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Introduction

With the proposal of carbon peak and carbon neutrality goals, scholars are increasingly 
focusing on how to achieve better energy conservation, emission reduction and enhanced 
resource utilization. The processing of ores involves multiple stages of crushing and grind-
ing to meet subsequent processing requirements. The processes of crushing and grinding 
aim to reduce the particle size of raw ore materials to the desired specifications. However, 
a significant amount of energy is often wasted in this process. Therefore, investigating more 
efficient methods for ore crushing is of paramount importance for improving ore-fragmenta-
tion efficiency and achieving energy conservation and emission reduction.
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Scholars have conducted extensive research on various factors, including experiments 
and simulations, related to the fragmentation of ore-particle clusters. Zhang et al. established 
a model for the cyclic compression crushing operation of granular materials, incorporating 
selection functions, crushing functions and particle-shape transformation functions, and 
subsequently solved the model (Zhang et al. 2017). Liu et al. employed numerical simulation 
using uniaxial compression to investigate the fragmentation process of particle clusters, ob-
taining simulated post-crushing particle distribution curves (Liu et al. 2005). Evertsson et 
al. through ore granular material crushing experiments, identified the correlation between 
crushing functions, selection functions, and the compression state of ore granular materials, 
leading to the development of an ore granular material cyclic compression crushing model 
(Evertsson and Bearman 1997). Nguyen et al. explored the impact of crushing energy on 
the effectiveness of fragmentation through unconfined quasi-static particle bed compression 
experiments (Nguyen et al. 2002). Liu et al. established a interparticle breakage model by 
analyzing particle bed crushing experiments with a narrow size distribution and developed 
a predictive method for inter-particle breakage results under different feed sizes (Liu and 
Schönert 1996). Liu considering the characteristics of the granular material size distribu-
tion, established a particle size model for cyclic compression based on the overall balance 
model (Liu 2020). Jiménez-Herrera et al. compared three particle fragmentation simulation 
models–FBM, BPM and PRM–and found that the PRM fragmentation simulation model 
demonstrated higher accuracy in post-crushing particle size distribution (Jiménez-Herrera 
et al. 2017). In the realm of mineral fractal characteristics, scholars have also conducted 
relevant research. Ning et al. studied the fractal characteristics of coal fatigue failure under 
low-frequency cyclic loading through a series of experiments and established the relation-
ship between fractal dimension and fragment size, mass and quantity (Ning et al. 2018). 
Wang et al. utilizing a split Hopkinson pressure bar (SHPB) impact experiment system and 
applying fractal theory, investigated the fractal characteristics of the pore structure of coal 
before and after impact, revealing the influence of the impact load on the microscopic pore 
structure of anthracite coal (Wang and Liang 2020). Cai et al. employed fractal theory to 
establish a predictive model for energy consumption in low-frequency vibration and com-
pression crushing of ores (Cai et al. 2016). Liu et al. researched the impact of loading rates 
on the fractal characteristics of rock fragmentation under impact loading (Liu et al. 2013).  
Wu et al. employed a  split Hopkinson pressure bar to apply dynamic loads to laminated 
shale, obtaining the dynamic compressive strength and macroscopic failure modes of lam-
inated shale under different bedding angles (Wu and Li 2019). In summary, scholars have 
conducted extensive research on the fragmentation of ore-particle clusters and mineral frac-
tal dimension. However, there is a scarcity of reported studies on the analysis characteristics 
of simulation and the simulation of ore-particle cluster fragmentation. 

In conventional comminution equipment, such as jaw crushers, cone crushers and dou-
ble-roll crushers, the crushing modes are generally considered to be static or quasi-static 
(Huang 2007). Research on the static and quasi-static fragmentation of ore-particle clusters is 
of significant importance for the development of novel and efficient comminution equipment.  
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This study investigates the fractal characteristics of ore-particle clusters under quasi-stat-
ic loading. The Tavares model is employed to study the fragmentation characteristics of 
ore-particle clusters under quasi-static loading, and fractal dimension is used to analyze 
the degree of fragmentation in the post-crushed ore. The simulation results are validated 
through crushing experiments.

1. Tavares model

The Tavares model is specifically designed for simulating the fracture of granular ma-
terials. This model takes into account surface wear, strength degradation, and the overall 
fragmentation process of particles under external forces, providing a more realistic and com-
prehensive representation of the mechanisms involved in granular material fragmentation 
(Cleary and Sinnott 2015; Barrios et al. 2020). The Tavares model has been adapted from the 
original Hertz-Mindlin contact model in EDEM. Illustrated in Figure 1, the implementation 
of the particle fragmentation process based on the Tavares model begins with intact particles 
at the initial stage. When the material’s energy reaches the critical value for fragmentation, 
the particle replacement program is invoked, removing large particles and replacing them 
with smaller particles. Subsequently, under the influence of contact forces, the small parti-
cles separate, resulting in the desired fragmentation effect.

According to the Tavares model, the condition for the fragmentation of granular bulk 
materials is determined by comparing the fracture energy with the maximum fracture en-
ergy. Here, the stressing energy consists of normal energy and shear energy, as shown in 
Equation (1) (Tavares et al. 2021). 

	 Ek = En + ctEt� (1)

ªª En and Et 	–	 are the normal energy and shear energy experienced by the particles  
					     during the charging process,

ct 			   –	 shear energy coefficient.

Fig. 1. Crushing process in the Tavares model

Rys. 1. Proces kruszenia w modelu Tavaresa
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The fracture energy of each individual particle is determined based on its size, mean 
value and standard deviation. This fracture energy follows an upper-truncated log-normal 
distribution, with the probability density function of fracture energy represented as Equa-
tion (2) (Tavares et al. 2021).
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ªª E		  –	 the particle fracture energy distribution corresponding to the maximum  
				    stressing energy that it can sustain in a collision, 

Emax	 –	 denotes the upper truncation value of the log-normal distribution, 
E50		 –	 represents the median fracture energy of the log-normal distribution, 
σ		  –	 the standard deviation of the log-normal distribution of fracture energy. 

The median fracture energy of the particle is represented by Equation (3).
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ªª E∞	–	 represents the ultimate fracture energy, 
d0 	–	 stands for the characteristic particle size of the granular material, 
φ 	 –	 is a fitting parameter for calculating particle fracture energy, 
dp 	–	 denotes the representative particle size of the particle size distribution, 
kp 	–	 signifies the stiffness of the particle, 
kst 	–	 represents the stiffness of the geometrical body.

If granular bulk materials do not undergo fragmentation during the loading process, 
the original large particle will experience damage, leading to the updating of the fracture 
energy of the particle. The updated fracture energy is lower than the fracture energy of the 
original large particle. Subsequently, upon further loading, the updating process continues 
until the original particle undergoes fragmentation. The relationship between the fracture 
energy of the particle after damage from external loading and the previous fracture energy 
is represented as Equation (4).
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ªª Ef 	 	 –	 fracture energy of the particle,
E’ f 	 –	 the fracture energy of the particle after damage, 
D 		  –	 represents the damage coefficient, eEk denotes the effective fracture energy, 
γ 		  –	 stands for the damage accumulation coefficient, 
e 		  –	 signifies the proportionality coefficient of fracture energy, 
kp 		 –	 represents the Stiffness of the particle, 
ks 		  –	 denotes the stiffness of the contact surface of the particle.

The degree of particle fragmentation can be expressed using the t10 – tn, in which t10 
represents the proportion of resulting smaller particles smaller than one-tenth of the size 
of the feed granular bulk material. The relationship between t10 and the fracture energy is 
depicted as Equation (5).
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ªª A		  –	 represents the fitting parameter obtained from experiments, which signifies the  
				    maximum achievable value of t10 in experiments, 

b		  –	 another fitting parameter from experiments, 
eEk	 –	 denotes the effective fracture energy, 
e		  –	 signifies the proportionality coefficient of fracture energy, 
Ef 	 	 –	 signifies the fracture energy of the particle.

2. Simulation and analysis of fragmentation

2.1. The simulation process of ore-particle cluster fragmentation

When conducting simulation and analysis of ore fragmentation using EDEM, it is essen-
tial to calibrate the parameters of the ore. Referring to relevant material manuals and incor-
porating the preliminary work experience of the project team, the intrinsic parameters of the 
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ore, contact mechanics parameters, and Tavares model setting parameters can be obtained. 
These parameters are detailed in Tables 1, 2 and 3, respectively.

Considering the ore feed size in the range of 16 to 18 mm and practical experimental 
conditions, the structural dimensions of the loading cylinder were selected as depicted in 
Figure 2. In this configuration, the inner diameter of the test cylinder is 150 mm, and its 
height is 125 mm. To explore the fractal characteristics of ore fragmentation under different 

Table 1. 	 Intrinsic parameters of the ore

Tabela 1. 	 Wewnętrzne parametry rudy

Materials Density (kg/m3) Shear modulus (Pa) Poisson’s ratio

Wolframite 2,830 2.5*10^10 0.25

Equipment 7,800 7.9*10^10 0.30

Table 2.	 Contact mechanics parameters

Tabela 2. 	 Parametry mechaniki kontaktu

Contact parameter Wolframite – Wolframite Equipment – Wolframite

Coefficient of resilience 0.20 0.25

Coefficient of static friction 0.45 0.65

Coefficient of rolling friction 0.30 0.50

Table 3.	 Tavares model configuration parameters

Tabela 3. 	 Parametry konfiguracji modelu Tavaresa

Damage constant 3.0

E50 parameter (mm) 8.0

Fitting parameter 0.84

Standard deviation of the fracture energy 0.4

alpha_percentage 49.6

b 0.025

Minimum particle size for breakage (mm) 1.00

Minimum collision energy (J) 0.0001
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loading forces and investigate the impact of varying loading forces on the fractal features 
of ore fragmentation, five sets of simulation experiments were designed, each representing 
different quasi-static loads of 100 kN, 150 kN, 200 kN, 250 kN and 300 kN.

2.2. Analysis of post-crushing particle size distribution

The simulation process of the ore-particle clusters crushing experiment obtained in 
EDEM post-processing is illustrated in Figure 3. It can be observed that at the initial mo-
ment of the crushing simulation, the ore-particle models are predominantly large particles. 
As the simulation progresses, the indenter begins its descent, leading to a gradual reduction 
in the gaps between ore-particle models and a decrease in the void ratio within the ore- 
-particle clusters. Consequently, large ore particles commence the fragmentation process, 
ultimately yielding smaller particles.

Fig. 2. Schematic diagram of the loading cylinder

Rys. 2. Schemat ideowy cylindra ładującego

a) Initial moment b) Intermediate process c) End Time

Fig. 3. Simulation process of ore-particle clusters crushing experiment

Rys. 3. Proces symulacji kruszenia skupisk cząstek  
a) Moment początkowy, b) Proces pośredni, c) Czas zakończenia
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The particle size and mass information were exported during post-processing, and MAT-
LAB software was employed for data analysis. The resulting post-crushing particle size 
distribution under quasi-static loading for a wolframite ore is depicted in Figure 4.

Analysis of Figure 4 reveals distinct post-crushing particle size distributions under var-
ying quasi-static loads. With the increase in quasi-static load, the initial slope of the parti-
cle size distribution curve steadily rises, indicating a higher proportion of smaller particles 
post-crushing and a greater degree of fragmentation within the ore-particle clusters. Com-
parative data analysis indicates that at a quasi-static load of 100 kN, the ore-particle size 
is predominantly comprised of large particles (diameter greater than 12 mm) and medium 
particles (diameter in the range 6–12 mm), accounting for 92.12% of the total. The content of 
small particles (diameter less than 6 mm) is relatively low. As the quasi-static load increas-
es, the content of small particles progressively rises. When the quasi-static load reaches its 
maximum of 300 kN, the combined mass percentage of medium and small particles reaches 
73.72%. This suggests that, under the same feed particle size conditions, higher quasi-static 
loads result in finer post-crushed materials.

2.3. Analysis of post-crushing average particle size

To provide a more efficient and quantitative characterization of the particle size distri-
bution features of ore-particle clusters under quasi-static loading, the post-crushing average 
particle size was calculated. This quantitative approach serves to describe the impact of 
different quasi-static loads on the fragmentation of ore-particle clusters.
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ªª d 	 –	 represents the average particle size, 
di 	 –	 is the average particle size of crushed ore particles in each statistical size grade, 
ri 	 –	 is the mass percentage of crushed particles corresponding to di.

The average particle size of ore-particle clusters under quasi-static loading for different 
influencing factors is presented in Table 4. The data for the average particle size under vari-
ous influencing factors were fitted, as illustrated in Figure 5. 

Analysis of Figure 5 indicates that with the continuous increase in quasi-static load, the 
average particle size of ore fragmentation decreases. When the quasi-static load is 100 kN,  
the average fragmentation size is 13.20 mm, and when the quasi-static load reaches  
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Fig. 5. Distribution of average particle size in ore-particle clusters under different quasi-static loads

Rys. 5. Rozkład średniej wielkości cząstek w skupiskach cząstek rudy 
przy różnych obciążeniach quasi-statycznych

Table 4.	 Statistical parameters of post-crushing particle sizes for ore-particle clusters

Tabela 4. 	 Parametry statystyczne wielkości cząstek po kruszeniu dla skupisk cząstek rudy

Different Quasi-Static Loads 100 kN 150 kN 200 kN 250 kN 300 kN

Fractal Dimension 0.9205 1.0676 1.1632 1.2472 1.3603

Related Coefficient 0.9963 0.9954 0.9934 0.9887 0.9792

Average Particle Size 13.20 12.38 11.29 10.31 8.98
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300 kN,  the average fragmentation size reduces to 8.98 mm. A quadratic fitting function  
was employed to fit the average fragmentation size data, yielding a fitting related coeffi-
cient of 0.9969, indicating high fitting accuracy. Therefore, the average fragmentation size 
information provides a more intuitive description of the fragmentation state of ore-particle 
clusters.

3. Study of fractal characteristics after crushing

3.1. Calculation of fractal dimension

There are primarily two methods for calculating the fractal dimension of ore-particle 
clusters: the first involves calculations based on the size-frequency relationship; the second 
involves calculations based on the mass-frequency relationship. Using the simulated data 
recorded, the mass-frequency method was employed to calculate the fractal dimension of 
ore-particle clusters after crushing. The particle size distribution equation (Li et al. 2019) for 
ore-particle clusters under quasi-static loading can be obtained as follows.

	 (3 )
( ) fD
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M x x
M x

−
 

=  
 
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ªª x 		  –	 represents the size of ore particles, 
xm 		 –	 the maximum size of ore particles, 
M(x) 	 –	 the cumulative mass of particles with sizes less than x,
MT 	 –	 the total mass of ore particles,  
Df d	 –	 enotes the fractal dimension of the ore-particle clusters.

Taking the logarithm of both sides of Equation (7) yields
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From Equation (8), it can be observed that in the double logarithmic coordinate system 
with lg[M(x)/MT] as the dependent variable and lg(x) as the independent variable, the slope 
of the curve obtained by fitting the discrete data using the least squares method is precisely 
3 – Df. Thus, the fractal dimension (Df) of the ore-particle clusters under quasi-static loading 
can be determined.

Using MATLAB software, the curve of the post-crushing ore-particle size distribution 
of ore-particle clusters under the influence of quasi-static loads is depicted in Figure 6. 
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Analysis of Figure 6 reveals that under different quasi-static loads, the cumulative mass 
percentage and post-crushing particle size of ore-particle clusters exhibit a good linear cor-
relation in the double logarithmic coordinate system. The fractal dimension of post-crushing 
ore-particle clusters for different quasi-static loads are presented in Table 4. Analysis of  
Table 4 indicates that the fitting related coefficient of the double logarithmic relationship 
curves for calculating the fractal dimension of ore-particle clusters under different qua-
si-static loads are all greater than 0.97. This suggests that ore-particle clusters conform to 
fractal patterns during quasi-static loading, and the fractal dimension of ore-particle clusters 
under different quasi-static loads ranges from 0.9205 to 1.3603.

3.2. The relationship between fractal dimension  
and different quasi-static loads

Figure 7 depicts the relationship curve between fractal dimension and different qua-
si-static loads. Analysis of Figure 7 reveals that during the ore-crushing process, the 
fractal dimension increases linearly with the augmentation of quasi-static loads. The 
slope of the fitted curve is 0.0021 with a fitting correlation coefficient R of 0.9951, thus 
demonstrating a strong linear correlation. As the quasi-static load increases from 100 kN 
to 300 kN, the fractal dimension rises from 0.9205 to 1.3603, indicating a corresponding 
increase in the degree of ore crushing. Analysis indicates that increasing the quasi-static 
load leads to a gradual accumulation of energy at initial defects such as micro-cracks, 
joints, and voids within the ore. Consequently, the growth and development of initial 
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defects within the ore result in macroscopic fragmentation. As the number of smaller 
particles increases, the fractal dimension gradually enlarges, intensifying the degree of 
ore fragmentation.

3.3. The relationship between fractal dimension  
and average particle size after crushing

In order to provide a more intuitive description of the particle distribution character-
istics of crushed ore under quasi-static loading conditions, the average particle size cal-
culation method was adopted to quantitatively assess the information on particle average 
distribution, as explained in Section 2.3. The average particle size data was then fitted 
with the corresponding fractal dimension data, resulting in the relationship curve between 
the average particle size and fractal dimension of the crushed ore-particle clusters, as 
depicted in Figure 8.

Analysis of Figure 8 reveals that the fractal dimension of the crushed ore-particle clusters 
under quasi-static loading decreases in accordance with the increase in the average particle 
size. The slope of the fitted curve is –0.0997, with a fitting correlation coefficient R of 0.9880, 
indicating a strong linear correlation. As the average particle size of the crushed ore-particle 
clusters increases from 8.98 mm to 13.20 mm, the corresponding fractal dimension decreas-
es from 1.3603 to 0.9205. The fractal dimension is closely associated with the crushing char-
acteristics of the ore-particle clusters, indicating that a larger fractal dimension corresponds 
to smaller particle sizes. Therefore, the fractal dimension effectively reflects the crushing 
process of the ore-particle clusters. This indicates that the particle size distribution of the 
fragmented ore exhibits good self-similarity and significant fractal characteristics.
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4. Experimental investigation of ore-particle clusters crushing

4.1. Experimental procedures

The quasi-static loading test of a  wolframite ore was conducted using a  computer-
ized universal material testing machine (Model: WE-1000B), as illustrated in Figure 9.  
The experimental setup was comprised of a computer, a control cabinet, a hydraulic control 
system, a displacement sensor, a pressure sensor and a loading cylinder. 
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Fig. 9. Experimental setup for quasi-static loading test of a wolframite ore

Rys. 9. Układ doświadczalny testu obciążenia quasi-statycznego rudy wolframitu
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The samples used in the experiment were wolframite ore from a  mine in southern  
Jiangxi Province, with a density of 2,740 kg/m3. These ore samples were the products of 
a jaw crusher, with a particle size range of 30 to 50 mm. To meet the experimental require-
ments, preliminary crushing was conducted using a  laboratory-scale jaw crusher. Subse-
quently, the crushed material was sieved to obtain experimental samples within the particle 
size range of 16 to 18 mm. 

The experimental samples were placed into a loading pressure cylinder with a material 
layer height of 100 mm. They were subjected to loading using a digital display universal 
material testing machine, with load increments set at 100, 200 and 300 kN. The loading rate 
was controlled at 1 kN/s via the control console. Subsequently, unloading was performed. 
Each experimental set was repeated three times, resulting in a total of nine experiments.

4.2. Analysis of experimental results

After unloading with the universal material testing machine, the loading cylinder is tak-
en out, and the ore is sieved through a screening experiment to obtain the particle size distri-
bution of the ore with an initial particle size of 16 to 18 mm, as shown in Table 5.

The particle size distribution of the crushed ore was statistically analyzed for each ex-
perimental group. The statistical results of the average post-crushing cumulative undersize 
yield for wolframite ore are depicted in Figure 10. 

It is evident that the trend of post-crushing proportions in the experiments closely aligns 
with the simulation results. Specifically, when quasi-static loads are set at 100 kN, 200 kN 
and 300 kN, the proportions of ore particles smaller than 6 mm are 3.98%, 10.21% and 
21.77%, respectively. Compared to the simulation, the absolute errors are 3.90%, 6.98%  
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and 9.36%, respectively. The main source of error lies in the influence of the external appear-
ance of the ore on the crushing effect.

Conclusions

1.	 Under the influence of different quasi-static loads, the distribution of crushed particle 
sizes varies significantly. With the gradual increase in quasi-static load, the proportion 
of smaller particles after crushing becomes higher, indicating a greater degree of frag-
mentation in the ore-particle clusters.

2.	 With the continuous increase in quasi-static load, the average particle size of the crushed 
ore shows a decreasing trend. When the quasi-static load is 100 kN, the average crushed 
particle size is 13.20 mm. As the quasi-static load reaches 300 kN, the average crushed par- 
ticle size decreases to 8.98 mm. The information on average crushed particle size  
provides an intuitive description of the ore crushing condition.

3.	 The ore-particle clusters exhibit fractal patterns during quasi-static loading, with the fractal 
dimension ranging from 0.9205 to 1.3603 under different quasi-static loads. As the quasi- 
-static load increases, the fractal dimension also increases. In the transition from 100 kN to 
300 kN quasi-static load, the fractal dimension increases from 0.9205 to 1.3603, indicating 
a corresponding increase in the degree of ore fragmentation. Additionally, the fractal di-
mension decreases with the increase in the average particle size of the crushed ore. When 
the average particle size of the ore-particle clusters increases from 8.98 mm to 13.20 mm, 
the corresponding fractal dimension decreases from 1.3603 to 0.9205.

This work was supported by the National Natural Science Foundation of China grant 52364025.
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Fractal characteristics analysis  
of ore particle clusters under quasi-static loading

K e y w o r d s 

fractal dimension, ore particle clusters, fracture characteristics, Tavares model, wolframite

A b s t r a c t 

To investigate the quasi-static loading fracture characteristics of a certain wolframite ore, a crush-
ing model of ore particle clusters was established using the Tavares model. The fracture character-
istics of ore particle clusters under quasi-static loading were studied through simulation, and the 
results were compared with experimental data from crushing tests. The findings revealed that under 
different quasi-static loads, the post-crushing particle size distribution varied significantly. With in-
creasing quasi-static loads, the proportion of smaller particles after crushing increased, indicating 
a higher degree of fragmentation in the ore particle clusters. Additionally, as the quasi-static load 
continued to increase, the average particle size of the ore particle clusters decreased. The average 
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particle size provided a direct and intuitive measure of the fragmentation status of the ore particle 
clusters. Furthermore, the ore particle clusters exhibited fractal patterns during quasi-static loading, 
with the fractal dimension of particle size distribution ranging from 0.9205 to 1.3603 under different 
quasi-static loads. The fractal dimension increased with the increment of quasi-static load, indicat-
ing a higher level of fragmentation. Moreover, the fractal dimension of ore particle clusters during 
quasi-static loading exhibited a decreasing trend with the average particle size of fragmentation. This 
study contributes to a comprehensive understanding of the fractal characteristics associated with the 
quasi-static loading fracture of ore particle clusters.

Analiza charakterystyk fraktalnych skupisk  
cząstek rudy pod obciążeniem quasi-statycznym

S ł o w a  k l u c z o w e

wymiar fraktalny, skupiska cząstek rudy, charakterystyka pęknięć, model Tavaresa, wolframit

S t r e s z c z e n i e

Aby zbadać charakterystykę pękania pod obciążeniem quasi-statycznym określonej rudy wolfra-
mitu, opracowano model kruszenia skupisk cząstek rudy przy użyciu modelu Tavaresa. Charaktery-
stykę pękania skupisk cząstek rudy pod obciążeniem quasi-statycznym zbadano poprzez symulację, 
a wyniki porównano z danymi eksperymentalnymi z testów kruszenia. Wyniki badań wykazały, że 
przy różnych obciążeniach quasi-statycznych rozkład wielkości cząstek po kruszeniu znacznie się 
różnił. Wraz ze wzrostem obciążeń quasi-statycznych zwiększał się udział mniejszych cząstek po 
kruszeniu, co wskazuje na wyższy stopień rozdrobnienia skupisk cząstek rudy. Dodatkowo, w miarę 
dalszego wzrostu obciążenia quasi-statycznego, średni rozmiar cząstek w skupiskach cząstek rudy 
zmniejszał się. Średni rozmiar cząstek stanowił bezpośrednią i intuicyjną miarę stanu rozdrobnienia 
skupisk cząstek rudy. Co więcej, skupiska cząstek rudy wykazywały fraktalne wzory przy quasi-sta-
tycznym obciążeniu, z fraktalnym wymiarem rozkładu wielkości cząstek w zakresie od 0,9205 do 
1,3603 przy różnych obciążeniach quasi-statycznych. Wymiar fraktalny wzrastał wraz ze wzrostem 
obciążenia quasi-statycznego, wskazując na wyższy stopień kruszenia. Co więcej, wymiar fraktalny 
skupisk cząstek rudy podczas quasi-statycznego obciążenia wykazywał tendencję malejącą wraz ze 
średnim rozmiarem cząstek kruszenia. Badanie to przyczynia się do wszechstronnego zrozumienia 
charakterystyki fraktalnej związanej z quasi-statycznym pękaniem obciążeniowym skupisk cząstek 
rudy.
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