:' frontiers ‘ Frontiers in Environmental Science

’ @ Check for updates

OPEN ACCESS

EDITED BY
Pavol Midula,

Czech University of Life Sciences Prague,
Czechia

REVIEWED BY

Wenle Hu,

Luoyang Institute of Science and Technology,
China

Manfred Sager,

Bioforschung Austria, Austria

*CORRESPONDENCE
Qiang Sun,
sungiang04@cumt.edu.cn

RECEIVED 18 February 2025
ACCEPTED 24 March 2025
PUBLISHED 09 April 2025

CITATION

Liu S, Sun Q, Ma P, Lv R, Zhang H and Nan J
(2025) The impact of tire rubber powder
contaminants on the physical properties

of loess.

Front. Environ. Sci. 13:1578858.

doi: 10.3389/fenvs.2025.1578858

COPYRIGHT

© 2025 Liu, Sun, Ma, Lv, Zhang and Nan. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Environmental Science

TvpE Original Research
PUBLISHED 09 April 2025
Dol 10.3389/fenvs.2025.1578858

The impact of tire rubber powder
contaminants on the physical
properties of loess

Shaoli Liu?, Qiang Sun®?3*, Pengda Ma*®, Rui Lv*, He Zhang® and
Jingjing Nan'*

'College of Geology and Environment, Xi'an University of Science and Technology, Xi‘an, Shaanxi, China,
2Shaanxi Provincial Key Laboratory of Geological Support for Coal Green Exploitation, Xi‘an, Shaanxi
China, *Key Laboratory of Coal Resources Exploration and Comprehensive Utilization, Ministry of Land
and Resources, Xi‘an, Shaanxi China, *Postdoctoral Research Station of Geological Resource and
Geological Engineering, Xi‘an University of Science and Technology, Xi‘an, Shaanxi, China

With the development of industry and the popularization of automobiles, a large
number of tires are produced globally every year, and the tire rubber powder
contaminants (TRPC) generated by the friction with the ground during the driving
of automobiles. Then the TRPC settled into the soil through atmospheric
circulation, causing soil pollution and altering the properties of arable land.
This paper focused on the impact of TRPC on the physical properties of loess,
dealing with the effect of TRPC on the electrical resistivity, thermal conductivity,
and ultrasonic velocity of loess. Conclusion can be drawn as follows: (1) resistivity
of loess increased with the increase of TRPC content; (2) thermal conductivity of
loess decreased with the increase of TRPC content; (3) ultrasonic wave velocity of
loess decreased with the increase of TRPC content; (4) soil resistivity decreased
with the increase of water content, thermal conductivity of soil increased with the
increase of water content, and ultrasonic wave velocity showed an increasing
then decreasing trend with the increase of water content. This paper analyzed the
reasons for the change in the physical properties of loess from two aspects: the
inherent properties of TRPC and water, and the microstructure changes of loess
due to the addition of TRPC and water. This research findings could provide
valuable reference for pollutant treatment, agricultural irrigation, soil structure
assessment, geological hazard early warning and to rise widespread social
attention to TRPC-contaminated soil.

KEYWORDS

soil pollution, tire rubber powder, electrical resistivity, thermal conductivity,
ultrasonic velocity

1 Introduction

With the rapid development of the global economy, various ecological issues have
gradually emerged. Land, as the primary habitat for human activities, is affected by
pollutants such as industrial and agricultural waste, fertilizers, pesticides, sedimentation,
and acid rain, becoming a convergence point for various pollutants (Solis-Ramos et al.,
20215 Zeng et al., 2019). Soil, as a key role in the ecosystem, connects rocks, water, and the
atmosphere. Therefore, soil pollution is directly related to air and water pollution (Zhang
etal., 2023). Soil pollution threatens biodiversity directly and is closely related to food safety
and human health (Miinzel et al., 2024; Simpson, 2023). Therefore, soil environmental
pollution has become a global environmental and public health issue (Xia et al., 2024).
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In response to soil pollution issues, many investigators have
studied the impact of different pollutants on soil, including heavy
metals, petroleum hydrocarbons, antibiotics, microplastics, etc
(Hanif et al., 2024; Mendes et al., 2024; Wu et al,, 2024; Wang
etal., 2024; Wan et al., 2019; Xu et al., 2023; Zhang et al., 2024). With
the rapid development of economy and society, new pollutants are
produced continuously. In response to soil pollution, researchers
have proposed various remediation methods, such as plant
remediation, microbial remediation, animal remediation
technology, soil leaching technology and other treatment
techniques (Hidalgo et al., 2024; Kwon et al., 2023; Sharma et al.,
2024; Yu et al., 2024).

With the development of socio-economics, a large number of
cars have emerged, resulting in a large number of waste tires. It is
estimated that about 1.5 billion new tires are produced continuously
globally, with about two-thirds of the tires reaching the end of their
service life (Mohajerani et al., 2020). In addition to the waste tire
itself as a pollutant, during the operation of vehicles, tires
continuously wear and produce small black rubber particles.
These black rubber particle pollutants can enter the soil through
atmospheric deposition and rainwater runoff. Due to the small size
of these rubber particles, they are more likely to diffuse and migrate
in soil, changing the internal structure of the soil and affecting its
physical properties significantly. Ahmed and Faizan (2024)
comprehensively investigated the basic properties of waste tire
rubber powder through various characterization techniques,
including moisture content, specific gravity, physical structure,
elemental ~ composition, thermal stability, crystallization
properties, functional groups and covalent bonds, which provides
a valuable basis for further in-depth study of tire powder.

In order to reduce the environmental pollution of waste tires,
many investigators have done in-depth research on the recycling of
waste tires (Alsheyab et al., 2023; AbdelAleem and Hassan, 2022;
Alaloul et al., 2020; Khan and Faizan, 2023; Naseem et al., 2019; Saad
et al, 2024). However, these researches mainly focus on the
influence of TRPC on the physical and mechanical properties of
composite materials. To date, the impact of TRPC on the basic
physical properties of soil has not been widely studied, especially the
influence of tire powder content on soil resistivity, thermal
conductivity, and ultrasonic wave velocity. Soil resistivity values
have important applications in predicting soil moisture content, soil
salinity, compaction, saturation, and the degree of freezing and
thawing (Gunnink and El-Jayyousi, 1993; Kalinski and Kelly, 1993;
McCarter, 1984; Shea and Luthin, 1961). Thermal conductivity
heat
subsequently impacting plant growth and microbial activity, is

directly related to agricultural production (Jia et al., 2019; Dong

modifies soil-atmosphere exchange and temperature,

et al,, 2015). Ultrasonic velocity, as a non-destructive exploration
technology, will directly affect the soil assessment, including soil
stability and soil structure (Huang et al., 2015; Xu and Shi, 2004; Xu
et al.,, 2015).

Therefore, this study aims to explore the impact of TRPC on the
basic physical properties of loess. This study investigates the thermal
insulation performance, electrical conductivity, and ultrasonic wave
velocity of the soil with different TRPC content and different
moisture content, analyzes the impact of the TRPC itself on the
physical properties of the mixed soil, discusses the mechanism of
changing the microstructure of the soil, and thus explains the
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reasons for the changes in thermal conductivity, resistivity, and
ultrasonic wave velocity of the mixed soil. It is hoped that these
studies can provide valuable references for geophysical analysis,
agricultural  irrigation, ultrasonic non-destructive testing
technology, and environmental protection, and raise awareness of

TRPC-contaminated soil.

2 Sample preparation and experimental
procedures

2.1 Sample preparation

The soil samples were collected from Quaternary loess in the
suburbs of Xi’an City, Shaanxi Province. The particle size of TRPC is
150 mesh number. According to the geotechnical test method
standard (GB/T 50123-2019), laboratory physical experiments on
loess were carried out. The basic physical parameters of the soil are
shown in Table 1.

The dried loess was ground into a grinder to a size of smaller than
2 mm. Then the loess powder was dried in an oven at 110°C for 24 h.
The TRPC powder was dried in an oven at 40°C for 24 h. Then, both of
them were sealed with plastic wrap and cooled to room temperature.
High-temperature drying and plastic wrap sealing were both to
eliminate the influence of natural moisture content on the
experiment (Li et al., 2022). The RO-treated water was used in this
experiment, which can eliminate the influence of impurities in water on
the experiment. Firstly, the corresponding dried soil powder, purified
water, dried TRPC were weighed according to the experimental design.
Then, the loess powder and TRPC were mixed uniformity,
corresponding purified water was added and intensely stirred. The
mixtures then were sealed in sealable bags and were stored in a
laboratory glassware dryer. After 24 h storage at room temperature,
soil samples were compacted using a hydraulic jack. Then, the prepared
samples were sealed with multiple layers of cling film and were placed in
a glassware dryer for testing (Sun and Lii, 2019).

This experiment aimed to study the influence of TRPC on the
physical properties of loess with different moisture contents. Six groups
(0%, 0.5%, 1%, 2%, 3%, 4%) of TRPC contents and five groups (6%, 10%,
14%, 18%, 22%) of moisture contents were set up respectively. The dry
density of all samples was 145 g/cm’. The samples were made into
cylinders with a hydraulic jack and the size of all samples was 39.1 mm x
46 mm (diam x h). According to the design, 30 groups soil samples were
prepared, with two parallel samples in each group, for a total of 60 soil
samples, which are listed in Table 2. Among them, the TRPC content
refers to the ratio of the weight of TRPC to the weight of dried soil
sample. During the sample preparation process, the mass error of each
cylindrical sample must be controlled within the range of +0.1%, and the
height error of each cylindrical sample must be controlled within the
range of +0.5%. The sample preparation process needs to be operated
carefully to ensure the quality and precision of the samples (Lv
et al., 2024).

2.2 Experimental process
The experimental process of this study is showed Figure 1. Based

on the quick and accurate measurement of the transient plane source
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TABLE 1 Basic physical parameters of the studied soil samples.

Water Specific gravity of soil

particle

content/(%)

Wet density/
(g/cm?)

10.3389/fenvs.2025.1578858

Plastic
limit (%)

Dry density/
(g/cm?)

Liquid
limit (%)

TABLE 2 Water content and TRPC content of the studied soil samples.

Sample 1D 1 2 3 4 5 6 V4 8 9 10 11 12 13 14 15

Water content (%) 6 6 6 6 6 6 10 10 10 10 10 10 14 14 14

Tire powder content (%) 0 0.5 1 2 3 4 0 0.5 1 2 3 4 0 0.5 1

Sample ID 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Water content (%) 14 14 14 18 18 18 18 18 18 22 22 22 22 22 22

Tire powder content (%) 2 3 4 0 0.5 1 2 3 4 0 0.5 1 2 3 4
Disused tire Loess Resistivity meter

Tire powder

Add waterl b by

Mi... =

Experimental Samples

FIGURE 1
Experimental flow chart.

method (TPS), it has now become a relatively common method for
measuring thermal conductivity (Al-Ajlan, 2006; Wang et al., 2020).
In this experiment, the thermal conductivity meter of model
TC3000E in the XIATECH series was used to measure the
thermal conductivity at room temperature. The LCR digital
bridge tester is based on the principle of the automatic balance
bridge method and combines modern digital technology to achieve
fast, high-precision, and high-stability resistance value
measurement. In this experiment, the TH2816A wideband LCR
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Soil compactor

Grinder

Wave velocity meter

digital bridge measuring instrument was used to measure the
resistance of soil samples. The resistivity was calculated by
Formula (1) based on the resistance value at an excitation
frequency of 100 kHz. The ultrasonic detector evaluates the
internal structure of the material by emitting and receiving
ultrasonic waves and analyzing the propagation speed of waves
in the material. In this experiment, the RSM-SY6(C) non-metallic
acoustic detector of Zhongyan Technology was used to detect the
wave velocity of soil samples and analyzed the difference between
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FIGURE 2
Variation of resistivity with TRPC content.
them. For each soil sample, all the above measurements were
performed at least three times, and the average value was used to 1460 SLTREC
the final value of the corresponding sample. 1200 L ab;‘;rt’:d | 0.5 TRPC
S ’é\ —e— 1% TRPC
; |—s— 2% TRPC
p:Rv-Z (1) S 1000 - ! |+ 39 TRPC
|—— 4% TRPC
. P . E 800 - absorbed water
Where p is the resistivity (Q-m) of the tested loess sample, R, is the 5 S
resistance (Q) of the loess sample, S is the cross-sectional area (m?) g 600 1
of the sample, and L is the height (m) of the sample. s
5 400 _
o gravity
3 Experimental results and analysis 200 - e
. 0 L L 1 1 I
3.1 The influence of TRBC content on loess 6 10 14 18 %)
resistivity under different moisture contents Moistareeontent (%)
FIGURE 3

Figure 2 demonstrated a pronounced upward trend in soil
resistivity with increasing TRPC content, indicating that TRPC
inclusion impeded current conduction in the soil. As shown in
Figure 2, when the moisture content was 22%, 18%, and 14%, the
resistivity of the soil samples remained unchanged, indicating that
the addition of TRPC has a negligible effect on the resistivity under
higher moisture content. When the moisture content was 10%, the
resistivity showed a slightly increasing trend with the increase of
TRPC. And the resistivity of TRPC content at 2%, 3%, and 4% levels
was 1.11 times, 1.56 times, and 1.82 times that of the unadded TRPC,
respectively. When the moisture content was 6%, the resistivity
remained unchanged at first and then increased significantly with
the increase of TRPC. And the resistivity of TRPC content at 2% and
3% was 2.03 times and 2.82 times that of the unadded TRPC,
respectively. Moreover, when the TRPC content increased to 4%, the
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Variation of resistivity with moisture content.

resistivity was as high as 1,329.68 Q) m, which was 3.81 times that of
the sample without TRPC.

From Figure 3, it can be seen that the resistivity decreased as the
moisture content increased, indicating that the increase in moisture
content was beneficial for the conduction of electricity. And the
resistivity showed a rapid decrease trend followed by a slow decrease
as the moisture content increased. As shown in Figure 3, when the
moisture content increased from 6% to 10%, the resistivity decreased
by 50%, 39.6%, 44.6%, 72.6%, 72.4%, and 76.1% respectively with the
increase of TRPC. And during this stage, there was a great decline.
When the moisture content increased from 10% to 14%, the
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FIGURE 4
Variation of thermal conductivity with TRPC content.

TABLE 3 The fitting relationship between thermal conductivity and TRPC content under different moisture content.

Moisture content Fitting equation* Fitting accuracy
6% A = 0.543-0.064 ¢, 0912 high
10% A = 0.815-0.062 ¢, 0.985 high
14% A = 0.977-0.054 ¢, 0.952 high
18% A = 0.991-0.033 ¢, 0.906 high
22% A = 1.091-0.019 ¢, 0.831 high

Note: A-thermal conductivity, W/(mK); ¢,- TRPC content, %.

resistivity decreased by an average of 48.3%. When the moisture

content increased from 14% to 18%, the resistivity decreased by an 1.2
average of 35.6%. And the resistivity decreased by an average of : :
~ |
18.4% when the moisture content increased from 18% to 22%. The ?ﬁ = i/s
reduction in resistivity became smaller gradually as the moisture ~ 1.0/ absorbed water | g /
content increased, which was similar to the research results of Zhang ; : 7§
et al. (2014), Lyu et al. (2019). < o8l ! |
E | gravity water
g |
. L I
3.2 The influence of TRPC content on g 06 .

. . S 1 [Fe—0% TRPC
thermal conductivity of loess under different = ' absorbed water ! |—o—0.5% TRPC
moisture contents g 0.4k ' capillary water ! [—9—1%TRPC

e o : | [-o—2% TRPC
= 1 | [—9—3% TRPC
As demonstrated in Figure 4, the thermal conductivity of the : | [Z2—4% TRPC
soil sample decreased steadily and slowly with the increase of 0.2 é : 1'0 : 1'4 : 1I8 : 2'2
TRPC content from the overall perspective, indicating that the )
addition of TRPC improved the insulation performance Moisture content (%)
of the soil. FIGURE 5
When the content of TRPC increased to 4%, the thermal Variation of thermal conductivity with moisture content.

conductivity decreased by 42.4%, 31.6%, 21.1%, 14.7%, and 8.0%
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FIGURE 6
Variation of ultrasonic wave velocity with TRPC content.

with the moisture content increasing, indicating that the influence of
TRPC on thermal conductivity was related to moisture content. The
relationship between thermal conductivity and TRPC content were
fitted as in Figure 4, and the fitting equations for thermal conductivity
and TRPC content at different moisture contents were shown in Table 3.
And the correlation coefficients R* were high, indicating a high fitting
degree. From the slope coefficient of the fitting equations, it can be seen
that the influence of TRPC content on thermal conductivity linearly
decreased with the increasing moisture content.

As illustrated in Figure 5, the thermal conductivity of the soil
increased gradually with the increase of moisture content. When
moisture content increased from 6% to 10%, the thermal
conductivity increased by an average of 68.6%. When the moisture
content increased from 10% to 18%, the thermal conductivity increased
by an average of 33.2%. When the moisture content increased from 18%
to 22%, the thermal conductivity increased by an average of 12.9%. It can
be concluded that the influence of moisture content on thermal
conductivity decreased gradually.

Taking moisture content and TRPC content as independent
variables and thermal conductivity as the dependent variable for
linear regression analysis, the regression equation was obtained as
Formula (2).

A = 0.367 + 3.669w — 4.589¢ ©)
where A is the thermal conductivity, W/(m-K), w is the moisture
content, and ¢, is the TRPC content. The value of R* was 0.912,

indicating a very high degree of fitting. The regression coefficient of
moisture content was 3.669, indicating that moisture content had a

Frontiers in Environmental Science

significant positive impact on thermal conductivity. The regression
coefficient of TRPC content was —4.589, indicating that TRPC
had a
conductivity. This regression equation could provide reference

content significant negative impact on thermal
value for the prediction of the thermal conductivity of soil in

TRPC-contaminated areas.

3.3 The influence of TRPC content on
ultrasonic wave of loess under different
moisture contents

As shown in Figure 6, the ultrasonic velocity decreased with the
increase of TRPC content overall. When the TRPC content
increased to 4%, the decrease in velocity was 500 m/s, 550 m/s,
333 m/s, 133 m/s, and 126 m/s, respectively. When the moisture
content was 6%, the wave velocity dropped sharply as the TRPC
content increased to 2% and the decrease was 345 m/s, accounting
for 69% of the total decrease. Then the wave velocity remained
stable. When the moisture content was 10%, the wave velocity
showed a slowly decreasing trend firstly, then rapidly decreasing,
and finally slowly decreasing as the TRPC content increased. And
there was a sharp decrease when TRPC content increased to 3%,
accounting for 50% of the total decrease. When the water content
was 14%, 18%, and 22%, the wave velocity showed a steadily and
slowly decreasing trend. Therefore, the addition of TRPC blocked
the propagation of ultrasonic wave overall, and the proportion of
TRPC were negatively correlated the wave velocity.
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FIGURE 7

Variation of ultrasonic wave velocity with moisture content.

From Figure 7, it can be seen that the ultrasonic wave velocity
showed an increasing trend first and then decreased with the
increasing moisture content. This indicated that the increasing
moisture gradually changed the internal structure of the soil
sample, thereby changing the propagation speed of ultrasonic
wave. When the TRPC content was 0%, the wave velocity
decreased steadily with the increase of moisture content, with
a decrease of 191.5 m/s. When the TRPC content was 0.5%, 1%,
the wave velocity increased slightly first and then steadily
decreased with the increase of moisture content, and the
turning point was 10% moisture content. When the TRPC
content was 2%, 3%, the wave velocity increased rapidly first
and then steadily decreased with the increase of moisture
content, and the turning point was 14% moisture content.
When the TRPC content was 4%, the wave velocity decreased
slowly first and then increased rapidly and then steadily
decreased with the increase of moisture content, and the
turning point was 18% moisture content. It can be concluded
that the influence degree of moisture content on ultrasonic wave
velocity was closely related to the TRPC content.

4 Discussion

4.1 The influence of TRPC on resistivity,
thermal conductivity, and wave velocity
of loess

4.1.1 The influence of TRPC on electrical resistivity
of loess

In three-phase soil containing TRPC, both TRPC and air are
insulators, the content and connectivity of pore water determine the
soil’s conductivity (Jiang et al., 2017). In soil containing TRPC, there
are three types of electrical conduction pathways: double electric
layer between soil particles; the solid-liquid path (double electric
layer and water); and the continuous liquid water path (Lv
et al., 2024).
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As shown in Figure 8, when the moisture content of the mixed
soil was very low, the addition of TRPC with high resistance and
hydrophobic action blocked the double-layer conduction between
soil particles. And the greater the content of TRPC, the greater the
degree of impeding, leading more complex electrical conduction
pathways within the soil sample. On the other hand, the addition of
TRPC with equal weight but less specific gravity increased the
compactness of the soil sample, which enhanced the connection
between soil particles, thus facilitating the conduction of electricity
(Shan et al,, 2015). When the two sides are in balance, the resistivity
remains constant. When the impeding factor predominates, the
resistivity increases. This theory can explain some of the
experimental results in Figure 2. When the moisture content was
6%, the balance state rapidly shifted to the state where the impeding
factor dominated, and the resistivity increased rapidly and
significantly. When the moisture content was 10%, the impeding
factor gradually became dominant, and the resistivity increased
steadily and slowly.

As shown in Figure 9, when the moisture content of the mixed
soil was high, the water in the soil sample was well connected,
leading to good water electrical conduction paths. The addition of
TRPC did not disrupt the water connectivity, but enhanced the
water connectivity due to its less specific gravity. Therefore, the
addition of TRPC had a minimal impact on soil’s resistivity under
high moisture contents. As shown by the experimental results in
Figure 2, when the moisture content was greater than 14%, the
electrical resistivity increased slightly with the increase of TRPC,
which verified the above theoretical analysis (Datsios et al., 2017).

4.1.2 The influence of TRPC on thermal
conductivity of loess

The soil’s three-phase structure determines that heat in soil can
be conducted through solid particles, free water, bound water
adsorbed on solid particles, and air (Shiozawa and Campbell,
1990). The thermal conductivity of different phases varies greatly,
with orders of magnitude differences. The thermal conductivity of
water is approximately 0.599 W/(m-K) at room temperature, the
thermal conductivity of air is approximately 0.026 W/(m-K), and the
thermal conductivity of soil minerals is greater than 3 W/(m-K), thus
many scholars established heat transfer models through the
proportion of phases (Brandon and Mitchell, 1989; Yun and
Santamarina, 2008). From the above data and related studies, it
can be seen that air hinders heat conduction, and heat conduction in
soil mainly occurs through particles, and solid minerals are the most
favorable heat-conducting component in the soil system
(Gangadhara Rao and Singh, 1999; Tarnawski et al., 2002; Xiao
et al,, 2008).

The main component of TRPC is rubber, and the thermal
conductivity range of rubber is 0.19-0.26 W/(m-K), which is
much smaller than the thermal conductivity of soil minerals.
Therefore, the addition of TRPC could reduce the heat
conductivity of the mixed soil. On the other hand, the specific
gravity of TRPC is approximately 0.42 (Olofinnade and Adeyinka,
2024), which is much smaller than the specific gravity of soil
particles. So, adding TRPC with equal weight but less specific
gravity could make soil sample denser, and the porosity of soil
sample decreased with the increasing TRPC, as shown in Figures 8,
9. The decrease in porosity means that the volume of the least
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FIGURE 8

Effect of TRPC on soil internal structure with low moisture content. (@) No TRPC particle. (b) A few TRPC particles. (c) Many TRPC particles.

/—‘ Air ‘ ‘ Soil particle ‘

N DN T

(@

FIGURE 9

Effect of TRPC on soil internal structure with high moisture content. (@) No TRPC particle. (b) A few TRPC particles. (c) Many TRPC particles.

favorable heat-conducting air reduced, which is conducive to heat
conduction in the soil sample (Coté and Konrad, 2005 Abu-
Hamdeh and Reeder, 2000). Therefore, when the factor that is
favorable to heat conduction dominates, the thermal conductivity
of the soil sample shows an overall upward trend. On the contrary,
when the factor that hinders the heat conduction dominates, the
thermal conductivity of the soil sample decreases. When favorable
factors and hindering factors reach the equilibrium state, the
thermal conductivity is basically unchanged. As can be seen from
Figure 4, the factors that hinder heat conduction occupied a
dominant position, thus the thermal conductivity of the mixed
soil showed an overall decreasing trend with the increase of

Frontiers in Environmental Science

TRPC content. In addition, the increase of the moisture content
can weaken the influence of TRPC on the thermal conductivity,
leading to the different reduction range of thermal conductivity
in Figure 4.

4.1.3 The influence of TRPC on wave velocity
of loess

The addition of TRPC changed the internal skeleton structure of
the soil sample. As shown in Figure 8, when the moisture content
was low, the primary propagation path of ultrasonic wave in the soil
sample changed progressively from “soil particle + air” to “soil
particle + air + TRPC particle.” As shown in Figure 9, when the
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moisture content was high, the primary propagation path of
ultrasonic wave in the soil sample changed from the initial “soil
particle + air + water” to “soil particle + air + water + TRPC
particle,” and finally to “soil particle + water + TRPC particle.”
On one hand, due to the different acoustic impedance of each
component, wave reflection and transmission produce at the
interface when ultrasonic wave pass through the interface, and
the transmitted wave would appear scattering, interference and
diffraction, leading the propagation path of the ultrasonic wave
in the mixed soil more complicated with increasing TRPC, resulting
in a decrease in wave velocity (Song et al., 2019). In addition, the
hydrophobicity of TRPC hindered the formation and connection of
the soil aggregates, making a more complicated propagation path of
wave in the soil sample, resulting a decrease of propagation
(Olofinnade and Adeyinka, 2024). On the other hand, since the
propagation speed of ultrasonic wave in air is about 340 m/s, which
is much lower than that in solids and liquids, the addition of TRPC
with equal weight but smaller specific gravity reduces the proportion
of air and thus increases the wave velocity in the mixed soil
(Olofinnade and Adeyinka, 2024).
preventing factors the ultrasonic wave

when the
speed
decreased. Conversely, when the promoting factors dominated,

Therefore,
dominated,

the ultrasonic wave speed increased.

From Figure 6, the addition of TRPC hindered the propagation
of ultrasonic wave. When the moisture content was 6%, the
ultrasonic wave velocity dropped sharply when the content of
TRPC was 2%, and the effect of hindering the wave conduction
took an absolutely dominant position. When the moisture content
was 10%, the ultrasonic wave velocity dropped sharply when the
content of TRPC was 3%, and the effect of hindering the wave
conduction took an absolutely dominant position. With the increase
of the moisture content, the ultrasonic wave velocity showed a slow
and stable downward trend with the addition of TRPC. This
conclusion was consistent with the conclusion obtained by Song
Kun. Song et al. (2019) have shown that the proportion of lump
rocks in soil-rock mixed soil was negatively correlated with
sound velocity.

4.2 The influence of moisture content on
resistivity, thermal conductivity, and wave
velocity of loess

4.2.1 The influence of moisture content on the
resistivity of loess

As shown in Figure 10, with the increase of moisture content, the
form of water in the soil gradually changes from initial bound water
to a combination of bound water and capillary water, and finally to
free water. As shown in Figure 10a, when the moisture content was
low (such as the experimental moisture content of 6%), the soil
particles adsorbed water molecules to form double electric layer. For
loess containing clay particles, the double electric layer formed by
the interaction between soil particles and water played a crucial role
in soil conduction (Hasan et al., 2021). Therefore, the double electric
layer structure was the main electrical conduction path in the soil
sample in the case of low moisture content. As shown in Figure 10b,
with the increase of moisture content (such as the experimental
moisture content of 10%), the thickness of the double electric layer

Frontiers in Environmental Science

10.3389/fenvs.2025.1578858

gradually increased, enhancing the contact between soil particles
and promoting the conduction of electric current, resulting in a
decrease in soil resistivity (Hasan et al., 2021). During this time, the
change of moisture had a great influence on the resistivity of soil
sample. As shown in Figure 10b, capillary water began to exist and
the water connectivity further increased with the increasing
moisture, resulting in a further decrease in soil resistivity. The
trend of soil resistivity change slowed down is due to the
stronger conductivity of adsorbed water compared with capillary
water (Mojid et al, 2007). As shown in Figure 10c, when the
moisture content reached 18% or above, most of the pores in soil
sample were filled with free water, and connected conductive paths
were formed in soil. The resistivity decreased at a smaller rate
because the conductivity of gravity water was lower than that of
adsorbed water and capillary water (Bery and Ismail, 2018;
Fagbemigun et al., 2021; Pozdnyakov et al., 2006). In addition, as
shown in Figure 10, the saturation of the soil sample increased with
the increasing moisture content, and the air obstructing current
conduction decreased with the increasing saturation, leading more
smoother conduction path of current, thus reducing the soil
resistivity (Vincent et al., 2021). Therefore, the soil resistivity
decreased rapidly with increasing moisture content at first, and
then remained stabilized.

4.2.2 The influence of moisture content on thermal
conductivity

The thermal conductivity of the three-phase structure of the soil
sample is: solid phase > liquid phase > gas phase. When the dry
density of the soil sample remained constant, the saturation of soil
increased with the increasing moisture content, leading the
reduction of air that impeded heat conduction, thus improving
the soil sample’s thermal conductivity (Coté and Konrad, 2005). As
shown in Figure 10, the thickness of the bound water increased with
the moisture content increasing, and the pores were gradually filled
with capillary and free water. The water molecules in the bound
water film are oriented and arranged in a line around the surface of
the soil particle. They do not have the properties of ordinary water
and their properties are close to solid, while the properties of
capillary water and free water are close to ordinary water (Li
et al,, 2017). Therefore, the thickness of bound water increased
significantly in the early stage of the increase in moisture content,
and the increase in thermal conductivity was large in this stage. The
increase rate of thickness of bound water slowed down as the
moisture content increased to a certain extent, and the increase
in thermal conductivity also slowed down in this stage. When the
thickness of bound water no longer increased, free water began to fill
the pores with the increasing moisture content. Since the density of
free water is lower than that of bound water, free water of the same
weight can reduce the porosity more effectively than bound water,
and expel more air that hinders heat conduction. Therefore, the
increase rate of the thermal conductivity was enhanced when the
water content was greater than 18%. The above analysis can explain

the experimental data in Figure 5.

4.2.3 The influence of moisture content on
ultrasonic velocity

The ultrasonic velocity of each component in the soil sample is:
minerals > bound water > free water > air. When the moisture
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FIGURE 10

Effect of moisture content on soil internal structure. (a) Thin bound water. (b) Thick bound water and capillary water. (c) Connected free water.

content was very low, the bound water film around the soil particles
was very thin, and the soil particles were mainly connected in an
interlocking manner, as shown in Figure 10a. As the moisture
content increased gradually, the thickness of the bound water
film increased, and the connection type of soil particles changed
from interlocking to cementation, as shown in Figure 10b, which
was not conducive to wave propagation. On the other hand, the
saturation of soil increased with the increasing moisture content,
reducing the amount of air that impeded wave propagation,
promoting wave propagation. Therefore, when the effect of
promoting wave propagation dominant, the
propagation velocity increased; conversely, when the effect of

was wave
preventing the wave propagation was dominant, the wave
propagation velocity decreased (Li et al., 2017).

As can be seen from Figures 6, 7, when the moisture content was
low, the wave velocity was sensitive to the change of moisture
content, indicating that the internal structure of soil changed
greatly with the change of moisture content. On the contrary,
when the moisture content was high, the wave velocity was not
sensitive to the change of moisture content, indicating that the
internal structure of soil tended to be relatively stable.

4.3 The relationship between resistivity,
thermal conductivity and ultrasonic velocity
of loess

In summary, with the increase of TRPC, the resistivity of loess
showed an overall upward trend, the thermal conductivity of loess
showed an overall downward trend, and the ultrasonic velocity of
loess showed an overall downward trend. In other words, the
addition of TRPC was not conducive to the conduction of
electric current, the transfer of heat, and the propagation of
ultrasonic wave. Figure 11 showed the changes of thermal
conductivity, resistivity, and ultrasonic velocity with TRPC
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Variation of thermal conductivity, electrical resistivity and
ultrasonic wave velocity with TRPC content.

content when the moisture content was 10%. The influence of
TRPC on soil physical properties can be explained from two
aspects: (1) the physical properties of TRPC itself, (2) the
internal microstructure of the soil changed by the addition of
TRPC. The combined effect of these two aspects changed the
relevant physical properties of the soil.

With the increase of moisture content, the resistivity of loess
showed an overall downward trend, the thermal conductivity
showed an overall upward trend, and the ultrasonic velocity
showed a trend of first rising and then decreasing, which
indicated that the increase of moisture content was conducive to
the conduction of current and the transfer of heat. Figure 12
depicted the changes in thermal conductivity, resistivity, and
ultrasonic wave velocity with moisture content when the TRPC
content was 2%. The influence of moisture content on soil physical
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Variation of thermal conductivity, electrical resistivity and
ultrasonic wave velocity with moisture content.

properties can be interpreted from two aspects: one was the physical
properties of water itself, and the other was the changed
microstructure of soil at varying water contents. The combined
effect of these two aspects altered the relevant physical properties
of the soil.

At present, there are a few studies on the effect of TRPC on soil
physical properties. Most of the studies are limited to indoor tests, lacking
field experiments. One single particle size and no field experiments were
the main limitations of this study. In future research, in-depth
investigations can be carried out from the following aspects: the effects
of TRPC on different soil types, the influence of TRPC on soil under
different climatic conditions, the effects of TRPC with different particle
size, the long-term eftects of TRPC on soil, and the mechanical properties
of soil influenced by TRPC.

5 Conclusion

This paper took loess containing TRPC as the research subject
and investigated the impact of TRPC content on the resistivity,
thermal conductivity, and ultrasonic velocity of loess under different
moisture content conditions. It explored the mechanism of the
change of internal microstructure of the soil due to the addition
of TRPC, explained the reasons for the changes in the macroscopic
physical properties due to the alteration of the loess microstructure,
and the conclusions can be drawn as follows.

(1) The resistivity of loess increased with the increase of TRPC
content, especially when the water content was less than
14%. This was mainly because the addition of hydrophobic
TRPC broke the connection between some soil particles,
destroying the double electric layer structure current
conduction path. And the disruption degree increased
with increasing TRPC.

(2) The thermal conductivity of loess decreased with the increase

of TRPC content. This was mainly because the thermal

conductivity of TRPC was low than soil particles. The heat
conduction path gradually changed from “soil particle + soil
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particle” to “soil particle + TRPC particle” with the increasing
TRPC, so the thermal conductivity gradually decreased.
The wave velocity decreased with the increase of TRPC
content. This was mainly due to the interfacial effect.
When ultrasonic waves propagated from one medium
(soil particle) to another medium (TRPC), the waves
would appear reflection, transmission, diffraction, and
interference due to the different acoustic impedance,
leading to more complicated propagation path and
decreasing wave velocity.

(4) The increase of moisture content was beneficial to the
electric conduction and heat transfer of loess. The wave
velocity increased first and then decreased with the
increase of moisture content. This was mainly related to
the existence form of water in the soil, and closely related
to the porosity of the soil sample.
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