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Abstract:

In this thesis empirical equations are developed for estimating k (the ratio of lateral to vertical pressure)
and p'(the effective coefficient of wall friction) for use in Janssen's bin pressure equations. Also, ah
attempt is made to approximate values of "a” (the ratio of vertical pressure at the bin wall to the
average vertical pressure) for use in Scheer's theoretical equations for obtaining values of k.

Values of k, p', and "a” were determined from lateral and vertical pressure measurements in a test bin,
with and without sandpaper glued to the walls, for five fill materials varying from glass marbles to very
rough angular aggregate. Three simple laboratory friction tests were used to estimate &mu' for each of
the materials.

Empirical equations which were developed to correlate the results of the laboratory friction tests with k
and p' give results that estimate observed values of k and p' with a maximum error of 22&. Although
Scheer's equations proved valid for estimating k, the empirical equations developed gave a more
accurate value of it by a faster method.

Incidental to the aforementioned studies, pressures were also measured with grain in motion, and with
the bin subjected to severe vibrations. With fill material flowing, the maximum lateral pressure
observed was 53.7% above the static lateral pressure. The largest observed lateral pressure after
vibration was 134% higher than the static lateral pressure.
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ABSTRACT

In tThis thesis empirical equations are developed for estimat-
ing k (the ratio of lateral to vertical pressure) and‘p' (the effec~
tive coefficient of wall friction) for use in Janssen's bin pressure
equaflons. Also, an attempt is made to” approxlma+e values of "a"
(the ratio of vertical pressure at the bin wall to the” average verti- .
cal pressure) for use in Scheer's theoretical equations for obtaining
values of k.

Values of k, pu', and "a" were determined from lateral and
vertical pressure measuremen+s in a test bin, with and without sand-
paper glued to the walls, for five fill materials varying from glass
marbles to very rough angular aggregate. Three simple |laboratery
friction tests were used to estimate p‘ for each of the materials.

Empirical equations which were developed to correlate the
results of the laboratory friction tests with k and p' give results
-that estimate observed values of k and p' .with a maximum error of
224. Although Scheer's equations proved valid for estimating k, the
empirical equations developed gave a more accurate value of it by a
* faster method.

Incidental to the aforementioned studies, pressures were also
measured with grain in motion, and with the bin subjecfed to severe
vibrations. With fill material flowing, the maximum lateral pres-
sure observed was 53,7% above the static lateral pressure, The
largest observed lateral pressure affer vibration was 134% higher
than the static lateral pressure,
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I NTRODUCT 1 ON
Simca +he introduction of Janssen's equations in 1895 investi-

gators have conducted experfmeﬁfs to evaluate +ha validity of his
solution and also to determine the constants necessary for +hevso+;
ution.of his eéua+ions. Briefly stated, Janssen's equations aréél'

(See Derivation of Jangsen's Equafiems - Appendix @5

V= , (1~ eii__l) and L - kv =.BEH (1-e ’H';X )
# Pl

where, using typical English units,
V = average vertical unit pressure a+ depfh 'y, lb /sq. ft.
L = average Iaferal unif pressure on bln wal | af dep+h Y,
Ib@/sq. ft. |
R = hydraullc radlus (area of bin ¢ross secflon divjded by
perlmefer of bln), ft. - |
W= unit weilgh'i' of fi11 material, Ib./cu. ft.
y = depth from surface of fill material, ft.
pl= effeafive coefficient of friction befwean fiil material
and b:n wall, dimensnanless.
k= L/V= ra+to of average Ia+era| unl+ preasure to average
vertical unit pressure, dimens:omless.
All factors In Janssen's equa+ians are readily obtainable
with +ha exception af k and p'. In this Thesis‘an a++emp+lis made
tTo develop a éeneral method for estimating k and p' by simple labor-

atory friction tests. Although pr?or Investigators have reported
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values of Janséen'é cons+an+s for materials they have investlgated,
To Tﬁis ?u+h®r's knowledgé'only one a++emp+!(8ee Scheeris Theqry -
Appendl x Il5 has been made to estimate k from simple laboratory fric-

+ion.+es+s.

Since considerable mention 13 made in ‘the Review of Literature
of the constants k amd‘p'} a short discussion of bin ferminology will

be given before proceeding to that section.
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BIN TERMINOLOGY

In addiTion'+o the terms in Janssen's equations which are dfs-
cussed in +he'iﬁ+roduc+ion, several- other factors need to be defined
and discussed. These are ¢E ¢, p» "a", and smooth and rough bin
conditions.

For use in Janssen's equéfion‘p’ wés defined as the effecfive
céeffiqlen+ of friction between fill material and bin wall. [+ is
also defined as tan @' where @' is the effective angle of fric%ion |
of the fill maferiél on—The bin'wall.

As distinguished from}u',fxis the effective eoefficient of
internal friction of a fill material in the bin, J is also defined
as the tan ¢ Qhere @is fhé effective angle of infefnal friction of
the material in the bin., Some prior investigators have indiscrimin-
ately equated @ with the angle of repose of a méferial; howeQer,
because of the relative confinement and other factors, the angle
of repose is not mecessaf!ly equal to @ as will be subsequently shown.

Before stating Scheer's equations for_es+ima+ing kK, a defini~
tion of smooth and rough bin conditiens will be made. For-a sﬁeoTh
bin condition F' is less than p; so that, when the fill material
consel idates and settles vertically, fill material particles slide
on the bin wall. In a rough bin condition sliding occurs within:the
fill material adjacent to the wall ihAstead of direé?ly on the wall

surface. In this case F' is equal to p.




Scheer, for his equations, defines a term "a" as the ratio of
vertical unit pressure at the bin wall to the averagé vertical unit
pressure at a given depth.

- Scheer has shown that, theoretically, for a rough bin condition:

k = ak! = a,(%‘i‘f%&%%)

. and for a smooth bin condition: g

) 2
k:,ak"é:’.@,( I +I-str3¢>
2\l + 2 fancXtan @' - | + sin‘®

where X satisfies the equation,
coscX + tan @' sine¢ = tan @' N
sin @
Three laboratory frittion test methods were used to obtain

val ues +o'es+ima+e‘p, p', @ and @' for use in Scheer's and Janssen's

equations. To distinguish these as friction test results the follow-

ing nomenclature will be used: ‘ )
Mr = tan ¢r = tan of angle from angle of repose tests
s = Tan @ = coef%icienf of friction from direct shear tests
p% = tan @ = coefficient of friction from direct friction -

tTests
The Review of Li+efa+ure, in addition to general discussion
of prior investigators, will emphasize the values they reported for
k and p' as well as methods used, and values obtained in estimating

ﬂ' By tests separate from their bin studies.
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REVIEW OF LITERATURE
'MiLo S. Ketchum (15)¥% gave a chronological discussion of bin
investigations includfﬁg his own, with a good discussion of some of
them iﬁ regafd to sfafic.and dynamic pressures and the values of k
for wheat and some ether grains.

This review draws on Kefchuﬁ's discussion of the works of
Janssen, Prante, and Pleissner, because their papers are in German.
The ﬁorks of the other authors were g@nsulféd first-hand,

‘ _ lsaac Roberts (22) made the firs+lrecorded observations .of
pressure in deep bins. Hé used model biné as well as a full s{zed
Bin to measure pressures of wheat. The model bins were 7 in., fo
20.75 in. In diameter and the full sized bin was 6.75 ft. by 6 ff.
in ckoss section and 52,17 ft. deep. His apparatus for meagufiné
pressure was not too saTisfacTory; beiné plates in +Be side and

" bottom "eonnected by levers to scales similar to a weighiné machine",
His conclusion that "all Ineréase of pressure on the bottom ceases
before the bins are filled two diameters" was appreciated by most
investigators following him.

H. A. Janssen (14) develobed formulas (See Appendix 1) for

determining lateral and vertical pressures in deep bins .1 i

* Mumber in parentheses and subsequent numbers in paremtheses refer

to item of Literature Gited, page 70..
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and in 1895 made experiheﬁfs in model bins to verify his equa+i§ns.
His +es+s of dry sand, wheat, corn,‘and other grains were run-wi+h
square model:bins, 200 em. deep and having sfdes of 20, 30, 40, and
60 cm. The bases of his bins were.suppoéfed by-a scale giving base
load directly. Ketchum states Janssen found k = 0,67 and F' = 0.3
for wheat. Ketchum does not say how Janssen determined these con~-
stants but Jamssen apparently found what he assumed to be a true p'
by some friction test and then selected a k which made his vertical
pressure equation fit his eéxperimental vertical pressure curve.

Pfanfe (20), in 1896, made studies on full size iron bins, ;
1.5 m, émd 3.8 m. In diameter and 19 m. deep, con+ainiﬁg wheat. :
PranTe's-experimen+§ for wheat at rest gave pressurés in-fair agfeef
ment with Janssen's equation, Héwever, for wheat in mo+ion,<he
found pressure‘in excess of 4 times the static pressure. Both
Jamiesen (13) and Ketchum (15) questioned the accuracy of Prante's
results as did Prante himsel f, I |

In 1897,.To check his own design-of a grain elevator, Max
Toltz (30) made experiments on a large woed bin 14 ft+, square and
65 ft. deep. Wsing wheat, Toltz found a maximum lateral pressure
for this bin &% only 3 psi at the bottom of the wall, by means of
al.b ft. by 3 ft+. s+eel'p!a+e held rigid at two sides across an
oéeming of +hié size fn the bin. ﬁevdefermined his.pressure by"

calibrating the deflections of his plate using kann wei ghts.
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Airy (1), also in 1897, deférmlmed experimenfélly for several
grains the aﬁgie of repose and ceéf%IciemT of friction’on wood, iron,
and concrete. The values were determined for use in a formula wﬁich
he developed. Al+though Ketchum compareq_Airy's.solu+ibn for a long
rectangular bin with Janssen's and found close agreement, Airy's
solution requires modification for shallow bins and does not take
bin shape into account as a factor that affects pressure.

As éfafed above Aliry found angle of repose and eoe%ffcfemf of
frietion values for several grains. He found the tam of the anmgle
of repose of his wheat +o'bé 0.466 and His coefficienf; of friction
of wheat on rbugh‘wood, @h§smoo¥h‘wood, on iron, and on cencrete
-were 0,412, 0,361, 0,414, and 0.444, respectively, The angle of
repose was determined by measuring‘fhe slopes of graiﬁ inpiles and
he assumea that this was equal to @. His friction coefficients of
wheat on wood, [ron, amd'¢onere+e were de+efmimed”by findipg The
slope at which a piece of the material would slide down the gfain
surface. Airy assumed the angle of this slope to be equal fo the
effeective angle of wall friction, @'.

" In 1902 and 1903, under the direction of Milo §. Ketchum (15),
experiments were made with a model bin at the Univer$i+y of Illinois.
Pfessures for wheat were determined by twe plates, ene'servfng as the
base of the bin resting directly on a platferm scale and Thé other

located in one side near the bottom conpected by levers to a plat-
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form scale. A k of 0.4 for wheat was reported, being the ratio of
lateral to vertical preséure as determined im tThe binm éxperimenf.
No pressure increase was found for wheat in mo+ion-over pressure of
wheat at resfl Tests were also run on flow of wheat from an orifice,
Ketchum states that flow is independent of head and varies directly
as the cube of the width of a square orifice,

Mr. J. A. Jamieson (lB)hmade extensive Teéfs of bin pressures,
both in medel and full size bins, fer wheat, peas, corn, and flax-
seed, Jamieson used hydraulic cells which were placed in the walls
and ba;e of bin. The side of the cell, which was set flush with
the interior wall of bin, consisted of.a rubber diaphram which was
acted upon by the fill, pressure. The cell was connected through
the wall fo a vertical glass tube which indicated the pressure on
the diaphram. Glycerin was'uéed In the cell and a mercury column
was used in the glass +ube To,réduce its height.

Full scalé bin experiments, under Jamieson's direction, were
> started in'|90®zon.a wood bin.in New Brunswick, Ganada. The bin
was 67.5 ft. deep and had a 12 f+. by 13.5 ft. rectangular ereoss
section., The bin was filled-and emptied in 3.75 ft. increments.
Pressure readings were taken after each increment Was added or
removed. | |

During filling, each increment was allowed to stand 18 hours

before the next inecrement was placed. Jamieson reported no chaage
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in pressure during this time, whereas Lufft (16) lafer.reporfed‘a -
definite decrease in lateral pressure when the fill material was
allgwed to stand static for a few hours between increments,

TeéTing pressures ef flowing grain, Jamjeson reported a
maximum 4% increase éver static pressure during emptying. GClosing
the emptying gate during emp*y}ng géve a sligh+ ddcrease.

\ For wheat in this wood bin Jamieson reported k = 0,6, tan
@' = 0,441 and %an $ = 0.532, Jamieson's k is the ratio of the
lateral and vertical pressures he found'from h}s experiments., His
reported @ was determined by tilting a box full of wheat until the
surface material started to'slide. The angle through which the box
was 111ted was taken as @.  For his @' a bottomless box was placed
on wood surface and filled with wheat, The angle through which the
wood surface was tilted (until| the box of wheat started to move)
was accepted as @',

| In his model bin studies Jamieson used bins of both Feumd
and square cross section and 6,5‘f+. high. The round bins were
6-in, and 12 in. in aiameTer and the square bins were 6 in. and
12 in. in width, The same type of diaphrams were used as with the
full sized bin. His bins were censtructed of wood, smqo+h steel,
and corrugated steel (the corrugation being horizontal).

Jamieson emptied his bins from both the bottom and the side.

He obtained a maximum vertical.pregsure increase of 7.3% when fill

material was emptying from the bottom. During side emptying the




14

lateral pressure decreased on the side of the opening and in&reased
on the oppesite side. Both Lufft and Ketchum reported this same
si+ua+iqp for §ide émpfying;

In addition Jamieson experjmenfed.wi+h a surcharge on the

filled bin. He placed two 50 Ib. weights on top the fill and

- observed only a slight increase in vertical pressure. Upon removal

of the weights the pressure returned to normal indicating granular -
material behaves as an elastic solid when confined, |

Jamieson made a very im+eres+ihg vibration test by tapping
the bin with a hammer after It was filled. He observed a decrease
in ver+iéal pressure on The base by fapﬁing on the side near the
bottom of the bin. As he continued tapping upward on the wall the

pressure returned to normal and then increased to a maximum when

 he tapped en the side at the +o§ of the bin, This tapping at the

top also gave a settlement of fill material of 2 te 3 in. This
author observed the same results from vibration.
When he placed tie rods, of 24 gage sheet steel 0.5 in. wide,

horizontally in the bin Jamieson found no increase in pfessure but

_only a decrease in velocity of emptying grain., These tie rods were

placed.with the 0.5 in. dimension in a vertical plane.
Jamieson reported values for wheat from his coefficient of
friction tests of wheat on wheéfvbﬁ 0.532, wheat on cribbed wood

bin ‘of 0.424 to 0.450. Jamieson also reported he found no signifi-

-
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cant di fference between his model bin test results and his full size
bin test results. J

Jamieson designed a grain elevator in Montreal , Canada, using
his tests results and Janssen's equations. His design was condemned
by a panel of experts hired by the Board of Harbor Gemmissioﬁers on
the basis it Qas not strong enough to support the pressure o% a
fluid having a densi+y equal to that of the grain,

_This prompted the Board of Harbor Commissioners to retaln
Henry T; Bovey to run expérimest of full sized grain elevators to
check Jamieson's design.

Using a testing apparaTué simil§r +o‘Jamieson's,Bovey(6)
ran tests on an elevator at Monffeal, Gaﬁada, and one at Quebéc;
.Canada. The Montreal bin was constructed of wood with a 12 ft. by
|4 f+. rectangular cross section, and‘+h§ Quebec bin was of cribbed
wood construction with a 13.4 ff.'by 12,35 ft. rectangular cross
section. Bovey's results verified Jamieson's findings-.
. In addition te checking Jamieson's results, Bovey cheéked
the diaphram method by using diaphrams of different sizes, the-
smafleé+ 26 sq.'in. and the largest 110 sq. in. He feund that
diaphram size had lifttle if any effect on pressure determinations,

Bovey: also placed four diaphrams in the base of the ngbec
bin, equally spaced from center to wall, to determine vertical

pressure distributions, Ketchum replotted these stating "the
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grain mass producing bottom pressure might be represented by a
portion of an ellipsoid of reveolution, wifh‘major axis of the
el lipse vertical”.

In Buenos Aires, Argentina, in.1902 and IQOB,‘EckhardT Lufft
(16) made experiments of full-sized circular bins of concrete com~
struction. Two bins were tested, one of 23,83 ft., diameter, the
other 11,25 ft. Both were 54,8 ft. high, Pressure cells similar
to those of Jémiesom and Bovey were used. For an outlet at the
side, lateral pressure increased on a cell adjacent to +he outlet
when the gate was slowly opened, and dgcreaséd when the gate was

rapidly opened., Lufft found no increase in lateral pressyre when

the grain was flowing.

Lufft found that when a few hours passed between fill InGFe-
ments, there was a definite deecrease in lateral pressure. He gave
no results for vertical pressure for this condition.

Using bins of different materials, J. Pleissner (19) in
1902 through 1905 made bin experimenfs in Dresden-Plauen, Germany.
His bins were of wood and also of concrete. He used cribbed +im;er
construction and élso vertical plank construction in his wood bins.

Several gralns including wheat were tested in these bins
which w;re from 9 fo 18 me+érs high and from |.5 m. square, to 2.5 m.

by 3.15 m. of rectangular Groés section. Pleissner determined his

pressure from the deflection of simply supported pitch pine p[anks.
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Later calibration of these deflections gave him.his pressures.,

Pleissner's k values were defermined from Thé ratio of later~
al to vertical pressure as measured in the bins, He'foumd k to vary
with the depth and to be 0.30 to 0.35, and 0.34 to 0.46, fer wheat
in a conerete bin and wood plank bin respécTively. For wheat in a
concrete bin. and woed plank bin he reported p' to be 0.71 and 0.25
respectively. 1t was not stafed how p' was determined,

For wheat in mofiom Pleissner feund lateral pressures as
much as two times as great as static pressures, These pressures
were on The opposite wall from a bottom wall géTe.

In Ketchum's discussion of the precedingAinvesfigafosz
results he sfafes‘fhe‘followimg conclusions, |

l. The lateral pressure of grain on bin walls is less than
the vertical pressure and increases very II++le after a depth of
2.5 to 3 times the width or diameter of the bin is reached.

2.’ The ratio of lateral to ver+ical.pre§sure, k, is not a
copstant but varies with di fferent grains and different bins. The
value of k can only be determined by experiment. |

3, The lateral pressufe of moving grain Is enly slightj?
greater tham the pressure of grain at rest (maximdm vafiafion for
ordinary éendi+ions is,ﬁrobably 102).

4., Discharge gates in bin; should be located at or near the

center of the bin base.

\
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In 1928, W. W. Hay (11) gave recommendations for design of deep
gircular bins; -Using-danssen'é theory he expressed equations for max-
imum lateral and vérTicaI'pressures. Hay recommended specific values
for coefficient of friction gpf) for different fill materials but made
no‘efforT to specify of Qha+ material the bin was consiructed for de-
termination bf-p'. In a drawing of a typical bfn, however, he showé
concrete construction.

In 1943, Marcel M. Reimbert (8) made some bin studies in
France.. His studies were made on steel siles 3.6 ft. square and.

33 ft. deep. .EIec%ri; strain gages were used on peripheral straps
around the bin. This peripheral strain was converted to lateral
pressure, From his firs+ +es+s he féund lateral emptying pressures
up Tg |.45 times the static ﬁressmre, for bin opening at ecenter of
bottom, |

He reduced this emptying pressure In his second Tésfs by
placing a perforated tube down the center of the bin to the empty-
ing gate., These tests were run on an oetagonal siio 71,5 ft. deep '
with sides of 6.4 ft. On these tests he found ne increase of
emptying pressure over static pressure thereby recoemmending a per-
forated tube for emptying bins.

L. R. Amudson (3), in 1944, ran tests on bins belonging to
the . S. Depar+ﬁ9n+ of Agriculture at Jamestown, North Baketa.

These bins were 10 ft. deep and had a 9.5 tt. radius base, He used
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SR s+raiﬂ gages on bands around periphery to determine lateral
pressures.

He found Janssen's solution to be safe for wheat usfng W=
49 pcf, p! =,¢.4®O and k = 0,50, His methods for determining k
and/u' arelnof given, but presumably he determined.k from bin test
pressures and p'.from a fitted curve using Jénssen's equations.

Robert A. Saul (24) conducted tests on a bin at lowd State
College., This bin was 12 ft. by 32 ft. in recfangulér cross sec-
tlon and 10 ft., deep. !t was constructed of 2 in. by 6 in. studs
lined with car siding.

By making his studs rigid he could determine the strain on
peripheral steel rods connecting them by means of electric strain
gages. These strains he converted to lateral pressures.

His conclusiens from his tests were:

|+ Methed of filling will influence the distribution of

.grain pressure on walls and floor.

2. Flexibllity of wall Influences'Thé‘pressure distribution.
The more rigid the wall the greater load it will carry.

Alfred G: Scheer (25) and Galvin W. Tooles (31), in 1950,
under the direction of Robert A, Caughey (7), made investigations
of the lateral amd vertical pressures of different materials in-
cluding wheat, shelled corn, soy beans, 9emen+, sand, and pea |

gravel. The bin used was 5 ft. deep and |.,5 ft. in inside diameter.
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The base of the bin was supported directly by é platform scale.

. By means of steel plafés in holes in the bin wall eomn§c+e&,by rods
Yo a peripheral s+éinless steel strip the lateral pressures were
d§+ermfned. The rods were also connected to a cantilever bar ex-
tended from bo++om gf‘bin. This arrangeéenT hela'+he'pla+es in
positieon without centaet with the holes.: Tensionfianeripheral
strips was determined by SR4 strain gages. By caffbrafiné the
tension im the band by means of a spring balanee the lateral
pressure was determined. |

Using a value of k qual to the average\rafio of lateral to
vertical pressure and coefficients of friction determined from
separate tests, Tooles (7) cone luded;

l. .Shelled corn,‘seyvbeans, sand, and pea gravel do not
fol low Janssen's theory, but the values of k from experimental
results yield results which are on the safe side. (Tooles' @'
values for cecorn, soy beans, gand, and pea gravel appear to be in
error, With correct values of @' he may well have concluded that
these materials do follow Jamsseﬁ's theory).

2. There is a slfghf increase in lateral pressure em the
side of a grain bin opposite a side emptying hole when the grain
starts to flow.

After the Missoﬁri River had flooded several grain elevators
which subsequently burst, a very interesting experiment was carried

out by A. C. Dale and R. N. Robinson (2) in 1954. Wsing a bin
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5 ft. deep of l4'gagé sheet steel rolled infe an 18 in. diameter
cylinder they found pressures caused by corm swelling in a bin,

| Wsing pressﬁre_celis similar to Jamieson they filled the
bin with c@rn with a |Z moisture content., By pumping humid air

for 96 hours they increased the moisture content to 42. Initially
the load on the basé:g%6 Ibs. and after 96 hours of pumping it had
increased to 430 Ibs. (the total weight of the corn.)  This
occurred on their first test when The base and walls were supported
separafel?.. |

For Their second test the base and walls were fastened sol-
idly and the bin was filled with eorn. The corn was then flooded
wiTh water for 1|0 minu+es and then drained. The moisfure content
was increased appréxlma+ely 0% énd éressures were increased by a
~ factor éf 10,

John K. Rudd (23), im 1954, made a series of +es+s to deter=-
mine how materials flow out of biné. Preliminary tests were run to
déTermine lateral and vertical pressure‘ih di fferent shaped hoppers.
Janssen's equation was in good agreement with straight sided hop-
pers but was found inadequate for hoppers with battered sides.

Rudd thought a modification of Janssen's solution could be ’
used for battered hoppers to determine pressures and: floew rate,

For use in this equation he-deTerminéﬂ k for different mafefials
using é donfined‘éompressive'+es+ cylinder.. He gave no values for

these k determinations. -
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For his tests en flow Rudd used a bin that was cut QerTicaliy
down the middle, and placed ‘a piece of glass over this exposed cut,
Then, placing di fferent colored ]ayers of material In-the bin and
Taking moving picfurgs of This méferial flowing, he could determine
the flow pattern. ‘ | -

From his fest results Rudd stated the following conclusions:’

l. A cenfral column of flow exists above the discharge

"opening and is as wide as The opening. |f material was befng put
into the bin at the same rate it was being withdrawn, ﬁaferial out-
side the area of the central column consequently would remain static,

'2. Material flows inte The ecentral column area as éoon as

The central column is dlécharged.

In 1960, at Montana' State College, Wesley Boulanger (5)
conducted experiments o deTermlﬁe the influence af base move-
ment, relative size of particles of fill material, and shape of
bin on vertical pressure.

| Usiné model wood bins with base supperted on a scale he
conc luded: |

I'. A movement of the base of i_b.OOZ@ in. will result in a
variatien in the base load of less than 1 107, |

Z., Varying the ratio of the sides of a recfangulaf bin,
hydraul[é radius remaining constant, does not cause any significant

variation in the average base pressﬁre of wheat., (This agrees with

t
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Janssen's +heory, for with the same fill material and bin construc-
tion, at large depths, pressure'Qaries directly with %he hydraulic
radius).

The values of k, @, and @' given by the various investigaters
will be compared with the results of this inves+iga+i®m in a discus-

sion of results,
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OBJECTIVES

The objectives of This thesis can be sum@arized as an a++emp+
fo answe; the following questions.

I. What Is the relationship beTwéem k and p' for any fill
material confined in a bin? '

2, Gam‘p‘ for a fill material confined In a bin be accurate-
ly estimated by simple. laberatory friction tests, and 1f so, what
are the ma+hema+Icél relationships?

3. what effect éoes-vibra+ion of the bin, and material
flowing from the bin have on THe lateral and vertical pressures
exisffmg within the bin?

Most prior investigaters have concentrated on ebtalining k
and p' for specific materials in speéific bins and have reported
very little data for an approach to the problem of how to estimate
k and}n' and, thereby, lateral and vertical pressures im a bin,
wiThouT'EesorTing 1o bin pressure studies in a test bin.

in this investigation a test bin was used to determine, as
accurately as possible, values of L and V from which correct values
of k and p' were obtained,

As one approach in determining the relationship between k and
B Scheer's theoretical equations for estimating k were investi=-
gafed; To estimate "a", (V'/V), In his equation, the bin base was

composed of twe square conecentric plates, the periﬁheral plate To
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measure the approximate vertical unit pressure at the bin wall (V')

and be+h.plafes To measure the average vertical unmit pressure (Vi.
In this manner it was hoped to ebtain representative values

of "a" to use in §cheer's equations for ebtaining k more accurately.

As a second approach +q the relationship be+weenﬁk$€ﬁd)u',
their valﬁgs for different fill materials were plotted on a graph
of k versus p'. A fi++éd curve was then passed +hr6wgh these
points to gmpiricakiy determine the relationship between k and/u'.

Three different laboratory friction testswere used to esti-
mate p and u'. These were cempared with the bin ~'i"es'l‘~ values of p
and p'. In thi's way tentative empirical relafionéhips were develop-
ed to interrelate the laboratory fric+}om test values and}n'.

1 f these tentative empirical relationships prove valid in
the future, when tested against a wider range of bins and fill
materials, the preblem of determining lateral and vertical pres-
sure for a material in a bin will only involve making simple labor~
atory frietion tests on the material rather fhan extensive bin
pressure tests in a test bin.

For determining the pressure effects when material was
flowing from the bin, and when the bin was vibrated, lateral and
vertical pressures were measured when the bin was emptying, and
after the filled bin had been vibrated by tapping with a rubber

mallet. .
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EXPERIMENTAL EQUIPMENT AND MATERIAL
| ’ Test Bin

The - bin and supporting framé'(showm iﬁ Figs. | and é) used
In This experimentation were constructed of selected pine.

The .main body of the bin was 47 in. deep and consisted of
two nominal | in; by 8 in. boards between fwo | in., by 12 In,
boards, which formed an inside cross sectien approximately 7.5 in.
square., The overlap of the 12.in, boards formed lips which were
used to aTTacE the bin 1o a supporting frame, Pressure measuring
plates wéfe placed on tThe bettom and oné side of the bin. A4 in.
by 6 in. emptying gate was placed at the bottom of one bin‘walla
The empTylng gate was in the opposite wall from the side pressure
plate. | |

The first series éf tests were rum In the bin using the
natural surface fer a smooth bin condition. To obtain a rough bin
conditien for The second serjes‘of tests 2/0"sandpapér waé glued
to the inside of the bin and plates. |

. The. supporting frame was censtructed of 2 in. by 6 in,
boards, forming a [ong horizontal rectangular openimg; the short
sidg of which just accepted the width of the bin. The long sides

of the frame gave stability for the bin and @ securing place for

~the long lever arms attached to the base plates. The bin was

secured in this opening by screws and stabilized with braces from
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FIG. 2 DETAILS OF TEST BIN
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the top of the bin te the ends of the supporting frame. -

The ‘base of the bin consisted of twe concentric square
plates. A clearance of 0.04 in. was maintained between outside
periphery of the center plate and the inside periphery of the
edge plate. _The.edge plate had a clearance of 0,06 in. with the

bottom edges of the bin walls. The center and edge plate were

"supported separately, the edge plate by two lever arms and the -

center plate by one., These lever arms were secured at one émd by
hinges on the bin frame and om the other end by aluminum sirips
secured to the bin., SR4 ele@frical strain géges were attached

To the aluminum strips 1o defermine\pressure on the base piates.
The cross sections shown in Fig. | give the details 6f this con~
sTrueT{on, The base was constructed of these two plafeé to ex~-
perimental |y determine approximate values of "a".

The sidelplaTe was faéfemed to two lever arms which were
hinged near the top of the bin. The bottom side of +he plate was
fastened to the bin by alfhln strip éf aluminum to which was
a++a§hed an SR4 strain gage. A 0.04 in, clearance was maintained
between the side plate and the bin. \

Hangers .were attached to the bottom of the base plaTés for
use in éélibraTing the strain gages amdvfor applying sfabiliziﬁg
preloads. A hanger was attached to the side plate for the same

purposes by means-of a pulley aftached to the frame, These
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hangers and pulley are shown in Figs. |, 2a and 2bs. All three of
the aluminum strips Qere sub jeeted fo a sfabifizing initial tension
before calibrating or loading the bin. Oalibrafiom'curves wére |
drawn te relate the change in tensile strain to the ﬁressure on
the plates. i
Bin Galibration == To ca}ibréfe the bin for pressure measurements,
known loads, im addition to the stabilizing preloads, were applied
to the hangers and the corresponding strains of the alumipum strips .
recorded. The loads were applied in 2 Ib. increments ué Te a total
load of 20 Ibs. on each plate. The plot of load versus strain was
then used és a calibrafion curve to determine load from known strain
during bin tests. These calibration curves are shown in Fig. 2i
Through Fig. 23, Appendix |11. "

The hangers were syﬁﬁefri@ally attached to the edge and base
plates, so that the applied calibration loads were acting through
the center of the bin base area. This allowed a defermination of
average vertical pressures for bim tests by dividing the lead,
’defermined from the caribéafion curves, by the area ever which it
acted. See Fig. 1 for details of +he§e hangers. ' '

The Qerfieal load used to ca!ibra+e the side pressure plate
was.apblied across a pulley to an extension of the aluminum s+rip
- holding the side plate to the bin. The detalls of this arrange- |

ment are shown in sectionC-G of Fig. | and Fig. 2a. The pulley
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used in calibrating was found to be 96.5% efficient, due to pulley
friction, so omly this percentage of the applied load was used to
plot the calibration curve.

To calculate lateral pressure after Tesfing, a summation of
moments was faken about the hinges on +he side plate lever arms,
fhe hinges were in line with the inside surface of bin and side
plates so that the fricT{om force acting on the side plate caused
no moment about the hinges. The tension in the alumiﬁum strip was

known from the calibration curve, and the lateral pressure was then

determined from the summation of moments.

Laboratery Apparatus for Estimating @ and @'

For determining @ (angle of repose) for the- fill material,
a box, open at the top and one end, was used. The inside dimen-
siéns of this box were 8.75 in. by 10.25 in. by 24'in, This bex
is shown in Fig. 3a, A hinged plate was attached to the open end
which could be fastened securely during fillimg of the box. This
pla+e’could‘ajso be removed without jarring the bex. Tﬁis would
allow the fill material to fl9w from the end of The box.

Also for estimating @ and @', a combination direct shear
and direct friction device was builf. The results obtained during
testing are given as @ and @ respectively,

The direct shear device consisted of two boxes., The top

box was open, top amd bottem, and at+éched to a string fto which
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a - ANGLE OF REPOSE BOX

FIGURE 3 APPARATUS FOR FRICTION TESTS
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a load could be appiied. The beottom box was open at the top only
and was secured to a solid mounting plank.  Using a clearance be |
tween the two boxes to maintain shear in the f}ll material, the
devicelwas filled, amd a horizontal load was applied through the
attached string until sliding occurred. Fig. 3b shows this device.
The direct shear device was altered ‘o make the direct’
fricfioh device by replacing tThe bottom box with a piece of a
boara used in censtruetion of the bim. After friction tests were
run on The’plain board, 2/0 sandpapér was .glued to it and friction
tests were run on Thié. Fig. Bc shows this direct friction device.
The boxes used in both the direct shear test and direct

friction test contained baffles to minimize prOgreséive_yieldimg.

Materials

Five materials were tested, feur in the bin without sand-
paper, and all five fn"fhe bin with sandpaper. They consigted of
 glass marbles, two types of wheat, a coarse angular sand, and an
angular |ightweight coarse,aggregafe,

The gfass marbles were selected to represent materials with
a very low coefficlent of friction. The mafbles were Q.5 in..in
diameter, of clear glass, and very uniform in shape.

The two tTypes of wheal used will be designated as old wheat
and new wheat. The old wheat had_been ysed for previous bin

studies and was dirty and contained many broken particles. The new
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wheat was very hard and clean with sharp beards.

These two Types were used to see what variation might exist
in bin pressures not enly for twe.different types of wheat, but
also for fresh, newly reaped wheat and older, much handled wheat.
These two wheats have frietion angles which fall between these of
the marbles and the aggregate.

Both the sand and the |ight aggregate wefe sharp; machlne
crushed materials. They differed mainly in weight, however, the
light aggregate was compesed of larger particles, The sand was
obtained from the comcrefé laboratery aggregate bins at Mentana
State Gollege. The sand passed a No, 4 sieve and was retained on

a No. 14 sieve, The light aggregate was a commercial cinder

- material and passed a sieve of 0,526 in. opening and was retained

on a No. |0 sieve, Both materials were quite dirty causing consjd=
erable dust when emptying frem the bin,

The bulk unit weights (Ib. per cu. .) of these materials

’ were 21.5, 62,3, 51.0, 83.0, and 38.8 respectively, for glass.

marbles, eold wheat, new wheat, sand, and |ight aggregate.
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»EXPERIMENTAL PROCEDURE

All materials were placed info the bin without impact by means
of a Ne. |0 can with a hele in the bottom. The can had a four foot
wooden handle by which it was lewered into fhé bin. When the proper
depth for depositing was reached, % piece of cloth covering the hol&
was pulled away by means of a flexible wire, and fhé material gently
deposited itsel f. .

The bin was filled in increments for each material. The first
|ncremen+ was 8 in. In depTh, This being The d|5+anee from the base
+o +he bottom of The sude pla+e. Each successive ;ncE;men+ wasg equa!
in'hefgh+ to the width of the bin, 7.59 in. in The smooth bin condi-
Tion and 7.48 im. in the.rough bin condition. Including the first
8 In, Increment a total of 6 increments gave a fotal depth of 45,95
in. and 45,40 in. respecfivgly, for the smooth bin condition and
rough bin condifionai'Emough marbles were avallable for only four
incremenTs.‘

Readings of all three strain gages were taken with the bin
empty and affer each incrémémf was placed. After the bin filling was
completed the bin was tapped with a hammer to simulate vibratien,
uptil a maximum strain Feadimg occurred. Readings were taken also
when the side emptying gate was opened and when the material was flow-

ing. The strains from vibration and emptying were not always fékem as

two people were required. (Two people were not always available).
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Spot checks were usually made after every twe or three runs to
catch any deviation from the original calibration. With both sand and
]ighf aggregafé, as wel!l as occasionally with wheat, parficleé were
wedged into The‘glearamce spaces of the plates after the test was run
and the bin emptied. Af+er cleaning the bin, the caiibrafion was
checked and if much devféfiop‘frem~+he origimal calibration curve was
present The gages were recalibrated and new calibration curves were
drawn for the next test, |

The procedure for determining the angle of repose was quite
simple. The angle of repose box was filled with the material to be
tested with the himged'emd secured in ﬁ}ace, The material was pléced
loesely with a scéop so that it had essentially the same dersity in
the box as it had in the bin., When the hinged end was removed aAwedge
of material flowed out leaving a smooTh plane, ih most cases. The
angle which it made with the horizontal was taken as the angle of
repose. In The Tests with marbles a definite plane did not occur.
The surface remainiag affgr the end of the box was removed was.a con=
cave surface. The value of @ was taken as the sliope of a line drawn
.from-fhe lower te the upper end of this surface,

The sides of the angle of repose box had ne apparénT effect on
the slope of the material. The surface of ﬁa?eriaﬂ lay in & centinuous

plane from ome side of the box to the other.

When using the direct shear device, tThe Top box and boitom box

i
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were separated by shims of 0.04 thickness In rear aﬁd 0,10 thickpess
in fronf.‘ This di fferential clearance compensated for a tendency of
the top bex to drop down at the front durimg a shearing test,

Affter the #hear boxes were set up with preper clearance, +h§y
were gently filled and leveled at the top. The shims were ré@oved
and force was applied by slowly filling a bucket, hung from the
pulley, with water. (See Fig. 3b). The particles of materials would
read just Themselves‘by yielding a very émall amount as an lncreasing
force was applied: The maximum vafue of frie+%en was determined
when the material yielded to permit the top box fo slide freely. The
coefficient of friéTiom (FS) was taken as the ratie of the total load
required to shear the material divided by the fotal Qeigh+ acting on
the shearing plane. ‘

Sheet metal b;ffles were placed in both upper and Iowef boxes
to minimize pr@gressive‘yieldingm Without the baffles the ma+erlal,
when it sheared, would hump up in the back of the +ep box and slump
down In'+he front, An increase in values of @y of approximately ene
degree occurred in the tests after baffles were added, indicating
additional frictional resistance due fto added confimement. The g
values reported in this thesis were from tests with baffles in The
boxes.. The clearance used In the shear box was Qarled from 0,04 to

0.15 and indicated no apparent variation in the values of @z obtained.
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Tests.in the direct friction device were rum using a method
identical with the direet shear tests except the lower box was replaced
with a piece of the 12 in. board used in constructing the bin. (See

Figo 30)0
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EXPERIMENTAL RESULTS

The results of the bin pressure tests are shown in Fig. 4
through Fig. 12. From the calibration curves the loads 6n edge and
center plates were'de+ermimed for the strains recorded after each Incre-
menflwas placed. The edge plate load whem divided by the edge plate
area gave the average vertical edge pressure (V') for a depth of fill
material equal to the total depfh'of i ncrements placed. Similarly
the average vertical unit pressure (V) was determined by dividing the
- sum of edge and center plate loads by total bim base area; The avér—
age ratio o% V'/V for each material is recorded in Table 1 for both
smooth amd rough bin conditions, as a', an approximation of Scheer's
an,

A pressure distribution diagram shape tiad to be assumed fdﬁ
" the lateral load on the side pressure plate after each ingremenT was
‘placed. The logiéal,dragram would be of the same shape as the verti-
cal pressure diagrém." After starting the calculations for lateral
pressures It was found that, assuming a friangular distribution for
* the firs+ increment and one of rectangular shape fdr subsequent in- .
crements, the resulting deviations, from pressures determimed using a
distribution similar in shape to the vertical pressure distribution,
were negligible at depths dreater Thah two bin widths. |

The resultant of +He side plate pressure was computed from a .
sUmmaTiQn,of moments about the himgeg, using The disfance from the

hinges to its poinf of applicatien as its moment arm. The only other
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—O0— EXPEBIMENTAL VEBTICAL PEESSUBE

o

(IN )

DEPTH OF FILL

FIGURE 4 -

EXPERIMENTAL LATERAL PEESSUBE
JANSSEN FITTING

PRESSURE (LB/SQ.FT)
PRESSURE OF OLD WHEAT IN SMOOTH BIN
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-O- EXPERIMENTAL VERTICAL PRESSURE
-9- EXPERIMENTAL LATERAL PRESSURE
-------- J-AMSSEM FITTING

10 70 30 40
PRESSURE (LB/SQ.FT.)

FIGURE 5 - PRESSURE OF NEW WHEAT IN SMOOTH BIN
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EXPERIMENTAL VERTICAL PRESSURE
-O- EXPERIMENTAL LATERAL PRESSURE
-------- J-ANSSEN FITTING

PRESSURE (LB./ SQ.FT)

FIGURE @ - PRESSURE OF GLASS MARBLES IN SMOOTH BIN
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-O- EXPERIMENTAL VERTICAL PRESSURE
-0- EXPERIMENTAL LATER.AL PRESSURE
------- JANSSEN FITTING

PRESSURE (LB./SQ.FT.)

FIGURE 7 - PRESSURE OF SAND IN SMOOTH el N
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-O- EXPERIMENTAL VERTICAL PRESSURE
-O- EXPERIMENTAL LATERAL PI?E SSURE
------- JANSSEN FITTING

PRESSURE (LE)/SQ.FT)
FIGURE S - PRESSURE. OF OLD WHEAT IN ROUGH BIN



45

—G>- EXPERIMENTAL VERTICAL PRESSURE
-O- EXPERIMENTAL LATERAL PRESSURE
-------- JANSSEN F\TT\NG

PRESSURE (LE/SQ FT)

FIGURE 9 - PRESSURE OF NEW WHEAT IN ROUGH BIN
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—O- EXPERIMENTAL VERTICAL PRESSURE
-0- EXPERIMENTAL LATERAL PRESSURE
-------- JANSSEN FITTING

20 40 GO 80
PRESSURE (LB ./SG).FT)

FIGURE IO - PRESSURE OF MARBLES INl ROUGH BIN
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—0O— experimental vertical pressure
-0 - experimental lateral pressure

--------- JANSSEN FITTING

10 20 30 40
PRESSURE (LB./SQ.FT.)

FIGURE Il- PRESSURE OF SAND IN ROUGH BIN
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-G - EXPERIMENTAL VERTICAL PRE SSUEE
—O- EXPERIMENTAL LATERAL PRESSURE
-------- TANSSEN FITTING

PRESSURE (LB./SQ.FT.)
FIGURE 12 - PRESSURE OF LIGHT AGGREGATE IN ROUGH ©IN
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moment needed for The éalculaTioﬁ was caused by the tension change in
.The aluminum strip which was obtained from the side.pIaTe cal ibration
curve using the reéorded strains.

Dividing the resultant load by the area of the gide pIéTe gave
the average lateral unit pressure acTing'on the p;lafe° IWI+h negligible
error this was assumed equal te the actual unit .pressure at the center
of the plate. |

.Af+er plotting the lateral and veETical pressures from test:
results, a curve, obtained from a ftrial and errbf solution of Janssen‘s.
vertical pressure eqqafion,fwaé?fi++ed to the experimental vertical
pressure data. This pfocedﬁre determined the value of Kp' necessary
to fit Jannsen's equation to the experimental data and gave an excel~-
lent fit with fhe.observed pressure curves, especially at depths
greater than two bin widths, The value of R was taken as %he,average
ratio of lafe;alyéressure to ;erfioal pressure from the bin test pres-
sure curves, taken at three depths. The maximum deviation frem the
average k at any of these depths was + 2.5%.

Knew}ng Kp' from the fitted Janssen curve, and k from the ratio.
of lateral to vertical pressure from bin tests, y" was computed for each
material in both smooth aﬁd rough bin conditions.

" After.having determined p“, i.e. tan @', for each material In
both smooth and rough bin conditions, k' was calculated from theeris
equations. For use in These equaTjons @' as determimed from bin Tesfs,i

was taken as the correct @#%in a smooth bin condition, and as the correct
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@ in a rough bin condition (by definition of a rough bin condition
@ = @'). The.ratio of k te k' was taken -as the correect value of Scheer's
!'/Ia!l .

Values of &p'; k, p', @', a', a, and k' are recorded in Table |.

Also recorded in Table | are values of @, #_. ahd Qf,

The yélues of ¢r are slope angles of fill material sur faces
found by angle of repeose tests. The values of Tan ¢S énd tan ¢f are
the ratios of the load ﬁécessary to shear the material to the total
normal load acting on the shearlnglélane,

The normal loads applied during the direct shear and direct fric-
tion tests were used Té éive'normal pressures as‘ciose as possible te
the actual lateral pressﬁres occurring in the bin.

In Table 1] percent increases of stétic lateral and vertical
pressures are given for material in motion, flowing from side emptying
hole, and material vibrated. All pressure increases given are for preéa

sures at large depth.




TABLE | - RESULTS OF BIN & FRICTION TESTS

SMOOTH BIN CONDITION

ROUGH BIN CONDITION

-~

Marbles 0.Wheat N.Wheat Sand . Marbles Q.Wheat N.Wheal Sand L. Aggr.
W T 91.5 52.5  51.07 83.0 91,5 52.3 5.0 83.0 38.8
kp! 0.107 .0.168 0.173 0.193 0.160 0.256 0.232 0,326 0.297
LK 0.580 0.470 0,530 0,410 0.500 0.430 0.456 0,370 0.410
g 0.185 0.358 0.326 0.471 0.320 0.593 0.508 0.880 0,725
' 10,5 19.7 18.0 25.2
G = @ 17.7 30.7 26,9 41.4 36,0 .
@¢ (Direct Friction Test) 14.3 19.7 17.1 28.0  17.3 28.0  24.6 35,5  40.l
pf = tan B¢ 0.255 0.358 0.308 .0.531 0.312 0.531 0,457 0.714 0.84]
@s {Direct Shear Test) ' ' 35.4 28,5 24,5 37.4 = 40.8
e = fan O 0.717 0.542 0.455 0.764 0.86l
@ (Angle of Repose Tes’r) - 12,5 28.0 5.0 37.3  40.1.
pr = tan B 0.222 0.531 0.466 0.761 0.841
k' (From Bin @ & @') 0.844 0.576 0.624 0,428 0,830 0.587 0.660 0.393 0.486
a= k/k' (from bin) 0.687 0,816 0.848 0.958 .0.603 0.733 0.691 0.942 0.843
a' (From Base Plates) 0.847 0.835 0.829 0,935 0.870 0,700 0,742 0.881 0.940

14




TABLE 11 - PRESSURE INCREASES FRGM MATERIAL FLOWING & VIBRATED

SMOOTH BIN CONDITION — ROUGH BIN CONDITION
Marbles O.Wheat N.Wwheat Sand Marbles 0.Wheat N.wWheat Sand L.Aggr.

Static L 21.7 22676 38.0 13.6 15.6  14.7
Pressure (Ib./sq 1) v 48.5 67.5 87.8  31.7 1 39.8
Flowing L 22.8 32.1 496 9.1 2.6
Pressure (!b/sq ft) V 44 .| 69.8 X o

% Increase L 15.1 ' ¥20,7 430.5  440.4 153.7
Flowing . v : =9, + 3.4

Yibrated L 33.5  90.2 22,0  24.9 34.4
Pressure (Ib/sq 1) . 82.3 148.0 - 36.9  4]1.8 55.7

¢ Increase L | _ +25.9 +137.0  461.7  459.6 4134

Vibrated v . +22.0 + 68.6 +16.4 +22.6 ' + 40

Z4
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ANALYSIS OF RESULTS

Fig. |3 shows a graph, for smooth bin conditions, of u' vérsus
K. These values are from Table'l, The straight line A (and all subse~
quent straight line fiT%ings In this analysis) was fitted to the p]o++ed
points by the statistical theory of least squares.

The maximum deviation from line A (k = 0.701-0.616 p') is 6%,
showing good correlation between k and u', This correlation ean only
be assumed fo hold for O,lﬁ@ﬁp'AG.BOO. As p} approaches zero, k must
approach |,0 (this is the limiting case of a fluid p?essure oendifiop;
i.e., V=1 andik: Q/v = 1.0). |
| in Fig. 13 In addition to the k values obtained from bin tests,
k esfima+e§ obtained from the ppoduct of k' and a' from Table | were
ploTTed-agaimsTXF’. These ploetted péihTs show that Scheer's equation
correlates well with Iine A for values of p' greater than 0.3. The
large deviation of a'k' for marbles will be explained following the
analysis of Thelcorre|a+ioms for the rohgh bin condien.

Line C (p' = 0.923 u¢) of Fig. 14 shows the correlation of
direct frIc+iom'+esf.resul+s with p'.‘ For a liquid fill maferial fﬂ
and u¢ would be zero. For This_reéson the |line & was forced to pass
through the point (0,0},

Estimated values of k and p' for the smooth bin condition are
.coﬁpared wiTh,pin test values of k and p’ in Table 1. Values Of}i'
_were esfiméfed from the equéfioﬁ ofll?ne C using Table | values of‘pf

These values of‘p' were then used in the equation of line A to estimate k.
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O Ic FEOM TABLE |
O k=a'k' FkOM TABLE |

LINEA 0,701-0,616 u
0,IGO Z nh1~ 0,500

/
FIGURE IB - SMOOTH BIN COERE LATION OF k WITHyu'
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LINEC -yu =0.923

0.4 —

Zjf

FIGURE 14 - SMOOTH BIN COe”ELATION OFyUj WITHyU'
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TABLE 111

k AND F’ FOR SMOOTH BIN ESTIMATED FROM p¢

0ld Wheat -New Wheat Marbles ' 8and L. Agar.

I 0.358 0.308 0.255 0.531

Ml 0,.358 0,326 0.185 0.471"°

Est. u' 0.330 0.285 0.238 ' 0.490

% error -7.8 -12.6 +28 .6 +4 .0

k.. 0.470_ 0.530 0.580 _ 0.410 _

Est. k 0.490+ 0.523 0.550. 0395

% error +4 .3 -1.3 5.2 -3.7

TABLE 1V

k AND ﬁ FOR ROUGH BIN ESTIMATEB FR@M P

01d Wheat Tew hoat Marbles ASand L. Agar.
Pe 0.53! 0.457  0.312  0.714  0.841
Ju : 0,593 0.508 ©.320 0.880 0.725
EST.}N 0.565 0.485 Q.3530- 0.760 0.890
% error ~4.,7. 4,5 +3.1 : =136 1, +22.1
k.. e 0.430 0.456 ©.,500 | 0.370... 0.410
Est. k 0.440 0.460 0.495 0.400 0.370
Z _error 2.3 +O,9 ol IO +8.1 -9.8

TABLE v

k AND‘p FOR R@UGH BIN ESTIMKTED FROM Fr

Old Whea+ New Whea+ Marbles Sand L. Aggr.
Mr 0.531 0.466 0.220 0.761 0.841
F’ 0.593 0.508 0.320 0.880 0.725
Est. p' 0.570 0,500 0.240 ©.820 0.900
%4 error -3.9 -1.,6 -25.0 . ~6.8 +24 .2
k 0.430 0.456 0.500 0.370 0,410
Est. k 0.442- 0.458 0.520 0.385 0.368
4 error +2.8 +0.4 +4.0 4. | -9.8
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Fig. 15 shows a graph of p' versus k for materials in a rough
bin condition. Line D (k = 0,572-0.229 p') shows an excellent correla~
t+ion between k and p', the maximum deviafieﬁ being |.24. This correla-
tTion &an only be relied upon for 0.30®£3u14-0.9®®. The extension of_
line D is assumed to approeach .0 as p' appfoaches zero because this
would be the correct cond{Tiom forva liquid #i11 material.
| ‘Fig. {5, as In Fig. |3 for a sm&o+h bin condition, shows K = a'k!’
plotted against p‘. Again, a'k! estimates k quite well for all the
materials except marbles. The large deviation of a'k' for marbles is:
believed to be caused by a-lafge discrepaﬁcy in a' caused By its large
particle size. |

The lines F (p' = 1.058 ) and 6 (u' = 1.070 pi.) of Fig. 16
show the correlation of'p' with Pf and Pt respectively, for a‘rough
bin condition. The lines were both forcéd through the poiat (0,8) be-
cause %his would be.+he condition for a liquia #111 material. ‘

Tableés |V and V show estimates of k and p' compared with bin
test values, determined from values of p¢ and pp respectively. Values
of p' were estimated using the 'equations of lines F and G respectively
QiTh Table | values of)nf and pr. Values of k were +hén estimated using
the equation of line D with estimated values of}J', ’

The values of‘ps were not correlated with P', for, as can be.
seen from Table |, pg values are very similar +o‘values.of P With the
exception of marbles. Excluding marbles the maximum difference in

these values is less than 3%.
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O k FROM TABLE |
$ 1c=Qlicl FROM TABLEI

LINED k=0,511-0/2"29
0.300 ~ ec’ ~ OISOOQOy

FIGURE 15 - ROUGH 5IN CORRELATION OF k_WITHyu'
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FKOM TABLE |
FROM TABLE |

LINE G - 1.070

LINE F yu = 1.058yun

yAf ANDyU-V

FIGURE IG - ROUGH BIN CORRELATION ORWUJ.'" W | T H ANCyYAr
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For marbles, Fs is much higher than p' because to cause shear in’
a material with large particle size a large force is necessary to over-
come interlocking as well és slidfng_fric+ion. The marbles 5us+ rell
and slide over one another to have failu?e and must rise as much as
almost hal f their diameter vertically }n order to pass by,éne another.

In the angle of’repoée test the marbles gave a concave failure
slope rather than a smooth plane slope. Placing a half inch deep strip
of wqod at the front edge éf the bottom of +he angle of repose'bdx,
an.average'slope angle of 22.9 deérees was cobtained. (See Angle of
Repose TesTs -.Appendix 111) Without the strip am average angle of
2.5 degrees was obtained. NeiTher!éf these values agree with the
bin value of [7:7 degrees. -

The p eb%aimed for marbles was The best correlation with u'
because the method of failure was The—same in The Qirecf friction test
as in the bin. The marblés in the direct friction test failed by a
combination of relling on the wall and sliding on eaﬁh other. This
was indicated by’no ver+iqal movement of the marbles to enable Them
+o roll and slide over one another. Also, there were no scratches on
+he marbles frem sliding on the sandpaper. (Previous tests by Beulanger
(5), with marbles glued.To a block of wood and dragged over the sand-
paper showed deep scraTéhes in the marbles.) The marbles used In the
bin tests showed no scra+chés. N, .

The lines H (a = 0.508 + 0.952 p') and | (a = 0.388 + 0.618 u')

correlating "a" and F' in Fig. |7 and 18, réspecTively, show That "a?h-
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O a FROM TABLE |
0 a' FROM TABLE |

0,4—

FIGURE 17 -SMOOTH BIN CORRELATION OF yu'WITH CGLAND Q*
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G a FROM TABLE 1
o a FEOM TABLE 1

10 -

AMD

LINE (X- 0.588 +
0.6

FIGURE 16 ~ROUGH BIN CORRELATION OFyu' WITH a AND @*
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is not constant but varies as a func#}om of p’. Further evidence ié
given‘+o This bf The additional ﬁloTs of a' against F' in Fig. |7 and
18. With the exception of marbles, (as stated before, the exfreme
deviation of a' from "a" for marbles is felt to be due to large particle
size) the plot indicates that a' does estimate "a" and also shows that
“aﬁ is not constant. | ‘

To show cemparisens with Scheer's equation for a rough bin
condifion, line I, Fig. 18, was used to estimate "a" for values oflu'
determined from line F, Fig. 16. Thé oom§u+éd'valwes of k, determined
from these estimated values of "a" and p', are compared with bin test

values of k in Table Vi. - '
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TABLE VI

k AND p' FOR ROUGH BIN ESTIMATED FROM p¢

and Scheer's Equation

- 0ld Wheat New Wheat Marbles Sand

L. Aggr.
P 0.531 . ©.457 0.312 0.714 0.841
Est. p' 0.565 0.485 0.330 0.760 ©.890
a 0.738 0.690 ©.595 0.858 0.940
sin @' 0.492 0.436 0.314 0.605 0.665
Est. k 0.450 0.470 0.488 0.398 0.362
k 0,430 0.456 0.500 0.370 '0.410
g error 4.7 +3.1 -2.4 4+ 7.6 =11.7




65

DISCUSSIGN

Although the experimentatien dome for this thesis was carried
out in é square model test bin, the results of previous Investigators
indicate there Is littie reason to believe that the correlations of k
amd/u' shéuld not be applicable to full size binrs of various cross sec-
tions.

In regard to differences in k amd/J' due to bip size, - Jamieson
stated nene for +es+s in model bins compared to full sized bins.
Roberts also made tests on beth ﬁedel bins and full-sized bins and
because He di-d not make any statement of effects of bin size hié gi=
lence can be taken as an indication he observed no significant differ-
ences worthy of reporting. |

Boulanger found no sigﬁifigamT change in base pressure due to
change in bjn_cressﬂge¢+&®m¢ in addition he reported no significant
chémge,in k for different shapes‘of eross sec+ioms,

wéing the correlation "a" with p‘, Scheer's equation ean cer-
+ain|§ be used to estimate k. Howevér, becadse "a" is not constant
but Qaries as a_%une+ion'of P" +here-fs no reason to use this longer
procedure when k varies directly wrﬂ1ﬁﬂ and may be estimated directly.

In correlations of u' with iTg estimators u¢ and p. +he corre-
lating lines indicate confinement is a greater factor im rough bins
Than im smooth bihs° In the correlations in the rough bin case F‘
is greater than P+ and Fr’ however in the smoeoth bin correlatien

p'-is less than pg. This' is logical because in a rough bim‘p’ equals
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J se that confinement does affect p' whereaé, In a smooth bin confine-
ment would have little or no effect on p'.
A comparison with prior investigations inspires confidence in
k, F', and p values determined in this investigation. Jamieson re-
por+ed/%.§ 0.532 for wheat which compares with valueé 0.53! and 0;466
determined in this Investigation for old wheat and new'whéaf respect~
ively. Airy reported a va]ué of}%_= 0.466 for'wheaT. Jamssem"s;u'-
value for wheat of 0.300 compares wrﬂnfﬂ of 0.326 for new wheat,
Values of k for wheat in a smooth bin of @;600 and 0.400 were reported
by Jamieson and Ketchum respectively. Values of 0.470 and 0,530 were
determined in this investigation for k in & smeoth bip for old wheat
and new wheat respectively.
" The very close agreement of the correlations of pf and’pr with
}N fqr rough bin conditiens .indicates that the simple angle of repeose
. test is as good an estimator of p' as the mere complicated direct.
friction test. For smoeoth bin conditiens, Eewever, the direct friction
was the enly applicable test. '
| Table 11 shows that for‘boTh emptying and vibrating conditions,
t+he pressure:. increases over stalic pressure are greater in a rough
birn condition than in a smooth bih condition. This is not surprising
Eeeause the static pressures for any material in é rough bin are much
lesg than those in a smoeTH bin, and ?ibrafion Tends Td des+royl+he‘

effectiveness of wall roughness as a pressure reducing agent.
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Other investigators found large increases ia lateral prégsure
when the material was flowing from the bin. Prante, Pleissner, and
Reimberf reported lateral preséure increases of 3004, 100%, and 45%
respeetively. The acéuracy of Prante's results is highly questionable.
Prante's and Pleissﬁer’s resul+é were ebtalned with a side emptying
gate, whereas Reimbert's results were for a beTTbﬁ emptying gaTe.
'Jamieson reported an increase in lateral pressure of less tham 104 for
material emptying freom The side'of a bin. In comparison, the maximum
lateral préssuré increases,. found from this i%vesTigaTiom for material
flowing from a side gate, were 5% and 544 for a smeoth bin and rough *

bin, respectively.
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-RECOMMENDAT 1 ONS

From the analysls and discussion of the results of this Investi=-
gation, the following reéommemda+ions are presemTed;

. Investigations should be made on large bins to verify the
tentative correla+iom$ found im this TEesis and to determine what, if
any, modi fieations should be made for large bins.

2. Investigations to observe the effects of gradation, of mater-
jals such as sand and aggregate, on pressures should be made.

3. ModificaTiéms of the friction test methods should be investi-
gated to determine if better correlation with F' could be obtained.

One madifica+ion is vibrating The maTefial before Tes+ing To obtain, as
closely as possible, The samé density that exists in the bin.

4. Investigations should be made to determine if a relationship
exists between the lateral pressure increase due to emptying and the
fafioaof‘empfylmg gate arga'To bin cross section area.

5. In the absence of more accurate. determinations of k and p",
design engineers may use the empirical formulas found in this investi-
gation for bin design problems, buf should make al lowance for the fact
that these formulas are approximate and also that vibraTion'and empty~-
ing operaffon may inerease pressures.

6. Investigations shoqld be made to determine the shape of the
vertical pressure dis+ribu+fon on the base of a bin, and the shape of
the lateral pressure distribution on the wal]s of a non-cylindrical

bin.
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CONCLWS | ONS
On the basis of the results for the Bin and maferia}s invest] -
gated, the following coneclusions are made.
l. p' may. be estimated from the fric+iom TésT esfima+ors:pf and
Mr by The following equations:
pto= @.923)uf; smooth bin‘condifion

1,058 J#3 rough bin condition

[

)'ﬁ'
)_]'
2. k may be directly esfihafed‘fronlp' by the equations:

]

| 070 Frs rough bin condition

k O.7®l-0.6l6}1'; smooth bin condition where °

0.160 A}J' < 0.500

=~
It

0.572-0.229 p'; rough bin condition where
0.300 A}J' £ 0.900

3. For use in Scheer's equa+ion‘k = ak', "a" may be estimated
by the equations:

a

i

©.508 + 0.952/3'; smooth bim condition
a= 6.388 + 0.618 F'; rough bin condition
4. WMaterials emptylng from the side of a bin cause a significant
increase in lateral pressure. The maximum increase reco}ded in this
investigation was 54Z.A
5. Vibration of materials in a bin causes a large increase in
lateral and vertical pressure. Maximum increases over static pressures
of 1374 and 69%, respectively, were observed in this investigation. |
| 6. Vibration caﬁses gfeafer pressure increases in réugﬁ bins

than in smooth bins.
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APPENDIX |

DERIVATION OF JANSSEN'S EQUATION

V+dV

average vertical unit pressure at depth vy,

average lateral unit pressure at depth v,

L
Ib./sq.ft.
Ib./sq.ft.

hydraulic radius (area of horizontal cross section of bin divided

by the inside perimeter of bin), ft.

unit weight of stored material, Ib./cu.ft.

effective coefficient of friction between stored material and bin

wall, dimensionless

depth from top of stored material to point under consideration, ft.

ratio of average lateral to average vertical

area of horizontal cross section of bin,
inside perimeter of bin, ft.

0;

(VtdV)A t wllUdy -VA- wAdy = 0

VAt AdV t yj'LUudy -VA- wAdy = 0

sq.

pressure, dimension less

ft.
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AdV = wAdy - p'Ludy
AdV = wAdy —}J'LAdy, where R = A, thus U= A
dV = wdy - pu'Ldy - .
R
dy = _dv_ = _dV
w=p 'L w;g'kv
R R
Integrating
Y="R_ Jog (w-p'ky) +0C
PR g ( }ﬁi“)
when y= 0, V= 0
0=~ _R. jog
— gw-+C
g 1
F k
8= R logw
Pk
Y=~ _RB_  log(w=~u'kV)+ R _log w
e
}J
" Multiplying by - p'k .
: R
-p'ky = log (w —u'kV) - log w = log (“"‘E-éfi-‘-’->
R R - —R
: W
! - - 1K\
e PKY = w-p kY

R —_—R .
W R
Solving for Vi

we =u'ky = w - E'kV .
R R

. - !
ﬁ_'_"ﬂ.'-_: W - we Rk

R
1KY = Rw (I-e “HIKY
¥ R

-"k“ ' ’ i Ve .
V=PRW (l-e }J—"\LR ) and - L = kV ="‘§_‘?‘(l_—e f‘_}iﬂ)
P
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APPENﬁIX [
DERIVATION OF SCHEER'S EQUATIONS
Rough Bin
Figure |9 shows a rough cylindrical bin and the stresses acting
on a small element of fill adjacent to the bin wall. V' is the
vertical pressure at the wall and V is the average vertical pressure.
V' will generally be somewhat less than V. k' is defined as L/V'.:
From the definition of the rough bin condition, @' = @, the shearing
stresses on four facés of the element must them have a magnitude of
L tan @ because the vertical faces are failure surfaces, and from
staties the shear stresses-on the horizonfal faces must be the same
as those on the vertical faces. -
From the right triangle Inscribed in the Mohr circle of Fig.
|19¢, it is evident That

y! - - = tan @
2L tan @

This reduces to

L. ] ; I sin?p - k! ' 4B
V' I 4+ 2 tan4d I + sin‘d®
k' would be equal to k only if V' = V. In general, V' will be

somewhat smaller than V, as indicated in Fig. 19a; therefore, k will
be somewhat smaller.fhan k'. k may be regarded as the upper limit of
k'; that is, k€ k'.

Mow et V' = aV¥ where a is a positive number somewhat less than
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(a) COUGH WAILED BIN

(© MOHR CIRCLE FOR STRESSES AT A

FIG. 19 - STRESSES IN FILL IN COUGH WALLED BIN
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unity. When this is substituted in equation (I) Thé resulflisz
L/V = k = ak! ' ‘ (@
" Assuming a constant @, and subsfifﬁTing (1) intfo (2), one ge+s:

Kk = a(l - sin? ¢)for a rough bin. (3)
| + sinZ @ : .

‘Smoofh Bin

For a smooTh bin, where ¢'£ @, the correct Mohr gircle for an
element such as the one of Fig. 2Z0a, is not uniquely defined;,'This is
‘illusfra+ed in Fig. 2®b, where point D represents The stress en the
vertical plane of slidfng. Any Mohr circle which passes through polnt
D, and does not intersect +Ee @ envelépe, represents a possible solu-
tion. For ianstance, peints F, F', and F" give possible values fér v,
Let point F on the largé circle Ee the maximum value of V', and the
corresponding value of k', which will be designated k'ps be the
smallest value of k'. From the right triangle inscribed in the large

Mohr cirele it may be s%9wqh+ha+

L I [ 4
k A l + 2 tanX tan @' ’ ¢

The angle;x may be obtained from the equation:

tan @'
cose(+ tan @' sinX= "Sin @

The small Mohr circle of Fig. 20b, which is the tangent to the
@' envelope lines, gives what Scheer comsiders fo be the probable upper
limit for -k'. This particular k' value will be designated k'g. The

geometry of the small circle Is similar to the geohefry of The WMohr
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FIG. 20 - STATE OF STRESS ADJACENT TO WALL OF SMOOTH BIN
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circle of Fig. 19c., Therefore

k! = L= sin? ¢
B 1 +sinZ@' | ' (5)

For the smooth bin case to get an admittedly approximate equé—“
tion for k', k' lies midway bétween k'p and k'ge This gives
k! Q’_Ié_ (klA + k'B)' O (6)
Again letting k = ak', and using the results from equations t4§

and (5) in equation (6), the resulting equation for k is

k¥ a ( | + 1 - sinzﬁ')
Il + 2 tancttan @1 I + sin“@?/ for a smooth bin (7)

2
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APPENDIX 111

EXPERIMENTAL DATA
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BIN TEST # BIN: SMOOTH MATERIAL: OLD WHEAT
Incr. | Depth: 8 in. Weight: 14.0 Ib.

Incr. 2-6 Depth: 7.89 in., Weight: 13,3 Ib,

Increment . 1 2 3 4 5 & Flow? vyib.® gt
Run #| Side PI. 0 ' 28 61 8 90 98 105 N.R.5
Strain'Edge PI. 51 73 90 93 100 (00 93 "
Gen. PI. 62 94 (14 125 132 138 I8 "
Run #2 Side PI.” O 25 61 90 93 100 110 "
Strain Edge Pl. 55 .76 80 94 97 102 110 "
Qen. PI. 58 93 |3 124° |34 137 9% .
Run #35 Side PI. O 24 64 82 95 99 MN{R. . "~
Strain Edge Pl. 55 - 75 88 ' 94 97 97 moo. o
Gen. PI. 58 91 1ll 125 127 130 " “w

Avg. SidePl. O 26 62 8 93 99 106
Strain Edge Pl 54 75 86 94 98 |00 -. 102
‘Gen. Pl. 59 93 .113 125 13l 135 108

Avg. SidePl. 0 2.0 4.8 6.4 7,1 7.5 7.9 A
Load Edge Pl. 4.0 5.5 6.3 7.0 7.3 7.5 7:7 B
(Ib.) Gen. Pl. 6.0 8.7 10.2 I1.1 1.6 11.9 9.9 c

L (psH) . 0 5.5 13.8 18.4 20,5 21,7 22.8

yron 21,5 29.6 33.9 37.7 39,3 40.3

vy o 25.0 :35.5 41,3 45,2 47.3 48.5 44,1 -

a' = V'/V - .860 .833 .822 833 .832 .832 Avg. = .835
l.fUSTraln in all tests was mncronnéhes per inch.
2., Maximum. values at large depth for maTerIaI flow:ng ‘from bin.
3. Maximum values at large dep+h for bin vibrated,

"4, Gallbraflon Qurve used to determine average load from average
strain. ‘

5. Net runm.




BIN TEST #2 BIN:

““tner. | Depth: 8 in. Weight: 13,7 Ib.

Incr. 2=6 Depth: -7.59 in. Weight: 3.0 Ib.
Increment 12 3 4 5 6 Flow  Vib,~
Run #I Side PI. © 29 72 94 98 110 - N:R. - N.R.
Strain Edge PI. 56 76 89 93 96 96 "o "

Cen. PI. 58 97 114 122 126- 126" - n
Run #2 Sidé Pi. '0°-°30 71 96 160 166 <% . U
Strain Edge PI. 52 72 84 87 9] ... 92 u "

.Gen, PI, ~ 6l 93 |14 120 1277 128 " "
Avg. - Side PI, © 30 72 95 99 108 " "
Strain Edge PI. 54 74 86 '90 94 . 94 " n

Cen., Pl. 60 95 114 121 126 127 n "
Avg., Side PIl. 0 2.4 5.6 7.2 7.5 8.2
Load Edge Pl. 4.0 5.4 6.3 6.7 7.0 7.l
(Ib.) Cen. Pl. 6.0 8.8 10,3 10,8 11.2 1].3

L (psf) @ 6.6 16.0 20.8 21.7 25.7
yt n - 21,5 29.0 35,9 36.0 37.6 38,2
v " 25,0 35.5 41.5 43,8 45.5 46.0
at = y'/v ..860 .87 .817 .822 .827 .830 Avg. = .829

SMOOTH
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VMATERTAL: NEW WHEAT

C.'G.

QW3




BIN TEST #3 BIN:

1

“Incr. |
|per. 2-6
I ncrement
Run #!| Side PIl.
Strain Edge PI.
Cen. .Pl.
Run #2 Side PI.,
Straim Edge Pl .
Gen. Pl.
Avg. §ide Pl.
Strain Edge Pl.
Cen. PIl,
Avg, Side PI.
Lead Edge Pl.
(Ib) @Gen. PIl.
L (psf)
vl 1"
V "
a' = V'/V
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SMOOTH . MIATERI AL 1. MARBLES

Depth: 8 fnn Weight: 24.5 Ib,

Depth: 7.59 in,

1 2 3

o 105 19l
117 165 201
|51 234 289

0 183 193
e 171" 196
147 235 288

0 104 192
[16 168 198
149 233 288

0
8'08 I
13,01

7.9 13,9
5.0 15.4
9.8 24.2

0 21.7 39.8
470] 6907 82&7

54.5 81.8 98,8 110.0

.865 .852 .838

4

249
219
321

249
219
327

249
219
324

17.8
17,0
27.9

51.2
91 .6

832

Weight: 23.3 Ib,

B 6 Flow.

N.R.

"
H

"
"
"

Vib.

M.R.

2]
L

Avg. = .847

c.e.

QT >




BIN TEST #4

Incr.

87

BIN: SMOOTH  MATERIAL: SAND

Depth:

8 in.

Welght: 22.2 Ib.

incr. 2-6 Depth: 7.59 in. Weight: 21.0 Ib,

Increment
Run #! Side
Strain Edge
Cen.
Run #2 Side
Strain Edge
Gen.
Avg. Side
Strain Edge
Cen.
Avg. Side
Load £Edge
(lb.) Gen.
L (pst)
V 1] 1
v 11
a' = V'/v

Pl.

Pl.
Pl.

| 2
o 4l

94 29
95 140

0 36

9] 128
95 140

o 28
92 128
95 140
0 3.2
6.8 9.8
8.8 12.3
0 8.8
36.6 52.7
39.0 55.2
.938 .954

3 4 5 6

Flow. Vib.
of 11l 122 127 164 N.R.
143 147 152 154 169 L
158 171 175 177 169 "
83 105 116 120 138 158
142 146 149 150 137 145
164 . 176 179 182- 205 259
87 108 119 124 164 158
142 146 150 152 169 145
i6l 174 177 180  .169 259
6.6 8.2 8.9 9.2 12,06 11.6
0.8 11.2 11,5 11.6 13.0  11.1
14.0 14,9 15.2 15.2 - 14.7 21.8
18.9 23.6 25.7 26.6 32.1 33.5
58.1 60.3 61.8 62.4
62.0 65.2 66.8 67.5 69.8 82.3
937 .927 .927 .925 Avg. = .935

C. C.

Q0>




BIN TEST #5

Incr.

|ncr.

| ncrement

Side
Gen.
Edge

Run #I
Strain

Run #2 Side
Strain Gen.
Edge

Run #3
Strain

Side
Gen.
Edge

Run #4
Strain

Side
Cen.
Edge

Run #5
Strain

Side
Cen.
Edge

Run #6
Strain

Side
Cen.
Edge

Run #7
$train

Side
Cen.
Edge

Side
Cen.
Edge
Side
Load @Gen.
(Ib.) Edge

L (psf)

‘vl 1

v "
Cal= Y'Y

Avg.
Strain

Avg.
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BIN: ROUGH MATERIAL: OLD WHEAT
[ Pepth: 8 in. Weight: 13,6 Ib.
2-6 Depth: 7.48 in. Weight: 12.75 Ib.
| 2 3 4 5 6 Flow. -Vibr. c.C.
Pl. © I3 31 39 39 39 68 N.R.
Pl. Discarded because of interaction
Pl. between center and edge . .
PI. O Il 27 32 34 34 .59 N.R.
Pl. . 68 89 93 94 97 97 N.R. n
Pl. 40 50 56 56 56 56 " "
PL. O 14 30 37 45 49  n "
Pl. 68 93 10l 106 108 120 " "
Pl. 4l 49 54 54 54 54 " "
Pl. O 10 25 34 38 38 " n
Pl. 67 89 10l 103 105 105 " "
Pl. 40 45 50- 50 50 50 " "
PI. © 18 34 42 49 50 " "
Pl. 69 93 107 110 114 115 " n
Pl. 39 49 B2 52 58 B8 g n
PI. O 10 27 34 34 34 " 83
Pl. 7 90 100 103 107 107 " 1 21
Pl. 39 5/ 53 B3 53 53w 60
Pl. © 10 25 30 35 35 " 70
Pl. 63 89 97 100 102 103 " 129
Pl. 40 5| 51 B2 52 52 " 65
Pl. © (2 28 35 39 40 64 76
Pl. 68 90 100 103 106 108 125
PI[. 40 49 53 53 54 54 62
Pl. © 1.5 3.6 4.2 4.6 4.7 6.6 7.6 Al
PI. 5.5 7.3 8.0 8.3 8.5 8.6 0.0 - . BI
Pl, 2.7 3.4 3.6 3.6 3.7 3.7 4.3 cl
0 4.1 10.3 2.1 13,3 13.6 19.1 22.0
15.5 19.6 20.7 21.3 21.6 21.7 ‘
2t 27.6 29.9 30.9 31.4 3|.7 36.9
735  .707 .692 .690° .688 .685 Avg. = .700
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BIN TEST #6 BIN: ROWGH MATE‘RIAL: NEW WHEAT _

Incr. |: Depth: 8 in.  Weight: 13.3 Ib.

lncr. 2—6: Depth: 7.48 in. Weight: 12.45 1b.
| necrement | 2 3‘ 4 5 6 Flow.' Vibr.. C. €.
Run #| Side Pl., O I6 37 45 47 52 N.R. N.R.
Strain Cen. Pl. 68 91 102 110 110 110 N N

Edge Pl. 42 58 61 62 62 62 " "
Run #2 Side Pl. O 10 33 41 45 47 " "

Strain Gen. Pl. 67 95 104 108 110 113 n n
_Fdge P. 45 57 60 63 64 64 " n

Run #3 Side PI. O 13 36 41 43 45 L 82
Strain Cen. PI. 67 91 102 106 107 107 " 130
Edge PI. 4 53 55 56 56 56 J 67
Run #4 Side Pl. O |6 38 48 .53 55 " 96
Strain Cen. Pl. 65 92 104 107 107 107 " 140
Edge PI. 44 . 57 63 65 65 66 = " 83
Avg. SidePl. © 14 '36 44 47 50 .89
strain Cen. Pl. 67 92 103 108 108 109.2" 135
Edge Pl. 43 56 60 62 62 63.0 80
Avg. Side Pl. 0 1.8 4,35 4.9 4.2 5.4 8.6 - . Al
Load Gen.Pl. 5.4 7.4 8.3 8.7 8.8 8.9 10.7 B!
(Ib.) Edge Pl. 2.9 3.8 4.1 4.2 4.2 4,3 5.5 cl
L (psf) O 5.0 12.4 14.1 (5.0 15.6° 24.9 /
VAR 16.7 21.8 23.6 24.2 24.5 24.7
y o '21.4 28,9 32.0 33.3 33.8 34.1 41.8
a' = Y'"/v  .780 .754 .738 .727 .726 .725 Avg. = .742
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BIN TEST #7 BIN: ROUGH MATERIAL: MARBLES

lncr. | Depth: 8 in.  Weight: 23:8 Ib.
Incr., 2=-6 Depth: 7.48 in. Weight: 22.35 Ib.
| nerement | 2 3 4 5 6 Flow. Vibr.
Run #| Side PI. © 80 151 178 N.R. M.R.
Strain Cen. Pl. 164 230 287 291 ' o "
Edge Pl. 124 |55 192 190 " "
Run #2 Side PI. O 68 125 15| " "
Strain Cen. Pl. 160 229 269 287 m "
Edge Pl. 120 150 167 173 " "
Run #3 Side Pl, © 62 119 150 1" "
S+train Cen, PI., !55 234 265. 285 # n
Edge PI. 120 160 188 188 " "
Run #4 $ide Pl, © 65 (21 148 206 "
Strain Cen. Pl. 170 245 279 300 N.R. "
Edge Pl. 108 148 166 |74 oom "o
Run #5 Side Pl. O 67 124 155 " 420
Strain Gen. Pl. 160 231 267 28I n 483
Edge Pl. 116 149 166 |70 " 308
Avg. SidePl. 0 66 122 I15I 206 420
Strain Cen. Pl., 161 235 270 288 483
Edge PL. 116 152 172 176 308
Avg. SidePl.. 0 6.7 I1.0 (3.2 (7.2 3.3
Load Gen. Pl.11.8°17.2 19.8 21.2 34.0
(Ib.) Edge Pl. 8.2 10.9 [2.5 12.8 23.3
L (psf.) 0 18.4 31.0 38.0 49,6  90.2
yr oo 47,1 62.7 71.9 73.6
v v 51.6 72.5 83.3 87.8 148.0
al = V'/v 913 ,866 .863 .839 .870

Avg. =

‘G.G.

Al
B2
el




BIN TEST #8 BIN:

Incre. |

ROUGH

Incre. 2-6 Depth:

I nerement

Run #| Side Pl.
Strain Gen. Pl.

Edge PI.
Run #2 Side PI.
Cen. Pl.
Edge P!,
‘Run #3 Side Pl.
Cen, Pl.
Edge Pl.
‘Run #4 Side PI.
‘ Cen. PIl.
Edge Pl.
Avg. Side Pil.
Run | & 2
Cen. Pl.
Run 3 & 4 -
Gen., Pl. |

Strain Edge PI.

Avg. Side PIl.
" 1&2 gen, Pl. 6
n 34 M " 6
Load Edge PI. 4

6]
95
69

O .
9l
70

6]
[15
74

0
o
62

@ .

93

A2
69

.
-

~N OO
U1 oo —

2

13
15
78

12
112
78

|5
{35
86

9
126

C 71

12
114

{ 30

* »

WO PO,

7.48 in.
3 4
32 38
122 122
8l 8l
32 39
121 122
79 80
38 44
143 146
89 90
30 37
133 135
73 73
33 39
122 122
138 14]
80 8l
4.0 4.5
8.9 9.l
8.5 8.7
5.5 5.6

. Depth: 8.in.

9l

Weight:

MATERIAL: . SAND

21 .6 Ib.

Weight: ~20.15 Ib.

38
122
81

41
124
80

47
148
91
39
138
73
41
123

143
81

CNCREIS
DN

6

41
| 24
8l

43
126
82

49
149
9l

4|
138

74

43

125

143

Ul o0 M
LYoo

Flow.

78
N. R.

11

. 78

N.R.

13

AL
“N.R.

106
N.R.

78

7.8

Vibr;

130

253

8l
137
253

75

|34

c.C.

Al
B2
B3
Gl
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BIN TEST #8A (Gontinuation of Test 8)

Increment - ! 2 3 4 5 6 Flow. Vibr. ‘€.C.

Run #5 Side PI, © * |8 40 48 50 -5l M.R. N.R.
Cen, PI." 75 94 102 |06 |08 108 " "
Edge PI. 69 82 .86 89 90 9] " "

Run #6 Side PlI. O I5 39 49 5| 51" o "

Gen. Pl. 78 98 107 113 117 117 " "
Edge PI. Damaged strain gage

Run #7 Side PI. O 13 34 42 45. 5I N.R.  N.R.
Cen. Pl. 89 109 121 123 124 125 " "
Edge PI. 73 85 8 90 9f 95 . ™ "

Avg. SidePl, O |5 38 46 49 5|
Strain Gen. Pl. 81 100 110 114 116 117
Edge PI. 71 84 87 90 91 92

Avg. ~Side Pl. O 2.2 4.5 5.1 5.4 5.5 A2
Load 'Cen. P!, 7.0 8,5 9,1 9,5 9.7 9.7 B4
(Ib.) Edge Pl. 4.8 5.7 6.0 6.2 6.2 6.3 : cl
Avg. SidePl. O 1.8 4.2 4.8 5.0 5. 7.8 11.9
load QGen. Pl. 6.9 8.4 8.9 9.2 9.3 9.4 ' 16.3
8 & 8A Edge Pl. 4.8 5.5 5.8 5.9 6.0 6.0 5.3

L (psf) ' 0 5.0 12,1 13.8 14.4 14,7 22.6  34.4

yr v 27.6 31.6 33.4 33.9 34.5 34.5

y # 30.2 35.9 38.0 39.0 39.5 39.8 55.7

a' = y/y 915 .88l .879 .870 .874 .868 Avg. = .88l




BIN TEST #9

fncr. | Depth: 8 in.  Weight:

Incr. 2-6 Depth: 7.48 in. Weight:

| nerement

Run #!

Strain

Run #2
S5train

_ Avg,

Strain

Avg.
Load
€lb.)

V "

Side

Cen.
Edge

Side
Cen.
Edge

‘Side

Cen.
Edge

Side

" Gen.

Edge

al = V'/v
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BIN: ROUGH MATERIAL: LIGHT AGGEG,

1 2- 3 4 5

Pt. © 10 17 18 18

Pl. 32 39 41 40 4|
Pl. 38. 45 46 46 45

Pl. 0 Il 19 20 2
Pl. 31 39 40 41 42
Pl. 34 42 42 43 42

Pl. 0 © 18 19 . 20

PI. 32 -39 40 41 42

Pl. 36 43 44. 44 44
Pl. © 1.8 2.7 2.8 2.8
Pl.3.4 4.2 4.2 4,3 4.3
Pl. 2.7 3.1 3.2 3.3 3.3

15,5 18.4 18,7 19,0 19,0
16.2 19,7 20.0 20.2 20.3
.957 .933 .935 .938 .936

10,10 Ib.

9.48 1b,

6

Avg =

Flow.. Vibr.

N.R. N.R.
n n
" n
3] "
n 1
" "
940

c.C.

A3
B5

ez -,
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ANGLE OF REPOSE TESTS

Run, # ! 2 3 4 5 6 7 8 9 la
' . SAND

Vert. *  18.2 17.5 18,0 (7.6 18.1 17.4 8.1 17.6
Horiz. ¥% 22.8 23.6 23.5 23.6 23.8 23.1 23.7 23.2
tan §.  0.798 ©.742 0.767 0.747 0.76] 0.754 0.763 0.758,
- 38.6 36.5 37.5 36.7 37.3 37.0 37,3 37.2

Avg. = 37,3° -

OLD_WHEAT
vert. ®¥  17.7 17.7 17.9 17.6 17.8
Horiz, %% ' 32,9 33,3 33,9 32.7 32.7
tan ¥  ©0.538 0.532 0.528 0.538 0.544
28.3 28.0 27.9 28.3 '28.5

Avg. = 28.2°

, NEW WHEAT.
Vert. ®* = 18.1 18.2 18.2 18.]
Moriz. ¥¥ 139.4 38,7 38.2 39.7 . :
0.460 ©.470 0.477 0.456 "

r

tan @

@ 24,7 25.2 25.5 24.5 '
. Avg. = 25.0°

’ ‘ MARBLES

Vert, ¥ 12.9 13.3 12.8 '

Horiz. ¥% '59,2 59.2 59.2

tan @ 0.218 0.225 0.217 -

@r 2.3 12.7 12.2 ,

Avg. = 12.4°

MARBLES (1/2" wood strip at front of bottom edge)
Vert, % 16,2 15.9 16.2 15.6 16,0 15,7 6.1 16,0 16,5 15.1
Horiz. #% (38,8 38.] 39.4 36.9 '38.0 38.1 36,2 37.5 37.6 36.2
tan ¢r 0.418 0.418 0.408 0.423 0,422 0.412 0,437 0.427 0.438 0.417
/- 22.7 22.7 22.2 22.9 22.9 22,4 23.6 23 | 23.6 22.6
Avg. = 22.9 -
- ' - LIGHT ABGREGATE N
Yert, #* 22.7 23,1 24,5 24,1 24,9 24.5.

Horiz. %% 1]8.9 19,9 20,1 20.7 '20.2 20,9 U !
tan §.  0.833 0.862 0.820 0.86/ 0.8/12 0.854 = )
6. 39.8 40.8 39.4 40.7 39.1 40.5
AVg. = 40,0 )
& LIGHT AGGREGATE :
‘Yert. ® ~ 15.7 16.4 1611 15.7 15.9 16.4 17.1 17.3 16.6 16.9

Horiz. ¥%* 19,3 18.8 18.8 8.9 19.3 19,0 20.7 19.4 20.2 19.9

tan ¢r 0.813 0.872 0.857 0.83] 0.823 0.865 ©.826 0.891 0.822 0.85Q

@ 29.2 41.1 40.6 39.8-39.5 40.8 39.6 41.7 39, 4 40.4
: Avg. = 40.2

*ertical frace of slope of repose angle
#¥orl zontal trace of slope of repose angle
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DfREGT‘FRIGTI®N TESTS OM SMOOTH BOARD
J ‘
Run # ' i 2 3 4 B 6 -
S OLD WHEAT
Total Normal Load 12.25 12,23 12.23 12.23 17.38 {7.38

Total Shear Load 4.l11 4.4 4,54 4,30 6.20 6.20
tan @¢ 0.336 0.371 0,371 0.362 0.357 0,357

@ 18,6 20,4 20.4 19.4 19.6 19.6 Avg. = 19.7
NEW WHEAT

Total Normal Load = 11.92 11.92 17.07 17.07 21.07 21 .07

Total Shear Lead ' 3.77 3.94 5.05. 5.38 6.32 6.32

tan Of 0.316 0,330 0.296 0.316 0.30! 0.30]

s " 17.6 18,3 16.5 17.6 16.8 16.8 Avg. = I7.1.

GLASS MARBLES

Total Nermal Load 19.19 19.19 28.34 28.34
Total Shear Load 4,68 4.68 7.60 7.45

tan 0, 0.245 0,245 0.268 0.262

@ , 13,8 13.8 15.0 14.7 ‘ Avg. = 14.3
SAND

Total Normal Load 18.06 18.06 18.06 26.21 26.21I

Total Shear Load 9.,2% 9,80 9,70 13.60 14.20

tan O¢ 0.511 ©.543 0,538 0,519 0,542

Gf 27.2 28,5 28.3 27.4 28,5 : Avg. = 28.0
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DFRECT FRIGT!ION TESTS ON SAMDPAPER COVERED BOARD

Run #

Normal Load
Shear Load
Tan’¢f

B¢

Normal Load
Shear Load
Tan‘ﬁf

?¢

Normal Load
Shear Load
tan ﬁf

By

Nermal Load
Shear Load
tan @

By

1

Normal Load
Shear Load
tan ﬁf

s

1 2° ' 3 4

OLD WHEAT
12.23 {2.23 17.38 17.28
6.55 6.39 8.27 9.15
0.535 0.522 0.534 0.527
28.2 27.6 - 28,2" 27.8
NEW WHEAT
11,92 11,92 17.07 17.97
5.27 5.51 8.08 7.67
0.443 0.462 0,473 0.450
23,9 24.8 25.3 24.2

GLASS MARBLES

28.34 28.34

19,19 19.19°
5.93 6.14 8.90 9.07
0.309 0.320 0.296 0.320

(7.2 17.8 6.5 17.8

HEAVY AGGREGATE

18.06 18.06 27.21 27.21
12,57 12.60 19,70 19,90
0.696 0.698 0.724 0.732
34,9 35.0 35.9 36.2

LIGHT AGGREGATE

9.43 79.43 14,58 14.58
8,37 7.53 12.33 12.18
0.887 0,798 847 0.836
4] .6 38.6 40.> 39.9

Avg;

Avg.

Avg.

Avg.

Avg.

]

]

I

i

28.0

24 .6

17.3

35.5

40,1




DIRECT SHEAR TESTS

Run #

. Normal Load

Shear Load -
tan ¢S

Os

Normal Load
Shear lLoad
gam ¢5 :

s .

Normal Load

Shear Load

" tan @
0, .

Normal Load
Shear lLoad
tan @g

@5

Normal Load
Shear Lead
tan ¢s

B

12.25
6.47
0.528
27.9

11.92
5.51

 0.462

?24.8

19.19
13.10
0.682

34.5

18.06
13,85
0.768

37.6

.9.43
7.80

@ ¢826'

39.6

97

2 3

4

OLD WHEAT

12,23 17.38 17.38

21,38 21.38

6.55 9.85 9.92 I1,30 11.20

0.535 0.567 0.572

28,2 29.6 29.8

NEW WHEAT

11.92 17.07 17.07
5.54 7.46 7.44
0.465 0.538 0.437

25.0 23.7 23.6

GLASS MARBLES

19.19 28,34 28.34
13.56 20.02 20.80
0.707 0.707 0,733
35.5 35.5 36.3

HEAVY AGGREGATE

0.528 0.524
27.9 27.7

21.07 21.07
9.59 9,92
0.455 0.471
24.5 25.2

18,06 27.21 27.21 27.2
13,68 19,60 21 .85 20,95
0.758 0.721 ©.803 0.770
37.2 35.8 38.8 37.6

LIGHT AGGREGATE

9.43 14.58 14,58
8.50 12.70 12.43
0.900 0.871 0.854

42.0 41.1

40.5

Avg.

Avg.

" Avg.

Avg.

Avg.

]

]

28.5

24.5

35.4

37.4

40.8
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