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Abstract 

Iron ore pellets are sintered, centimetre-sized spheres of ore with high iron content. Together 

with carbonized coal, iron ore pellets are used in the production of steel. During transportation 

and handling of iron ore pellets they are exposed to different loads, resulting in degradation of 

the strength and in some cases fragmentation. The aim of this work is to increase the knowledge 

of how to design the handling systems for iron ore pellets to decrease the amount of fractured 

materials in the flows. A numerical finite element model for iron ore pellets fracture probability 

analysis is presented with a stress based fracture criterion. The model is used to simulate 

different flows of iron ore pellets hitting guide plates and to predict the proportion of fractured 

iron ore pellets in the flow. The amount of fractured iron ore pellets are predicted at different 

flow velocities, showing good agreement with experimental measurements.  
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1. Introduction 

The handling of iron ore pellets is an important component of the production chain for many 

producers and users of iron ore pellets. Knowledge of this sub-process is very important for 

improving its efficiency and increasing product quality. After production in pelletizing plants, 

iron ore pellets pass through a number of transportation and handling systems, such as conveyor 

belts, silo filling, silo discharging and transport by rail and ship. During these treatments, the 

pellets are exposed to different stresses, resulting in a degradation of their strength and 

generation of fines.  

 

Numerical simulations can be used to study the damage development that occurs during these 

processes in detail. To establish numerical models for iron ore pellets, their mechanical 

properties have to be investigated. Characterization of iron ore pellets as a bulk material has 

been studied in [1, 2]. In [3] a finite element model of iron ore pellets that captures the load-
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deformation behaviour and fracture property of iron ore pellets, including the statistical 

distribution of the material data is presented.  In another paper [4], the local contact behaviour 

of assemblies of iron ore pellets are studied experimentally and numerically to predict the 

fracture probability of pellets subjected to different loads. All of the studies described above 

used a quasi-static loading approach to investigate the mechanical properties of iron ore pellets. 

A well-established method to test the mechanical properties of materials at high strain rates is 

the split Hopkinson pressure bar (SHPB) method [5,6]. This method can be used for the 

dynamic testing of many types of materials, see e.g. [7] for a study of concrete-like materials 

and [8] for a study on rock materials. Numerical studies of the dynamical properties of brittle 

materials have also been carried out, see e.g. [9,10]. In [11] dynamic properties of iron ore 

pellets are studied experimentally and numerically, a SHPB assembly setup and an impact setup 

for iron ore pellets are presented.  

 

In the present study, a strain rate dependent numerical model for iron ore pellets is developed. 

With the material parameters for iron ore pellets, which are determined in terms of the statistical 

means and standard deviations, a fracture model is presented. The fracture model was validated 

by experimental data. The purpose of this study is to develop a model that can be used to predict 

the probability of fracture of iron ore pellets in different dynamic loading situations, e.g., pellets 

hitting guide plates around conveyor belts or during ship loading.  

2. Experimental 

Experimental results from quasi static testing in [3] and dynamic testing in [11] of iron ore 

pellets are used for numerical modelling and validation in this paper. The iron ore pellets studied 

in these paper are iron ore pellets from LKAB (Luossavaara-Kiirunavaara AB) in Malmberget, 

Sweden. In the blast furnace, iron ore is reduced and smelted to liquid crude iron. Fine-grained 

iron ore is too fine material for burdening in a blast furnace and must therefore be sintered into 

larger entities. Iron ore pellets are sintered, centimetre-sized spheres of grained ore with a high 

iron content (≈ 67wt% Fe) and are produced in two varieties: blast furnace (BF) pellets and 

direct reduction (DR) pellets. In the experiments, pellets were screened out to a range of 9 mm 

to 12 mm before testing. The average density for the test pellet batch was ρ = 3690 kg/m3. 

2.1. Results from two-point load tests 

In Table 1, a summation of the test results from quasi static two point load test in [3] and 

dynamic two point load test in [11] are given in terms of the average values and standard 

deviations. To compensate for the size variations, the load F is divided by D2  resulting in a 

stress-like measure. The shape of the iron ore pellets is not perfectly spherical; they have an 

irregular smooth shape. The diameter, D, is defined as the distance between the loading points 

for each test. 
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Table 1. Fracture load and strain rate for different test series. 

Test series Tensile strain 

rate, 𝜀�̇�𝑒𝑛, 

[1/s] average 

Fracture load, 

F/D2, 

[N/mm2] 

average±S 

Static [3] 0.0001 20.5±5.13 

Dynamic 1 [11] 57 25.3±5.36 

Dynamic 2 [11] 105 29.4±10.3 

Dynamic 3 [11] 227 25.8±6.20 

 

2.2. Results from impact tests 

Impact tests results from [11] in which iron ore pellets were impacted against a quadratic steel 

are gathered in Table 2. From the tests, the impact velocity and number of fractured pellets were 

recorded. A photo of a broken pellet from one of the tests is shown in Figure 1. 

 

Table 2. Results from the impact tests of iron ore pellets, from [11] 

Impact velocity, vi, 

[m/s] 

averages±S 

Number of 

specimens 

Mass [g] 

averages±S 

Number of 

fractured pellets 

Percentage 

of fracture 

6.6±0.61 13 2.96±0.57 0 0% 

9.0±0.45 4 2.90±0.51 0 0% 

11.3±0.75 14 2.98±0.50 4 29% 

13.7±0.67 18 3.13±0.46 6 33% 

15.9±0.72 15 3.06±0.56 9 60% 

19.3±1.09 5 3.13±0.39 4 80% 

22.2±1.04 4 3.47±0.18 4 100% 

 

 
Figure 1. Broken iron ore pellet from one of the impact tests. [11] 
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3. Numerical modelling 

The numerical simulations are computed using the non-linear FE analysis software LS-DYNA 

971 [12].  

3.1. Material modelling 

Iron ore pellets consist of a hard and brittle porous material and can be compared with materials 

such as rocks and ceramics. It is assumed that iron ore pellets have an elastic behaviour until 

fracture. In [11] an elastic model for iron ore pellets is presented. Young´s modulus is given as 

E = 19.5 GPa, and Poisson´s ratio is given as ν = 0.2.  

3.2. Fracture modelling 

In this work, a stress based fracture criterion f, which takes triaxiality into account, is used and 

calculated from the definition of the effective stress τ in [13]: 

 

𝜏 = ∑ 〈𝜎𝑖〉3
𝑖=1  (1) 

 

where σi, i = 1,2,3, are the principal stresses and   are the Macaulay brackets  

( x x , if x 0  and x = 0 , if x <0 ). From experiments, the fracture criterion is determined 

as the maximum effective stress at fracture. 

 

𝑓 = 𝜏𝑚𝑎𝑥 − 𝜎𝑓 = 0 (2) 

 

According to [11], the fracture stress is given as a function of the applied compression force, 

Fmax, and can be expressed as: 

  

𝜎𝑓 = 𝑐𝑓
𝐹𝑚𝑎𝑥

𝐷2  (3) 

 

where cf is a  fracture constant. For the actual iron ore pellets material this constant is determined 

to cf = 2.89 in [11].  

 

3.3. Fracture probability 

The probability of fracture for an iron ore pellet in the FE-model is determined by comparing 

the maximum effective stress τmax in the pellet during impact with the statistical fracture stress 

according to equation (4). 
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𝑃(𝜏𝑚𝑎𝑥 > 𝜎𝑓) = Φ (
𝜏𝑚𝑎𝑥−𝜎𝑓

𝜇

𝜎𝑓
𝑆 ) (4) 

 

where P is the probability of fracture and Φ is the distribution function for a normal distribution. 

Here, 𝜎𝑓
𝜇

 is the average fracture stress and 𝜎𝑓
𝑆 is the standard deviation of the fracture stress, 

determined in the dynamic two-point load tests. 

3.4. Finite element model 

A validation case is simulated where an iron ore pellet with speeds from 5 m/s up to 22.5 m/s 

impacts a steel plate perpendicular to the direction of the pellet. The FE model is an 

axisymmetric model of a spherical pellet and the steel plate. The iron ore pellet is modelled 

with 3400 four node axisymmetric elements and a compressive plate with 57 600 four-node 

axisymmetric elements. The diameter of the iron ore pellet is 12 mm. To save computational 

time, the size of the steel plate is made smaller than in reality and is set to 12 mm in thickness 

and 48 mm in radius in the model. This dimension of the plate is large enough to resolve the 

Herzian contact and large enough such that the reflected wave from the plate boundary had no 

influence on the iron ore pellet during the time interval of interest. Young´s modulus for the 

steel plate is 210 GPa and Poisson´s ratio 0.3. Density of the steel plate is 7800 kg/m3. The 

mesh of the pellet and the steel plate in the impact model is shown in Figure 2. The steel plate 

is large in relation to the pellet, and therefore, only a part of the steel plate mesh is shown in the 

figure. 

 

 
Figure 2. Finite element model of the impact test of an iron ore pellet. 

4. Numerical results and discussion 

4.1. Fracture stress evaluation 

A summation of the calculated fracture stresses for the different test series are given in Table 3 

in terms of the average values and standard deviations. 
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Table 3. Fracture stress and strain rate for different test series. 

Test series Tensile strain 

rate, 𝜀�̇�𝑒𝑛, [1/s] 

average 

Fracture stress, 

𝜎𝑓
𝜇

± 𝜎𝑓
𝑆, [MPa] 

 

Static 0.0001 59.2±14.9 

Dynamic 1 57 73.4±15.6 

Dynamic 2 105 85.0±32.8 

Dynamic 3 227 74.9±18.0 

 

A significantly higher fracture stress for the dynamic test series is observed compared to the 

static tests. No statistically significant difference is observed comparing the three dynamic test 

series. A relation of the fracture stress as a function of the tensile strain rate is suggested by the 

following function, which fulfils the observed strain rate behaviour of the fracture stress. 

 

𝜎𝑓 = 𝜎𝑓𝑑 + (𝜎𝑓𝑠 − 𝜎𝑓𝑑)𝑒−�̇�𝑡𝑒𝑛 �̇�𝑐⁄  (5) 

 

where fs is the static fracture stress and fd is the dynamic fracture stress, which are together 

according to the characteristic strain rate, 𝜀�̇� , found from the experiments. From the data shown 

in Table 3, the parameters of equation (12) are defined as fs = 59 MPa, fd = 77 MPa  and 𝜀�̇�= 

25 s-1, where fd is taken as the weighted average fracture stress from the three dynamic test 

series. The characteristic strain rate is chosen by the best fit to the experimental data. The model 

for fracture stress according to equation (5) is shown in Figure 3 (red curve) together with the 

experimental data. The experimental data are given as average values of the fracture stress 

(black squares), 95% confidence values (black lines) and 95% prediction intervals (black dots). 

 

 
Figure 3. Fracture stress, f as a function of the tensile strain rate. Experimental data with the statistical 

distribution and fracture model according to equation (5). 
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4.2. Simulation of pellet hitting guide plate 

The maximum effective stress is evaluated for the pellet for the different simulated impact 

velocities. The tensile strain rate at the position of the maximum effective stress is also 

evaluated for the different impact velocities. The probability of fracture is calculated from the 

maximum effective stress according to equation (4). For the actual range of tensile strain rates 

and according to Figure 3, the average fracture stress is set to 𝜎𝑓
𝜇

= 77 MPa and the standard 

deviation is set to 𝜎𝑓
𝑆 = 18 MPa in equation (4). The numerical results from the impact 

simulations are presented in Table 4. In Figure 4, the numerical results for the simulation of the 

12.5 m/s impact test are shown. A contour plot of the effective stress 17 s after impact is 

shown. This is the time at which a maximum effective stress of 70.5 MPa is found in the central 

part of the pellet (black dot in Figure 4). A maximum tensile strain rate of 310 s-1 is obtained in 

the model.  

 

Table 4. Simulated fracture probability. 

Impact velocity, vi 

[m/s] 

Maximum effective 

stress, τmax [MPa] 

Tensile strain rate, 

 𝜀�̇�𝑒𝑛 [s-1] 

Fracture 

probability, 

P (Eq. 4) 

5 39.6 132 1.9% 

7.5 51.2 190 7.6% 

10 60.8 257 18% 

12.5 70.5 310 36% 

15 80.9 387 59% 

17.5 91.8 460 79% 

20 101 534 91% 

22.5 110 613 97% 

  

 
Figure 4. Simulation of the impact of an iron ore pellet against a steel plate at 12.5 m/s. a, Effective stress 

distribution 17 s after impact, τmax = 70.5 MPa (black dot).  



8 

 

The probability of fracture is plotted against the impact speed for both the calculated and 

measured results, as shown in Figure 5. An agreement between the model and experiment is 

seen. Although the numerical model has a small overestimation of the fracture probability for 

most of the impact speeds, the shapes of the curves are similar, and the numerical model closely 

predicts the impact velocity where all of the pellets break (vi = 22.5 m/s).  

 

 
Figure 5. Fracture probability versus impact velocity. Comparison between numerical results and 

measurements. 

5. Conclusions 

This paper describes the numerical work used to investigate the impact fracture behaviour of 

iron ore pellets at different strain rates. A strain rate dependent fracture model for iron ore 

pellets is developed and validated by an impact test of iron ore pellets. The model and the 

experiment show similar results. Generally, the model overestimates the fracture probability by 

a small amount. One explanation for the overestimation is the limited number of tests for each 

impact velocity. Especially for low impact velocities where the probability of fracture is low, a 

large number of tests are needed to give a good statistical measure of the percentage of fracture. 

In conclusion, the presented numerical model can be used as a tool to estimate the fracture 

probability of pellets in different dynamic loading situations, e.g., pellets hitting guide plates 

around conveyor belts or in ship loading. 

6. Acknowledgements 

The financial support from Luleå University of Technology are gratefully acknowledged.  

 

 

 

 

 

 



9 

 

7. References 

[1] G. Gustafsson, H.-Å. Häggblad, S. Knutsson, Experimental characterization of 

constitutive data of iron ore pellets, Powder Technology, 194 (2009), 67-74. 

  

[2] G. Gustafsson, H.-Å. Häggblad, P. Jonsén, P. Marklund, Determination of bulk properties 

and fracture data for iron ore pellets using instrumented confined compression 

experiments, Powder Technology, 241 (2013) 19-27. 

  

[3]  G. Gustafsson, H.-Å. Häggblad, P. Jonsén, Characterization modelling and validation of 

a two-point loaded iron ore pellet, Powder Technology, 235 (2013) 126–135. 

 

[4] G. Gustafsson, H.-Å. Häggblad, P. Jonsén, Multi-particle finite element modelling of the 

compression of iron ore pellets with statistically distributed geometric and material data, 

Powder Technology, 239 (2013) 231-238. 

  

[5] B. Hopkinson, A method of measuring the pressure in the deformation of high explosive 

by impact of bullets, Philosophical transactions of the Royal Society of London 213 

(1914) 437-456. 

  

[6]  H. Kolsky, An investigation of mechanical properties of materials at very high rates of 

loading, Proceedings of the Physical Society of London B62 (1949) 676-700. 

 

 

 



10 

 

 

[7]  M. Zhang, H.J. Wu, Q.M. Li, F.L. Huang, “Further investigation on the dynamic 

compressive strength enhancement of concrete-like materials based on split Hopkinson 

pressure bar tests. Part I: Experiments”, International Journal of Impact Engineering, 

Volume 36, Issue 12, 2009, Pages 1327-1334. 

 

[8] Kaiwen Xia, Wei Yao, “Dynamic rock tests using split Hopkinson (Kolsky) bar system – 

A review”, Journal of Rock Mechanics and Geotechnical Engineering, Volume 7, Issue 

1, 2015, Pages 27-59. 

 

[9] Q.M. Li, Y.B. Lu, H. Meng, “Further investigation on the dynamic compressive strength 

enhancement of concrete-like materials based on split Hopkinson pressure bar tests. Part 

II: Numerical simulations”, International Journal of Impact Engineering, Volume 36, 

Issue 12, 2009, Pages 1335-1345.  

 

[10]  Zhang, Shu, Lu, Yubin, Chen, Xing, Teng, Xiao, & Yu, Shuisheng. (2016). “Further 

Investigation on the Real Rate Effect of Dynamic Tensile Strength for Concrete-Like 

Materials”, Latin American Journal of Solids and Structures, 13(1), 201-223. 

 

[11] G. Gustafsson, H.-Å. Häggblad, M. Nishida, S. Larsson, P. Jonsén (2016), Fracture 

probability modelling of impact-loaded iron ore pellets, International Journal of Impact 

Engineering, 102, 180-186. 

 

[12] Livermore Software Technology Corporation, LS-DYNA keyword user´s manual version 

971, Livermore Software Technology Corporation, California, 2007.  

 

 



11 

 

 

[13] M. Cervera, M. Chiumenti, R. Codina, Mesh objective modeling of cracks using 

continuous linear strain and displacement interpolations, International Journal for 

Numerical Methods in Engineering, 87 (2011) 962-987. 

 


