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Abstract

Intensive agricultural mechanization in Northeast China has exacerbated soil compaction
and degraded water retention. Although biochar modifies soil hydraulics, its combined ef-
fect with matric suction on compressive behavior remains unclear. This study investigated
the hydraulic and mechanical responses of repacked sandy clay brown soil to biochar (0,
0.5, 1 g kg−1) under varying matric suction (6–1000 kPa). We utilized water retention curves
and uniaxial compression tests to assess mechanical properties, including pre-compression
stress (σp), penetration resistance (PR), compression index (Cc) and swelling index (Cs). Ad-
ditionally, an integrated model using the Entropy Weight Method (EWM), the Technique for
Order Preference by Similarity to Ideal Solution (TOPSIS), and the Adversarial Interpretive
Structure Model (AISM) was developed to evaluate soil resistance and resilience. Results
indicated that 1 g kg−1 biochar significantly enhanced field capacity (θFC) and readily
extractable water (θMRE) (p < 0.05). While individual factors influenced all mechanical
properties, the biochar–suction interaction significantly affected pre-compression stress
and the compression index (p < 0.05). The model identified 1 g kg−1 biochar at 1000 kPa
suction as the optimal combination for maximizing soil structural stability. These findings
highlight the critical role of biochar–matric suction interactions in accurately assessing and
managing soil mechanical behavior.

Keywords: biochar; matric suction; sandy clay soil; compressive characteristics; water
retention characteristics; EWM–TOPSIS–AISM model

1. Introduction
The black soil region of Northeast China, one of the four largest such regions globally,

encompasses Heilongjiang and Jilin Provinces, the northeastern part of Liaoning Province,
and the “Eastern Four Leagues” of Inner Mongolia [1]. This vast area is characterized by
flat to gently undulating terrain, a topography ideal for mechanized agriculture, making it
a key area for this development in China [2]. However, this intensive mechanization has
led to significant adverse effects, notably increased soil compaction and reduced soil–water
retention capacity.

Within this broader region, brown soils are of particular importance in Liaoning
Province. Brown soils cover 6.8 Mha, approximately 50% of Liaoning’s total area (14.8 Mha),
and contribute up to 60% of the province’s total spring maize yield (11.7 Mt) [3]. Despite
their importance, brown soils exhibit an inherent vulnerability to severe compaction and
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structural degradation, driven by a synergistic combination of factors. Physically, the
medium-textured matrix, coupled with declining soil organic matter (SOM) and the preva-
lence of a legacy plow pan, provides a weak structural foundation [4,5]. Environmentally,
this fragility is exacerbated by humid summers and intensive freeze–thaw cycles, the
latter of which typically loosens only the topsoil while leaving the subsoil persistently
compacted [5]. Anthropogenically, the frequent passage of heavy machinery under moist
conditions, combined with a long-term reliance on shallow tillage, has rendered the soil
highly sensitive to external loading [6,7]. Collectively, these factors result in a fragile soil
structure that possesses limited natural recovery capacity once degraded.

Biochar, a porous and stable carbon-rich substance, is produced from the pyrolysis
of plant and animal biomass under oxygen-limited conditions [8,9]. Its inherent physical
characteristics, notably high porosity and large surface area, can lead to enhancements
in soil physical properties such as overall porosity, bulk density, and aggregate stability.
These structural modifications, in turn, exert a texture-dependent influence on soil hy-
drological functions, particularly water retention and hydraulic conductivity [8,10]. In
coarse-textured soils, biochar typically reduces excessive hydraulic conductivity by filling
macropores—a transition that enhances water retention capacity [11,12]. While biochar also
improves retention in clayey soils (e.g., increasing field capacity by up to 20%), the mag-
nitude of this improvement is typically smaller or more incremental compared to coarser
textures [11,13]. Conversely, in fine-textured soils, pore-filling or particle-swelling effects
can significantly decrease saturated hydraulic conductivity, potentially impairing drainage
and aeration [13,14]. Furthermore, under specific conditions—such as the application of
almond shell biochar to loamy sand—coarser particles or inherent hydrophobicity may
temporarily reduce moisture retention in the short term [15]. Consequently, the use of
biochar as a strategy for managing plant water availability [9] must be carefully tailored to
the specific soil texture and matrix properties.

Research indicates that biochar amendments can increase soil field capacity (θFC)
and several related metrics of water availability, such as total available water (TAW),
plant available water (PAW), readily available water (RAW), and relative available water
(RFC) [16–18]. Beyond these enhancements, biochar often demonstrates superior efficacy in
improving soil physical quality compared to traditional organic amendments like compost
or vermicompost. Recent comparative studies have shown that biochar significantly
optimizes water availability metrics, even in challenging textures like sandy-loam, while
offering greater long-term stability due to its slower degradation rate in the soil matrix [10].
However, the impact of biochar is not uniformly positive across all soil moisture parameters
or conditions. For instance, ref. [19] observed no significant impact on soil moisture
content at different tensions, even 30 months after biochar incorporation into a sandy loam.
Supporting this variability, some studies report no significant effects on the permanent
wilting point (θPWP) or maximum readily extractable water (θMRE) [18]. These contrasting
findings, situated against the backdrop of biochar’s high potential as a persistent soil
improver, underscore the need for further investigation into the effects of biochar on
soil–water retention characteristics and associated parameters.

Previous studies suggest that incorporating biochar into soil can not only alter wa-
ter retention characteristics but also improve important geotechnical properties [20–22].
Critical among these geotechnical properties are compressibility and swelling, which fun-
damentally influence the soil’s ability to withstand mechanical stresses (resistance) and
recover from deformation (resilience) [23].

The capacity of soil to exhibit such resistance and resilience is characterized by several
key indicators. Pre-compression stress (σp) is recognized as a measure of the soil’s inherent
load-bearing capacity and thus its resistance to new compressive forces [24]. The compres-
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sion index (Cc) further quantifies soil susceptibility to compaction under applied loads,
providing insight into its structural resistance [25]. Penetration resistance (PR) also serves to
assess the degree of soil compaction, a key factor governing soil strength and its resistance
to root penetration, as well as influencing water infiltration and availability [26–28]. In
contrast, the swelling index (Cs) indicates the soil’s ability to rebound upon stress removal,
reflecting its mechanical resilience [29].

The influence of biochar on soil mechanical properties is complex, with reports in
the literature presenting conflicting outcomes. Some research indicates that biochar en-
hances soil strength and resistance to compaction. For instance, ref. [20] reported that
adding biochar to landfill cover soil increased its shear strength and reduced compress-
ibility. Similarly, ref. [30] observed a reduction in the compression index during uniaxial
compression tests, signifying improved resistance to compaction. Conversely, other studies
have documented a weakening of soil mechanical properties following biochar applica-
tion. Ref. [31] demonstrated a decrease in shear strength after incorporating three different
biochar types into a clay loam soil, while other research has also linked biochar to decreased
soil penetration resistance and overall mechanical strength [32,33]. Further complicating
the picture, some studies have found no significant effect of biochar on key parameters like
soil penetration resistance [34].

The divergent findings on biochar’s influence on soil mechanical properties may be
attributed to several factors. A primary source of this variability is the wide range of
biochar application rates and particle sizes employed across different studies. Furthermore,
the complex interplay between biochar and ambient soil conditions, particularly matric
suction, has often been overlooked. Finally, evaluations have typically relied on individual,
and at times conflicting, indicators rather than a single, comprehensive index to evaluate
soil resistance and resilience. Therefore, to resolve these inconsistencies and advance
understanding, future research should utilize comprehensive evaluation models. Such
models are essential for systematically analyzing the combined effects of biochar properties
and soil matric suction on the overall mechanical behavior of soil. This approach will
provide a more holistic assessment than is possible with single-metric evaluations.

Multi-criteria decision making (MCDM) provides a reliable framework for navigating
trade-offs among conflicting objectives [35]. A prominent method within this framework
is the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), which is
widely recognized for its effectiveness in ranking and selecting alternatives [36]. A critical
step in applying multi-criteria methods is the determination of factor weights [37]. A
notable limitation of the conventional TOPSIS model is that this weight allocation process
can be highly subjective, potentially compromising the reliability of the outcomes [38]. To
address this challenge, the Entropy Weight Method (EWM) provides an objective approach.
EWM derives criteria weights based on the intrinsic information within the dataset, thereby
enhancing the dependability of the final assessment [39].

The Adversarial Interpretive Structure Model (AISM) is an extension of the conven-
tional Interpretative Structural Model (ISM). Its primary advantage is the ability to present
complex relationships in a clear, graphical format that is often more intuitive than raw
text, tables, or mathematical notations. The AISM methodology involves analyzing the
results from an ISM and then applying a set of adversarial rules. These rules, based on
opposing cause-and-effect priorities, generate a pair of contrasting hierarchical diagrams,
offering a dual perspective on the system’s structure [40]. Integrating AISM with the
EWM–TOPSIS model provides a significant advantage for evaluating complex scenarios.
The AISM component translates the quantitative rankings from the EWM–TOPSIS analysis
into intuitive hierarchical diagrams. This graphical representation enhances the readability
of the findings and clearly visualizes the relative performance of numerous alternatives.
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EWM combined with the TOPSIS model (EWM–TOPSIS) is widely applied in agri-
culture, particularly for optimizing irrigation and fertilizer rates [41]. Building on this,
ref. [42] recently utilized the EWM–TOPSIS model to comprehensively evaluate conflicting
indicators of soil resistance under varied soil conditions and organic material levels. A re-
lated integrated approach, EWM–TOPSIS–AISM, has also been successfully used in similar
agricultural contexts, such as optimizing treatments [38]. However, despite these parallel
applications, the potential of the EWM–TOPSIS–AISM model for assessing soil resistance
and resilience remains largely unexplored.

The primary objectives of this study were to (1) investigate the effects of biochar and
matric suction on key soil mechanical properties regarding resistance and resilience; and
(2) develop and implement an integrated EWM–TOPSIS–AISM framework to evaluate and
identify the optimal biochar–suction combination for enhancing soil structural stability. We
hypothesized that (1) biochar addition optimizes soil pore-size distribution and enhances
water retention and (2) a synergistic interaction exists between biochar and matric suction,
where their combined effect on soil resistance and resilience can be systematically quantified
and prioritized through the proposed EWM–TOPSIS–AISM model.

2. Materials and Methods
2.1. Soils and Biochar

The brown soil used in this study was collected from the topsoil layer (0–20 cm) at an
experimental site at Shenyang Agricultural University, Liaoning Province, China (123◦57′ E,
41◦83′ N). The study site is characterized by a temperate continental monsoon climate,
with a mean annual temperature (MAT) of 7.6 ◦C and mean annual precipitation (MAP) of
730 mm. Prior to the experiment, the field had been under continuous maize (Zea mays L.)
monoculture for 15 years, during which all crop residues were removed and only synthetic
compound fertilizers were applied.

In the laboratory, the collected samples were air-dried, crushed, and passed through a
2 mm sieve prior to use. Soil bulk density (BD) was determined using the core method [43].
Particle size distribution was determined via the pipette method based on Stokes’ law [43].
Soil pH was measured potentiometrically in a 2.5:1 (w/v) soil-to-water suspension [44].
Soil organic carbon (SOC) content was measured by dry combustion using an elemental
analyzer (Vario EL III, Hanau, Germany) [45]. Key physicochemical properties of the soil
are summarized in Table 1.

Table 1. Various physiochemical properties of soil used in this study.

Soil Type pH
(1:2.5)

Organic Matter
(g/kg)

Bulk Density
(g/cm3)

Clay
(g/kg)

Sand
(g/kg)

Silt
(g/kg) Textural Class

Brwon soil 5.7 13.24 1.36 257 645 98 Sand clay loam

The biochar used in this study was derived from corn straw via pyrolysis at 500 ◦C for
5 h under oxygen-limited conditions. Key physicochemical properties of biochar are shown
in Table 2. The resulting morphology and porous structure of the biochar are illustrated in
Figure 1. Prior to the experiments, the biochar was oven-dried at 60 ◦C for 48 h, cooled to
room temperature in a desiccator, and stored in sealed containers.

Table 2. Basic physical and chemical properties of biochar.

Biomass Pyrolysis
Temperature (◦C)

Pyrolysis
Time (h)

Ash
Content (%)

Total
Carbon (%)

Total
Nitrogen (%)

Specific Surface
Area (m2/g)

Corn straw 500 5 5.5 55.2 1.7 53.26
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Figure 1. Physical appearance and microstructure of the corn straw-derived biochar. (a) Macroscopic
view of the biochar particles used in the study; (b) scanning electron microscope (SEM) image
revealing the porous surface structure.

2.2. Experimental Procedures
2.2.1. Soil Sample Preparation

Three biochar treatments were prepared by amending the soil with biochar at rates of
0, 0.5, and 1 g kg−1 (dry weight basis), referred to as B1, B2, and B3, respectively (based on
preliminary tests, the maximum biochar application rate that allowed for homogeneous
soil packing was determined to be 1 g kg−1). Each soil–biochar mixture was moistened to a
gravimetric water content of 0.16 g g−1 and then sealed and equilibrated for 24 h to ensure
uniform moisture distribution. Subsequently, the soil was packed into cylindrical cores
(50 mm height × 50 mm diameter) to a target initial bulk density of 1.30 g cm−3. A total of
81 samples were prepared, with 27 replicates for each of the three biochar treatments.

2.2.2. Water Retention Characteristics of the Mixture Soil

To determine the soil–water retention curve (SWRC), a subset of 9 samples (3 replicates
from each biochar treatment) was selected. Following the standard laboratory proce-
dure [46], these samples were first saturated by capillary rise for 24 h. Subsequently, the
saturated samples were subjected to a sequence of increasing matric suctions-1, 3, 6, 10,
33, 100, 200, 300, 600, 1000, and 1500 kPa. The SWRC was determined using a combined
approach to ensure data precision. For low matric suctions (1, 3, 6 and 10 kPa), equilibrium
was achieved using the constant water-head pressures. For higher suction values (exceed-
ing 10 kPa), the pressure plate apparatus was utilized, following the standard procedures
described by [46]. At each suction level, the samples were weighed once equilibrium was
reached. After the final measurement at 1500 kPa, the samples were oven-dried at 105 ◦C
to a constant weight to determine their dry mass, which was then used to calculate the
gravimetric water content at each matric suction.

2.2.3. Measurement of Soil Mechanical Properties

To assess soil mechanical properties, the remaining 72 cylindrical samples were pre-
pared in a 3 × 4 factorial design. This design comprised three biochar rates (B1, B2, B3)
and four matric suction levels (M1: 6 kPa, M2: 10 kPa, M3: 600 kPa, M4: 1000 kPa). All
72 samples were first saturated in water for 24 h. Subsequently, samples were randomly
assigned to one of the four target matric suctions and allowed to equilibrate for one week.
This process resulted in 12 distinct treatment combinations, with six replicate cylinders for
each combination: three for compression tests and three for penetration tests.

Uniaxial compression tests were performed on 36 samples (3 replicates from each of
the 12 treatment combinations). Each sample was subjected to a loading series of 12.5, 25,
50, 75, 100, 150, 200, 150, 100, 75, 50, 25, 12.5, 25, 50, 75, 100, 150, 200, 400, 800, 1200 and
1600 kPa. At each pressure step, a static load was maintained for 5 min, followed by a
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2 min relaxation period. Vertical displacement was recorded continuously and used to
calculate the void ratio (e). Soil compression, rebound, and re-compression curves were
then generated from the resulting stress–void ratio (e-log σ) relationships to determine soil
resistance and resilience parameters.

Penetration resistance was measured on the remaining 36 samples using a miniature
cone penetrometer (2 mm base diameter, 60◦ angle) attached to a universal testing apparatus.
The cone was pushed into the soil at a constant rate of 20 mm min−1 from the surface to
a depth of 45 mm. The force required for penetration was continuously recorded. For
each soil core, six independent penetration measurements were conducted to ensure a
representative assessment.

2.3. Calculations
2.3.1. Soil–Water Retention Curve Modeling

SWRC for each sample was described by fitting the measured matric suction (h) and
volumetric water content (θ) data to the van Genuchten (VG) model using non-linear
regression (Equation (1)) [47]:

θ(h) = θr +
θs − θr

[1 + (α|h|n)]m
(1)

where θs and θr are the saturated and residual volumetric water contents (cm−3 cm−3),
respectively; α (kPa−1) is an empirical parameter related to the inverse of the air-entry
pressure; and n is a dimensionless parameter reflecting the pore-size distribution. The
parameter m was constrained using the relationship m = 1 − 1/n.

2.3.2. Hydrological Indicators

From the water retention data, several key hydrological indicators were determined.
Specific volumetric water content values were identified, including macropore water
content (θM at 1 kPa), field capacity (θFC at 33 kPa), maximum easily extractable water
(θMRE at 600 kPa) and permanent wilting point (θPWP at 1500 kPa).

Following the methods of [18,48], these values were then used to calculate four soil–
water capacitance indicators: total available water capacity (TAWC), plant available water
(PAW), readily available water (RAW), and relative field capacity (RFC).

2.3.3. Calculation of Soil Compressive Characteristics

Parameters for soil resistance and resilience were derived from the uniaxial compres-
sion test data as follows:

The relationship between void ratio (e) and applied stress (σ) during the initial loading
phase was fitted to the Gompertz model [49] using non-linear regression (Equation (2)):

e = a + c ∗ exp{−exp[b ∗ (log σ − m)]} (2)

where a, b, c, and m are fitting parameters. The parameter m was constrained according
to [50] to ensure accurate results, m ≤ log10 500 kPa = 2.70. The compression index (Cc)
was then calculated from the Gompertz parameters b and c (Equation (3)):

Cc =
b ∗ c

exp(1)
(3)

Pre-compression stress (σp) was determined by identifying the stress corresponding
to the point of maximum curvature on the e-log σ compression curve. The curvature (κ)
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was calculated from the first and second derivatives of the fitted Gompertz curve using the
following function (Equation (4)):

k =
d2e/d(log σ)2[

1 +
(

de/d(log σ)2
)]3/2 (4)

The unloading (rebound) and subsequent reloading (re-compression) portions of the
data were fitted with polynomial functions. Swelling index (Cs) was determined from
the slope of the unloading–reloading loop on the e-log σ plot, following the methodology
of [51].

2.4. Evaluation Model

The calculation process for the integrated EWM–TOPSIS–AISM model was adapted
from the methodology described by [38]. A schematic diagram illustrating the steps in this
process is provided in Figure 2.

Figure 2. Flowchart illustrating the calculation process for the combined EWM–TOPSIS–AISM
methodology.

2.5. Statistical Analysis

All statistical analyses were conducted to evaluate treatment effects. A one-way analy-
sis of variance (ANOVA) was used to assess the effect of biochar on soil–water retention
parameters. The individual and interactive effects of biochar and matric suction on soil
compressive characteristics and penetration resistance were analyzed using a two-way
ANOVA. Following the ANOVA, mean separation was performed using the least significant
difference (LSD) test. All statistical differences were considered significant at a probability
level of p < 0.05. Statistical analyses were performed using SPSS (version 26.0, IBM Corp.,
Armonk, NY, USA) and R software (version 4.3.3). The integrated EWM–TOPSIS–AISM
framework was implemented using Python 3.9. Figures were generated using Origin-
Pro 2024.

3. Results
3.1. Soil–Water Retention Variables

Figure 3 shows θM, θFC, θMRE, and θPWP for the three biochar rates. θM, θFC, θMRE and
θPWP exhibited an increase with biochar amendment, while no significant changes were
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observed for θM and θPWP across treatments B1, B2, and B3 (p > 0.05). Compared to B1, B3

treatment showed substantially greater θFC and θMRE (p < 0.05). The mean values of θFC

and θMRE did not change significantly between B1 and B2 treatments (p > 0.05).

Figure 3. Effect of biochar application rate on key soil–water content parameters: macropore (θM),
field capacity (θFC), maximum easily extractable water (θMRE), and permanent wilting point (θPWP).
Biochar treatments are B1 = 0, B2 = 0.5 and B3 = 1 g kg−1. Data are presented as mean ± standard
deviation (n = 3). Different lowercase letters denote significant differences among treatments for a
given parameter (p < 0.05) according to the least significant difference (LSD) test.

The primary findings from the one-way ANOVA regarding the impact of biochar on
capacitive indicators are illustrated in Figure 4. No significant differences were observed in
TAW, PAW, and RAW among the treatments (p > 0.05). The RFC of B3 was markedly higher
than that of B1 and B2 (p < 0.05).

Figure 4. Fluctuation of water capacitive characteristics with varying biochar application rates.
TAWC, PAW, RAW and RFC presented, respectively, total available water, plant available water,
readily available water and relative field capacity. Data are presented as mean ± standard deviation
(n = 3). Different lowercase letters indicate significant differences among biochar rates for the same
critical water content. Significant differences are at the 5% level according to the least significant
difference (LSD) test.

3.2. Pre-Compression Stress (σp)

Figure 5 illustrates that the pre-compression stress conditions were influenced by
differing matric suctions and varying rates of biochar application. These pre-compression
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stresses ranged from 1.96 to 75.99 kPa. The pre-compression stress reached its highest point
at M4 = 1000 kPa and B3 = 10 g kg−1, and lowest point at M1 = 6 kPa and B1 = 0 g kg−1.

Figure 5. Pre-compression stress as a function of biochar application rate and matric suction. Treat-
ments include three biochar rates (B1 = 0, B2 = 0.5 and B3 = 1 g kg−1) and four matric suctions (M1 = 6,
M2 = 10, M3 = 600 and M4 = 1000 kPa). Data are presented as mean ± standard deviation (n = 3).
Lowercase letters indicate significant differences among biochar rates within the same matric suction
level. Uppercase letters indicate significant differences among matric suction levels within the same
biochar rate. Significant differences are at the 5% level according to the least significant difference
(LSD) test.

The pre-compression stress was significantly influenced by both the matric suction
and the biochar application rate (p < 0.01), as well as their interaction (p < 0.05). The
pre-compression stress increased with higher matric suction and greater biochar applica-
tion rates.

3.3. Penetration Resistance (PR)

The findings of penetration resistance are displayed in Figure 6. Matric suction and
biochar considerably influenced penetration resistance (p < 0.01) (Table 3). However, the
interaction of matric suction and biochar has no effect on penetration resistance (p > 0.05).

Figure 6. Penetration resistance at varying matric suctions (M1 = 6, M2 = 10, M3 = 600 and
M4 = 1000 kPa) and biochar application rates (B1 = 0, B2 = 0.5 and B3 = 1 g kg−1). Data are pre-
sented as mean ± standard deviation (n = 3). The lowercase letter indicates a significant difference
between biochar application rates in the same matric suction. The uppercase letter indicates a signifi-
cant difference between matric suctions in the same biochar application rate. Significant differences
are at the 5% level according to the least significant difference (LSD) test.
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Table 3. Effects of biochar and matric potential on soil compressive characteristics.

Treatment Level Pre-Compression
Stress (kPa)

Penetrometer
Resistance (MPa)

Compression
Index Swelling Index

Matric potential

M1 6.128 ± 1.428 c 0.3072 ± 0.0115 c 0.4238 ± 0.0281 b 0.0182 ± 0.0004 a
M2 8.906 ± 2.235 c 0.3265 ± 0.0201 c 0.4468 ± 0.0339 b 0.0174 ± 0.0005 ab
M3 18.31 ±1.528 b 0.9597 ± 0.0210 b 0.4838 ± 0.0151 ab 0.0164 ± 0.0006 b
M4 68.33 ± 4.163 a 1.0412 ± 0.0431 a 0.5657 ± 0.0286 a 0.0130 ± 0.0002 c

Biochar
B1 18.30 ± 7.098 c 0.5956 ± 0.1007 b 0.4348 ± 0.0224 b 0.0156 ± 0.00089 b
B2 25.47 ± 9.630 b 0.6935 ± 0.1040 a 0.4627 ± 0.0292 b 0.0158 ± 0.00129 b
B3 32.49 ± 8.487 a 0.6867 ± 0.0978 a 0.5425 ± 0.0161 a 0.0175 ± 0.00131 a

Analysis of variance
M p < 0.01 p < 0.01 p < 0.01 p < 0.01
B p < 0.01 p < 0.01 p < 0.01 p < 0.01

M × B p < 0.05 ns p < 0.05 ns
Note. Data are expressed as means ± standard deviation (n = 3 for each treatment combination). Different
lowercase letters in the same column indicate significant differences among treatments at the p < 0.05 level
according to the least significant difference (LSD) test. M, B, and M × B represent the main effects and their
interaction, respectively. ns indicates no significant difference.

With the exception of the M4 treatment, under identical matric suction, the incorpo-
ration of biochar markedly enhanced soil penetration resistance. However, no significant
difference was seen between B2 and B3 (Figure 6) (p > 0.05). A positive correlation was ob-
served between penetration resistance and matric suction at consistent biochar application
rates (Figure 6).

3.4. Compression Index (Cc)

The influence of matric suction and biochar application rate on the compression index
is shown in Figure 7. The compression index was markedly affected by both the matric
suction and the biochar application rate (p < 0.01), along with their interaction (p < 0.05).

Figure 7. Compression index at varying matric suctions (M1 = 6, M2 = 10, M3 = 600 and M4 = 1000 kPa)
and biochar application rates (B1 = 0, B2 = 0.5 and B3 = 1 g kg−1). Data are presented as
mean ± standard deviation (n = 3). The lowercase letter indicates a significant difference between
biochar application rates in the same matric suction. The uppercase letter indicates a significant
difference between matric suctions in the same biochar application rate. Significant differences are at
the 5% level according to the least significant difference (LSD) test.

At reduced matric suction (M1 and M2), a greater application rate of biochar consid-
erably elevated the compression index in comparison to B1 and B2 (p < 0.05). At elevated
matric suctions (M3 and M4), the application rate of biochar did not significantly influence
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the compression index (p > 0.05). A positive association existed between the compression
index and matric suction at identical biochar application rates.

3.5. Swelling Index (Cs)

Matric suction and biochar significantly affected swelling index (p < 0.01) (Table 3). The
interaction between matric suction and biochar does not influence swelling index (p > 0.05).
The rebound index of treatment B3 was significantly higher than that of treatments B2 and
B1 (p < 0.05), and there was no significant difference between treatments B1 and B2 (p > 0.05)
(Table 3). An inverse association of statistical significance was seen between swelling index
and matric suction with constant biochar application rates (Figure 8).

Figure 8. Swelling index at varying matric suctions (M1 = 6, M2 = 10, M3 = 600 and M4 = 1000 kPa) and
biochar application rates (B1 = 0, B2 = 0.5 and B3 = 1 g kg−1). Data are presented as mean ± standard
deviation (n = 3). The lowercase letter indicates a significant difference between biochar application
rates in the same matric suction. The uppercase letter indicates a significant difference between matric
suctions in the same biochar application rate. Significant differences are at the 5% level according to
the least significant difference (LSD) test.

3.6. EWM–TOPSIS–AISM Analysis

The weight of each indication was determined using the EWM to find the high-weight
indicator that influenced the ranking of each treatment. Table 4 indicates that the weights of
pre-compression stress and penetration resistance were double that of compression index
and swelling index.

Table 4. The weight of each indicator calculated based on the Entropy Weight Method.

Indicator e d w

Pre-compression stress (kPa) 0.820 0.180 33.54%
Penetrometer resistance (MPa) 0.819 0.181 33.80%
Compression index 0.909 0.091 17.03%
Swelling index 0.916 0.084 15.62%

Note. e: entropy of information; d: information utility value; w: weight coefficient.

The TOPSIS model is used to determine the distance and closeness (Ti) of different
treatments to the positive and negative ideal solutions (Table 5). The final rankings indicate
that B3M4 achieved the highest position, indicating that B3M4 was the superior biochar
and matric suction supply approach in this experiment.
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Table 5. Distance between the top 10 treatments and positive and negative ideal solutions, as well as
their closeness.

Treatment d+
i d−

i Ti Ranking

B1M1 0.220 0.013 0.056 12
B1M2 0.211 0.019 0.083 11
B1M3 0.133 0.104 0.439 6
B1M4 0.063 0.163 0.722 3
B2M1 0.208 0.023 0.101 10
B2M2 0.202 0.023 0.104 9
B2M3 0.116 0.121 0.510 5
B2M4 0.023 0.216 0.906 2
B3M1 0.187 0.048 0.205 8
B3M2 0.172 0.062 0.265 7
B3M3 0.091 0.142 0.610 4
B3M4 0.021 0.213 0.909 1

Note. The distances between the evaluation objects and the positive and negative ideal solutions are denoted by
d+i and d−i , respectively. Ti: the proximity of an evaluation object to the optimal scheme. A higher Ti indicates a
closer approach to the optimal scheme.

A directed graph representing the topological levels according to Up and Down type
topological hierarchies is illustrated in Figure 9. The hierarchical structures exhibit a nine-
level hierarchy. A superior level signifies enhanced therapy, whereas an inferior level
denotes diminished treatment. The result indicates that B2M4 and B3M4 demonstrated
optimal performance, whilst B1M1 displayed the worst performance. These results align
with those obtained from the TOPSIS model.

Figure 9. Hierarchical ranking of all treatment combinations generated by the Adversarial Interpretive
Structure Model (AISM). The directed graph integrates both “Up” (advantage-based) and “Down”
(disadvantage-based) topological hierarchies. Treatments are ranked from best (top) to worst (bottom),
with the treatment at the highest level representing the Pareto optimal solution for enhancing soil
resistance and resilience.

4. Discussion
4.1. Influence of Biochar Amendment on Soil–Water Retention Characteristics

Previous research reports that biochar application to soil can alter its hydrological
properties, particularly water retention characteristics [8,52]. Specifically, ref. [10] observed
that increasing biochar application rates progressively enhanced several water retention
metrics—PAW, RFC, θFC, and limited θMRE—while concurrently decreasing aeration capac-
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ity (AC). In contrast with these findings, the results of the present study indicate that biochar
amendment did not exert a significant impact on the majority of water retention variables
examined (p > 0.05). Significant effects were limited to θFC, RFC, and θMRE (Figures 3 and 4).

Critically, the extent of biochar’s effect on SWRC is highly dependent on its amendment
rate [11,53]. For instance, ref. [53] investigated clayey soil amended with 5% and 20% (w/w)
biochar, concluding that the 5% rate had no significant effect on SWRC, whereas the 20%
rate markedly increased water retention compared to unamended soil. In the present study,
the highest amendment rate applied was 0.1%. This relatively low concentration may
have been inadequate to substantially influence the soil’s pore distribution. Consequently,
significant changes in overall soil hydrological properties were not observed. It was noted,
however, that FC, RFC, and θMRE showed improvement even at this low amendment rate,
suggesting these particular hydrological parameters may possess greater sensitivity to
biochar incorporation.

4.2. Influence of Biochar Amendment on Soil Compressive Characteristics

The literature indicates that biochar amendment modifies key soil physical and me-
chanical properties. Reductions in dry bulk density and soil compressibility—the latter
assessed via the compression index determined from uniaxial compression tests—have
been reported following biochar addition [30]. In parallel, ref. [54] observed that the ap-
plication of straw biochar to expansive soils decreased the compression coefficient while
concurrently increasing the void ratio during stabilization. Furthermore, biochar applica-
tion has been demonstrated to significantly reduce soil penetration resistance [9]. However,
the findings of the present study were inconsistent with these previously reported trends.
As detailed in Table 3, the application of biochar resulted in significantly increased soil
compressive characteristics—specifically pre-compression stress, penetration resistance,
compression index, and swelling index—when compared to the non-treated control soil.

These findings may be attributed to the behavior of fine biochar particles within the
soil matrix. Biochar particles can fill and potentially clog intergranular voids, possibly dis-
placing mineral particles or organo-mineral components [55,56], leading to more complex
particle packing arrangements. This denser structure reduces space for particle movement
and elevates interparticle friction forces. Consequently, both pre-compression stress and
penetration resistance increased with higher rates of incorporated biochar. Simultaneously,
while larger voids are filled by biochar particles with high porosity and large surface
area, the process appears to generate an increased volume fraction of smaller pores and
elevate soil total pore volume [57]. Such a shift in the pore size distribution towards finer
porosity and higher pore volume could explain the concurrent increases observed in the
compression and swelling index following biochar amendment.

4.3. Influence of Soil–Water Matric Suction on Soil Compressive Characteristics

Based on the experimental data (Table 3), this study observed that pre-compression
stress, penetration resistance, and the compression index all increased as matric suction
increased. Conversely, the swelling index decreased under the same conditions. This
behavior can likely be attributed to the physical changes occurring as matric suction
increases: the water films surrounding soil particles thin and weaken, potentially increasing
the contact area between particles. Furthermore, the effective stress within the soil matrix
increases under higher suction. These combined factors are understood to contribute to
higher pre-compression stress and penetration resistance [58,59].

In this study, the compression index was observed to increase with rising matric
suction, while the rebound index decreased accordingly. This relationship appears linked to
the state of water within the soil pores. At low matric suction (e.g., 10 kPa, corresponding to
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high water content), thick water films coat the soil particles, leading to larger inter-particle
distances. Under external load, this pore water provides significant support, resulting in
lower soil compressibility (a low compression index) and greater elastic recovery upon
unloading (a high swelling index). Conversely, at high matric suction (corresponding to low
water content), much of the water has drained from the pores. The remaining thin water
films offer reduced lubrication and buffering, and the pore water bears little of the applied
external load. Consequently, the soil structure is more susceptible to compaction under
load (a higher compression index), and its elasticity, or ability to rebound, is diminished (a
lower swelling index).

4.4. Optimal Biochar Amendment and Soil–Water Matric Suction Strategy

Observations revealed that soil compressive parameters respond complexly to both
biochar application rate and matric suction, leading to apparently conflicting indicators of
soil compaction risk. Specifically, this study found that metrics associated with soil resis-
tance (pre-compression stress and penetration resistance) increased as matric suction in-
creased. Paradoxically, the compression index, which indicates susceptibility to compaction,
also increased under these matric suction conditions (Table 3). This divergence—where
higher soil resistance might suggest lower compaction risk, while a higher compression in-
dex suggests greater compaction risk under the same matric suction conditions—underscores
the need for a comprehensive evaluation framework. Such a framework is required to balance
these contrasting parameters and identify optimal management strategies.

In this study, a multi-objective comprehensive evaluation model based on pre-
compression stress, penetration resistance, compression stress and swelling index was
proposed. After a comprehensive evaluation by EWM–TOPSIS–AISM, the analysis revealed
that achieving a state closer to the ideal compromise solution (i.e., optimal proximity) was
generally favored by increasing both the biochar incorporation rate and the soil matric
suction, as detailed in Table 5. Based on this evaluation, the specific combination of a 1%
biochar application rate and a matric suction of 1000 kPa yielded the maximum proximity
to the desired balance. This combination is therefore recommended as optimal for enhanc-
ing the evaluated aspects of soil resistance and resilience. These findings highlight the
interactive importance of managing soil matric suction and utilizing biochar amendments
for effectively modulating soil compressive characteristics.

5. Conclusions
This study quantified the individual and interactive effects of biochar and matric suc-

tion on soil–water retention, resistance, and resilience. Key findings revealed that biochar
application demonstrably improved soil–water retention characteristics. Furthermore, both
biochar and matric suction significantly influenced soil compressive properties (p < 0.05),
with a notable interaction effect on pre-compression stress and the compression index
(p < 0.05). A comprehensive evaluation using the EWM–TOPSIS–AISM model identified a
1 g kg−1 biochar application rate combined with 1000 kPa matric suction as the optimal
treatment for enhancing soil resistance and resilience under the experimental conditions.
Looking ahead, long-term field research is crucial to validate these findings and assess the
persistence of biochar’s effects, as its properties and consequent influence on soil behavior
can evolve.
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Abbreviations
The following abbreviations are used in the manuscript:

Mechanical Indicators
σp Pre-compression stress kPa
PR Penetration resistance kPa
Cc Compression index -
Cs Swelling index -
Hydraulic Parameters
SWRC Soil–Water Retention Curve -
TAWC Total Available Water Capacity cm3 cm−3

PAW Plant Available Water cm3 cm−3

RAW Readily Available Water cm3 cm−3

RFC Relative Field Capacity cm3 cm−3

θM Macropore Water Content cm3 cm−3

θFC Field Capacity cm3 cm−3

θMRE Maximum Easily Extractable Water cm3 cm−3

θPWP Permanent Wilting Point cm3 cm−3

Modeling Terms
EWM Entropy Weight Method -
TOPSIS Technique for Order of Preference by Similarity to Ideal Solution -
AISM Adversarial Interpretive Structural Modeling -
e Entropy of Information -
d Information Utility Value -
w Weight Coefficient -

d+i /d−i
The Distances Between the Evaluation Objects and the

-
Positive and Negative Ideal Solutions

Ti The Proximity of an Evaluation Object to the Optimal Scheme -
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