indicator for describing
the stress–strain relationship within the soil [30]. In this study, the dynamic shear modulus
test results were fitted using the Hardin–Drnevich hyperbolic model. The hyperbolic
formula [8] is as follows:

G = Gmax ·
γr

γr + γ
(6)
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In the equation, the following terms are defined as follows: Gmax denotes the maximum
dynamic shear modulus, γ represents shear strain, and γr is the reference shear strain.

3.1.1. Different Root Distribution Patterns

Different root distribution patterns in the soil are shown to yield varying maximum
dynamic shear moduli and dynamic shear modulus–shear strain curves, as illustrated in
Figures 6 and 7. At confining pressures of 100 kPa and 200 kPa, the dynamic shear modulus–
shear strain curves for upper root distribution are consistently positioned above those for
uniform root distribution and lower root distribution. At a confining pressure of 300 kPa,
the dynamic shear moduli for the three root distribution patterns exhibit remarkable
similarity. This phenomenon arises from the electromagnetic drive system, which calculates
shear modulus by generating sinusoidal torque. When roots are exclusively in the upper
section of the specimen, the upper soil shows greater stiffness and strength, resulting in the
specimen exhibiting more substantial restorative forces and shorter vibration cycles under
dynamic excitation. Consequently, this increases the resonance frequency and dynamic
shear modulus. Thus, under lower confining pressures, the upper root distribution pattern
is advantageous in enhancing the soil’s dynamic shear modulus. In practice, this aligns
with scenarios where roots are mainly distributed at the surface of the embankment in the
upper portion of the soil, contributing to an improved soil dynamic shear modulus and
reduced dynamic strain amplitudes.
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3.1.2. Different Root Mass Density

The maximum dynamic shear modulus and the dynamic shear modulus–shear strain
curves for soils with different root mass densities are presented in Figure 8 and Figure 9,
respectively. These graphs reveal that the dynamic shear modulus of all soil specimens
amended with roots surpasses that of the native soil. Several factors contribute to this
occurrence. Firstly, plant root systems interconnect soil particles, thereby increasing the
internal cohesion within the soil [31]. The conceptual diagram of soil–root interaction is
shown in Figure 10. Additionally, root systems introduce frictional forces at the interface
between the roots and the soil, enhancing the roughness and surface area inside the soil,
thereby amplifying inter-particle friction. This effectively enhances the shear strength
of the soil [32–34]. Secondly, the presence of root systems can restrict soil deformations,
especially for smaller-scale deformations. Roots constrain the displacement of soil particles,
slowing the rate of deformation and enhancing the soil’s rigidity [35,36]. Thirdly, the
distribution of root systems can create a network-like structure within the soil, resembling
an “anchoring” effect. This network enhances the overall structural integrity of the soil [37].
When the soil experiences shear stress, the presence of root systems impedes the sliding of
soil particles along the shear planes, resisting shear deformation. This obstruction makes
shear deformation in the soil more challenging, leading to an increased dynamic shear
modulus [3,38]. In summary, plant root systems have the capacity to significantly enhance
the dynamic shear modulus of the soil.
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At three different confining pressures, the dynamic shear modulus gradually increases
within the range of 0–1.5% g · cm−3 root mass density. The dynamic shear modulus peaks
at a root mass density of 1.5% g · cm−3, after which it begins to decrease. For root mass
densities of 2% g · cm−3, 2.5% g · cm−3, and 3% g · cm−3, the dynamic shear modulus in
root-reinforced soil remains relatively stable. This signifies that the inclusion of plant root
systems can enhance the soil’s dynamic shear modulus. Within a specific range of root
mass density, an increased reinforcement effect is observed, and plant roots can impede
soil shear deformation. However, when the root content surpasses the optimal root mass
density, the increase in the network structure reduces the contact area between soil particles,
resulting in reduced cohesion. Moreover, the internal friction in the soil increases with
higher root density, which can resist relative particle displacement and elevate the dynamic
shear modulus. However, this increase in cohesion and shear resistance tends to saturate
as root density rises. Additionally, the presence of roots reduces the specimen’s porosity,
increasing the overall compactness of the soil and, consequently, enhancing the dynamic
shear modulus. Nonetheless, when root content exceeds the optimal root mass density,
the increasing root mass density leads to a relative decrease in soil quality, resulting in a
reduced rate of change in the dynamic shear modulus, which eventually stabilizes at a
certain value.

With an increase in confining pressure, the overlap of the dynamic shear modulus–shear
strain curves for root mass densities of 2% g · cm−3, 2.5% g · cm−3, and 3% g · cm−3 im-
proves. At a confining pressure of 300 kPa, the overall curves become virtually indis-
tinguishable. This indicates that with increasing confining pressure, the dynamic shear
modulus curves for high root mass densities gradually converge. At 300 kPa of confining
pressure, there is little differentiation among the dynamic shear modulus curves for high
root mass densities. The influence of plant root systems on soil dynamic shear modulus
weakens as confining pressure increases. This phenomenon primarily results from the fact
that as the confining pressure increases, the arrangement of soil particles, roots, and the
interstitial space becomes denser. This decrease in porosity heightens the cohesion and
frictional forces between soil particles and roots. Consequently, the impact of the roots
diminishes, reducing their effect on the dynamic shear modulus of the specimen.

3.1.3. Shear Modulus Fitting Results of the Hardin–Drnevich Hyperbolic Model

The dynamic shear modulus fitting parameters of the Hardin–Drnevich hyperbolic
model are shown in Table 2. As observed in the table, the maximum dynamic shear
modulus for samples with added plant root systems consistently surpasses that of samples
without plant roots. The maximum dynamic shear modulus can be enhanced by up
to 27.6% (ρg = 1.5% g · cm−3, σc = 300 kPa), underscoring the capacity of plant root
systems to elevate the soil’s dynamic shear modulus. The correlation coefficients obtained
are all greater than 0.97, indicating a robust fit of the regression curves to the observed
values. The findings in this table offer valuable insights for seismic design involving
root-reinforced soil.
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Table 2. Hardin–Drnevich hyperbolic model’s dynamic shear modulus fitting parameters.

σc(kPa) 100 200 300

ρg/
(
g·cm−3) Gmax/(MPa) γr(×10−4) Gmax/(MPa) γr(×10−4) Gmax/(MPa) γr(×10−4)

0 84.75 3.97 108.08 4.66 134.03 5.1
1% Uniform
Distribution 92.55 3.95 116.67 4.41 140.28 4.64

1% Upper Distribution 97.57 3.67 120.83 4.19 138.91 4.34
1% Lower Distribution 91.86 4.4 114.71 4.81 138.4 5.22

1.5% Uniform
Distribution 108.16 4.02 136.64 4.75 155.19 4.72

2% Uniform
Distribution 101.81 4.27 130.49 5.23 147.99 5.79

2.5% Uniform
Distribution 100.9 4.26 131.8 4.73 148.23 5.59

3% Uniform
Distribution 99.8 4.23 131.97 4.44 148.58 5.23

3.2. Influence of Plant Root Systems on Soil Damping Ratio

The viscous damping ratio λ obtained from the resonant column test is derived from
the free vibration decay curve. This curve is obtained by the accelerometer installed on
the resonant column drive disk. A sine wave is applied to the soil, and after ceasing the
excitation, the results of free vibration are measured. The decrement of the logarithmic
curve δ can be calculated based on the logarithm of the continuous cycle amplitude ratio.
The viscous damping ratio is then computed using the logarithmic decrement according to
the following formula:

λ =

√
δ2

4π2 + δ2
(7)

In this study, the relationship between damping ratio and shear strain was fitted using
the Hardin–Drnevich hyperbolic model. The hyperbolic formula [8] is as follows:

λ =
γ

γr + γ
λmax (8)

In the equation, γ represents the shear strain, γr stands for the reference shear strain,
λ denotes the damping ratio, and λmax signifies the maximum damping ratio.

3.2.1. Different Root Distribution Patterns

The maximum damping ratio and the damping ratio–shear strain curves for differ-
ent root distribution patterns are depicted in Figure 11 and Figure 12, respectively. The
figures reveal that, under all three confining pressures, the damping ratio of soil with
roots distributed in the upper part exceeds that of soil with roots uniformly distributed or
distributed in the lower part. This observation can be attributed to the introduction of roots
into the soil, enhancing the stiffness of the specimen. Soil with roots in the upper part ex-
hibits greater stiffness in the upper portion and reduced stiffness in the lower section, while
soil with roots in the lower part displays diminished stiffness in the upper portion and
elevated stiffness in the lower segment. The heightened upper stiffness results in a more
rigid and swift response of the vibration system to vibrations, leading to a heightened rate
of energy dissipation and, consequently, an increased damping ratio. Conversely, increased
lower stiffness yields a softer and slower response of the vibration system, resulting in a
comparatively reduced rate of energy dissipation and a diminished damping ratio. Further-
more, soil with roots in the lower part is typically constrained by the upper soil, restricting
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the transfer of vibrational energy, which contributes to a relatively lower damping ratio.
Therefore, placing roots in the upper part of the soil proves advantageous for elevating
the soil’s damping ratio and facilitating energy dissipation. This aligns with practical
scenarios where roots are predominantly distributed on the surface of embankments, which
corresponds to the upper part of the soil and fosters energy dissipation.
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Figure 11. The maximum damping ratio of soil with different root distribution patterns.
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Figure 12. λ ~ γ relationship curves for soil with different root distribution patterns.

3.2.2. Different Root Mass Density

The maximum damping ratio and the damping ratio–shear strain curves for soils
with different root mass densities are illustrated in Figures 13 and 14. It is evident from
these figures that under a confining pressure of 100 kPa, the maximum damping ratio
(λmax) was 5.36% when the root mass density was 0. As the root mass density increased
to 1.5% g · cm−3, the damping ratio decreased to 4.92%, reaching the minimum critical
value. Further increasing the root mass density caused the damping ratio to rise, reaching
5.39% at a root mass density of 3% g · cm−3. Under confining pressures of 200 kPa and
300 kPa, the relationship between the damping ratio and root mass density followed
the same trend as under 100 kPa, showing an initial decrease followed by an increase.
Specifically, the damping ratio decreased from λmax= 4.76% at ρg = 0 and λmax = 4.46 at
ρg = 0 to the minimum critical values of λmax = 4.44% at ρg = 2% g · cm−3 and λmax = 4.18%
at ρg = 2.5% g · cm−3. When the root mass density reached 3% g · cm−3, the maximum
damping ratio increased to 4.8% and 4.27%, respectively. Notably, under 100 kPa and
200 kPa confining pressures, the maximum damping ratio of samples with a 3% g · cm−3

root mass density consistently surpasses that of samples with 0% root mass density. This can
be attributed to the fact that the inclusion of roots in the samples enhances the soil’s ductility,
facilitating energy dissipation and resulting in an elevated damping ratio. Simultaneously,
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it leads to a denser soil structure, increasing the contact area between soil particles and
between soil particles and roots. However, this is not conducive to energy dissipation
and results in a lower damping ratio. Simultaneously, it leads to a denser soil structure,
increasing the contact area between soil particles and between soil particles and roots.
However, this is not conducive to energy dissipation and results in a lower damping ratio.
Beyond this point, roots predominantly enhance the soil’s ductility, leading to an increased
damping ratio. In summary, the damping ratio initially decreases and then increases with
an increase in root mass density. In practical slope scenarios, the growth of plant roots
tends to loosen the surface soil, reducing the compactness of the soil on the slope’s surface.
Angers DA et al. [39] previously concluded that during the growth process of roots, large
pores may form through the soil, but these pores are local and beneficial. While roots
enhance the soil’s ductility, their effect on reducing soil compaction is favorable for energy
dissipation.
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3.2.3. Damping Ratio Fitting Results of the Hardin–Drnevich Hyperbolic Model

The fitting parameters for the Hardin–Drnevich hyperbolic model for damping ra-
tio are presented in Table 3, respectively. The obtained correlation coefficients are all
greater than or equal to 0.87, indicating a good fit of the regression curves to the ob-
served values. These results can be valuable for seismic design considerations involving
root-reinforced soil.
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Table 3. Hardin–Drnevich hyperbolic model’s damping ratio fitting parameters.

σc(kPa) 100 200 300

ρg/(g·cm−3) λmax(%) γr(×10−4) λmax(%) γr(×10−4) λmax(%) γr(×10−4)

0 5.36 6.58 4.76 4.03 4.46 3.63
1% Uniform
Distribution 5.06 5.71 4.47 3.15 4.39 3.32

1% Upper Distribution 5.42 5.55 4.85 4.39 4.49 2.91
1% Lower Distribution 4.85 5.31 4.43 3.68 4.24 3.20

1.5% Uniform
Distribution 4.92 4.18 4.52 3.08 4.36 3.06

2% Uniform
Distribution 5.14 4.49 4.44 2.81 4.20 2.62

2.5% Uniform
Distribution 5.15 4.11 4.62 3.08 4.18 2.31

3% Uniform
Distribution 5.39 4.20 4.82 3.04 4.27 2.19

3.3. Reinforcement Mechanism of Roots

The root systems of plants play a crucial role in fortifying the soil and augmenting its
mechanical properties. In the field of mechanics, WU [40,41] developed a soil mechanics
model for evaluating the effectiveness of vertical root systems in slope protection based
on the Mohr–Coulomb strength criteria. However, some scholars argue that the WU
model overestimates the reinforcement effect of roots on soil. Pollen believes this is mainly
because the WU model assumes the simultaneous fracture of all roots, with full tensile
strength exerted at the fracture point [42], which is inconsistent with reality. In one study,
Pollen applied the fiber bundle continuous fracture theory, widely used in the materials
industry, proposed a progressive failure mode for roots, and subsequently developed the
FBM (fiber-bundle model). However, during the actual failure process, factors such as soil
properties, root diameter, root growth direction, and friction between roots and soil can
influence the soil reinforcement effect of roots, and these factors are not considered in the
FBM model. Therefore, to address these issues, Schwarz et al. introduced the RBM (root
bundle model) [43], which considers the total pull resistance of root bundles as a function
of displacement, represented as the sum of the pull resistance of individual roots [43,44].

Ftot(∆x) =
N

∑
i=1

Fi(∆x)·ni (9)

where Fi(∆x) is the pullout force of a root belonging to diameter class i, N is the number
of diameter classes, and n is the number of roots present in the bundle of diameter class i.
Fi(∆x) is calculated for each root diameter class using the single root pullout model.

The variation of the bundle pullout force as a function of the displacement can be
expressed with the following differential equation:

∂Ftot(∆x)
∂∆x

=
N

∑
i=1

Fi(∆x f )·ni −
N

∑
i=1

Fi(∆x0)·ni (10)

where ∆x f and ∆x0 are displacements at two different loads.
Growing plant roots release thick substances like root mucilage with adhesive proper-

ties, effectively binding soil particles. The presence of polysaccharides and organic acids in
root mucilage forms gel-like bonds, enhancing soil cohesion and shear resistance. Root ac-
tivities lead to biological cementation, establishing a gel-like structure among soil particles
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and fortifying cohesive forces within the soil. Other than bolstering the overall stability
of the soil, this structural enhancement acts as a preventive measure against water and
wind erosion.

Plant root systems give rise to the development of a root network. Efficiently binding
soil particles, this network enhances the soil’s cohesion. During dynamic loading, this
binding effect becomes more pronounced, resisting the relative displacement of soil particles
induced by external vibrations. This elevation enhances the overall stiffness and strength of
the soil. Additionally, this process increases the dynamic shear modulus of the soil, making
it more stable under dynamic loading. The established root network positively influences
the damping characteristics of the soil, slowing the propagation speed of vibrations within
the soil and increasing the damping level. The reinforcing impact of plant root systems
effectively mitigates the vibrational response of the soil, providing a more reliable safeguard
for the soil and associated structures.

4. Conclusions
Prior studies have primarily concentrated on investigating the dynamic impact of root

distribution patterns on soil. In this study, resonance column tests were conducted on clay
with different root distribution patterns and root mass densities, leading to the following
key conclusions:

1. The upper root distribution significantly increased the dynamic shear modulus of
the soil under confining pressures of 100–200 kPa, demonstrating greater stiffness
and strength, which enhanced dynamic soil properties and reduced dynamic strain
amplitude.

2. Plant roots improved the dynamic shear modulus of soil, with the effect varying
according to root mass density. The dynamic shear modulus peaked at a root mass
density of 1.5% g · cm−3, then stabilized. Increased confining pressure reduced the
influence of high root mass density, with the G ∼ γ relationship curve gradually
converging. This indicates that optimizing root distribution and density can effectively
enhance soil dynamic properties.

3. The upper root distribution significantly increased the soil damping ratio, enhancing
energy dissipation capacity due to increased upper stiffness and accelerated vibration
response. In contrast, the lower root distribution exhibited a lower damping ratio due
to confinement effects. This suggests that placing roots in the upper soil layer can
improve dynamic soil stability, consistent with the root distribution characteristics on
embankment surfaces.

4. The damping ratio decreased initially and then increased with rising root mass density,
with critical values observed at each confining pressure (1.5% g · cm−3 for 100 kPa,
2% g · cm−3 for 200 kPa, and 2.5% g · cm−3 for 300 kPa). At a low density, roots
enhanced soil compaction and reduced the damping ratio, while at a high density,
they improved ductility and increased energy dissipation. Optimizing root mass
density can help improve the dynamic properties of slope soils.
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