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a b s t r a c t

The intensive utilization and erosion-induced thinning of global black soil threaten its sustainable use, 
making accurate thickness assessment crucial. This study aimed to evaluate the impact of straw return 
practices on the accuracy of Ground Penetrating Radar (GPR) for measuring black soil thickness. Indoor 
simulation experiments were conducted with varying soil bulk density (1.1 g cm − 3 , 1.3 g cm − 3 , and 
1.5 g cm − 3 ), moisture contents (10 %, 20 %, 30 %), and straw application methods (mulched or incor-
porated at 50 % and 100 % rates). The results indicated that soil permittivity generally increased with 
moisture under both straw treatments. While permittivity increased with bulk density under straw 

mulching, it responded variably under incorporation (slight increase at 50% rate but decrease at 100 %). 
GPR overall achieved an accuracy of 86.5 %–93.8 %. It proved effective under straw-incorporated con-
ditions,but had limited effectiveness under low bulk density and moisture content in the straw-mulched 
treatment. Field measurements revealed average thicknesses of 29.1 cm (bare slope), 28.6 cm (straw-
mulched slope), and 34.6 cm (straw-incorporated slope), with distinct distribution patterns along 
slopes. This study clarified the applicable range and precision of GPR for measuring black soil thickness 
under straw return and provided scientific and technological support for sustainable black soil 
management.
© 2026 International Research and Training Center on Erosion and Sedimentation and China Water and 
Power Press. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an 

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Black soil is acknowledged as one of the most fertile soil types 
worldwide (Sorokin et al., 2021). It spans approximately 916 
million hectares globally, with the predominant portion dedicated 
to agricultural production, while a smaller fraction remains under 
grassland and forest cover (Eckmeier et al., 2007; Labaz et al., 
2018). This soil type holds significant economic and strategic 
importance for global food security (Rosegrant & Cline, 2003). In

the context of a growing global population and nearly 900 million 
individuals facing food insecurity, the relevance of black soil has 
become increasingly pronounced (Tong et al., 2017). Furthermore, 
as a vital terrestrial carbon reservoir and a core component sup-
porting food security, the black soil thickness and distribution area 
directly affect both soil productivity and its capacity for carbon 
sequestration (Labaz et al., 2024; Xie et al., 2023). The fertile black 
soil of China is primarily concentrated in the northeast region, 
constituting one of the four major black soil regions over the 
world. This vital soil resource contributes to a quarter of Chinese 
total grain production (Wang et al., 2024). Nevertheless, the syn-
ergy of prolonged intensive cultivation, unsustainable land use 
practices, and climate change has precipitated several significant 
challenges, including a decline in organic matter content, an 
expansion of erosion areas, diminished soil productivity, and 
ecological degradation (Sui & Dai, 2025). Since large-scale
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agriculture in the black soil region of China in the 1950s, severe soil 
erosion has resulted in an average reduction of black soil thickness 
by 40 cm (Wang et al., 2022a). The current regional average 
erosion rate is estimated to be around 15,000 kg ha − 1 yr − 1 or 
higher (Nearing et al., 2017). This dual degradation in quantity and 
quality of black soil not only threatens regional agricultural sus-
tainability but also poses systemic risks to national food security 
and ecological stability.

Conventional tillage methods employed in traditional agricul-
tural systems result in considerable degradation of land resources, 
posing a substantial threat to soil stability and its capacity for 
water retention (Sui & Dai, 2025). The soil degradation associated 
with these traditional farming practices has emerged as a global 
issue, directly impairing the sustainability potential of agriculture 
(Li et al., 2025). Conservation tillage, which originated in North 
America, has been adopted in over 70 countries. It covers 
approximately 180 million hectares, accounting for 12.5 % of the 
global arable land area (Xiao et al., 2021). The conservation of black 
soil, aimed at improving soil health, relying on conservation tillage 
management systems such as no-tillage, reduced tillage, subsoil-
ing, and straw mulching (Sun et al., 2020). It has been proven 
effective in reducing soil erosion, enhancing organic matter con-
tent, and improving soil water-thermal conditions (Lal, 2013; 
Kassam et al., 2019). Specifically, reduced tillage sowing miti-
gates disruption to soil structure by decreasing the frequency of 
traditional tillage and employing a specialized planter to complete 
agricultural operations in a single pass (Zhang et al., 2015). 
Another key measure is straw return, which involves retaining 
crop residues on the soil surface or incorporating them into the 
shallow soil layer at a specific ratio after harvest (Kan et al., 2020). 
During the decomposition of straw, abundant carbon sources are 
provided for soil microorganisms, thereby stimulating microbial 
activity and accelerating the decomposition and release of organic 
nutrients from crop residues (Zhang et al., 2024). Meanwhile, the 
cementing effect of humus promotes the formation of soil aggre-
gate structure, enhancing aggregate stability (Wu et al., 2024). 
Furthermore, the physical barrier effect of the straw layer reduces 
raindrop splash energy, resulting in a reduction of surface runoff 
by 20 %–60 % and effectively suppressing soil erosion by increasing 
infiltration (Yang et al., 2021). Currently, two types of straw return 
modes are primarily employed in the black soil region of China: 
one is surface mulching return with varying fragment lengths, and 
the other is soil incorporation with differing pulverization degrees 
and burial depths (Song et al., 2024). These two returning modes 
may exert differential impacts on the propagation path and 
reflection characteristics of Ground Penetrating Radar (GPR) sig-
nals. Therefore, there is an urgent need to investigate the appli-
cability of GPR technology in measuring black soil thickness under 
different returning measures.

GPR represents a highly efficient geophysical method for 
shallow subsurface investigation (Jonard et al., 2013). As techno-
logical advancements continue to unfold and research deepens, 
GPR reveals promising application prospects across various do-
mains, including geological exploration, water conservancy engi-
neering, and civil engineering. Marecos et al. (2017) reported that 
GPR serves as an effective tool for determining the thickness of 
asphalt and granular layers, emphasizing its importance for 
continuous evaluation of existing pavement structures. Addition-
ally, GPR can also enhance the imaging quality and feature iden-
tification capability of underground archaeological remains 
(Ebraheem et al., 2025). Multiple cross-regional investigations 
have demonstrated that GPR estimates soil moisture content in 
vertical profiles using electromagnetic reflection signals from 

different soil layers (Steelman & Endres, 2012; Koyama et al., 
2017). Currently, ground-penetrating radar, leveraging its non-

destructive and efficient detection advantages, demonstrates su-
perior performance in homogeneous soil profile detection 
(Pathirana et al., 2024). Zhang et al. (2018) mapped the spatial 
distribution of soil depth in grassland ecosystems by using GPR 
and GIS. Liu et al. (2021) measured the thickness of the black soil 
on typical slopes in the black soil region in Northeast China. 
However, the feasibility and accuracy of GPR in measuring the 
thickness of black soil on sloping farmland with straw mulching 
and straw incorporation remain unclear. First, it is essential to 
determine whether the disparity in dielectric properties between 
the straw cover layer or the crushed and mixed layer and the un-
derlying black soil parent material is sufficiently pronounced. 
Second, there is an interference effect of the loose structure of the 
straw layer on the radar signal feature extraction. These two as-
pects constitute the key scientific issues for GPR technology to 
accurately identify the black soil layer boundary.

Therefore, this study focused on the typical black soil of 
Northeast China, aiming to achieve the following objectives: (1) to 
determine the variation characteristics of soil permittivity under 
straw-mulched and straw-incorporated conditions through indoor 
simulation experiments; (2) to evaluate the feasibility of GPR in 
measuring black soil thickness under straw return conditions and 
assess accuracy through the analysis of field-measured data. This 
study provides data support for the technical improvement of GPR 
for estimating black soil thickness and promotes the precise 
application of GPR in complex farmland environments. The results 
are of great significance for the protection and sustainable utili-
zation of black soil resources.

2. Materials and methods

2.1. Study areas

The study area was located in Lishu County, Siping City, Jilin 
Province (43 ◦ 21′01″–43 ◦ 21′39″ N, 124 ◦ 20′40″–124 ◦ 21′18″ E), char-
acterized by a temperate semi-humid continental monsoon 
climate with concurrent periods of rainfall and heat, and relatively 
sufficient sunlight and precipitation during the crop growing 
season. The region receives an average annual precipitation of 
577 mm, with precipitation primarily concentrated from June to 
August. The region is characterized by intense and concentrated 
summer rainfall, cold winters with low temperatures, and an 
average annual temperature of 6.4 ◦ C. Lishu County contains a 
variety of soil types influenced by factors including geographical 
location and soil composition. The predominant soil types found in 
the cultivated lands are black soil, meadow soil, and chernozem, 
comprising 23.4 %, 20.8 %, and 18.4 % of the total cultivated area, 
respectively. Within the study area, the soil was identified as black 
soil, distinguished by a sandy clay loam texture. The black soil in 
this study was classified as a Mollisol (Agriboroll group) in the 
USDA Soil Taxonomy (Soil Survey Staff, 2010, p. 338).

2.2. Experimental design

2.2.1. Indoor experiments
We initially performed controlled laboratory simulations to 

examine variations in soil dielectric properties under varying 
conditions. The primary measurement method utilized was GPR 
(SIR-4000, GSSI, USA), whose detection capability is based on 
fundamental physical principles: GPR emits electromagnetic 
waves into the subsurface through its antenna, with the propa-
gation behavior of these waves predominantly influenced by the 
dielectric permittivity of the material. Variations in permittivity at 
interfaces between different media result in wave reflections 
(Persico, 2014). By analyzing the two-way travel time and
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amplitude of the reflected signals, it is possible to infer the depth 
and characteristics of subsurface features. Consequently, this in-
door experiment was conducted to systematically assess the var-
iations in the dielectric permittivity of black soil subjected to two 
conservation tillage practices, straw mulching and straw incor-
poration, across different soil moisture contents and bulk density 
conditions.

The indoor experiment was conducted with two boxes (2 m 

length, 1 m width, and 0.3 m height). Additionally, a hollow iron 
pipe (60 cm long, 3 cm diameter) was placed at the bottom of each
box (Fig. 1). Soil bulk densities were set at 1.1 g cm − 3 , 1.3 g cm − 3 ,
and 1.5 g cm − 3 , and soil moisture contents were set at 10 %, 20 %, 
and 30 % based on field surveys. Additionally, five different straw 

return experimental treatments were also established: bare soil 
(no straw), 50 % straw-mulched, 100 % straw-mulched, 50 % straw-
incorporated, and 100 % straw-incorporated. Maize straw was cut 
into fragments ranging from 5 to 10 cm in length. Prior to the 
commencement of the experiments, the cut straw was thoroughly 
homogenized. The application rate for the complete straw return 
was established at 1.0 kg m − 2 . In this experiment, maize straw was

used for the return treatments. Based on repeated field in-
vestigations of the surface straw moisture content during the 
autumn return period in the study area, the straw moisture con-
tent in each experimental group was controlled at 18 % ± 1.33 % 
through a series of steps including oven-drying, rewetting, and 
equilibration. The tested soil was sieved through a 5 mm sieve to 
remove stones and plant residues. Subsequently, the 30 cm boxes 
were evenly filled with three 10 cm thick layers of this soil ac-
cording to the preset soil bulk density. Each layer underwent 
thorough compaction to guarantee homogeneity and structural 
continuity of the soil. After the boxes were filled, the soil was left 
to stand for 24 h to allow for natural settlement and formation of a 
stable soil structure.

Initially, for the first set of treatments, the objective was to 
clarify the effects of soil moisture content and straw return 
methods on the soil permittivity. Therefore, soil bulk density was 
maintained at 1.3 g cm − 3 , while soil moisture content was varied 
across three levels (10 %, 20 %, and 30 %) in conjunction with five 
distinct treatment methods, resulting in a total of 15 treatment 
combinations. The second set of treatments aimed to examine the

Fig. 1. Indoor experimental design: (a) layout of the two straw return practices; (b) schematic of processing method.
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influence of soil bulk density and straw return techniques on the 
dielectric constant. Soil moisture content was kept constant at 20
%, with variations in soil bulk density (1.1 g cm − 3 , 1.3 g cm − 3 ,
1.5 g cm − 3 ) and 5 treatment methods, yielding a total of 15 
treatment combinations. Consequently, this experiment included 
a total of 30 treatment combinations, each replicated three times. 
The clay, silt, and sand contents of the tested black soil were 22.4 %, 
39.3 %, and 38.3 %, respectively. Meanwhile, to compare the 
permittivity of black soil and loess parent material, another set of 
simulation experiments was designed. With bulk densities set at 
1.1 g cm − 3 , 1.3 g cm − 3 , and 1.5 g cm − 3 , and moisture contents at 10 
%, 20 %, and 30 %, from which five cross-combinations were 
configured. Among these, the clay, silt, and sand contents of the 
tested loess parent material were 20.1 %, 52.6 %, and 27.3 %, 
respectively. In our experiment, a 400 MHz antenna was 
employed, utilizing 512 points per scan, a sampling time window 

of 50 ns, and a scanning rate of 100 scan m − 1 . Given the specified 
time window and the number of sampling points per scan, the 
resultant sampling frequency was determined to be 10.24 GHz. 
The antenna-ground coupling was achieved through air coupling.

2.2.2. Field experiment
In the study area, three sloping croplands with different con-

servation tillage practices were selected: a bare land without straw 

cover, measuring 180 m in length and 70 m in width; a straw-
mulched slope spanning 170 m in length and 70 m in width; and 
a straw-incorporated slope measuring 140 m in length and 60 m in 
width. These three sloping croplands were cultivated with corn. 
The straw-mulched slope treatment involved the complete return 
of straw at an application rate of 9000 kg ha − 1 , whereas the straw-
incorporated slope had a straw return amount of 4000 kg ha − 1 .
Within each study area, three survey lines were evenly distributed 
according to the slope width (Fig. 2). The GPR survey was con-
ducted from the upper slope to the toe-slope. Additionally, tradi-
tional soil profile excavation was employed for validation. At each 
survey line, one excavation site was selected to conduct actual 
measurements of the black soil depth (Fig. 2). To verify the accu-
racy of these measurements, iron pipes were installed perpen-
dicular to the survey line. These iron pipes, measuring 60 cm in 
length and 3 cm in diameter, were placed specifically at the 
boundary between the black soil and loess parent material. GPR 
surveys were conducted using a 400 MHz antenna combined with 
the profile method. The field experiment was carried out

subsequent to the autumn crop harvest in late October. Data 
acquisition occurred under clear, rain-free daytime conditions, 
with an average ambient temperature of approximately 5 ◦ C. Soil 
moisture levels were moderate, the soil remained unfrozen, and 
the terrain was relatively level.

2.3. Data processing

Electromagnetic wave propagation velocity in soil, calculated 
based on the target depth obtained from radar images and two-
way travel time, can be expressed by the following equation:

v = 
2h 
t 

(1)

where v is the propagation velocity of the electromagnetic wave in 
the medium (m ns − 1 ); h is the depth of the underground target 
(m); and t is the two-way travel time of the reflected electro-
magnetic wave signal in the medium (ns).

Based on the electromagnetic wave propagation velocity, the 
soil permittivity can be calculated using the following equation:

ε = 
(c

v

) 2 
(2) 

where ε is the soil permittivity; v is the propagation velocity of 
electromagnetic waves in the medium (m ns − 1 ); and c is the 
propagation velocity of electromagnetic waves in a vacuum 

(3 × 10 8 m s − 1 ).
The mean detection accuracy of the GPR was determined by 

comparing the actual burial depths of the iron pipes with the 
corresponding detection depths obtained from the GPR, as 
expressed by the following formula:

RE = 
|H − h| 
H

× 100% (3)

AC = 100% − RE (4)

where RE is the relative error (%); AC is the accuracy (%); H is the 
actual depth (cm); and h is the GPR measured depth (cm). The
average accuracy (AC) is calculated from the AC of each sample 
point. Additionally, the accuracy range of GPR in determining black 
soil thickness consists of the maximum and minimum values of 
the aforementioned AC.

Fig. 2. Schematic of the field experimental design: (a) slope with straw returning treatment; (b) layout of GPR survey lines and markers.
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In this study, the Origin 2023 software (OriginLab, USA) was 
employed to plot the variation diagrams of soil permittivity under 
different treatments and the characteristic variation maps of black 
soil thickness on slopes under different tillage practices. Using 
SPSS 22.0 software, the data were preprocessed by conducting 
normality tests and homogeneity of variance tests, followed by a 
multi-factor analysis of variance (ANOVA) on soil permittivity of 
different treatments (α < 0.05). A structural equation model (SEM) 
was constructed using the “Lavaan” package to investigate the key 
mechanisms affecting the soil permittivity, and 2000 bootstrap 
replications were used to calculate the path coefficients at the 0.05 
significance level. All radar data were processed using RADAN7 
software (GSSI, USA). The workflow included time-zero correction 
(to eliminate air waves), background removal (to suppress hori-
zontal noise), and gain adjustment (to enhance signals from 

deeper layers), ensuring the authenticity and clarity of the depth 
profile (Afshar et al., 2017).

3. Results

3.1. Variation of soil permittivity under different straw return 
conditions

Soil permittivity under different gradient experimental condi-
tions (including bulk density, moisture content, straw-mulched, 
and straw-incorporated) was obtained from indoor simulation 
experiments (Fig. 3). For the bare slope without straw, the 
permittivity demonstrated a positive correlation with increases in 
both soil moisture content and bulk density. The variation pattern 
of the soil permittivity observed in the straw-mulched slope 
aligned with that of the bare slope. On the straw-incorporated 
slope, the permittivity demonstrated an increasing trend corre-
sponding to increases in soil moisture content. Conversely, as soil 
bulk density increased, the variation trends in the soil permittivity 
diverged depending on the straw returning amount applied to the 
slope: specifically, the soil permittivity of the slope with 50 %

straw-incorporated exhibited a modest increase, whereas that of 
the slope with 100 % straw-incorporated experienced a slight 
decrease.

A variance analysis was performed on soil bulk density, soil 
moisture content, straw-mulched rate, straw-incorporated rate, 
and soil permittivity, with the dataset categorized into four 
distinct groups (Fig. 4). Under the condition of straw-mulched 
with soil moisture content maintained at 20 %, significant differ-
ences in soil permittivity were observed between the bare slope 
and the straw-mulched slope. However, no significant differences 
were observed between straw-mulched rates of 50 % and 100 %. 
When the bulk density was maintained at 1.3 g cm − 3 , no signifi-
cant variations in soil permittivity were observed between the 
bare slope and the straw-mulched slope under moisture content 
levels of 20 % and 30 %. Notably, significant differences in dielectric 
constant only existed between the bare slope and the fully straw-
mulched slope at the low moisture content of 10 %. Under the 
incorporated straw condition, when the soil moisture content was 
maintained at 20 %, significant variations in the soil permittivity 
were observed between the bare slope and the straw-incorporated 
slope under bulk densities of 1.3 g cm − 3 and 1.5 g cm − 3 . In contrast, 
at a lower bulk density of 1.1 g cm − 3 , the straw returning amount 
had no effect on soil permittivity. When the bulk density was 
maintained at 1.3 g cm − 3 , there was no significant difference in soil 
permittivity between the bare slope and the straw-incorporated 
slope for the low moisture content of 10 %. However, significant 
differences were evident under all other tested conditions.

To examine the relationship between soil permittivity and 
multiple influencing variables, this study focused on four specific 
factors: soil moisture content, bulk density, straw mulching rate, 
and straw incorporation rate. The findings derived from the SEM 

analysis are presented in Fig. 5. Under the conditions of straw 

mulching, soil bulk density and moisture content exhibited direct 
and statistically significant positive impacts on the permittivity, 
with path coefficients of 0.33 and 0.68, respectively. These effects 
were more pronounced than those associated with the rate of

Fig. 3. Permittivity of black soil at varying (a) straw-mulched levels, and (b) straw-incorporation levels.
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straw mulch application. The rate of straw mulch exhibited a 
statistically significant negative impact on permittivity, as indi-
cated by a path coefficient of − 0.31. Under conditions involving 
straw incorporation, soil moisture content exhibited a direct and 
statistically significant positive influence on permittivity, as 
indicated by a path coefficient of 0.41. In contrast, the impact of 
soil bulk density on permittivity was not significant. The rate of 
straw incorporation exhibited a significant negative impact on 
permittivity, as indicated by a path coefficient of − 0.76. Moreover, 
its effect was more pronounced than that of the soil moisture 
content.

3.2. Evaluating the precision of GPR

A fundamental requirement for the identification of black soil 
thickness using GPR is a pronounced contrast in permittivity. In 
our study, the permittivity of loess parent material and black soil 
were determined under varying conditions of bulk density and 
moisture content through experiments (Table 1). A comprehensive 
comparative analysis was conducted to evaluate the differences in 
permittivity among bare black soil slope (BS), 50 % straw-mulched 
slope (50 % SM), 100 % straw-mulched slope (100% SM), 50 % straw-
incorporated slope (50 % SI), 100 % straw-incorporated slope (100 %

Fig. 4. Variation of soil permittivity with bulk density and moisture content across different straw return conditions. Using one-way ANOVA within the same groups of bulk 
density and moisture content, different letters indicate significant difference among treatments at 0.05 level.

Fig. 5. Path of structural equation model. ** represents p < 0.01, and * represents p < 0.05.
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SI), and loess parent material (LPM). The analysis demonstrated a 
significant difference in permittivity between black soil and loess 
parent material on bare slopes. On slopes with 50 % straw mulch, a 
difference was detected exclusively under moderate conditions of 
bulk density (1.3 g cm − 3 ) and moisture content (20 %). Conversely, 
no significant difference was observed on slopes with 100 % straw 

mulch when subjected to low bulk density (1.1 g cm − 3 ) and low 

moisture content (10 %). For slopes with 50 % straw incorporation, 
the absence of a significant difference was limited to conditions of 
high bulk density (1.5 g cm − 3 ) and high moisture content (30 %). In 
contrast, slopes with 100% straw incorporation exhibited a sig-
nificant difference across all five tested combinations of bulk 
density and moisture content. Moreover, as illustrated in Fig. 6, an 
increase in bulk density (Groups A, B, C) corresponded with a 
progressive amplification in the disparity of permittivity between 
the black soil and the loess parent material across the various 
treatments, with the 100 % straw-incorporated slope demon-
strating the most significant variation. Conversely, as moisture 
content increased (Groups D, B, E), the difference in permittivity 
tended to diminish. The actual burial depths of iron pipes on each 
slope were determined through field-excavated profiles, with the 
measured depths being extracted from radar imagery. The actual

burial depths of the iron pipes and the measured depths by GPR at 
the top, middle, and bottom positions of the three slopes are 
shown in Table 2. For each validation profile, the measurement 
accuracy of each profile was calculated according to Eq. (3) and Eq. 
(4). The depth measurement accuracy of the GPR varies with 
different slope treatment methods. The measurement accuracy is 
highest for bare soil slopes, ranging from 95 % to 97.7 %. In contrast, 
whether straw mulching or straw incorporation is applied, higher 
errors are observed, with measurement accuracy ranging from 

86.5 % to 93.8 %. However, statistical analysis (p > 0.05) indicated 
that there was no statistically significant difference between the 
measured depths and the actual depths across all slope categories.

3.3. Distribution of black soil thickness under straw return 
conditions

The continuous variation in black soil thickness along the slope 
under different soil conservation tillage is illustrated in Fig. 7. The 
average black soil thicknesses of the bare slope, straw-mulched 
slope, and straw-incorporated slope were 29.1 cm, 28.6 cm, and 
34.6 cm, respectively. Overall, the black soil thickness on the bare 
slope exhibited an increasing trend from the slope summit to the 
slope toe, with a thickness range of 16.4–48.7 cm. The thickness 
variation trends observed across the three measurement lines 
along the slope were generally consistent. Notably, near the 38 m 

slope length position, the black soil thickness showed a marked 
increase, with the average thickness attaining 31.6 cm. At 
approximately 120 m along the slope length, the thickness of the 
black soil was relatively thin, averaging 27.7 cm. After the slope 
length reached 160 m, the soil layer thickness exhibited a gradual 
increase, attaining an average thickness of 34.9 cm. The distribu-
tion of black soil thickness on the straw-mulched slope was un-
even, with a fluctuation range of 20.0–46.6 cm. Notably, certain 
segments of the slope, specifically within the 40–60 m and 
100–120 m intervals along its length, demonstrated comparatively 
greater soil thickness. In contrast, soil thickness remained rela-
tively stable across other positions of the slope. Within the slope 
length range of 60–100 m in the middle of the slope, the black soil 
thickness was relatively thin, with an average thickness of 26.6 cm. 
From a slope length of 150 m extending toward the slope toe, the 
black soil thickness exhibited a gradual increase, attaining an 
average thickness of 30.7 cm. The overall variation range of black 
soil thickness on the straw-incorporated slope was 19.3–48.6 cm. 
At the slope summit (0–20 m), the soil layer was notably thin, 
averaging 25.9 cm in thickness. Subsequently, as the slope length 
increased, the black soil thickness demonstrated a pattern char-
acterized by an initial increase, followed by a decrease, and then a 
subsequent increase. From 40 to 60 m along the slope length, the 
black soil thickness continuously increased, attaining 35.8 cm. 
Subsequently, extending to approximately 110 m slope length, the 
change in black soil thickness became stable and decreased to

Table 1
Soil permittivity of black soil and loess parent material.

Treatment LPM BS 50 % SM 100 % SM 50 % SI 100 % SI

A 7.4 ± 0.1b 8.7 ± 0.3a 7.3 ± 0.7b 7.4 ± 0.9b 6.0 ± 0.3c 5.6 ± 0.1c
B 7.8 ± 0.2d 9.5 ± 0.1a 8.9 ± 0.1b 8.6 ± 0.1c 6.5 ± 0.1e 4.3 ± 0.2f
C 9.5 ± 0.1b 11.3 ± 0.1a 9.2 ± 1.0b 8.7 ± 0.2c 6.6 ± 0.1d 4.6 ± 0.1e
D 4.5 ± 0.3bc 7.0 ± 1.8a 6.0 ± 0.2ab 3.1 ± 1.3c 6.6 ± 0.1a 6.5 ± 0.2a
E 8.7 ± 0.4b 10.2 ± 0.2a 9.5 ± 1.3ab 10.1 ± 0.6a 9.6 ± 0.3ab 7.1 ± 0.5c

Note: Group A: bulk density of 1.1 g cm − 3 , moisture content of 20 %; Group B: bulk density of 1.3 g cm − 3 , moisture content of 20 %; Group C: bulk density of 1.5 g cm − 3, 
moisture content of 20 %; Group D: bulk density of 1.3 g cm − 3 , moisture content of 10 %; Group E: bulk density of 1.3 g cm − 3 , moisture content of 30 %. LPM: loess parent 
material; BS: bare slope; SM: straw-mulched slope; SI: straw-incorporated slope. Within each row, differing letters denote statistically significant differences at the 95 % 
confidence level.

Fig. 6. Difference of permittivity between black soil and loess parent materials under 
different treatments. Group A: bulk density of 1.1 g cm − 3 , moisture content of 20 %; 
Group B: bulk density of 1.3 g cm − 3 , moisture content of 20 %; Group C: bulk density 
of 1.5 g cm − 3 , moisture content of 20 %; Group D: bulk density of 1.3 g cm − 3 , moisture 
content of 10 %; Group E: bulk density of 1.3 g cm − 3 , moisture content of 30 %. LPM: 
loess parent material; BS: bare slope; SM: straw-mulched slope; SI: straw-
incorporated slope.
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31.9 cm. Near the toe of the slope, a slight increase in thickness was 
observed, reaching 33.3 cm.

4. Discussion

4.1. Impact of straw return practices and soil properties on the 
permittivity

This study systematically revealed the influence patterns of 
conservation tillage practices, specifically straw mulching and 
straw incorporation, and basic soil properties (moisture content, 
bulk density) on the soil permittivity. The findings derived from 

the SEM analysis demonstrated that soil moisture content and 
bulk density exerted positive influences on soil permittivity, 
aligning broadly with prior research outcomes (Koyama et al., 
2017; Luo et al., 2019). Under straw mulching conditions, soil 
bulk density and moisture content exerted a more significant 
impact than the straw mulching rate. This suggests that, within 
this management practice, the intrinsic physical characteristics of 
the soil predominantly govern variations in permittivity. Signifi-
cantly, both the straw mulching rate and the straw incorporation 
rate demonstrated a negative impact on the soil permittivity. This 
effect is ascribed to the porous nature of the straw, which likely 
alters electromagnetic wave interactions with the soil matrix. 
Similar to studies showing that porous biochar derived from straw 

enhances microwave reflection loss via increased scattering and 
absorption (Aslam et al., 2021; Zou et al., 2024), the inherent 
porosity of raw straw may reduce electromagnetic wave pene-
tration efficiency through analogous mechanisms, consequently 
leading to a lower measured soil permittivity. The modulation of 
permittivity by the porosity of straw can be understood through 
two primary mechanisms. First, the incorporation of air, which 
possesses a low permittivity, leads to a direct reduction in the 
overall permittivity of the straw-soil composite medium. Second, 
within a heterogeneous porous system, the scattering of electro-
magnetic waves and alterations in the effective propagation 
pathways further impact the measured permittivity values (Huang 
et al., 2014).

Under conditions of straw incorporation, a significant alteration 
was observed in the hierarchical influence of controlling factors. 
The findings indicated that the rate of straw incorporation became 
the primary determinant affecting variations in soil permittivity, 
exerting a pronounced direct negative impact that exceeded the 
effect of soil moisture content. This phenomenon highlights the 
fundamental distinction between the mechanisms through which 
straw incorporation and straw mulching influence the soil: when 
straw is chopped and evenly integrated into the soil, it no longer 
functions solely as a surface modification but significantly trans-
forms the soil characteristics. The interaction between plentiful 
straw fragments and soil particles results in the formation of a 
“composite medium” characterized by unique electromagnetic

properties, which markedly diminishes the overall dielectric 
response (Tran et al., 2022). SEM analysis revealed that the 
incorporation of straw modified the composition and micro-
structure of the medium, consequently affecting the sensitivity of 
permittivity to variations in bulk density. Under these conditions, 
the dielectric properties were primarily governed by the quantity 
of straw incorporated and the resultant structural porosity 
generated by its presence.

In our study, independent control over the bulk density of the 
soil layer under conditions involving straw incorporation was not 
achievable. Following the addition of straw, the bulk density of the 
soil layer exhibited deviations from the predetermined target 
value. To address this limitation, future investigations should 
employ more refined methodologies, such as separately quanti-
fying the volumetric proportions of soil and added materials 
within the composite medium, or utilizing computed tomography 
(CT) scanning techniques to characterize the microstructural 
properties of the composite medium. Simultaneously, the regula-
tory role of soil texture in the relationship between straw return 
and permittivity cannot be overlooked. Soils with different tex-
tures, such as sand, loam, and clay, exhibit substantial differences 
in pore structure and particle composition. Clay particles, as 
charged solid phases, influence the solid-phase dielectric proper-
ties of soil. An increase in clay content alters these properties and 
induces dielectric loss, consequently leading to a reduction in soil
permittivity (Gonz �alez-Teruel et al., 2020).

4.2. Effectiveness and limitations of GPR applications

This study conducted a systematic assessment of the feasibility 
of using GPR to detect the black soil thickness under varying straw 

return practices. The findings demonstrated that, under conditions 
involving straw return, there was a significant difference in 
permittivity between the black soil and the underlying loess 
parent material (Table 1). Specifically, under the gradients of 
moisture content and bulk density designed in this experiment, 
the straw incorporation treatment (especially 100 % SI) exhibited a 
significant difference (p < 0.05) in permittivity between the black 
soil and loess parent material, indicating that GPR could effectively 
detect black soil thickness. It is important to note that under 
conditions of elevated moisture content (Group E: 30 %), the 
treatment involving 50 % incorporation did not exhibit a statisti-
cally significant difference from the loess parent material, thereby 
constraining the efficacy of GPR detection. Consequently, it is 
advisable to perform surveys when the field moisture content is 
below 30 % to enhance detection performance. Regarding straw 

mulching, no significant difference from loess parent material was 
observed under conditions of low bulk density (Group A: 
1.1 g cm − 3 ) or low moisture content (Group D: 10 %), which 
adversely affects the accuracy of GPR detection. The attenuation of 
electromagnetic wave intensity caused by the mulch layer and its

Table 2
Actual buried depth of iron pipes and measured depth by GPR on different slopes.

Sample plot Actual depth (cm) GPR measurement (cm) Accuracy (%) p

Bare soil 30 28.8 ± 1.7 96.1 0.99
27 25.6 ± 1.8 95.0
30 29.3 ± 2.2 97.7

Straw-mulched slope 22 23.4 ± 0.9 93.8 0.97
30 26.4 ± 1.7 88.1
31 26.8 ± 1.0 86.5

Straw-incorporated slope 28 25.1 ± 1.4 89.5 0.98
41 36.1 ± 0.9 88.1
39 35.8 ± 1.2 91.9

Note: p > 0.05 indicates no significant difference.
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impact on dielectric permittivity are comparatively minimal 
(Wang et al., 2022b). Based on a comparative analysis conducted 
across varying experimental gradients, it is recommended to 
regulate or select a soil moisture content within the range of 20 % 
to 30 % when utilizing GPR for soil thickness assessments in the 
context of straw return practices. This moisture range effectively 
mitigates the adverse effects associated with excessively dry 
conditions and enhances the reliability of detection. However,

under conditions of excessive soil moisture exceeding 30 %, addi-
tional investigation is warranted to elucidate the impact of me-
dium electrical conductivity on the propagation of 
electromagnetic waves.

The findings of this study may provide a useful reference for 
other regions characterized by black soil or loam with comparable 
soil textures, climatic conditions, and agricultural practices. 
However, for areas exhibiting significant differences in soil texture 
(sandy soils), straw type (rice or wheat straw), or climatic regimes, 
it is advisable to perform localized, small-scale calibration prior to 
the direct application of the quantitative parameters identified 
herein, such as the optimal moisture content range. Various 
application contexts impose distinct demands on precision. For 
instance, regional soil resource surveys and mapping endeavors 
seek to acquire a broad-scale comprehension of the spatial dis-
tribution of soil thickness, typically utilizing low-to medium-res-
olution data (50–100 m) (Malone et al., 2017), which allows for a 
comparatively large margin of error. The accuracy achieved by the 
proposed method adequately satisfies these requirements, facili-
tating an efficient and non-destructive alternative to numerous 
conventional borehole measurements, as well as enabling rapid 
delineation of spatial variability in soil thickness. Within the 
domain of precision agricultural management, the requisite level 
of accuracy is considerably more stringent (Minasny & McBratney, 
2016). The present error margin associated with our methodology, 
ranging from 6.2 % to 13.5 %, may be nearing the threshold of its 
applicability for these purposes. The GPR technique for estimating 
soil thickness under straw return conditions, validated in this 
study, demonstrates adequate accuracy for dependable use in 
applications such as soil resource assessments and large-scale 
agricultural management. In these contexts, the benefits of the 
method, including that it causes no damage, acquires data rapidly, 
and supports continuous measurement, can be effectively lever-
aged. However, for engineering projects or precision agronomic 
practices that require high absolute accuracy, it is advisable to 
combine GPR surveys with a limited number of calibration bore-
holes in order to improve absolute accuracy through localized 
calibration.

Laboratory experiments are limited in their ability to accurately 
reproduce the complex conditions present in field environments. 
At broader spatial scales, variables including soil texture, moisture 
content, bulk density, and the spatial distribution of straw 

demonstrate significant heterogeneity, with variability levels 
substantially greater than those attainable within controlled soil 
box settings. This disparity can influence the propagation behavior 
of GPR signals, thereby reducing the accuracy of practical field 
measurements. Furthermore, owing to the limitations associated 
with extensive destructive sampling, our study utilized only nine 
soil profiles to validate the accuracy of GPR. This restricted sample 
size may contribute to uncertainty in the estimation of the abso-
lute detection accuracy of GPR. It is recommended that future in-
vestigations adopt a more densely distributed, grid-based 
validation framework over broader spatial extents. Our study 
primarily focused on the initial stage of straw return. Future 
research should investigate the long-term effects of straw return 
on soil dielectric properties, particularly the distinct contributions 
of fresh plant residues versus humified organic matter. In recent 
years, GPR has been applied to geological structure investigations 
and is emerging as an increasingly common tool for various near-
surface applications. However, electromagnetic waves undergo 
undesirable scattering in heterogeneous structures, which reduces 
resolution or detection depth (Takahashi et al., 2015). The impact 
of straw return on soil dielectric properties was elucidated in this 
study. Consequently, a scientific basis is provided for the precise 
interpretation of GPR data in farmland management.

Fig. 7. Variation of black soil thickness on slopes: (a) bare slope; (b) straw-mulched 
slope; (c) straw-incorporated slope.
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In future applications, it is essential to incorporate region-
specific straw return practices along with fundamental soil char-
acteristics to optimize detection timing or to perform targeted 
calibration of GPR data. This approach is expected to significantly 
enhance the accuracy and reliability of GPR technology when used 
in complex media environments, such as farmland with straw 

return.

5. Conclusions

This study systematically investigated the variation character-
istics of the soil dielectric constant under straw return conditions 
and evaluated the feasibility of using GPR to determine the 
thickness of black soil in the presence of straw return, through a 
combination of indoor simulation experiments and field detection. 
It should be noted that the field validation of our study is based on 
a limited number of points, which may affect the universality of 
the accuracy conclusions. Under straw return conditions, the ac-
curacy range of GPR in determining black soil thickness was 
86.5 %–93.8 %, with an average accuracy of 91.86 % ± 3.78 %, 
effectively enabling the detection of black soil thickness under 
straw return conditions.

However, for straw-mulched conditions, GPR exhibited limita-
tions in effectively differentiating the black soil layer from the 
parent material layer, particularly when the bulk density was low 

(1.1 g cm − 3 ) and moisture content was minimal (10 %). In contrast, 
the performance of GPR improved under conditions characterized 
by medium to high bulk density and moderate to high moisture 
content. Under straw-mulched conditions, the factors affecting the 
soil permittivity were ranked as follows: moisture content, bulk 
density, and straw-mulched rate. In contrast, under straw-
incorporation conditions, the order of influence was incorpora-
tion rate, moisture content, and bulk density. Meanwhile, bulk 
density and moisture content had a positive effect on the 
permittivity, whereas the rates of straw mulching and straw 

incorporation exhibited negative effects.
The distribution of black soil thickness along the slope varied 

according to the different straw return techniques employed. On 
the bare slope, the black soil thickness generally showed an 
increasing trend from 27.9 cm at the slope top to 34.9 cm at the 
slope toe. On the straw-mulched slope, the thickness distribution 
was uneven, with localized peaks reaching up to 46.6 cm. The soil 
layer in the middle of the slope was relatively thin (26.6 cm), and 
the thickness increased to 30.7 cm at the slope bottom. For the 
straw-incorporated slope, the soil thickness exhibited a fluctuating 
pattern of “increase-decrease-increase” along the slope length. 
The soil thickness change in the middle of the slope was relatively 
stable, with a slight increase to 33.3 cm at the slope bottom.
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