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An ideal unit of bulk transport or storage equipment is able to handle cohesive iron ore with consistent produc-
tivity. In practice, however, uncontrollable bulk property variations affect the productivity. Therefore, it is impor-
tant to understand the effect of uncontrollable variations on the process. This study quantifies variability and
interdependency of bulk property of a range of cohesive iron ore products. Three different laboratory tests rele-
vant to storage and excavation processes are used. Using a multi-variate experimental plan, three influencing
characteristics of iron ore – type,moisture content and consolidation state – are included. A stress-history depen-
dent behavior is captured in both the shear and penetration tests, with the results being highly dependent on the
pre-consolidation stress. The outcome of this study enables future research on minimizing the effect of uncon-
trollable bulk properties variability of iron ore and other cohesive materials in the design procedure of transport
and storage processes.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Transport of iron ore is important for the steel making industry. Iron
ore is transported from mining sites to processing facilities where it
ends up in blast furnaces. Along the way, various types of equipment
are used. Some examples are silos, ship unloaders and hoppers. To effec-
tively design and operate handling equipment, properties of iron ore
bulk as well as its interaction with equipment need to be considered.
However, bulk properties of iron ore such as bulk density and compress-
ibility, similar to the other raw fine materials, is dependent to various
factors, such as particle properties [1,2] and moisture content [3–5].
Therefore, in addition to identifying properties of iron ore bulk, variabil-
ity of iron ore products needs to be also considered in thedesign and op-
eration of handling equipment.

The uncontrollable variations of independent variables can be re-
sponsible for product performance inconsistency [6]. For that reason,
it is important to determine the optimal settings of controllable factors
in order to minimize the effects of uncontrollable variations on the pro-
cess. This is the fundamental strategy of robust design [7]. A number of
examples on minimizing the effects of uncontrollable variations on the
process can be found in [8–12]. However, in practice the distribution of
uncontrollable variables and their link to the process is often unknown.
ri).

.V. This is an open access article und
As a practical solution, one can assume a range of possible variations of
the uncontrollable variables to use in the design optimization process
[9]. However, assuming an unrealistic distribution may end to biased
optimization outcome with inadequate performance [11].

Fig. 1 illustrates how the variability of iron ore properties plays a role
in the handling process. The process input is a specific type of equip-
ment. We use grabs, which are being used to unload bulk carriers, as
an example to elaborate the flowchart. A rope grab that is lowered on
an iron ore cargo is introduced in Fig. 2.

In theflowchart, key performance indicators (KPIs) of equipment as-
sess product performance, such as grab's payload and energy consump-
tion. In the handling process, bulkmaterials are stored and transported;
for instance once ships reach the destination, using grabs cargoes are
excavated to be transported to quay side. The first group of input vari-
ables is design and operation parameters, which can be controlled,
such as bucket dimensions and operating speed. The second group,
bulk properties variability, is the uncontrollable variation of bulk prop-
erties, which are difficult or nearly impossible to be controlled by de-
signers or operators. For example, the inherent properties related to
the material origin, effects of mining aspects condition (e.g. water
table height), themine excavation process and the preprocessing before
sending to destinations (e.g. grinding). The bulk properties variability
are divided into two groups in this study, influencing and dependent
bulk properties. In general, influencing bulk properties are responsible
for the variations of dependent bulk properties.
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Controllable and uncontrollable inputs in bulk storage and transport processes.

Fig. 2. A rope grab lowered on iron ore cargo.
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In [2], stress-strain responses and bulk density of two Swedish iron
ore sample are quantified in uni-axial consolidation tests under various
combinations of moisture content. Additionally, the Jenike shear test is
applied to quantify the shear strength of the bulk materials at dry and
wet (7.5–8.5%) conditions, however, without creating a
pre-consolidated situation. In [13], the influence of moisture content
variation and pre-consolidation on flowability of four different
Australian cohesive iron ore samples were investigated. Free surface
flow of the samples (e.g. angle of repose) as well as interaction of iron
ore fines with handling equipment were out of scope of the two men-
tioned studies.

In [14] effects of type of iron ore and level ofmoisture content on the
bulk density and angle of repose of two samples of iron ore fine are in-
vestigated. Also, the bulk density measurements are performed under
the effect of consolidation and vibration at various levels of moisture
content. The results show that bulk density is sensitive to type of iron
ore, level of moisture content and consolidation. However, the relation-
ship between consolidation states and shear strength, or consolidation
states and penetration resistance of iron ore fines are not researched.

As discussed above, even though a number of studies are conducted
that can help to incorporate the variability of bulk properties in han-
dling process, some links remained unquantified. First, the effect of
level of pre-consolidation stress on the penetration resistance of iron
ore is unknown. Identifying this relationship is essential in some bulk
handling applications, such as ship unloading and excavation in stack
yards. Second, by quantifying the interdependency of flowability, pre-
consolidation and moisture content for cohesive iron ore, the uncer-
tainty of bulk properties variability can be introduced into the design
procedure of bulk handling equipment. Furthermore, relationships be-
tween influencing and dependent bulk properties are not fully
established in the literature. For instance, the effect of pre-
consolidation stress on the penetration resistance might be dependent
to type of iron ore.

Therefore, this study quantifies bulk properties of a broad range of
Brazilian cohesive iron ore products by experiments relevant to storage
and transport processes. This allows to identify range of bulk properties
variability of cohesive iron ore products; possible correlations and rela-
tionships between them can also be established. The bulk properties
variability is determined using shear, ledge angle of repose, uni-axial
consolidation and penetration tests. Based on the literature review,
the influential bulk properties are categorized into three different
groups as follows: I) type of iron ore, II) moisture content, and III) con-
solidation state. The first group, type of iron ore, covers those
characteristics of samples that can be assumed constant during storage
and excavation, such as chemical composition, particle size distribution,
clay type and content. Also, variations of particle size distribution due to
possible segregation during transport of iron ore cargoes is neglected in
the current study. More than five dependent bulk properties are also
measured in this study that can be categorized under threemain groups,
as follows: I) bulk density and compressibility, II) shear strength and
flowability, and III) interaction with equipment. Using the Design of Ex-
periment technique (DoE) [15], four different experiments are designed
to analyze the effect of influential bulk properties on the dependent
ones, as well as the interdependency of the influential properties.
Once this is known, the established relationships are useful for design-
ing bulk handling equipment by incorporating the effect of uncontrolla-
ble variations.

This article is structured as follows. In Section 2,we define influential
and dependent bulk properties. Furthermore, samples, measurement
devices and experimental plan are discussed in the same section. In
Section 3, results are presented followingby a discussion in Section 4. Fi-
nally, conclusions and outlook of this study are presented in Section 5.
2. Materials and method

2.1. Bulk properties variability: influential and dependent properties

2.1.1. Influencing bulk properties (IBPs)
Three different influencing bulk properties are included in this

study, which are also suggested in Fig. 1. The first property is the type
of iron ore cargo, which will be referred with I in this paper. In general,
iron ore products are produced in four different particle size ranges:
lump, pellet, sinter feed andpellet feed. Lumpore products have particle
size between 6.3 and 40 mm [16]. Particle size range of pellets is be-
tween 8 and 14 mm; because of size and characteristics of particles in
iron ore pellets, the variations of moisture content or consolidation
state does not play a role on the dependent bulk properties [1]. There-
fore, pellet as well as lump size iron ore products are out of scope of
the current study. Fig. 3 displays three different iron ore samples, pel-
lets, sinter feed and pellet feed categories, indicating the difference in
their particle size distribution. Sinter feed and pellet feed products,
which are included in this study, have a particle size usually less than
11 mm [17,18]. In [18], a Scanning Electron Microscope (SEM) was
used to take high magnification photos of the sinter feed type products.



Fig. 3. Various size range in iron ore products; pellets, sinter feed and pellet feed [19].

Table 1
Flow behavior based flow function [22].

Range ffc b 1 1 b ffc b 2 2 b ffc b
4

4 b ffc b 10 10 N ffc

Flow
behavior

NF: not
flowing

VC: very
cohesive

C:
cohesive

EF:
easy-flowing

FF:
free-flowing

Fig. 4. Particle size distribution of the iron ore samples.
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All the tested samples had porous particles of irregular shapes and a
range of particle sizes. Pellet feed type iron ores tend to be more uni-
formly sized, compared with sinter feed type products.

Second influencing bulk property is the level of moisture content.
Iron ore cargoes are found in awide range, from relatively dry condition
to saturated condition [20]. The dry-basedmoisture content, denoted by
MC in this article, is the portion of a representative sample consisting of
water, or other liquid express as a percentage of the total dry mass of
that sample [21].

The last important influencing bulk property that we include in this
study is the consolidating state. In general, the consolidation occurs due
to the consolidating stress, σ, acting on bulk solids [22]. Also, the kinetic
energy coming from releasing bulk solids from height leads to a more
consolidated condition [18].

2.1.2. Dependent bulk properties (DBPs)
The dependent bulk properties (DBPs) are basically sensitive to the

level of IBPs. First DBP, Bulk density (ρb) as shown in Eq. (1), follows
from the solid density (ρs), and the density of the fluid within the
voids (ρf) [22].

ρb ¼ 1−εð Þ:ρs þ S:ε:ρ f ð1Þ

Where S and ε are the degree of saturation (with fluid) and porosity
respectively. The porosity indicates the ratio of void volume to total vol-
ume of bulk solids, and decreases by applying the consolidating effort.
ρf, The fluid density is assumed to be constant in this study, and equal
to the density of water.

On an element of iron ore normal stresses as well as shear stresses
may act. It can be expected that if the ratio of shear stress and normal
stress exceeds a certain value, the particles will start to slide over each
other, which will lead to relatively large deformations. The resistance
against shear force or Shear strength is dependentmainly on two factors:
frictional strength, which is the resistance to movement between the
slope material's interacting constituent particles, and cohesion strength,
which is the bonding between the particles. The cohesion strength of
the liquid bridge in an iron ore bulk is dependent on the volume of
the bridge, and hence the amount of moisture present [2]. According
to [23], three bonding states can be identified in moist bulk solids, pen-
dular, funicular and capillary states. The bonding strength is weak at the
pendular state. By increasing quantity of liquid in bulk solids, the bond-
ing strength of liquid bridge increases to a peak at funicular state. A fully
saturation pointmay be reached by further increasing themoisture con-
tent, which causes the drop of capillary pressure near fully saturation
[24]. Fine-grained bulk solids with moderate or poor flow behavior
due to cohesive forces are called cohesive bulk solids [22]. If the influ-
ence of the cohesive forces can be neglected, a bulk solid is called non-
cohesive or free-flowing.

Jenike [25] as well as Schulze [22], suggested to characterize
flowability of a bulk solid by its unconfined yield strength, σc, as a func-
tion of the consolidation stress, σ1. The unconfined yield strength, σc, is
the stress causing failure under an unconfined compression. Usually
flow function, ffc, is used to characterize the flowability numerically, as
shown in Eq. (2).

ff c ¼
σ1

σ c
ð2Þ

The larger ffc is the better a bulk solid flows. The flow behavior is cat-
egorized based on its flow function in Table 1.

Furthermore, for a design procedure the quantities characterizing
the interaction between bulk solids and equipment have to be known.
Essentially, this can be quantified by measuring the shear strength be-
tween the geometry surface of equipment and bulk solids, generally re-
ferred in literature as wall friction. In addition to frictional forces,
adhesive forces may contribute to the shear strength between wall ma-
terial and bulk solid specimen. Thewall friction, is important for the de-
sign of silo, chutes, hoppers, and other equipment that contactwith bulk
solids during their transport [22].

2.2. Iron ore samples

The selected samples are different in various aspects, such as the size
and shape of particles and their origin. First two samples belong to the
Carajas mines that are one of the largest iron ore resources in the
globe [26]. I1 and I2 are pellet and sinter feed types of iron ore respec-
tively. Third sample, I3, is a pellet feed type that is extracted from
Minas-Rio mine that is located in the southern part of Brazil. All the
three iron ore samples are collected at a destination port located in
the Netherlands, where the iron ore cargoes are unloaded from ocean
going bulk carriers.

The particle size distribution of the samples is determined according
to [27], and the results are displayed in Fig. 4. Smallest and largest sieve
sizes of respectively 0.053 and 1.4mmare used. Infirst sample, I1, 50% of
weight consists of particles larger than 0.053mm, indicating themedian
size of particles, d50 as defined in [28]. Next sample, I2, has a median
value of 0.880 mm, that is more than 16 times larger than I1. The d50
value of I3 could not be determined using the sieves. This indicates par-
ticles size of I3 is considerably smaller than the Carajas samples. There-
fore, a large variation of particles size is covered in experiments.



Table 2
As received moisture content of the iron ore samples, based on three measurements per
type.

I: Type of iron ore I1 I2 I3

MCas,rec 13.3 8.7 6.8
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The as received moisture content (dry-based), MCas,rec, of the sam-
ples is determined according to the method described in [29], in
which the water content is dried using a ventilated oven. Table 2 dis-
plays the as received moisture content of the iron ore samples.

2.3. Test apparatus

2.3.1. Ring shear test
Shear cells are used commonly to quantify theflowability of granular

materials [30]. Jenike [31] established amethodology to apply shear test
results in the design procedure of hoppers and silos. Shear cells are able
to measure the three DBPs of iron ore under investigation here and is
therefore selected.

In this study, we use the Schulze ring shear tester RST-01.01 type M,
which itsmain function and dimensions are described in [32]. In the test
procedure, first the shear cell is filled with a bulk solid specimen. Next
the normal stress, σ, is applied on the bulk solid specimen through the
top lid. Both normal stress and the vertical displacement of the lid are
recorded over time. Thus, the bulk density of the specimen are captured
for various levels of normal stresses. Also, two horizontal tie rods pre-
vent the top lid from rotating; forces in the tie rods are denoted by F1
and F2. So, during the rotation of the bottom ring, a shear deformation
in the bulk solid specimen is created. A schematic cross-sectional view
of this process is shown in Fig. 5with. Fig. 5a shows a cross section sche-
matic view of ring shear test, before starting the rotation. In Fig. 5b, the
shearing is commenced once thebottom ring starts to rotatewith an an-
gular velocity ofω, and Xm denotes the shear deformation. Fig. 5c shows
the shear deformation when shear failure occurred. The shear stress is
directly proportional to F1 and F2; with the equations found in [32],
the forces F1 and F2 are converted to the shear stress as displayed in
Eq. (3).

τ ¼ rs: F1 þ F2ð Þ
rm:Ad

ð3Þ

Where rs and rm are the moment arms of the tie rod forces and the
lid force (τ Ad) respectively. The stress in the horizontal plane at
steady-state flow is measured and referred as the shear stress, τ. If the
shear stress does not reach a constant, steady-state flow is assumed
after 30 mm of shear displacement with variations of less than 0.05%
per mm of shear displacement [32].
Fig. 5. The shearing mechanism in the Ring Shear Test - based on
With a proper test procedure and correct design of the ring shear
tester, test results close to those achieved with the Jenike shear tester
can be obtained, but the reproducibility is clearly better [22]. Table 3
provides an overview of the measured dependent bulk properties in
the ring shear test as well as wall friction test. With small adjustments
in the shear cell, the wall friction test can also be conducted using the
same test device [22]. The measurement method for the wall friction
using the ring shear test is similar to the ring shear test procedure.
The difference is that in the wall friction test, the base cell is replaced
by a wall material. In Fig. 6, half of the cross section views of both ring
shear cell and wall friction cell are shown. The cell depth is 12 mm in
thewall friction test to ensure the shear failure occurs between particles
and thewall material. A blasted hot-rolled stainless steel plate is used in
our experiment as the wall material.

2.3.2. A test to determine angle of repose
When a bulk solid material is experiencing a free surface flow, its

surface forms an angle. This angle, which is referred as the angle of re-
pose, αM, usually measures the maximum slope angle of bulk solid ma-
terial between a horizontal plane and the free surface angle [33–35]. The
angle of repose represents the shear strength of bulk solid materials in
their loosest state [35–37]. According to the Mohr-Coulomb equation,
the shear strength of bulk solids materials in a failure plane, τs is often
approximated by Eq. (4) [38]:

τs ¼ cþ σα tan φð Þ ð4Þ

where tan(φ) indicates the angle of internal friction of the bulk solid. σα

is the normal stress in the failure plane. c denotes the cohesion of the
bulkmaterial: in otherwords, c is the shear strength of the bulkmaterial
if σα = 0.By increasing σα, due to increasing the height of bulk solids
material for instance, it is expected that the contribution of c in the shear
strength decrease. Failure will occur once shear stress in an arbitrary
cutting plane exceeds the shear strength of the bulk material. The re-
maining bulk solids in the box forms an angle of repose,αM. This param-
eter represents the shear stress of bulk material under the force of
gravity. Therefore, angle of repose,αM, can be used to investigate the ef-
fect of type and moisture content of iron ore on its free surface flow.

αM is an important characteristic in the handling processes; accord-
ing to [39] angle of repose results are useful to categorize flow proper-
ties. It is commonly used to design silos and hoppers. For example, in
[40] the correlation between the angle of repose and flow pattern in
silos is discussed. Additionally, [41] formulated the correlation between
the angle of repose and dischargemassflow rate fromhoppers. In an ap-
plication oriented study, [42], silo discharge of wood chips material is
improved by using angle of repose tests.

Also, in the excavation application, the volume of the collected bulk
material is mainly determined by its angle of repose. During closing of
buckets, the excess material flows out the buckets from its open sides,
[22]; a) before shearing, b) during shearing, c) shear failure.



Table 3
List of measured dependent bulk properties in ring shear and wall friction tests.

Test Setup Raw measurement Dependent bulk proper�es

Ring Shear Test

ΔL
Lid displacement ρb: Bulk density

τ
Shear Stress 

Mohr-Circle, including:
ϕ lin: Linear internal friction
τc: Cohesion strength
σc: Unconfined yield  strength
ffc: Flowability

Wall Friction Test
(using shear cell)

τw
Wall shear stress 

φx: Wall friction angle
τa: Adhesion strength
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and so, with a higher angle of repose this results in a higher volume of
the collected bulk material. For instance, Fig. 7 shows two different
types of iron ore in the grab's buckets. Fig. 7a shows iron ore pellets
that is a free flowing material, while Fig. 7b shows a fine and moist
iron ore cargo that has a considerably higher angle of repose.

A ledgemethod set up [43] formeasuring the angle of repose is used.
The test setup and its procedure, is also referred under other names in
literature, such as shear box [44] and rectangular container test [45].
Fig. 8a displays the test box dimensions. The container is 250 mm
high, 215 mm long and 80 mm wide. In the ledge angle of repose test
the bulk material is poured from a small height, around 10 cm, into
the test box slowly to minimize the effect of consolidation. Next, the
door opens to allow the sample to flow. Once a static angle of repose
is created, photos are taken from a horizontal view. αM is determined
from the images by taking the coordinates of ten equally spaced points
on the slope of thematerial. This is shown as shown in Fig. 8b. Then, the
linear regression technique is used to fit a straight line to the data points
and the angle of the line with the horizontal represents the angle of
repose.
2.3.3. Consolidation-penetration test
When the surface of bulk solid material is touched by an excavating

equipment (i.e. grab), its knives penetrate the material. The resistance
of the bulk material to penetration influences the initial penetration
depth and the cutting trajectory of the knives. Therefore, characterizing
thepenetration resistance of a bulk solidmaterial in interactionwith the
knives of a grab is essential for design of excavating equipment such as
grabs.
Fig. 6. Cross-sectional view of the ring shear cell (left side) and the wall friction cell
(right side).
As shown in Fig. 9, a wedge-shaped penetration tool is used in our
measurements; since its cross section resembles the penetration of
grabs' knives in bulk solid materials. The tool dimensions are similar
to the tool used in [1], with a 200 mm length.

Furthermore, when bulk carriers deliver iron ore at destination
ports, cargoes are often found in a partially consolidated form in ships'
holds [18]. For that reason, we use the test method that was developed
in [19] to incorporate the effect of pre-consolidation on the penetration
resistance of iron ore. The container properties are displayed in Fig. 10.
The container volume is 15 l.

The test consists of two phases, first the consolidation, and second
the penetration. After filling the container with a sample of iron ore,
an even surface is created. Then, the consolidation starts by applying a
predetermined force on the lid to create the a pre-consolidated sample
is created. After removing the lid, the penetration starts by lowering the
wedge-shape tool with a constant velocity while measuring the force
acting on the tool.

Lateral confinement during the consolidation and the penetration is
provided by the container's side plates. So, during the consolidation,
vertical as well as horizontal stresses increase on the sample. Next, the
stress state changes by removing the vertical consolidation. In other
words, the sample is pre-consolidated in the vertical direction before
starting the penetration. This replicates the type of pre-consolidation
in iron ore cargoes during the unloading using grabs.

Four dependent bulk properties are quantified in the consolidation-
penetration test, as displayed in Table 4. According to [19], by recording
the reaction force on the wedge-shaped tool during the penetration
phase, the penetration resistance force is quantified. By integrating pen-
etration resistance force over penetration depth, the penetration
Fig. 7. Forming an angle of repose inside grab buckets; a) A free-flowing cargo with a low
angle of repose, b) cohesive iron ore with a high angle of repose.



Fig. 8. The test box to determine angle of repose; a) the initial condition and dimensions, b) formed angle of repose.
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resistance is determined in Joules [43].W50,ratio is the ratio betweenW50

measured at a specific level of pre-consolidation to W50 when no pre-
consolidation is applied. The bulk density of the sample before and
after the consolidation phase is measured, which is used to discuss
bulk compressibility under the effect of pre-consolidation.

Both theflowability and shear strength of a bulk solidmaterial play a
role in the test. As schematically illustrated in Fig. 11, a shearing zone, as
well as a compacted zone, are created during penetration of a wedge-
shaped tool in bulk solid materials.
2.4. Experimental design diagram

A simple and popular method to design the experimental plan is
one-factor-at-a-time method (OFAT). In this method, the variability of
the dependent bulk properties can be determined by changing the
level of one of influential bulk properties, while the others are kept con-
stant [47]. However, since we study the influence of more than one in-
fluential bulk property, using statistically designed experiments that
several properties are varied simultaneously is more effective [6,48],
and enables to identify interdependencies between the different prop-
erties. Within experimental designs three types of variables are distin-
guished. First of all the variables that are kept constant throughout all
experiments such as the dimensions and operational parameters of
the tests. Secondly the three independent variables that are varied and
to which the system response, here bulk response, is measured. The
bulk response is defined as the dependent variable.
Fig. 9. The penetration tool cross-sectional view.
2.4.1. Levels of influential bulk properties
The three IBPs and their ranges are shown in Table 5. Each property

is denoted by a letter and a number to indicate the variable name and its
corresponding level respectively.

According to the measurements done in [18], the variation of mois-
ture content for a specific type of iron ore is less than ±2% in different
cargoes. To gain a comprehensive insight on the influence of moisture
content on the dependent bulk properties, we investigate a variation
of ±4% with steps of 2%.

On one hand, it is important to select pre-consolidation stress levels
similar to stress levels that exist in the application under investigation.
On the other hand, it is nearly impossible to measure the actual
pre-consolidation stress acted on different layers of iron ore in an appli-
cation [22]. Therefore, the range of pre-consolidation stress in our ex-
perimental design diagram is selected based on the available
information in literature. The maximum vertical pre-consolidation
Fig. 10. Dimensions of the container used in consolidation-penetration test.



Table 4
List of measured dependent bulk properties.

Test Setup Raw measurement Dependent bulk proper�es

Consolidation-
Penetration Test

ΔW
Wedge 

displacement 

ρb: Bulk density
Cb: Compressibility 

FW
Reaction force on 

wedge 

Fw-ΔW: Penetration resistance as a 
function of penetration depth
Wd,σ: Energy required to penetrate 
to depth d at the pre-consolidation 
of σ
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stress in a ship's hold containing iron ore is estimated to reach 400 to
500 kPa at the bottom of cargo holds [49,50]. Additionally, the bulk ma-
terial in the bottom of the cargo hold are usually trimmed using bull-
dozers or by the grab itself. This means that the efficiency of the grab
closing process, in terms of its payload, does not play a role in the trim-
ming stage. Therefore, to choose a range relevant to the efficiency of the
grab closing process, the highest stress level for the consolidation-
penetration test is set to 300 kPa. The other levels of σpre are 0, 8, 20
and 65 kPa.

Themaximumconsolidation stress is expected to be up to 20–30 kPa
inside grab's buckets during its filling. Table 6 provides examples of the
estimated range of static or quasi-static consolidation stress that are ex-
pected to occur in various iron ore storage and transport applications.
Additionally, to capture the stress-dependency of bulk materials in a
higher resolution compared to the consolidation-penetration test,
choosing a lower range of σpre is important. According to [22], the esti-
mation of the consolidation stress for a comparative characterization of
bulk materials must be adjusted to the capabilities of the particular
shear tester. The ring shear tester used in the current study is able to
apply up to σpre = 20 kPa. Therefore, as shown in Tables 7, 2, 8 and 20
kPa are the three selected levels of vertical pre-consolidation stress for
the shear test.
2.4.2. Experimental plan
For each of the test setups a separate experimental plan is created as

described hereafter.
Fig. 11. Zones during the penetration test – based on [46].
2.4.2.1. Ring shear test. Table 8 displays a full factorial designed experi-
ment that is used in the ring shear tests. This experimental plan includes
all probable combinations of levels for all variables, which results in 60
different combinations. Since the reproducibility of results obtained by
ring shear testers is adequate [22], each experiment is repeated once.
σpre,20 is also chosen for the wall friction test.

2.4.2.2. Angle of repose measurements. In the angle of repose measure-
ments, as shown in Table 9, a full factorial design is used to measure
the effect of the two independent variables and their interrelation:
type of iron ore and level of moisture content. This results in 15 exper-
iments. Each experiment is repeated at least 5 times to ensure a good
repeatability.

2.4.2.3. Consolidation-penetration test. In the excavation applications, the
interaction between all the independent variables (I, MC and σpre) are
not necessarily present. For example, in a cargo hold the consolidation
pressure varies in the direction of the cargo depth, but themoisture con-
tent usually remains constant in this direction [18], except for the trim-
ming stage. The moisture content can vary from ship to ship for a same
type of iron ore, depending on for example excavation conditions in the
mine and weather conditions during loading of the ship.

Therefore, two separate full factorial experimental plans are de-
signed for the consolidation penetration test, that are displayed in
Table 10. In the first set of experiments (I), the effect of consolidation
is incorporated for different type of iron ore in the consolidation-
penetration test. This results in 15 experiments. In the second set of ex-
periments (II), all the possible combinations between the type of iron
ore and the level of moisture content are included. This results in 15
tests as well. This totals to 30 experiments for the consolidation-
penetration test. Each experiment is repeated at least 3 times.

3. Results

3.1. Ring shear test

Fig. 12 presents results of the ring shear tests on iron ore sample I1 at
various combinations ofMC andσpre. Fig. 12a shows the yield locus lines
at σpre = 2.0 kPa, in which the measured τ are plotted over the applied
σ. The yield loci are relatively similar for MCas,rec-4%, MCas,rec-2% and
MCas,rec with the measured τpre of respectively 1.8, 1.9 and 2.0 kPa.
The measured τpre at MCas,rec+2% is equal to 2.6 kPa that is around 35%
to 43% larger than the measured values at lower levels of MC. A similar
trend applies to the measured values of τshear at σpre = 2.0 kPa for this
sample.

Fig. 12b shows the yield loci for σpre = 8.0 kPa. The measured shear
values of τpre and τshear (at 4 different levels of σshear) are the lowest at



Table 5
Selected range of the influential bulk properties in experimental design diagram.

Level I: Type of iron ore MC: Level of moisture content [%] σpre: Pre-consolidation stress [kPa]

1 I1- Carajas pellet feed MCas,rec-4% 0
2 I2- Carajas sinter feed MCas,rec-2% 8
3 I3- Minas-Rio pellet feed MCas,rec 20
4 – MCas,rec+2% 65
5 – MCas,rec+4% 300

Table 6
Estimated range of static or quasi-static consolidation stress for handling iron ore in differ-
ent applications.

Application consolidation stress range [kPa]

Ship's hold 0–450
Ship unloader grab 0–30
Conveyors 0–2
Silo and hoppers Stress depends on silo and hopper dimensions

Table 7
Selected range for the pre-consolidation stress.

σpre Consolidation-penetration test Ring shear test

σpre,0 0 2
σpre,8 8 8
σpre,20 20 20
σpre,65 65 –
σpre,300 300 –

Table 8
Experimental plan of ring shear test.

List of independent
variables

Level 1 Level 2 Level
3

Level 4 Level 5

I [−] I1 I2 I3 – –
MC [%] as,rec −4% as,rec −2% as,rec as,rec +2% as,rec +4%
σpre [kPa] σpre,2 σpre,8 σpre,20 – –

Table 10
Experimental plan of the consolidation-penetration test.

List of independent
variables

Level 1 Level 2 Level
3

Level 4 Level 5

Experiment set I. Interaction of type of iron ore and consolidation stress
I [−] I1 I2 I3 – –
σpre [kPa] σpre,0 σpre,8 σpre,20 σpre,65 σpre,300

Experiment set II. Interaction of type of iron ore and moisture content
I [−] I1 I2 I3 – –
MC [%] as,rec −4% as,rec −2% as,rec as,rec +2% as,rec +4%
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MCas,rec-4% compared to the other levels of MC. Similar to the previous
level of σpre, the highest shear stress values are measured at MCas,rec

+2% for this sample, with a τpre around 18% to 31% larger than the mea-
sured values at lower levels of MC. However, the relative difference be-
tween measured peak values of τshear at 4 different levels of σshear

between MCas,rec+2% and MCas,rec% is limited to 5%.
Fig. 12c shows the yield loci forσpre=20.0 kPa. A shear stress of 20.5

kPa is measured at MCas,rec during the pre-shearing stage. Changing
moisture content from the lowest level to highest level caused an in-
crease of 18% in τpre. The measured values of τshear at 4 different levels
of normal stress show the highest shear strength values occurs at
MCas,rec and MCas,rec+2%,and the lowest at MCas,rec-4%. With σshear = 8.1
kPa and MCas,rec, a shear stress of 12.4 kPa is measured, which is 39%
higher than the τpre at σpre = 8 kPa. A similar comparison can be done
between σpre of 8 and 2 kPa. This clearly indicates that the level of nor-
mal stress that is applied during the pre-shear stage increases the shear
strength. This stress-history dependent behavior of the shear strength
occurs at all levels of moisture content for this iron ore sample.
Table 9
Experimental plan of the angle of repose test.

List of independent variables Level 1 Level 2

I [−] I1 I2
MC [%] as,rec −4% as,rec −2%
For iron ore sample I1, the ring shear test could not be conducted for
MCas,rec+4%. As shown in Fig. 13, the particles start to form large agglom-
erates. Due to the large agglomerates it is impossible to create a flat sur-
face in the shear cell without compressing the material, which must be
avoided during preparing the test. Furthermore, according to [32], par-
ticles should be in general smaller than 6 mm in diameter to be used in
this ring shear test.

Fig. 14a and b shows the bulk density results of sample I1 with in-
cluding and excluding the weight of moisture respectively. A general
trend is that by increasing the level of MC, the sample becomes more
compressible. Similar trend also was observed in [13] for four
Australian iron ore samples. The moisture content variation in iron ore
samples is responsible of the change in the compressibility due the
macro-shrink behavior of the clay content [51]. For that reason there
is a positive inter-correlation between ρb, MC and σpre. Themain outlier
in this graph is the bulk density results of the sample at MCas,rec+2%; a
considerably higher initial bulk density, ρb,0, is measured at this mois-
ture level compared to the lower levels. The bulk density at MCas,rec

+2% is still distinct atσpre,20. This can explain the reason behindmeasur-
ing higher shear stresses at MCas,rec+2% in this pre-consolidation stress,
compared with other levels of MC.

Fig. 15 presents results of the ring shear tests on the second iron ore
sample, I2. In Fig. 15a, σpre = 2 kPa, a high dependency of shear stresses
to the level of moisture content is observed. At this level of σpre, higher
shear stress values are measured overall at MCas,rec, compared to other
levels of MC. The lowest shear stress values are also measured at MCas,
rec-4%, which is the driest condition of the sample in this experiment.
At MCas,rec+4%, the highest level of moisture content, the τshear,4 is 48%
higher than τpre. This can be explained by Fig. 16 that shows that the ex-
cessivewater easily flows out of the sample under σpre= 2 kPa. For that
reason, results of the tests at MCas,rec+4% are neglected in interpreting
the results, as we focus on unsaturated materials.

In contrast to results ofσpre=2 kPa, atσpre=8 kPa lower variations
of shear stress values (in percentage) are measured at all the applied
moisture content levels. The measured values of τpre do not show a
clear trend by changing the levels of moisture content.
Level 3 Level 4 Level 5

I3 – –
as,rec as,rec +2% as,rec +4%



Fig. 12. Yield locus of I1 in various moisture content levels and pre-consolidation levels, σpre: a) 2 kPa, b) 8 kPa, c) 20 kPa.
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Fig. 15c with the ring shear test results at σpre = 20 kPa shows a
lower dependency of τpre to MC in general, compared to σpre = 8 kPa.
Except τpre at MCas,rec-2%, the other measurements are close to τpre at
MCas,rec with less than 4% variations. ϕlin changes by 8 degrees, corre-
sponding to about 20% change, with the variation of moisture content.
τc changes 1.3 kPa, corresponding to 77%, by varying MC. Therefore, τc
of the sample is more sensitive than ϕlin to moisture content variation.

Similar to sample I1, a stress-history dependent shear strength is ob-
served in sample I2. For instance, at the normal stress of about 2 kPa for
σpre equal to 2, 8 and 20 kPa in the as received condition, shear stresses
of 2.0, 4.2 and 5.6 kPa are measured respectively. In other words, the
shear strength is increased more than 100% at this material condition
by pre-consolidating the sample. This stress dependent behavior is im-
portant in design of handling equipment, such as grabs. For instance,
once cohesive iron ore bulk is consolidated by 20 kPa rather than 2
kPa during closing of grab's buckets, higher shear stress is required to
mobilize the flow. Therefore, a better filling process could be expected
by minimizing the consolidation on cohesive iron ore bulk during clos-
ing of grab's bucket.

Fig. 17 shows the bulk density results of sample I2 in the ring
shear test. ρb,0 at MCas,rec is 1995 kg/m3 in the shear cell that in-
creases to 2799 kg/m3 after shearing at 20 kPa consolidation stress.
The sample is less compressible at lower levels of MC; the difference
between ρb,0 and ρb,20 (bulk density under 20 kPa normal stress) at
MCas,rec-4% and MCas,rec-2% are respectively equal to 285 and 630 kg/
m3

. Only for MCas,rec+2% the bulk density decreases after pre-
shearing at 2 kPa normal stress. This is caused by the dilation of
the sample during shearing that lifts the cell's lid over a recorded
distance of 1 mm.
Fig. 13. Forming large agglomerates after adding 4% e
Fig. 18 presents the yield locus lines of sample I3, Minas Rio pellet
feed, at five different levels of MC. This sample is less dependent to
the variations of moisture level, compared to the two Carajas samples.
This can be clearly seen in all three graphs at σpre equal to 2, 8 and 20
kPa that are shown in Fig. 18a, b and c respectively. For instance, in
Fig. 18a, σpre = 2 kPa, an average cohesion strength, τc, of 0.8 kPa
with a deviation of less than 0.1 kPa is measured at all levels of MC.
The cohesion strength values of I3 are higher than two previous samples
at 2 kPa pre-consolidation level. Relatively consistent values of ϕlin are
also measured at various levels of MC; at σpre equal to 2, 8 and 20 kPa
average linear internal frictions of respectively 29.8, 40.5 and 37.8 de-
gree with a maximum standard deviation of 2 degree are measured.
Based on our visual observations, the particles of Minas Rio sample are
unlikely to form agglomerates by increasing moisture content. For that
reason, the shear stress shows a low sensitivity to variations of MC.
The stress-history dependent behavior of the shear strength is also cap-
tured in sample I3, similar to two previously discussed samples.

Fig. 19 shows the bulk density results of sample I3 in the ring shear
test. Both ρb and ρb-dry show a positive correlation with the (pre-)con-
solidation stress. For example, ρb,0 at MCas,rec is equal to 1370 kg/m3

that rises to 2336 kg/m3 by shearing under consolidation stress of 20
kPa. Furthermore, both ρb and ρb-dry tend to increase by adding mois-
ture. This means that the bulk density of the sample is not only in-
creased because of the additional weight of moisture, but also due to
an additional compressibility. Similar to I1, the other pellet feed size
sample, no uplift of the cell's lid occurred during the ring shear test.

Fig. 20 shows results of the experiment using the wall friction test
setup. In each graph, the effect of normal stress on the wall friction
angle, ϕx, at various levels of MC is displayed. The measured values of
xtra moisture content; a) MCas,rec, b) MCas,rec+4%.



Fig. 14. Bulk density measurements of I1 using RST; a) bulk density, b) dry bulk density.
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ϕx in the first sample, I1, at three first low levels of MC follow a similar
trend. At the lowest and highest levels of normal stress, σ = 1.1 kPa
and σ = 17.1 kPa, ϕx of 32.7°, −34.4° and 31.5° are measured respec-
tively. By increasing the moisture to MCas,rec+2%, higher values of ϕx

aremeasured in average, compared to lower levels ofMC. This behavior
is caused by the adhesion strength created due to the extra water added
to the sample.

Due to change inMC in sample I2, a high variation of around20° inϕx

is measured under σ = 1.1 kPa. By increasing the normal stress, the
range of variation starts to decrease, and under σ=17.1 kPa the values
of ϕx are between 20.7° to 23.3°.

In third sample, an average ϕx of 34.4o is measured under 1.1 kPa,
with an outlier atMCas,rec-4%. In general, at all levels ofMC, there is a neg-
ative correlation between wall friction angle and normal stress; there
are some exception data points at MCas,rec-4% and MCas,rec-2%.
3.2. Angle of repose and effective angle of internal friction

Fig. 21 compares the angle of repose (αM)measurementswith effec-
tive angle of internal friction (φeff) for three samples of iron ore at
Fig. 15. Yield locus of I2 in various moisture content le
various levels of MC. In left graphs, the average of measured αM are
shown with the vertical error bars indicating the standard deviation of
10 test repetitions. Overall, the measured values of αM are between
55° to 70° in all the tests, except for the sample I2 at MCas,rec+2%. The ef-
fective angle of internal friction, φeff, is the slope of effective yield locus
in ring shear test as defined in [22], which is an important parameter in
designing silos and hoppers. φeff represents the ratio of the minor prin-
cipal stress (σ2) to the major principal stress (σ1) at steady-state flow.
For cohesive bulk solids, φeff usually decreases with increasing consoli-
dation stress [22].

In Fig. 21a, the measurements on I1 are shown, in which the
MCas,rec is equal to 13%. A variation of only 1° is captured in αM by
reducing the MC. The test could not be executed properly at higher
levels of MC, because the extreme stickiness of the bulk material
led to an inadequate filling of the test box. By increasing MC, φeff in-
creases at all levels of σpre for I1. The negative correlation between
σpre and φeff can be seen clearly in Fig. 21a (right). For the current
sample, considering standard deviation values of angle of repose
measurements, αM is comparable with φeff measured at σpre = 2
kPa.
vels at σpre equal to: a) 2 kPa, b) 8 kPa, c) 20 kPa.



Fig. 16. Excessive water leaving the sinter feed sample in the wet test condition
(MCas,rec+4%).
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The results of angle of repose on the sinter feed sample, I2, are shown
in Fig. 21b. An angle of repose of 63° is measured in average at MCas,rec.
The same value is measured at MCas,rec-2% and MCas,rec-4%. A sudden in-
crease of about 20° in the averaged angle of repose is observed by test-
ing the sample at MCas,rec+2%. A higher standard deviation in the
measurement is found as well at MCas,rec+2%; for which the bulk mate-
rial does not flow in some of the repetitions. A possible explanation
for the sudden increase in the angle of repose is that as the material's
moisture content approaches liquidation, agglomerates merge and cre-
ate inter-particle bonds. The inter-particle bonds are stronger than
inter-agglomerate bonds [14], so the inter-particle friction in the mate-
rial is higher, which leads to increase in the angle of repose. The test
could not be executed at MCas,rec+4% due to extreme stickiness behavior
that was also observed in sample I1 at high levels of moisture content.
The test is also conducted on a dry sample to determine the effect of co-
hesion strength on the angle of repose; this results in αM = 58° for the
dry sample that is 5° lower than measured αM at MCas,rec. The negative
correlation between σpre and φeff can be seen in Fig. 21b (right), expect
Fig. 17. Bulk density measurements of I2 using
for MCas,rec-4%. No decisive conclusion can be made by comparing αM

and φeff values for the sinter feed type sample, I2.
In contrast with two previous samples, there seems to be a small

negative correlation between MC and αM for I3, shown in Fig. 21c. At
the highest level, MCas,rec+4%, the bulk material tends to flow easier
with an average measured value of αM = 57°. However, the error bars
at different MC levels overlap with each other; a conclusive correlation
betweenMC andαM cannot be therefore found. φeff values show a con-
sistent trend at all levels of σpre for I3, independent of MC level. Compa-
rable φeff and αM are measured at two lowest level of MC, which starts
to diverge, up to 12°, by increasing MC.

Due to relatively consistentmeasured trends ofαM and φeff in I1 and
I3, it is expected to not observe high variations of angle of repose in prac-
tice, such after filling grab's buckets. In contrast, for sample I2, a higher
variation of angle of repose, and consequently equipment performance
is expected to occur.

3.3. Consolidation-penetration test

Two sets of experiments are conducted using the
consolidation-penetration test setup. In the first set, the effect of σpre

on the penetration resistance is studied by investigating all possible
combinations between defined levels of I and σpre; level of moisture
content, MC, is kept constant. In contrast, in the second set, the interac-
tion between I and MC is investigated to quantify their interaction with
regards to the penetration resistance of iron ore samples.

Fig. 22 shows an overview of the results obtained in first experiment
set for three iron ore samples. The graphs in the left column (a, c, and
e) display the reaction force recorded during penetration of the wedge
tool into iron ore samples. Five different levels of σpre are applied,
from 0 to 300 kPa. At σpre,0, the loose condition, no consolidation stress
applied; only the bulk material surface is flattened. The right graphs (b,
d, and f) show the accumulative penetration resistance in Joules that is
calculated by integrating the reaction force over penetration depth. The
lines represent the average of three measurements, and the vertical
error bars indicate the standard deviation values.

In the loose condition, the highest resistance is measured in the sin-
ter feed sample, I2; an average reaction force of more than 1300 N is
measured after penetrating 0.10 m into the sample. Considerably
lower forces are measured for the other two pellet feed samples at
RST; a) bulk density, b) dry bulk density.



Fig. 18. Yield locus of I3 in various moisture content levels at σpre equal to: a) 2 kPa, b) 8 kPa, c) 20 kPa.

Fig. 19. Bulk density measurements of I3 using RST; a) bulk density, b) dry bulk density.

Fig. 20. Results of wall friction test; a) I1, b) I2, c) I3.
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Fig. 21. αM and φeff results for three different iron ore samples; a) I1, b) I2, c) I3.
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their loose condition. In sample I1, the penetration tool could not be
moved deeper than 0.08 m; therefore, the measured data are filtered
out after 0.07 m.

Once sample I1 is pre-consolidated by 8 kPa, a notable increase in the
penetration resistance occurs. Similar behavior is captured in I2 that is
originated from the same mining site. The last sample, I3, however
shows a different behavior under the effect of pre-consolidation; the
peak value of FW only increases by 11% by applying a σpre = 8 kPa.
After reaching the peak, a steady-state penetration resistance is ob-
served after a certain depth for sample I3.

In sample I3 a positive correlation exists between σpre and the depth
where the peak reaction force occurs. However, the peak value of FW is
less sensitive to σpre, in contrast with two other samples. There is a
strong positive correlation between σpre and peak value of FW in sam-
ples I1 and I2. This phenomena is probably correlated with the change
in bulk density due to the pre-consolidation stage. Additionally, the
peak occurs at smaller penetration depths in these two samples, com-
pared to I3.

Fig. 23 displays results of experiment set II, inwhich the effect of var-
iation of MC on the penetration resistance of iron ore samples in the
loose condition, σpre = 0 kPa, is investigated. The first sample, I1, has
the highest value of MCas,rec among the other samples. According to
the FW-ΔW graph, the average reaction force of three measurements is
the highest at MCas,rec for I1 compared to other levels of MC. However,
by considering the standard deviation of the measurements, indicated
in the Work-ΔW graph, there is no conclusive correlation between
level of MC and the penetration resistance of this sample. Only once
the bulk material reaches MCas,rec+4 that is equal to 17%, the resistance
against penetration almost disappears. This results in a peak value of
only 17 N in FW.

Sample I2 has the highest peak value of FW at MCas,rec, compared to
other levels ofMC of this samples, aswell as compared to other samples.
At the initial 0.03m of the penetration depth, in all levels of MC in sam-
ple I2, similar trend in FW is captured. However, the reaction force in-
creases exponentially at MCas,rec and MCas,rec-4% by moving the
penetration tool deeper. The exponential trend starts at greater depths
atMCas,rec-2% that results in a lower accumulative penetration resistance,
compared to the two previous MC levels. This phenomena can be ex-
plained by the results that were obtained previously in our experiment
with the ring shear test; the lowest compressibility of sample I2 is mea-
sured at MCas,rec-4%. The low compressibility creates more penetration
resistance in the compaction zone under the wedge-shape tool (see
Fig. 11). At MCas,rec+2% and MCas,rec+4% a considerably low values of FW
are recorded, with the peaks of less than 10 N. Due to the excessive
water, the bulk material starts to behave more as liquid rather than
solid materials.
In sample I3, the peak value of FW is the least sensitive to variation of
MC, compared to two other samples. The peak values in this samples are
between600 and 800 that however, happens in different depths. For ex-
ample, at highest level of MC, the peak force is located at 0.08 m, but at
MCas,rec-4% at 0.11 m. This results in a positive correlation between MC
and accumulative penetration resistance (work) of sample I3 that can
be concluded from the right graph.

4. Discussion

In previous section, results of the experiments using the ring shear,
ledge angle of repose and consolidation-penetration tests were pre-
sented. In this section, the effect of the different influencing bulk prop-
erties on the flowability, penetration resistance and bulk density are
discussed.

Fig. 24 illustrates the comparative flowability analysis that is created
using the ring shear test results. In Fig. 24a and b, themean ffc values de-
rived respectively for different levels of MC and σpre are presented. The
standard deviation values are also presented to indicate the variance of
flowability due to the change of the third (absent) property. For in-
stance, the standard deviations of the mean ffc in the left graph is due
to the variance of σpre.

According to Jenike classification [31], the sinter feed sized sample
behaves as a cohesive (C) material, however easy-flowing (EF) and
very cohesive (VC) flowability are also captured in some tests. Further-
more, high variations of ffc in sample I2 is notable. The two pellet feed
sized samples, I1 and I3, are categorized as VC at almost all levels of
MC and σpre. Only in sample I1 at σpre = 20 kPa a ffc value of higher
than 2 is captured due to higher levels of applied σshear compared to
other pre-consolidation levels. The range of measured flow functions
for the three Brazilian samples, I1 to I3, is similar to the range measured
for the Australian iron ores using Jenike direct shear tester [13],
resulting in an ffc between 1 and 4,

As suggested in [52], for cohesive iron ore material, cohesion forces
tend to be less contributing to the shear strength at higher consolidation
stresses. For that reason, a positive correlation between σpre and ffc in all
samples is expected. In Table 11, the correlation coefficients between
σpre and ffc, as well as between MC and ffc are shown. A correlation co-
efficient quantifies the statistical correlation between two variables,
which is bounded between −1 and +1 [15]. A correlation coefficient
of ±1 indicates the strongest agreements between two variables, and
0 means no agreements. No conclusive correlation between MC and ffc
is found for the three samples. In contrast, an average correlation coef-
ficient of 0.735 is foundbetweenσpre and ffc for the samples. High values
of correlation coefficients exists between σpre and ffc for samples I1 and
I2 values, however, a weaker agreement exists for sample I2. This



Fig. 22. Results of experiment set I in the consolidation-penetration test, the effect of σpre at MCac-rec; a) I1 (FW-ΔW), b) I1 (Work-ΔW), c) I2 (FW-ΔW), d) I2 (Work-ΔW), e) I3 (FW-ΔW), f) I3
(Work-ΔW).
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suggests that for sample I2 the influence of σpre on ffc is affected by the
level of MC.

Furthermore, the interaction betweenMC andσpre on theflowability
of three samples is analyzed in Fig. 25. Two properties have interaction
when the effect of one influencing property (i.e. MC) on the output of
the experiment (i.e. ffc) is considerably affected by the level of the
other influencing property (i.e. σpre) [6]. For instance, as predicted
above, in sample I2, the ffc for MCas,rec-4% is the highest at σpre,8, while
the lowest flowability for MCas,rec+2% is found at σpre,8. This suggests
an interaction between MC and σpre on ffc for sample I2. In contrast, al-
most no interaction is found for sample I1 and I3.

Fig. 26 presents the comparative analysis done on the penetra-
tion resistance results. In Fig. 26a and b, the W50,ratio values are
shown respectively for different levels of MC and σpre. W50,ratio

is calculated by dividing the accumulative penetration resistance,
work in Joules, at ΔW = 0.05 m over the same parameter mea-
sured at MCas,rec and σpre,0. In I1 and I2, the MC variation leads
to reduction in the penetration resistance, In I3, by increasing
MC the peak FW is occurred at lower ΔW, therefore a positive cor-
relation between W50,ratio and MC is found. In Table 12 the corre-
lations between MC and W50,ratio, as well as σpre and W50,ratio are
presented. σpre is responsible for a substantial increase in the pen-
etration resistance of iron ore cargoes, especially for the sinter
feed sized sample. For that reason, it is expected that there is a
negative correlation between σpre and penetration depth of
grabs into iron ore cargoes.

The relationships between the accumulative penetration resis-
tance, work, and σpre and ΔW are quantified for all the samples in
Fig. 27. Polynomial functions are fit with a second order contribu-
tion of ΔW and a first order contribution of σpre, resulted in coeffi-
cient of determinations higher than 0.99 for all samples. Using the
function, the accumulative penetration resistance can be interpo-
lated for the levels of σpre that are not investigated in our
experimental plan.

Fig. 28 presents the effect of σpre on ρb of the three iron ore samples
quantified using the consolidation-penetration test. The filled markers
represent the average of three tests repetitions at a specific σpre, and
the vertical error bars indicate the standard deviation of ρb. All the
tests are executed at MCas,rec. The values of ρb,0 are confirmed by com-
paring with measuring bulk density of three samples according to ISO
17828 [53]. Higher values of bulk density are obtained in the
consolidation-penetration test setup compared to measurements in
the shear cell. For example, for sample I2 at the loose condition, average
ρb is around 200 kg/m3 higher that what wasmeasured using the shear
cell. The difference between the dimensions and the geometry of the
cell and test container caused the difference in ρb results. In smaller ge-
ometries, wall effects are likely to be more influential on the packing of
cohesive bulk materials.



Fig. 23. Penetration resistance of iron ore samples in different levels of MC; a) I1 (FW-ΔW), b) I1 (Work-ΔW), c) I2 (FW-ΔW), d) I2 (Work-ΔW), e) I3 (FW-ΔW), f) I3 (Work-ΔW),

Fig. 24. Comparative flowability analysis; a) Main effect of MC variation on ffc, a) Main effect of σpre variation on ffc.
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Table 11
Correlations coefficients in the ring shear tests.

Sample I1 I2 I3 Average Standard deviation

σpre and ffc 0.875 0.338 0.992 0.735 0.285
MC and ffc 0.258 −0.396 0.077 −0.020 0.276

Table 12
Correlations coefficients in the consolidation-penetration tests.

Sample I1 I2 I3 Average Standard deviation

σpre and W50,ratio 0.980 0.979 0.986 0.982 0.003
MC and W50,ratio 0.39 −0.59 0.90 0.235 0.617
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By applying σpre,8, a sudden increase in ρb is measured in samples I2
and I3; at this level ofσpremainly rearrangements of particles and elastic
deformations contribute to the densification process [2]. Then, bulk
densities increase with a milder slope between σpre of 8 and 65 kPa.
For example in sample I2, ρb,65 is 7% higher than ρb,8. The compressibility
of the bulk materials tend to converge to a maximum limit by applying
σpre higher than 65 kPa. Overall, sample I2 shows themost sensitivity to
Fig. 25. Interaction plots between MC and σpre on ffc

Fig. 26. Comparative penetration resistance analysis; a) Interaction plot between M
σpre. A wide distribution of particle sizesmakes sinter feed type iron ore
capable to obtain a denser packing [49].

5. Conclusions

The aim of this studywas to first establish links between the influen-
tial and dependent bulk properties. Second the range of variations of
for different iron ore samples; a) I1, b) I2, c) I3.

C and type of iron ore, b) interaction plot between σpre and type of iron ore.



Fig. 27. Fitting polynomial functions on the accumulative penetration resistance.
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bulk properties of iron ore was determined, which is applicable to de-
sign of various of types of handling equipment, such as silos and grabs.
Using three different setups and by running five separate experiments
in total, it was successfully shown that the three influential bulk proper-
ties, I, MC and σpre are responsible for the variations of the dependent
bulk properties. The range of variations of both groups are summarized
in Fig. 29. The three iron ore samples are categorized as very cohesive to
cohesive based on the ring shear test results. The angle of repose,αM, of
these samples were measured using the ledge method; the test results
are in the range of 55° to 70°, expect for sample I2 atMCas,rec+2% that re-
sulted in αM = 84° in average. The mentioned range is consistent with
measurements done in [1,14,54] onmoist iron ore samples using a sim-
ilar test method. In contrast, [1] measured αM = 40° for free flowing
iron ore pellets using the ledge method.

An important conclusion of this paper is that the dependent bulk
properties (DBP's) of cohesive iron ore samples are highly sensitive
to the history of the applied stress, σpre. This phenomena was
observed in both ring shear and consolidation-penetration tests, in
which high correlations between σpre and respectively ffc and
W50,ratio are found. Design of bulk handling equipment for cohesive
iron ore can be improved by minimizing the effect of σpre on the
process. This can be done, for instance, by optimizing geometrical
optimization of equipment; by applying a relatively low pre-
consolidation stress on bulk solids during closing of grab's buckets.
Then, the flow is expected to be mobilized requiring a lower
shear force. Furthermore, both bulk density and dry bulk density,
ρb and ρb,dry respectively, are also highly correlated with σpre.
Therefore, choosing appropriate range of σpre in the design of equip-
ment for handling cohesive iron ore is also crucial.

Future study is recommended to develop a framework to optimize
design of bulk handling equipment by incorporating the variation of
the dependent bulk properties. Highest variation of the dependent
bulk properties, in total, was captured in sample I2. This sample showed
a high sensitivity of the penetration resistance and bulk density results



Fig. 28. Bulk density results for MCas,rec; a) consolidation-penetration tests, b) ring shear test.

Fig. 29. Range of measured dependent bulk properties.
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to σpre. Also, its angle of repose tends to reach amaximumby increasing
themoisture content. Furthermore, the flowability of sample I2 showed
highest sensitivity to the variation of moisture content, in which an in-
teraction betweenMC and σpre was found. Therefore, the highest incon-
sistency of the productivity (e.g. grab's payload) is expected to occur in
the handling process of the Carajas sinter feed product. Therefore, using
test results of sample I2, the variability of iron ore properties can be in-
corporated in optimizing bulk handling equipment that are used in ex-
cavation and storage applications.
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