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Investigation of Bulk Solid
Material Load Profiles on a
Belt Conveyor Test Rig

This paper presents an investigation of active and passive
stress states induced in bulk solid materials due to the
transverse opening and closing of the conveyor belt. The

relationship between active and passive stress states to the subse-
quent load profile exerted by the bulk solid material on the belt
was modeled and examined using Discrete Element Modeling
(DEM) simulations and results are compared to experimental re-
sults and existing theory
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1 Introduction

As bulk solid material is transported between successive idler
sets along a belt conveyor, active and passive stress states are
induced in the bulk solid due to the constant opening and clos-
ing of the belt. When the belt is supported by an idler set, the
belt and bulk solid are forced to conform to the troughing pro-
file resulting in transverse compressive stresses.
Upon leaving the idler, the trough opens (due to gravity) al-

lowing the bulk solid to relax transversely forming an active
stress state. Upon reaching half to two thirds of the idler spac-
ing the stress states theoretically reverse. A passive stress state is
induced in the transverse direction resulting from compressive
stresses due to the narrowing of the belt. The corresponding

reaction loads on the belt influence the motion resistance of
the belt conveyor [1].
Theoretical and experimental analysis of transverse bulk solid

behaviour and the influence of bulk solidmaterial properties on
this motion has previously been undertaken in [1,2] and [3,4,5]
respectively. The work in this paper acts to further analyse and
validate these interactions utilising DEM simulations.
Due to bulk solidmaterial being transversely supported along

the length of the conveyor by inclined sides of the belt, the ap-
proach in examining bulk solid motion on conveyor belts has
been that the aforementioned process of active and passive
stress states is analogous to the application of soil mechanics
with respect to retaining wall structures. Pioneering research
work in this area was undertaken by Krause and Hettler [6].

2 Active and Passive Stress States

Krause and Hettler [6] applied Coulomb’s earth pressure theory
to calculate the normal forces acting on the idler rolls of a belt
conveyor. Based on this theory, for the active stress state, the
slip plane angle θa to the horizontal as a function of the idler
inclination angle β, bulk solid internal friction angle ϕi, belt and
bulk solid friction angle ϕw and conveyor surcharge angle λ, can
be given by:

θa = tan−1( ( √
____________
λa · sin(β − ϕw )___________
sin(β + λ ) ) · sinλ − sinϕi

____________________

( √
____________
λa · sin(β − ϕw )____________
sin(β + λ ) ) · cosλ − cosϕi

) (1)

where:

λa = ( sin(β + ϕi )_________________________

√
_________
sin(β − ϕw ) + √

_________________
sin(ϕw + ϕi ) · sin(ϕi − λ )________________

sin(β + λ ) )
2

Similarly for the passive stress state, the slip plane angle θp to
the horizontal can be given by:

θp = tan−1( ( √
____________
λp · sin(β + ϕw )____________
sin(β + λ ) ) · sinλ + sinϕi

____________________

( √
____________
λp · sin(β + ϕw )____________
sin(β + λ ) ) · cosλ − cosϕi

) (2)

where:
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Fig. 1: The test rig used for the experimental analysis.
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λp = ( sin(β − ϕi )_________________________

√
_________
sin(β + ϕw ) − √

_________________
sin(ϕw + ϕi ) · sin(ϕi + λ )________________

sin(β + λ ) )
2

The active and passive slip plane angles θa and θp are illus-
trated in Fig. 2. Also shown in Fig. 2 is the angle from the idler
junction to the centre of the top of bulk solid material pile θc.
The force vector diagrams showing equilibrium of forces act-

ing in the active and passive stress states are shown in Fig. 3.
This paper investigates the forces associated with localized

active and passive stress states for three bulk solid materials,
river sand, gravel and magnetite. Investigations using experi-
mental testing and DEM simulations were made and the results
compared to those based on Krause and Hettler’s theory.

3 Experimental Rig and Procedure

The test rig consists of a horizontal base section fixed to the
ground, and two pivoting side sections (Fig. 1). The sides are
attached to a frame (via turnbuckles) which is fixed to an oscil-
lating plate and as the plate oscillates up and down the sides
pivot. Two transparent walls are fixed at either end allowing for
the observation of cross-sectional behaviour of the bulk solid as
it is oscillated. A diagram of the rig is illustrated in Fig. 4.
The dimensions and configuration of the test facility were se-

lected with the aim of comparing to an existing 600 mm wide
re-circulating belt conveyor system with a three-roll idler
troughing profile of 35° located at Tunra Bulk Solids laborato-
ries.
The I-Scan matrix based pressure measurement system con-

sists of a 55 × 55 mm (5051, 20 Psi) flexible tactile TekScan sen-
sor, connected to the PC via an interface handle [4]. The posi-
tion of the TekScan pad during testing is shown in Fig. 5. A

number of tests were conducted with the pad located in the
top position and bottom position as shown.
The bulk solid materials tested are shown in Fig. 6, and mate-

rial properties and the active and passive slip plane angles based
on Krause and Hettler’s theory are shown in Table 1.
In general, the river sand particle size was in the range of 1 to

6 mm, gravel exhibited particles 5 to 30 mm and magnetite ex-
hibited particles of 3 to 35 mm. Also, from observation, the
magnetite material exhibited particles which were furthermost
from spherical.
Each material was poured into the middle of the experimen-

tal rig and shaped manually in order to produce conveyor sur-
charge angles fromTable 1 with the edge distance held constant
at approximately 60 mm (as determined in [7]). The test rig was
then oscillated at a frequency of 2.5 Hz and stroke of 12 mm for
a period of 100 seconds during which data was recorded with
the I-Scan software.

4 DEM Simulation and Calibration

The DEM simulations were performed using PFC3D v3.1 soft-
ware [8], utilising a user defined contact model [9,10] and
modeling eachmaterial as spherical particles. All materials were
calibrated and simulated as 5 mm particles only. Additionally,
river sand was also calibrated and simulated as 2 to 5 mm parti-
cles, and magnetite and gravel materials were calibrated and
simulated as 10 mm particles only.
Each simulated material was calibrated using angle of repose

(AOR) tests andmodifying correlated simulation parameters to
suit based on experimental tests. The simulated angle of repose
is shown in Table 2. The particle solids density was measured
using a nitrogen displacement pycnometer and values are also
shown in Table 2 as well as the number of particles for each
simulation.

Table 1: Bulk solids material properties and slip plane angles.

Material Wall friction
angle ϕw [°]

Wall friction
angle ϕi [°]

Angle of repose
θR [°]

Conveyor sur-
charge angle λ [°]

Passive state slip
angle θp [°]

Active state slip
angle θa [°]

River sand 26 46 32-33 15 42 65

Gravel 32 45 32 13 38 56

Magnetite 30 57 37-38 23 40 70

Fig. 2: Krause und Hettler’s active and passive stress states.
Fig. 3: Krause and Hettler’s force vector diagrams for active and
passive stress state.
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The spherical particles were packed onto a cross section of
the belt resembling that of the test rig (however only to a longi-
tudinal length of 65 mm compared to 500 mm in experiments
to minimize number of particles), with measurement ‘zones’ of
55 × 55 mm in top and bottom position on each side of simu-
lated rig akin to that described in Fig. 5 and set to oscillate at
the aforementioned constraints

5 Results and Discussion

Results from experimental testing and DEM simulations for
river sand are shown in Fig. 7. Note that TekScan results are
typical of entire 100 seconds of testing and are only shown for
the first 50 seconds of the measurment perid for clarity be-
tween top and bottom pad.The results from experimental test-

ing and DEM simulations for gravel and magnetite are shown in
Figs. 8 and 9, respectively.
From the above results comparison, there is good overall cor-

relation between the measured values obtained using TekScan
and results obtained using DEM simulation analysis. The dis-
crepancies are believed to be possibly due to the TekScan pad
sensitivity range and also simulating each material as spherical
particles only.
It is believed that materials consisting of non-spherical parti-

cles would show higher internal resistance to opening/closing
due to the mechanical interlocking mechanisms representative
of such materials. This was most evident for the magnetite ma-
terial (top pad).
Also, for the DEM simulation, there was minimal influence of

the particle size (within the range tested) on the overall values
obtained. This presents the opportunity to investigate further

Table 2: Simulation properties.

Material Simulated AOR [°] Solids density [kg/m3] Number of particles

River sand 32 - 34 2590 18.034 (5 mm) - 40.028 (2 - 5 mm)

Gravel 31 - 33 2582 17.506 (5 mm) - 2.082 (10 mm)

Magnetite 37 - 39 3665 20.676 (5 mm) - 2.471 (10 mm)

Table 3: Active and passive force and pressure based on Krause and Hettler’s theory.

Material Total active
force [N/m]

Total normal ac-
tive force [N]

Total normal ac-
tive pressure

[kPa]

Total passive
force [N/m]

Total normal
passive force [N]

Total normal
passive pressure

[kPa]

River sand 90 4.5 0.6 420.5 20.8 2.9

Gravel 116.9 5.5 0.8 453.8 21.2 3.0

Magnetite 139.9 6.7 0.9 1544.2 73.6 10.3

Note: Fsa: Total active force, Fsp: Total passive force
Pad length = 0.055 m, length of material on inclined side = 0.13 m
Total normal force =Total force × pad length × cosθw
Total normal pressure = Total normal force / (Pad length × length of material on inclined side)

Fig. 4: Schematic drawing of the experimental test rig. Fig. 5: Measuring positions of the TekScan pads.
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the minimum particle size necessary for DEM simulations in or-
der to simulate real life bulk solid materials with valid results.
In addition to the experimental and DEM simulation forces

comparison presented above, analysis was also conducted us-
ing DEM simulations to determine the load profile of the bulk
solid material acting on the inclined sides of the belt (rig) and
was compared to Krause and Hettler’s theory. The results for
each material are summarized in Figs. 10, 11 and 12.
For all simulated materials in the above figures, the normal

pressure values when the belt (rig) was open were compared to
the active and when the belt (rig) was closed were compared to
the passive stress values as described in Section 2. Each result-
ant force was found by solving the force vector diagrams from
Fig. 3, knowing the force due to the bulk solid material (under
gravity) and the direction of the vectors.
The total active and passive normal pressure based on Krause

and Hettler‘s theory was calculated for eachmaterial for the en-
tire wedge and is presented in Table 3.
Referring to Figs. 10, 11 and 12 in view of results shown in

Table 3, for the active stress state, there is good overall correla-
tion between the measured values obtained using DEM simula-
tion analysis and Krause and Hettler’s theory. Figs. 10, 11 and 12
show that the maximum normal pressure when the belt is open
is in the range of 0.5 to 1.2 kPa.
This is in good correlation with Krause and Hettler’s theory

which approximates the total normal active pressure to be in
the range of 0.6 to 0.9 kPa. The figures also indicate that the

maximum active stress occurs towards the idler junction and
the minimum active stress occurs at the edge of the free top
surface of material on inclined side.
For the passive stress state, results indicate that the measured

values obtained fromDEM simulations are lower than the theo-
retical values given by Krause and Hettler’s theory, which leads
to the postulation that perhaps the passive stress state is not
fully developed within the cross section of the bulk solid mate-
rial.
Interestingly, Figs. 10, 11 and 12 show that maximum normal

pressure (on the inclined side) when the belt is closed occurs at
a distance of 0.04 to 0.06 metres from the idler junction and not
at the idler junction. That is, maximum stress (belt closing) oc-
curs within 30 to 45 per cent of the length of the bulk solid
material in contact with the inclined side (belt).

6 Conclusion

Results from the investigation indicate that there is good over-
all correlation between results from DEM simulations and the
TekScan measurements for both the active (opening) and pas-
sive (closing) stress states.
Analysis from DEM simulations shows good correlation with

Krause and Hettler‘s theory for the active stress state.This tends
to indicate that the active stress state is fully developed within
the material cross section due to the opening of the belt (rig).

Fig. 7: Results from experimental testing and DEM simulations for river sand: a) TekScan results for 5 mm particles, b) DEM simulation results for
5 mm particles, c) DEM simulation results for 2 - 5 mm particles.

Fig. 6: Samples of the tested materials.
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However, for the passive stress state, the data obtained from
the DEM simulations indicates lower (significantly lower for
magnetite) values than those calculated using Krause and Het-
tler‘s theory.
The investigation of bulk solid and conveyor belt interactions

up to date further leads to the affirmation that either the pas-
sive stress state is not fully developed within the bulk solid ma-
terial during belt closing or there is other material (particle) be-
haviour (interaction) present within the bulk solidmaterial cross
section than can be described by Krause and Hettler‘s theory.
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Fig. 12: Magnetite average load profile on inclined side.
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