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Influence of fractal fabric on the
shear characteristics of large scale
accumulation bodies

Yidan Huang%?** & Wentai Chen?

Large-scale accumulation bodies composed of loose materials are among the theoretical and practical
topics of greatest interest to engineers and scientists. Although accumulation bodies have been widely
studied across multiple academic disciplines, the impact of particle materials on mechanical properties
remains insufficiently explored. The motivation for this study is to investigate the relationship between
the fabric characteristics of large-scale accumulation bodies and their shear mechanical properties,
field investigations were conducted to obtain particle size distribution characteristics, which led to
determining the fractal dimension D as a descriptor of the fabric. For samples with different fractal
dimensions, we conducted large direct shear tests and MatDEM numerical simulations. The topological
characteristics of the particle contact network during shear were then analysed using a complex
network method. The results revealed that the accumulation bodies’ shear strength obtained from
both the physical and numerical experiments first increased but then decreased with increasing fractal
dimension, following a normal distribution with a mean value of 2.5 and an amplification factor that

is proportional to the vertical load. The analysis of complex network parameters also has consistent
patterns. On the basis of these experimental results, this study investigates the shear mechanical
properties of accumulation bodies from both macroscopic and microscopic perspectives, providing
deeper insights into the link between macroscopic responses and the mesoscale structure of force
chains, explaining the mechanism by which fractal dimensions affect their shear characteristics

and providing new evaluation methods for the utilization and stability assessment of large-scale
accumulation materials.
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Quaternary large-scale accumulation bodies made of loose materials are widely developed and distributed
in mountainous areas. With large volumes and particle sizes, they often cause a series of geological disasters
and lead to significant geological issues, seriously threatening human survival, livelihoods, and the safety of
construction projects. Large-scale accumulation bodies are a type of geological material distinct from rock
and soil, consisting of many discrete particles, such as large blocks and fine-grained soil, that form a complex
and disordered system!. It has a complex composition and highly uneven arrangements, typical of a granular
structure. These characteristics have made them novel and crucial research subjects, garnering extensive attention
from soil mechanics and rock mechanics?. Scholars worldwide have increasingly studied accumulation bodies,
including fabric characteristics®, dynamic properties?, self-organizing phenomena®, stratification, failure modes
and characteristics’, deformation evolution mechanisms® and stability evaluations of accumulation slopes®12.
However, owing to the inherently complex multibody system of accumulations, classical mechanics does not
apply to these systems. Consequently, despite extensive research on accumulation bodies by numerous scholars
across various fields, a theoretical system and fundamental paradigm have yet to be established, and there is a
lack of systematic foundational research on their physical and mechanical properties.

When researching accumulation bodies, whether macroscopically or microscopically, the focus is on
redescribing various phenomena, starting from the most basic characteristics and physical laws. Generally,
the particle size distribution (PSD) is considered the most basic fabric characteristic and the starting point for
analysing various physical and mechanical properties of accumulation bodies. Thus, image parameters are often
used to represent the particle size distribution. However, only empirical relationships can be provided when the
influence of the particle size distribution is considered if image parameters are used to describe it. As a result,
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particle size distribution is mostly avoided in many accumulation body studies, and the resulting laws only apply
to the specific particle size distribution used in the research.

Existing geotechnical theories still lack a definitive method for describing the internal fabric of large-scale
accumulation bodies. There are only simple definitions based on particle size, such as "when the fine-grained
soil with a particle size smaller than 0.075 mm exceeds 25% of the total mass, it should be named coarse-
grained mixed soil"'®. Chinese official standards such as DLT 5395-2007 and DLT 5016-2011 only provide
brief requirements, such as the content of particles smaller than 5 mm not exceeding 30% and particles smaller
than 0.075 mm not exceeding 5%. Researchers have proposed various distribution functions for the particle
size distribution!*"'?. Turcotte first applied the fractal model to geological fragmentation problems and gave a
definition of fractal in his pioneering and foundational research, Fractals and Fragmentation®: "If the number-
size distribution of objects satisfies the condition, then a fractal is defined with a fractal dimension... A power-
law relation between number and size is, by definition, a fractal." Owing to the universality of fractal laws and
their advantages in mathematical and physical foundations, the power-law distribution has become one of the
representative particle size distribution functions for accumulation bodies (especially rock piles) and has been
widely applied. Chen et al.*! used direct shear tests to study the relationship between the shear strength of soils
in Fujian, China, and the fractal dimension and provided the formula t = a + bD + ¢D2 (where D is the fractal
dimension, t is the shear strength, and a, b, c are parameters). Through shear tests, Zhang et al.?* reported
that the cohesion and friction angle of granite residuals decrease with increasing fractal dimension. Avsar et
al.® conducted uniaxial compression tests on igneous conglomerates. They reported a statistically significant
positive correlation between the uniaxial compressive strength and fractal dimension of fragmentation, with a
reasonably high correlation coefficient.

In addition, the large-scale accumulation body, a complex system of discrete particles****, manifests
macroscopic properties stemming from microscopic interactions between particles. By considering particles as
points and their interactions as connections, the accumulation body can be abstracted into a complex network.
The characteristics of stress transmission within the accumulation body can be intuitively represented through
the particle contact network. Consequently, some researchers have employed complex network methods to
investigate the contact network characteristics of granular materials. Walker?*?” initially proved the feasibility
of using complex network theory to study granular systems and explored particle fragmentation through
complex network theory, finding that the strong force chains between particles follow the shortest path principle.
Tordesillas?® used complex network techniques to analyse X-ray images from particle shear tests and DEM
simulation results and discovered that the position and deformation of the shear band are established early in
the loading process before the maximum shear stress is reached. Li Ziqi* applied complex network methods
to investigate triaxial compression DEM simulations of sandy soil particles, revealing that particle connectivity
strengthens with compression, enhancing the force chain transmission capacity. The introduction of complex
network methods offers a new perspective for studying accumulation bodies. However, current research on
accumulation bodies primarily uses complex network theory combined with numerical simulations to describe
phenomena, with few reports incorporating actual physical experiments.

This study explores the relationship between the fabric characteristics of large-scale accumulation bodies and
their shear mechanical properties. By field investigating accumulation bodies to obtain particle size distribution
characteristics, we chose the fractal dimension D as a parameter to describe the particle fabric. We conducted
large direct shear tests with different fractal dimensions D for particles up to 40 mm and established MatDEM
direct shear numerical simulations on the basis of field investigation results. By combining complex network
methods, we systematically studied the shear mechanical properties of accumulation bodies with different
fractal dimensions from macroscopic and microscopic perspectives.

24,25

Physical experiments

Field investigation and materials

Large-scale accumulation bodies are widely distributed in the mountainous regions of western China. To assist
in the preparation of experimental materials, we selected and investigated seven accumulation bodies located
in Caopo, Wenchuan, Aba Tibetan and Qiang Autonomous Prefectures, Sichuan Province, China, along the
national highway G317, from K74+775 to K75+740, between Dujiangyan and Wenchuan. The lithology of these
accumulation bodies mainly consists of gray and dark gray carbonate rock salts, as shown in Figures 1(a) to 1(f).

We conducted onsite sampling at the seven accumulation body sites and then analysed the samples using a
combination of sieving and direct measurement. Each site had a section line set up with three sampling points
at the upper, middle, and lower parts, as shown in Figure 2. Seven section lines and 21 sampling points were set
up across the seven sites of accumulation bodies.

The mesh sizes of the onsite sieves were 5 mm, 10 mm, 20 mm, 30 mm, and 40 mm. For large rocks that were
difficult to sieve, the maximum linear dimensions in three mutually perpendicular directions were measured
directly with a ruler. The average particle size and mass of the rocks were then calculated using the following
Equation (1) and (2):

d:a—i-b—i—c (1)
3
1 3
= — : 2
m 817rd Ds (2)

In the equation, d represents the average particle size of the rock; a, b, and ¢ represent the maximum linear
dimensions in three mutually perpendicular directions of the rock; m represents the average mass of the rock;
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Fig. 1. Field photos of accumulation bodies.

and p_ represents the density of the rock. The particle test results were summarized in Supplementary Table S1
online.

Given the wide particle size distribution of the accumulation bodies—where the differences between the
maximum and minimum particle sizes often exceed a 100-fold—a fractal description proves to be more suitable.
For fractal fitting, the particle size-weight distribution fractal equation proposed by Yang Peiling et al.*° (Eq. (3))
was employed. The fitting results are presented in Table 1.
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Fig. 2. Diagram of site measurement points layout.

Average particle size(d | Correlation

Site Fractal Dimension(D) /mm) Coefficient(R?)

No | Upper | Middle | Lower | Upper | Middle | Lower | Upper | Middle | Lower
1 2.61 2.52 2.36 170 205 238 0.9562 | 0.9616 | 0.9216
2 2.48 2.33 2.25 250 320 314 0.9591 | 0.9784 | 0.9552
3 2.59 2.49 2.28 197 209 283 0.9585 | 0.9493 | 0.9518
4 243 2.31 223 255 330 358 0962 109762 |0.9721
5 2.43 2.30 222 313 349 365 0.966 |0.9671 | 0.9672
6 2.79 2.78 2.76 60 69 73 0.9084 | 0.9495 | 0.9287
7 2.48 2.33 2.27 245 268 311 0.9207 | 0.9499 | 0.9321

Table 1. Results of particle size fractal analysis at each point.

where d; represents the average diameter between two sieve sizes d; and d; 1 Jdinax denotes the average diameter
of the largest soil particles, W (4 < d;) represents the cumulative weight of soil particles larger than d;, and Wy
represents the total weight of soil particles across all size classes.

From Table S1 and 1, we can observe these conclusions:

1. The particle size distributions of the accumulation bodies exhibit apparent regularity along the vertical
height direction. The upper part has a higher content of fine particles and fewer coarse particles; the middle
part shows an increase in coarse particles, whereas the bottom part consists predominantly of coarse parti-
cles with fewer fine particles. The average particle size increases from the upper to the bottom points.

2. The particle size distribution of the accumulation bodies conforms to a fractal distribution, and the fractal
dimension can reflect the fabric characteristics of the accumulation bodies. A smaller fractal dimension
corresponds to a greater proportion of coarse particles, whereas a larger fractal dimension corresponds to
a greater proportion of fine particles. Additionally, the fractal dimension reflects the average size of the
particles: a smaller fractal dimension corresponds to a larger average particle size, whereas a larger fractal
dimension corresponds to a smaller average particle size.

3. With increasing slope height, the fractal dimension of the accumulation bodies gradually increases, with
larger fractal dimensions in the upper part and smaller fractal dimensions in the lower part. The fractal
dimensions range between 2 and 3. Specifically, the maximum fractal dimension at the upper points is 2.79,
the minimum fractal dimension is 2.43, and the average fractal dimension is 2.55; for the middle points, the
fractal dimension is 2.78, 2.30, and 2.44; and for the lower points, the fractal dimension is 2.76, 2.22, and 2.3.
The fractal dimensions of the field accumulation bodies range from 2.2 ~ 2.8. Thus, we define our study range
as D=2.2~28.

Based on the field investigation results and GB/T 50,123-2019, we set the maximum particle size for this
experiment at 40 mm (less than 1/8~1/10 of the shear box height of 400 mm). Natural accumulations were
chosen and initially air-dried for two weeks before transportation to the indoor experimental site. Since this
study primarily examines the influence of fractal dimension on shear properties, we minimized moisture-related
effects by sieving and air-drying the samples again upon arrival. Samples were then sealed in plastic woven
bags for storage, with moisture content verified to remain below 5% before testing. Finally, the samples were
sieved and configured into seven different fractal dimension ratios, ranging from 2.2 to 2.8. The particle size
distributions and sample configurations for each fractal dimension are shown in Figs. 3 and 4, respectively.
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Fig. 3. Particle size distribution diagram of physical experiments.

Equipments and plans

Among the shear characteristics of accumulation bodies, the shear strength and internal friction angle are two
key mechanical properties. We conducted large direct shear tests on samples with different fractal dimensions to
obtain the shear strength and internal friction angle. Additionally, we carried out static pile sand experiments to
supplement the results of the internal friction angle.

Large direct shear test

The large direct shear test was conducted using a DHJ50-2 stacking-type large direct shear device from the
Geotechnical Engineering Laboratory at Southwest Jiaotong University. The testing machine solved the problem
of the reduction in the shear surface during the test by replacing the upper shear box of the traditional direct
shear equipment with eight stacked rings, each 20 mm thick, which significantly expanded the shear zone and
greatly reduced the impact of particle breakage. It has a total dimension of 505 mm (diameter) x 400 mm (height)
and is suitable for samples with a maximum particle size of <60 mm. The main technical specifications include
a gap size of 10 mm between the upper and lower shear boxes, a maximum vertical load of 700 kN, a maximum
horizontal thrust of 700 kN, and an automatically controlled shear rate of 0.01~4.8 mm/min. The machine uses
four vertical displacement gauges and eleven horizontal displacement gauges to record displacement, with data
being collected and processed synchronously by an industrial control computer automatic control system. The
equipment is shown in Figure 5.

We weighed enough materials (180 kg in total) for each fractal dimension based on the ratio in Figure 3,
divided them evenly into five portions, and filled them into the shear box, compacting each layer by striking
with a hammer 50 times to ensure uniform compaction. The total amount of each loading was approximately
155--165 kg, varying with the fractal dimension. After filling, we conducted shear tests under vertical loads of
200 kPa, 500 kPa, and 800 kPa for each fractal dimension. The experiment procedures followed the GB/T 50123-
2019 Geotechnical Testing Methods standard, which uses automated control of vertical loads and horizontal
thrust, with a shear rate set at 1 mm/min until failure. Computer software automatically recorded shear force-
displacement data and plotted curves in real time.

Static sand heap trial

To cross-validate the internal friction angle findings, we included the sand heap trial, which simulates particle
accumulation and slope formation in controlled conditions, mirroring natural conditions and complementing
the shear test results. The sand heap trial employed the slope rolling accumulation method, which simulates
real-world accumulation processes under controlled conditions, ensuring more accurate and reliable results.
During the experiment, we set the slope angle, the slope used to roll the particles, to 70° to simulate the natural
sliding of the particles during the accumulation process. A glass surface slope was used to minimize frictional
effects on the slope.

In the experiment, the particles were scooped with a shovel and then slowly and freely slid down along the
glass panel 20 cm above the top of the heap. When the particle heap reached a critical state, sand deposition was
halted, and the angle of repose was measured. The critical heap state®! is defined as the point where particles
slide along the slope where despite continuous vertical accumulation of the heap, its horizontal dimension no
longer increases. Upon reaching this state, the particles further accumulate until the vertical height stabilizes,
indicating the critical heap state. The angle of inclination a formed at the critical heap state is regarded as the
angle of repose of the particles, « = arctan(h/r), where h is the height of the accumulation and r is the radius
of the base of the accumulation. The resulting angle formed at this critical heap state is considered the angle of
repose for the particles.

Four experiments were conducted for each fractal dimension specified in Figure 3. In each experiment,
particle heaps totaling 40 kg were arranged according to the selected ratio. The height and length of the particle
heap were measured in four trials, and the average values were used to calculate the angle of repose. Each heap
formed during the experiment was a conical frustum with a base diameter of 60 cm and a height of 20 cm, with
a volume of approximately 0.12 m3, as shown in Supplementary Fig. S1 online.
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(2) D=2.8

Fig. 4. Samples of accumulation bodies with different fractal dimensions.

Methods

Numerical simulation

Traditional methods, such as finite element analysis based on continuous media, have limitations in studying
accumulation bodies. Since Cundall P. A.3>*? introduced the discrete element method (DEM), this approach has
become a prominent tool for analysing granular materials at the microscopic level in geotechnical simulations.
MatDEM, a discrete element method numerical simulation software independently developed by Nanjing
University, has been applied to simulate a series of problems, such as landslides and rock bursts. MatDEM utilizes
GPU-based matrix computation, which enables a 30-fold increase in the number of units processed compared to
conventional software, effectively addressing the issue of computational load*!. Based on this advantage, we have
chosen MatDEM as our discrete element numerical simulation software.

Numerical simulation experiments using MatDEM are generally divided into three steps: model building,
material assignment, and iterative numerical simulation. The first step is to establish the accumulation model.
In terms of particle size, the model is based on physical experiments. Since the upper limit for particle elements
in MatDEM software is 1 million, the use of a 1:1 scale for numerical simulation exceeds this limit. Therefore, a
scaling ratio of 1:4 was determined through experiments, which balances accuracy and speed. At this ratio, the
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Fig. 5. Diagram of the ring shear test device: (a) device frontal view, (b) schematic diagram of the device.
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Fig. 6. Particle size distribution diagram of numerical simulation test.

maximum particle diameter is 12 mm. The shear rate is set to 0.5mm/min, a 1:2 scaling ratio compared to the
physical experiment, following Froude’s law. We adjusted the particle size distribution accordingly, and the PSD
curves for different fractal dimensions are shown in Figure 6. To simplify the process, we used uniform spherical
particles in the numerical simulation and assigned uniform physical properties to the particle surfaces for study.

After model building of accumulation bodies with different fractal dimensions according to the ratios in
Figure 6, we simulated the random particle accumulation process in nature using a gravitational deposition
function. After gravity deposition is complete, a pressure plate is generated above the sample to compact it,
simulating the tamping process in physical experiments. Following the establishment of the initial model,
gravitational deposition, compaction, and gravity reduction, the accumulation model is completed, as shown in
Figure 7(a). Next, the function is used to cut the sample established in the first step into a cylindrical shape, and
the resulting cylindrical sample is moved to the premodelled shear box. The shear box, cylindrical sample, and
upper pressure plate are then introduced into the test area, thus completing the model-building step, as shown

in Figure 7(b).

Next, material assignment is carried out using the Hertz contact model. The detailed micromechanical
properties used are listed in Table 2. Notably, we can set whether a group of particles has friction when in contact
with other particles in MatDEM. To avoid inaccuracies caused by friction between the sample and the inner
walls of the shear box, we chose to set the upper and lower shear boxes and the pressure plate as frictionless rigid
bodies. Therefore, in this simulation, the normal stiffness of the shear boxes and the pressure plate is set to 10
times the normal stiffness of the sample particles, with both the normal stiffness and friction coefficient set to 0.
Additionally, the energy dissipation option is enabled, and the energy loss is recorded through the aHeat matrix.
The preliminary setup is complete, and the iterative simulation is ready to commence.

Scientific Reports|  (2025) 15:7835

| https://doi.org/10.1038/s41598-025-90293-9

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Diameter

Diameter B

Zm)

)06 3 Y [m)
X [m] g X [m)

Fig. 7. Diagram of the numerical simulation experiment process: (a) D=2.5 accumulation body, (b) Shear box
with sample inside.

Micromechanical Properties | Normal Stiffness k,, /(N - . ~') | Friction Coefficient p& | Damping
Average 1.4x108 0.1 0.005

Table 2. Micromechanical properties.

Complex network analysis

By modeling the particles as nodes, we are able to quantify interactions through key parameters like the average
clustering coefficient, average path length, and network efficiency. This framework allows us to connect local
particle behaviors to macroscopic shear properties, offering insights into the structural dynamics of large-scale
accumulation bodies. For the purpose of simplifying calculations, we employed an unweighted and undirected
network.

Owing to the relative displacement of particles within the shear band significantly outnumbering other parts
during the shearing process, we extracted the particles within the shear band as nodes for the complex network
model. According to Jiang et al.*>, the thickness of the shear band is generally between 10 dso and 15 dso. In this
experiment, dso is between 3 and 4 mm, so the shear band thickness is set to 45 mm.

In granular structures, particle contact is the most fundamental interaction at the microscopic scale.
Therefore, it is crucial to quantify the overall number of contacts within the system. In complex networks, this
concept is described by the degree value, where a higher average degree value indicates more particle contacts
and a lower average degree value indicates fewer contacts. In addition to the node-scale information represented
by the degree value, mesoscale features also play a significant role in complex networks. We introduce two
parameters to describe and analyse mesoscale features: the average clustering coefficient and average path
length. The average clustering coefficient measures the average ratio of actual edges to possible edges for each
node in the network and describes the degree of clustering. The average path length refers to the average distance
between any two points in the network, illustrating the closeness of connections between points. At the network
scale, we introduce network efficiency. Network efficiency describes the average closeness and robustness of
the entire network, with values ranging from 0 to 1. This reflects the efficiency of force transmission between
particles and the robustness of the contact network. A higher network efficiency indicates better efficiency
in force transmission between particles, less energy consumption in interactions, and superior mechanical
performance of the system.

We analysed this phenomenon using the advanced complex network analysis software Pajek as a
mathematical analysis tool, which aims to decipher the underlying mechanism of how the mechanical properties
of the accumulation body vary with fractal dimension. Pajek offers several notable features, including speed,
visualization capabilities, abstraction, and the ability to input parameters in multiple formats. We utilized Pajek
to model the direct shear network, enabling calculations of various complex network parameters such as degree
value, clustering coefficient, average path length, and network efficiency. These calculations allow us to analyze
and measure the network’s structure and properties, providing insights into the importance of nodes within the
network.

Results
We found a consistent pattern across different fractal dimensions. Due to space limitations, we will present
detailed results only for groups 2.3, 2.5, and 2.8.

Physical experiment results
Here, we present the phenomena observed in our experiments, with a more detailed explanation provided in the
subsequent sections.

Figure 8 illustrates the shear stress-shear distance relationship obtained from the large direct shear test.
During the shearing process, the stress is initially redistributed among the particles, leading to a rapid and
instantaneous increase in shear stress. Subsequently, as the voids between larger particles are filled and the
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Fig. 9. Internal friction angle from the direct shear test (Black Line) and the angle of repose from static sand
heap trial (Red Line).

internal structure of the particles undergoes reorganization, the specimen’s resistance to deformation increases.
At this stage, the shear stress continues to rise with increasing strain. After reaching the peak shear stress, the
shear strength of the specimen gradually decreases and eventually stabilizes, entering the residual phase.

Figure 9 shows the variation of the internal friction angle from the direct shear test and the angle of repose
from static sand heap trial with respect to the fractal dimension. When D = 2.5, they both reached maximum.
These two parameters provide complementary insights into how the material’s mechanical properties change
with fractal dimension.

Figure 10 shows the variation in the shear strength of accumulation bodies with fractal dimension in the
large direct shear test. Contrary to previous conclusions that shear strength increases with fractal dimension, the
shear strength of accumulation bodies initially increases but then decreases with increasing fractal dimension,
reaching its maximum at D = 2.5, following a normal distribution.

The shear strength distribution was fitted to fractal dimensions using a Gaussian distribution. The fitting
results were good, as shown in Fig. 10, all conforming to N (2.5,0.11?), and the statistical equation is provided
as follows:

_p-w?

2

1 )'6 2(71

) (4)

where 7 represents the shear strength, C' is an amplification factor related to the vertical load, where
C =11+ 0.1P, P is the vertical load in kPa, k is the baseline value of the function with k = 7, o1 is the
standard deviation with o1 = 0.11, D is the fractal dimension, and p represents the mean value with p = 2.5.

Numerical simulation results
First, before presenting the numerical simulation results, we will verify the model’s validity using data from the
D=2.4 group. The results of physical experiments and numerical simulation were generally consistent as shown
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Fig. 11. Comparison between numerical simulation and physical experiment when D=2.4: (a) Stress-strain
curve. The solid line represents the physical experiment, and the dashed line represents the numerical
simulation result. (b) Comparison of structural forces between numerical simulation and physical experiment.

in Figure 11, indicating the validity of the model. When the vertical load is lower, the consistency between the
numerical simulation results and physical experiment results is better than that under higher vertical loads. This
is because in numerical simulation experiments, the particles are spherical, whereas in physical experiments,
the particles are irregular. The irregular particles have greater friction between them. At lower vertical loads, the
particles are less constrained by external forces, and the friction between particles has less of an impact on the
shear strength of the sample. As the vertical load increases, the influence of friction becomes more pronounced,
and the consistency decreases accordingly. The distributions of the structural forces with shear displacement
obtained from the physical and numerical simulation experiments are shown in Figure 11(b), indicating that
their distributions are basically similar.

The variation in shear strength with fractal dimension in the numerical simulation is shown in Fig. 12(a). The
results are consistent with the results obtained from physical experiments, and the distribution of shear strength
with fractal dimension also follows a normal distribution, reaching a maximum at D=2.5. After Gaussian
distribution fitting, the shear strength obtained from the numerical simulation also follows Eq. (4), as shown
in Figs. 12(b). The fitting results are promising, indicating conformity with N (2.5,0.085%), and the statistical
equation is given as follows:

1 _(D-w)?
Yoe 2 (5)

TZC(k-‘r(m

where 7 represents the shear strength, C is an amplification factor related to the vertical load, where
C =2.540.06P, P is the vertical load in kPa, k is the baseline value of the function with k& = 13, o2 is the
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standard deviation with o2 = 0.085, D is the fractal dimension, and p represents the mean value, = 2.5.
The other parameters differ except for p. We believe this discrepancy is due to the impossibility of numerical
simulation to match physical experiments completely.

This increase-then-decrease trend in shear strength with fractal dimension obtained from both physical
experiments and numerical simulations, peaking at D=2.5, suggests an optimal particle configuration that
maximizes the ability to resist external deformation, which we investigate further through complex network
parameters.

Complex network results
To further understand the shear strength behaviour observed in physical tests, we use complex network
parameters to explore the underlying particle connectivity and force transmission, providing a microscale
perspective on macroscopic strength variations. We extracted the particle data from MatDEM simulations and
then calculated them in Pajek.

Average degree value

On the basis of the results of the Pajek calculations, we plotted the variation in the average degree value with
shear distance, as shown in Figs. 13 (a) ~ (c). The figures show that the larger the vertical load is, the greater the
average degree value for the same fractal dimension. As shear progresses, the average degree value of the network
decreases. The decrease in the average degree value is particularly noticeable in the early stages of shearing. As
shearing continues, the rate of decline slows, indicating that the particles are significantly reorganized during
the initial shearing stage. As shearing progresses, the connections between particles gradually stabilize, and the
average degree value remains stable in the later stages of shearing.
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Average clustering coefficient
We plotted the variation in the average clustering coefficient with shear distance, as shown in Figures 14 (a)~(c).
For the same fractal dimension, the average clustering coeflicient of the network system increases as the vertical
load increases. The average clustering coeflicient does not change significantly throughout the shearing process.
Figure 15 shows the variation in the average clustering coefficient of accumulation bodies with fractal dimension
in the large direct shear test. The high clustering coefficient at D=2.5 indicates a densely interconnected particle
network, which correlates with the peak shear strength observed, suggesting that denser particle connections
improve stability. The clustering coefficient distribution with fractal dimensions was statistically analysed and
fitted using a Gaussian distribution. The results, shown in Fig. 15, indicate a good fit, all of which conform to
N(2.5,0.0857), and the following statistical equation is provided:

_(o-w?

)-e 25 (6)

1

Co=C(k+ (03 Ner
where C. is the clustering coeflicient, C is an amplification factor related to the vertical load,
C = 0.0093 + 0.00001P, P is the vertical load in kPa, k is the baseline value of the function, £ = 10, o3 is
the standard deviation, o3 = 0.085, D is the fractal dimension, and  is the mean value, ; = 2.5. Comparing
Eq. (5) and Eq. (6), we find that in the numerical simulation, the macroscopic parameter (shear strength) and
the microscopic parameter (average clustering coefficient) both conform to a similar normal distribution,
indicating that changes in the microscopic complex network parameters can explain changes in the macroscopic
mechanical properties of the accumulation body.

Average path length

Figure 16 (a)~(c) shows the variation in the average path length with shear distance under different vertical
loads. The figure reveals that the greater the vertical load is, the shorter the average path length for the same
fractal dimension, which indicates a denser particle contact network and a stronger structure. Its trend with

Scientific Reports | (2025) 15:7835 | https://doi.org/10.1038/s41598-025-90293-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Average Path Length
%

Legend Legend 167 Toend
~>-200kPa| 14 [©-200kPa -c»;ﬁ;,l‘wa
00kPa 14

|=-800kPa [-o-800kPal o-800kPa
= 12
0—O0—0 21
10 o

s

Average Path Length
o

Average Path Length
P

10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Shear Distance/mm Shear Distance/mm Shear Distance/mm

(a) (b) (c)

Fig. 16. Average path length: (a) D=2.3, (b) D=2.5, (c) D=2.8

184
Legend
-0-200kPa|
164 -0-500kPa
= -2-800kPa
=
23
=
S144
=
=
5
[
o124
o0
<
)
o
>
<101
»
<
=
8
6 T T T T T 1
22 23 2.4 2.5 2.6 2.7 2.8

Fractal Dimension

Fig. 17. Maximum average path length for different fractal dimensions.

0.28 7
Legend
-0-200kPa
-0-500kPa

0.26 [-=-800kPal
>
15
£
o
5 0.24
g
=
A
g 0.22 4
£
@
z

0.2
0.18 T T T T T 1
22 23 24 25 2.6 2.7 2.8

Fractal Dimension

Fig. 18. Network efficiency for different fractal dimensions.

changing vertical load is opposite to that of the average clustering coefficient, which is consistent with the theory
of complex networks, i.e., the more closely the network is connected, the larger the average clustering coefficient,
and, correspondingly, the shorter the average path length.

Figure 17 shows that under the same vertical load, the distribution of the average path length with fractal
dimension is opposite to that of the average clustering coefficient. This further indicates that when the fractal
dimension D = 2.5, the overall network is the most robust, and the particle connections are the tightest, which is
consistent with the mechanical performance results from the physical experiments.

Network efficiency
Using MATLAB software, we computed the network efficiency for different fractal dimensions under various
vertical loads. The results are shown in Figure 18. The results indicate that network efficiency increases with
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vertical load; for the same vertical load, network efficiency follows a bell-shaped curve concerning the fractal
dimension. The bell-shaped trend in network efficiency, with a peak at D=2.5, aligns with the Gaussian pattern
observed in shear strength, indicating that the most efficient force transmission occurs at this fractal dimension,
enhancing stability.

From the analysis of the average clustering coefficient, average path length, and network efficiency, we
concluded that the network of the accumulation body first strengthens and then weakens with increasing
fractal dimension. At D=2.5, clustering is most pronounced, connections are tightest, and network efficiency
reaches its peak, indicating that the network achieves its most robust state. This interpretation offers a microscale
perspective on the phenomenon observed in physical experiments where the shear mechanical properties
initially strengthen and then weaken with increasing fractal dimension.

Conclusions

Owing to the complexity of large-scale accumulation bodies, understanding their mechanical properties from
the perspective of granular materials remains a challenging and interesting topic in geotechnical engineering.
This study aims to investigate the relationship between the particle fabric characteristics of accumulation bodies
and their shear mechanical properties. We employed fractal dimensions to describe the fabric features of these
accumulation bodies and conducted large direct shear tests as well as discrete element method simulations based
on MatDEM under various vertical loads. On the basis of the experimental results, this research enhances the
comprehension of how fabric characteristics affect the macroscopic mechanical behaviour of granular materials,
which not only offers a scientific basis for the optimal mix design of artificial construction materials but also
introduces a new approach for evaluating the stability of large-scale accumulation bodies, the main conclusions
are as follows:

1) Unlike previous conclusions that the shear strength of accumulation body increases with increasing fractal
dimension, under the same vertical load, both the shear strength obtained from physical tests and numeri-
cal simulations and the internal friction angle initially increase and then decrease as the fractal dimension
increases, the maximum values are observed when the fractal dimension D = 2.5. Statistical formulas for
the variation in shear strength with fractal dimension is provided, all following a normal distribution with a
mean value of 2.5 and an amplification factor that is proportional to the vertical load.

2) We calculated complex network parameters, observed that as vertical load increases, the average degree of
particles rises, the average clustering coefficient increases, and the average path length decreases; the net-
work efficiency initially increases and then decreases with increasing fractal dimension, peaking at D = 2.5,
while the average path length exhibits the opposite trend. The analysis of these complex network parameters
offers a fresh perspective on the mechanisms driving the observed patterns in physical experiments and
numerical simulations of particle contact network.

3) It is worth noting that the average clustering coefficient follows a normal distribution nearly consistent to
that observed in the numerical simulation experiments, with the same mean value of 2.5, same standard de-
viation of 0.085 and an amplification factor that is proportional to the vertical load. These physical quantities
above obtained consistent patterns of how the fractal dimensions influenced on the mechanical properties
of granular materials from various perspectives, providing a new interpretation of the mechanisms by which
fractal dimensions affected their shear characteristics from the perspective of the topological structure of the
particle contact network.

Last but not least, considering the significant variation in the particle size within each sample, the changes in the
void ratio and expansion behaviour during shearing remain to be studied, and further insights can be gained as
new testing and analysis methods become available.
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