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Silty clay, pivotal in domains spanning civil and environmental engineering to
underground energy storage, demands precise characterisation of its thermal conductivity
and shear strength. Root reinforcement has recently been heralded for its eco-friendly
attributes and efficacy in enhancing soil properties. Nonetheless, extant literature remains
focused on individual soil types, often sidelining the biological influence of entities like
roots. Moreover, a reliance on experimental measurements in prior studies has precluded
exhaustive theoretical discourse. Addressing these lacunae, the present investigation was
embarked upon. Two focal areas emerged: firstly, an intricate exploration, underpinned by
both experimental and simulated data, of the correlation between pore attributes and
thermal conductivity in root-reinforced silty clay, and the concomitant repercussions on
shear strength. Secondly, an encompassing appraisal of the thermal stress within this
reinforced clay was conducted via a temperature-seepage-stress coupling model. Marigold
root-soil composites became the central subjects, with an aim to discern the influence of
herbaceous Asteraceae plants endemic to Taihang Mountain on parameters such as erosion
resistance, soil consolidation, and shear resistance augmentation of soil masses. By
harnessing raw soil samples, fashioning test specimens, and executing controlled triaxial
compression experiments, intricate patterns pertaining to erosion resistance and soil
consolidation, modulated by varying factors like root content, soil depth, and moisture
content, were elucidated. The revelations herein promise to refine predictions of thermal
conductivity and deepen the comprehension of shear strength dynamics in multifaceted soil
scenarios.

1. INTRODUCTION

Silty clay, a soil type characterised by low thermal
conductivity and pronounced rheology, is extensively utilised
in diverse sectors, encompassing civil and environmental

geothermal energy systems, soil improvement, and ecological
conservation [9-14]. Additionally, such research elucidates
novel strategies for addressing thermal challenges in
multifaceted soil environments, thereby propelling
advancements in soil amelioration technology and

engineering to underground energy storage [1,2]. Its favoured
status in foundational constructs, subterranean tunnels, and
soil barriers underscores its pivotal role [1,2]. However, the
intricate internal structure and variegated pore distribution
have rendered the accurate prediction of its thermal
conductivity and thermal stress behaviour formidable [3-6].

As the drive for sustainable development and ecological
conservation gains momentum, attention has been directed
towards the root reinforcement technique. This method, which
involves the integration of plant root systems into soil masses,
enhances mechanical and thermophysical attributes, making
its systematic investigation both theoretically and practically
indispensable.

In diverse engineering pursuits, the precision in forecasting
thermal conductivity and thermal stress stands paramount
[7,8]. Major deviations from expected outcomes can either
jeopardise projects or inflate associated expenditures. A
nuanced understanding of the thermal attributes of root-
reinforced silty clay augments the reliability and accuracy of
engineering designs, offering pivotal insights for emerging
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environmental engineering.

Despite an abundance of studies on the thermal dynamics of
silty clay, a discernible focus is evident: investigations
predominantly target singular soil types, often overlooking the
interplay of biology, particularly plant root systems [15-19].
Moreover, extant literature is replete with experiments, often
sidelining methodical theoretical analyses [20-27]. For
instance, a preponderance of studies have been noted to
quantify thermal conductivity through mere experimental
measurements, abstaining from dissecting influences like pore
configurations, seepage conditions, or stress states. Such
oversight precludes a holistic and precise depiction of the
thermophysical attributes and thermal stress responses of root-
reinforced silty clay across diverse operational and
environmental settings.

Addressing these identified gaps, the core tenets of this
investigation are bifurcated. Initially, both experimental and
simulation techniques were harnessed to discern the nexus
between pore attributes in root-reinforced silty clay and its
thermal conductivity. In this endeavour, a gamut of
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experiments was orchestrated, coupled with the formulation of
a mathematical model grounded on acquired data to refine
thermal  conductivity  predictions.  Subsequently, a
temperature-seepage-stress coupling model was employed,
facilitated by state-of-the-art numerical analysis techniques, to
probe the thermal stress dynamics within root-reinforced silty
clay. Outcomes from these deliberations not only augment the
accuracy and reliability of thermal conductivity predictions
but also enrich comprehension of thermal stress generation
and dispersion paradigms in intricate soil matrices. This study,
thus, stands poised to contribute both to theoretical discourse
and pragmatic implementations.

2. RELATIONSHIP BETWEEN PORE
CHARACTERISTICS AND THERMAL
CONDUCTIVITY OF ROOT-REINFORCED SILTY

CLAY

Pore characteristics have a direct and significant influence
on the thermal conductivity of soil. As for silty clay, due to its
unique micro-structure and pore distribution, the prediction
and analysis of its thermal conductivity is more complex, and
the adding of root system may further increase this complexity
since the root system can change the structure and distribution
of pores in the soil. Thus, an in-depth analysis on the
relationship between pore characteristics and thermal
conductivity not only facilitates more accurate prediction of
thermal conductivity, but also provides evidences for the
optimization of root reinforcement techniques.

This paper begins with an analysis of the thermal
conductivity of root-reinforced silty clay and its influencing
factors, and the key in this stage is to figure out and quantify
the factors that have the greatest influence on the thermal
conductivity of root-reinforced silty clay. This may involve
complex experimental designs that include multiple control
variables such as the initial moisture content of soil, root
density, and the mineral composition of soil, and the relative
importance of these factors can be more accurately quantified
through experiment or numerical simulation.

Assuming: z represents the direction of heat flow, 7.
represents the thermal conductivity of heat flow in direction z,
a represents the heat transfer area of heat flow on media
surface, W represents the amount of heat transferred per unit
area per unit time, w:. represents the density of heat flow in
direction z, 0Y/Oz represents the temperature gradient in
direction z, then the heat transfer equation of the root-
reinforced silty clay is:

By :—Udaa (1)
_RQjor __ . Jor
X as X ax (2)

Building empirical relational equations usually requires the
support of large amounts of data, not just limited to the
measurement of thermal conductivity under root-reinforced
and non-root-reinforced conditions, the soil properties at
multiple scales (such as porosity and moisture content at
macro and micro levels) may be involved as well. Through
data analysis, the interactions between these complex
variables can be captured more accurately, based on which, the
thermal conductivity can be predicted accordingly.
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This paper chose to discuss the relationship between the dry
density of root-reinforced silty clay and its thermal
conductivity. Assuming: 7 represents the thermal conductivity
of root-reinforced silty clay, ¢ represents water content, §f
represents dry density, then the empirical equation of thermal
conductivity of root-reinforced silty clay is given by the
following formula:

7 =0.15[0.951gq —0.18]x10°%*" 3

Via experiment, it’s known that there is a significant linear
correlation between the dry density of the root-reinforced silty
clay and the logarithm of its thermal conductivity, and the
attained fitted linear equation is:

lgn, =0.369f —0.43 4)

The fractional dimension of particle distribution is a
complex but highly informative parameter that describes the
complexity of soil micro-structure. With the help of high-
resolution imaging techniques and complex network analysis,
this paper analyzed the relationship between particle
distribution and thermal conductivity at multiple scales. This
step may need to consider how particles and pores jointly
affect the thermal conductivity, especially after the root system
has been added.

This paper combined above equation with the relationship
equation between dry density and the fractional dimension of
particle distribution, then the following formula gives the
relationship between the thermal conductivity of root-
reinforced silty clay specimens and the fractional dimension
of particle distribution:

—1.993++/5.003-2.596F

-1.298

lgn, = 0.3584>{ j—0.4298 )

The size, shape and distribution of pores can all affect the
thermal conductivity, especially in root-reinforced soils, the
root system may cause significant changes in pore structure.
Therefore, this paper focuses on how to quantify these changes
and their relationships with the thermal conductivity. Based on
the fractal theory, this paper derived the fractal dimension of
pore diameter distribution of root-reinforced silty clay, and the
relationship between the thermal conductivity of root-
reinforced silty clay and the fractal dimension of pore diameter
distribution:

-37.355++/71.988 - 46.946 F

lgr, =0.3584
9 g 23474

—-0.4298 (6)

3. TEMPERATURE-SEEPAGE-STRESS COUPLING
CALCULATIONS OF ROOT-REINFORCED SILTY
CLAY

Silty clay is used in a variety of scenarios such as civil and
environmental engineering, where the temperature, seepage,
and stress of the soil are usually coupled with each other, and
this coupling relationship has significant effects on the thermal
stress behaviour of soil. However, existing studies haven’t
fully considered this coupling relationship, especially after the
root system of plants has been added, significant changes can



happen to it, so studying the thermal stress behaviour of root-
reinforced silty clay through calculating the coupling between
temperature, seepage, and stress can help reveal the
performance of this composite material under different
working conditions.

Content of previous sections, the analysis of the relationship
between pore characteristics and thermal conductivity of root-
reinforced silty clay, and the temperature-seepage-stress
coupling calculations together constituted a comprehensive
framework of understanding. The analysis of pore
characteristics and thermal conductivity provides basic data of
physical properties and theoretical support for subsequent
temperature-seepage-stress coupling calculations. In other
words, accurate prediction of thermal conductivity will play a
key role in the coupling calculation, especially in complex
environments where temperature interacts with other physical
processes such as seepage and stress. On the other hand, the
calculation results of temperature-seepage-stress coupling can
verify the accuracy and application scope of the pore
characteristics-thermal conductivity relationship model,
thereby further optimizing the design of the application of
root-reinforced silty clay.

At first, the seepage-stress coupling was calculated in this
paper. With pore structure and particle distribution taken into
consideration, a representative porous medium model was
established to describe the root-reinforced silty clay. Then,
according to previous studies on thermal conductivity and pore
characteristics, the necessary physical parameters were input,
such as permeability and modulus of elasticity. At last, the
finite element method and other appropriate numerical
methods were employed in simulation to get the distribution

characteristics of seepage and stress under different conditions.

Purpose of above steps is to figure out the behaviour of root-
reinforced silty clay wunder the action of complex
environmental factors, especially in case of seepage and stress.
Specifically, a representative control volume was determined,
including soil, water, and roots. Assuming: o represents the
pore water pressure, L represents the biot modulus, y
represents the volumetric strain, S represents the
biot coefficient, Y represents the temperature, by applying the
principle of conservation of mass in the control volume, a mass
conservation equation can be established for the saturated soil-
water-root system:

06

oy

100
=——+

L oy

4
ot

L
oy

B (7)

Then, appropriate stress and strain models were developed
to describe the behaviour of root-reinforced silty clay when
subjected to external forces and/or fluid flow. Applying the
Newton’s second law and the basic principles of soil
mechanics, a momentum balance equation was constructed to
describe the interaction between soil and fluid. Assuming:
represents the bulk density, then there is:

Oy +L9hy = .9@

®)

Then the Darcy’s law was used to describe the flow
behaviour of fluid in porous media, and the equation was
combined with the fluid continuity equation. Considering that
the root system may introduce additional resistance force or
channeling effect, it is necessary to add a nonlinear term in the
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fluid motion equation. Assuming: j represents the permeability
coefficient of the fluid, then there is:

w, = j(0-4,zh,) (9)

The next step is to determine the model boundary as fixed-
pressure type, fixed-flow type, or mixed type, consider the
possible temperature or chemical actions, and construct
suitable boundary condition equation according to actual
situation and the requirement of the model. In this paper, the
boundary conditions in seepage calculation were summarized
into four types. Assuming: wj represents flow speed in the
normal direction outside of the boundary, g represents the
seepage coefficient, o represents the boundary pore water
pressure, then there is:

w,=g(0-0,) (10)

From the four aspects of study mentioned above, this paper
created a comprehensive theoretical framework for
understanding the behaviour of root-reinforced silty clay under
seepage-stress coupling conditions and revealing its intrinsic
mechanisms under the influence of complex environmental
factors. Next, the temperature-stress coupling was calculated
and temperature was added as an extra field variable based on
the existing porous medium model. Employing the
thermoelasticity theory, the thermal stress and thermal
deformation caused by temperature changes were taken into
account and added in the model. At last, the temperature-stress
coupling was simulated numerically to figure out how the
temperature changes affect the stress state of soil mass.

Specifically, the Fourier’s law was first drawn to define the
thermal conductivity and was correlated with the pore
characteristics and thermal conductivity discussed above.
Based on the Fourier’s law, a heat transfer equation was
established to describe the distribution of heat in soil mass.
Assuming: @ represents the amount of heat flowing through
area S, 7 represents the thermal conductivity, w represents the
heat flow density, S represents the area of heat transfer, then
the expression is:

wo@__dav
S ndz

(I

Define heat within the soil unit, and consider possible phase
changes or chemical reactions. Applying the principle of the
conservation of heat, a complete heat conservation equation
was established. Assuming: ¢¥ represents the heat capacity in
per unit volume of pore medium, w" represents the heat flow
vector, w'. represents the intensity of heat source, then the heat
conservation equation can be expressed as:

Y
), ) =2 (12)
o

Both energy storage and volumetric strain can cause
changes in the temperature of root-reinforced silty clay. In this
paper, the heat-induced strain was defined and its interaction
with mechanical strain was considered. Then, a thermal
constitutive model was built to describe the response of soil
mass under the action of temperature and stress. Assuming: L,¢
and oy, represent material constants, Y represents the



temperature, y represents the time, then the thermal
constitutive model is given by the following formula:

(53
¥9 ay ¥9 ay

In the existing thermal constitutive model, a coupling term
describing the thermal-mechanical interactions was
introduced further to build a new thermal constitutive model
to describe the behavior of soil mass under the action of
temperature and stress. Assuming: 4 represents the average
mass density of the medium, V. represents the specific heat,
then the thermal coupling constitutive equation is given by the
following formula:

oY

Y (13)

o _ac'

- = 14
‘Y oy (14)

By combining the Fourier equilibrium equation, the heat
conservation equation, and the thermal constitutive equation,
a differential equation describing the heat transfer was
established and solved using appropriate numerical method, as
shown below:

oY
N, —-nY =w, 15
oy (15)

At last, this paper defined a strain increment term caused by
temperature change, and established an equation describing
the relationship between temperature change and strain
increment of the root-reinforced silty clay. Assuming: Sy
represents the linear thermal expansion coefficient, then there
is:

A7/uk :A(AYO-uk (16)

Through the calculation of six aspects mentioned above, we
can have a comprehensive understanding of the complex
response mechanism of root-reinforced silty clay under the
combined effect of temperature and stress, and this knowledge
could provide solid theoretical evidence for predicting soil
mass in engineering applications. Further, this paper
calculated the coupling of temperature-seepage, considered
the influence of temperature on seepage properties (such as
permeability coefficient), and updated the model parameters.
After the temperature dependence had been considered,
numerical simulation of temperature-seepage coupling was
carried out.

Specifically, at first, a porous medium model was defined
and used to describe the interactions of soil, water and root
system. Then, a coupling term was introduced into the
constitutive equation to capture the interaction between
temperature and seepage. Assuming: ¢ represents the fluid
volume in per unit volume of the porous medium, o represents
the volumetric expansion coefficient without drainage, then
the constructed constitutive equation is:

GYJ
a_
oy

Assuming: f; represents the linear thermal expansion
coefficient of the fluid, b represents the porosity, then there is:

00 o oy
Ry T VI S
B [aty Py

+

(17)
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a=3[B,(B-b)+Ab] (18)

Further, the basic relationship between pore pressure, soil
properties (such as porosity and soil saturation), and external
conditions (such as temperature and stress), was defined, with
the thermal expansion or contraction of soil and water caused
by temperature change and how these factors affect pore
pressure taken into consideration, a mathematical equation
describing the change of pore pressure with temperature was
established, and its expression is:

Ao, =LoAY 19)

Through the calculation of two key aspects mentioned
above, we can have a thorough understanding of the behavior
of root-reinforced silty clay under temperature and seepage
conditions, which lays a good theoretical foundation and can
help us better manage and utilize soils of this type during
actual engineering applications and environmental protection.

At last, calculation results of above three aspects were
combined and analyzed to get a comprehensive and multi-
perspective view showing how temperature, seepage and
stress interact in the root-reinforced silty clay, and the analysis
results can help us understand the intrinsic mechanism of this
complex system, providing useful theoretical evidences for
engineering design and environmental protection.

4. EXPERIMENTAL MATERIALS AND METHODS

4.1 Equipment and devices

Figure 2. The data collection and processing system



The triaxial apparatus is a commonly used experimental
device in labs for measuring the mechanical properties of soil
particles. In this study, a Model TSZ-2 full auto triaxial
apparatus manufactured by the Nanjing Soil Instrument
Factory was adopted in the experiment. The machine is
composed of two parts: a host system, and a counter confining
pressure system. The axial displacement is controlled by a
stepping motor with full-range step-less speed regulation,
which can generate strain and displacement precisely; and
counter confining pressure is controlled by a precise hydraulic
system equipped with precise digital pistons, which can apply
counter confining pressure precisely while measuring the
volume change and drainage. Besides the conventional
unconfined stress-strain tests, and the UU, CU, CD and other
compression shear tests, the device can also be used in stage
loading, continuous loading and other consolidation tests and
triaxial tests with full-automatic vibration control. Main
technical data are: specimen diameter (39.1mm, 61.8mm),
axial pressure (0-30 KN), shear rate (0.0024-2.4mm/min),
counter confining pressure (0-2MPa), pore pressure (0-2MPa),
volume change (0-50ml), two photos of the experimental
devices are given by Figure 1 and Figure 2.

4.2 Test site

The test site is at Xingtai section K35+373 of Taihangshan
Expressway in Hebei Province of China. The cutting section
is located in a low hilly area running through the ridge line of
the mountain, the ground elevation is between 244.06-
258.66m, and the terrain is quite undulating. The test site is on
a slope where surface runoff can be formed rapidly and
discharged to lower parts of the site when raining. After some
rain water infiltrates into the soil layer or fissures of bedrock
formed by intense weathering, it runs and discharges towards
lower parts along the bedrock surface or through the fissures,
so groundwater is not easily stored in the test site, and we can
say that the test site is insufficient in groundwater and its
hydrogeological conditions are simple. Plants on the soil and
rock slope set for the ecological restoration of the side slope
are mainly mixed herbaceous plants including alfalfa
(Medicago sativa), bermuda grass (Cynodon dactylon),
Japanese bush clover (Kummerowia striata), wild mugwort
(Artemisia lavandulaefolia), and marigold (Tagetes erecta),
wherein the marigolds have dense branches and leaves and
well-developed root systems, they usually grow in patches and
can effectively intercept and alleviate soil erosion caused by
rainwater, in northern regions, its effect on soil and water
restoration is quite obvious. Photos of the test site and
marigold samples are shown in Figure 3 and Figure 4.

Figure 3. The test site
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Figure 4. Marigold sample
4.3 Specimen preparation

4.3.1 Prepare the raw root-containing soil specimens

Soil samples were taken from a ground section with gentle
slope and average vegetation cover at the test site. A 1m area
was selected as the area of soil sampling, and the soil mass
around this area was carefully dug to a preset depth. Then, the
sampled soils were cut into cubic pieces with a side length of
20cm using a wire saw and a scraper knife, then wrapped and
sealed with cling film and sent to the geotechnical laboratory,
where the raw root-containing soil specimens were prepared
according to the specifications stipulated in the Standard for
Soil Test Method (GB/T 50123-2019) [28] and the Test
Methods of Soils for Highway Engineering (JTG 3430-2020)
[29]. The cubic soil samples were chipped with a scraper knife
and processed into standard root-containing soil specimens
with a diameter of 39.1 mm and a height of 80 mm, photos of
specimen preparation and the plant samples are shown in
Figure 5 and Figure 6.

Figure 6. Samples of marigolds



4.3.2 Preparation of reshaped root-containing soil specimens

As can be seen in Figure 6, main roots of marigolds
distribute vertically while fibrous roots extend laterally, and
the reshaped soil specimens were prepared according to the
actual root system distributions. The soil specimens were test
pieces made after the raw soils were subjected to shear tests,
the raw soils were weighed for their total mass and then
dispersed and air-dried for 2 hours until the roots can be peeled
off. The preparation method was drawn from the Standard for
Soil Test Method (GB/T 50123-2019) [28] and the Test
Methods of Soils for Highway Engineering (JTG 3430-2020)
[29], and the preparation process can be divided into seven
steps:

(1) The mass of wet soil was weighed using an electronic
balance with a division value of 0.01g;

(2) Soil clods were dried in an electric oven at 105°C to
110°C for 8h until the weight was constant;

(3) The dried soil samples were cooled in a desiccator to
room temperature, then the dry soil mass was weighed;

(4) The soil samples were placed on a rubber plate and
crushed by a soil mill into particles and then sieved (particle
size of silty clay <0.075mm);

(5) According to the calculation formulas of water content
and dry density, the amount of water required for reshaping
the soil and the dry soil mass were calculated; based on the
preset water content, a water sprayer was used to spray water
on the soil samples uniformly, then the soil samples were

stirred evenly, sealed, and placed in a soil container to stand
for more than 24 hours before use;

(6) The prepared soil samples and plant roots were divided
into 4 equal parts, after soil was filled into a split-spoon
cylinder molding machine for 1/3, plant roots were added
vertically into the machine according to the root content in test
plan, then soil was again filled into the machine until it’s full;

(7) A compactor and a demoulder were used to compact the
samples and make them into cylinder-shaped specimens with
a diameter of 39.1 mm and a height of 80 mm.

Triaxial CU tests were performed under the condition of
0.08 mm/min shear rate. Four raw soil samples were taken
from each of three soil depths, some of which were root-less
soils. To get the effective shear strength index of raw soils,
pressure on the specimen should be kept close to the actual
confining pressure of the soil mass, so in the test, the confining
pressure value was set as 50kPa, 100kPa, and 200kPa. To
ensure the effects of plant roots on the shear strength of soil
mass at different depths, the depths and water contents were
selected as: 16.7% water content at 20cm depth; 23.4% water
content at 40cm depth; 28.6% water content at 60cm depth.
According to the calculation of mass ratio, the root content of
the reshaped root-soil composites was set to be 0%, 0.23%,
0.46%, 0.69%, 0.92% and 1.2% respectively, and the water
content was set as 16.7%, 23.4% and 28.6% respectively.
Parameter indexes of the silty clay samples are given in Table
1.

Table 1. Parameters of silty clay sample groups

Water Content Dry Density Root Length of Main
Sample Group Depth/em /% pa/(g/cm?) Diameter/mm Root System/cm
Root content of raw soil 0% 0~20 16.7 1.58 / /
Root content of raw soil 0.12% 0~20 16.7 1.58 4.7 11.4
Root content of raw soil 0.20% 0~20 16.7 1.58 6.1 13.2
Root content of raw soil 0.31% 0~20 16.7 1.58 6.4 14.6
Root content of raw soil 0% 20~40 23.4 1.42 / /
Root content of raw soil 0.11% 20~40 23.4 1.42 3.7 10.6
Root content of raw soil 0.15% 20~40 23.4 1.42 32 9.3
Root content of raw soil 0.18% 20~40 23.4 1.42 4.3 12.9
Root content of raw soil 0% 40~60 28.6 1.33 / /
Root content of raw soil 0.06% 40~60 28.6 1.33 2.3 54
Root content of raw soil 0.07% 40~60 28.6 1.33 2.6 4.5
Root content of raw soil 0.09% 40~60 28.6 1.33 1.6 6.5
Root content of reshaped soil 0% / 16.7 1.76 / /
Root content of reshaped soil 0.23% / 16.7 1.76 2.7 7.2
Root content of reshaped soil 0.46% / 16.7 1.76 4.3 6.2
Root content of reshaped soil 0.69% / 16.7 1.76 3.2 7.8
Root content of reshaped soil 0.92% / 16.7 1.76 6.0 6.4
Root content of reshaped soil 1.2% / 16.7 1.76 5.7 6.6
Root content of reshaped soil 0% / 23.4 1.58 / /
Root content of reshaped soil 0.23% / 23.4 1.58 2.9 7.5
Root content of reshaped soil 0.46% / 23.4 1.58 3.2 6.9
Root content of reshaped soil 0.69% / 23.4 1.58 34 6.3
Root content of reshaped soil 0.92% / 234 1.58 6.8 7.7
Root content of reshaped soil 1.2% / 234 1.58 5.7 7.5
Root content of reshaped soil 0% / 28.6 1.48 / /
Root content of reshaped soil 0.23% / 28.6 1.48 1.5 6.4
Root content of reshaped soil 0.46% / 28.6 1.48 4.7 6.9
Root content of reshaped soil 0.69% / 28.6 1.48 4.7 7.5
Root content of reshaped soil 0.92% / 28.6 1.48 53 7.2
Root content of reshaped soil 1.2% / 28.6 1.48 6.3 7.7

5. EXPERIMENTAL RESULTS AND ANALYSES

Figure 7 depicts stress-strain curves for rootless soil and
root-soil composites with root concentrations of 0.12%, 0.20%,
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and 0.31% (w: 16.7%, h: 0-20 cm). Figure 8 presents curves
for rootless soil and composites with root proportions of
0.11%, 0.15%, and 0.18% (w: 23.4%, h: 20-40 cm).
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The stress-strain curves of raw rootless soil samples and raw
root-soil composite samples with a root content of 0.06%,
0.07%, and 0.09% (w: 28.6%, h: 40-60 cm) are shown in
Figure 9.

Using the stress-strain relationships in Figures 7-9 and the
Mohr-Coulomb failure criterion, shear strength envelopes are
plotted in Figure 10, representing soil sample cohesion and
internal friction angle. Table 2 lists the shear strength index
values for raw root-soil composites.

Figures 7-9 show that the stress-strain curves for silty clay
at different depths are similar for both root-soil composites and
rootless soils, with four main observations:

(1) Principal stresses and axial strain both tend to increase
together.

(2) Increasing the confining pressure also increases the
difference between maximum and minimum principal stresses.

(3) Stress-strain curves are gentler at lower confining
pressures and steeper at higher pressures.

(4) The difference between the principal stresses of raw
root-soil composites increases slowly with axial strain.

Table 2 shows that cohesion increments for the root-soil
composite group are between 30% and 90%, decreasing with
rising water content and depth. Figure 10 indicates that the
deviation of failure stress approaches a limit value at certain
root contents.
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Figure 10. Shear strength envelopes



Table 2. Shear strength index values of raw root-soil composites

Impact Parameters  Root Content/%  Internal Friction Angle/(°)  Cohesion/kPa  Additional Cohesion of Root System/kPa
0 29.2 6.1 0
0.12 29.8 7.8 1.7
. (1) O~
w:16.7%,h:0~20cm 0.20 30.2 1.2 5.1
0.31 30.9 10.9 4.8
0 24.1 5.8 0
0.11 24.7 7.6 1.8
. 0/ 1) ()
w:23.4%,h:20~40cm 015 254 10.8 50
0.18 26.1 10.4 4.6
0 20.3 5.2 0
0.06 20.8 7.1 1.9
. () A0
w:28.6%,h:40~60cm 0.07 212 10.1 30
0.09 214 9.8 2.7
30 - y Y internal friction, and root and water content is R*>>0.83 and
= moisture content 16.7% (A) 5 . . .
®  moisture content 23.4% R*>0.99, respectively, the fitting results are of high level of
23 [ 4 moisture content 28.6% confidence. With the increase of root content, the cohesion
showed sharp increase and slow decrease, while the angle of
nr internal friction showed a gentle increase; under a same root
- content, with the increase of water content, the angle of
Z5r internal friction decreased significantly. For the cohesion, the
i H . root content plays a main role; while for the angle of internal
or Aa * friction, the water content is a major factor.
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Figure 11. Relationships between cohesion, angle of internal
friction, and root content under different water content values

The relationships between root content and cohesion, and
between root content and the angle of internal friction of raw
soils under different water content values are shown in Figure
11. Curves with a degree of fit greater than 0.8 are usually
considered well-fitted in engineering practice, so the results
suggest that the root content of the raw root-soil composites
changed linearly with cohesion and the angle of internal
friction, as the root content grew, the cohesion increased first
and decreased later, while the angle of internal friction
increased gently; as the water content grew, both cohesion and
the angle of internal friction decreased gradually.

Under different root and water content values, the
relationships with cohesion and the angle of internal friction
of the raw root-containing soils are shown in Figure 12. The
degree of fit of the correlation between cohesion, angle of

o|®
\ion anglel .
I
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C

\mernal S
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Figure 12. Relationships between cohesion, angle of internal
friction, and root and water content



Table 3. Fitting results of shear strength index of raw root-soil composites

X= ZotaG+bw+cG*+dw*+eGw

2

X YA a b c d e R

c 17.584 -5.135 -1.066 -27.182 0.023 1.802 0.836
43.901 -11.233 -0.944 9.345 0.004 0.831 0.998

B
el

(C) 63:200kPa

Figure 13. Relationships between deviation of failure stress
and root and water content
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Under different conditions of confining pressure, the
relationships between the deviation of failure stress of root-
containing soils and the root and water content are shown in
Figure 13 and Table 3. The degree of fit of the correlation
between the deviation of failure stress of root-containing soils
and the root and water content is R>>0.96, and the fitting
results are of a high level of confidence. With the increase of
confining pressure, the degree of fit was close to 1, indicating
that the increment of stress deviation caused by root content
and the decrement of stress deviation caused by water content
had offset each other.

Under a same water content (about 15.2%), the thermal
conductivity of root-reinforced silty clay was observed as the
dry density grew from 1.5 to 1.7. As can be seen from Table 4,
the average thermal conductivity increased from 1.284 to
1.426 as the dry density grew from 1.5 to 1.7. Within each
group, the variations of thermal conductivity were relatively
small, indicating that under a same dry density, the thermal
conductivity was stable. When the dry density increased from
1.5 to 1.7, the average thermal conductivity also showed an
upward trend, thus it can be concluded that under a same water
content, the dry density has a significant effect on the thermal
conductivity of root-reinforced silty clay. Specifically, the
thermal conductivity increased as the dry density grew. Within
test groups with a same dry density, the variations of thermal
conductivity were relatively small, indicating that under such
conditions, the thermal conductivity of root-reinforced silty
clay was relatively stable.

Data in Table 5 show that when the dry density grew from
1.3 to 1.5, the logarithmic value of thermal conductivity
increased from 0.0678 to 0.1328. In some cases, the thermal
conductivity predicted by the Kersten model was close to the
measurement (such as No. 3), while in other cases, there were
large differences (such as No. 4 and No. 5). When the dry
density grew from 1.3 to 1.5, the measured value of thermal
conductivity increased from 1.248 to 1.326, so it can be
concluded that there is a positive correlation between dry
density and the logarithmic value of thermal conductivity, that
is, when dry density increases, the coefficient of thermal
conductivity increases as well, and this is consistent with the
previous analysis results. The prediction results of the Kersten
model are close to actually measured data in some cases but
not always accurate. This implies that more research is needed
to improve or calibrate the Kersten model so as to adapt to the
root-reinforced silty clay.

According to Figure 14, when pore pressure increased from
2 MPa to 4 MPa, permeability increased at all temperatures. In
case of low temperatures (5 and 7 degrees Celsius), the
permeability was higher; while at high temperatures (9, 11,
and 13 degrees Celsius), the permeability decreased gradually.
High pore pressure and high temperature seem to have a
multiplicative effect on permeability. For example, under the
condition of 4 MPa and 5 degrees, the permeability was 135,
which was much higher than other conditions. So it can be
concluded that there is a positive correlation between pore
pressure and permeability. This is because the increase in pore
pressure can lead to a denser soil structure, thereby increasing



the resistance of the water flow. The relationship between
temperature and permeability is complex, but the general trend
is that as temperature increases, permeability decreases. Under
high pore pressure and low temperature conditions,

permeability increases significantly, which is due to the
different pore structures and flow properties of soil under these
conditions.

Table 4. Test results of thermal conductivity of root-reinforced silty clay samples under a same water content and different dry

densities
Group by Dry Density Dry Density Water Content Thermal Conductivity Average Value of Thermal Conductivity

1.5 15.2 1.265

1 1.5 15.1 1.238 1.284
1.5 15.3 1.248
1.55 14.8 1.325

2 1.55 153 1.348 1.358
1.55 15.4 1.322
1.6 15.2 1.328

3 1.6 15.1 1.489 1.345
1.6 15.2 1.348
1.65 15.1 1.478

4 1.65 152 1.462 1.428
1.65 15.4 1.413
1.7 15.2 1.425

5 1.7 15.2 1.489 1.426
1.7 153 1.426

Table 5. Relationship between dry density of root-reinforced silty clay and the logarithmic value of thermal conductivity

No Dry Logarithmic Value of Thermal Measured Value of Thermal Thermal Conductivity Predicted by the
) Density Conductivity Conductivity Kersten Model
1 1.3 0.0678 1.248 1.024
2 1.35 0.0952 1.304 1.087
3 1.4 0.1245 1.215 1.215
4 1.45 0.1329 1.458 1.136
5 1.5 0.1328 1.326 1.268
140 L ® 2Mpa increased as well. There isn’t an obvious direct correlation
° iﬁpa between the fractal dimension of particle distribution (an index
120 | pa describing the complexity or diversity of particle distribution)
100 | «.Simulated value and the measured thermal conductivity. The values of
= Prediction 1 are always lower than the measured thermal
f 80 conductivity, while the values of Prediction 2 are closer to the
g measured values, thus it can be concluded that there is a
g 60 L .. . .
8 positive correlation between dry density and the measured
40 ... thermal conductivity. This is in line with our previous research
. it o and the basics of soil physics. The relationship between the
20 e, e, P s fractal dimension of particle distribution and thermal
0 ' . . . conductivity is not obvious, which indicates that further
4 6 8 10 12 14 research is needed to understand the subtle and complex

Hydrostatic pressure

Figure 14. Permeability versus hydrostatic pressure of root-
reinforced silty clay specimens at different temperatures

According to Table 6, when dry density increased from 1.3
to 1.5, the actually measured value of thermal conductivity

interactions between the two. In terms of thermal conductivity
prediction, the values of Prediction 2 are more accurate,
indicating that when the thermal conductivity properties of
root-reinforced silty clay are involved, the model or
methodology based on which the values of Prediction 2 were
attained is more reliable.

Table 6. Comparison of measured thermal conductivity and predicted fractal dimension of particle distribution of root-reinforced
silty clay specimens

Dry Density Fractal Dimension of Particle Distribution Measured Thermal Conductivity Prediction 1 Prediction 2
1.3 1.8512 1.2015 1.002 1.254
1.35 1.8526 1.1258 1.087 1.125
1.4 1.8633 1.1563 1.235 1.163
1.45 1.8541 1.2369 1.158 1.1254
1.5 1.8971 1.2547 1.236 1.1239
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Table 7. Comparison of measured thermal conductivity and predicted fractal dimension of pore diameter distribution of root-
reinforced silty clay specimens

Dry Density  Fractal Dimension of Pore Diameter Distribution = Measured Thermal Conductivity  Prediction 1  Prediction 2
1.3 1.215 1.274 1.002 1.252
1.35 1.158 1.324 1.088 1.177
1.4 1.3297 1.328 1.125 1.199
1.45 1.652 1.288 1.299 1.246
1.5 1.4238 1.245 1.234 1.286
Data in Table 7 show that when dry density increased from 200 -

1.3 to 1.5, the measured thermal conductivity didn’t change 180 | *°Mpa e7Mpa <©9Mpa ellMpa ¢13Mpa

much but fluctuated a little. There isn’t an obviously consistent 160 L Predicted value

pattern between the fractal dimension of pore diameter 10 L

distribution (an index describing pore size and distribution) >

and the measured thermal conductivity. Values of Prediction 1 z 120 ¢

and Prediction 2 are all close to the measured thermal § 100 |

conductivity, and the values of Prediction 2 are closer, so it g g0 | *

can be concluded that the relationship between dry density and . 60 |-

measured thermal conductivity is quite complicated, which is

caused by multiple factors, including soil pore structure and 0

particle distribution, etc. There isn’t an obvious consistency 20

between the fractal dimension of pore diameter distribution 0

and the thermal conductivity, which implies that there are 10 30 50 70 90

other potential influence factors or interactions between these
two parameters. Values of Prediction 2 are closer to the
measured thermal conductivity, suggesting that the model or
methodology based on which the values of Prediction 2 were
attained is more reliable.

According to Figure 15, in case that the pore pressure was
2Mpa, 3Mpa and 4Mpa, respectively, with the increase of
volumetric strain (0.06, 0.12, 0.19), the permeability decreased
significantly. This is because the increase of soil density
caused by volumetric strain had reduced seepage channels.
Under various pore pressure values, volumetric strain and
permeability were always negatively correlated, especially in
case of increased pore pressure, under a same volumetric strain,
the permeability increased accordingly as well. When pore
pressure increased from 2 MPa to 4 MPa, the permeability
increased correspondingly, implying an approximately linear
relationship between the two. Therefore, it can be concluded
that both pore pressure and volumetric strain are important
factors affecting the permeability of root-reinforced silty clay.
As the volumetric strain increased, the permeability decreased,
this is because the increase of the compactness of soil had
changed the pore structure and reduced seepage channels. The
increase of pore pressure can significantly increase
permeability, and this is related to the mechanical properties
and pore structure of the soil.

200

——2Mpa
——3Mpa
160 4Mpa
=
'ﬁlzo -
5
n B0 |
40 +
0 I \ |

0 0.05 0.1 0.15 02 025
Volumetric strain

Figure 15. Permeability versus volumetric strain of root-
reinforced silty clay specimens at different temperature

Temperature

Figure 16. Permeability versus temperature of root-
reinforced silty clay specimens at different pore pressures

According to Figure 16, under different confining pressures
(5Mpa, 7Mpa, 9Mpa, 11Mpa, 13Mpa), with the rise of
temperature (20, 60, 80 degrees), the permeability increased
significantly, this is because the temperature rise had reduced
soil viscosity, thereby increasing pores and seepage channels.
Under high confining pressures and a same temperature, the
permeability increased accordingly, but such increase was not
linear, especially under a confining pressure of 13 MPa, the
permeability increased significantly. When the confining
pressure increased from SMpa to 13Mpa, the permeability also
increased at all temperatures, but the increment at 80 degrees
was the most significant. Thus it can be concluded that
confining pressure and temperature are both key factors
affecting the permeability of root-reinforced silty clay.
Temperature rise usually increases permeability, and this is
related to the mechanical properties and viscosity of the soil.
Under high confining pressures, the increase of permeability
is more obvious, especially at high temperatures. This is
because the joint effects of high confining pressure and high
temperature had caused changes in soil structure, thereby
increasing the permeability.

6. CONCLUSION

This paper used two core contents to fill in these research
gaps: first, based on experiment and numerical simulation, it
gave a detailed analysis on the relationship between pore
characteristics and thermal conductivity of root-reinforced
silty clay, as well as its impact on shear strength; second, it
used a temperature-seepage-stress coupling model to give a
comprehensively study on the thermal stress behaviour of
root-reinforced silty clay. Also, the equilibrium equation of
saturated pore medium, the momentum balance equation in
fluid-solid coupling calculations, the equation of fluid motion,
and the boundary conditions of seepage were investigated. The



Fourier equilibrium equations, the heat conservation equation,
the thermal constitutive equation, and constitutive equation of
thermodynamic coupling, and other aspects were explored.
This study took the composites of marigold roots and soils as
the subject to measure and evaluate the effect of the root
system of herbaceous Asteraceae plants in Taihang Mountain
on enhancing erosion resistance, soil consolidation, and shear
performance of soil mass. Then it discussed the constitutive
equation and the temperature-induced pore pressure changes,
collected a few groups of measured data under different dry
densities and water contents, and compared them with the
prediction results of the Kersten model and other models.

Experimental results show that the difference between the
maximum and minimum principal stresses of the raw root-soil
composites and the axial strain didn’t vary linearly but there’s
a tendency for the two to increase with each other; when the
axial strain was constant and the confining pressure increased
from 50 kPa to 200 kPa, the difference between the maximum
and minimum principal stresses increased accordingly; when
the applied confining pressure was smaller, the stress-strain
curves tended to be gentle, and vice versa; compared with the
raw root-less soil samples, for the raw root-soil composites,
the increment of the difference between the maximum and
minimum principal stresses showed a slow increasing trend as
the axial strain increased. Under a same water content but
different dry densities, the thermal conductivity of root-
reinforced silty clay exhibited some changes, and there’s a
certain relationship between dry density and the logarithmic
value of thermal conductivity. In terms of fractal dimensions
of particle distribution and pore diameter distribution, the
predicted thermal conductivity was basically consistent with
the measured value. Under different temperatures and pore
pressures, the relationship between permeability and
hydrostatic pressure showed nonlinearity. Both volumetric
strain and temperature affect permeability, especially at high
temperatures and high pore pressure conditions. These results
and conclusions are valuable for civil engineering and
environmental sciences, especially for soil consolidation and
soil amelioration projects.
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