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ABSTRACT

Pressures in bins are still relatively unknown, particularly
at emplying, To measure pressures a two-dimensional model
of a shaliow bln was constructed in which normal and shear

stresses can be measured. Two shapes of bin were tested,
one with straight inclitted sides and one with vertical and
and inclined sides. Five sets of readings were taken with
a data logger for each shape. The results werz very repeatable
on filling and emplylng. Tests were conducted to detect
the switch pressure. No switch was found, instead a smooth

transition from filiing 1o emplying pressures was found.

Severa! theorias both for filling. and emplying were used
to calsulate pressures that were compared with the experi-
mental results, These included the use of straight line frame~

werk models, Booth's pile theory, Walker's theory and the
radial "stress field. Some reasonably good fits were obtained.
Recommendations are made for further experiments and for
pressure calculations using computers.
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CHAPTER 1
INTRODUCTION
1.1 Preambie

Bins for storing particulate materlal whether grain, sugar,
crushed stone, sand, coal or other substances too numerous
to mentlon, are a vital 'part of indusiry. Many fallures
have occurred in the past because the behaviour of the
material and the pressures exerted by [t on the bin have
nol been exactly known, especially during emptying. There-
fore a lot of research 1s belng applled to thls problem.

Containers for storing particulate material are variously
termed bins, bunkers, hoppers or silos. 'W\e term silo origi-
nally meant & pit of airtinght structure for. storing crops
in and today Is used for containers in ihe“"shape of long
verticel cylinders, Bln Is a gensral term bu‘l is used here
to refer te shallow contalners.

This work deals with the pressures exerted by contalned

malerials on the walls of two-dimensional bins. By two-dimen-

sional is meant that conditions In any plane cross-section

through the bin are the same and strain In the third-dimen-

sfon is zero. Most theorles that apply o the two-dimensional

case can be applied to the axi-symmetrle case, where condlitions
do not vary on rotation aboui an axis,

in thls report tests have been carried out on a madel with
a maximum depth of material (sand} of 800mm. It is assumed
that 1If the particles are small enough there will be ro
apprecisbie scale effect so that these results would also
apply to a fuil slze bin. This s simitar to saying that
the same theory will apply to a model and full slze retalning
wall. This polnt Is discussed further in the final chapter,
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introduced, friiawed by an Introduction to the

literature,

1.2 Behaviour of materlal In bins

The pressures on the walls of a bin should be

This has led to many theories and experiments.
(1)

wall supporting backfifl in the actlve state . Later

f place as discharge commences. This is because the

effect spreads very rapidly through the mass [n
as discharge starts.

Nermat
Pressure

{e) Filling (b) Discharge

Evidence for c¢hange In the siress slale between

In this chapter the problems of pressure and flow are
rest  of
the dissertation iod a brief chronological survey of the

known

i as accuralely as possible when the structure Is desligned.
in the
past a shallow bin has been treated Itke a retalning

It was

found that a change In distribution of pressure  takes

colurn

of material over the opening is no longer supported verttcally.
The major principal stress changes from the vertical to
the horizontal directlon on the centreline, Fig. 1.1, This
the bin

Figure 1,1  Change of stress state from filling to discharge

filling

and empiying can be seen in the behaviour of a suspension
. or catenary bunker, Fig. 3.2, A catenary bunker has

kL




Figure 1.2 Behaviour of a catenary bunker

Figure 1.3 Bin with vertical and inclined sides




Figure 1.5 One definition .of a shallow bin

Figure 1.6 Deep bin or silo
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flexible sldes which tske up the shape of the funicular
polygon.

As - discharga starts the battom }ifts and the sides move
outward, showing a redistribution in pressure.

The distribution of pressure will alse depend on the shape
of the bunker. Fig. 1.3 shows a bln with part of each
slde vertical and Flg. 1.4, a flat bottomed bunker.

The pressures In a deep bin or slio, Fig. 1.6 will differ
from those in & shallow bln,

A shaliow bin wlll have a depth of up to two times Iits
width, while a -deep bin will have a depith three or four
times its width, A shallpw bin 15 more affected by conditions
at the surface and the outiet than a deep bin., A sha
bin Is sometimes defined as one in which the Mrupture
plane” inlersects the surface (”'(“, Fig. t.5.

Fundamentally there }s no difference belween the behaviour
of the material in a shallow bin and in & deep bin.

An Interesting case of a natural bin Is a diamond  pipe
mined by block caving, Fig. 1.7. [f material is drawn
oft from tunnel B the pressure on adjacent tunnels increases
to such an extent thal it can cause them to fall structurally.
With & model it is possible to vary the pressure on the
bottom at wlll by changing the drawoff point. In a bin
the material on the surface dlrectly above the drawoff
polnt moves down before the material on lhe sides. In
the biock caving this fact s troublesome, drawing off
unwanted overburden.

A bin may be considered for analysls as elither two dimen-
slonal or axisymmetric. !n a twe dimensional bin there
Is no variation In conditlons normal lo a cross-section
of the bin. The material in the bin iz In a state of plane
strain. An axisymmetric bin is formed by rotating a plane

3 s - Ak P




curve around an axis in the plane. The stresses in the
material in the bin do not vary with rotation around
the axis. A square cross-section Is similar in effect to

a circular cross-section.

draw-off}
iunnels 1 ABC !

Figure 1.7 Diamond Pipe

As dischacge starts downward movement of the material in the
bin taKes place. The resulting pressures are sometimes called
"dynamic?. This s correct in terms of the definition of
dynamics (s) whizh can be stated as “the effect of force on
maklon“.‘However, it can be misleading as the term dynamlcé
has the implication of forces due to acceleration. In most
cases of discharge the movement will be so0 slow that the
acceleration forces are negligible. There will, however, be
acceleration forces if arching forms a vold followed by sudden
collapse. There may also be pressures due o trapped air or
gas in this insiance. Therefore it is perhaps betier to talk of

() or discharge pressures.

flow pressures
There are similarities between the behaviour of sand in a
container and water with Important differences. Water as a
liquid can have no Internai friction al rest whereas sand
can. The surface of water at rest is thus horizontal, while
the surface of sand at rest may be as steep as its angle of
repose, When water runs out of an opening at the bottom
of a bin it may be directed upwards but sand only filows
downwards and no matter how deep the sand in the bin

is, flow crases when it reaches the angle of repose, Fig.1.8,




THe rate of discharge of water through an opening depends
on the size of the opening and the head, while the rate
of discharge of sand is [ndependent of head and depends
only on the conditions near the outlet (z)‘ In both water and
sand a small element of the continuum must be In equilibrium
under the stresses acting on it and continuity must be satis-
fied. Sand consists of individual grains which may be regarded
as almost rigld bodies pressing agalnst each other in point
contact. It is convenient to iresl the cumulative effect of
these interacting contacts as the behaviour of a continuum
with a constitutive law, the simplest of which is that of
Méhr~Coulomb friction. On & plane of limiting slip

tané = 1 fo t
where § is the effective angle of internal friction and is
usuaily greater ihan the angle of repese = - Water .
an  incompressible fluid, . whereas usually in a bin sand

must dilate to shear and flow.

in a bin flow may either occur tHroughout the mass, termed
mass flow, or in a ztne of imited width above the .opening,
termed piging, ratholing of plug flow. Mass flow s desirable
for a complete lurnover of material 'n the bin, but often
not pussible becaude a very steep hopper section is necessary.
Te limit flow pressures plug flow is sometimes ensured by
an insert in the bin

This dissertation concentrates on a shallow bin of two-dimen-
slonal shape with rigid sides which are elther vertical
or sloping. The materfal used in the tests was a uniform
size sand. The theories used lo predict filling and discharge
pressures have been restricted to the simplest available.
Chapter 2 gives detalls of lesls on the sand used and the

construction and function of the modet.

Chapter 3 glves the results of tests on bins of two shapes.
Chapter 4 gives theorles for shape 1 and chapter 5 gives
theories for shape 2. In chapter 6 theoretical and experimen-
tal results are compared. The final chapter, 7, discusses
the results and gives conclusions and suggestions for further

investigation.




£=angle of repose

Figure 1.8 Flow ceases at angle of repose

1.3 Survey of past work

1) :
Dealing wilh shallew bins Kelchum “°° states  that “ihe
problems of the calculalion of the pressures on bin walls is
the same -as the prot:lem of the calculation of pressures on

retaining walls®. Deep- bins are calculated by Janssen's (5

m formula whieh give similar results. Ketchum

or Alry's
devotes a chapter to experiments on deep bins, He concludes
that the pressures from moving graln are very stightly
greater than the pressure of grain at rest (i0.per cent
maximum}, The points &l which lateral pressures were
measured were few. Often pressures were measured only at one
peint and that peint, when [ts lecation was given, was near
the bottom where theére Is a drop in fressure at discharge
anyway. When a large Increase in latéral pressure with
discharge was measured It was put down to an eccentric
opening. Ketchum states that in one test by Bovey sudden
stoppage produced no appreciable effect. This supports - the
theory thal acceleration forces ape negliglble,

Booth (%)

within a twe dimensional pile of granutar material. He

developed an Ingenious theory for the pressures

verified his theory with careful measurements on the base of a

pile, He contends thait the Rankine and wedge theories of




pressure are difficult to apply In some cases of bin
pressures. |n his method the bin is superimposed on the pite
as shown by the dotted line in Fig. 1.9. The friction on the
sides witl provide the major difference from conditions in a

Figure 1.9 Booth's pile theory

pile, bul Booth claims that for a shallow bin this is of
minor imporiance. As horizontal pressures on the centreline
of the pile are the Rankine active pressures, Booth's analysis
provides an approximation to the filling case, As he polnts out,
his anali'sls resuits in equilibrium belng satisfied In afl
respects. In Booth's analysis, pressure increases in direct
proportion to the distance from the apex of the pile. This
may be thought of as a type of "radial stress field' to
be mentioned fater. An analysis appearing in the book
by Nadal (8 produces simliar pesults to Booth's and also
results for the case of a trough shown in Flg.1,10. An

analysis of a plie based on » replacement fr‘ameworlém)
produces results generally In agreement with Booth's theory.
Bridges (i glves the Ranklme method for shallow bins and
Janssen's and Alry's method for deep bins. An Interesting
comment in the discussion by Sqgulre (i points out that the
method may result In Lhe coefficient of frictlon on the walis
being exceeded, In which case an adjustment s required
which could product considerable increase in lateral pressure,

1
Rogers (2 applies Coulomb’s theory (wedge theory) to
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shatlow bins with or without wall

friction and Janssen's
theory to deep bins.

He also applies Janssen's theory to a
steeply inciined hopper with interesting results, Fig, 1.11

The normel and horitontal pressures reduce towards the

bottom. This s achieved by using
radius at each level. His analysis
analysis (14), (15)

a different hydraulic
Is thus linked to Walker's

Figure 1.10 Nadalts arzlysis of a trough
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Figure 1.1 Roger's application of Janssen's theory

Zakrewski (s glves empirical factors for

increase  In
lateral pressures during flow,

based on Russian research in
increase as the action of
shaped core moving downwards, Flg. 1.12.

1939. He explains the a wedge

oo

v




Figure 1.12 Zakrewskl's explanation of flow pressures

lenike's report, Gravity Flow of @ulk Sollds“a)ls an important
advance [n the fleld of bin behaviour, There Is very .ittle
experimental work reported, but an organized atlempt fis
made fo apply the methods of plasticity to the flow condlﬁtion.
Equations for stresses are developed after Sokolovski(”).
In addition the stress tield is linked to the velocity fleld.
Jen‘ke‘s““major achievement is the definition of the tadial
stress  field, similar to those mentioned . above &) (9"}3 but
centred at the outlet. The Importance of the radial [stress
fleld is that it governs al the outlet of a converging chinnel
during discharge, regardiess of what happens at the sun“"face.
Jenike concentrates more. on condltlons for flow than on
wall pressures. Graphs produced by computer for prgssures
In radial stress fields are glven, The analysis allows for
internal friction, friction on the channei wall ang wali

slope.

{18) i o
Johanson and Jenike extend the work of refefence

(16). The melhod of calculating the radial stress iield’
Is explained in detall and the méthod of c¢haracteristics
is set out for the numerlcal calculation of siress and velocity
fields. Dlagrams are given Flg. 1.13, showlng stress in a
converging channel but without any scale. These results
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sre not compared with tests. The tests reported were
observations of flow patterns through glass-walled two
dimensional bunkers and of sectioned axisymmetric cones.
A useful feature of references {16} and (18) s that
the theory s developed both for plane strain and axial

symmelry,

Figure 1,13 Discharge wall stresses according to Johanson
Turnzin(s) summarizes the results of French and Russian
tests on sllos. Emplying pressures were up to 2,4 times
pressu‘res from Janssen's theory. Filling pressures agreed
reasonably with Janssen's theory. Pressures weie found
to vary a lot with time during emplylnlg,

Nadai (s)adop(s 4 plasticity approach to the énalysls of 'loose

and generally plastic substances® and gives resulls produced
by Hartmann in an unpublished docteral thesis. Two very
Interesting diagrams due to Hartmann are shown in Fig.
.14 indlcating the slip llnes In granular material between
rough converging walls that move In or out., This shows
the equivalence of filling to outward movement of the walls
and of discharge to the jnward movement of the walls,

The German code for loads In sllo bins o) differentiates
between filling and emptying pressures, The ratlo of
lateral to vertleal pressure is to be taken as 0,5 for
filting and 1,0 for emptying., The {attér does not Imply
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fluid pressure, for unlike a fivld wall friction determines the
limiting horizontal pressure at inflnite depth, The difference
between emptying and filiing horizontal pressures results from
the defined wall friction angles. This results in a ratio of
1,28 for granutar materials with an internal frictlon angle of
34° and 1,0 for powdery filling material. these values are

less than those reported by Turiizin (5)

, Inward wall movement Outward wall movement
Figure 1.14 Hartmann's analysis of rough cenverging
channels

Rvapil (20 observes the flow of material from a a bin and
defines the main actlve zone as approximately an elllpse.
Lightfoot (21) measures pressures in & power station coal
bunker during ftlling only. The resulls are In fair agreement
with the Rankine pressures.

Walker (14) derlves a theory for filling of a conlcal hopper
or plane hopper wlth sloplng sides by ignering shear on
vertica! planes. He vetermines lhe horizonial pressure so that
for a triangular element ai the wall the correct wall friction
angle Is satisfied. For the discharge case the vertical
equilibrium of a horizontal slice is considered.




fluid pressure, for unlike a fluid wall friction determines the
Hmiting horizonta! pressure at Infinite depth. The difference
between emptying and filling horizontal pressures results from
the defined wall friction angles. This results in a ratio of
1,28 for granular materials with an Internal friction angle of
34° and 1,0 for ‘powdery fllling material. these values” are

fess than those reported by Turitzin (5) B

-\ lu: I~
. Inward wall movement Outward wall movement

Figure 1,14 Hartmann's analysis of rough converging
channels

(20}

Kvapil observes the flow of material from a a bin and

defines the maln active zone as approximately an ellipse.

Lightfoot (21) measures pressures In a power statlon coal
bunker during fitling only. The results are In falr agreement
with the Rankine pressures.

Walker (1)
or plane hopper with sloping sides by Ignoring shear on

derlves a theory for filling of a conlcal happer

vertical planes. He determines the horizontal pressure so that
for a triangular element ai the wall the correct wall friction
angle 1Is satisfled. For the discharge case the vertica!

equilibrium of a horizontal slice is considered,
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The analysls Iz simllar to Janssen's except that there
is a converging channel. The variation in vertical stress
over the element Is allowed for by a factor D where the
vertical siress at wall = D x average vertical stress , D is
approximated as 1. The wall pressure thus obtained
satisfles the condition that it must be zero al the top
and bottom. Materlal In & suciion with vertical sides
above the hopper s lreated as a surcharge. He shows
test results that agree well with his theory for a steep
sided cone. The steeper the cone the more \near‘ly constant
the factor D will be, He also considers the conditions
under which arches would form to prevent flow, A series

(s were used

of tesis on pyramidal and conical hoppers
to compare with Walker's theory. Hopper half angles
to vertical of 3%, 15° and 30° were used. The materiai
was fine coal with an internal frictior angle of 41°
and a wall friction angle of 16° on stalnless steel, Rough
walls were also tested. A series of dlaphragm electrical
transducers were used 1lo measure normal pressure. A
water filled football bladder was used to measure internal
pressures, bDurlng  discharge rapid osclllations  about
a mean fevel were recorded for the 15° hoppers. Drastic
pressure changes were recorded as alscharge started.
A gauge near the hopper mouth would show a drop
in pressute and one higher up an Increase. No switch
pressure or moving peint foad was detected. Iniernal
pressure measuremenis near the outlet showed a rapld
decrease wlth discharge., For the 30° hopper fluctuations

away from the outlet were almost absent, suggesting
stationary material at the wall. Inltial pressures showed
a |lnear pressure Increase with depth then a reduction
near the bottom, Fig. 1.15, At dlischarge the peak

moved up and the presgure near the outiet dropped.
Agreement between theory and experiment was better
for the 18° than for the 30° hopper,

It was found that the flow pressure was Independent
of the rate of flow, even Iif the fiow was stopped, thus

-




conflrming the smali part played by acceleration forces,

fAischarge
~—
-l

normal pressure
Figure 1.15 Walker and Blanchard's tests

Jenike and Johanson(m in a paper on bin loads calculate
the linitlal pressure In a hopper using elasticity theory.
This theory shows a reduction near the bottom as measured
by Walker and Blanchard. For discharge a radlal stress
fleid with linear reductlon to zere at the iop Is proposed,
Flg . t.18, Witheut experimental verification a Mswitch"
pressune  Is  proposed, which Is a line load necessary
to malntain equiitbrium at the level begiow which discharge
pressures have starled and above which filling pressures
exist, Fig. 1.17. 1t s also stated that Inertia forces
are negligible,

Platonov and Ivano\}m dévelop more rigorousiy than Janssen
a theory for a deep cylflndrlcal bin which relates more
to the discharge case. The expresslon for lateral pressure
Is simllar o Janssen's but the values are aimost 50%
greater.

Mroz and Drescher(%) apply an Ingenious Kinemalle approach
to a bin, with a cylindrical part and a converging
hopper, The method Is analogous to the mechanism method
far plastlic collapse of a frame. They derive formulas
for both parts, The pressure on the upper part has
the shape of the Janssen pressure and oh the lower part
ot the radial stress firid,

R
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(19)
Pieper (E)conduc;ed tests to check OIN 1055 . He showed

that for the Janssen formula there can be no scale effect.
He concludes that DIN 1055 ls adequate though not correct

In &!l aspects.

-lines of major pregsure
, P %; [ p

filling emptying ¥
Figure 1,16 Jenike and Jehanson's filling and emptying
pressures
switch D
}/ P

Figure 1.17 The switch pressure
26)
Deutsch and Schmldl()found esitreme  values of discharge
pressures up 1o f?zg)r(g)lmes the Janssen values, considerably
'

more than others ¢

()
Jenike, Johanson and Carsan( In three papers on bin
loads to follow up previous papers make use of energy
concepts to produce a locus of pressure peaks based
on  strain energy. [f the cylindrical part diverges siightly




from top to bottom ({1 or 2 degrees) then the pressures

are close to the lJanssen - values during discharge,
but if there are ledges or slight convergenceé the pressure
peaks are considerably above Janssen but [ess than

the straln ensrgy line.

27) . {28)
WaIQEr‘s()()and Walters and Cleg'ne(m extend the work

1
of Walker . They calculate the vajue of I  which

relates the wall stress to the average vertical stress

by assuming that the shear stress varies lineziiy
from zero to the value at the wall., D values for filling
are elther less than or equal to 1. AY discharge for
practical wall friction angles, values of D can be

as high as 2. For norma! combinations of & and ¢', D will
be about 1,4. In the paraliel walled part this leads
o higher stresses than Janssen for smafl depihs and

Janssen's siresses for large depths, For a converging
hopr -~ with no surcharge Walters obtains the normal
wall stress shown in Fig. 1.18 for a case with half angle
of 4° (je a very steep hopper}. Note that the areas under
the fliiing and emptying curves are not equal, It is shown
in Appendig E that for D wvalues other than i, there can

be ne vertical equilibrium.

Figure 1.18 Walters' normal wall stress for
§=5%0° , ¢'=2and a = 4
w




30),{31),(32
Blair ~Rish and .Brans,.*:.y( )otai), (a2)

and wall stresses measured simultaneously In a bunker,

report on flow patterns .

These are probably the best and most complete measurements
taken up te this tlme. Some of the results are shown
in Fig, 1.19

poured but ofter 1st after 2nd after 3rd
undisplaced increment increment increment
. of discharge )
Figure 1.19 Results shown by Blair-Fish and Branéby

There 1s a marked change from fliting to discharge,
During discharge zones of intense shearing form, mole
down and then re<form and pressure peaks form and
die away with them. Bransby, Blair-Fish and Jamesm) de—
termined displacemient fields and directions of major
compressive strain  during flow from the movement 'cf
lead markers, Fig. 1,20 : i

Figure 1.20

Oisptacement flelds Directions of major

{from reference (33)) compressive strain

.
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Brangby and Blair-Fish () examine the region where
vertical wall and hopper meet, Predictions for ratios
between wall stress above and below are higher than
measured. Bransby and Bilair-Fish (35) develop expressions
for displacements and stralns In a happerm that agree
with observations. These could be useful In calculating
strain  states, Drescher, Couzens and Bransby 35 define
velocity fields to agree with test results for’~ a plane
hopper‘.k

Following on, the work of Waller‘smf Arncld and MclLean

(37
have produced a closed form solution for the radial
stress  field that compares well with the numerical
results obtained by Jenike (”.)

ne aad Neddermann (38) (ss) find

paraliel sided bin and in a hopper y,,a‘” ’lhe method
of characteristics for both filling and “umptilng cases.

the pressures In a

In both cases the results are not smooth but ‘oscillate
along the wali. [n the parallel sided bin the results
oscillate about the Janssen solution and in the hopper
the wall pressure oscillates about ' the radial stress
fleld towards the outiet.

Hiussler and  Eibl U have applied the finite ejement
method to a deep bin. They analyse the fitling state
and the transition to a discharge state. Possibly the
best avaliabie constitutive !aw“” has been used and
large displacements have been allowed for, Both 45°
and 15* half angle hoppers were analysed. Filling
conditions compare reascnably .well with test results.
Emptying pressures are shown but not compared with
test results, It is interesting tn note that there g
a steady transition from filling to emptying with time
without any swlich pressures moving along the bin,
although the peak pressures at the transition are
foosely referred to as switch pressures,
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Blight s)as)

size silos, He plots pressures against calculated overburden,

has measured pressures on the walls of full

The pressures are fot given as the variatlon up the wall
at a given lnstant, presumably because a limited number
of cells were used near the botiom. [nstead pressures are
plotted against calculated overburden pressure equal to
depth times density. Thus changes beiween filling and
emptying In an individual test are nol shown. Instead
an envelope of filling or emptylng pressure s obtained.
in some tests, readings were taken to fit in with operaticnal
condition of partial emptying followed by refilling. He
cbtained a large scalter and found littie difference between
filling and emptylng. He proposed a simple containing
envelope

o, =Ko vz 1.t
for all pressures where Ko is the coeffléient of earth pres-
sure at rest,

In this section there has been a discussion of selected
references from the many -gvailable, #s an attempt to define
a patiers ‘of bin behav‘wnur emerging from the resuits of
the theories and experimenis mentioned.

There seems to be a change in pressure regime beiween
filling and emptying. This is due to reduction In vertical
suppori when oulflow starts. A change in direction of major
principal stress from vertical to horizonial on the centneline
is likely 1o occur. Thlg Is clearly seen In the change
in shape of & catenary bunker with the slides movind out
and the boltom moving up, Most bins have a parallel sided
section followed by a converging section. In the paralfe(
sided section if deep enough, In theory a limiting normal
pressure (s reached (5).
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This I the maximum pressure In the Jansen theory. In
theory the difference in emptying values is that this pres-
sure Is approached nearer the surface (1) , Fig. 1.2%1,
provided that the wall friction angle remsins constant.

S
[}
~remptying
. 1
|

filting

i P e

HY i Gy

FIGURE 1.21 Pregsures In & sllo

(s)(25} (26}
Most investigators found greater pressures during

discharge. Simple evidence ilke opening up of cracks upon
emptying shows an Increase in pressure.

In the converging part empiying pressures show & decrease

towards the punet“b)(”ms"‘“‘” « Jenike (18) and Walken(”’)pm—
duced theories to accommodate this. Pressure varlations
with time during emptying were found to occur. These were

not found to be due lo acceleration effects. The Iikely
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explanation is glven by the resuils of Bransby and Blalr-
Fish (34) Flg. 1.19, where x-ray anaiysls showed pressures
to vary with the formatlon of asymmetrlc shearing zones.
Some of the pressures were measured on full size bins
or silos but most were measured on models and there is
Some doubt whether the behaviour of a granular material
{s governed by the same type of stress regime¢ In a model
“as in a farger bin.

in applying more sophisticated methods of analysis the
timit stress on  blocks (2"),
and the finite element method“u)have been wused, The .latter

me!hod““ has preduced results thal agree with experimental
(ag)

the method of characlerlstlcs””

results and look flke the results from reference

A moving peak pressure or switch pressure postulated by

L5 Y N
Jenike and Johanson‘zz)has not been delec!ed('"s’(l’“A o
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CHAPTER 2

EXPERIMENTAL WORK ~ MATERIAL AND CALIBRATIONS

2.1 Sand and iis properties

The materlal used In the bln was a well-rounded guartzitic

sand from Phitlipl In the Cape Flats,

size and was virtually free from dust

1t was almost
when poured,

properties of the sand are summarised jn table 2.1 @

single

The

TABLE 2.1 Properties of Sand
Denslty loose 1,593 g/ec
dense 1,757 g/ce
internal feiction angle = 33,8°
_ Wall frictlon angle {steel)
from triaxiafl = 20,10
from shear box = 18,8°
wall frictlon angle (glass)
from shear box = 9,1°
Angle of repose = 31,0°

2.2 Triaxial test for internal frictlon angle

Tests were carrled out on dry sand. Each specimen formed
a cylinder 38mm diameter x approximately 64mm long. Tesis
were carrled out wilh confining pressures (o, |} of 25,
50, 75 and 100kPa fn dralned test. The resufls are given
tn Appendlx A. The value of 33,8° for Internal frictlon
angle was obtalned from direct caleutation rather than
from the MBhris circles In Appendix A.

A close fltling rubber membrane was placed over the pedestal
and the two parls of lhe mould were placed around it
and clamped together with two O rlngs. The projesting
tap of ihe membrane was then turned over the mouid and
sand was poured in from a container that had been welghed.
The sand was lightly tamped down w!th the blade of a
medlum sized screw driver after a porous disc had been

placed on top of the pedestal inside the membrane. A perspex
top with steel loading ball was then held on top while .




M

i

iy

L

2-2

the membrane was turned wup around it and an O ring
was carefully rolledup onte the top off the spiit mould.
The lower O ring was then rolled down onto ‘he pedesial
and the sniit halves were carefully removed, The lower
0 ring was then ralled up to clam the botlom of the mem-
brane to the pedestal, Any wrinkles were carefully
s(ra|§h|:}\ed out. The cell was then pilaced carefully over
the saiﬂple so as not to «isturk it, and was theh screwed
down. The confining pressure was then applied, sultably
adjusting the pressure gauge according to it's calibration
{Appendix A}. The proving ring was then put In position
and the table was raised to take up the play. The deflection
gauge and proving ring gauge were then sel to zero and

dhe drive was engaged al a speed of 0,012 Inches/minute

(0,03tmim/minute), After a defiection of O,imm the speed
was changed to 0,06 inches/mlnute {1,52mm/minute). Readings
were laken to a deflection of Smm or more. Some details
appear in Figure 2.1,

2.3 Tests for friction angles of sand on stesl apd sand
N on glass :

Two types of test were uskd lo measure the - sand-steel
friction angfe. In the first type a trlaxial test was darried
oty The procedure described fn section 2,2 was followed
after a stee! plate of elliptical shape had been iniroduced
at an angle of 45° inla the specimen. Al an angle of 45°
the greatest shear stregs occurs. Graphs of a, - 6, ngainst
deflection {Appendix A) show that after a sharp change
In direction ali of them Increased at about the same slope.
Thig point of change was taken as the correct value of g, - o,
for delermining the wall frlctlon angle. 1t is tlkely that
the tlarge deformations of the wmembrane In the vicinlty
=f the plate acecount for the subsequent upward slope.
The Méhr's clecie plot gave a value for wall friclion angle
of 20,6°, However, the calculaled value of 20,1° was pre-
ferred,

A shear box lest was the second iype of lest used to flnd
the sand-steel friclion angle. A 100mm x 100mm shear box




was used. Packs were used to support a 3mm steel plate
flush with the top of the [ower half of the shear box.
The surface of the plate was sanded wlth medium emery
paper and was free from rust and mill scale, The
results are shown [n Appendix A. Seven tests were conducted
with vertical pressures ranglng from B5,3kPa to 19,90kPa.
A speed of 40mm thorizontal movement per -hour was used.
Readings of horlzontal load were i{aken every 0,25mm up
lo 3mm maximum displacement. A {rictlon angle of 15,3°
was obtained with the sanding direction {from the emery
paper} parallel to the shear direction {tabte A.5}. The
steel plate was then sanded with coarser paper and the
direction of sanding was made perpendicular 1o the shear
directlon. A friction angie of 18,8° was obtained (table
A.6), This is the value shown In table 2.1. In the triaxial
test .the steel plate had been sanded with medium emery

paper {n both directlons.

A 3mm thick plece of clear window glass was usedl in the
100mm x 100mm shear box to deterniine the sand-glass friction
angle, » table A.7. A frictlon angle of 9,1° was obialned.
The lower the frictlon angle the closer the condition in
the bin approaches a true !wo-dimensional stress state.
This angle is approxim/.ély half that for sand on steel.

2.4 Determinatie’, of sand danslty

A container with very rigld wails, 102mm diameter x 112,5mm
high internaily was used. For the loose determination of
density sand was poured in and siruck off tevel, For the
dense determinatlon the contalner was placed on a cube
mould vibrator, vibrated, and then topped up and struck
off level,

2.5 Bin apparatus

An overall view of the apparatus Is shawn In Figs, 2.2
and 2.3. A rigid frame of welded constructlon made from
50,8 x 50,8 hollow square tube supports ; iwo sheets
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of émm glass approximately B60mm x 1010mm In slze in paralie!
planes 400mm apart. Each glass pane Is supporied around
its edge and by a flat bar 38mm x 6,2mm on edge on the
vertical centreline, The glass plates form the ends of the
bunker. A bunker side consist:’ of three plates of 0,416mm
thickk stesl plate, Fig. 2.3, Each pilate measures 226mm
down the siope x 398mm wide and Is arranged to overlap
the fower piate by 3mm wlthout touching 1t giving an effective
cnvering length of 225mm down the slops, The plate s stiffened
by being screwed to six machined steel ribs, 4,76mm
wide 2 10mm deep, by countersunk head screws at 35mm
centres. The ribs are a! 40mm centres dewn the slope which
leaves a l4mm plate cantlllever at top and boilom. The ribs
fn turn are screwed to machined stee| flats of size f8mm
X 4,76mm running down the slope, Each plate and s suppor-
ting frame (s equipped with four ball races which rest
on members made from 50,8mm x 25,4mm cold rolled channel.
The bearings ensure virtually frictionless movement down
the slope. Location on the slope [s provided by a silort
cantiiever of section 5 x 5mm on either side which engages
a square hole with a knife edge in the supporting channei.
Plates .are held down by springs and split pins through
the cantilevers. A supporting channel pivots at the bottom
and can be Inclined at 60°, 45° or 30° io the vertical.
Another sectlon of channel can be bolted onto the Inclined
support lo provide both vertical and sloping sldes.

Normal pressure Is measured on each of the five 40mm one-way
spanning panels per plate. Strains are measured, Fig,
2.4 with 120 ohm electrical resistance foil gauges connected
in a full bridge circult, It Is assumed that there s no
interactions between plate panels although this Is notl sirictly
true. (See the section on calibratlonj. Shear siresses, averaged
for each plate are measured by strain gauges on the canti-
levers, Fig. 2.5. The total foad in the bin I8 measured
by four C shaped load cells, Flg. 2.6, placed under the
feet of the bin and instrumented with siraln gauges connected
into a single fuli bridge circuli.




A slot of width 30mm has @ screw opwrated slide with a
raw of - holes, Fig. 2.2, to provide dlscha~ge at the bottom
of the bin. A loading box eguipped with a boiiom discharge
slot 1s raised by crane and held silghtly above the bunker
to fil} it, To empty the bunker the loading blox Is lowered
onto a trolley which Is pushed under ‘the bunker. Each
plate (s sealed againsgt the glass with a thin bead of plasti~
cine, Dust proof sealing for fliling or emptying prevents
a health hazard,

Squares of sides 100mm drawn on a glass end panel and
& vertical ceriral millimetre rule are used to determine
the position of the sand surface. With saix plates there
are a lotal of 37 strain gauge circuits which are connected
toe a data logger, Flg. 2.7, The data logh#r consists of
a Fluke 22408 data logger which 13 sensitive to  mitrovolts
and Independent volftage sources with zero adjustment for
each channel,

2.6 Callbration for shear

Esch panel was removed from the bin and calibrated In
the apparatus shown n Flg. 2.8. The pane] was supportad
on a rigid frame welded from angle Iron, The cantilever
shear arms pasged through rectangular hotes with machined
knife edges, as in the bin supports. A plate 90mm x B5mm
was screwed lo the surface of the panel to .provide the
attachment point for a llght cable which was connected
over a pulley lo a scale pan which provided the horizontal
load. The load was applled in steps of 2kg up to 1Cka,
and readings were recorded in migrovolts on the data logger.
The slopes were caleulaled by least squares, and are shown
in iuble 2.2 together with correlation coefflclents. Graphs
were alse plotied tp ensure that there were no polnts far
off the (ines.




TABLE 2.2 : Calibration of Shear Cireults

A [}
Piate | Grapi “lope | Least Squares Slope | Correlation | Slope*
Kyl oV ko/uv Coefflcient | Pa/uV
1 0,02551 0,02588 0,999300 2,78
2 0,02272 0,02276 0,997787 2,48
3 0,02400 0,02412 0,999932 2,63
4 Q,02230 0,02213 0, 998092 2,41
5 0,02347 0,02326 ©,999200 2,54
6 0,02415 0,02406 0,900¢. 7 | 3,51
& A x 9,81
‘ B "om‘,ﬁs = 109,0 A, | Pa = 1 N/m?

2,7 Calibration for normal pressure

A panel has five plate sizans down the bin slope and each
is separately Instrumenied. Because II was suspected that
a load on one span would ceuse readings on adjacent spans,
a8 test was carried out to see how big this effect would
be, as it was Intended to ignore It, Pressure was nppiled
to each span In turn through a rubber bag filled with
water, Fig. 2.8, Readings were taken from the clrcuit on
the second span, In each case the waler pressure was increased
In stages up to a head of one metre. The slopes and correla-
tlon coefflclenls were determined by leasi squaresz, The
results are shown in table 2.3,
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ABLE 2.3 : The Effect of Loading Other Spans on the
Reading from Span 2

Span Loaded Slope pV/mm | Correlation Coefficient
28,5 0,00872
2 359,2 0,999995
3 18,6 0,99220
4 15,0 0,99560
L3 0

It caf be seen that the readings when adjacent paneis
are -loades are small! byt not Insignificant. Therefore another
metlﬂhod‘n( galthration was tried. The plate wag placed in

loyigst pwsition in the bin and the bin was sealed with
] i 3

blastid ' sneating and plasticine ,and  fillad with water in
)

i
stages lip to & depth of 0,5 metres,

The w4t fdr span 2 was & slope of 567,2 pV/mm  with
a carrplAT s coefficient of 0,99982. This value is greater

thany'the “dius of 359,2 In table 2.3 for two possible reasons.

S

First' thii effést of loading all the spans would increase
"t ritading and lissord the rubber bag may not have applied
prassure to the whale area intended.

Consequently It sips decided that catibration for normal
pressure would be arried out in the bin and that the interac-
ting effects of lond on other spans would be neglected for
simplicity, Each parsl wss placed in turn at the lowest
position in the bin, The bin was then sealed and water
pressure was applied at eight tevels from a depth of 200mm
to a depth of 550mm above the discharge slot. The results
are given in table .4, where the slopes were calculaled

by least sguares.




P
H
it

Table 2.4 Calibration for Normal Pressure using

Water on Plates at Lowest Bin Position

Plate |Span Siope Correlatlon || Plate | Span Stope | Correlation
Pa/uy | Coefficient Pa/uV | Coefficient
1 1| 23,38 0,999518 4 1 23,11 | 0,999787
2 | 23,65 0,999927 2 25,22 | 0,999851
3 | 18,9t 0,999901 3 21,84 | 0,999836
4 | 19,98 0,999933 4 22,97 | 0,959944
5 | 21,81 0,999932 5 21,10 | 0,999876
2 1 f 23,78 0,999811 s 1 33,38 | 0,999919
2 {2317 0,999885 2 27,95 { D,999888
3 | 26,02 0,999926 3 35,63 ° | 0,999930
4 | 25,41 0,999739 & 25,45 | 0,999913
5. | 28,55 0,99375 5 28,62 | 0,999791
3 .1 ]er,ze 0,999822 6 1 22,49 | 0,998926
2 }18,84 0,999938 2 27,55 | ©,999930
3 | 28,77 0,999962 3 24,16 | 0,99904
4 |26,87 0,99969 4 26,11 | 0,999776
5 | 27,3 0,999677 5 27,67 | 0,999726

The plates were then placed in the bin In the order 1,2 and 3
from top to boltom on the left hand side and 4,5 and 6 on the
right hand side. The slope of each side was 30° to the
vertical. The bin was sealed and readings were taken at five
depth-

of caiinration.

f water, The oblect of the test was to check the method
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The readings and pressures are tabulated in Appendix B8
and are plotted in Fig. 2.:. The calculated pressures are
shown by the -iraight sojld lines. It can be seen that
some of the vaiues, particutarly on the left hand side are

quite far from the line.

fn view of this rather unsatisfactory result It was decided
to use lest 25 itself as the calibration. The difference between
this and the previous calibration was that the plates woutd
be in their positions In which they would be when ’
loaded with sand. It is true thal the spans on the highest
plates would have fewer polnts on their calibrations but
this s not too important because the pressure will be lower
near the top under sand anyway.ThuUs each circuit in top
plates 1 and 4 has only two pcints on its calibration curve.
Table 2.5 gives the cailbration from test 25 that was finaily
used. Fig., 2.10 shows the comparison between calculated
water pressures and the results from test 25. The fit is

far more satisfactory than before.
2.8 Catibration of load

‘the sirain gauges on the foue € shaped bending elements
placed under each leg were connected to form a single bridge
cireuit, as mentioned eariler. For callbrations the four
elements were foaded In parallel in .& testing machine.
The voltage supplied to the brldge was adjusted to make
1 microvolt correspond as closgly as possible to a newton.

The results are shown in table 2.6,
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Table 2.5 Calibration for normal pressure
test 25 {water pressure)

using

Ptate | Span] Slope Correlation] Plate] Span| Slope {Cerretation
Pa/pV Coefflclent Pa/uV_[Coefficient
Y 1 26,19 - 411 19,62 -
2 | 23,82 - 2 | 22,7 -
3 | | - 3 | 23,3 -
4 | 28,67 - & | 20,85 -
5 20,7 - 5 19,62 -
2 1| 28,48 0,998650 s {1 | 31,8 0,999978
2 24,19 0,999354 2 30,29 0,999924
3 | 22,48 0,999810 3 | as,u8 0,99949)
4 22,20 0,999823 4 24,69 0,999863
5 21,08 0,999971 5 30,57 0,999972
3 1 24,52 0,999980 6 1 22,54 0,999752
2 18,22 0,999982 2 25,90 0,999760
3 25,42 ©,999982 3 23,58 0,999895%
4 23,16 ©,999981 & 27,58 0,999895
5 23,21 0,999997 5 . 26,20 0,999931

Note Bridge vottage = 2,0 in ali cases




Table 2.6 Calibration of load celis with
bridge voltage = 2,735

Load Reading
N wv
0 [

500 502
1000 994 )
1500 1487
2000 1971
2500 2518
3000 2997
3500 3496
4000 3972

9 3

Slope = 1,0031 N/pV

Correlation coefficient = 0,999946

2.9 Summary

Table 2.1 summarises the measured propertles of the sand.
The tlargest wall friction angle obtained was 20,1° from
the iriaxial test with a steel plate at 45°. This was the
value used in the calcuiations because the values abtained
from the actual tesis, table 3,3 for bin 1 and table 3.6
for bin 2 were greater {21,0° and 23,4° respectively).
The greater values for the bin {assuming that they were
mot a result of error In measurement) could be due to
the indeniations a! close cemires (39 x 40mm) where the
countersunk screws attach the sheel to the ribs. The
glass friction angle of 9,1° shows that the end walls have
some effect on th2 bin but much less than if they were
made of sieef.
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The bin with glass end walls is inlended to represent
a two-dimensional stress state. Norma! and shear stresses
can be measured. The walls can be Inclined at wvarlous

angles. Sand Is poured in from sbove and s lel out In

controlled amounts at a 30mm wide outlet running the full
width of the bin. Satisfactory calibration for normal pres-
sures was carried out by linlng the blin with plastle and
filting it with water, Caiibration for shear stress was
achleved with a shear force upplied to each plate while
supported on 'a calibration frame. The total weight In the
bin s measured by four load ceils. Sand is caught ounder
the bin with an auxilliary bin which is |ifted above the
medel to discharge into "It uniformly over the full width. .
Readings of wall stresses are recorded on a data logger
while the glass is marked with & orid so that the sand

it

surface can be plotted.
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CHAPTER 3

TESTS

3.1 Test procedure

Two different bin shapes were tested, Fig.3.1. Shape
strafght sides ‘sioping at 30° to the vertical. Shape

In each test several sets of 37 readings were’ !aken pn

data logger., Before each set, sand was either added

lo

bin or let out from It. Thus test 20, set 5, refers to

fifth set of readings taken .in test, 20

1 had
2 had
a vertical side, AB, formed from one plate and a sloping
-bottom, BC, formed from 1iwo plates at 30° to u-e vertjcal.

the
the
the

Ihe raw data was processed by a computer program which

subtracted the Initlal reading from the reading

for

i
“set, This value in migcrovelts was then multiplied “hy"

that

ap;\tmpr)ale calibratlon constant o produge eithen: 9: '\n?r‘ma1
stress or a shear siress. There were five normal slreﬁses

measured on each plate and' one average shear stross,
each set, depths of sand were recordgf‘at horizontat tmervals
of 100mm. These were used to caw,»ate the' “voiume,

with the measured weight the ;(ver-agerdensny for

For

and”

the 'set.

The weigh! was also calculated from the measured wall stfesses.
This - was always less than the weight determined by
foad - reils under the legs of the bin. The difference must
be due to the friction an the glass end wails’and the upward |

the

présstre at the 30mm wide outlet, The stresses were therefore

increased by the ratlo of measured to summed weight

$0

that”

direct comparisons could be made with theory. The friction

on the glass was also evident during discharge as the surface
them,

dropped slightly more between th giass ends than at

3.2  Tests on bin of shape !

Six tests were conducted. These were tests 20, 21,

22,

23,
24 and 26. The experimental readings are given in Appendix
€1 and the derived factors and stresses in Appendix C2. Table
3.1 summarises the ratios of measured to summed weight for tests

20 to 25. The average ratle Is 1,24. Density values are sumna-

rised in table 3.2.




BIN_TYPE 1




Table 3.1 Batios of Measured Weight to summed weight
for tests 20 to 24

Test 20 21 22 23 2%
ST,
2F 1,32 1,52 1,0 |
3F 1,17 1,19 Lo
iR 1,26 1,23 17 ! ,
5E 1,28 1,12 1,6 1 '
6E 1,23 1,18 1,16
% 1,28 1,28 17 ey ! /)
8E 1,23 1,28 1,28 §
9E 1,24 i,26 1,20

v 108 1,16 1,2 AL
1E 1,09 1,20 b 71,m
126 1,2
F.= filling £ = emptylng Average = 1,24

\ Standard deviation = 0,08 E i

Table 3.2 Summary of Densities for Tests 20 to 24 {kg/m*) °

Test 20 2 2 23 - 2

o Set
2F, 1566 1672 1472 1723 1606
3F 1580 1591 1534 1655 1559
4F 1608 1533 1871 §, 1649 1594
SE 1611 1549 187 1652 1593

8E 1531 1594 1584 1664 1604
7E 1609 1592 1584 1 1557 1606
8E 1615 1630 1585 | -+ 166% 1605

9E 1620 1611 1563 | 1 1638 1617
108 1616 1628 606 | 4 163z 1589
ME 1617 1612 1577 1532 1582
12E 1736 {595

F = Filllng E = Emplylng; Average 1602 kg/m*
Standard deviation 43 kg/m’




There is guite a random varlation In density. For example,

from set

loosens up

4

to set

to discharge,

Feverse dlrection.

in estimating

the "values change
to difficulty

In

% density shouid decrease as the mass
but
This could’ be mainly due

the

the average surface helght at each point,
especially during emptying when due to frigtion the surface
Is higher next to the glass than It is vin‘belween, The

average value of 1602 ka/m’

fe'hm sample tests given In table 2.1,

Frictlon ‘angles are

tabulated for each of

lies between the extreme values

the six plates

for. each test. Some of the values are very dlfferent from
the plates and

should  be

« In three cases
ignored.
plate, for set 3 tf

there

set

is no

load on

the sand covers
second plate, and set 4 fiils the bin.
Average friction angles for all

lower

Ioad({é plates are shown
Y

#*

Average after visible slip
Overall Average

Visibie sliding on walls noticed
Average before visible slip = 19,8°

23,60
21,0

in table 3.3,

Table 3.3 Average Wall Friction Angles for tests 20 to

" Pegrees )
Test

\% 20 21 22 23 24
2F 18,0 18,8 16,4 18,6 17,2
3F 20,6 21,2 19,1 21,8 19,2
4F 20,0 20,7 18,6 21,9 19,1
SE 20,6 18,8 18,9 21,7 19,3
bE 19,9 18,8 18,8 21,8 19,4 1 -
7E 21,2 19,4 18,4 22,1 19,8
6E 22,8% 20,3 19,4 21,9 20,0
9E 24,3 22,0V 6,21,9”‘ 23,2 21,1
10E 24,6 22,4 22,2 22,6 22,1%
1E 26,4 26,7 22,5 24,3 22,4
1%E 26,2 27,4
F = Filling E = Emptying
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There Is quite a wide scatter with a marked difference between
the average before visible siip {19,8°) and after {23,6°). The
overall average is 21°. This compares with the Ilaboratory

2,1, 3

value of 20,1° from +&B1&

Several graphs have been plotted showing the wall stresses and
Burface levels. Figs. 3.2 to: 3.11 show the normal wall
pressures for filling and emp(ylng’w!or tests 20 to 24. FiIHng\

and emptying pressures have been shown separately. In a\‘\\

typical case, Fig. 3.2; during fliling normsl. stresses Increase
.from zero at the surface to a maximum near the bottom, then
there is- a slight decrease at the lowest point.” The pressure
curve is not linear but buiges outward, The surfa;:e has a
flatter slope in the first set than In the third where It -Is at
the angle of repose. The flatter ‘slope is dué to the impact of

- the-falling gralns which fall -further for set 1 than for set 3,

At the start of discharge, Fig. 3.3., set 5; the press\,}:(r‘e drops
almosts to zero at the botlom and Increases hatfway up. Then
as the surface drops the pressure gradually decreases. l\"l’he
surface flattens out and bécaiies lower in the cen’ff\“.n showing
faster .movement there than at two walls. The pressu[—e graph
for each set is not smooth &and slopes change considerdbly
focaily, ~

Sometlmes local peaks form, for example, test 22, Fig 3.6. Two
corresponding peaks formed on elther side just where the upper
plate overlig»ps the lower. This suggests that the slight steps
tend to act as arch abutments. The local peaks remaired
imprinted nn\ the emptying dlagram, Fig. 3.7. in tests 23 and
24, Figs. 3.8 to 3.11, peaks formed at the lower laps onty.

The maximum fii.*~> and discharge pressures for each test are
compared in to 3.16. Average shear stresses are also
shown. I[n . . there s a marked difference between
filling and em,. .. Notlce the shear siresses Increase towards

the bottom In filling and then decrease on the bottom plate L(an”d
increase on the middle plate for emptying. The very stight
drop in surface level show that the graphs should have
approximately the same arens.




The normai flHing pressures and the surface levels for tests 20
to 25 are compared In Fig, 3.17. 1t can be seen thal apant
from the peaks there |s close agreement, The normal emptying -
pressilres for tesis 20 to 24 are compared in Flg 3,18. Again
there s close agreement except for ihe peaks, '

i

3.3  Attempt to detect switch pressure Ip bin of shape {

An attempt was made in test 26 to detect the swltch ‘pressure
i postulated by Jenike (z2) « Flg. 3.19 shows the usua) normal X
pressures during filling, Fig. 3.20 shows the last fliling set
and sets §, 6 and 7 durlng emptying. Fig 3.21 shows sets 7 ic
10 during emptying. Before each emptylng set only 1 kg of
sand was discharged. There Is & sudden change from filling to
emptying pressures from set 4 to set 5 {Fig. 3.20), Thereafter
to ser "iG there is a gradual change further towards the
emptying distribution beiween sets, There is no evidence of a
large pnint load moving down the bln as posiulated in the
switch theory, Fig. 1.17.

3.4 Tests on bin of shape 2

Flve tests, 27 to 31, as nearly Identlcal as possibie were&
conducted oft’ hape 2. For set 1 the bin was empty, &nd for
set 2 It ves: wtmpletely full, Intermediate flliing cases were
left out as they would be the same as for shape 1, The
experimental readings (raw data} are given In Appendix DI
and the derivoy factors and siresses are given In Appendix D2,

The ratios of measurad 1o summed weight are summarised [n .,
table 3.4. The average is 1,18 and s leys than the average of
1,25 for shape 1, table 3.1. Density values are summarised In
table 3.5. At 1596 kg/m’ the average is less than that for bin
1 at 1602 ko/m’. In view of the size of the standard deviation
which Is 43 kg/m* for shape ) and 24 kg/m* for skape 2, the
difference is not significant.
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The measured wall friction angles are given In table 3.6.. Ii
was found that the frictlon angle was greater when movement
was hoticed In:bin 1, table 3.3. The friction angle for bin 2
averages 26,1° on the vertical walls and 22,1 on the sloping
wails, with an overall average of 23,4° compared to the overali
average of 219 for bin 1, The Higher value for bin 2 Is caused
by its shape with vertical walls which mobillge friction more

effectively.

_Table 3.4 Ratjos of Measured Weight to Summed (Weight
i

tor tests 277fp_31
hY

- = ' 28 29 30 31
) | 1
£ i 2F 1,17 1,23 1,18
& 3E - e 1,13 ¥, 1,18
4 4E - 1,19 1,14 120 1,16
N BE - 1,18 1,14 1,20 1,16
i 1,19 1,19 1,14 1,21 1,20
- 1,17 1,79 1,16 1,22
1,15 ‘
L1
z X
- F = Ffmng = Emplying Average = 1,18

Standard devistion =,0,03,




Table 3.5 Summary of Densities for tests 27 to

31(kG/m")

Test 27 28 .29 30 31 N

Set /S

2F 1607 1599 1573 1585 1578

3E 1599 1589 1585 1579 1566

4 1615, 1606 1584 1604 1579

SE 1612 614 1581 1605 1502,
L.+ 6E 1623 1607 1596 1606 1601

7E 1622 1629 1593 1610

8E 1621

9€ 1673
“k = Filllng _ E = Emptylng  Average = 1596 kg/m®

Standard deviation = 24 kg/m’
Table 3.6 Average Wall Friction Angles for tests 27 to 31
{oegrees ) '

Lest 27 2 29 30 3t

Set

2F 23,2 2,4 21,8 22,9 23,9

3E 23,2 22,9 Ta2,2 24,1 23,9

4E 23,2 23,1 22,5 23,3 24,0

SE 23,5 22,4 22,4 23,1 23,8

6E 23,6 22,8 22,0 23,2 24,6

78 25,8 22,9 22,5 23,0

BE 29,7

9E 23,9

Overall average

Average on sloping parts

Average on vertlcal sides = 26,1°

s 22,1
= 23,40

e




Figs. 3.23 to 3.32 show experimenial and surface
levels for the flve tests 27 to 31 on bin shape 2. For test 27,
Fig. 3.23, a full bln set 2, has a surface sloping st the angle
of repose and am almost linear Increase of pressure down from
the surface on the vertical walls, On the sloping walls the
pressure Increases almost linearly, decreasing in a shight
curve from the line at the top and bottom of the Slope. At the
start of emptying, set 3, there Is no detectable drop In the
surface but marked changes la pressure. On the vertical walls

pressures

thy shape is utshanged but pressures increase. On the sloping
walls there is a complete change In shape. The pressure drops
to near zarc at the outlet and then ingreases up the siope to
cross the filling ilne and then detreases a bit at the top of
the siope. As dlscharge proceeds, the surface drops, sets 3 .o
€ and there 1s a gradual Incrsase In pressure on the vertical
walls without much change in shape, to about 50% more than
the filling case, set 2. The pressures on the slopes change |
slightly with further discharge. Some osclllation is evident.
Flg. 3.24 shows the change In pressures as the surface level
drops eventually to the wall Junction. The surface flallens out
and  eventually siopes towards the centre showing fasggr
movement there, ! was noticed through the glass that a
central column of 250mm widih moved downwards with  little
notlceable movement outside [t. As the surface drops the
pressures on the vertical wall decreagse., On the lower parts of
the walls the pressures remaln virtuslly unaltered but
pressures reduce at the top as the surface drops, until they
afe zero when the surface Is at the unctlon of sloplng and
vertical wall. Through all the tests, Figs. 3.23 to 3.32, no»
pressure peaks were formed as for shape 1.

Maximum flfling and emptylng pressures are compared for tests
27 to 31 In Figs, 3.33 to 3.37. Shear stresses are also shown.
A marked difference, Flg. 3.33, can be seen between filling
and emplying. There is a big increase In pressure on the

vertical walls. There is also an Increase In shear ‘stress, There
is a blg' change In pressure distribution on the sloping walls.
The pressure Increases at the top of the slope and drops almost




to zero -at the bottom. The shear stress changes from a

aximum at the bottom of the siope to a maximum at the top.

Maximum filling pressures are compared In Fig. 3.38, There is
very clqse agreement. A slight assymmetry Is evident between
sides wﬁich shows a small inadequacy in the measuring system,
Pressures increase almost linearly on the vertical walls dovn
from the surface, Pressures on tke bottom are aimost lindar,
dropping off siightiy" at the top and bottom of the slape,
Maximum emptylhg pressures are compared In Fig. 3.39. There

, is excelient agreement on the vertical walls and evidence of

igome oscillation on the sloping walis although agreement .is

good. Again slight assymmetry is evident.

On the verticdi walls pressures increase almost linearly and

. are a’bfbgy 50% grester than for filling, Fig. 3.38, Pressures
are small at the bottom of the slope and increase almost

e finearly at first to reach a maximum at about 70% of the siope
length and then decrease & bit at the top of the slope.

3.5 Attempt to detect switch pressure in bin of shape 2

Test 31 was used for this purpose. Fig. 3.30 shows the filling
condition, set 2, and the start of emptying, sets 3 to 6. Very
small amounts of sand were discharged between each set, about
1 kg at a time. There i3 a measureable difference in pressures
between setz 3 to 6, with some oscilfation fower down. Fig.
3.31 continues to moniter very small changes for additionat
discharge. Fig., 3.32 shows large drops [n surface leus] “and
eventual decrease in pressure, No switch pressure in the form
of & moving point lead was detected as postulated by

senike P2 Rig. 1.7,




3.6 Summary

In this chapter. the experimental results are given. In the tests
for each bin shape reasonable agreement was obtalned be/i,‘]ween
five tests for fi’l‘[lng and emptying., There was a marked
difference between filling and emptying pressures and no switch
pressure cou!dr‘be detected. Even an outflow of oniy 'kg -of
sand would catise a - {farge change from filling to emptying
pressures over. the whole wall without any switch pressure.
Densities arid wall friction angles were in reasonablé agreerﬁént
with values measured on Samples.




ooe

o2 ool ]
‘Wi BouUD3s g

Test 20 : Filling

2

Figure 3




Flgure 3.3 Test 20 : Emptying

1
02 = 7 ooe ooz oot i
ww SSUD3IS TR




200  3o0

UOjstance mm.
. 100

\ E—

et o~ T
DT ' g
5 N AV s
\ 5 |
R W~
3 8 i
\ S Y

Figure 3.4 Test 21 : Filling




3zt

31l

3 o1

3 s

3s

3 L 12

2.9 iz
»/8 12
385 ‘31say

: Emptying

Figure 3.5 Test 21

BOE oez =m0k
S ﬁu:u&um a




A

3

-

e

Figure 3.6 Test 22 : Filiing

ER4
lllll QoE ooz oot
M W» ww . “ww adun3sIg
mw\m 3834

[t [T " " W) WE’!’






3-18

380

200

Dietonce mm.
100

ot

- Figure 3,8 Test 23 ; Filling




: Emptylng

Test 23

Figure 3.9



At

3-20
Lo

Figure 3,10 Test 24 : Filling
5

Kid S
3E G0E g0z ot S
32 "ww BoUDISL(

EET

l " o

! By vy » Iy




et
— o
\

e
\

_ oo ome ool
38 ¥ ———— “wul- @3UD3S 1]

£

Test 24 : Emplying

Figure 3.1




Fillingand emptying

Test 20
v

Figure 3.12

iy

3 02 ———— CUE o2, oot
rl wu BauUSIRIY




ogz  wol
‘ww BDUDYEIQ

Figure 3.13 Test 21:Filiing and emptying

s

o
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Tests 27 to 31 « "Comparison of emptying pressures

Figure 3,39




CHAPTER 4

THEORETICAL PRESSURE DISTRISUTIONS ~ BIN 1

4.1 Methods for anal’yslng pressures

A distinction Is made between methods applied to the fliling
case ;nd methods appiied to the emptying case, All the methods
have this in commen : they are slmple and easily applied.
For reference each analysis is given a rileber‘ with a' prefix

F “for filllng and £ for emptlying. Numbers for bins 1 and
2 may not necessarily be the same. .

4,2 Geometry for filling

For bfn 1, five tests, 20 to 24, were combined fof céniparison
with the various theories. Fig. 4.1 shows the configuration

and table 4,) shows the derivation of the. average valdes.
. 7

Figure 4.1 : Dimensions for analysis




Table 4.1 Values for Bin ) to be used In Analysis
of Filling

i
Average density = (1608+1533+1571+1649+1594}/6 = 1591 ka/m’
Note: 1t was declded to use the overall average value from
table 3.1 of y = 1602 kg/m' = 15716 N/m®

Surface helghts mm
e e anis I

Pasitlon
Test ;Ser 3 4

20 |4 .)-520 |00 | 660 | 720 | 780
4 650 | 715, (780
650 | 720 | 760
3 650 780

I 675 | 740 | 785

. ol L -
Average 56 | 659 | 722 | 781

Avercge both sides 781 |

»ﬁOO)

Surtdce slope = atn (L2 300

= 31,1° (compare with 31,0° tadle 2.1)
8 B

Contained weight = 15716 x {0,807 X 0,344 ~ 0,015 x 0,026)

= 4357 N per metre width

4.3 Filling pressures - bin 1§

4.2,1 Fi.Actlve state nressure

The vertical pressurd 0, at any depth is given by

% = yh
and the horizontal pressure by

LR

k = acilve pressure coefficient




1 - siny
ko= 7+ siny .3

ks oz 8in33,8° = 0,2646
1+ sln33,8°

For equiilbriym perpendicular to the slope, Fig. 4.2

g = % sin¥ao + oy cos*30

< o, (0,254,284 x 0,75) = 0,46350, 44

For equilibrlum parallel to the slope

W % R @)slnBOcossv

= uK(\—O,ZﬁAE)x 0,5 % 0,666 = 0,30980x 4.5

At bottom h = 78] mm

e a, - % 15716 x J78FF = 12274 N/m?

6, = 0,2846 x 12274 = 3528 Nfm?
¢, = 0,4835 % 12274 = 5688 N/m?

T, 0,308 x 12274 = 3802 N/m’
Angle 4, = stn .:1' = atn (3802/5688)= 33,8°
Y

W

Thig exceeds the wall friction angle = 20,13%,

The stress |5 shown plotted In Fig, 4.2, Note - It s assumed
that the shear stress on the vertical and horizontal pianes,

xy {s zero,

4,3,2, F2 Equilibrium of forces - linear distribution of % w
The resultant horizontal force H at the centredlne acting

on halt the contents, Fig. 4.3, Is assumed to act at one
third the bheight, This force together with the welght of




half the conlents must balance the resultant force R on .
the side which is inclined at the angle of wall friction
to the normal. The pressure distribution on the wall s
assumed to be lilnear. From the value of R and its position
the extreme values can be found. This does not produce
a zero pressure at the surface,

Q
Fa i =N

Figure 4.2 Active state pressure [ ’

W= kSBZ/'—;- 2191 N from table 4.1,
For vertical equlliﬁylum REINBO,I3Y = W = 2191 N
o R = 2855 N

Normal component N s Rcos20,13° = 268) N

Py = F,'Eg"a"' X 2681 x (2/3 x 0,658 ~ 0,2596)
= 6653 N/m 4.6
6
Py = TogegT x 2681 x (0,259 - 0,656/3)
= 1496 N/m? 4.7




4,3.3 F3 Equilibrlum of orces - parabolic distribution of L™

This method is an improvement over F2 as It allows a zero
N wall stress at the free surface. The arrangement of forces
fs' stfil as (n Fig, 4.3. The parabola used is shown in Fig.

4.4,

Let the equation be p #» ax + bx*

; 2 3 §
fl‘pdxf/-L(ax + bx) dx = %—-.a + -'=§-.b = N Lo
0 o §
|

%
3 4 :
L L i\
f o n/’(a*u bod) dx = a5 b= Mg i
0 o N

B K '
- 4
-
-
E ] = .
& X
- . b '
; 3 2603
™
286,3
Intersection of"R with siee ’
=

Figure 4.3 F2 : Equilibrlum of forces
wilth Linear distribution of Y




3 1

Figure 4.4 *F3 Equilibrium of /forces with
parabolic distribution of L

{1} and {}) are solved for a and & 1t

a = (/- o/ Y 49
! z
b= 72(g/2 - Lla)l!ﬂ- ’ 410

From 4.3.2 N = 2681 N
from Fig. 4,3 L = 0,658m,
g = 0,658 - 0,260 = U,308 m
4 a = 72(0,658/4 - 0,398/3) 2681/0,686° = 21 569
b = 72(0,398/2 - 0,656/3) 2681/0,658" =-20 938

Values of pressure with siope dlstance from the free surface
are glven in table 4.2
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Table 4.2 F3 Pressures

*m o 0,058 ,0,158 0,258 0,358 0,458 0,558 0,658

p N/m {0 1181 2885 4171 503¢ 5487 5516 5127

436 F4 Waiker theory for tilling {14!

This method (s similar fo F1 In that shear on vertical planes
is assumed to be zera. The slaplng surface is averaged
out as surcharge and the horlzontal pressure Is determined .,
so that the correct iriction ungle Is obtained at the wall, ‘
Fig, 4.5:

Flgure 4.5:F% Walker's Theory for filiing




Vertical pressure LW =vh

for vertical equilfbrium

o ind + ¢ 1 =
w Sine, wta( chosew

g

. N x '
- w T OT¥ :a‘no‘wfc‘o“r“ew = 0.6117 o AN
’ Y = 15716 N/m, ¢.= 20,13° 0= 30°
M 5. = 15716 h x 0,617 = 9613 h Njm?

[l

At top h 0,1043 m, o = 913 x 0,1043 = 1003 Pa.

at bottem h = 0,673 m, " o= 9613 x 0,6743 = 6482 Pa.

Figure 4.6 ! F5 Ce-ordinates for Booth's Pile Theory

4.3.5  FS Booth's pile theory!®)
The stresses within a pile of granular material, Fig. 4.6
are represented as polvnomial functiens in r, the ratio
of the horizontal distance from the centreline of the pile
to the point concerned, to the horizontal distance from the
centreline to the surface. If the bin Is now imagined within
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the pile, Fig. 4.7, the stresses may be calculated alonf
the wall from the stresses L™ ﬂy and 1><y' Fig. 4.7 also
. shows the values of B and rB for points on the wall, In
general the relationship ©,/9. = tané, will not be satisfied,
There. Is no distinctlon made between the angle of tepose
and the internal friction angle. Therefore the surface has
been adjusted -slightly to an angle of repose of 34° which
is closé to the Internal friction angle of 33,8°, The no;jomal

pressure on the wall is shown as l\h“e dotted line In /'Fig‘
4.7 T

ad

Figure 4.7 : Bin within a pile of sand

L]
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Values of constants for friction angle §= 34°,

= 15716 N/m’

Y

. k= 028272 € - 050362
A= 00871 F = 0,36662
8 = 0.0622
C = .40,63575

Vertical compressive siress

G = wart et cfer 452
Horizontal compressive sﬁr—eés N
2
_oer® 2,6 ,.3.3,1.2
o, = o tE At agErd e goer?) 4vbke 4.13

Shear stress i
Tiy

3,4 3 1.2 : ) 7
{Z Ar + g BrT 45 Cr” - E)ytYbr lf'"“

ol

The wall stresses, Flg. 4.8 are given by the standard conversion

(n?
g = osin'x
%, Sin

3 . .
Uycos s+ 21xys|m cos® 4.15

= s~ sin® 8 - o
t \'Xy(casa sinfe ) + (o "y)slrf?:os . 46

Figure 4.8 : Determination of wall stresses




Table 4.3 glves the stresses at vertical intervais of 1'00/mm.
The second last column shows the resulting anglc‘/;éf walt

#
friction which considerably exceeds the required {alue of
21,0°, i

4,3.6 F6 Booth's adjusted plle theory

The results from Booth's plfe theory may be adjusted to
produce the pight friction angle at the wall. This s equivalent
to introducing an additional horizontal stress, Fig. 4.9:

"

Tey .

Figure 4.9;; Wall  stresses
! adjusted piie theory

For vertical equilibrium
“w
—N st + =
<o, sin{¢, *a) = o, sina + Ty COSe
. g = CO8Y,
w siF7a) (o sina + 'txycoso\) 417
[H g = 20,1° and o = 30° are substituted then

oy = 0,612 0 4 1,089 T 4.8
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4,3.7 F? Framework theory o

If the materiai in the bin has its Internal frictien

fully mebllised it is said to be in & eritical statel'7) 1t is

possible to show that there are two sets of planes on which
Vimiting friction occu‘rs. These planes are inclined at 9o-d‘¢?

each other, Fig.:.t;.lo. The direction of the major pgllncipaltl
stress o -bisects the angle so that 9 Is Inclined: 10 "althen :
set of slip lines at an angle of p = 45 - 8/2 ) 4,19

Fig. 4.10 shows that the resultant ctress on” a slip |lﬁe
of one type is parallel to the other type of slip line . For
analysis thls enables the'replacemenl of the material {sand)
by a framework model in which the weight of the material
in the diamond shaped element is concentrated at a node
placed at the element centroid. Members then frame into
the node paralle! to the silp )ines, Flg. 4,11, Stresses ‘are
found at a wall or along a given line by dividing the forces
by the member ipacing along the wall or line. It has been

(10) that sxact results are obtained for the classic

shown
at‘:tl\/e .and passive pressure states In a uniform mass with
* Horizontal surfa¢e, The principal Hmitation of the method
Jis In determining the correct orlentation and extent of the
sl]‘p fine. fleld. During filling the major principal stress
will probably be vertical on the centreline. Fig. 4.12 shows
a framework with siraight members arranged so that 9y
s always vertlcal. The dotted lines indicate extra horlzontal
members required o preserve the correct wall friction angle
for vertical equilibrium at & suppon

RsIn50,1° = Fcos28,1° + W

W
- R = 1,140F + 1,303W 4.0
i

i
The reactions and normal stresses from the surface down
are shown [n table 4.4, The spacing down the slope s 4Cmm.

Therefore the normal stress is glven by

- 20,)
ow E%%ri. = 25,33F + 26,98W Pa. 4.21




°

lipolines
slip planes

Figure 4.1) : Construction of substitute framewoxrk
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Table 4.4 F7 Framework

POINT REAgTION R | NORMAL STRESS o
a.
1 55 759
2 74 1737
3 101 2371
‘4 129 3028
5 147 3451
6 175 4108
7 180 4225
8 184 4318
9 193 4530
10 200 4695
11 207 4859
12 211 4953
13 217 5094
;14 225 5281
15 230 5399
16 258 6056

Geometry for emptying -

Table 4.5 gives the calcutation of the average surface helghts,
The resuliing profile is plotted as the dotted line In Flg, 4.1
and 1t Is siightly below that for filling.

EN




Tl

417
Tabie 4.5 Values for bin 1 to be used in analysis of
emptylng condition

Surface heights mm
Test | Set Posttion
t {2 |3 |4 {5 |s]71als
20 5 570 | 600 |660 |710 770 | 710 [ 660 [605 |570
21 [ 575 | 590 |645 706 [ 770 | 715 | 655 |600 | 575
22 L] 570 | 590 j655 |710 |770 | 715 | 660 j605 | 580
23 & 575 | 595 |640 {700 | 760.{710 {645 606 575
24 8 580 | 610 |660 [ 710 | 750 {700 | 660 |61Q | 580
lAverage 574 | 597 1652 3| 707 | 764 710 | 656 | 604 576
o— s g
JAverage both sides N 6541600 § 575

Density 15 75 N, ?
Surface slope = - ‘516(7"‘3;6575) ~ 29,ic
Contained weight = 15716 x {0,792 X 0,346 - 0,015 x 0,026)
=. 4301 N per metre widih of bin o
4.5 ;*,mptylng pressures - bin 1
o (14}
4.5 - % Walker theory for empiying

in a bin,
Fig. 4.13. As he uses the average v ntlcat” stress ¥ {In his

Walker analyses the forces on 2, horizontal slice

notation) he has to relate 1t it the vertical stress at the
wall VW. He does this with the fiitsp- D

v, = DOV . 4.22

He states that if D is taken & uulty it will give sufficiently
accurate values of wall stred

As mentloned in chapter
1, D must in fact be one ‘ar wertlcal equilibrium will be
violated, (see Appendix E}.




v .
Figure 4.13 ¢ E) Walker's theory for emptying

Flgure 4.14 i Notatlon for Jenike's graphs Yor
radial stress flei<
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in the following calcuiations Walker's notatlon ls partially
used, and Is defired where necestary, referring to Flg.
4,13,

tnternai friction angle 6= 33,8°, Wall slope a= 30°

Wall friction angle ¢w = 20,1° -

{ (X

B o= 3 +asln(s w) 423
(w sng

8= 29,20

The vertical shear strgssat the wall 5 s related to V,
the vertical normal stress of the wall by

L BV 4,24

sindsin2(a +8 )
whete B = T Ehecosz (65 E) 0,3870 4,25

8D 0,3870 x | '
ToRe = Xl = 0,6702 4.26

1+ sinfcos2p

e T - sindcosd(o+f ) = 1,022 427

) C—1]* Vo

hvd th
Yo Ve oemd

& from eqns 4.27 and 4,28

. 0,3298 0,6702
0,601 h Y 4,29
4 ( ) ] (0 ) )
9 = 48 01h[ ~ 1| + 1526 5t

The normal stress (s given in table 4.6 for different helghts
and [s plotted in Fig. 4.13,

Table 4,6 Walker's Theory

h m 0,601 ( 0,526 0,426 0,326 {0,226 | 0,126 | 0,026

o Pa,| 1626 | 2547 | 3706 | 4562 [4982 | 4672 | 2487
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In the following calculations Walker's notatipn is partially
used, and ir. defined where necessary, referring to Fig.

4,13,

Internal friction angle § = 33,8, Wall slope a= 30°

Wall friction angle &w = 20,1°
g = %(o + asln(s’“0 )) 4.23
w .
sing
8 = 29,2°°

The. vertical shear stressat the wall 7, s rvelated to v
the vertical wormal stress of the wall by

i, = 8B Ve Y426

- sinssin2{a +8 )
where B = Sy ——-2--(— 0,3879 4.25

BD  _ 0,3870 x 1 _ ' ’
o2, = BT o602 4.26

1 + sinécos28

%= T sindoosz(a¥E) Yy T 11022 4.2
c-1 c
= 7 Yh h b
R [‘ - (Fo‘“) ]“ Vn('h‘o) 4.28

s from egns 4.27 and 4,28

0,3208 0,6702
o = Aa70|h[(0 2,801 ) - 1] 1526 (D—'.‘—- TR ba2e
w . ,60

The normal stress is given in table 4.6 for different heights
and is plotted in Fig. 4.13.

Table 4.& Walker's Theory

h mloe01| 0,52 | 0,426 0,326 | 0,226 | 0,126 { 0,006

< Pa.| 1526 2547 3708 4562 14982 4672 2487
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4,5,2. E2. Radial stress field with linear cut-off

A radial stress field has beert showpn to exist in the vicinity
of the outlet by Jenlke“e) . In a radial stress fleld the
.stresses ére proportional to the radial distance from the
apex where the two inclined sides Intersect. Thu} the normal
stress on the wall will increase™ jinearly from zero at the
apex. Jenike gives values of ¢'/¥B, Fig.k.14 (o = ©w},
in graphs for §= 30° and & = 40°, reproduced here zs Figs,
4.95 and 4.16. It'1s thus ficessary fto interpolate for the
required value of &= 33,8°. The value depends on the wall
frictfon angle { ¢ = %"1)‘ and  the bin wall slope {8') = az
The theopy for the radial stress field given in- Appendix
6,‘ whigh also details a procedure and & program in ?aslpfor

calculditing - this' factor. S w e

A Ny : B »

The, constants used were

. Y2 y5me N/m? o

s .= 33,840
e = 20,1° .

ps0oxg " = 29,20
= )

“From, Fig.4.15 for 5 = 30§  o'/¥8 = 1,300
From Fig..16 for § = “40° /Y8 = 0,982
interpclating for 8 = 33,84° ¢'/YB = 1,3 -(1,3-0,982) x

= 1,178

From Appendix G o ¥y B = ow/‘vr = 1,3354 0'/yg

where o = 6w

The latter figure Is probably more correct than the former
because of the great care taken In Its calculation, but by
the stage it had been derived all calculations had already
been related to the value of 1,178 so this is the value used

here.

As the radial siress field would give a large value at the
surface and because ve "ral equilibrium must be assured Some

at

RPN




Figure [.0/': Normal stress in the radial stress field

from Jenite A1Afor

























































































































































































































































































































































