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Abstract
Relevance of the work. The Hopper and Bin design is the most commonly used technique of storing materials as it is a
gravity fed system and is generally used for storing materials such as agricultural grains as well as mined minerals such
as sand and coal. Mass flow, which is ideally the most desired flow type sees the bulk material travel uniformly with
all particles in motion until all the material leaves the bin. The other types of flow generally occur with flat-bottomed
bins with shallow hoppers are not seen as ideal as with this design problems such as arching and rat holing occur. The
issue with the current design is that some of the material becomes stagnant in the bin, this can be costly as if the bulk
material becomes stuck, degradation can occur over time. It can be observed for the Funnel and Expanded flow, the
rat holing and arching occurring due to the stagnant material.
Research Objective is to design a novel mass flow acrylic bin and hopper to store bulk quantities of sand without
stagnation or degradation
Methodology. Two separate experimental procedures were carried out including the measurement of the specific
gravity of the sand, shear test and final hopper design. The data was then manipulated and plotted stress transformations
and identified multiple key flow property constituents. Using values such as the yield loci and associative yield stresses
the hopper half angle a and opening diameter B were tabulated.
Results and Conclusions. The optimum opening diameter B for an uncompacted system is 2 mm and the hopper half
angle a adjusted to 34.58°, this was tested and provided a successful mass flow hopper system. Overall, the techniques
used with specific gravity and shear cell testing gave a sufficient insight into the appropriate procedure for designing
efficient and accurate bin and hoppers. Then substituting the values gathered into the appropriate formulae provided
a successful mass flow system for the intended bulk material which is sand.

Keywords: Hopper, Flow properties, Minerals, Bulk material properties, Geometric shape.

Introduction
Specific Gravity of Sand

Specific gravity is the ratio of the unit volume mass of
soil at a stated temperature to the mass of the same volume of
gas-free distilled water at a stated temperature [1]. Calculating
the specific gravity of a bulk solid is an important component
before the iterative shear cell testing and overall hopper design,
as the degree of certainty can be found for the void ratio and
degree of saturation. Void ratio is the ratio of the volume of
voids (open spaces) in a soil to volume of solids. To find the
specific gravity of a particular bulk solid a number of key steps

including the use of a vacuum chamber, needs to be followed
precisely in order to obtain correct values.

Following this, it is useful to tap or use a vibration table
machine to remove more voids thus providing a more accurate
result. With the respective masses of the specimen samples, the
mass of the dry soil in the bottle m_can be determined, where
w is the water content of the bulk material as a decimal. The
particular bulk material tested was sand and assumed that dry
sand has a moisture content of 0.1% and therefore w = 0.001
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in the following Equation (1) [1] which shows the mass of dry
sand in the specimen bottle:
m = m,—m, ,
1+w (1)

where the parameters are as following: m - mass of empty
bottle and stopper; m, — mass of bottle with sand, and stopper;
w — water contents of the sand; m - the mass of the dry sand
in the bottle.

Following this, the samples containing water can be
included, for the calculation of the overall specific gravity
G, of a particular bulk material can be determined using the
equation below:

(2)

Whereby the parameters are as following: m, — mass of
bottle with sand, stopper and water (full); 7, — mass of bottle
with water (full), and stopper; G, - the specific gravity of the
sand grains.

Shear Cell Test

In order to create a mass flow system for bulk materials,
several key constituents surrounding the hopper must be
analysed so the optimum dimensions can be identified. These
constituents are called flow properties and include values such
as the angle of wall friction, angle of internal friction and wall-
material cohesion [2]. The standard procedure in determining
flow properties is shear testing which provides an in-depth
analysis of the yield locus for the bulk material. The yield
locus is used as a reference point to determine all-important
constituents in creating a successful mass flow system.

The shear cell test involves a sample of the bulk material
succumbing to shear force along a plane developed between the
two halves of the ‘shear box’ after the application of a specified
normal load. The shearing motion is provided by an electro-
mechanically driven loading stem, which moves the bottom
half of the shear box at a constant speed while measuring the
reaction force on the top part of the shear box.

Hopper Design

A Perspex bin and hopper system has been requested to
be designed for a mass flow bulk material of sand, this mass
flow will be achieved by a successful calculation of the internal
angle of wall friction. These calculations will be provided
by several iterative shear cell tests including compacted and
uncompacted sand, as well as shearing the Acrylic Perspex
across sand particles. With these results, the yield locus and the
flow functions will be determined, so all other flow properties
can be identified. With the optimum angle of internal friction
and opening diameter a successful mass flow system for sand
will be obtained [3]. This paper will outline the procedures,
calculated results and any other observed information that
is relevant to the design of this storage unit. The following
sections will help understand the main concepts, being the
yield locus, flow function and wall friction, for calculating the
two hopper parameters.

Yield Locus

The importance of the Jenike shear cell tester is that once
the consolidation has occurred to the material sample several
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data points can be obtained and plotted to find values such as
the Internal Yield Locus (IYL) and Effective Yield Locus (EYL)
[4]. The Internal Yield Locus for a consolidated bulk solid is
a linear line used to find the unconfined yield stress o, this
is ultimately the principal stress representing the strength
of a material at a free surface. As the applied stress increases
throughout the testing causing the point of sliding of the bulk
solid sample, stress transformations or Mohr’s Circle can
provide limiting stress circles, which an IYL can be identified.

Using the IYL the corresponding EYL can be determined;
this is a straight line from the origin to create a tangent to the
larger Mohr’s Circle. This is done so the initial consolidating
load point can be determined, the angle from the horizontal
origin is important as it is the effective angle of internal friction
[5]. With the consolidating load point determined the Major
Consolidating Principal Stress o can be determined, this
is the major principal stress due to the initial consolidating
load. It is determined by drawing a Mohr’s Circle through the
consolidating load point and tangent to the IYL. The formulae
used to draw the Mohr’s circle such as distance and radius are
as follows:

d=4—5l—;
tan () (3)
dsin @

r=——+,
1-sing (4)

where d - Distance from origin (x-axis); c, - Wall cohesion;

@ - Wall friction angle; r - Radius of the Mohr’s circle.

Flow Function

The ability for a material to flow and its overall strength can
be determined by creating a flow function. The flow function
is the relationship between the unconfined yield stress o_ and
the major consolidating principal stress o, . There are multiple
factors that must be considered when trying to determine the
flow function of a bulk material, these can include the moisture
content, storage time and vibration [6]. To incorporate these
factors the flow function calculations, require shear testing
several different samples each with a different consolidating
load. A flow function can be plotted by using several yield loci,
the yield loci from each test determines the intercept points on
the plot [7]. A material’s cohesiveness generally illustrates the
slope of the flow function on the plot, where the less cohesive
a bulk material is, the easier it will flow, in which design
requirements must be adjusted to cater this.

The formulae to find the unconfined yield stress o, the
major consolidating principal stress o, and the angle of
internal friction § are as follows:

0 =2r; (5)
T sin T
G, =0+~ ki + "
cos @ cos @ (6)

g T
0 =tan [ u J,
(¢
mc (7)

where T~ Wall shear stress.
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Wall Friction

When calculating the flow properties and composition for
a bulk so lid it is important to consider the affect the material
has on the apparent wall material for the hopper and bin.
Shear testing a bulk solid material against the material of what
the bin and hopper will be constructed is important as it can
identify flow constituents such as the walls yield locus and the
angle of wall friction [8]. The process is the same as testing
just the bulk material but with more information regarding the
design material, the higher the chances of creating a mass flow
system. Below is the formula used along with the shear cell
tested results to find the wall shear stress:

W,=Ho, +c, (8)

where W, - Coeflicient of wall friction; o, - Wall normal stress.

With the shear stress determined between the wall and the
bulk solid, the values can be plotted with a Mohr’s circle and
the angle of wall friction ¢, can be made as a correlation to the
slope of the wall yield locus. Fig. 1 below is an example plot of
wall shear stress against wall normal stress, this plot outlines
the yield locus between the bulk solid and the wall material as
well as the location of the angle of wall friction [1].

¢, = tan”(p )(y,). )

It is also important to consider how the bin and hopper
will operate throughout its life, if bulk materials spends a
continuous amount of time in the bin it must be accounted [9].
Some materials gain adhesive stress when kept at rest for long
periods of time, so time tests are used to measure the static
friction and overall strength between the two materials when
kept at rest [3].

Finally, the hopper half angle a and the opening diameter 8
can be determined; these can be considered the most important
parameters regarding hopper design. Fundamentally these
values are the main stakeholder in calculating an accurate mass
flow system, there are many other constituting values that will
be used to find these principles and their relevant formulae are

as follows:
Q= sin” {M}
sindavg (10)
b= Qavg+Q )
2 (11)
1-sind
o =90-(0,5)cos” (?m s j -B;
2sindavg (12)
6 — me critical
u (13)
p sand = SG sand - p H O at 25 °C; (14)
,_oH )
gpsand (15)
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Figure 1. Wall Shear Stress against Wall Normal Stress.
PucyHok 1. HanpsixxeHne coBura Ha CTeHKe OTHOCUTENbLHO HOPp-
ManbHOro HanpsXXeHUsA CTeHKMU.

Ow

Methodology

To complete the experimental side of this practical, two
separate experimental procedures were carried out which
includes measurement of the specific gravity of the sand, the
shear test and the final hopper design. To measure the specific
gravity of sand, weight of two 250 ml bottles was measured and
labelled separately as 4 and C. The bottles were then filled up
with water until no water flow occurred when the stopper was
inserted and the weight and temperature was measured. Then
the water was removed and fine sand (bulk solid material)
was filled to the dried bottles up to 150 ml and the weight
was measured. Water was added up to 200 ml and placed on a
vacuum pump for 10 minutes to remove entrapped air. After
all entrapped air was removed the bottle was filled with water
until no excess water was present. The mass and temperature
of each bottle was weighed.

The shear cell test was conducted by well cleaning the
shear box and halves. Then the two halves of the shear box
were screwed together with a friction screw loose and screwed
down until they touch. The base plate was placed in by assuring
the groves were parallel with the shear direction. Porous stones
were placed with rough surface facing the material. The shear
box was then slowly filled with sand, assuring the sand was
not compacted. The sand height was controlled by the depth
gauge making a perfectly flat top. The second porous stone was
placed on top by facing the rough side to the material and then
the shear box was weighed. After that the top plate was placed
on top with the groves parallel to shear direction and placed
on a shearmatic. The horizontal locking screws were tightened
and 10 kN vertical load was locked in place. Then the vertical
displacement transducer was placed on the vertical platform
and horizontal displacement transducer was set to its medium
any measurements were taken.

To design the hopper adjustable acrylic hopper was adjusted
to have the angle and opening dimensions of the optimum for
mass flow [10]. The gap was closed with another piece of acrylic
and sand was poured into the top and the gap was opened
allowing the sand to flow. The flow type was observed. Then the
angle and opening width was tested for different values to test if
a variance of dimensions causes funnel flow.

Results and Calculations

All experimental and calculated results are shown in the
following tables with sample calculations given for the first two
experimental procedures.
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Specific Gravity Experiment

To calculate the specific gravity of the sand, the specific
gravity experimental methodology was carried out to yield the
following data given in Table 1.

Table 1. Specific gravity experiment results.
Ta6nuua 1. PesynbraThl 3KCNepMMEHTa MO yAerbHOMY Becy.

Tests
Parameter
Test Glass (C) Test Glass (4)

Water temperature, °C 26 27
m,g 138.341 141.474
m, g 360.888 340.366
m,g 571.668 507.254
m,g 438.283 388.539
w, %/100 0.001 0.001
m, g 222.325 198.693
G.g 2.499 2.484

Note: m, — mass of empty bottle and stopper; m, — mass of bottle with sand, and
stopper; m, — mass of bottle with sand, stopper and water (full); m, — mass of
bottle with water (full), and stopper; w — water contents of the sand; m_—the mass
of the dry sand in the bottle; G, — the specific gravity of the sand grains.

These values were then used in Equations (1)-(2) to yield
the specific gravity of sand. For test glass C, the following
calculations were computed:

m2 - ml
m =——=;
1+w 1)

_360.888 -138.341
1+0.001

m

m = 222.325 g

()

) 222.325 _
222.325+ 438.283 — 571.668

s

G, =2.499.

The two specific gravity results are then averaged as shown
below:

2.499 +2.484
2 b

s, avg

G, =2.492.

s avg
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Shear Cell Test Experiment

The purpose of shear cell test is to design hoppers, and
hopper design has two major parameters, one is hopper half
angle a, another is the minimum hopper opening B [11].
The shear cell test is important to determine these two major
parameters. it gives results that can develop an IYL and an
EYL, based on this, the unconfined yield strength o_can be
determined by drawing a Mohr’s circle that related to IYC and
origin, the major principal stress o, can be determined by
drawing a Mohr’s circle that related to IYC and consolidation
point, which in this practical is the point that gives 100 kPa
vertical pressure plus the pressure from the top cap of the shear
cell box. Furthermore, the effective angle of internal friction §
and angle of internal friction ¢ can be determined from EYL
and I'YL respectively, these two parameters can give the hopper
half angle o by using half angle equation for slot hopper in this
practical, with the parameter of a and § the flow factor ff then
can be determined by using an appropriate figure, then the H
(a) can be determined using the figure with a and ff parameters.

This ff can also be expressed in form of G,/ , where

G is stable arch stress, the flow function FF can be expressed
in form of 0 /0, , the critical principle arch stress is at where

an intersection point of ff line and FF line 6_= o, once find

out the critical point, once get the H (a) and &, the minimum
hopper opening B can be determined. The hopper design
results and al | the relevant parameters are determined from
the shear cell test data, which the shear cell test is necessary
and is the major purpose of the hopper design.

The shear cell test was carried out using the shear cell
apparatus and methodology. The weights of all the shear cell
boxes, with sand and porous stone/acrylic are shown in Table
2 below.

Table 2. The weights for shear boxes and sand for all tests.
Tabnuua 2. Bec cABUroBbIx KOPOOOK 1 Necka Ans BCeX UCMbITaHUMN.

Test Type Mass w/o Top Cap, g
Sand uncompacted — 25 3922.5
Sand uncompacted — 50 3849.9
Sand uncompacted — 100 3843.7
Sand compacted — 25 3841.8
Sand compacted — 50 3852.2
Sand compacted — 100 3847.4
Acrylic uncompacted — 25 3690.0
Acrylic uncompacted — 50 3730.0
Acrylic uncompacted — 100 3732.6
Acrylic compacted — 25 3745.1
Acrylic compacted — 50 3734.2
Acrylic compacted — 100 3738.6

The apparatus items without sand were also measured and
are shown in Table 3 below.
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Table 3. The weights of the apparatus items used for shear testing.
Ta6nuua 3. Bec npegmeToB 060pYyA0BaHUA, UCNONb3yeMbIX A4NA
MCMbITaHUA Ha CABMI.

Apparatus ltem/s Weight, g
Box + 2 Stone 3491.2
Box + 15 mm Acrylic + 1 Stone 3532.8
Mass Top Cap 1192.1

To determine the additional pressure P that the top
cap adds to the vertical load, the mass of the top cap is used
and converted to pressure as shown in the following sample
calculation. The dimensions of the top cap are 100 mm by 100
mm.

F =mg; (16)
F, = (1.1921)(9.81);

F =11.6945N;

P=£;
A (17)

 11.6945
~ 10000 °

P =0.00116945 MPa or 1.16945 kPa.
These calculated values are summarised in Table 4.

Table 4. The summarised values for the top pressure calculation.
Ta6nuua 4. O606LIeHHbIe 3HAYEHMSA ANA pacyeTa BEPXHEro AaBrieHus.

Parameter Value
Mass Top Cap, kg 1.192
Force Weight, N 11.695
Area, mm? 10 000
Pressure, MPa 0.001169
Pressure, kPa 1.16945

Table 5. The maximum values from each of the tests.
Tabnuua 5. MakcumanbHble 3Ha4YeHUs1 MO KaXaoMy U3 TECTOB.

A. Aproavd u dp. / Hzsecmus YITY. 2020. Bun. 3(59). C. 90-106

From the experimental tests, data was collected and used
for analysis purposes by inserting to an excel sheet, in there
the normal stress is the vertical adjusted pressure and remains
relatively constant due to that being the consolidating stress
input into the machine. The Shear stress was calculated by
dividing the horizontal force by the area of shear, being the
100 mm by 100 mm [12]. This was computed for each of the
12 tests and the maximum shear stress value was determined
using the Excel max function as shown below:

Maximum shear stress value = MAX (AJ2 : AJ798).

The normal stress value is the corresponding normal
stress value to that of the maximum shear stress. This was
found using the lookup function as shown below:

Corresponding normal stress = LOOKUP (AJ799, AJ2 :
AJ798, Al2 : Al798).

This was computed for each of the 12 tests and summarised
versions of the values are displayed in Table 5.

To graphically display the maximum shear stresses, and
to visually prove the shear stress values in Table 5 are correct,
the shear stress was graphed against the shear displacement to
give the following Fig. 2 to 5. The shear cell test in this practical
was a strain-controlled test, which the shear force was applied
in equal increments until the specimen fails, and only the peak
shear strength was observed for further calculation. Fig. 2 to 5
below present the maximum shear stress is at the point where
the specimen just begins to fail.

Shear test result Fig. 2 and 3 with porous stone top plate
presented that the shear stresses increased gradually until they
had reached a constant value which is called ultimate shear
stress (or residual shear stress), for the shear test with acrylic
top plate in the Fig. 5, the shear stresses increased dramatically
over a short shear displacement, then slowly increased over a
long shear displacement, finally they had reached the ultimate
shear stress. For each type of the top plate been used for the
test, the compacted tests had similar trend as uncompacted
tests, and they do not have a significant peak shear strength,
this can be the reason that the sand was not dense enough
in compacted tests, and the vertical normal load was not
great enough, these resulting the sand was still loose sand or
normally consolidated sand, the theoretical plot for the shear
stress against horizontal shear displacement is shown in Fig. 6
above.

Test Type Maximum Stresses, kPa Test 1 (25) Test 2 (50) Test 3 (100)
Uncompacted Sand Normal 26.659 51.692 101.670
Shear 26.428 41.236 73.756
Compacted Sand Normal 101.670 51.649 102.237
Shear 73.756 41.344 82.038
Acrylic Uncompacted Normal 26.681 51.627 101.649
Shear 15.458 24.434 36.098
Acrylic Compacted Normal 26.681 51.671 101.649
Shear 16.369 25.799 46.309
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Shear Stress, kPa
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0 1 2 3 4 5 6 7
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Figure 2. Shear Stress against Shear Displacement for Uncompacted Sand.
PucyHok 2. HanpsixkeHue caBura no cABUroBOMY CMeLLEHUIO ANsi HeyNNoTHeHHOro necka.

Shear Stress, kPa

0 1 2 3 4 5 6 7
Shear Displacement, mm

25 50 100

Figure 3. Shear Stress against Shear Displacement for Compacted Sand.
PucyHok 3. HanpsixkeHue caBura no cABUroBOMY CMeLLEHUIO ANl YNIIOTHEHHOrO necka.

Shear Stress, kPa

0 1 2 3 4 5 6 7
Shear Displacement, mm

25 50 100

Figure 4. Shear Stress against Shear Displacement for Acrylic Uncompacted.
PucyHok 4. HanpsixkeHue caBura no cABUroBOMY CMeLLEHUI0 AN HeYNIOTHEHHOro akpuna.
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Figure 5. Shear Stress against Shear Displacement for Acrylic Compacted.
PucyHok 5. HanpsixxeHve caBura no cABUroBoMy CMeLLEHUIO AA YNNOTHEHHOro akpuna.
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T
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B
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Figure 6. Typical shear stress versus horizontal shear displacement (OC stands for over consolidated and NC stands for normally

consolidated) [5].

PucyHok 6. TunnyHoe HanpskeHue caBUra B 3aBMCMMOCTU OTropusoHTanbHoro casura (OC o3HauyaeT «4pe3MepHO KOHCONMUAUPOBAHHbINY,

a NC o3HayaeT «kHOpManbLHO KOHCONUAMPOBaHHbINY) [5].

The similarity of all the tests was the higher vertical load
gives higher shear stress, the differences was that under the
same vertical load, the compacted tests had higher shear force
over the shear displacement compared to the uncompacted
tests, the maximum rate of increase shear stress is 28.29% for
the acrylic top plate under 100 kPa vertical load, it is shown
in Table 6. The table also showed that under the same sand
condition (compacted or uncompacted), the tests with porous
stone had significant increase rate compare to the acrylic plate,
the maximum rate is 104.32% for the uncompacted condition
with both 100 kPa vertical load.

Hopper Design Experiment

To determine the two hopper design parameters being
the hopper half angle o and the minimum slot opening B the

following hopper design calculations were carried out. From
the shear cell test experiment the maximum shear stress and
corresponding normal stress were defined. These values are
now used to find the two design parameters.

The data from Table 6 was used to generate the following
graphs of the shear stress against the normal stress. Linear trend
lines were added with supporting equations and r-squared value.

From above Fig. 7 to 10, it can be seen that a linear trend
line follows the data points collected from the shear cell test
for the tests with accurate data. It can again be seen that the
data for the compacted test is incorrect and be excluded from
further calculations. For the graphs with accurate data, the
r-squared value is very close to one and therefore the data is
considered fairly accurate.
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Table 6. Maximum shear stress comparison.
Tabnuua 6. CpaBHeHMe MaKCMManbLHOro HanpPsXXeHusi caBura.

Maximum shear stress, kPa Maximum shear stress, kPa
Load, kPa Uncompacted Compacted . Compacted .
Increase in shear Uncompacted Increase in shear
porous stone porous stone o . porous stone o
stress, % acrylic plate stress, %
plate plate plate
25 26.428 N/a N/a 15.458 26.428 70.970
50 41.235 41.344 0.260 24.433 41.236 68.770
100 73.756 82.038 11.230 36.098 73.756 104.320
Uncompacted Compacted Increase in shear Compacted Compacted Increase in shear
Load, kPa . h o h porous stone o
acrylic plate acrylic plate stress, % acrylic plate plate stress, %
25 15.458 16.369 5.890 16.369 N/a N/a
50 24.433 25.799 5.590 25.799 41.344 60.250
100 36.098 46.309 28.23 46.309 82.038 77.150
8ol y =0.6338 x + 9.1098
— @
70k Ri=0g995
o B0 e
o | e
x e
s 5 e
o e
.
& o400 ®
-
2o e
(%) .u
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0 20 40 60 80 100
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Figure 7. Shear Stress against Normal Stress for Uncompacted Sand.
PucyHok 7. HanpsixeHue caBura no HopmanbHOMY HanpsiXKeHUIo Ans HeYNOTHEHHOro necka.

8ol y =0.2107 x + 53.071
70F
60}

40t

Shear Stress, kPa

20
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1 1 1 1 1
0 20 40 60 80 100
Normal Stress, kPa

Figure 8. Shear Stress against Normal Stress for Compacted Sand.
PucyHok 8. HanpsixeHue caBvra no HopmanbHOMY HanpsHKeHUIO AN YNNOTHEHHOro necka.
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Figure 9. Shear Stress against Normal Stress for Acrylic Uncompacted.
anpspkeHWe caBuUra no CpaBHEHUIO C HOPManbHbIM HanpsikeHUeM A5 HeynmoTHeHHOro akpuna.

y =0.4007 x + 5.4447

R?=0.9996

PucyHok 10.

Shear Stress, kPa

20 40 60 80 100

Normal Stress, kPa

Figure 10. Shear Stress against Normal Stress for Acrylic Uncompacted.
HanpsxeHne caBura no cpaBHEHUIO C HOPMarbHbLIM HaNpPsXKEHWEM AN YNNOTHEHHOro akpuna.
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Figure 11. Sketch of Mohr’s circle and yield locus.
PucyHok 11. CxemaTuyeckoe usoépaxeHue kpyra Mopa v KpuBoW TeKy4ecTu.
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Since Figures have given the linear trend line and this
line can be used as IYL, therefore the terms of ¢, 6, 6. and
o, canbe determined and calculated using trigonometric, and
these terms are presented in Figure below. The gradient angle
of IYL line is ¢, and the gradient angle of EYL lines is J, the
intersection point of y-axis and IYL is the cohesive value of
the test specimen. The first Mohr’s semi-circle is that started
from the origin and tangent to the IYL, this can determine the
o, which is at the intersection point of first Mohrs circle and
the x-axis [13]. The second Mohr’s semi-circle is that passing
the consolidation point and tangent to the IYL, the point 5 __is
at the intersection point of second Mohr’s circle and the x-axis
[14].

The trend line equations were then used to determine
the cohesion and the friction angle since the equations match
equation (8) shown below. The friction coeflicient was also
converted to frictional angle using equation (9) as shown in
the following. These values were summarised into Table 7;

T,=HO, +C; (8)
¢ = tan"'(W); )
@ =tan"'(0.6338);
¢ = 32.3665°.
To determine the unconfined yield stress and the major
consolidating stress for further calculation the calculations to
define the family of yield loci were computed. To calculate the

distanced before the origin on the x-axis for the IYL equation
(3) was used as shown below:

C

w

) tan (o) ; (3)

9109
tan (32.366)

d =14.3733 kPa.

To find the radius of the unconfined Mohr’s circle,
equation (4) was used as shown below:

dsin @
r=—

1—Sin(P, (4)

Table 7. Terminology and Values.
Ta6bnuua 7. TepMMHONOINA N 3HAYEHUSA.

ENGINEERING SCIENCES

14.373 sin (32.366)
r= ;
1-sin (32.366)

r=16.559 kPa.

The unconfined yield stress can now be calculated using
equation (5):

G, =21 (5)
G =2 (16.559);

G, =33.118 kPa.

The major points from figures were also noted and
equations (6) and (7) were used to calculate the major
consolidation stress and the angle 8. Using the major points

o, =101.6705 and T Tw = 73.7561 the following is calculated:

T, sing T,
G =0 + + ;
mc m
cos@  cos@ (6)

73.756

. (73.756)sin (32.366) .
cos(32.366)

cos (32.366)

me

G, =235.958 kPa;

4 T
d =tan (WJ,
c
mc (7)

s _tant [ 73756
=1an 5
101.671

0= 35.959°.

From this all relevant data is summarised in Table 8 below
and from this Family of Loci graphs are created and shown in
Fig. 12-14.

The values of ¢, §, o_and o, for each type of test are
presented in Table 8: Terminology and Values. According
to Table 8 the maximum o, was 234.0691 kPa for the
uncompacted sand.

Parameter Uncompacted sand Uncg(r:]%ixccte d Co':;;};izcte d
Wall Cohesion ¢, 9.109 9.175 5.445
Coefficient of wall friction p 0.634 0.269 0.401
Wall friction angle ¢, degrees 32.367 15.067 21.836
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Figure 12. Family of Yield Loci for Uncompacted Sand.
PucyHok 12. N'pynna KpuBbIX TEKy4eCTU HeYNnMOTHEHHOro necka.
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Figure 13. Family of Yield Loci for Acrylic Uncompacted.
PucyHok 13. Ipynna KpuBbIX TEKy4YeCcTH Ansi aKpUIOBbIX HEYMMOTHEHHbIX MaTep1arnoB.
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Figure 14. Family of Yield Loci for Acrylic compacted.
PucyHok 14. Fpynna KpuBbIX TEKYYECTH AN YNIIOTHEHHOrO akpuna.
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Table 8. Terminology and Values.
Ta6nuua 8. TepmuHonorus u 3Ha4eHuA.
Parameter Unc%na”lggcted Compacted Sand UncAo(r;nr);;lziaccte d Acrylic Compacted for uﬁ\c/:(e;:?ng:cte d

¢, kPa 9.109 53.071 9.175 5.445 31.090

¢, degrees 32.366 11.899 15.067 21.836 16.870

d, kPa 14.373 251.879 34.084 13.588 -

r, kPa 16.559 65.418 11.972 8.047 -

o, kPa 33.118 130.837 23.944 16.094 28.530

x (major point), kPa 100 100 100 100 100

y (major point), kPa 73.756 82.038 36.097 46.309 60.030

o, kPa 234.069 201.125 147.100 168.444 190.580

5, degrees 36.411 39.365 19.848 24.848 28.130

Table 9. Values for compacted and uncompacted.
Tabnuua 9. 3HayeHus ANsA YNIOTHEHHbIX U HeYMJIOTHEeHHbIX
MaTepwuarnosB.

Parameter Uncompacted Compacted
o, kPa 28.534 16.090
o, kPa 192.244 170.090
¢, kPa 9.193 5.445
@, degrees 23.716 21.835
O, degrees 27.755 24.493

There are two major parameters to design a hopper,
hopper half angle a and hopper opening B. In order to get
these two values some basic parameters need to be determined
from the shear cell test, which are unconfined stress s, major
consolidation stress S, internal friction angle ¢, effective

internal friction angle d, and stable arch stress G,. Using
equations (10) to (12) the appropriate values can be found
below:

Hopper Half Angle:

| singavg

. 1

Q=sin | ———
sindavg

O = sin” sin23.716
=sin |[——— |
sin 27.755

(10)

Q) =59.73°.
pavg +
p=———;
2 (11)
23.716+59.73
B= BT ;

B = 41.723°.

1-sind
o =90-(0,5)cos” R B;
2sindavg

(12)
[ 1-=sin27.755
a=90—-(05)cos | ————— |—27.43;
2sin 827.755
a = 34.580.
Table 10. Average Values.
Table 10. Average Values.
Parameter Uncompacted Compacted
¢ avg, degrees 23.72 21.84
0 avg, degrees 27.76 24.49
Q, degrees 59.73 63.80
B, degrees 41.72 42.82
a, degrees 34.58 24.64
Minimum Hopper Opening:

Using the data from Table 10 the following graphs, shown

in Fig. 15 below were used to find data shown in Table 11.

Using a = 34.615 and § = 27.75 in the graph in the figure
above a value for the flow factor of 1.8 was achieved. Using
the second figure on curve 3 and a = 34.615 a value for the
following was found H (a) = 1.2.

The next step was to plot the 6 and ¢, on the Flow No-
flow Criteria graph with (0,0) intercept.

The equation to the linear trend line was found to be

o,=180, +4E-14and o, =0.6770, +75.64.

To obtain the critical major consolidating stress the x
value for the intercept of the two flow functions is required.
This is calculated below:

Trend line Equation (1): 0, = 1.8 0, + 4 E-14.

Trend line Equation (2): 0,= 0.677 0, + 75.64;
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Table 11. Values for compacted and uncompacted.
Ta6bnuua 11. 3Ha4eHUs oNA YyNIIOTHEHHbIX U HEYNNIOTHEHHbIX MaTepuasnosB.

Parameter Uncompacted Compacted
0 avg, degrees 27.76 24.493
B, degrees 34.615 24.636
ff 1.8 2
H (a) 1.2 1.1

i)
o

H(a)
if
3,0r
2,51 1
2
2,0
1,5}
R 3
1’0 1 ) | : ' \
0 10 20 30 40 50 a,degrees

1 — Circular; 2 — Square; 3 — Roclongular (L > 38)

Figure 15. Empirical relation of dimensionless factor with hopper shape and half angle showing how the data in Table 10 was found [1]
(a) ff for plane slot mass-flow silos (b) Empirical relation of dimensionless factor with hopper shape and half angle.

PucyHok 15. dmnupuyeckas cBsa3b 6e3pa3mepHoro cpaktopa ¢ popmonn GyHKkepa v MOMIOBUHHbLIM YIfiOM, NoKa3biBalolasi, Kak 6binm
HanpgeHbl gaHHble B Tabn. 10 [1] (a) ff ans GyHKepoB ANA XpaHeHMs MacCcoBOM MoAaYu ¢ niockon wensbto (b). dMnupuyeckas cBasb
6e3pa3mepHoro dakTopa ¢ coopmon 6yHKepa U NOSIOBUHHbLIM YITIOM.
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Figure 16. Flow No-flow Criteria.
PucyHok 16. Kputepun otcyTcTBUA notoka.
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0. O

cl="c2’

180, +4E-14=0.677 G, +75.64;
0 =0 =67.33 kPa.

me mc critical

The value can now be calculated as shown below:

mc critical

C= ;
7 (13)
_ 67.33
=" =37.41kPa;
1.8

From the first specific gravity experiment the specific
gravity (SG) of sand was found to be 2.49. To calculate the
density the following is computed whereby the density of water
(p H,0) is assumed to be 1000 kg/m 3 at 25 °C.

psand = SG sand - p H,0; (14)
p sand = 2.49 - 1000 kg/m’;
p sand = 2490 kg/m”’.

Now that the density of sand is known, the following
equation can be used to calculate the minimum hopper
opening distance.

_oH(o)

B .
gpsand

(15)
~ (37.41)(1.2)

| (24.90)(9.81)

B=0.00183 m;
B =2 mm.

The final results for compacted and uncompacted are
shown in the following Table 12.

Table 12. Hopper half angles and openings.
Ta6nuua 12. MonoBuKHHBIE YrNbl U OTBEPCTUSI BYHKepa.

Parameter Uncompacted Compacted
a, degrees 34.615 24.636
B, mm =2 N/a

Note that due to having to disregard one set of the data
for the compacted experiments, not enough data points were
available to plot the Flow No-Flow Criteria graph and therefore
it wasn’t possible to calculate a minimum hopper opening
width for the compacted case.

Discussion

The investigation was successful and the results from the
shear cell testing allowed for a working prototype from the

ENGINEERING SCIENCES

hopper calculations. The proposed hopper prototype work
extremely well showing clear mass flow for much of the mass
but steadily transformed to funnel flow once the sand level
reached the angled sides. The entire lab process was a success
as each group member has gained a clear understanding of the
entire process; calculating the density of a bulk solid, measuring
the shear force and calculating properties of a working hopper.

Referring to the results, it shows that the cohesion
between uncompacted sand and acrylic is about 9 kPa with
cohesion within uncompacted sand also 9 kPa, this resulted
in a hopper angle of approximately 15° from the vertical. This
prototype was tested purely with uncompacted sand, even
though the cohesion between sand increases after compaction.
The prototypes functionality with compacted sand is quite
important as in many real world situations the sand will be
given the chance to compact down, through transportation,
weathering or extended waiting periods. In the cases stated it
is important that the designed hopped work just as efficiently
and should be proficiently tested in the prototype stage.

Throughout the experiment there were many errors and
possible points of inaccuracy. Each stage; calculating the
specific gravity (SG), preparation for experiments and running
the tests all contributed to the possible error. The calculation of
the SG was quite accurate as 2 separate tests were done on the
same material where each result was almost identical and was
very similar compared to the theoretical SG of sand. Although
the preparations were carried out with great care and accuracy,
it is believed that the preparation accounted for the majority
of the error with in the experiment through a possible unclean
shear box or Shearmatic, incorrect material measurements
and discrepancies between preparation procedures. One of the
tests had a difference of almost 140 g in weight to all other tests;
this was likely due to a different method of filling. The applied
method of preparing the shear box was to slowly fill with sand
and level off using the depth gauges provided, this was an
effective method/although the sand level was approximately 4
mm above the halfway when applying the sand against acrylic.

This likely meant that when applying the shear force for
sand against acrylic it was not actually separating the sand
from the acrylic but was separating within the sand itself.

As seen in the above table the results between the two
types of tests are quite similar, although the compacted sand vs
acrylic did change, likely due to when the sand was compacted
it reduced the overall height of the sand closer to the centre
resulting in the slipping point actually occurring between
the two different materials. The Shearmatic runs a highly
accurate assessment of the bulk material and is unlikely to
have any errors due to mechanical faults. Although with the
installation of the shear box there is a few possible weak points
of examination; such as when screwing down the vertical load
cell, it is apparent that the load cell applies a load to the shear
box immediately as it cannot be raised enough to fully clear
the top plate. Also, when entering the parameters into the
Shearmatic, the top plate weight exceeds the allowable vertical
weight in the system, this difference is accounted for within the
calculations although the Shearmatic does not take this into
consideration while applying the shear loads.

When running the uncompacted sand tests for the SOKN
load the shear force was recorded as 73 kPa, whereas the
shear force for the IOOKN load was recorded as 41 kPa and
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Table 13. Hopper half angles and openings.
Ta6nuua 13. MonoBuKHHBIE YrMbl U OTBEPCTUSI BYHKepa.

A. Aproavd u dp. / Hzsecmus YITY. 2020. Bun. 3(59). C. 90-106

Uncompacted, kPa

Compacted, kPa

Sand Sand and Acrylic

Sand Sand and Acrylic

9.10 9.17

4.81 5.44

the ISOKN load was 82 kPa. These results show an obvious
discrepancy as in all other increasing tests they show a linear
relationship. For the purposes of these sets of data the shear
force of the SOKN test was altered to approximately 26 kPa,
upholding the approximate linear relation.

The hopper prototype worked extremely well although the
given apparatus was slightly twisted which made it extremely
difficult to set a uniform opening. The varying opening slightly
altered the results as one side of the hopper had a high rate mass
flow whereas the opposite end had a smaller mass flow which
reduced to a slight funnel flow. In general, the hopper design
worked well when taking this discrepancy into consideration.

Conclusion

The mass flow acrylic bin and hopper that was requested to
store bulk quantities of sand was created successfully. Creating a
working prototype came from accurate flow property calculations
due to the iterative shear cell and specific gravity testing.
Understanding the properties of the bulk material is a vital
consideration in the design process, analysing how a bulk material
behaves both dry and when wetted can constitute the type of flow
it will produce when exiting a hopper. The Jenike Shear Cell Test
is an accurate and effective way to gather data relating to a bulk

materials behaviour when a normal and shear force is applied. The
data obtained gave an accurate insight into how sand reacts under
different circumstances. The data was then manipulated and
plotted so stress transformations could then occur, identifying
multiple key flow property constituents. Using values such as the
yield loci and associative yield stresses the hopper half angle a and
opening diameter B were tabulated. Approximately the optimum
opening diameter B for an uncompacted system is 2mm and the
hopper half angle a adjusted to 34.58°, this was tested and provided
a successful mass flow hopper system. Due to having to disregard
one set of the data for the compacted experiments, not enough data
points were available to plot the Flow No-Flow Criteria graph and
therefore it wasn’t possible to calculate a minimum hopper opening
width for the compacted case. Although the hopper could not be
adjusted completely accurately, the result provided did give a clear
indication that the iterative calculations made were correct for this
particular bulk solid and hopper design. Overall the techniques
used with specific gravity and shear cell testing gave a sufficient
insight into the appropriate procedure for designing efficient and
accurate bin and hoppers. Then substituting the values gathered
into the appropriate formulae provided a successful mass flow
system for the intended bulk material.
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McribiTaHue Ha CABUT M KOHCTPYKLIMST OyHKepa

INykac APHOIbA"

TapyH KYMAP™

Dxowya KOYNU'™

per YATNIN™™

Penpare CaunHn Cangnna YAHOPACUPU

"YuusepcuteT Dxenimca Kyka, TayHcBunn, ABCcTpanus
2YHusepcutet Konom6o, Wpu-JlaHka

AHHOTaLms1
AxmyanvHocmv pabomvr. KoHCTpykuusa pesepByapa u OyHKepa sAB/IseTcA Hambo/lee 4acTO MUCIONb3yeMBbIM
TeXHMYECKVIM CPEJCTBOM XpaHEHMs MAaTepyajoB, HMOCKOIBKY 3TO CUCTeMa C IIOfadell CaMOTEKOM U OOBIYHO
VICHIOJIb3YETCS J/IS1 XpaHeHMs MaTepyajioB, TAKMX KaK CE/TbCKOXO3AMCTBEHHOE 3€PHO, @ TAaK)Xe JOOBITBIX IOJIE3HBIX
VICKOIIaeMbIX, TaKMX KaK IIeCOK ¥ yroib. MaccoBbIll IIOTOK, KOTOPBIl ABJIAETCA Hauboee >KelaTe/IbHbIM TUIIOM
HOfja4M, IPEeIIoJIaraeT, YTO CHIIYYUIl MaTepuasl IepeMellaeTcsl paBHOMEPHO CO BCeMM YaCTMIL[aMU B JIBVDKEHNN,
II0Ka BeCb MaTepuasl He BbliifeT 13 OyHkepa. JIpyryue TUIIBI TOTOKA C OYHKepaMy € INIOCKMM JHOM ¥ HEITyOOKUMMU
OyHKepaMyl He CUMTAIOTCHA VJeaJbHBIMM, IIOCKOIbKY IIPU 9TOV KOHCTPYKLMM BO3HUKAIOT TaKue IpoO/IeMbl, KakK
BbIrMOaHMe 1 06pa3oBaHMe bIpoK. [Ipo6reMa ¢ Takoil KOHCTPYKIMeil 3aK/II09aeTCsA B TOM, YTO 4acTh MaTepuasa
3acTauBaeTcAd B OyHKepe, 9TO MOXXeT OBITh JJOPOTOCTOSIIVIM, TaK KaK €C/IV CBHITYy4Mil MaTepuasn 3acTpeBaeT, co
BpeMeHeM MO>KeT IIPOMCXOANUTD paspylieHre. ITO MOKHO HAO/MIONATD /11 BOPOHKOOOPA3HOTO U PACIIMPSIOLIETOCs
IIOTOKA, KOTJIa «KPbICYHbIE HOPbI» 11 BHITMOAHNSA BO3HUKAIOT 13-3a 3aCTOIHOTO MaTepuaa.
Llenv uccmedo6anus 3aKmodaeTcs B pa3paboTKe HOBOTO aKPMIOBOTO OYHKepa 11 pedepByapa MacCOBOII ITOJAYY IS
XpaHeHNs 6O0/IBIIOTo KOMNYeCcTBa Iecka 6e3 3aCTos VIM Pa3pyLIeHM.
Memooonozus. bbUmi TIpOBeleHbI [iBe OT/e/lbHble SKCIIePYMEHTAa/IbHbIe IPOLEAYpPbl, BKIIOYAass U3MepeHMe
YZeTIbHOTO Beca IecKa, VICIIBITaHVe Ha CIABUT, U pa3paboTaHa OKOHYATe/IbHAasA KOHCTPYKIVA OyHKepa. 3aTeM JJaHHbIe
00pabaThIBaNINCh M HAHOCWINCH Ha rpaduK mpeobpa3oBaHisi HAPSDHKEHUI 1 OLPe/Ie/IsINCh HECKOMTBKO KITI0YEeBbIX
COCTABJIAIOIINX CBOJCTB MOTOKa. C VICIO/Mb30BaHNeEM TaKUX 3HAUEHUIT, KaK MeCTa TEeKY4eCTV M acCOIMATUBHbBIE
HAIIPsDKEHNS TeKy4eCT, ObUIM CBeleHbI B TaO/INIy TIOJIOBMHHBIN Yroyl OYHKepa o U AxaMeTp OoTBepcTus B.
Pesynomamuvt u 6v1600vi. OUTUMAJIBHBIN AMaMeTp OTBEpCTUA B I HEYIUIOTHEHHOI CUCTEMBI COCTABJIAET 2
MM, a IOJIOBUHHBI yron OyHKepa a OTperymmpoBaH fo 34,58°. 1o ObUIO MPOBEPEHO U 0OeCIeynsIo YCIelHoe
TeCTUpOBaHME CUCTeMBl OyHKepa MaccCOBON Iofauu. B 11eToM MeTOHbI, VICIIO/Mb30OBAaHHbIE JIA MCIIBITAaHMII Ha
YACTbHYI0 MacCy U CHBUTOBYIO S4eKY, alu JOCTaTOYHOE IpefCTaBeHNe O COOTBETCTBYIOLIEil IIpolefype
IpOeKTUPOBaHNUA 9P (PEKTUBHBIX M TOUHBIX pe3epByapoB 1 OyHKepOB. 3aTeM II0JCTAaHOBKA COOpPAaHHbBIX 3HAYEHMII B
COOTBETCTBYyIOLIME (GOPMYJIbI ObecrednIa yCIelHoe TeCTUPOBaHMe CUCTeMbl MaCcCOBOJT Ofja4M IPEAIIOIaraeMoro
CBIITy4ero MaTepyaa, KOTOPBIM ABJIAETCA IeCOK.

Kniouesvie cnosa: GyHkep, CBOJICTBAa TEKY4eCTH, MMHEpasIbl, CBOICTBA ChIIy4ero Marepuana, reoMeTpudecKas

dopma.
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