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Abstract—Theinfluence of eccentric discharge of stored solidsin
sguat silos has been highly valued by many researchers. However,
calculation method of lateral pressure under eccentric flowing still
needs to be deeply studied. In particular, the lateral pressure
distribution on vertical wall could not be accurately recognized
mainly because of its asymmetry. In order to build mechanical model
of lateral pressure, flow channel and flow pattern of stored solidsin
squat silo are studied. In this passage, based on Janssen’s theory, the
method for calculating lateral static pressure in squat silos after
eccentric discharge is proposed. Calculative formulae are deduced for
each of three possible cases. This method is aso focusing on
unsymmetrical distribution characteristic of silo wal normal
pressure. Finite element model is used to analysis and compare the
results of lateral pressure and the numerical results illustrate the
practicability of the theoretical method.

Keywords—Squat silo, eccentric discharge, lateral pressure,
asymmetric distribution

l. INTRODUCTION

ILO, plays an important role on numerous agricultural and

industrial areas. It is applied on storing, transporting and
transferring cereds, coas, cements and so on. Taking its
significance into consideration, the designers and constructors
of silos pay attention to the safety, reliability, economic and
rationality of this kind of structure more and more. However,
research on silo seems a chalenge to al the scholars.
Eccentric discharge effect of the silo is such an item that
perplexes many researchers. It is widely recognized to be a
much more serious loading condition than concentric
discharge or even fully loaded condition. The phenomenon of
eccentric discharge is particularly known to be the cause of
many catastrophic buckling failures in metal silos in the past.
The associated patterns of normal pressures and frictiona
tractions exerted by the eccentricaly flowing stored solids are
regarded to produce very asymmetrical patterns of stresses.
This non-symmetry in loads causes a bending moment that
induces tensile and compressive stresses in the silo wall that
can ultimately lead to wall failure.
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The concept about overpressures, which means larger
overpressures are generated when silos are unloaded
eccentrically, has been aso proposed by severa research
studies. Meanwhile, in order to meet the need of manufacture
and transportation, a continued use of eccentric discharge
seems inevitable. All these factors indicate that eccentric
discharge in silosis an important design aspect which must be
taken into account.

Several experiments have been conducted on the eccentric
unloading silo since the second half of 20" century (Pieper
and Wagner, 1968 [1]; M. L. Reimbert and A. M. Reimbert,
1980 [2]; Pieper et al, 1981; Britton and Hawthorne 1984 [3];
Hampe, 1984a, b; McLean and Bravin, 1985 [4]; Ross et al.,
1980 [5]; Thompson et al., 1986, 1988a[6], [7]). At the same
time, numerous cal culative methods for predicting wall lateral
pressure under eccentric unloading were proposed (Jenike,
1967 [8]; Rotter, 1985 [9]; Safarian and Harris, 1985 [10];
McLean and Arnold, 1982; Johnston and Hunt, 1983 [11];
Wood, 1983 [12]; Roberts and Ooms, 1983 [13]; Emanuel et
al., 1983 [14]; Rotter, 1986 [15]; ACI 313-97, 1997 [16] and
Rotter, 2001 [17]). However, assured conclusions are hard to
draw through these studies. Either these pressure results are
quite distinct from the experimental observations, or these
theory resolutions are not always close to each other.

Among these studies, pressure distribution description
given by Rotter 1986 [15], who studied eccentric discharge of
flat-bottomed silos and suggested actions to calculate wall
pressure, illustrated that circumferentially asymmetric
pressures smply led to extra circumferentia tensions and
bending moments. Relevant calculative methods deduced by
Rotter are widely recognized and included in BS EN 1991-4
(2006) [18].

In Rotter’'s (1986) theory and BS EN 1991-4 (2006), the
flow channel and pressure pattern is clearly described. A
non-uniform pressure distribution is specified on the silo wall
circumference for eccentric discharging silo. This pressure
distribution is a function depending on the silo slenderness, its
diameter and the eccentricity of the discharge outlet. In regard
to the flow channdl, it suggests that the geometry of the flow
channel cannot be directly deduced from the discharge
arrangements and silo geometry, and no less than three values
of the radius of flow channel are taken to tentative calculate.
Because of its special overall flowing pattern, slender silo has
a varied flow channel, whereas Rotter's theory is fit for
calculating pressure distribution of slender silos.

The key problem is that the squat silo’s tubular flowing
pattern, which differs from that of dender silo, makes Rotter's
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theory unsuitable for predicting wall pressure quat silos,
for that the flow channel is relevant fixed whewe theometry
of the silo and the outlet is determined. Moreovepper
cone-shaped stored solids above the supine suofasquat
silo takes an important impact on the wall press@eme
simplification like that made in the slender sileems
inaccurate. In this paper, the Janssen’s theorlyi§lieated as
the base, the calculation procedure suitable foaisgilos is
proposed. And then a simple squat silo, generatlirgorced
concrete silo, is given to assess its wall pressyrenethod
described in this paper. The finite element met{®EM) and
the commercial finite-element program ANSYS 10.Qused
to analysis the load actions on structural. The pamson
between theoretical and FEM results would illugsathe
reliability of this set of calculative method inthaced in this
story.

Il.  FLOWING PATTERN IN SQUAT SILOS

2415-1734
No:7, 2012

Also this channel that is assumed to contact viignvrall of
silo leads to a corresponding frictional tractidvhereas in a
squat silo, the flowing regime is relevantly lindtend its
dimension is fixed when the geometry of silo, esgdbcoutlet,
is determined.

The assumption in a slender silo that the flowihgrmel is
in touch with the silo wall is unsuitable for thata squat silo.
When the flowing happens in the region inside ifeas well
the stored solids adjacent to the silo wall stayis(Fig. 2(b)),
flowing part of stored solids would have a limitedluence on
the variation of fractional traction of silo wallhe imbalance
of vertical friction forces caused by differencesstatic and
dynamic coefficients of friction
asymmetric geometry generated by eccentric disehargnot
obvious in a squat silo wall [21]. And this friaidmbalance
generated inside the flowing channel
unloading has little influence on the overall silall pressure
due to its limited dimension of the channel. Coasitg all

The calculation about wall pressures under eceentih€se factors, wall pressure calculation in sqilas svould

discharge relates to a flowing pattern, for that flow pattern
influences the distribution of stored solids irosiland in turn
affects the pressures exerted by both the static flamving

solid components on the silo wall. Meanwhillkee aspect ratio
of the silo is considered to have an importantuiefice on the
possible patterns of flowing (Fig. 1). Considerithgt squat
silos having significantly different pipe flow reges from

slender ones, mechanical model of wall pressureutzlon

about squat silos would be distinct from that abslender
ones [20].

\ 1 | 2 |
(a) Parallel (b) Taper (c) Eccentric paaltl) Eccentric taper
pipe flow pipe flow pipe flow edlow
Key:

1 Internal pipe flow
2 Eccentric pipe flow
3 Flowing
4 Flow channel boundary
5 Flowing pipe
6 Stationary
Fig. 1 Pipe flow patterns

According to Rotter’'s (1986) theory, eccentric tisge
pressure pattern in a slender silo is based ornrallglasided
flow channel which is actually cylindrical surfatteroughout
the height of the silo (Fig. 2(a)).

focus on static pressure when eccentric dischangpesnds.
The appearance and distribution of stored solidsde the
silos seems crucial for building mechanical model.

.

e
i seny

0!
2%

XX
XX

000,
XK

S

X X
RS

<
<2

(@) (b)

Fig. 2 Eccentric discharge flow model

I1l.  WALL PRESSURESCALCULATION

A. Calculation Assumptions

Three basic assumptions are made when deducing the

calculative method of lateral pressure for squbdssunder
eccentric discharge:

1) The discharge outlet at the flat-bottom is ak&rcircular
orifice. At the surface of stored solids, therarisran inverted
cone whose vertex is dead against the center afutiet.

2) The included angle between discharge surface and

horizontal plane equals the angle of repose of dtweed
materials.

Fig. 3 Model of simplified calculation
3) When addresses the wall pressure in the plapeinfM,

combined with the

during ecoentr
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it is assumed that pressure under eccentric digehds
approximate to that under concentric dischargeisAfiown in

Fig. 3, part of stored solid<C{CDD’) is added to calculate
wall pressure of poinM. However, the influence of this part

of stored solids is limited; moreover, this appmation is
advantageous to the design of silos.

B. Pressure in the Wall

According to different discharge stages, three iptssases
are considered in this passage and these caselassiied by
different geometrical relationships among dischasgeface,
static stored solids, and wall of silos.

1) Case 1

(b)
Fig. 4 Model of case 1

In this case, the vertexD() of the transferred discharge

surface, which is conical, shown in Fig. 3, islsiibove the
supine surfaceMN) of the silo. The surfacBBC shown in
Fig.4 (a) is actually a conical surface and thisved surface
intersects with the conical surfad®N and pointsB andC lie

in the line of intersection.

As general practice, it is assumed that the hotaton
pressurep is relatively constant surround the silo wall, th

ratio of the horizontal pressure on the wall tothean vertical

stress in the stored solgdis simply defined by the parameter

K, which is taken as a material constant.
The equation of vertical equilibrium of a slice dhghout
the silo section may may be written:

gA+y Adz= { W% daw' budk

Where:

y is the unit weight of the stored solid;

1 is the wall friction coefficient for solid agairthe

cylindrical wall;
U is the perimeter of cylindrical silo wall.
The solution to (1) would give Janssen's equatmmtlie
horizontal pressure at depth z:
'Kz

p="+cKe * @
U

Where:
p is the hydraulic radius of silo, equals sectiona
area divided by perimeter of cylindrical silo wall;
C, s the arbitrary constant.
According to the vertical equilibrium of stored isisl above
the supine surface of the silo, the boundary camithat the
mean vertical stress at the height of zero couldtigen:

a(0) =Y
A
Here, the geometry of section is shown in Fig.h4, angle
of response is defined kand the vertical distance from the
vertex ofD to the supine surface is sethgs
The expression about the volume of remanent steoéds
above the supine surface of silo is:

t 1
AV =%M{R3 - (cotprh, + e Fﬂ @)
and the sectional area at the height of zero is:
A, =R (5)

Subject to the boundary, the const&itin (2) may be
solved as:

R

®)

2) Case 2

Fig. 5 Model of case 2

In this case, the vertex of the transferred disphaurface
(D), shown in Fig. 5, is below the supine surfaddj of the
silo whereas part of stored solids surpluses alleesupine

éurface of the silo.

The volume of remanent stored solids above thensupi
surface of silo is:

AV = mznﬁ[l? —Zl(cotﬁD} +e B’ +( peotB- )33}
)

and also the sectional area at the height of zeag:i
A, = (R - If cot* ) ®)
When the calculative height satisf@s z< h, — etang,
then the equation of equilibrium would be written a

qA(2)+ydV= A z df er% Jzu (pUY (9

The expression of sectional area would be an emjuatf
the heightz

A(d=nR-n(h - @anB— ¥ cof B (10)
According to the Taylor's formula, the expressioh o
sectional area would be simplified as:

Az+d)= A+ Kpde R)e W @y
and the differentiation of volume would be expressas:
dv =[7" A2 dz (12)

Using (11) and (12), (9) would be stated as follows
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 y=53)(R ~(n, - @ang- 7 cof )

13)
=-271(h, —etanB - z)cot S0q+ Ku 'Ulc
The equation of solution to (13) would be:
g =,11+ Cue” (14)
1

Where:
A is the parameter defined as:

A(2)=In[ R(1-cosPB ) b, —etanB -zj (# cosB )
Ku'u @rctanhfh[’ —etns-2) cot,B] [fan B

+ R
R
(15)
Also, the boundary condition of the vertical strgss:
vV
q=2Y (16)
A
When satisfying the boundary, the const&pfin (2) may
be solved as:
AV 1
C. =yl = (0)
21~ (A) F (OJ a7

The vertical stress at the heighthgfwould be:

a(hy) = ye'”

(v
In[R*(1-cos2B)| | A A(0))R(1- ms2p)

(18)
When the height meets with, —etanfS< z< I, the

expression about pressyrenay be written as:
H'Kz
p=ic,Ke » (19)
U
Using (18) as the boundary condition, the cons@atin
the pressure equation (19) would be solved:

Q| =ty -etans = o hD_ eans) (20)
H'K(hy—etanf)
{q(h; etanﬁ)—y.—"K} G

3) Case 3

Fig. 6 Model of case 3

In this case, the vertex of the transferred digphaurface
cone D), shown in Fig. 6, is below the supine surfaB\]
of the silo and the highest poinB)(is below the supine
surface.

No:7, 2012

When the height belongs@x z< h, — etang, then:

q()=F+Ce"

(22)
2
Where:
A,(2)=In[ R(1-cosPB ) Rtans -z (¥ cosB )
Ku'u @rctanlﬁ F ZCOt’BJDtaW
+
R
(23)
According to the boundary condition:
q(0)=0 (24)
ye/lz(o)
C,= 25
=730 (25)
~ y ye©
— et = +
oty — etan/3) INR?*(1-cosB) RA,(0)1-cosPB)
(26)
When the height meets wit® h, — etanf, the
_H'Kz
q= MO +C,e ? (27)
H'K(hy—etang)
Cyp = (et - etanﬁ)—yy.—”K)Ee ’ (28)

C.Circumferentially non-uniform pressures distributio

Both the pressures in bottom of the silo of pdihiandN
could be calculated by the formulae deduced abdvehiare
defined asp(M) and p(N).
pressure about each point surround the circle exléd the
height of stored solids of each point, therefore éguation
would be expressed as:

p(M){h(M)j (29)
pP(N) \ h(N)
Where:
h(M) is the height of highest point of stored solids
h(N) is the height of the poiri, shown in Fig. 4

The coefficienta may be determined by the aspect ratio of

the silo, the property of the stored solids aneépfhctors, and

the value ofx would close to 0.5. In this passage, a simplified

suggestion for the value afis 0.5, then:
p(M) _ [h(M)

p(N) (N 59

It is assumed that the value of
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p(6)

p(M) p(N)

ar
NI

Fig. 9 Dimensions of the silo model
Fig. 7 Circumferential pressure distribution

The silo with height 30 m and a radius of 20 m fsed
It is supposed that the pressure distribution jplecshown aspect ratio of 0.75 which is classified as squlat She
in Fig.7, on the circumference could be expresseolows: eccentricitye of the discharge outlet center is 10 m. Here, the

h(6) dimension of the flowing channel is neglected toattin the
p(8) = p(M) v (31) static pressure analysis procedure the radius evfitcharge
(M) outlet has no influence on the distribution of stbrsolids
Where: when the discharge has been suspended.

p(f#) is the pressure of circumferential distribution; )
h(6) is the height of the each point on the intersection B-Numerical model

shown in Fig. 4; The eight-node SHELL 93 element was selected toeinod
0 is the central angle. the wall of silo, and the thickness of the shelsvafined to
In order to deduce the expressionhgf), three different 400mm. Eight-node SOLID65 element was used to siteul
cases are also specified, shown in Fig. 8. the stored material. In order to model such pddies inside

the silo, the elasto-plastic criterion by Druckeader (DP)
has been applied to SOLID65 element [22]-[25].

Contact element was utlized to consider interactio
between silo wall and stored material. 3-D eightdeo
Surface-to-Surface  CONTA 173 and 3-D target segment
TARGEL170 were applied to couple field contact asety
Fig. 8 Height of stored solids Selected areas of the silo wall were meshed wighThRGE
170 element. Then the areas of stored solids wadeeted and

If both of the pointsB andC are above the supine surfacemeshed with the CONTA 173 element, placing the soofe

the expression aboh(?) would be: those elements over the faces of the SOLID 65 altsnia
—(RtanBY + I? + etarf B (2Rcoé - e contact with the wall.

h(6) = ( AV +h A z—h Referring to the definition of the model variablébree

2(-Rtanf+ h, + eco® tag ) (32) plastic parameter values necessary for the devedopof the

If the pointB is above the supine surface, whereas the poiRrucker-Prager criterion were introduced: cohesinternal

Cis below that plane, the expression aldtd) would be: friction angle, and dilatancy angle, the elasticapzeters

necessary for the elastic part of the behaviorhef material
were also presented: Young’s modulus and Poissatis,

—(RtanBY + If + etarf B (2Rco8 - e) h

h(8) = 2(-Rtang +h, + ecod taif) listed in Tablel.
tanBy Rcod §+ R®O+e)’ —h, +h TABLE
33) PARAMETERVALEUES FORNUMERICAL MODEL
. . . ( Property Value
As is shown in Fig. 8, when both of the poiand C are Unit weight,y (KN/mP) 16.0
below the supine surface, th@) would be written as: Young's modulus, E (MPa) 10.0
N Poisson’s ratioy 0.32
h(6) =tanBy (Rcod § + Rsi+ )= h+ t Cohesion, C (MPa) o
(34) Internal friction angle (o ) 33
Dilatancy angleg (o ) 33
IV.  EXAMPLE ANALYSIS Coefficient of friction with the wall,

0.5

A. Model generation £

For analyzing the static pressures, interactiorcaricrete
walls, elasto-plastic behavior of the stored solidad the
structure consequences in a cylindrical concrdte with a
flat-bottom companying with an eccentric outletypical silo
is designed, and the dimensions of which is shawfig.9.

The nodes of shell elements at the base of the silo
associating with those of solid elements were arezhto the
foundation, which was simulated as fixed. All thegtees of
freedom of the nodes at the bottom combining witle t
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foundation were constrained (shown in Fig. 12). Sie wall
meshed model solely without constraints is showfim 10.
Fig. 11 represents silo wall model in company wstbred
solids model, also without constraints. Fig. 12 icates
restrained wall model that has been meshed.

AN

MAY 11 2012
16:14:21

ELEMENTS

Fig. 10 Silo wall meshed model without constraint
AN

MAY 11 2012
15:54:15

ELEMENTS

Fig. 11 Stored solids meshed model
AN

MAY 11 2012
15:53:11

ELEMENTS

Fig. 12 Silo wall meshed model with constraint

C.Vertical pressure results analysis
Fig. 13 shows the distinction about the values @fal

cylindrical wall, the results got through theoratianethod,
which base on Janssen’s 1895 theory present artender
normal pressures that are very similar to the tesalbtained
from FEM. According to the FEM analysis, closing ttoe
bottom part of the silo, pressures decrease dftsr teached
the maximum value. At the bottom of silo, pressigesfrom
FEM are generally smaller when compared to thosen fr
theoretical method. Different from the varied pipte of
lateral pressure on vertical direction got from FENinciple
of theoretical results presents a continuously €ased
tendency.

For the first state which is the incipient stagedisicharge,
Fig. 13 (a) shows an approximately symmetrical abtaristic
about the distribution of lateral pressure. The FEMd
theoretical results are fit close to each otheeeigly at the
top of the silo. According to the FEM results, m@®s at the
height of about 25 m reach their maximum with tladues of
153 kPa and 143.89 kPa. What the largest valuthéaretical
results are 166.04 kPa and 161.80 kPa at the bas#oo
Being worth mentioning is that at the top of the $hat the
vertical coordinate is zero, these normal pressulidsnot
equal to zero, which illustrates that the equivalsarface
above the top face of silo is necessary for calmgathe
normal pressure.

For the second state, the pressures of left side hize
similar varied tendencies compared to those afitbestate.
However, at the right side of the Fig. 13 (b), ptess were
about zero at the height of 4 m, meanwhile, ardimge of O to
4 m, stored solids exert no normal pressure tostleewall.
From this state, the pressure curve began to predsmous
difference between two sides of the figure mairggduse of
the asymmetry of stored solids between two sidesilof
center inside the silo. According to theoretical tmoe,
maximum pressures of two sides are 107.63 kPa amb9
kPa whereas the FEM results show two maximum va#tes
115.9 kPa and 108.55 kPa.

The most distinct characteristic of pressure cuabeut the
third state differs from the first two states isttlat the left side
of Fig. 13 (c), the pressure at the top face af wihs zero, for
that with the proceeding of eccentric dischargerest solids
there has dropped below the height of 2 m.

For the fourth state, the non-symmetry of two sides
pressures was more apparent than another threes.stat

According to the theoretical results, the ratictted maximum
pressure at the left side to that at the right 8de54 whereas
the ratios of the other three states are 1.026414nd 1.407.

pressures which are obtained from different methods

Analyzing the pressure results on top and on thik bides of
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Fig. 13 Vertical lateral pressure comparison umtiéerent discharge
stages

D.Circumferential pressure results analysis

Fig. 14 shows the comparison between the FEM amd th
theoretical results about the circumferential puess
distribution. Two curves in each figure seem fitsg to each
other, illustrating that the calculative formulalf3suggested
in this passage is practicable. However, small aigp was
existent and the improved measure would be thasireythe
coefficienta proposed in (29).
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525



International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:6, No:7, 2012

1404

—a— FEM
—e— Theory
1204
-
€
£
b4
=
o
>
9]
%]
0]
o
o
©
o
i3
©
-
20 T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200
central angl® (degree)
(c) State 3
100
—=— FEM
—e— Theory
80
-
S
£
b4
3
=~ 60
o
>
9]
%]
O 40
o
©
o
L
© 20
-
0 T T T

T T T T T T 1
20 40 60 80 100 120 140 160 180 200

central angl® (degree)

(d) State 4
Fig. 14 Circumferential lateral pressure comparisoder different
discharge stages

V. CONCLUSION

The following conclusions are based on the study:

1) This story has focused on the flowing patternsgfiat
silos. In accord to its particular filling style é@rdischarge
pattern, the squat silo has a flowing channel witted
dimension. Owing to its flowing channel keeping svieom
the silo wall, flowing solids bring limited imbalee friction
force for the silo wall so that this imbalance eftical friction
force caused by differences in static and dynarhifriction
could be neglected.

pattern in squat silos and proposed relevant catieel method.
This theoretical method based on the assumptiort tha
circumferential normal pressure related to the peeight of
stored solids of each point on the circumferenaes$ure
distribution prediction at any level could be acgiished
through proposed formulae.

4) Finite element model that modeled eccentric ldisge
on static conditions has been built through ANSZ8ntact
analysis and non-linear analysis are directed fteatethe
interaction between stored solids and silo wall.

5) A close fit was found through results comparison
between FEM and theoretical results on verticalsguee.
However, at the bottom zone of the silo, the valtjressure
curves had two different shapes, showing the deviat
between the theory and FEM about the pressure siaaljhis
is because the inherent defect of Janssen’s thbatyleads
this inaccuracy. What was the limitation is thansken’s
theory could not take the boundary condition atlib#om of
the silo into account, whereas constrains at trse lmd silo
significantly influence the distribution of vertigaressure.

6) Some reasonable fitting results of the comparisd
FEM and theoretical resultants about circumferdgtrrormal
pressure were shown in this passage. Theoreticdhote
proposed in this story seemed rational accordingth®
example analysis. Nevertheless, some adjustmentsdwae
done to adopt the FEM results and even experimeesailts
better.
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