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A B S T R A C T

Molybdenum tailings soil lacks organic matter and biological activity, making it highly prone to compaction and 
unsuitable for plant survival. Drought and heavy rainfall events further exacerbate its degradation. To improve 
soil quality, fly ash and biochar were incorporated and subjected to three years of natural field curing without 
artificial intervention. To investigate the synergistic effects of fly ash and biochar on soil remediation, indoor 
simulations of five consecutive wet–dry cycles were conducted. Image processing techniques and fractal 
dimension analysis were employed to quantitatively assess changes in soil water retention and crack develop
ment. Results indicate that the combined application of fly ash and biochar significantly suppressed soil crack 
formation and expansion, reducing crack density and fractal dimension while enhancing soil water-holding 
capacity. The treatment with 10% fly ash and 4% biochar showed the greatest improvement, increasing resid
ual moisture content by 105.64% and reducing fractal dimension and crack rate by 28.43% and 41.75%, 
respectively, after the first cycle compared to the control. This mechanism primarily arises from the combined 
effects of biochar pore adsorption and fly ash hydration cementation, which jointly enhance aggregate stability, 
block rapid water evaporation pathways, and mitigate structural degradation during wet–dry cycles. This study 
provides the first integrated assessment of biochar–fly ash synergy in molybdenum tailings soil using fractal 
crack analysis. Larger-scale statistical validation and field trials are needed to confirm practical feasibility.

1. Introduction

Molybdenum tailings exhibit severe soil degradation, characterized 
by pH values >9, soil compaction, and elevated concentration of heavy 
metals such as lead, cadmium, and arsenic. These pollutants inhibit 
plant growth, damage surrounding topography (Fig. 1), and degrade soil 
ecological functions. In recent years, soil degradation has intensified due 
to the combined effects of increasingly extreme weather events and 
human activities [1,2]. Soil erosion is mainly caused by natural factors, 
such as mudslides and landslides triggered by heavy rainfall, as well as 
by human activities, including excessive land use and industrial mining 
[3,4].

Human activities destroy vegetation, leading to soil exposure, 
dehydration, shrinkage, and crack formation under high temperatures, 
which increase permeability and susceptibility to erosion [5,6]. This 
process renders topsoil more susceptible to rainfall erosion, thereby 

accelerating fertility loss and degradation. Industrial and mining oper
ations cause heavy metal accumulation beyond the environmental car
rying capacity, thereby inhibiting plant growth, altering microbial 
community structures, and destabilizing ecosystems [7–9]. Molybde
num tailings ponds exemplify these degradation processes. Excess mo
lybdenum is toxic to plants, hindering growth and potentially causing 
mortality, while simultaneously impairing soil microbial diversity and 
function and disrupting ecological balance [10]. Under extreme rainfall 
conditions, pollutants such as molybdenum can migrate through soil 
cracks to surrounding areas, resulting in broader contamination and 
ecological degradation [11,12]. To address this challenge, numerous 
studies have explored remediation pathways for 
molybdenum-contaminated tailings soils.

Soil remediation technologies can be broadly categorized into three 
main types: chemical remediation, biological remediation, and physical 
remediation. Chemical remediation is primarily achieved through the 
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addition of soil amendments, including biochar, fly ash, lime, and fibers, 
to exploit their adsorption, precipitation, cementation, oxidation, and 
flocculation-promoting mechanisms [13–17]. This process effectively 
immobilizes heavy metals within the soil matrix, restricts their migra
tion potential, and transforms them into less toxic and more insoluble 
forms, thereby reducing associated pollution risks. Bioremediation pri
marily relies on synergistic interactions between vegetation and soil 
microorganisms to enhance soil physicochemical properties and func
tional stability. Phytoremediation facilitates contaminant removal 
through plant-driven photosynthetic processes that uptake and accu
mulate heavy metals from the surrounding environment [18–20]. 
Physical remediation treats contaminated soil through separation, 
replacement, or burial, producing immediate effects but requiring sub
stantial engineering input and incurring high implementation costs [21,
22]. Overall, physical and biological remediation approaches involve 
longer treatment cycles and higher implementation costs, whereas 
chemical remediation is more widely applied in practice due to its 
comparatively simpler operation and rapid effectiveness. However, 
traditional single remediation methods often prove insufficient for 
complex systems such as molybdenum tailings, which are characterized 
by high alkalinity and the coexistence of multiple contaminant types 
[23]. This unique combination of high alkalinity and mixed contami
nation necessitates remediation strategies that extend beyond those 
conventionally applied to acidic or single-pollutant mine soils. For 
instance, purely physical methods are often prohibitively expensive; 
phytoremediation is difficult to establish in heavily polluted environ
ments; and single chemical amendment materials fail to produce sus
tained improvements in soil structure. Therefore, there is urgent need to 
develop integrated remediation strategies achieve heavy metal passiv
ation, soil structure improvement, and ecological function restoration.

Soil undergoes volumetric shrinkage and forms interconnected crack 
networks during dehydration, representing a common physical degra
dation phenomenon in arid and semi-arid regions [24]. These cracks 
accelerate soil moisture evaporation, increase soil permeability, 
compromise structural integrity, and significantly influence soil stability 

and pollutant migration pathways [25,26]. Traditional assessment 
methods cannot accurately quantify these complex, irregular crack 
morphologies. Fractal theory can quantitatively characterized the 
complexity, connectivity, and evolutionary patterns of crack networks 
using parameters such as fractal dimension [27]. Unlike conventional 
indicators such as crack width or crack density, fractal parameters can 
effectively characterize structural complexity and disorder, thereby 
providing quantitative insights into soil structure stability. Applying 
fractal geometry to soil crack research enables quantitative analysis of 
the relationships between crack development and parameters such as 
time scale, thereby providing a scientific basis for evaluating soil sta
bility and formulating targeted crack prevention measures.

Previous studies indicate that biochar can enhance soil porosity and 
enzymatic activity, promote plant growth, improve plant tolerance to 
extreme weather conditions, and effectively mitigate soil pollution [28,
29]. As a relatively inert material, biochar also promotes the growth and 
activity of soil microbial communities [30]. Its abundant recalcitrant 
carbon components exhibit strong carbon sequestration capacity, 
thereby helping to increase soil moisture content under arid conditions 
[31,32]. In soil remediation applications, biochar effectively immobi
lizes both organic and inorganic pollutants by adsorbing heavy metals 
such as copper, mercury, cobalt, and chromium, thereby reducing their 
mobility and bioavailability and mitigating associated environmental 
toxicity. This immobilization effect is further enhanced by biochar’s 
abundant polar functional groups and aromatic structures [33,34]. 
Biochar can undergo specific adsorption or coordination reactions with 
molybdate ions via surface oxygen-containing functional groups, 
thereby enhancing molybdate immobilization through surface 
complexation and electrostatic attraction [35] Additionally, biochar 
incorporation can regulate soil pH and redox potential, creating a 
microenvironment conducive to the transformation of molybdenum 
from soluble to residual forms, thereby improving the overall manage
ment efficiency of molybdenum pollution [36]. Furthermore, fine bio
char particles can fill soil pores, thereby inhibiting crack development 
and reducing soil water loss under drought conditions [37,38].

Fig. 1. Location and mining area of molybdenum tailings.
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Fly ash, a common industrial byproduct containing various metallic 
elements and mineral components, is widely used as an adsorbent ma
terial in environmental applications. Its fine particles can occupy soil 
voids, thereby enhancing internal friction, improving particle inter
locking, and increasing overall structural stability [39]. Fly ash also 
improves soil water retention, increases soil organic carbon content, and 
supplies macronutrients and micronutrients that are essential for plant 
growth [40]. For the remediation of molybdenum pollution, oxides and 
minerals such as calcium, iron, and aluminum present in fly ash can form 
insoluble molybdates with molybdate ions via co-precipitation, thereby 
achieving long-term immobilization [41]. In acidic soils, fly ash can 
regulate soil pH, reduce the leaching of harmful metals, and synergis
tically remediate lead contamination when combined with biochar 
[42–45]. Upon interaction with water, fly ash forms cementitious sub
stances that further fill soil pores, suppress crack development, and 
enhance soil water-holding capacity [46,47]. The production process of 
biochar and the recycling pathway of fly ash are illustrated in Fig. 2.

Therefore, to elucidate the coupling mechanism between fly ash and 
biochar under wet–dry cycle conditions, this study quantitatively 
analyzed soil cracking behavior using indoor simulation experiments 
combined with digital image processing techniques. Previous studies 
have examined biochar or fly ash individually for soil improvement and 
heavy metal immobilization, and a few have combined both in acidic 
agricultural soils, but none have systematically quantified their syner
gistic effects on crack evolution and water retention in highly alkaline 
molybdenum tailings under repeated wet–dry cycles. Therefore, this 
work provides the first integrated assessment of biochar–fly ash synergy 
on both hydraulic behavior (evaporation stages, residual moisture) and 
crack network complexity (fractal dimension, crack rate, node density) 
in molybdenum-contaminated tailings. The objective of this study is to: 
(1) To quantify the synergistic effects of biochar and fly ash on water 

retention in molybdenum contaminated tailings; (2) To determine 
optimal biochar-fly ash ratios for crack suppression under wet dry 
cycling. The research hypothesis is that: (1) the combination of fly ash 
and biochar can improve water retention more effectively than using a 
single component alone; (2) The optimal ratio to minimize cracks is 10 
% fly ash and 4 % biochar; (3) Fly ash and biochar reduce the rate of 
sample water evaporation, and the potential mechanisms involve the 
synergistic regulation of Cementing substances fly ash and water 
transport through the porous structure of biochar.

2. Materials and methods

2.1. Materials

The soil samples for this experiment were collected from the exper
imental fields and natural soil in the molybdenum mining area of 
Luanchuan County, Luoyang City, Henan Province. This area is located 
in the Wuyun Mountain range and has a warm-temperate continental 
monsoon climate with significant diurnal temperature variations. All the 
samples were naturally maintained on-site for three years before sam
pling, without any artificial intervention during this period, to ensure 
the natural stability of the soil structure during the wet–dry cycle.

Soil samples were uniformly collected from the experimental field 
within a 4 m × 4 m area at a depth of 15 cm. The collected samples were 
subsequently divided into 24 plots, comprising 12 material treatment 
combinations and 12 corresponding control groups. The experimental 
treatments were classified into three main categories based on the 
content of fly ash: 0 %, 5 %, and 10 %. Within each category, biochar 
was incorporated at different concentrations (0 %, 1 %, 2 %, and 4 %), 
resulting in a total of 12 distinct treatments. The control groups were 
designed to be identical to the experimental treatments in all aspects 

Fig. 2. Process flow of biochar preparation and the harmless recovery of fly ash.
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except for material addition. All experimental and control areas un
derwent the same three-year natural maintenance process, after which 
subsequent laboratory analyses were conducted. For each of the 24 field 
plots, two representative subsamples were collected after three years of 
natural conditioning. This paper focuses on the lab cyclic tests using 
field‑aged soil, and detailed field monitoring results will be reported 
elsewhere. All subsequent laboratory wet–dry cycling tests were per
formed on these field‑aged soils (n = 2 specimens per treatment). No 
additional amendments were added during laboratory preparation.

The collected soil samples were sealed with plastic films and trans
ported to the laboratory for further processing. After air-drying at room 
temperature, visible plant residues and gravel particles larger than 2 mm 
were removed from the samples. The samples were then passed through 
a 2 mm standard sieve to obtain homogeneous base soil. Subsequently, 

key physical parameters were measured, after which the samples were 
dried and sieved for further analysis to obtain the particle size distri
bution curve (Fig. 3). The basic physical properties of the soil samples 
are summarized in Table 1.

The fly ash used in this experiment was sourced from the power plant 
operated by Luan Chuan County He Hai New Energy Luan Chuan Co., 
Ltd. China. Fly ash consists predominantly of fine, glassy particles and 
commonly contains potentially harmful metals such as mercury (Hg), 
lead (Pb), arsenic (As), and nickel (Ni). Although the fly ash used in this 
experiment had been treated by the company, it was still necessary to 
test the collected fly ash to ensure it would not contaminate the soil. The 
physical properties of the fly ash are presented in Table 2, while Table 3
summarizes the concentrations of harmful metals in the fly ash, all of 
which meet the regulatory standards for soil application.

Biochar is a carbon-rich material derived from the pyrolysis of 
various waste feedstocks—such as agricultural residues, wood, and 
plant stems—under anoxic or low-oxygen conditions at temperatures 
typically below 700 ◦C. It is characterized by a high specific surface area, 
considerable adsorption capacity, and remarkable stability. The biochar 
used in this experiment was manufactured by Luoyang Zhao Tuo Carbon 
Technology Co., Ltd., China. The biochar was manufactured by pyro
lyzing agricultural crop residues, primarily wheat straw, at 460 ◦C for 5 
h. Subsequently, the biochar was air-dried at 50 ◦C, mechanically pul
verized, and sieved through a 0.2 mm mesh prior to the measurement of 
its basic physicochemical properties (Table 4).

2.2. Methods

The 24 soil samples were naturally air-dried, gently pulverized, and 
passed through a 2-mm sieve. From each sieved sample, 100 g of dry soil 
was mixed with 102 g of water to form a circular disc measuring 25 cm 
in diameter and 3 cm in height, resulting in a saturated slurry with a 
moisture content of 102 %. The prepared slurry was vibrated for 30 min 
using a vibrator to remove air bubbles, then sealed and cured for 2 days.

To simulate the natural environment characterized by alternating 
rainfall and drying, this experiment was conducted in a multifunctional 
climate chamber (ZHS), with the temperature set to 26 ◦C and the 
relative humidity maintained at 50 %. The cured specimens were placed 
on an electronic balance inside the ZHS, with a high-resolution digital 
camera fixed vertically above the specimens. At 2 h intervals, the 
computer-controlled camera and electronic balance recorded crack im

Fig. 3. Particle size distribution curve of the soil samples.

Table 1 
Physical Properties of Low Plasticity Clay.

specific 
gravity (Gs)

Natural water 
content ( %)

Plastic 
Limit ( 
%)

Liquid 
Limit ( 
%)

Shrinkage 
Limit ( %)

Molybdenum  
(mg/kg)

2.72 12.56 19.12 37.34 9.42 0.16

Table 2 
Physical properties of the treated fly ash.

Dry density Particle size (μm) color Sio2( %) Al2o3( %) Fe2o3( %)

2.23 <80 grey 41.2 18.42 4.68

Table 3 
Content of Harmful Metals in Fly Ash.

As Pb Cd Cr Hg Ni

2mg/kg 0.1 mg/kg 0.12 mg/kg 20 mg/kg 0.05 mg/kg 8 mg/kg

Table 4 
Basic Properties of Biochar.

Pyrolysis temperature ( ◦C) Ash content ( %) Specific surface area (m2/g) Bulk density (g/cm3) C  
( %)

N  
( %)

o  
( %)

H  
( %)

460 11.52 106.7 0.46 76 1.1 5.67 3.2

Table 5 
Wet dry cycle protocol specification.

Parameter Specification Justification

Drying phase 
temperature

26 ◦C ± 2 ◦C Actual shallow soil temperature in 
arid areas

Drying phase RH 45±5 % Relative humidity of natural 
environment in arid regions

Drying duration 140h Low and constant evaporation rate
Wetting phase 

intensity
24h(13.4 mm) Simulates moderate rainfall event

Wetting phase 
duration

24h Intermittent wetting, with water 
completely penetrating into the soil.

Cycle duration (one 
complete cycle)

7days Total drying + wetting time

Total cycles tested 5 cycles Balances acceleration with practical 
duration

Chamber light 
conditions

24-hour 
illumination

Control variables; Constant 
temperature
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ages and specimen mass, respectively, until crack development stabi
lized. Subsequently, rainfall treatments were applied using the ZHS to 
simulate multiple rainfall events. The specific parameters of the dry–wet 
cycle are summarized in Table 5. Water was replenished according to the 
residual moisture content of each specimen to restore the initial mois
ture content to 102 % of its reference value. The amount of replenished 
water required for each specimen was calculated using Formula (1). 

ms = 102 − 100wi (1) 

Among these variables, ms represents the amount of water required 
to achieve the target moisture content (102 %), and wi denotes the 
current moisture content of the i sample.

This wet–dry cycle was repeated five consecutive times. The overall 
experimental procedure is illustrated schematically in Fig. 4.

2.3. Image processing techniques

During image acquisition, raw images often contain noise arising 
from factors such as uneven illumination, background interference, and 
variations in exposure levels. To obtain more accurate and reliable crack 
analysis results, image preprocessing is therefore required. The image- 
processing workflow primarily consists of three sequential steps: gray
scale conversion, image binarization, and noise reduction.

On the processed, high-clarity images, crack development can be 
systematically observed and analyzed. Cracks initially initiate form on 
the specimen surface, appearing as several primary traces. Subse
quently, these traces gradually deepen, widen, and elongate, eventually 
propagating across the entire specimen surface. Cracks exhibiting these 
characteristics are defined as primary cracks. Relatively finer cracks that 
branch from primary cracks are termed secondary cracks. Furthermore, 
all finer cracks generated from secondary cracks, as well as those formed 
subsequently, are uniformly defined as tertiary cracks. Based on the 
topological characteristics of crack intersections, crack nodes can be 
further classified as follows: Primary crack nodes refer to intersection 
points where four or more cracks converge, forming a multi-directional 
cross-like structure. Secondary crack nodes are defined as convergence 
points of three cracks, forming a Y-shaped structure. Tertiary crack 
nodes are characterized by a T-shaped connection, in which a relatively 
shallow terminal crack connects to only one other crack and does not 
intersect with additional cracks.

Color images present challenges in crack detection due to high 
computational demands, increased interference with crack identifica
tion, and elevated noise levels. Therefore, color images must undergo 

Fig. 4. Experimental flowchart.

Table 6 
Framework for analyzing fractal dimension of soil cracks.

Fractal dimension range Definition and Physical 
Meaning

Application in Soil 
Fracture Research

The closer the fractal 
dimension (FD) value is 
to 1.0, the more simple, 
straight and smooth the 
fracture outline or 
boundary shape 
becomes. On the 
contrary, the closer the 
D value is to 2.0, the 
more irregular the 
fracture outline is, the 
more branches it has, 
and the poorer its 
structural stability.

Fractal dimension is an 
extension of the concept 
of integer dimensions in 
Euclidean geometry (such 
as 1-dimensional lines 
and 2-dimensional 
planes), used to quantify 
the self-similarity or 
space-filling degree of 
complex and irregular 
shapes under scale 
changes. Its core lies in 
describing the complexity 
of the geometric figure: 
the higher the D value, 
the more irregular the 
shape is, the more 
complex its structure is, 
and the stronger its space- 
filling ability is.

When there are no cracks 
on the soil surface, the 
theoretical value of the 
fractal dimension of the 
crack network is 1, 
indicating good integrity 
and high stability of the 
soil structure. As the 
cracks develop, the 
fractal dimension value 
increases, reflecting the 
aggravation of soil 
damage and the decline 
of stability. When the 
fractal dimension 
approaches 2, the cracks 
are highly interwoven 
and the network fills the 
plane, indicating that the 
soil structure has been 
severely fragmented and 
degraded.
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grayscale conversion prior to further analysis. This process converts the 
RGB channels into a single grayscale channel using a weighted aver
aging algorithm. 

Gray = 0.3 ∗ R + 0.6 ∗ G + 0.1 ∗ B (2) 

Grayscale images fail to clearly highlight crack features, and the 
grayscale background can interfere with crack identification during 
parameter analysis. Therefore, grayscale images require binarization 
processing. Binarization involves selecting an appropriate threshold T 
(Utilize the Otsu method to automatically calculate the optimal global 
threshold T for each grayscale image) to segment the image, converting 

continuous grayscale information into a black and white image. Black 
and white regions are separated according to the following formula. 
Areas below threshold T are classified as black, while those above 
threshold T are classified as white, thereby completing the binarization 
process. During the binarization process, noise may arise from isolated 
black and white pixels and from edges that are not accurately thresh
olded. A neighborhood-based thresholding approach is therefore 
employed to remove such noise, thereby yielding a clearer and more 
continuous crack image. 

Fig. 5. Fractal dimension calculation process.
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W(x, y) =

{
0,G(x, y) < T

255,G(x, y) ≥ T
(3) 

2.4. Calculation of crack characteristic parameters

Fractal dimension (FD) is utilized as a mathematical descriptor of 
complex geometric irregularity, enabling accurate characterization of 
the disorder, complexity, and self-similarity exhibited by soil surface 
cracks (see Table 6 for details). Current methods for calculating fractal 
dimension include: the compass dimension method, multiple fractal 
analysis, the Sandbox method, the box-counting method, and the vari
ance method. For image analysis, the box-counting method is simpler 
and more applicable. This method involves setting different sizes ε to 
cover the image, obtaining the number of boxes N(ε) covering the image, 
and using a double logarithmic curve to derive the fractal dimension D. 
We conducted two independent box counting analysis processes on all 
images. When the goodness of fit (R2) obtained from both the fitting and 
classification calculations exceeds 0.98, the corresponding fractal 
dimension is considered valid, and the fitted curve is shown in Fig. 5. 
The formulas used to calculate the fractal dimension (D) and the coef
ficient of determination (R²) are given as follows:

Log (Np) represents the logarithm of the model-predicted value, 
which is calculated using Formula 5. 

D = lim
ε→0

logN(ε)

log
(

1
ε

)
(4) 

R2 = 1 −

∑
(logN(ε) − logNp)

∑
(logN(ε) − logN(ε))

(5) 

logNp = − DlogN(ε) + C (6) 

The Crack rate represents the total length of Cracks per unit area. A 
higher Crack rate indicates greater soil permeability but poorer stability, 
making the soil more susceptible to failure. The formula used to calcu
late the crack rate (C) is given as follows: 

C =

∑
li

A
(7) 

The total area of the image under analysis is defined as the cumu
lative length of cracks within the area A.

The mass of water required to achieve 100 % moisture content in the 
specimen was calculated using the following formula: 

mω =
0.01 × (ω − ω0)

1 + 0.01ω0
× m0 (8) 

Target moisture content. This refers to the moisture content of the 
sample after drying, representing the quality of the dried sample.

The relative evaporation rate (E) of the sample was calculated based 
on the measurement interval and the corresponding change in mass. 

E =
Δm
Δt

(9) 

Δm is the mass difference at the initial evaporation interval of the 
sample, g; Δt is the time interval, h, which is 2 h in this paper.

3. Result

3.1. The regulating effect of biochar powder and coal ash on the water 
retention of molybdenum tailings soil under dry-wet cycling conditions

In this study, samples containing 0 % biochar and 0 % fly ash were 
designated as the control group. Fig. 7 presents the evaporation rate 
curves of moisture content for the different samples over time. The 
moisture content of each sample initially decreased in a linear manner 

Fig. 6. Residual moisture content of different treatments across wet–dry cycles. Error bars represent SEM (n = 2) (a) Fly ash content maintained at 0 %; (b) fly ash 
content maintained at 5 %; (c) fly ash content maintained at 10 %.
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and subsequently reached a stable state. As shown in Fig. 7, the evap
oration rate of each sample was initially maintained at a relatively high 
level and then rapidly declined to a low-rate stable evaporation stage. 
The moisture evaporation process of the samples can be divided into 
three distinct stages: a stable rapid evaporation stage, an evaporation 
deceleration stage, and a residual evaporation stage.

As shown in Fig. 6a, when the fly ash content remained at 0 %, and 
under the same number of dry–wet cycles, the final residual moisture 
content of the samples increased with increasing biochar content. After 
the first dry-wet cycle, the residual moisture content of the control group 
was 4.326 ± 0.168 %; for the samples with biochar contents of 1 %, 2 %, 
and 4 %, the residual moisture contents were 5.424 ± 0.125 %, 6.108 ±
0.174 %, and 6.192 ± 0.167 % respectively. Compared to the control 
group, the residual moisture contents of the samples with 1 %, 2 %, and 
4 % biochar after the first cycle increased by 25.38 %, 41.19 %, and 
43.11 % respectively. With the increase in the number of dry-wet cycles, 
the residual moisture content of all samples showed a downward trend. 
Taking the control group as an example, after the fifth dry-wet cycle, the 
residual moisture content of the sample dropped to 3.325 %, a decrease 
of 23.15 % compared to 4.326 % after the first cycle. While for the 
samples with 1 %, 2 %, and 4 % biochar, the residual moisture contents 
after the fifth cycle were 4.321 ± 0.175 %, 5.054 ± 0.135 %, and 5.123 
± 0.173 % respectively, and compared with the data after the first cycle, 
their residual moisture contents decreased by 20.34 %, 17.26 %, and 
17.26 % respectively, all smaller than the 23.15 % decrease of the 
control group. The addition of biochar significantly enhance the water 
retention capacity of the samples, effectively slowed water loss, and 

improved their ability to retain moisture under alternating wet–dry 
conditions. As shown in Fig. 7a, when the fly ash content remained at 
0 %, the first-stage evaporation rate of the samples decreased with 
increasing biochar content. Compared with the control group, samples 
containing 1 % biochar did not exhibit significant differences in the 
duration of each evaporation stage. However, when the biochar content 
increased to 2 % and 4 %, the completion time of the second evaporation 
stage was noticeably prolonged. Specifically, compared with the control 
group (43 h), the second-stage completion time of the 2 % and 4 % 
biochar treatments was prolonged by 9.3 % and 18.6 % respectively. 
Overall, biochar addition effectively inhibit water evaporation, partic
ularly at higher application rates, by delaying the evaporation process 
and enhancing the water retention capacity of the samples.

As shown in Fig. 6a-c, when the content of biochar remained at 0 %, 
after the first dry-wet cycle, the residual moisture contents of the sam
ples with 5 % and 10 % fly ash content were 5.706 ± 0.15 % and 6.464 
± 0.11 %, respectively. Compared with the control group (residual 
moisture content of 4.326 %), the samples with 5 % and 10 % fly ash 
content increased their residual moisture content by 31.90 % and 49.42 
% respectively after the first cycle. With the increase of the number of 
dry-wet cycles, the residual moisture content of all samples showed a 
downward trend. After the fifth dry-wet cycle, the residual moisture 
contents of the samples with 5 % and 10 % fly ash content in the fifth 
cycle were 4.652 ± 0.248 % and 5.658 ± 0.201 %, respectively. 
Compared with their residual moisture contents after the first cycle, they 
decreased by 18.47 % and 12.47 % respectively, with the reduction 
being <23.15 % of the control group. The addition of fly ash can 

Fig. 7. Changes in soil evaporation rate and moisture content over time. (a) Fly ash content maintained at 0 %; (b) fly ash content maintained at 5 %; (c) fly ash 
content maintained at 10 %; (d) biochar content maintained at 0 %.
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enhance the water retention capacity of the samples and slow down the 
water loss during the dry-wet cycle process.

As shown in Fig. 7d, when the content of biochar remained at 0 %, 
the addition of fly ash significantly affected the evaporation process of 
the samples. The duration of the first evaporation stage of the control 
group was 29 h, and the second stage was 14 h. Compared with this, the 
samples with 5 % and 10 % fly ash content had their first evaporation 
stage duration extended to 43 h and 95 h respectively, and the average 
evaporation rate in the first stage was reduced by 32.39 % and 64.54 % 
respectively. Correspondingly, the duration of the second stage also 
extended to 18 h and 22 h respectively. The addition of fly ash can 
effectively delay the evaporation process, reduce the initial evaporation 
rate, and prolong the duration of each evaporation stage, thereby 
significantly enhancing the water retention capacity of the samples in a 
dry environment.

As shown in Fig. 6b,c, when both biochar and fly ash were added, 
under the same biochar content and the same number of dry-wet cycles, 
the residual moisture content of the samples increased with the increase 
of fly ash content. As shown in Fig. 6c, taking the first dry-wet cycle as an 
example, when the fly ash content remained at 10 %, the samples with 
biochar contents of 1 %, 2 %, and 4 % had residual moisture contents of 
7.546 ± 0.156 %, 7.884 ± 0.132 %, and 8.896 ± 0.174 % respectively. 
Compared with the sample with 10 % fly ash added alone (residual 
moisture content of 6.464 ± 0.112 %), the residual moisture content 
increased by 16.74 %, 21.97 %, and 37.62 % respectively after the 
combined addition of biochar. After the fifth dry-wet cycle, the residual 
moisture content of the sample with 10 % fly ash alone was 5.658 ±
0.202 %, while the residual moisture contents of the samples with 1 %, 2 
%, and 4 % biochar added in combination were 7.68 ± 0.124 %, 8.15 ±
0.128 %, and 8.012 ± 0.162 % respectively, which were 35.74 %, 44.04 
%, and 41.60 % higher than that of the sample with 10 % fly ash alone.

When the biochar content was fixed at 4 % (residual moisture 

content after the first cycle: 6.192 ± 0.167 %), the combined addition of 
5 % and 10 % fly ash increased the residual moisture content to 7.262 ±
0.167 % and 8.896 ± 0.174 % respectively, representing increases of 
17.28 % and 43.67 % relative to the single-biochar treatment. After the 
fifth cycle, the residual moisture content of the single 4 % biochar 
treatment was 5.123 ± 0.173 %, whereas the addition of 5 % and 10 % 
fly ash increased this value to 6.255 ± 0.139 % and 8.012 ± 0.162 %, 
respectively, corresponding to increases of 22.10 % and 56.39 % 
compared with the single-biochar treatment.

Notably, the composite treatment containing 4 % biochar content 
and 10 % fly ash consistently exhibited the highest residual moisture 
content under identical dry–wet conditions, indicating a strong syner
gistic water-retention effect between the two amendments. Taking the 
first cycle as an example, the residual moisture content of this composite 
sample (8.896 ± 0.174 %) was 105.64 % higher than that of the control 
group (4.326 ± 0.168 %). For example, based on the individual effects 
of 4 % biochar alone (+43.11 %) and 10 % fly ash alone (+49.42 %), the 
expected additive increase relative to the control would be approxi
mately 92.53 %, whereas the observed increase for the combined 
treatment is 105.64 %, indicating a pronounced synergistic enhance
ment far beyond the individual contributions of biochar or fly ash alone. 
The water retention capacity further increased with increasing mixing 
ratios of the two amendments.

As shown in Fig. 7a–c, at the end of the second evaporation stage, the 
completion time of the control group was 43 h, whereas samples with 
single addition of 4 % biochar or 10 % fly ash, as well as the composite 
addition of 4 % biochar and 10 % fly ash, exhibited extended completion 
times of 51 h, 117 h, and 123 h, respectively. Compared with the 10 % 
fly ash treatment, which showed the best performance among single- 
material amendments (117 h), the evaporation process of the compos
ite treatment was further prolonged by approximately 5.13 %. This 
result indicates that, under the synergistic action of biochar and fly ash, 

Fig. 8. Maximum fractal dimension of different treatments across wet–dry cycles. Error bars represent SEM (n = 2) (a) Fly ash content maintained at 0 %; (b) fly ash 
content maintained at 5 %; (c) fly ash content maintained at 10 %.
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water evaporation can be more effectively delayed, and the water 
retention capacity of the treatment can be significantly enhanced 
compared with that of single-material amendments.

3.2. Fractal characteristics of cracks in molybdenum tailings soil 
remediated with fly ash biochar under dry-wet cycling conditions

As shown in Fig. 8a, when the fly ash content remained at 0 %, the 
maximum fractal dimension of the samples gradually decreased with 
increasing biochar content throughout the entire wet–dry cycling pro
cess. After the first cycle, the sample containing 4 % biochar exhibited 
the lowest fractal dimension (1.752 ± 0.018), which was 7.45 % lower 
than that of the control group (1.893 ± 0.014). By the end of the fifth 
dry–wet cycle, the corresponding fractal dimension (1.891 ± 0.015) was 
7.93 % lower than that of the control group (2.064 ± 0.016). During the 
dry–wet cycling process, the fractal dimension of the control group 
increased by 3.9 % from the first to the fifth cycle, whereas the corre
sponding increase for the 4 % biochar treatment was 3.4 %, which was 
slightly lower than that of the control group. These results indicate that, 
in the absence of fly ash, biochar addition can partially delay the in
crease in fracture complexity induced by dry–wet cycling and reduce the 
rate of fractal dimension growth.

As shown in Fig. 8, when the biochar content remained at 0 %, the 
maximum fractal dimension of the sample decreased significantly with 
the increase in the fly ash content. After the first dry-wet cycle, the 

samples containing 5 % and 10 % fly ash content had fractal dimensions 
that were 6.5 % and 13.15 % lower than that of the control group, 
respectively. By the end of the fifth dry-wet cycle, the reduction was 7.9 
% and 13.72 %, respectively. During the dry-wet cycling process, the 
fractal dimensions of the samples with 5 % and 10 % fly ash content 
increased by 2.37 % and 3.28 % respectively compared to their 
respective first cycle values, with the increase being less than that of the 
control group (3.9 %). This indicates that fly ash can also effectively 
inhibit the development of fracture networks.

Compared with the addition of biochar or fly ash alone, the com
bined improvement effect of biochar and fly ash is more significant. 
Among all treatments, the combination of 4 % biochar and 10 % fly ash 
exhibited the best performance. Taking the first dry–wet cycle as an 
example, the fractal dimension of the sample with this combination was 
1.474 ± 0.124, which was 28.43 % lower than that of the control group 
(1.893 ± 0.014), representing a reduction substantially greater than 
that achieved with 4 % biochar alone (7.45 %) or 10 % fly ash alone 
(13.72 %). After five dry–wet cycles, the fractal dimension of this 
combined treatment was 1.56 % lower than that observed after the first 
cycle, indicating negative growth, whereas the control group increased 
by 3.9 %, and the treatment with 4 % biochar and 10 % fly ash alone also 
increased by 3.4 % and 3.28 % respectively. The combined improvement 
effect was significantly superior to that of single amendments, as it 
effectively inhibited the initiation, expansion, and increasingly 
complexity of fractures during the dry–wet cycling, thereby delaying soil 

Fig. 9. Temporal evolution of the fractal dimension of the improved soil. (a) Fly ash content maintained at 0 %; (b) fly ash content maintained at 5 %; (c) fly ash 
content maintained at 10 %; (d) biochar content maintained at 0 %.
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structural degradation. Overall, the combination of 4 % biochar and 10 
% fly ash represents the optimal treatment, as it not only significantly 
reduced the fractal dimension at the initial stage but also achieved 
negative growth in fracture development during dry–wet cycling, 
demonstrating excellent long-term structural stability.

As shown in Fig. 9, the temporal evolution curve of the fractal 
dimension can be divided into two typical stages: the first stage corre
sponds to crack initiation and rapid development, during which the 
fractal dimension increases sharply; the second stage represents a rela
tively stable crack period, during which the fractal dimension tends to 
stabilize and no longer increases significantly. The first stage is mainly 
driven by internal stress differences induced by initial dehydration, 
resulting in the rapid initiation and expansion of cracks; as time pro
gresses, this stress gradually redistributes and approach equilibrium, 
and crack development enters the second stage, in which the expansion 
rate significantly decreases and eventually stabilizes.

Fig. 9 shows that both that single additions of biochar or fly ash and 
their combined application can delay the onset time of crack occurrence. 
When the biochar content remained at 0 %, the addition of fly ash 
significantly delayed crack initiation; compared with the sample 
without fly ash, the crack appearance time of samples containing 5 % 
and 10 % fly ash was delayed by 14 h and 40 h, respectively. Similarly, 
when the fly ash content remained at 0 %, increasing biochar content 
also slowed the initial crack development rate and delayed crack initi
ation; for example, the sample containing 4 % biochar exhibited a crack 
appearance time delayed by 4 h compared with the control group. For 
the composite treatment, the delaying effect was more pronounced: 
compared with the control group, the crack appearance was signifi
cantly extended to 91 h for the 4 % biochar + 10 % fly ash combination, 
indicating a clear synergistic effect between the two additives in 
inhibiting early crack formation.

The above results indicate that both biochar and fly ash can delay 
crack occurrence, with fly ash content exerting a more pronounced in
fluence on crack appearance time: when biochar content remains con
stant, increasing fly ash content significantly delays crack initiation, 
whereas when fly ash is fixed, variations in biochar content have a 

comparatively smaller effect on crack appearance time. When the two 
amendments are applied in combination, changes in fly ash content 
remain the dominant factor controlling crack appearance time. Overall, 
the two stages of the fractal dimension curve correspond clearly to crack 
evolution behavior: the first stage (rapid rising segment) represents 
crack initiation and expansion, whereas the second stage (plateau 
segment) reflects stabilization of the crack network.

3.3. Crack development characteristics of fly ash biochar-remediated 
molybdenum tailings soil under dry-wet cycling conditions

As shown in Fig. 10a, when fly ash content remained at 0 %, the 
maximum crack rate of the samples gradually decreased with increasing 
biochar content. Among these treatments, the sample containing 4 % 
biochar exhibited the lowest crack rate, measuring 9.536 ± 0.138 % 
after the first wet–dry cycle and increasing to 10.152 ± 0.075 % by the 
end of the fifth cycle. Compared with the control group (first cycle: 
10.618 ± 0.22 %, fifth cycle: 11.523 ± 0.136 %), the crack rate of this 
treatment decreased by 10.19 % and 11.90 % in the first and fifth 
wet–dry cycles, respectively.

Similarly, as shown in Fig. 10, when biochar content remained at 
0 %, the maximum crack rate of the samples decreased significantly with 
the increase of the content of fly ash. Compared with the control group, 
the samples with 5 % and 10 % fly ash had crack rates that decreased by 
7 % and 28.74 % respectively after the first dry-wet cycle; by the end of 
the fifth dry-wet cycle, the crack rate of the sample with 10 % fly ash 
decreased the most, reaching 31.81 %.

As shown in Figs. 10b, c, when biochar and fly ash were applied in 
combination, the inhibitory effect on crack development was further 
enhanced. Among all treatment combinations, the combination of 4 % 
biochar and 10 % fly ash exhibited the strongest inhibitory effect. The 
crack rate of this treatment after the first wet–dry cycle was 6.185 ±
0.125 %, which was 41.75 % lower than that of the control group; by the 
end of the fifth cycle, the crack rate decreased to 6.03 ± 0.149 %, rep
resenting a reduction of 47.67 % relative to the control group. 
Throughout the wet–dry cycling process, the crack rate of this composite 

Fig. 10. Maximum crack rate of different treatments across wet–dry cycles. Error bars represent SEM (n = 2) (a) Maintain a fly ash content of 0 %; (b) Maintain a fly 
ash content of 5 %; (c) Maintain a fly ash content of 10 %.
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treatment consistently remain lower than those of the single-material 
treatments and the control group, demonstrating a clear advantage of 
synergistic improvement.

As shown in Fig. 11, the evolution of soil properties during the 
wet–dry cycling process exhibits significant differences among the 
various improvement strategies. For the control group without any 
amendments and the samples amended with a single additive (fly ash or 
biochar), a consistent negative correlation was observed after five 
wet–dry cycles: both the maximum fractal dimension and the maximum 
crack rate decreased with increasing residual water content.

In contrast, samples amended with both biochar and fly ash exhibi
ted a more complex and nonlinear relationship with the wet–dry cycling 
process. During the first three cycles, the fractal dimension increased 
with increasing water content, whereas the crack rate exhibited the 
opposite trend. This pattern was reversed during the final two cycles. 
This transformation highlights how the composite amendment dynam
ically alters soil responses over time, effectively reorganizes soil struc
ture to inhibit crack expansion, and significantly enhances water 
retention capacity.

In the fifth wet–dry cycle, the synergistic effect of the composite 
material (4 % biochar + 10 % fly ash) became quantitatively evident. Its 
performance was significantly superior to that all other groups across 
key indicators: it maintained the highest residual water content (8.012 
%), achieved the lowest fractal dimension (1.451), and exhibited the 
lowest crack rate (6.03 %). Compared with the control group (3.325 %, 
1.968 %, 11.523 %), the residual water content increased by approxi
mately 140.9 %, whereas the fractal dimension and crack rate decreased 

by approximately 26.3 %, and 47.6 %, respectively. This composite 
treatment also outperformed the best single-additive treatment, con
firming that the combined use of biochar and fly ash provides more 
comprehensive improvements in soil structural stability and hydrolog
ical functions than either material used alone.

As shown in Fig. 12a, when biochar content remained at 0 %, the 
fracture ratio of the samples decreased with the increase in the content 
of fly ash. Compared with the control group, the fracture ratios of the 
samples with 5 % and 10 % fly ash added decreased by 7.12 % and 28.74 
%, respectively. Similarly, as shown in Fig. 12, when the content of fly 
ash remained at 0 %, increasing the content of biochar also led to a 
decrease in the crack density of the specimens. Increasing the content of 
biochar can also effectively reduce the fracture ratio. For example, the 
average fracture ratio of the sample with 4 % biochar added was 10.19 
% lower than that of the control group. Among all the specimens, the 
control group with no modifier had the highest fracture ratio (10.6), 
while the composite specimen with 4 % biochar and 10 % fly ash added 
had the lowest fracture ratio (6.14).

In conclusion, both biochar and fly ash effectively inhibited crack 
development. Notably, when biochar content was fixed, the crack rate 
decreased significantly with increasing fly ash content; conversely, 
when fly ash content was fixed, variations in biochar content had a 
relatively limited effect on the crack rate.

Fig. 11. Relationship between residual moisture content, maximum fractal dimension, and Crack rate of soil under different fly ash and biochar treatments after five 
wet dry cycles. (a) Without adding fly ash and biochar; (b) The biochar content is 4 %, and the fly ash content is 0 %; (c) The fly ash content is 10 %; Biochar content 
is 0 %; (d) Biochar and coal powder are added in a composite manner, with contents of 4 % and 10 %, respectively.
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4. Discussion

4.1. Synergistic suppression of cracking in molybdenum tailings soil by fly 
ash and biochar during drought rainfall

As shown in Fig. 13, when biochar content remained at 0 %. The 
number of crack nodes in the samples gradually decreased with 
increasing fly ash content. Among all treatments, the sample containing 
10 % fly ash exhibited the lowest final number of crack nodes, repre
senting a reduction of 32.56 % relative to the control group. When fly 
ash content remained at 0 %, the number of crack nodes in the samples 
decreased with increasing biochar content. Compared with the control 
group, the final number of crack nodes in samples containing 1 %, 2 %, 
and 4 % biochar decreased by 13.95 %, 18.14 %, and 48.84 % respec
tively. When biochar and fly ash were applied in combination, the 
inhibitory effect on crack node formation was significantly enhanced. 
Among all combinations, the composite treatment comprising 4 % bio
char and 10 % fly ash exhibited the most pronounced effect, with the 
final number of crack nodes reduced by 59.53 % relative to the control 
group.

As shown in Fig. 14, uneven internal stress distribution within the 
soil is one of the primary causes of crack initiation. When soil undergoes 
drying-induced contraction due to water loss or external loading, cracks 
are more likely to form. These initial primary cracks gradually thicken, 

extend, and widen over time, from which secondary and tertiary cracks 
develop, collectively forming a complex crack network that comprises 
soil structural integrity.

Fly ash and biochar are fine-grained materials that can effectively fill 
soil pores and reduce local stress concentrations, thereby minimizing the 
formation of primary crack nodes. Fly ash that has undergone alkali
zation treatment and can react with water to generate cementitious 
substances. These cementitious substances can bind soil particles and 
biochar together, thereby enhancing overall structural stability. Biochar 
has a highly porous structure and can reduce water loss during soil 
drying [48–49]. This process alleviates the shrinkage caused by stress 
redistribution and continuously provides a favorable internal environ
ment for fly ash hydration reactions, thereby promoting the formation of 
cementitious substances. Consequently, the development of secondary 
and tertiary cracks is suppressed, resulting in a reduced number of crack 
nodes.

This synergistic interaction significantly enhances the fracture 
toughness and crack resistance of the soil matrix. During crack propa
gation, the reinforced cementation system formed by biochar, fly ash, 
and soil inhibits the uneven stress distribution. The combined cemen
tation and pore-filling effects improve soil structural integrity, thereby 
requiring higher stress to levels to initiate new cracks. Consequently, the 
development of primary cracks is restricted, and the number, length, 
and connectivity of secondary and tertiary cracks are significantly 

Fig. 12. The variation of crack rate over time during the process of improving soil drying. (a) Biochar content maintained at 0 %; (b) biochar content maintained at 1 
%; (c) biochar content maintained at 2 %; (d) biochar content maintained at 4 %.
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reduced. Eventually, the overall fracture network tends to simplify and 
become more intact, manifesting macroscopically as a less fractured 
pattern with fewer crack nodes (Fig. 14). However, although fly ash can 
inhibit soil cracking, excessive addition may introduce the risk of heavy 
metal contamination [50]. Therefore, when fly ash is used to improve 
tailings soil, careful consideration of the balance between application 
rate and potential environmental impacts is required to avoid secondary 
environmental problems arising from improper treatment.

It should be emphasized that the mechanistic interpretation pro
posed here—involving pore filling and cementation—is inferred from 
SEM morphological observations and consistency with literature on fly 
ash and biochar amended soils, rather than from direct chemical or 
mineralogical identification. Future work combining micro-CT, XRD, 
and SEM–EDS is required to confirm the nature and continuity of the 
cementitious networks inferred from our data.

4.2. Synergistic enhancement of mo tailings soil water retention by fly ash 
and biochar during drought–rainfall events

As shown in Fig. 15, soil water evaporation mainly consists of three 
distinct stages. The addition of fly ash and biochar significantly affects 
evaporation across these stages through synergistic physical and 
chemical mechanisms, ultimately enhancing soil water retention ca
pacity. During the stable rapid evaporation stage, water transport occurs 

mainly through the soil surface layer. The results indicate that the 
addition of biochar and fly ash significantly prolongs this stage. For 
example, compared with the control group, the addition of 10 % fly ash 
extended the duration of the first stage by 66 h (Fig. 7). Correspond
ingly, the average evaporation rate decreases by 64.54 %. This signifi
cant delay can be attributed to the physical filling of soil pores by fine fly 
ash and biochar particles, which hinders rapid water migration path
ways. Chemically, fly ash hydration forms cementing substance that 
promote soil aggregation and reduce the exposed water surface area, 
thereby slowing the initial evaporation rate.

During the evaporation deceleration stage, the soil's internal water 
evaporation capacity gradually weakens. Biochar, owing to its well- 
developed porous structure, effectively inhibits water loss during the 
drying process. Data show that, for samples containing 4 % biochar, the 
end time of the evaporation deceleration stage was 51 h longer than that 
of the control group. Fly ash exerts a water-retaining effect primarily 
through chemical reactions. For samples containing 10 % fly ash, this 
stage was prolonged by 117 h. This mechanism lies in the formation of 
cementing substances through fly ash reactions, which tightly bind soil 
particles, enhance aggregate stability, and make water outflow more 
difficult. With the filling of the soil structure by the combined effects of 
biochar and fly ash, the soil matrix becomes more compact. This 
significantly inhibits crack development induced by drying shrinkage 
and prevents secondary evaporation associated with crack formation. 

Fig. 13. Temporal variation in the number of crack nodes during drought in the remediation process of molybdenum tailings soil. (a) Biochar content maintained at 
0 %; (b) biochar content maintained at 1 %; (c) biochar content maintained at 2 %; (d) biochar content maintained at 4 %.

B. Yang and M. Hu                                                                                                                                                                                                                             Results in Engineering 29 (2026) 109934 

14 



Consequently, this leads to a smoother and more gradually decelerating 
evaporation process.

After entering the residual evaporation stage, the final residual water 
content of the amended samples was significantly higher, representing a 
key quantitative finding illustrated in Fig. 6. For example, after the first 
wet–dry cycle, the combination of 10 % fly ash and 4 % biochar resulted 
in final residual water content that was 103.94 % higher than that of the 

control group. This excellent water retention performance under low- 
moisture conditions can be explained by the combined effects of fly 
ash filling pores and reducing crack connectivity, together with bio
char’s ability to retain bound water within its porous structure. Conse
quently, evaporation during this stage occurred at an extremely low rate 
over an extended period, as demonstrated by the prolonged time 
required to reach water balance—from 43 h in the control group to 123 

Fig. 14. Schematic diagram of the synergistic crack suppression mechanism of Biochar and Fly ash.

Fig. 15. Water retention characteristics of amended soil under wet–dry cycling.
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h for samples containing 4 % biochar and 10 % fly ash (Fig. 7). This 
prolonged drying process highlights the effectiveness of the amend
ments in enhancing soil long-term water retention. From an engineering 
perspective, the 10 % fly ash + 4 % biochar treatment corresponds to 
approximately 80 kg/m³ of tailings, which is feasible for surface layers, 
reclamation covers, but cost and long‑term heavy‑metal leaching 
behavior must be evaluated at pilot scale.

5. Conclusion

This study confirms that the combined addition of biochar and fly 
ash exerts a significant synergistic improvement effect on the water 
retention and crack resistance of molybdenum tailings soil under 
wet–dry cycling conditions. Among the tested treatments, the combi
nation of 4 % biochar and 10 % fly ash represents the optimal ratio, 
significantly increasing the final residual water content of the soil by 
105.64 % after the first wet–dry cycle. Under this treatment, the fractal 
dimension and crack rate were significantly reduced by 28.43 % and 
41.75 % respectively. After five wet–dry cycles, its crack resistance 
advantage further increased, with the crack rate decreasing by 47.67 %, 
and the fractal dimension exhibiting negative growth (− 1.56 %). In 
contrast, both the control group and the single-material treatment 
groups exhibited positive growth in fractal dimension.

This synergistic effect arises from dual mechanisms of physical filling 
and chemical bonding: fine-grained materials fill pores and slow water 
evaporation, while cementitious substances formed during fly ash hy
dration tightly bind soil particles and porous biochar, substantially 
enhancing aggregate stability and structural integrity, thereby effec
tively inhibiting crack initiation and network complexity and reducing 
the number of crack nodes by 59.53 %. This amendment ratio provides a 
feasible remediation strategy for improving the structural stability of 
molybdenum tailings soil in arid areas.

Future research needs to increase the number of experimental rep
etitions, and use advanced imaging techniques such as micro-CT to 
directly verify the spatial distribution of the bonding network, and 
evaluate its long-term ecological benefits and heavy metal fixation ef
fects at the field scale and over a longer period.
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