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Lateral Pressure in Squat Silos under Eccentric
Discharge
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Abstract—Theinfluence of eccentric discharge of stored solidsin
squat 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 channd and flow pattern of stored solidsin
sgquat silo are studied. In this passage, based on Janssen’s theory, the
method for calculating lateral static pressure in sguat silos after
eccentric discharge is proposed. Cal culative formulae are deduced for
each of three possible cases. This method is also focusing on
unsymmetrical distribution characteristic of slo wal normal
pressure. Finite element modd 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 cereals, coals, 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 all 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 frictional
tractions exerted by the eccentrically 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.

Y. Z. Zhu is with the Key laboratory of Concrete & Prestressed Concrete
Structures of Ministry of Education, Southeast University, Nanjing, 210096,
China (phone:+8615151850818; e-mail: trezeguet_zyz@163.com).

S. P. Meng is with the Key laboratory of Concrete & Prestressed Concrete
Structures of Ministry of Education, Southeast University, Nanjing, 210096,
China (e-mall: cardoso_meng@sina.com).

W. W. Sun iswith the Department of Civil Engineering, Nanjing University
of Science and Technology, Nanjing, 210094, China (e-mail:
Sww717@163.com).

International Scholarly and Scientific Research & Innovation 6(7) 2012

The concept about overpressures, which means larger
overpressures are generated when silos are unloaded
eccentrically, has been aso proposed by several 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 silos is an important design aspect which must be
taken into account.

Severa 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, 19844, b; McLean and Bravin, 1985 [4]; Ross et al.,
1980 [5]; Thompson et al., 1986, 1988a [6], [7]). At the same
time, numerous calculative 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 circumferentialy asymmetric
pressures simply 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 channel, 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 specia 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 sguat silo’s tubular flowing
pattern, which differs from that of slender silo, makes Rotter‘s
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theory unsuitable for predicting wall pressure quat silos,
for that the flow channel is relevant fixed whee deometry
of the silo and the outlet is determined. Moreovepper
cone-shaped stored solids above the supine sudfasquat
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 theoryi§lt®eated as
the base, the calculation procedure suitable foaisgilos is
proposed. And then a simple squat silo, generatirgforced
concrete silo, is given to assess its wall pressyrenethod
described in this paper. The finite element mettiEM) and
the commercial finite-element program ANSYS 10.Quéed
to analysis the load actions on structural. The pzmson
between theoretical and FEM results would illugsathe
reliability of this set of calculative method inthaced in this
story.

Il.  FLOWING PATTERN IN SQUAT SILOS

Also this channel that is assumed to contact viighwall of
silo leads to a corresponding frictional tractisvhereas in a
squat silo, the flowing regime is relevantly lindteand its
dimension is fixed when the geometry of silo, eggdicoutlet,
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 iteas well
the stored solids adjacent to the silo wall stayis(Fig. 2(b)),
flowing part of stored solids would have a limitefluence on
the variation of fractional traction of silo wallhe imbalance
of vertical friction forces caused by differencessiatic and
dynamic coefficients of friction combined with the
asymmetric geometry generated by eccentric disehargnot
obvious in a squat silo wall [21]. And this fricidmbalance
generated inside the flowing channel during ecoentr
unloading has little influence on the overall siall pressure
due to its limited dimension of the channel. Coasity all

The calculation about wall pressures under eceentilese 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 flaaing

solid components on the silo wall. Meanwhillee aspect ratio
of the silo is considered to have an importantuiefice on the
possible patterns of flowing (Fig. 1). Considerithgit 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].

3
[T
‘ |

\ 1 | | 2 |
(a) Parallel (b) Taper (c) Eccentric paialtl) Eccentric taper
pipe flow pipe flow pipe flow mdlow
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 tage
pressure pattern in a slender silo is based onrallglasided
flow channel which is actually cylindrical surfatteroughout
the height of the silo (Fig. 2(a)).

International Scholarly and Scientific Research & Innovation 6(7) 2012

449

focus on static pressure when eccentric dischangpends.
The appearance and distribution of stored solidsdé the
silos seems crucial for building mechanical model.
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Fig. 2 Eccentric discharge flow model

Il WALL PRESSURESCALCULATION

A. Calculation Assumptions

Three basic assumptions are made when deducing the

calculative method of lateral pressure for squbissunder
eccentric discharge:

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

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,
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it is assumed that pressure under eccentric digehas MV
approximate to that under concentric dischargesAsiown in q(0)= T 3)
Fig. 3, part of stored solidsC(CDD’) is added to calculate

wall pressure of poinbl. However, the influence of this part _Here, the geometry of section is shown in Fighé, angle
of stored solids is limited; moreover, this approation is of response is defined k/and the vertical distance from the

advantageous to the design of silos. vertex ofD to the supine surface is settgs
_ The expression about the volume of remanent steoéds
B. Pressure in the Wall above the supine surface of silo is:
According to different discharge stages, three ibtesssases sTtan 1 3
are considered in this passage and these caselass#ied by AV = 'B{ R _Z(COtﬁDb + e F) } 4)
different geometrical relationships among dischasgéeface, ) ] ]
static stored solids, and wall of silos. and the sectional area at the height of zero is:
1) Case 1 A =R (5)
Subject to the boundary, the consta&itin (2) may be
solved as:
R tang 3 P
& C= cot +e- R — 6
. N § ly24R2( Ay g u'K ©

e 2) Case 2
|

A

(b)
Fig. 4 Model of case 1

In this case, the vertexD{) of the transferred discharge
surface, which is conical, shown in Fig. 3, islstibove the
supine surfaceMN) of the silo. The surfac®BC shown in Fig. 5 Model of case 2
Fig.4 (a) is actually a conical surface and thisved surface
intersects with the conical surfad®IN and pointsB andC lie
in the line of intersection.

As general practice, it is assumed that the hotaton i
pressurep is relatively constant surround the silo wall, thesurface of the silo. ) .
ratio of the horizontal pressure on the wall totiean vertical The vqu_me_ of remanent stored solids above thensupi
stress in the stored soligis simply defined by the parameterSurface of silo is:

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

K, which is taken as a material constant. mang 1 3 3
' = —-— h + + —
The equation of vertical equilibrium of a slice dhghout av 3 {Rg 4(COt’B € F’ ( b cotB )3

the silo section may may be written: @)

and also the sectional area at the height of zeas:i
A =n(R2— tf,cotzﬁ) 8)
Where:

» is the unit weight of the stored solid:; When the calculative height satisfl@s z< h, — etang,
i is the wall friction coefficient for solid againthe ~ then the equation of equilibrium would be written a

QA+ y Adz= AE w% d%w’ bud

cylindrical wall; _ dq .
U is the perimeter of cylindrical silo wall. AN +ydv= Az o 4 dz 9z u (p U§i ©)
The solution to (1) would give Janssen's equatmmtlie The expression of sectional area would be an esuatf
horizontal pressure at depth z: the heightz
'Kz
p:£+qu-7 2 A2=nR-m(h - eanf- ¥ cofB (10)
y75 According to the Taylor's formula, the expressioh o

Where: sectional area would be simplified as:

p  is the hydraulic radius of silo, equals sectiona A(z+d)= A+ Axde "A)e i @11

area divided by perimeter of cylindrical silo wall; anq the differentiation of volume would be expresas:
C, isthe arbitrary constant.

— | z+dz -
According to the vertical equilibrium of stored isisl above dv = _[ . A2 dz (12)

the supine surface of the silo, the boundary cardithat the Using (11) and (12), (9) would be stated as follows
mean vertical stress at the height of zero couldiiten:
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d When the height belongs@x z< h, — etang, then:
 y=S3)(R ~(n, - wang - 7 cot ) &

(13) a(2) =Y yg 6"
=-271(h, —etangB - z)cot S0q+ Ku 'Ulc A, G (22)
The equation of solution to (13) would be: Where:
) :/]1+ c, e (14) (2 :In[ R(1-cosP - Rtang -z§ (& cosB })
Where: ' Ku'u &rctan}{ + ZCOt'g)DtaW
A is the parameter defined as: + =
A(@=In[ R(l-cosPB ) b, —etanB -zJ (& cosB ) 3
23
Ku'U @rctanhfhf’ —etanB-2) COtﬁ] Man 8 According to the boundary condition:
+ R q(0)=0 (24)
R 5(0)
Ca= e (25)
(19) 2,(0)
Also, the boundary condition of the vertical strgss: y yeAz(o)
—etanf)= +
q(0) = % (16) alhy 2 INR*(1-cosPB) RA,(0)(1-cosP)
When satisfying the boundary, the const@ptin (2) may (26)
be solved as: When the heigh ' -
ght meets wig® h, — etanf, the
_JAav_ 1 ©) _HKz
Co = y( A, /]l(o)jeﬁl 17) q :_K'OK +C,e ”? (27)
The vertical stress at the heighthgfwould be: H LK (hy—etans)
a(h) = y AV 1) pe C,o=(a(hy - etang)-E ye 2 (28)
In[R*(1-cos28)] | A A(0))R(1- s2p) H

C.Circumferentially non-uniform pressures distributio

(18) Both the pressures in bottom of the silo of pdihtand N
When the height meets wilhy, —etan8< z< F, the could be calculated by the formulae deduced abdviehware
defined asp(M) and p(N). It is assumed that the value of

expression about pressyrenay be written as: ; .
P P wrenay pressure about each point surround the circlee®l& the

'Kz

p :L,OJr C, Ke_ﬂp (19) height of stored solids of each point, therefore #guation
y7a 2 would be expressed as:
Using (18) as the boundary condition, the constatin p(M) h(M) a
the pressure equation (19) would be solved: ——== [—) (29)
p(N) (h(N)
Q| =ty - etanp = q(hy— etanf) (20)  Where:
LK (hy—etang) h(M) is the height of highest point of stored solids
— w . p h(N) is the height of the poi@, shown in Fig. 4
C,= - danfB)-— |[& ° '
22 {Q(rb B) /,I'K} (21)

The coefficientz may be determined by the aspect ratio of
the silo, the property of the stored solids anaépfhctors, 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) V' H(N)

3) Case

w

(30)

Fig. 6 Model of case 3

In this case, the vertex of the transferred disgphaurface
cone D), shown in Fig. 6, is below the supine surfalwiN)
of the silo and the highest poinB)(is below the supine
surface.
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p(8)

p(M) p(N)

Fig. 7 Circumferential pressure distribution

It is supposed that the pressure distribution jgle¢shown
in Fig.7, on the circumference could be expresseidlows:

_ h(6)
p(6) = p(M) h(M) (31)
Where:
p(¢) s the pressure of circumferential distribution;
h(6) is the height of the each point on the intersegtion
shown in Fig. 4;
0 is the central angle.

In order to deduce the expressionhgf), three different
cases are also specified, shown in Fig. 8.

Fig. 8 Height of stored solids

>
ar,
\

Fig. 9 Dimensions of the silo model

The silo with height 30 m and a radius of 20 m lzad
aspect ratio of 0.75 which is classified as squlat She
eccentricitye of the discharge outlet center is 10 m. Here, the
dimension of the flowing channel is neglected foattin the
static pressure analysis procedure the radius eofdibcharge
outlet has no influence on the distribution of stbrsolids
when the discharge has been suspended.

B. Numerical model

The eight-node SHELL 93 element was selected toetnod
the wall of silo, and the thickness of the shelkvezfined to
400mm. Eight-node SOLID65 element was used to sitaul
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 utilized to consider interactio
between silo wall and stored material. 3-D eighteno
Surface-to-Surface  CONTA 173 and 3-D target segment
TARGEL170 were applied to couple field contact asesy
Selected areas of the silo wall were meshed withThRGE
170 element. Then the areas of stored solids weeeted and

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

the expression aboh{#) would be:
h(g) = ~(RtanBy +If + etarf § (2Rcof - e)
2(-Rtanf £ h, + eco¥ ta )

(32)

those elements over the faces of the SOLID 65 eitsnia
contact with the wall.

Referring to the definition of the model variablébree
plastic parameter values necessary for the developof the

If the pointB is above the supine surface, whereas the poiRtucker-Prager criterion were introduced: cohesioternal

C is below that plane, the expression aligéd) would be:
—(RtangBY + If + etarf B (2Rcoé - e) h
2(-Rtang +h, + eco® ta)

tanB Rco® j+ RmO+e)?—h, +h

(33)
As is shown in Fig. 8, when both of the poBiand C are
below the supine surface, th@) would be written as:

h(f) =tanB\/ (Rco j+ Rsif+ e)+ ph+ t

h(6) =

(34)

IV. EXAMPLE ANALYSIS

A.Model generation

For analyzing the static pressures, interactiorcarfcrete
walls, elasto-plastic behavior of the stored solidad the
structure consequences in a cylindrical concrdte with a
flat-bottom companying with an eccentric outletygical silo
is designed, and the dimensions of which is shawfig.9.
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friction angle, and dilatancy angle, the elastiocapzeters
necessary for the elastic part of the behaviorhef material
were also presented: Young’'s modulus and Poissatis,
listed in Tablel.

TABLE |
PARAMETERVALEUES FORNUMERICAL MODEL
Property Value
Unit weight,y (kN/n7) 16.0
Young’s modulus, E (MPa) 10.0
Poisson’s ratioy 0.32
Cohesion, C (MPa) 0
Internal friction angle® (o ) 33
Dilatancy angleg (o ) 33
Coefficient of friction with the wall, 05

0

452

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 thegtkes of
freedom of the nodes at the bottom combining wite t
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foundation were constrained (shown in Fig. 12). Sihe wall
meshed model solely without constraints is showfigm 10.
Fig. 11 represents silo wall model in company wstbred
solids model, also without constraints. Fig. 12 i¢ates
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 afnral

cylindrical wall, the results got through theoratianethod,
which base on Janssen’s 1895 theory present arender
normal pressures that are very similar to the tesalbtained
from FEM. According to the FEM analysis, closing tte
bottom part of the silo, pressures decrease dfter 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 FEMnciple
of theoretical results presents a continuously eased
tendency.

For the first state which is the incipient stagedisfcharge,
Fig. 13 (a) shows an approximately symmetrical abtristic
about the distribution of lateral pressure. The FEMd
theoretical results are fit close to each otheeeigtly at the
top of the silo. According to the FEM results, pe®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 Has#oo
Being worth mentioning is that at the top of thi® shat the
vertical coordinate is zero, these normal pressulidsnot
equal to zero, which illustrates that the equivilsurface
above the top face of silo is necessary for catmgathe
normal pressure.

For the second state, the pressures of left side hiae
similar varied tendencies compared to those afithestate.
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 tostloewall.
From this state, the pressure curve began to predmmous
difference between two sides of the figure mairggduse of
the asymmetry of stored solids between two sidesilof
center inside the silo. According to theoretical timoe,
maximum pressures of two sides are 107.63 kPa amb9
kPa whereas the FEM results show two maximum vadtes
115.9 kPa and 108.55 kPa.

The most distinct characteristic of pressure caatveut the
third state differs from the first two states iattlat the left side
of Fig. 13 (c), the pressure at the top face af wsi&s 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 ratidled 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 thbk bioles of
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(d) State 4
Fig. 13 Vertical lateral pressure comparison umtiéerent discharge
stages

D.Circumferential pressure results analysis

Fig. 14 shows the comparison between the FEM aed th
theoretical results about the circumferential puess
distribution. Two curves in each figure seem fitsg to each
other, illustrating that the calculative formulal}3suggested
in this passage is practicable. However, small atigp was
existent and the improved measure would be thasirgythe
coefficienta proposed in (29).

160
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—e— Theo
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pattern in squat silos and proposed relevant catigel method.
140 This theoretical method based on the assumptiort tha
—¢—Theo circumferential normal pressure related to the peeight of
stored solids of each point on the circumferencessure
distribution prediction at any level could be acgiished
through proposed formulae.
80- 4) Finite element model that modeled eccentric Idisge
on static conditions has been built through ANSZ8ntact
60 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.
O 20 4 60 8 100 120 140 160 180 200 However, at the bottom zone of the silo, the vattjressure
central angl® (degree) curves had two different shapes, showing the deviat
between the theory and FEM about the pressure sisaljhis
(c) State 3 is because the inherent defect of Janssen’s thatyleads
this inaccuracy. What was the limitation is thansken’'s
theory could not take the boundary condition atkibtom of
- fheon the silo into account, whereas constrains at thee I silo
807 significantly influence the distribution of vertigaressure.
6) Some reasonable fitting results of the comparisd
60 FEM and theoretical resultants about circumferdigtimormal
pressure were shown in this passage. Theoreticéhoae
40 proposed in this story seemed rational accordingth®e
example analysis. Nevertheless, some adjustments$dwiz
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