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ABSTRACT 
Storage of iron ore pellet feed fines (with 90% minimum granulometry of <45 μm and 100% <150 micron) can 
be studied through the mechanics of granular materials. Geotechnical inputs are not able to explain the failure 
phenomenon comprehensively. Yet, in the industry the trend is to work with geotechnical inputs and an exagge-
rated degree of visual interpretation. The first part of this article briefly shows some articles in which authors 
emphasize the mechanics of granular materials and an article placing emphasis on the geotechnical features of 
granular materials. The second part shows the solution to the equation developed by [1] applied to the geometry 
of iron ore storage piles. The scale model study of stress variation on the model’s axis is done and the comparison 
of the stress variation and Thamwattana’s analytical resolution is commented. The third part shows a stress dis-
tribution study formulating centered finite differences by applying the Itasca Consulting Group’s PFC2D soft-
ware to the iron ore stockpile within the same footprint as the stockpile in the analytical model. This study’s con-
clusions are as follows: 1) The differential between the models is the differences between tangential and normal 
rigidity. These differences between tangential rigidity Kt and normal rigidity Kn make the stockpile unstable. We 
can state that when Kn = Kt the stockpiles are more stable. 2) The models and all the work done show that the 
stockpiles are not stable. The stockpiles are at times temporarily stable, but even after formation, these stockpiles 
are unstable and the particles are always moving. 
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1. Introduction 
Granular materials are plentiful in nature, and it is also 
estimated that they comprise 75% of raw materials stock- 
piled in industries. Knowledge of their properties, beha-
viors and of the forces operating in such systems is im-
portant for stocks to be handled safely, as well as for 
designing equipment to process and transport such mate-
rials (Figure 1). 

The simplest example of a granular material system is 
a grain stockpile. These stockpiles may vary in volume, 
from a small stockpile of sand made by a person to a far 
greater scale in the case of industries, notably in the 
mining industry. These industrial stockpiles are more 
often conical, but can be prismatic in shape, overlapping 
conical and kidney-shaped (circular), depending on their 
construction methodology and contours. 

Stockpiling of ore fines (pellet feed) as well as fine 

granular materials means risking loss of materials and 
human lives. Not infrequently we find stockpiles of fines 
stored at ports of shipment and stockyards suddenly fail-  
 

 
Figure 1. Failure of a pellet feed stockpile at the port of 
Vitoria. 
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ing. This article is a comprehensive study on the stability 
of iron ore fine (pellet feed) stockpiling. The first part 
briefly addresses the state of the art where the authors 
emphasize the mechanics of granular materials and an 
article focusing on geotechnical granular materials. The 
second part shows the solution to the equation developed 
by [1] applied to the geometry of iron ore stockpiles. The 
study of stress variation using a scale model is performed. 
The comparison of the stress variation with the analytical 
solution [1] is commented. The third part shows an iron 
ore stockpile study highlighting stress distribution by 
formulating discrete elements. 

2. A Brief History 
Intuitively, we expect that the maximum tensile stress at 
the base of a stockpile occurs directly below the top of 
the pile; however experimental results [2] show that the 
point of maximum pressure is located at an intermediate 
position between the center and the edge of the stockpile. 
This motivated the development of discrete and compu-
tational models in an attempt to explain this phenomenon 
called “stress dip effect”. 

In an attempt to formulate an analytical solution to the 
stockpile problem [1], it posits a theoretical stockpile 
made up of two regions, an outer plastic region in which 
the material is found in limit equilibrium and an elastic 
inner region in which the material is found to be in equi-
librium (Figure 2). Numerical results show that, for a 
stockpile standing entirely on limit equilibrium, the 
problem’s equations can only be solved when the friction 
angle is 90˚, so it can be assumed that not all of the 
stockpile material is in limit equilibrium. 

Continuum medium mechanics applied to granular en-
vironments [1] sheds light on working out a solution to 
the Mohr-Coulomb criterion from basic equilibrium equ-
ations: 

0xyXX

X y

τσ ∂∂
+ =

∂ ∂
             (1) 

xy yy g
x y
τ σ

ρ
∂ ∂

+ =
∂ ∂

             (2) 

sin cosq p c≤ ∅+ ∅            (3) 

where ρ is the density, g the gravity and p and q are the 
stress invariants. 

The stress component expressions below were ob-
tained from an exact analytical solution for the simplified 
case where 90∅ = . 
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where a is the stockpile slope angle, ( )erf x  stands for 
the error function, s is an integration parameter, b is the 
slope angle of the straight line that defines the boundary 
between the two regions and C3 is an integration constant, 
defined by: 
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s2 is the parametric variable s in the elastic-plastic 
boundary and erfc(x) is the complementary error function 
erfc(x) = 1 − erf(x). 

This result depends on arbitrary parameter B, which is 
in the 0.5 < B < 1.0 interval. 

The result of these equations is shown in Figure 3 
where sin 1β = ∅ = ; the chart also shows the stress 
distribution obtained [3] for values of β from cosα where 
α is half the stockpile slope angle up to β = 1.  

In the charts in Figure 3, a shift in maximum stress to 
the edge of the stockpile is noted as the friction angle  

 

 
Figure 2. Model of a stockpile consisting of two regions and its system of coordinates [1]. 
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Figure 3. Results obtained analytically for different values of β = ∅sin  where α is half the stockpile surface slope angle of 
inclination [3]. 
 
increases; apparently stresses tend to infinity on the free 
surface of the stockpile when the friction angle increases, 
but stress conversion results in null normal stress at the 
edge of the stockpile. 

In this model it is also possible to associate the boun-
dary between the plastic and elastic regions at the maxi-
mum stress point. 

The manner in which the material is disposed of af-
fects the central minimum stress value. This stress could 
be reproduced by the occasional deposition of the ma-
terial above the material stockpile, and this minimum 
would disappear if the stockpile was made up of consec-
utive horizontal layers [1]. 

An important finding was revealed concerning con-
ically shaped stockpiles of iron ore pellets [4]. The study 
using the DEM (discrete element method) methodology 
revealed that the construction of the stockpiles is strongly 
affected by contact directions and directions of contact 
forces occurring in the center of the stockpile. The pres-
sures in the central region produce vertical forces as par-
ticles make contact when the deposition is distributed 
throughout the stockpile. When the stockpile is formed 
by occasional deposition, pressures produce angled 
forces as particles come into contact, making the stock-
pile unstable (Figure 4). 

The mechanism shaping the stockpile with successive 
slides as a result of adding material to the crest of the 
stockpile could affect the grain packing texture, and 
make the material anisotropic. Slides would trigger a 
deformation in the same direction they occur in. This is 
similar to a deformation caused by the material shearing 
[5]. 

As the stockpile is shaped by successive slides, the an-
gle of repose of the material could be the maximum in-
clination angle the material is stable at. For a granular 
material stockpile, where the grain is dry and slightly 
compressed, the angle of repose can be considered equal 

to the friction angle of the material [6]. It is important to 
note that the frictional nature of granular material is 
strongly affected by the extent to which the particles are 
compacted. Imbrication between particles provides addi-
tional resistance to shearing. The pure definition of a 
material friction angle is displayed in Figure 5(a). In 
Figure 5(b) we can observe high normal rigidity ( )nK  
and low tangential rigidity ( )tK . From another direction, 
in Figure 5(c) we can observe a higher Kt value and a 
lower Kn value than in the previous situation [7]. 

The angle of repose (Figure 6) is also affected by the 
grain size of particles, since the same material has greater 
angles of repose for larger particle sizes, with the angu-
larity and flat surfaces of the larger particles offering 
greater stability [8]. 

The gaps between the grains may hold some degree of 
humidity, and depending on moisture content, water sur-
face tension may generate cohesive forces between 
grains; moreover, when the voids are saturated with wa-
ter, pore pressure may be enough to separate the particles 
and cause the mass to liquefy (Figure 7) [8]. 

3. The Analytical Model Formulated by [1] 
versus the Iron Ore Fines Stockpile  
Scale Model 

Samples with 50 kg of pellet feed (iron ore fines) were 
used to form the scale models of the stockpiles set out in 
the iron ore mine production yards. The density value for 
the sample is 5.35 g/cm3. This sample was called sample 
1 in this article. 

We applied the formulation [1] for the geometry of the 
stockpile used to store pellet feed in mining company 
yards, h = 12 meters (height) and x = 28 meters (width). 
The results are shown in Figure 8. The degree of the 
stockpile slope is 40.6˚ (a = 0.84) and B = 0.75: 

For the scale model, the rationale for the experiments 
was to record through a patented apparatus for recording 
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and treating the stress variation on the axis and on the 
edge of the stockpile in real time. These continuous 
records were made during, after and at the stockpile fail-
ure. 

The scale model of the stockpile in sample 1 is shown 
in Figure 9. Its base has two lateral retaining walls to 
simulate the actual conditions the stockpiles undergo in 
the stockyard. 

The results obtained are shown in Figures 10 and 11.  
Comparison of the curves obtained in the experiment 

with models reducing the curves obtained with the ana-
lytical formulation finds that curves show the same dis-
tribution for the stresses on the axis with the σyy stress as 
the τxy edge stress. On the σyy axis (vertical stress Figure 
10) a fall of this stress can be seen from 0.75 X/h for the 
theoretical model and 0.78 for the scale model. On the τxy 
axis (stress at the edge) we have an increase in stress for 
X/h equal to 0.75 and with the scale model this increase 
is 0.78. Collecting data with the scale model was not 
conducive to capturing monotonic data (Figure 11). This 
fact shows curves with sharp variations for the scale 
model. 

4. Numerical Modeling with PFC 2d 
To create numerical models to study the mechanical be-
haviors of solids based on infinitesimal integration re-
quires mechanical parameters need to be determined. In 
this particular case studies were based on shear strength. 

The shear test consists of applying transverse forces 
( )sF  to material being studied and under a con-
stant/steady/continuous normal force ( )nF . Results are 
obtained on a Shear Stress ( )τ  vs. Normal Stress ( )σ  
chart (Figure 12). This failure criterion is defined in li-
terature as Mohr-Coulomb’s failure criterion, which 
enables the friction angle and the cohesion of the materi-
al to be determined.  

The input parameters in numerical modeling are pri-
marily the angle of friction and rigidity. Rigidity may be 
defined as the tangent of the ratio of shear stress and  

normal (vertical) and tangential (horizontal) deforma-
tions obtained from samples during the test.  

Three tests were performed for each sample, each ex-
periment being subjected to a standard of 50, 200 and 
500 kPa. The chart in Figure 13 shows the curve for one 
of the tests for sample 1.  

 

 
Figure 4. Normalized distribution of pressures depending 
on the deposition method [4]. 
 

 
Figure 5. Makeup of the friction angle in different condi-
tions (a) pure definition of friction angle, (b) low actual 
friction angle with ↑Kn, ↓Kt, (c) high actual friction angle 
with ↓Kn; ↑Kt [7]. 

 

 
Figure 6. Angles of repose of different grain sizes [8]. 
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Figure 7. Negative, null and positive pore pressures, respec-
tively, in the gaps between the particles [8]. 
 

 
Figure 8. Distribution of (a) vertical stresses, and (b) tan-
gential stresses calculated for the geometry of the stockpile 
height = 12 meters and width = 28 meters. 
 

The results of the three tests were ploted on a shear 
stress vs. normal stress chart, and from the Mohr-Cou- 
lomb envelope it was possible to calculate the friction 
angle of the material (Figure 14). 

 
Figure 9. Scale model of an iron ore stockpile. 

 

 
Figure 10. Vertical stress variation according to X/h ratio, 
with X as the stockpile width and h as its height. Stress 
variation at the edge of the pile Sample A. 
 

 
Figure 11. Stress Variation at the edge of the stockpile ac-
cording to X/h ratio, with X as the stockpile width, and h as 
its height. 
 

 
Figure 12. Mechanical application in the shear test. 

 
The results of all the samples are shown in Table 1. 

The SL sample shows a different behavior compared to  
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Figure 13. Curve for shear test with sample 1 for normal 
stress equal to 50 kPa. 
 

 
Figure 14. Mohr-Coulomb Envelope for Sample 1. 

 
Table 1. Final results of the parameters for numerical mod-
eling. 

Sample 
Normal 
Stress 
(kPa) 

Normal 
Rigidity 

(kPa/mm) 

Tangential 
Rigidity 

(kPa/mm) 

Friction 
angle 

(degrees) 

Sample 1 

50 21.90 87.60 

29 200 26.18 91.65 

500 71.42 500.00 

SL 

50 7.11 32.00 

28 200 24.10 38.56 

500 110.36 331.10 

 
Sample 1. The most significant factor is the rigidity pa-
rameter of the SL sample. This parameter indicates that 
the vertical rigidity of the SL sample is greater in sample 
1, but shear rigidity is smaller. We could infer that the SL 
stockpiles of ore fines exhibit larger sideway deforma-
tions than those along the x axis. 

Input parameters and simulations studied. 
For the simulations, the following were used: 
1) Bulk density, 2.830 kgf/m3 
2) Normal and tangential rigidity for normal stress of 

500 kPa 
3) Friction angle. 

The number of particles was 2000, with a stockpile 
height and width of 12 m and 26 m, respectively, and two 
lateral retaining walls measuring 1/3 of the height of the 
stockpile were used.  

Figure 15 displays the scheme for monitoring varia-
tion in horizontal and vertical forces along the base of the 
stockpile, represented by points 1, 4, 7, 10 and 13. 

The results for the two models are represented as fol-
lows: 

The forces in blue are compressive forces. We ob-
served the formation of a dome of compression forces 
enclosed by the green line. A homogeneous compression 
stress dome is only found for the SL stockpile, where the 
particles above the dome remain subjected to minor 
compression stress forces. In the sample 1 stockpile, par-
ticles above the green line are “fixed” just by friction 
force. The effect is that the sample 1 stockpile has a more 
triangular profile while the SL sample stockpile appears 
more parabolic (Figure 16).  

At no time does the model show a zero velocity for the 
particles. The particles are always moving even with the 
stockpile in formation. Stockpiles go as far as the sup-
porting walls, within the number of calculation cycles 
applied. No overflow of the particles over the wall was 
seen. 

The results of the evolution of vertical and horizontal 
forces for points 1, 4, and 7 of Figure 15 are depicted in 
Figures 17-20 respectively. For reasons of symmetry the 
results for points 10 and 13 (Figure 15) were similar as 
expected and no charts will be presented for them.  

The x-axis corresponds to the number of calculation 
interaction cycles. At the 2.5 × 106 cycles point, core 
point 7 of the model in Figure 15 is represented by the 
blue line. Stabilization forces near 1.0 × 105 N (Y-axis) 
are seen. Curve fluctuation is noted due to the period of 
time loading the stockpile. Increase in the stockpile 
height on reaching these regions of the base used is seen 
at the beginning of the curves from 4:01 1.0 × 106 cycles 
and 1.7 × 106 cycles, respectively. Near the left wall 
(Point 1-Figure 15) the black line shows a tendency to-
wards constant load of 0.2 × 105 N. In position the inter-  
 

 
Figure 15. Stockpile monitoring regions. 
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(a)                                                   (b) 

Figure 16. Results of the numerical model for (a) Sample 1, (b) Sample SL. 
 

 
Figure 17. Sample 1 - Evolution of forces towards Y at points 1 (black line), 4 (red line) 7 (midpoint blue line). 

 

 
Figure 18. Sample SL - Evolution of forces towards Y at points 1 (black line), 4 (red line) and 7 (blue line midpoint). 
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Figure 19. Sample 1 Evolution of forces towards X at points 7 (black line) 10 (red line) 13 (blue line central point). 

 

 
Figure 20. Sample SL - Evolution of forces towards X at points 1 (black line), 4 (red line) and 7 (blue line central point). 

 
mediate red line shows a tendency to stabilize at 4.0 × 
106 cycles close to 0.5 × 105 N. 

The force at point 1 becomes constant and close to 0.2 
× 105 N near the wall where the latter influences the dis-
sipation of part of these forces. At the center point, the 
tendency to stabilization is very close to the intermediate 
point after 1.8 × 106 cycles. Forces tend to 0.5 × 105 N 
for the central axis and 0.9 × 105 N for the intermediate 
point. These forces remain constant suggesting tempo-
rary stabilization of the stockpile. 

Point 7 (black line in this case) is the midpoint as 
shown in Figure 15. A tendency to decompression at 2.5 
× 106 cycles is noted. Intermediate points and those close 
to the wall, 10 and 13 respectively, show a tendency to 
stabilization, but with different loads for 0.25 × 104 N 
blue line and red line 2.0 × 104 N. 

The central point of the stockpile blue line shows a 
tendency to cancel out the forces after 2.0 × 106 cycles. 
The forces at the midpoint and near the wall do not can-
cel each other out showing a load transfer to these points. 
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This provides certain stability. 

5. Final Conclusion 
Considerable similarity can be seen on comparing the 
results of the theoretical analytical model by [1] with the 
results of the scale model. This resemblance has to do 
with the function rather than the values. We attributed 
this to the friction angle of the theoretical model being 
equal to 90˚. In the scale model this angle is the real an-
gle close to 29˚. Numerical models show similar beha-
vior to each other for the evolution of forces along the X 
axis; forces eventually stabilize at the edge of the stock-
piles. This behavior is observed in the scale model and 
the model by [1]. 

On the Y-axis, the theoretical and scale models also 
show similar functions and different numerical values. 
The SL numerical model also shows decompression on 
the central axis of the stockpile, which is not observed in 
the Sample 1 model. 

In Figure 18(b), the center of the SL stockpile shows 
greater bulk density, indicating a curvature/sagging/arch- 
hing/bending characteristic due to smaller tangential ri-
gidity ( )tK . In the sample 1 stockpile, the center of the 
pile is less dense and mobile due to the tangential rigidity 
value being higher. The sample 1 stockpile does not 
show decompression on the central axis of the stockpile 
due to the tK  rigidity of the model. The ratio between 

t nK K  rigidity of sample 1 is approximately 7 and in 
the SL sample it is 3. This makes the SL stockpile more 
stable with a parabolic densification format. 
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