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ABSTRACT 

A study was undertaken to demonstrate the applicability of rnodified Cam-clay modei 

to the study stress distribution in storage bins. Effects of insen location, insert size, insert 

fiction, hopper outlet size, hopper dope, and bin wall fiction on stress distribution in ground 

feed inside storage bin were investigated using finite element models. Simulations were 

carried out for filling of the storage bin and initiating draw-down. Stress distribution were 

plotted d e r  the bin was filled with ground feed and after draw-down was initiated. Results 

of simulation were cornpared to results of experiments on mode1 size bins. 

The modified Cam-clay model is an elastoplastic model that uses three critical state 

parameters in the constitutive equation: h. K, and r. The Cam-clay parameters for ground 

feed were determined by tr iaiai tests. The parameters h. K, ry and hl were 0.045, 0016, 

2 .OO3, and 1 977, respectively . S I G W  software was used to prepare models of storage 

bins and solve finite element equations. Stress distribution changed in the bin when any of the 

insert or bin parameters were changed. The region near the hopper outlet had low vertical and 

horizontal stresses in bins where high flowability was expected. It was obsewed that mounting 

method of insert resulted in change of flow behaviour. Flowability increased and then 

remained unchanged as the insert was mounted higher up in the bin. Flowability increased as 

insert size and fnction was decreased Flowability increased with increase in size of hopper 

outlet but decreased as the hopper slope was reduced. Chances of intempted flow decreased 

with decrease in walI fiction. 
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1. INTRODUCTION 

In any operation involving particulate solids, successfùl handling, storage, and flow 

of the bulk material is a major and essential part of the overaii plant design (Shamlou 1988). 

The proper design of bulk solid storage and handling equipment requires knowledge of 

particle and bulk properties of the particulate material in static and dynamic conditions. Bulk 

materials are composed of individual particles and pores filled with air. Bulk properties, 

therefore, depend on both individuai particles and inter-particle interactions. Particle size, 

shape, and surface area are funaamental characteristics of bulk solids and are of paramount 

importance in most unit operations involving such materiais. They detennine, to a large 

extent, the degree of interactions of particles with the surrounding material and with each 

other. These interactions critically influence the behavior of the bulk matenai. e.g., it's 

flowability, tluidizability, and compressibility (Shamiou 1988).Throughout the process 

industries, deep bins and silos are used extensively for the storage and transfer of bulk solids 

such as chernicals, foodstuffs, p hmaceuticals, cernent, coal, polymen, and powdered metals. 

In most cases it is important to ensure an even mas  discharge of the material between process 

stages, with a minimum of alteration in the qualiry of the stored product. Flowability of a 

materiai, however, may change depending on the condition of the stored materiai and type 

of storage structure. Pariseau and Nicholson (1 979) showed that flow-no 80w condition in 

a grain bin depends on the extent of the plasticity zone near the hopper outlet. Depending 

upon the bin structure and construction material, stored materid properties, and size ofoutlet, 

the flow can be mass flow or fume1 flow (Shamlou 1988).The terminologies used in this study 

to describe the flow of ground feed are those defined in the ASAE Engineering Practice 

deaiing with loads exerted by free flowing grains on bins (ASAE 1993). Fumel flow is 
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deked as "flow fiom a bin in which aii grain rnovement occun through a central core with 

no movement occurrkg along the bh wall." Mass flow is describeci as "flow fiom a bin in a 

manner such that movernent occurs along ail or part of the bin wall" (ASAE 1993). The 

cornmon problems associated with hmel  flow in bins are that of segregation of material and 

formation of rathole and arches in the proxiinity of the discharge opening. The tendency of 

material to bridge over the outlet and stop the flow is greater when fume1 flow occurs than 

during mass flow. The arches are formed at arbitrary intervals and have various forrns and 

durations. They c m  be formed Iocdly or over the whole area of the aperture. The formation 

of an arch may or may not cause the 80w to fa11 to zero. Each time an arch is formed, the 

flow is partially intermpted and the arch carries al1 the dynamic pressure of the material 

flowing above the arch(Peschl 1969). The unstable arch fonned for a shon duration is also 

called dynamic arch. Unfavourable circumstances can cause an arch to become stable and the 

bin to be clogged. The chance of arch formation increases as the ratio of aperture diameter 

to particle size decreases and as the cohesion and interiocking of particles increases. When 

a stable arch collapses by itself or is caused to collapse, the material flows again for a duration 

which depends on bin-particle interactions. An arch cm be coliapsed by mechanicaily 

breaking the arch with a rod, hammering the hopper, vibrating the bin and material, designing 

bins with adjustable hopper aperture, or by using flow corrective inserts. Flow aid devices 

such as vibrators and air blasters are also used to break arches. These devices, however 

become unsuitable for cohesive materials as they are sensitive to the over-compaction caused 

by these devices. Alternatively, bin inserts can be placed within a bin, usually within its hopper 

section, to increase the size of the active flow channel in a fume1 flow bin and to relieve 

pressures at the outlet region thereby decreasing chances of arch formation and improving the 



flow. Invened cones and pyramids have been used for yean in this regard but with limiteci 

success. Work by Johanson (1966) suggest that inserts of an appropriately chosen shape 

when placed at a certain height above the silo outlet considerably reduce the size of stagnant 

zones observed in a fume1 flow bunker and thus enhances uniform flow behaviour. Despite 

al1 the research done, the exact rnechanism that causes the insert to work effectively is not 

known. Ienike (1964) indicated that an insert could also be employed to redistribute the 

stresses in the flow channel. He suggested that self-perpetuated over-conso iidation offlowing 

materials could not develop due to the influences of inserts hence stable arch or dome 

formation near a hopper outlet would not occur. It may be noted that most of the research 

has been done on granular matenal (Johanson 1966, Ienike and Johanson 1969. Tuzun and 

Neddeman 1983, and Zhang ei of. 1987). Though several models have been developed to 

shidy the behavior d q  powders. very few have been applied to simulate the materiai behavior 

in storage bins. In this research, finite element method was used to determine the effect of 

insert on the stress distribution in stored material inside storage bins. Models were also 

developed to study the influence of bin-hopper parameters on stress distribution. Study of 

stress distribution becornes imperative as it largely influences the formation and stability of 

arches at the outlet which in tums effects the flowability of the matenal. In this regard it is 

worth noting that for cohesive materiais. cohesion of a few tenths of a psi (700 Pa) or less 

may mean the difference between flow and no flow. 



2. LITERATURE REVIEW 

2.1. Fiow Patterns in Storage Bins 

The matenal flow pattern in a storage bin depends on various factors such as the 

shape of bin, roughness of intenor surfaces, and properties of stored materials. Mass flow 

occurs when the entire volume of stored materid is in motion while fume1 flow occurs when 

the material flows towards the outlet in a channel that fonns within the stored material. Jerdce 

and Leser (1964) indicated that the conditions of mass flow depended on wall fiction, 

intemal fiction, and hopper half angle. Any factor which affected one of these three 

parameters could have an effect on the flow mode. Gaylord and Gaylord (1984) concluded 

that for mass flow to occur, the hopper walls would need to be sufficiently steep and smooth 

to assure sliding of the solid dong the wall. Jenike and Johanson ( 1969) indicated that for 

mass flow to occur, it is dso necessary that the flow controlling device permit flow through 

the whole cross section of the outlet. 

Photographie techniques were used by O'Callaghan (1960) to study flow patterns of 

grains (wheat and barley) in rectangular mode1 bins. He observed that the failure lines 

between the stationary and moving grain were not straight lines, as were generally assumed, 

when grain was discharged through a central outlet. Based on the principles of soi1 mechanics 

he concluded that the mpture lines between the stationary and moving grain were best 

described by logarithrnic spirals.Giunta (1 969) determined flow patterns of granular material 

in flat bottom bins. He found that boundaries of flow patterns were a fûnction of the effective 

angle of fiction of the material, the diameter of the outlet, and the head of matenal in the 

storage bin. The flow expanded outward from the edge of the opening and becarne almost 

vertical near the top of the bin. Bemache (1969) opposed the comrnon notion that a smooth 
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wall finish, such as aainless-steel miil finish as opposed to carbon steel would produce mas 

flow in less steep cone. He presented case studies of how the kinernatic angle of fnction 

between dry solids and bin walls affected the design of mass flow hoppers and how it varied 

for different rnaterials. The kinernatic angle of fiction was determined on a flow-factor tester 

and wall yield locus was ploned. The wall yield locus for e m h  Celite 545 was same for 

carbon steel and cold-rolled staidess steel. This rneant that though carbon steel had kigh 

surface fiction, it could be used instead of stainiess steel for bin fabrication and yet there 

would be no effect of surface roughness of bin wall on flow of earth Celite 545. Moriyama 

(1983) investigated the effects of filling methods (central and peripheral) on flow patterns in 

a half cylindrical bin with a glass board in the front. The results showed that when bulk solids 

were poured into the central part of the bin, perfect mass flow could be anained during 

discharge. Inversely, when bulk soiids were penpherally filled to the centrai part of the bin, 

fumet flow occurred during the discharge. The effects ofdepth of grain on flow patterns were 

studied by Schwab et al ( 1989). They carried out tests by discharging wheat from the central 

outlet of a full scale steel bin which was 4.08 m in diameter and with a maximum possible 

H/D ratio (the depth of grain in the bin to the diarneter of the bin cross-section) of 5.0. They 

found that funnei flow occurred when the ratio of WD was less than 1.55, and mass fiow 

occurred when the ratio of H/D was greater than 2.6. Bucklin et al. ( 199 1) conducted similar 

studies. They observed flow patterns of corn and wheat dunng discharge fiorn four clear 

plastic flat bottom model bins. When the ratio of WS (the grain depth to the distance across 

the bin) was less than 1.25. wheat and corn always discharged in fume1 flow. For 

1.25 s WSQ. 5, wheat discharged in a transition state between h e l  flow and mass flow, 

cded  intermediate flow. For 2.5 s WS<3 - 5 ,  wheat discharged in either intermediate or mass 



flow. Wheat afways discharged in mass flow for WS=3.5. For 1.25 s WS<I . S. corn discharged 

in uncertain flow patterns. 

2.2. Factors Affecting Flow Behaviour 

Knowledge of bulk properties of particdate materials is essential to predict the flow 

pattern that would exist in the aorage bin when the material is discharged. The important 

properties include the effective angle of the intemal fnction, the angle of the wall Giaion, the 

flow factor, and the flow function. 

For an arch to occur in a flow channel, the solid had to be consohdated to such a 

degree that it developed sufficient strength to support the weight of the arch (Jenike1964). 

Jenike( 1964) proposed that since there were no stresses on the exposed surface of arch, the 

stresses parailel to it was the principal stress whose maximum value was equal to the 

unconfined yield strength t; when the arch was broken. Hence, the higher the value off, for 

a material at a given consolidating pressure in a channel, the lower the flowability of the 

materiai in the channel. Jenike expressed the flow function (FF) as the ratio of major 

consolidating pressure to f,. He also prepared charts for flow factor (ff), which was funaion 

of the effective angle of fiction- the angle of fnction of solid on hopper wall, the dope ofthe 

wall, and the type of tlow. If for any storage condition, ff > FF, uninterrupted flow occurred 

in bin. 

Schweds (1983) studied the effect of the effktive angle of fiction on flow pattems. 

He concluded that the distinction between mass flow and fume1 flow was determined by the 

bin geornetry and flow properties, and the goveming parameter was the angle of the friction 

between solids and wall matenal. Ooms and Roberts (1 984) aiso indicated that the angle of 

the wali fiction had influence on flow patterns both in conical and plane-flow bins. For a 



given geornetry, a smdl increase in the wall fiction angle would change a mass flow hopper 

into a h e l  flow hopper. Roberts (1 99 1) concluded that of the various parameters afFecting 

the performance of a hopper. fiction at the boundary surface had major infiuence. Carson and 

MarineIli ( 1994) stated that the effective angle ofthe internai fiction and the angie of the wall 

friction were imponant parameters charactemg the flow propenies of a solid. They 

concluded that the lower the angle of the wall friction, the less steep the hopper walls needed 

to be to get mass flow. This conclusion was in agreement with that drawn by Ooms and 

Robens (1984). Typically as the consolidation pressure increased, the effective angle of the 

interna1 fiction increased. 

2.3. Pressure Profile in Storage Bins 

Knowledge of the pressures acting in the stored materid and on the wdls of the silo 

is essential not only for the structural design, but also for determining the critical storage bin 

dimensions in order to ensure unobstructed discharge. The geometry of the storage bin and 

the characteristic properties of the stored material ultimately decide the tlow patterns and the 

pressure profiles developed within the storage (S harnlou 1988). Iohanson (1 964) presented 

a mathematical theory of stress and velocity fields for steadying gravity flow of bulk solids 

in converging charnels. The equations were based on the principles of soi1 mechanics and the 

theory of plasticity. A simplified stress field, also referred as radial stress field was calculated 

and supported with experiment evidence. He concluded that stress fields in the plain strain and 

in axial symmetry conditions converge to the radial stress field as the vertex of the channel 

was approached, i.e. r -. O. This convergence was of fundamental importance in the 

derivation of flow-no-flow criteria for partinilate solids because moa of the obstructions to 

the flow originated at the outlets of charnels. Since , in real channels, convergence to a radial 



stress field is very rapid, the stresses in the region of an outlet are well represented by the 

radial stress field. Jenike and Johanson ( 1969) proposed that three loading conditions should 

be considered in the analysis of loads acting on a bin : initial loading which ocairred when 

bulk solid was filled in the storage bin without any of it being withdrawn, flow loading which 

occurred after the flow had been established, and switch loading which occurred during the 

switch from initial to flow loading- Switch loading is transient and exens large concentrated 

forces on bin wall. Under the initial loading condition, the active state of pressure exists. The 

direction ofprincipal stresses is venically d o m .  During the flow, the passive state of pressure 

sets in, while the material in the hopper expands in a vertical direction and contracts in 

horizontal. Flow loading developed only within the boundaries of flow channel. At the 

beginning of flow a reonentation of stress fields occurs in the hopper area. Pariseau ( 1969) 

presented experirnental evidence to show that the plasticity theoq was a suitable framework 

for analysing the flow of bulk materials in bins and hoppers. He proposed a plasticity theory 

viewing the effects ofdeviatoric and direct stresses on the strain rates as separate but related 

phenornenon using a yield function based on the Mohr-Coulomb yield critenon. Pariseau and 

Nicholson (1979) studied the influence of hopper wall slope, wall fiction angle, and outlet 

width on the stress and displacement fields that evolved for a layer by layer filling sequence 

of a V-shaped gravity ffow hopper. The results were based on the elastic-plastic material 

idealisation and al1 the computation were made using finite element method. Practical design 

information in the fonn of hopper wall and bottom loads and growth of the plasticity zone in 

the vicinity of the outlet during draw-dom initiation was obtained. They found that 

increasing wall fiction enhanced shear failure at the outlet, but also retarded the materiai 

movement. Increasing outlet width increased displacement, however increasing dope did not 

increase displacement as the effect of wall friction dominated over the effect of slope. 



2.4. Arch Formation 

The two basic causes for the formation of a stable arch at the outlet are the mechanicd 

interlocking of large (diameter > 3000 p) nec-flowing p h c l e s  and the cohesive strength 

of fine grains (Shamlou 1988). The concept of flowability of a bulk solid is based on the 

observation that, in order to support an obstruction to a flow, a solid has to have compressive 

strength. A solid which develops no strength, like dry sand, is free flowing. Flowability of 

cohesive materials is rneasured prirnarily by the flow function (Shamlou 1988) which is 

detemined by consolidating a sample of solid under a given pressure and measuRng the 

generated compressive strength; the higher the strength, the more the capability of the solid 

to support obstruction to flow and, the lower its flowability. When the unconfined yield 

strength ofthe powder exceeds the force tending to break it, a stable cohesive arch is formed. 

Mechanical arching may be avoided by having an outlet size that is several times larger than 

the particle size. Ln order to determine the minimum dimension of the outlet to prevent an 

arch or a dome from forming. An arch or a dome is defined by th-e flow charnels in which 

blockages formed. An arch formation takes place if the channel is wedged-shaped and a dome 

is formed if it is a conical channel. In the worsr case scenario, the only force acting on the thin 

uniform layer over the arch, which tends to break it, is its own weight. The arch is a self- 

supporting structure such that the upper and lower boundaries were free surfaces. The rninor 

principal stress (normal to the Free surfaces) was zero at any section, and the corresponding 

major principal stress was tangentid to the arch. Since the maximum shear stress in principal 

stress space is at 45" with the principal direction and is equal to one-half of the major principal 

stress (since minor principal stress = O), the maximum span of an arch which could be self- 

supporting under this stress state would be attained when the shear stresses on the vertical 
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sections at the abutments were equd to unconfhed yield strength. Jenike ( 1964) pomilated 

that this condition was realized when the major principal stress at the abutments reached the 

unconfined yield strength of the solid and acted at 45" with the horizontal. B a d  on this 

criterion, the following equations were derived to predict the minimum dimension of the bin 

opening for avoiding arch formation: 

1) For a wedge-shaped bin, the rectangular opening width was: 

2) For a conical bin, the diameter of a circular opening was: 

where: 

b = minimum width of a rectangular opening (m), 

g = gravitational acceleration (m/s2), 

f, = unconfined yield strength of solid (Pa), 

y = bulk density of solid (kg/m3), and 

d = minimum diameter of a circular opening (m). 

Equations. (2- 1)  and (2-2) were correct only for hopper angle 81). Jenike (1964) 

assened that the required outlet diameter was also a fûnction of the hopper half angle 8, and 
2s 

thus, his solution gave values ofb for wedge hoppers v@ng essentially linearly from - at 
m 

1.3 fc 
8=0 to - 2 6  

at 8=60°, and values of d for conical hoppers ranged frorn - at 0 4  
gY gY 



Laforge and Boniff (1964) carried out a midy of formation of arches by observing 

the movements of particles in a model bin during draw-down. They descnbed converging 

particle flow paths as turbulence in which particles collided and rebounded, redting in erratic 

movements in al1 directions, and thus the penodic breaking of temporary arches was 

observed. They suggested that the formation of an arch over the hopper outlet was a resdt 

of compaction of cohesive material into solid rnass. The material was cornpacteci by the 

interna1 pressures. They pointed out that these pressures were not uniform throughout the 

mass. and were not equal in al1 directions as in case of Iiquids. Brown and Richards (1970) 

explained the mechanisrn of arching through a series of experiments. They assumed the 

motion of the particles to be governed by Bernoulli's equation. They denved theoretical 

expressions for discharge through plane and axisymmetnc flow geometries by considering the 

changes in the potentiai and kinetic energies of the moving grains and observed that the flow 

field irnmediately above the arch was purely radiai. They found that there was an empty space 

adjacent to the edge of the aperture within which practically no flow could take place. Peschl 

(1969) propounded that an arch was made up ofone or more layers ofgrains arranged in such 

a way as to be in equilibnum under contact stress of grains, so the theory of arches needed 

to be applied and not soi1 mechanics. By building up mechanical model of the arch, fields were 

found in the 'bin curve' in which a stable arch and a dynamical arch formed. Bin cuve was 

ploned for arch load versus displacement and fields were defined on the plot where dynamitai 

or stable arches could be expected. When an arch is formed, the stress suddenly increase and 

the material of which the arch is made up reacts by deforming. The deformation causes the 

radius of the arch to increase and this lead to increased stress in arch. The interaction process 

is repeated until either equilibnum is reached or the arch collapses. He suggested that stable 



arches could be prevented from forming by desiping the hoppers side wall at the outiet with 

a spring mechanism in such a way that if the stress increased, the wall would expand 

sufficiently to cause the required collapse. 

2.5. Flow Promoting Devices 

In case where it is impractical to design a bin or hopper that would be self-emptying, 

various devices can be used to promote 80w. One possible way is to blow air into the material 

via the perforated pipe Iocated in the matenal close to the outlet of the hopper. Wfiiams et 

al (1983) reponed that the best position for air entry in this method of injecting was about 

four times the orifice diarneter above the hopper outiet. An improvement to this method was 

suggested by Rappen and Wright ((1983). They reporied a number of successful case studies 

involving the application of air cannons to initiate flow in bunkers. Sledgehammer is dso used 

to mechanically dislodge any kind of blockage (Gaylord and Gaylord 1984). In some w e s ,  

hoppers are provided with holes through which rods can be inserted to loosen the material 

in case of arching or fbmelling. Vibrators have aiso been reported to be in use to induce flow 

in storage bins (Gaylord and Gaylord 1984). Vibrators were designed as units either 

suspended inside hopper or rnounted on the side wail. Altematively, entire hopper have also 

been designed to vibrate to promote flow. 

In case where the conical bin is not steep enough to have flow along the wds ,  an 

insert may be used to achieve the desired flow. The insert foms an annular slot opening, 

which in effect forms a wedge-shaped hopper resulting in flow at the walls only in the region 

infiuenced by the insert. Johanson (1 966) predicted theoretically the region influenced by the 

insert. The equations describing a flowing granular solid were hyperbolic, partial differential 

equations. Johanson (1966) also developed procedures based on the theory of gravity flow 



of granular solids to predict the proper placement of conicai inserts in conicai hoppen to 

create a mass flow in bins. Johanson (1966) suggested that an insert of an appropriately 

chosen shape when placed at a certain critical height above the outlet considerabiy reduced 

the size of stagnant zones observed in fume1 flow bunker and thus enhanced uniform flow 

pattern. He also snidied the effect of fixed insens on arch formation near hopper outlet and 

suggened that inserts redistnbute the stresses that develop due to over consolidation of the 

Bowing matenal. Experiments and practical investigation by Kvapil and Tanaka (1965) 

showed that for Free flowing buIk materials the use of horizontal baffles as inserts over the 

outlet produced a larger active flow zone. He suggested that a large insert placed near the 

transition of the bin and hopper developed a mass flow pattern and an insert placed near the 

outlet was usefui in eliminating piping and arching of bulk solids. He aiso caîculated the 

minimum baffle dimensions to improve flow. Ersov and Lisin (1 964) found in test models that 

the flow diminished or even stopped if the distance between the outlet and the bottom of the 

conicai insert became too small. but if the distance was too great, segregation occurred below 

the insert. The Bituminous Cod Research Inc.(Lee 1964) developed a method of placing a 

double-cone which was fitted in a tube below the bunker outlet. This arrangement was found 

to be superior to the single cone placed within the bunker, especially when handling coai at 

high moisture content and where the bunker was not operated for several days (Lee 1964). 

Compacting pressures in the double cone attachent were low, and thus a low cohesive 

strength was rnaintained in the matenal. Tüzün and Nedderman ( 1 983) investigated the effects 

of obstacles in a bunker on the formation of arches. They observed that obstacles increased 

the wall stresses dunng filling, but decreased them during flow. They concluded that stable 

arches, once formed resulted in sporadic discharge behaviour or in some cases, completely 
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nopped the discharge. Formation of arches was prevented by allowlig the material to flow 

in a cascading manner onto successive aress-breaking inserts placed at different heights dong 

the bunker. 

2.6. Constitutive Equations for Cohesive Materials 

This research aimed at applying elastic-plastic finite element method to midy the 

constitutive behavior of ground feed which is a cohesive powder materid. This was decided 

by observations of the physical behavior of the material. Finite element methods can be 

applied to m d y  the bulk solids as the materiai stored in the storage bin cm be treated as a 

continuum. Severai models available in the literature were investigated as to their application 

to cohesive rnaterials. The concept of plasticity was first introduced as early as later half of 

18b century by Coulomb who proposed a yield criterion for solids such as mils (Desai and 

Siriwardane 1 984). Later on, Rankine(l857) applied Coulomb's concept to problems of 

calculation of earth pressure on retaining wall. However, Tresca (1 864) is regarded as the first 

one to perforrn a scientific study of plasticity and formulated his yield criterion of maximum 

shear stresses. 

A generalisation to account for the effects of al1 principal stresses on yielding of the 

material was suggested by Drucker and Prager (1952) by using the invariants of the stress 

tensor. When the state of stress reaches the yield surface, the material undergoes plastic 

deformations. According to the criterion, a state of stress outside the surface is not stable. 

The material can undergo plastic deformation while the stress point was moving on the yield 

sunace. Rendulic (1936) and later Hvorslev (1969) obsenred that the constant void ratio 

contours on the triaxial plane for cohesive soils were the same under undrained and drained 

conditions. î h e  findings of Rendulic and Hvonlev were investigated by Roscoe et al. (1 963) 



who proposed models for the yielding of the soils based on the theory of plasticity. Many 

models have hence been developed to describe the yielding during compaction (Thompson 

198 1, Doraivelu er al. 1984,Nagoa et al. 1988, Brown & Weber 1988, Weber et al. 1 989, 

Trassoras et al. 1989). 

S tainforth and Ashley ( 1 973) presented a comprehensive model for determining the 

flow fùnction for cohesive powdersusing an empirical equation. This model was an extension 

of equations developed by Ashton et al. (1965) which related the tensile strength to normal 

stress. The calculated tlow function was compared to the flow function determined using 

Jenike shear tests. The results compared reasonably well to data obtained using Jenike shear 

tests. Molerus ( 1975, 1978) constmcted yield loci of cohesive powders by noting that shear 

and normal stresses were functions of the particle coordination number, material porosity, 

average particle spherical diameter, and the force components between pariides. The 

parameters involved were determined by using shear test data. A detailed review has also been 

presented by Tripodi (1 994) conceming key models in the literature that are applicable to 

cohesive materials. 

2.7. Finite Element Modelling of Stored Material 

There are numerous theories to relate the applied load to resulting deformation 

behaviour in powders. Constitutive modelling cm be approached by either microscopie 

(discrete element) models or rnacroscopic (finite element) models. Microscopie models 

consider each particle as distinct entity and then predict stress-suain behaviour based on 

distribution of inter-particle forces whereas rnacroscopic models treat the bulk solid as a 

continuum and describe Ioad deformation characteristics of the material as a whole. Due to 

a large number of particles in a given volume and cornplexity of the behavioural equations, 
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no microscopie model is available that can be readiiy applied. On the other hand, rnacroscopic 

models are easier to implement. They satisr the mass, momentum, and energy equations, and 

can be quite accurate ifthe model assumptions are reasonable. A number of midies have been 

c h e d  out to inveaigate the behaviour of stored material using the finite element models. 

Pariseau and Nicholson ( 1979) cmied out a parametnc study ofthe influence of hopper wall 

slope, wdl friction angle and outlet width. The stress and displacement fields were determiled 

for a layer by layer filling sequence of a V-shaped gravity flow hopper of £ked storage 

capacity and fitted with a dot outlet. The main objective of the study was to demonstrate the 

applicability of the finite element technique to the solution of bin-hopper mechanics problems 

such as cdculation of stress fields dunng bin filling and draw-down initiation. An existing 

elastic-plastic finite element program was used and the yield function was based on the 

extended form of von Mises yield cnterion. Bock (1989) and Bock et al. (1989) utilized a 

viscoplastic model to predict the stress relaxation of wheat en masse. Zhang et al. (1987, 

1988, 1989) used an elastoplastic constitutive model developed by Lade (1977) for soils to 

predict the response of wheat en masse to thermally induced loads in grain bins. This model 

was subsequently expanded (Li 1989; Li et al. 1990, 199 1) to incorporate the elasto- 

viscoplastic equations of Youngs ( 1982). The finite element method has also been used to 

predict loads in a powder during uniaxial compressive loading (Messing et al. 1982). Haussier 

and Eib1 (1984) descnbed the stress and velocity fields in discharging bins using the finite 

element rnethod. The bin and hopper geometry were discretized into triangular elements, 

varying in size from smallest at the hopper outlet to largest at the top. The constitutive 

equations were based on a model proposed by Lade (1977) and stresses had both static and 

dynamic components. The velocity fields were calculated using kinematic boundary conditions 



and equations of equilibrium. .&kari and Elwi (1988) predicted stresses in a grain bin at the 

incipient flow condition using Drucker-Prager's elastoplastic constitutive theory. Link and 

Elwi (1 990) also predicted bin pressures at the incipient flow condition using Dnicker-Prager 

theory. The bin and hopper were discretized into 8-noded grain elements and interface 

elements were introduced between the grain and the wall materiai. 

2.8. Critical state and Cam-Clay Model 

The critical state concept was used by Roscoe et al. (1963) in an artempt to describe 

the yielding of soils during triaxial tests. The critical states concept stated that a particulate 

material reaches a critical volume after which additional loading does not produce a change 

in volume. In other words. when a particulate matenai is Ioaded, particles rearrange, 

agglomerate, and fracture, causing the volume to either decrease or increase. The material 

then reaches a point at which additional load changes the shape of the given mass but not the 

volume. This state point is tenned the criticai state. Before reaching the critical state, the 

material undergoes successive yield states depending upon the material's response to loading 

conditions and the stress history of consolidation. 

The rnost common cntical stare models were those pattemed after the Cam-clay 

model. The Cam-clay model which was proposed by Roscoe et al. (1963) used three cntical 

state parameters: M (slope of cntical state line); A (slope of loading path); and K (slope of 

unloading path). Parameters e, (initial void ratio), p, (hardening parameter), and r (specific 

volume at the cntical state when natural log on mean effective stress (1n(p7)) is O) were also 

used in the elastoplastic constitutive equations. Al1 parameters were determined fiom the 

conventionai triaxial tests. The prominence of the model can be established from the fact that 

it's concepts were. and still are, utilized by several researchers. Nova and Wood (1979) 
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developed a load-deformation model for sand based on the Cam-clay model. Seven material 

parameters, determined by triaxial compression tests, described the plastic potential and yield 

fùnctions. This cohesionless model was modined by Nova (198 1) to include cyclic loading 

on clays. Carter a al. ( 1982) rnodified the Cam-clay model by introducing a degradation 

parameter to take into account cyclic and hysteretic behaviour. Akai and Yano (1985) 

incorporated deviatonc strain into Cam-clay model by defining a yield funaion which 

considered flow to be non associative and was described as both a consolidation fûnction and 

shear function. Herai (1989) modified the Cam-clay rnodel to consider anisotropic 

consolidation, non-associative flow mle and cyclic loading. Ten materid parameters were 

determined using undrained triaxial tests. Tnpodi et aL(1995) applied modified Cam-clay 

elastoplastic model for predicting the stress strain behaviour of wheat flour compacted in an 

aluminium cylinder-The model was also used to predict the response of wheat flour under 

compaction loading. Wheat Bour responded anisotropicaily to the applied loading, resulting 

in unequai wall strains hence unequal stress distribution in the compressed flour. 

2.9. Previous Study and Direction of Research 

In a recent study done at Department of Biosystems Engineering, University of 

Manitoba by Hao(1998) experirnents were performed to investigate the effects of inserts on 

flow behaviour of cohesive materials stored in two-dimensional wedge shaped model bin. The 

bin was 2400 mm hi-& and was rectanguiar in cross section with a width of 1000 mm and 

side of 400 mm. The hopper made a 30 degrees angle with horizontal and had an opening of 

38 mm. Flow patterns were recorded using a video camera and a computer image processing 

tool was used to analyse the acquired image to determine the inûuence of inserts on flow 

patterns and velocity profiles. 



The teas were performed without insens, with fixed insens, and with rotating inserts 

installed in the bin. The tests with the fixed insert were done at heights of 83, 174.26 1. and 

450 mm from the bin outlet to the bottom of the insert, and tests with rotating inserts were 

done at heights of 53 and 174 mm from the bin outlet to the boaom of the insert. 

Placing a h e d  insert at a height of 26 1 mm and a rotating insert at a height of 174 

mm improved the Bow qudity to the point where the bin was emptied without hurnan 

intervention. Flow was improved as the insert location was increased fiom 83 to 26 1 mm and 

from 53 to 174 mm for the fixed insert and for the rotating insert, respectively. No funher 

improvernent in flow was observed by increasing the mounting height of the fixed insert after 

26 1 mm. The rotating insert performed better than the fixed inserts did in irnproving material 

flow. 

The present research was an effort to apply finite element technique to simulate 

conditions similar to that of the previous study and extend the result to larger size bins. 

Modified Cam-clay mode1 was used to predict stress distribution in ground feed (cohesive 

matenai) inside storage bins of size used by Hao (1998) and f m  size bins (4 m high, 2 m 

diameter). Finite element caiculation was done using an existing software SIGMAN (GEO- 

SLOPE Intemationai Limited), which also provided CAD interface to draw shapes of bins, 

inserts, interface elements, quadilateral and triangular materiai elernents, boundary conditions 

and speciS, parameters such as type of analysis(axisymmetric or two dimensional), body 

weight of material, nunber of iterations, convergence criteria, Cam-clay parameters, and time- 

steps for fill. Contours were ploaed for Y-total stress and X-total stress after step-by-step fiii 

and after draw-down initiation. 



3. OBJECTIVES 

The literature review cited in the above accentuates that the study of bin-hopper is 

a complex subject. Problems such as arching and rat-holing have always been associated with 

storage bins especidy when deding with cohesive materials. Placing inserts of an appropriate 

size at an appropriate location enhances the flow behaviour in aorage bins. Although insens 

have been in use for many years now, more work is niIl needed to investigate the exact 

mechanism which makes them effective. This research started with the hypothesis that placing 

an insert in a storage bin redistributes stresses in stored matenai which results in an 

unobstmcted flow. 

The objectives of the research were : 

1. to demonstrate the applicability of a finite element model to the study of the effects of 

inserts on stress distribution in cohesive materiais inside storage bins dunng filling and 

draw-down initiation; 

2. to carry out parametric smdy to examine the effect of : 

i. insert location, 

ii. insert size, 

iii. insert surface friction, 

iv. size of hopper outlet, 

v. hopper slope, 

vi. bin wall friction, and 

vii. mounting method of insert 

on stress distribution in cohesive materials inside storage bin; and 

3. to compare the theoretical results with experimental data from a model bin fiom previous 

research. 



4.1. Finite Element Simulation of Mode1 Bins 

The finite element simulation was carried out using an exiaing sohare ,  SIGMAAW 

(GEO-SLOPE International Limited). The CAD interface was used to make the bin models. 

The discretized system consisted of fouowing components: 

(i) the stored material (ground feed), 

(ii) the stmcture (bin wall) surrounding the material, 

(iii) the interface between the wall and stored material, 

(iv) the insert inside the ground feed, and 

(v) the interface between the ground feed and the insert. 

Before proceeding any further, it is important to specify the nomenclature used to refer to the 

model bin used by Hao (1998) and model bins used in the finite element andysis: 

Lab bin - Physical storage bin used by Hao(1998) 

Halfbirz - Finite element model used in axisymmetric analysis of Lab bin 

FulI bin - Finite element model used in two dimensional andysis of La6 6in 

F m  bin - Finite element mode1 used in avisymmetric analysis of f m  size storage bins 

A finite element analysis consisted of two steps: (1) to model the problem and (2) to 

formulate and solve the associated finite element equations. Modelling involved designing 

the mesh, defining the matenal properties, and defining the boundary conditions. The 

modelling was done using 'Define' option of SIGMAAV for each type of bin for different 

conditions. 

4.1.1. Lab bin The bin walls were made of three pieces of plywood Lined with plexiglass and 



a piece of transparent plexiglass at the front of the bin. The bin was 2400 mm tall, and was 

rectangular in cross section with a width of 400 mm and a length of 1000 mm. The bin hopper 

was conaruaed by putting two plywood plates Iined with plexiglass inside the bin and the 

hopper half angle could be adjusted ffom 30" to 90" by changing the length of the plywood 

plates. A sliding gate opening was used to control discharge (Figure 4.1 . ). 

4.1.2. IIalfbin To simulate effects of insert on stress distribution in ground feed in Lab bin 

an axisymmetric mode1 was developed(Figure 4.2. (a)). 

4.1.3. Full bin To simulate effects of the mounting method of the insen on stress distribution 

in ground feed in Lab bin a Full bin mode1 was developed (Figure U . ( b ) )  .Three mounting 

conditions were sirnulated: 

(1) Asymmetncally mounted insert rotated at 30 O with hinged joint, 

(2) Symmetrically mounted insert with hinged joint, and 

( 3 )  S ymrnetncally rnounted insen with fixed joint. 

4.1.4. Farm bin An axisymmetric mode1 of a fam s ix  bin (2 m diameter, 4 m high excluding 

the hopper) was developed to study the effects of insert and aorage bin parameters on stress 

distribution inside ground feed (Figure 4.2.(c)). 

In al1 the bins hopper geometry was discretized into 6-noded tnangular and 8-noded 

quadrilateral elements (except for slip elernents which must be 4-noded quadnlaterd 

elements), varying in size fiom srnallest at hopper outlet to Iargest at bin top. Filling of bin 

was simulated in 1 0 increments and draw-down initiation was sirnulated in one time step. Six 

different parameters were studied in the Fann bin analysis (Table 4.1 .) 



/ Marking lines to analyse 
the flow pattern 

I - Hopper outlet 

Figure 4.1. Schematic of Lab Bin 





Figure 4.2. 



Table 4.1. Parameter combinations used for F m  bin study 

Insert Insert Insert Hopper Hopper Bin Friction 

Location' Size Friction Oudet* Slope* * k e a r  

(mm) (mm) Kh- (m'm) (mm) 

# Measured from hopper outlet to the boaom of the insert 

* Hopper outlet size for full size hopper (not for asymrnetric half) 

** Hopper slope referred in this study is measured w.r.t horizontal 

While analysing the effect of a parameter, the parameter under consideration was 

assigned different value in each of five tests whereas the rest of the pararneters were kept 

constant and were assigned the 'mid value' (shaded values in Table 4.1 .). The values of the 

pararneters were chosen in such a way that they covered a range of possibilities. Since the size 

of hopper changed with change in parameter in study of effect of hopper outlet and hopper 

slope, the insert was piaced such that it's bonom remained at the junction of bin wall and 

hopper for dl the cases. 

In the simulations where insen location and insert size keeps changing, it is more 

appropriate to represent the insen-hopper arrangement as a non-dimensional number Le. W/R 

ratio (Johanson 1966). Here R is the distance between the edge of the insert to the centre line 

of the bin and W is the distance between the edge of the insen and the side wail of the hopper 
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(Figure 4.1 .). The WW ratios for Halfbin and Full bin are given in Table 4.2. 

Table 4.2. WW ratios for Halfbin and Full bin 

-- - 

Insert location from R W 

hopper bottom (mm) (mm) (mm) 

Insert location from R 

hopper bottom (mm) (mm) 



- - - - - - 

Size of the iasert R W R/W 

Full &(c) 

For granular materials. Johanson ( 1966) determined the cntical values of W/R ratio 

which would result is the mass flow. The advantage of using this ratio is that it alone accounts 

for any change in size of hopper, dope of hopper, size of insen, and/or location of insen. 

Experirnental results of Johanson ( 1 966) indicate that the cntical W/R values are independent 

of the slope angle of insert. 

4.2. Description of S I G b W  

S I G M  is a finite element software product that can be used to perform stress and 

deformation analyses of earth structures. S I G M M  is a 32-bit, graphical software product 

that operates under Microsoft Windows 95 and Windows NT. SIGMA,W includes three 

executable prograrns; DEFINE, for defining the model, SOLVE for computing the results. 

and CONTOUR for viewing the results. The DEFINE program enables problems to be 

defined by drawing the problem using Cornputer Aided Drafting, (CAD) interface. Once a 

data file is created with DEFINE, the problem is solved using the SOLVE program. 

CONTOUR is used to graphicaily display the andysis results computed by SOLVE. 



4.2.1. Units Any set of units can be used in a S I G W  analysis. However, the units mua 

be used consistently throughout the analysis. For example, if the geometry is defined in 

meters, then deformation is in meters. Units must be selected for length, force and unit weight. 

The: unit weight of water was set as 9.80 1 which then set the units to SI units. Table 4.3. 

shows examples of consistent sets of units. 

Table 4.3. Eramples of consistent sets of units in SIGMAN 

Property b i t s  SI Im penal 

Geometry L meters feet 

Unit Weight of Water FfL3 kN/rn3 pcf 

Soi1 Unit Weight F L ~  kN/rnj pcf 

Co hesion F / L ~  kPa pcf 

Pressure F L ~  kPa psf 

Force F kN lbs. 

E (modutus) F / L ~  kPa psf 

4.2.2 Convergence criteria In al1 non-iinear analyses, it is necessary to use iterative 

techniques to obtain acceptable solutions. Non-linear analyses exist when a soi1 property is 

dependent on the computed results. For example, the stifiess modulus E is dependent on 

the stress state, but the stresses are dependent on the sti&ess. This means that the anaiysis 

has to be done many times until there is a reasonable match between the element properties 

and the computed stresses. When the analysis has produced an acceptable match, the solution 

is deemed to have converged. As discussed in the Convergence Criteria in Appendix A, 

SIGMNW uses two convergence criteria: the displacement criterion and the unbaianced load 

criterion. The displacernent criterion checks the ratio of the vector nom of incrementd 



displacements in an iteration to the vector nom of the total displacements in the load sep. 

The unbalanced load cntenon compares the unbalanced load in an iteration to the applied load 

in the load step as a percentage ratio. When the percentage ratio becomes equal to or less 

than the defined convergence criteria, iterations stop and solution is deemed to have 

converged to the true solution. Trial mns showed that the solution for most of the tests 

converged within the first five iterations and remained dmost unchanged thereafter. Reducing 

the convergence cntena below 1% resulted in an increase in computational tirne, however no 

change took place in the final result. A convergence criterion of 1% and a maximum nurnber 

of iterations of 25 were found adequate for dl the problems. 

4.2.3. Simulating filling During a sequential fil1 placement simulation, forces due to the 

self-weight of each layer were applied to the finite element grid as the material was being 

placed. Load of each successive layer was transferred to the layers below. The stresses and 

displacement caused by the fil1 were added to the previous stress and displacement data and 

were then taken as initial condition for the following layer of fill. Time-step was defined as 

a numeric sequence with increment equal to one. The tirne-step was used in SIGMA/W to 

define a logical order which governed the sequence of filling. 

4.2.4. Simulating draw-down initiation During simulation of incipient flow conditions, 

restraint to the bottom most nodes for y-displacement was removed and draw-down was 

initiated in a single tirne step. 

4.2.5. Viewing results Contours were ploned for y-effective stress and x-effective stress for 

filling and draw-down initiation (Figure 4.3. ). Contours for filling were plotted d e r  the tenth 

fill. Twenty five contours were plotted for Halfbin and Full bin at an increment of 1 kPa 

30 



while twenty five contours were plotted for Farm bin at an increment of 2kPa for a range of 

O to 24 kPa and O to 48 kPa, respectively because for al1 the simulations, the stresses 

remained in that range. Grey shades were used to fil the space between two contours. White 

color was used as staring contours at O kPa and black color was used as last contour. Region 

having stresses less than O kPa or greater than 24 kPa (Halfbin and Full bzn) and 48 kPa 

( F m  bill) kvas shown by white color. 

Hao ( 1 998) used trianguiar s haped insens that were constructed from plexiglass 

(Figure 4.4.). The insert was 400 mm long with a cross-section of equilareral triangle of side 

100 mm. Three holes were dnlled at each end of the insen. The hole at the top was used to 

mount the insert so that it could swing sideways. Tests were also performed when the bottom 

holes were used to fix the insen in the bin firrnly. To investigate the effect of insert location, 

Hao (1998) mounted the insert at 53, 83, 130, 174, 261, 350, and 450 mm above the 

outlet.The insert size used for the Furm &in simulations was 200 mm except for analysis 

where the insen size was a variable itself In the Xalfbin and the F m  &in simulations, the 

insert formed part of the bin centre Iine (Figure 4.2(a)) where as in Ful l  bzn insen was made 

of Iinearly elastic elements (Figure 4.?(b)) of negligible body weight and very high modulus 

of elasticity in order to minimise the effects body weight and stresses developed in insert being 

transfemed to the ground feed. 



Figure 4.3. A typical stress contour plot with color legend 

* Depending on half b i d f i i l  bin 

Grey sale  legend 

Figure 4.4. Schematic of insert (elevation and isometric view) used by Hao (1998) 



4.4. Ground Feed 

Ground feed used in triaxial tests in this study was same as the test matenal used by 

Hao (1998). The composition and some physical properties of ground feed are Iisted in Table 

4.4. and Table 4.5, respectively. 

Table 4.1. Composition of ground feed used in experiments of Hao (1998) 

- - - - - -- 

Mat end Content (%) 

Crushed barley 59.1 

Soya-meal 12 

Canola meal 10 

Calcium carbonate 

Tallo w 

Fish meal 

Vitamin prernix 

Calcium phosphate 

Mineral prernix 

Particle density was determined using a pycnometer There is no standardized procedure to 

determine moisture content of ground feed, however. ASAE (1993) specifies procedure to 

determine moisture content of barley, which is 130' and 20 hours. Since the primary content 

of ground feed was barley. the samples were kept in oven at 1 30° for 24 houn and moisture 

content was determined on wet bais .  



Table 4.5. Physical properties of ground feed used in experiments of Hao (1998) 

. . .- 

Physical Properties Values 

Buk density, kg/rn3 638.9 

Effective angle of the intemal friction, degree 27.2 

Angle of the wall friction, degree 10.5 

Cohesion among ground feed particles, kPa 1.6 

Unconfued yield strength, kPa 2.9 

Moisture content, % wb. 9.48 * 

Particle Density, kg/m3 1608.7 * 
* Values determined by author 

4.5. Interface Between the Stored Material and the Structure 

Interfaces between gound  feed and bin wall and between ground feed and insert were 

rnodeled using a four-noded quadrilateral element (Appendix A. 12.). Using the Slip Surtace 

material model, a S I G W  user can specify stifiess in two orthogonal directions. These 

directions are paraliel and perpendicular to the long side ofthe element. A slip surface element 

is linear elastic element that has a resistance to compression (normal stifiess) and a resistance 

to sliding (shear resistance) but no resistance to tension. The isotropie behavior is modelled 

by defing normal and shear stifiess as: 

force 
Kn-d = 

unit normal deformation in thickness 
force 

L h u r  = 
unit shear deformation dong the length 



Kd 
is set to a high value to indicate that the slip element has iittle or no compressibili~, 

and K- is set to a low value to allow for slippage dong the surface when simulahg friction 

at the interface- the of K- is changed, the ability of the elernent to slip changes. 

This property of the slip elements has been used to simulate fictional resistance to slippage 

for various conditions. When there is tension in the slip element (i.e., negative normal stress), 

K,, and K are set to zero. In order to model a slip surface, a slip element shoula be 
shur 

rectangular and relatively thin. SIGMNW treats the longer side of a slip element as Iength 

and the shoner side as thickness. Stresses in a slip element are obtained £tom the neighbo~g 

elements above and below. In these neighbonng elements, stresses are first extrapolated from 

the Gauss points to the interface nodes. Then, fiom these nodes, S I G W  interpolates for 

values at the Gauss point using shape functions. 

Slip elements were used to model the interface between ground feed and the storage 

bin wall and the interface between the insen and ground feed. As mentioned above, the value 

of determines the extent of slippage. A parametric study is needed to test the sensitivity 

of the results to Y, values because the behavior of ground feed at the values used in 

simulations and the equivalent fnction to the Y, values is not known. In order to have 

consistency in simulations, kod was kept as 1 06kN/rn in al1 the models and was kept 

as 100kN/m in model bins simulating no-insert condition and effects of insert location, insert 

size, hopper outlet, hopper dope, and effect of insen: location and rnounting methods. &- 

was varied from 1 to Io6 for interface elements to simulate effects of change of bin wall 

fnction and insert fiction on stress distribution. 



4.6. Constitutive Relatioaship for Ground Feed 

The Cam-clay mode1 is a cntical nate model as weU as an elastic, plastic hardening 

model. Its formulation in S I G W  is based on presentations by Atkinson and 

Bransby (1978). and Britto and Gunn (1987). More detaiied background on the theory ofthe 

Cam-clay mode1 c m  be found in these references. In this section, ody the information 

required to explain the S I G W  formulation is presented. The Cam-clay mode1 uses 

effective stress pararneters. In the foiiowing discussion, effective stresses are denoted by a 

superscript ( *). 

The general concept of using a hardening plasticity model to describe the stress-strain 

behavior of soils was first proposed by Drucker (1957). In constructing the critical state 

rnodel, Roscoe et al. (1  963) took some proposais of Dmcker. and produced a model of soi1 

behavior which managed to reproduce, for the first time, the description of volumetric 

response under shear. What really sets the cnticd state models apart from the previous elasto- 

plastic rnodels is the criticai state line in q-p7 plots. This dows  a consistent and reaiistic 

treatment of both drained and undrained tests. Figure 4.5(a) shows, schematically, volume 

change versus pressure plots for a sample comprising of loading (normal consolidation line) 

and unloading-reloading (overconsolidation line). Consider a stress state on the 

overconsolidation line. increase in applied stress causes the stress state to move dong the 

overconsolidation line towards the normal consolidation line. Once past the intersection of 

the two Lines, any further stress increase causes the stress state to move down the normal 

consolidation line. When Figure 4.5(a) is rotated counterclockwise through 90°, the 

overconsolidation and normal consolidation iines show the charactenstic of an eiastic- 



hardening plastic stress-main curve, illustrateci Ui Figure 4.5(b). The overconsolidation line 

is analogous to the initial hear elastic portion, while the normal consolidation iine is 

analogous to the hardening plastic portion of the stress-strain relationship. However, a 

s i m c a n t  difference is apparent when cornparhg cohesive soils with metal. Wlth soils, 

elasto-plastic behavior is associated with both linear and voiurnetnc strains. The von Mises 

and Tresca yield functions for metal suggest that one can hydrostaticaily cornpress rnetals 

indefinitely without yielding taking piace. 

tion 

b b 
pressure strain 

(a) Volume Change vs. Pressure (b) Stress vs. Strain 

Figure 4.5. Analogy between volume-pressure and stress-strain relationships 

4.7. Cam-clay Mode1 Parameters 

The Cam-clay mode1 is an effective stress mode1 which requires the following soi1 

properties: 

M Slope of the criticai state line in the p'-q plane 



The critical state line represents the final state of samples in triaxial tests when it is 

possible to continue to shear the sample with no change in imposed stresses or 

volume. p' is the mean effective pressure and q is the deviator stress appiied to the 

sarnple. The mean effective pressure is defined as (al +o2+oMu)/3 where a 1, a2, 

and 0 3  are principal stresses in triaxial testsand u is the pore fluid pressure. The 

deviator stress is defined as the difference between major and minor principal aresses. 

r Specific volume at the critical state when p' is 1.0 (or, In (p') is O) 

When a critical state line is projected on the v-ln(p') plane, it lies parailel to the 

isotropic consolidation line. The intercept ofthe cntical state line with the vertical axis 

at In(p') = O gives the parameter T. 

K Slope of the isotropic over-consolidation (unioading-reloading) line 

h Slope of the isotropic normal consolidation (1oading)he 

These parameters are illustrated in Figure 4.6. The critical state line s h o w  in the p'-q plane 

is the locus of cntical States projected onto that plane. The criticaf state iine has a slope of, 

M, which is related to the angle of interna1 friction of the soi1 )'. For the case of triaxial 

compression, M can also be expressed as: 



For this study, however, M was determined fkom the dope of the critical state iïne. 

By definition, the specific volume, V, is related to the void ratio, e, through the foiiowing 

expression: 

U 
A 

\ isotro ic normal 
consohition line 

state 

cri ticai state 
line 

Figure 4.6. Definition of mode1 parameters for Cam-clay 

4.8. Determination of Parameters for Cam-clay Mode1 

4.8.1. Triaxial apparatus The triaxial testing apparatus (Figure 4.7.) used was a T-1015Y 

(Soil Test Inc., IL). Axial loading was applied using a Universal Testing Machine (ATS Inc., 

PA) . Stress and displacement data were acquired on an IBM compatible personal computer 

and confining pressure and pore pressures were measured using U-tube manometers. 



Rubber membrane 

Porous filter 
O-ring seals 

- 1 - Pore pressure and 
Confrning pressure - dy volume change apparatus 

Figure 4.7. Triaxial test apparatus 

4.8.2. Preparation of triaxial sample Sarnples were prepared using a 102 mm imer diameter 

mold. The mold was lined inside with a cyiindrical rubber membrane which was used to 

confine the material. A constant vacuum of 10 kPa was applied between the mold and the 

membrane dunng fiiling so that the rubber membrane formed a smooth surface by adhering 

to the mold. In the absence of any existing guidelines (Tnpodi et al. 1995) and to ensure 

consistency in al1 the samples, a filling procedure was adopted. The procedure consisted of 

placing a porous circular Stone at the bonom and then placing a layer of approxirnately 300 

g of material in a conical hopper from where it dropped fkely into the mold holding the 

sample. The material was compressed by u n i f o d y  tamping with a wooden rod and this was 



repeated untill the mold was Ml. The heigtit to diameter ratio of the samples was kept as 2: 1 

in tests done to determine Cam-cIay parameters. A vacuum of 10 kPa was also appiied to 

samples through pore Iine during preparation in order to obtain uniform compaction. M e r  

the mold was filled, pore vacuum was increased to 20 kPa in order to get a free standing 

s a p i e  and simultaneously, the vacuum between the mold and the membrane was removed. 

After enclosing the sample in the triaxial chamber, a confining pressure of 20 kPa was applied 

and the pore vacuum was removed sirnultaneously. Confining pressure was then adjuaed 

according to test requirements. 

4.8.3. Parameters T riaxial tests were performed on ground feed to determine the 

constitutive pararneters for the Cam-clay model. A p m  from the three critical state pararneters 

h* k, and M, an additional parameter î, representing the initial condition of material, was 

required. Al1 critical nate parameters were determined directly from three different triaxial 

tests: drained compression, undrained compression, and hydrostatic compression. 

In order to determine r, the initial void ratio eo of sarnples used in isotropic tests was 

determined from the initial bulk density and particle density. Parameter r was then detemiined 

from parameters 1, K, and N which is the intercept of the Normal Consolidation Line WCL) 

and the In(p')=O a i s  (Figure 4.6.), where NCL is the Ioading portion of the isotropic test. 

The tests carried out were as follows (Linton et al. 1988): 

1. Four conventional triaxial tests at confining pressures of 20,40,75, and 100 kPa. These are 

referred to as drained tests. Four replicates were performed at each confining 

pressure. 



2. Four constant volume triaxial tests, each at confining pressures of 20.40, 75, and 100 kPa. 

These tests are referred to as undrained tests. Two repiicates were perfomed at each 

confining pressure. 

3 .  Four hydrostatic compression tests with a loading and three udoading-reloading cycles. 

These tests are referred to as isotropie compression tests. 

Since al1 the tesrs were designed for soils, particularly in saturated States, confining pressures 

are normally applird using a liquid medium. However, Qiven that the ground feed waç in an 

unsaturated state and had low moisture content when compared to saturated soils, it was 

more appropriate to use air as the pressurising medium, as perfomed by Zhang et al. ( 1987) 

and Tnpodi et al. (1994). Because of the large specimen size and relatively low confining 

pressure(compared with soi1 tests), using water may create a pressure gradient along the 

specimen. Therefore, air is a better choice for confining medium for triaxial tests.. 

4.8.4. Conventional triaxial compression (CTC) test: In drained tests, the specimen was 

axially compressed along the longitudinal avis (Figure 4.8.). The sample tested was in the 

form of a cylinder, hence two of the principal stresses and 0, were always equal. In the 

CTC stress path, the sample was subjected to an initial confining stress a,=a,=o,=a,. Due to 

confining pressure, the volume of the sample decreased thereby decreasing the volume of 

voids. The air occupying the voids was expelled out and hence the pore pressure increased. 

The pore line valve was kept open for complete drainage of air so that pore pressure u, 

becarne equal to zero. Then a2 and a, were kept constant while O, was increased by 

defoming the sample axially applying a constant 0.083 mm/s displacement through the moving 

cross head. The drainage valve was kept open to allow complete dissipation of the resulting 

pore pressure u,developed due to deviatoric stress. Here a, was the major principal stress and 
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a, and u3 were the intermediate and minor principal stresses, respectively. In the drained test, 

the total stress was equal to the effective stress since the pore pressure was zero. At failure, 

the maximum effective principal stress was d=o, =03+Ao,where AoF was the deviator stress 

at failure. The minimum effective principal stress was a,'=a, 

The results from the series of drained triaxial tests were plotted on q, versus py plot. 

Regression analysis was done on Peak point data versus py obtained for drained tests and 

slope of the regressed line was determined. Peak points referred to the points when the 

sample experienced the maximum stress difference for the corresponding mean effective stress 

applied to the material. The slope of this line, co~ec t ing  the peak points was denoted by M 

which is a materid parameter. Parameter M is the critical state parameter as it represents the 

final state of sarnple in triaxial tests when it is possible to continue to shear the sarnple with 

no change in imposed stresses or volume of the sample. 

4.8.5. Undrained test: Undrained tests for powders pose particular problems, since by 

definition, they are constant volume tests. For dry compressible powders, constant volume 

is not possible, since there are no saturated States as with soils. For undrained tests, pore line 

was closed and pore pressure change was monitored, while mass of sarnpie remained 

constant. In the undrained test, the specimen was first consolidated by a confinhg pressure 

0, and full drainage fiom the specimen was allowed. After complete dissipation of excess pore 

pressure u, generated by confining pressure, the deviator stress Ao was increased untii the 

failure of the specimen occurs(Figure 4.9.). Dunng the phase of axial loading, the drainage 

Iine From the specimen was closed. Since drainage was not permitted, the pore pressure due 

to deviator stress, u,, in the specimen increased which indicated that the sample was not over 

consolidated. Simultaneous measurements of A a  and u, were made during the test. The peak 



data point in undrained tests is used to determine the sarnple's undrained strength and the 

critical state parameter M as deterrnined in drained tests. 

4.8.6. Isotropie compression test: Hydrostatic or isotropic tests consisteci of loading and 

unloading-reloading cycles. These cycles were achieved by varying pressure in increments 

(Figure 4.10.). This was carried out in the triaxial apparatus with the axial loading ram locked 

clear of the sample top cap. The initial void ratio of the sarnple was deterrnined from the 

particle density and the mass and initial volume of the sample which was deterrnined at the 

time of preparation of sample by weighing the quantity of matenal used to prepare the sample 

and the height and diarneter of the sample. The state of stress in isotropic consolidation lies 

on the diagonal of the principal stress space and consequently there are no shear stresses Le. 

o,=a,=o,=o, where a, is the ceil pressure in the triaxial apparatus. In terrns of the relative 

invariants, the state of stress in isotropic compression is: 

q=q'=O, 

p=q1 

p7=as-u 

The stress path of a normally consolidated material on e-ln p' plot is called the isotopic 

normal consolidation line. When the sample was unloaded, because of it's elastoplastic nature, 

the unloading path did not retrace the loading path and instead took a different path. 

However, when the material was reloaded. it retraced the unloading path up to the point 

where unloading was initiated. The slope of the loading path was denoted by ri and the slope 

of unloading-reloading path was denoted by K. The final value of 7, and K were determined 

by averaging the values of I and K in the loading and the unloading-reloading cycles, 

respectively in isotropic tests. 
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Figure 4.8. Load curve for drained tests 
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Figure 4.9. Load curve for undrained tests 
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Figure 4.10. Three cycle isotropie test on ground feed 



4.9. Yield Function, Cam-clay Mode1 

The yield funetion for Cam-clay, as illustrated in Figure 4.1 1 ., can be expressed in temis of 

stress invariants p' and q as follows (Atkinson and Bransby, 1978): 

where: 

PL = the peak mean effective stress and is the value of p ' at the critical aate line. 

The peak mean effective stress, &, is related to the pre-consolidation pressure, pl by: 

The stress invariants p ' and q are alternative forms of the first stress inva.riant,I,', and the 

second deviatoric stress invariant. J , respectively . 



- -ield curve 

Figure 4.1 1. Y ield curve for the Cam-clay mode1 

By definition, the first stress invariant, 1, ' , can be expressed in terms of effective stresses as 

and the second deviatoric stress invariant, J2, can be written as 

The second deviatoric stress invariant, -4, is the same for eirher total or effective stresses. 

Equations for the overconsolidation Iine and the critical state Iine can be used to calculate the 



mean peak stress, Px. As illustratesi in the Figure 4.12., the specSc volume at cntical aate, 

\, for a particular overconsolidation line can be written as, 

"\ normal consolidation Iine 

line 

line 

Figure 4.12. Definition of Soi1 Parameters for Cam-clay Mode1 

From the critical state he .  the s m e  specific volume. V,, can also be calculated using: 

Eliminating the specific volume. v,, fiom these two equations gives the following expression 

for the mean peak stress, Px. 
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4.10. Constitutive Equations in Matrix Format 

In S I G W ,  soi1 plasticity is fonnulated using the theory of incremental plasticity. 

Once an elastic-plastic material begins to yield, an incremental main c m  be divided kt0 

elastic and plastic components. The relationship between the plastic component ofincrementd 

stress and incremental strain is defined using a plasticity matrix. The plastic m a t h  [Cp] is 

deveioped using the yield funaion, F. In the foliowing discussion, subscripts e and p denote 

elastic and plastic state, respectively. 

As shown in Equation 4.1 1, the mean peak stress, d,, is a function of the specific 

volume, Y lf it is postulated that a change in the mean peak stress, 6,  can oniy be caused 

by a plastic deformation in the specific volume, an incremental change in the yield fùnction, 

F, is given by: 

From a given set of normal and overconsolidation curves, an incremental plastic change in 

specific volume can be expressed as: 



The incremental plastic specific volume is related to the incremental plastic volumevic strain 

through: 

where: 

d p =  incrernentd plastic specific volume 

v0 = initial specific volume 

k I  = incremental plastic volumetric arain 

Since only elastic strains can cause stresses to change, the incremental effective stress 

constitutive relationship c m  be written as foliows. 

{do') = [c: X{d+ b p 1) 

w here: 

[c,] = effective elastic matnx 

G = piastic potential funaion 



h, = (plastic) scaling factor. 

Subaituting (dd), fiom Equation 4.1 5, into Equation 4.12 gives: 

The plastic increment in specific volume, d g ,  can be caiculated tiom the original specific 

volume and the incrementai plastic volumetric grain, dcPv. 

X C G C G  
=v,hp(-+- +-1 

dc; do' Y dd, 

Applying the associated flow mle (Le. the plastic potential ninction, G, is the same as the yield 

function, F), the following expression is obtained for the plastic scaling factor, h,. 

where: 



A relationship between incremental stress and incremental main is obtained by substituthg 

A, into Equation 4.15. 

Q3 = (Ic: ] - [c; D(&) 

where: 

and is termed the plasticity matrix. 

4.1 1. Modified Cam-clay Mode1 

In this study, constitutive equations based on modified Cam-clay model were used to 

develop the finite element models of storage bins. Modified Cam-clay model addresses two 

particular dissatisfactions with the original Cam-clay model: the point on the yield locus and 

the predicted value of K,, (the coefficient of earth pressure at rest). The shear strains prediaed 

by Cam-clay model were high at low stress ratios and it predicted a value of K,, = 1 for a 

normally consolidated soi1 where measured values are normdy in the range of 0.5 to 0.7. In 

order to account for the discrepancies, the assumption for the dissipated work was changed 

and hence the flow mle got rnodified. This resulted the yield function of modified Cam-clay 

model to be of a shape of an ellipse instead of hyperbolic. The yield curve for the modified 

Cam-clay model is illustrated in Figure 4.13. 



Figure 4.13. Yield function for modified Cam-clay 

The yield tùnction for the Modified Cam-clay model is given by the following 

equation (Britto and GUM, 1987): 

where : 

PC = preconsolidation pressure 

The parameters used to define the Modified Cam-clay mode1 are M, T, K, and v. These 

parameters are the sarne as those used for the Cam-clay model as discussed in the previous 

section. 



Similar to the Cam-clay model, S I G M M  uses the mean peak stress, P', , to 

determine the size o f  the yield locus for the Modified Cam-clay model. The mean peak stress, 

pl, , is the pressure when a soi1 reaches its critical state. At the critical state, the shear stress, 

q, is given by the following equation. 

q=w: 

Substituting this value of sh ear stress. q, into Equation 4.22 gives, 

Therefore, the yield function, F, for the Modified Cam-clay model can be written as: 

The derivatives of the yield function, F, with respect to stress invariants p' and q are 

respectively : 



The remainine variables in the plastic matrix, [c, 1, for rnoditied Cam-clay are: 

Except for the differences noted in the following discussion, the procedure to define the initial 

condition of the Modified Cam-clay model is the same asu that for the Cam-clay model 

described in the previous section. In SIGMA/W if a preconsolidation pressure is not dehed 

by the user, it is calculated using: 

where e, and p',, are the maximum deviator stress and peak mean effective stress 

experienced by the material in the put. 

Another change in modified Cam-clay model is that the vertical distance between the isotropic 

NCL and CSL becomes @-u)ln2 instead of (1-K). The interception of the isotropic normal 

consolidation line with the vertical axis (Le. I ~ P '  = O ), N is given by (Bnno and Gunn 1987): 



4.12. Mode1 Parameters 

The pararneters used in f i t e  element models in SIGMA/W are liaed in Table 4.6. 

Table 4.6. List of parameters used in finite element mode1 in SIGMA/'  

VALUE 

Over consolidation ratio 1 

Poisson's ratio 

K 

M 

r 
Bulk density (kg/rn3) 

Convergence criteria (displacement n o n )  1% 

Maximum. number of iterations 25 

Number of fi11 10 

*Details discussed in the Results and Discussion section 

Over consolidation ratio, which is defined as the ratio of maximum vertical stresses in the past 

to that at the present was taken as 1 since it is assumed that al! the stresses in the material are 

relieved during the process of filiing the bin when it is loosely dropped into the storage bin. 

The parameters IL, K, M, r, and Poisson's Ratio were determined by triaxiai tests. Bulk 

density of ground feed was determined using a pycnometer. Other parameters were decided 

by making careful observations in trial simulations to get accurate results and optimum 

performance of the program. 



4.13. Mode1 Verification 

The finite element mode1 was verified in two steps for it ' s ability to predict the stress- 

strain behavior of ground feed. First step was to compare the experimental results of triaxial 

tests with the results of the simulation of triaxial test on SIGMAlW (Appendix D). The 

second step was to compare the vertical and horizontal stresses on the bin wall d e t e d e d  

by SIGMGV with those calculated using Janssen's equations. The triaxial tests wzre 

simulated at confining pressures of 40. 75, and 100 kPa and the parameters M and h were 

determined. Parameter M was determined from the slope of the line obtained by joining the 

peak deviatorîc stress points in q-p' p!ot (Appendix D). Pararneter was determined by 

plotting the critical state line in the e-ln(p') space and determining the slope of the line 

(Appendix D). The intercept of the critical state line with the vertical axis at ln(p')= O gave 

the value of parameter r. Parameter K was determined by simulating unloading-reloading 

cycle in an isotropic test and determining the dope of loading-unloading lines (Appendix D). 

The parameters were then compared to the values determined by actud triaxial tests. 

The triôuial test was simulated by first establishing the initial stress conditions due to 

confining pressure and then applying the displacement. The unloading-reloading was 

simulated by specifLing the state of triaial sample due to confining pressure as the initial 

condition and at first reducing the confining pressure and then increasing the confining 

pressure. The values of parameters obtained by simulation of triaxial tests are listed in Table 

4.7. and compared to the values obtained by expenments. 



Table 4.7. Cornparison of modified Cam-clay parameters as determiaed from 

simulation of triaxial tests and actual triarial tests. 

Parameter Value determined by Value determined from 

experiments simulations 

The vertical and horizontal stresses on the bin wall were calculated using the Janssen'e 

equations (Shamlou 1988). The results of caiculations are mentioned in in Appendix D. It 

may however be noted that these equations were developed for granular materials assuming 

that the ratio of horizontal to vertical pressure is constant everywhere in the bin and is 

independent of the magnitude of prevailing stresses. The bin-loads obtained by caiculations 

were compared to the results of simulation on bin with no insert condition for Halfbzn. 



5. RESULTS AND DISCUSSION 

5.1. Finite Element Modet 

5.1.1 Property parameters of ground feed The parameters for the modified Cam-clay 

mode1 were determined by drained, undrained, and isotropic triaxial tests. n e  

load-displacement curves for al1 the drained and undrained tests and e-ln(p') curves for 

isotropic consolidation tests are plotted in Appendix B. The high value of 1 (>0.99) indicates 

consistency in results for pararneter M. The coefficients of variation for h and K was high 

(Table 5.1. ). This could be attributed to the convex nature of the loading curve and hysteresis 

in the unloading-reloading cycle. The loading curve was convex downward as reponed by 

Tripodi et ai. ( 1995). Parameter T, which was detennined by finding intercept of loading 

cuve with venical a i s  at ln(p') = O had least coefficient of variation of d l  the parameters. 

Over consolidation ratio (OCR), which is the ratio of maximum vertical stress in the past to 

that at the present, was taken as 1, as it was assumed that the material was not subjected to 

any higher stress before or at the time it was fiiled in the storage bin. Poisson's ratio of 0.35 

was determined for ground feed from the triaxial tests by m e a s u ~ g  the axial deformation 

required to create a lateral deformation of 10 mm (Appendix C). The value of 10 mm was 

chosen as it occurred within the linear pan ofthe loading curve for drained tests and provided 

suEcient magnitude to measure the deformations with least possible error. The height to 

diarneter ratio for these samples was kept as 1 : 1. Hence Poisson's ratio was expressed as the 

ratio of lateral deformation to axial deformation. Lateral deformations were measured using 

a calliper whereas axial deformations were directly recorded by the data acquisition system. 

Moisture content and particle density were determined for ground feed before staning the 



triaxial tests (Appendix C). The moisture content was 9.48% (wet basis) and particle density 

was 1608.7 kg/m3. The in-bin buik density of ground feed was 638.9 kg/m3. Particle density 

was used to determine the void ratio in triaxial test samples as the volume of sample and 

weight of material was known for each sarnple. 

O 50 100 150 200 250 300 350 
Mean effective stress (kPa) 

Figure 5.1. Critical state line determined for ground feed from regression analysis on 

drained and undrained test data 



Table 5.1. AnaiysU of triruid test data to determine parameters X, K, and r 

lsotropic Slope lntercept 

Test Loading (A) Unloading (K) Reloading (K) r 
0.03 1253 0.012510 0.013014 1 .964754 

Test 1 0.048976 0.016136 0.018750 2.02 1780 

0.03 1710 0.0 17395 0.0 19771 1.968 127 

Test 2 O. 044902 0.013216 0.0 18007 2.004463 

0.058535 0.0 1 1678 0.0 17880 2.054253 

0.030 195 0.0 12685 0.0 13652 1.929846 

Test 3 0.049285 0.0 16408 0.0 17983 1 .9906 10 

0.053003 0.0 1 7904 0.0 17864 2.00 1 122 

0.033729 0.0 14529 0.014186 1.973 164 

Test 4 0.0504 18 0.0 19795 0.019536 2.02778 1 

0.0598 16 0.021816 0.0 18909 2.06362 1 

A K r 
Mean 0.045495 0.01681 1 2.0032 15 

Standard Deviation 0.0 10497 0.002898 0.038349 

Coefficient of variance (%) 23 .O7 17.23 1.9 1 

S. 1.2. Mode1 verification The finite element model was verified in two seps. The parameters 

for modified Cam-clay model determined by the simulation (Table 4.7.) are close to the values 

determined by the triaxial expenments except for the parameter h which is 20% higher. It may 

however be noted that the value of parameter h = 0.057, as determined from simulations is 

close to the dope of third loading cycle in triaxial tests (Table 5.1.). Parameter M as 

determined fiom simulations is higher by 10% where as parameters K and r are within 1% of 

the values determined by triaxial experiments. 



The stresses detemiined by Janssen's equations (Appendk D) predict the horizontal 

and vertical wall stresses for initial W g  (staîic pressures) and dynamic discharge pressures. 

For stresses during discharge, w d  pressure in the hopper could not be detemineci as the 

equations fded for hopper angle = 60' and gave the ratio of total w d  pressure to vertical 

pressure as less than one. The vertical bin loads for the main bin afler filling are under- 

predicted by Janssen's equations whereas horizontal stresses calculated by Janssen's equations 

are close to the stresses determined by SIGMAIW. ï h e  horizontal and vertical stresses 

calculated for the bin during discharge by Janssen's equations are close to calculations by 

S IGMA/W ( Appendix D). 

5.1.3. Stress contour patterns in model bins The stress contours in the model bins fonned 

a pattern which was comrnon to ail the bins for stresses after filling and stresses &er draw 

down initiation. 

For bins without the insert, the contours for y-effective stresses and x-effective 

stresses after fiiling were horizontal and increased towards the bottom of the bin. Hi& 

stresses were observed for y-effective stresses at the transition of bin and hopper whereas for 

x-effective stresses at the transition ofbin and hopper, a region of low stresses was observed. 

M e r  the draw-down was initiated, the y-effbctive stresses at the bin-hopper transition M e r  

increased and x-effective stresses further decreased. The y-effective stresses at the hopper 

outlet reduced to zero and increased upwards. 

For bins with the insert, the contours for y-effective stresses and x-effective stresses 

&er Wng completeiy changed as compareci to the no-insert conditions. High stresses were 

observed for y-effective stresses at the transition of bin and hopper and dong the side of the 

insert. Vertical stresses just below the insert reduced to zero and the stress contours appered 



to 'fan-out' fiom the edge of the insert towards the bonom and side of the hopper. For x- 

effective stresses a region of low stresses was observed at the transition of bin and hopper, 

however dong the side of the insert, high stresses were observed. X-effective stresses also 

'Fdnned-out' From the edge of the insen towards the bottom and centre-line of the hopper. 

M e r  the draw-down was initiated, the y-effective stresses at the bin-hopper transition further 

increased and x-effective stresses further decreased. The x and y-effective stresses dong the 

side of the insert hrther increased. The y-effective stresses at the hopper outiet reduced to 

zero and increased upwards and the spread of the 'fan' at the edge of the insert further 

increased thereby increasing area under reduced stresses. 

5.2. Stress Distribution in HalfBin  

The 'contour' option of S I G W  was used to view the contours for stress 

distribution in ground feed in mode1 bins. Contours of y-effective stress and x-effective stress 

were plotted for filling and draw-dom initiation conditions. The primary regions of interest 

were the area above the hopper outlet but below the insert and the area adjacent to the insert. 

Stresses in material in the bin above the insert level remained unaffected in ail the cases and 

hence were not included in analysis. The numbers marked on the contours show the stress 

contour value in kPa. Variation in stresses was compared 'with respect to previous 

condition', which for example in Table 5.2. means that in column 'Stresses d e r  filling', x- 

effective stress at 130 mm decreases w.r.t. 175 mm, and x-effective stress at 85 mm increases 

w.r.t. 130 mm condition. The increase or decrease in stresses as mentioned in table 5.2. was 

determined by visuai inspection by comparing the area under the stress contours for different 

simulations. 

5.2.1. Stress distribution after filling It can be seen from Table 5.2. and Figure 5.2.(a) that 



placing an insen reduces stresses in both the vertical and horizontal directions, however 

placing an insen too high (450 mm and 350 mm) has linle or no effect on stresses at the 

outlet. As the insen is lowered vertical and horizontal stresses keep reducing. When the 

insert is placed too close (insert location 130 mm and 85 mm) to the outlet, horizontal 

stresses increase between the insert and hopper wall. 

5.2.2. Stress distribution after draw-down initiation The variation in stress pattern after 

draw-down initiation remain the sarne as that d e r  filling (Table 5.2.). In ail cases, vertical 

stresses at the hopper outlet become zero or tensile (since the fira contour starts at O and has 

white shade, the region having zero stresses or tensile stresses have the sarne contour and 

contour shade). It may be noted that as the insert is lowered, horizontal stresses in the region 

adjacent to the insen increase (Figure 5.2. (b)). This is in agreement to the observations made 

by early researchers that when the gap between the hopper wall and insert is reduced beyond 

a certain limit, chances of flow stoppage due to arch formation at the insert level increase. 

The pattern of stress distribution and it's variation with respect to change in location 

of insert indicates that maximum flowability would be obtained when the insert is placed at 

175 mm ( R N  = 0.18) from insert bottom because the consolidation stresses are Ieast at the 

hopper outlet and hence the chances ofarch formation are the least. Hao (1998) reported that 

flow propenies increasingly improved as the insert was raised from 85 (R/W = 0.42) to 260 

mm (RiW =O. 12). The flow properties did not improve further when the insert was mounted 

in the range of 260 to 450 mm (R/W = 0.1 1). Results of the simulation do show the trend of 

increase and decrease of flowability as observed by Hao (1998). The difference in the insert 

location for maximum flowability as determined by the simulations and as deterrnined by Hao 

(1998) cm be anributed to different conditions at the time of expenment, such as frictional 



characteristics of the Lab bin, in cornparison to parameters used in simulations of Haybin. 

Table 5.2. E f ' t  of insert location on stresses near the hopper outlet for Hdf  bin 

Lnsert Location Stresses after faiog Stresses after draw-down 

from initiation 

hopper bottom Y-effective X-effective Y effective X-effective 

( R w  stress stress stress stress 

450 mm (O. 1 1) 1 1 I L 

350 mm (O. 1 1) 1 4-b 1 C* 

85 mm (0.12) 1 T L T 
T increase in stresses w.r.t. pervious condition 

1 decrease in stresses w.r.t. pervious condition 

* stresses remain unchanged W. r. t . pervious condition 



Figure Sm2.(a) Effeet of insert location on stress distribution in Mf bin after füliog but 
prior to draw down initiation. Y-total stress (left column) and x-total stress (right 
column) 



Figure 5.2.(a) 



Figure 5.2.(a) 



Figure 5.2.(b) Effect of insert location on stress distribution in half bin after draw down 
initiation. Y-totai stress (left column) and x-totai stress (right column) 



lnsert location 175 mm 

- lnsert location 130 mm 

Figure 5.2.(b) 



Figure 5.2.(b) 



5.3. Stress Distribution in Full Bin 

Simulations were carried out on Full &in in order to investigate the effect of mounting 

method of insert on stress distribution in ground feed. Contours were plotîed and compared 

to stress distribution when no insen was placed in the bin. 

5.3.1. Stress distribution after fiiling Table 5.3. and Figure 5.3.(a) show the results of 

contour plot for Full bin. Placing asymmetnc hinged insert reduces both vertical and 

horizontal stresses. When symmetric fked insert is placed in the b ie  venical stresses below 

the insen are fùrther reduced whereas horizontal stresses remain the same. Replacing the 

symmetnc fixed insert with the symmetric hinged insert does not produce any change in stress 

distribution in the simulation. It may be noted that since the model does not simulate dynamic 

conditions, the actual behaviour of hinged support in dynamic conditions can not be inferred. 

5.3.2. Stress distribution after draw-down initiation Vertical and horizontal stresses 

decrease when the asymmetric hinged insert is placed in the bins compared to the no 'insert' 

condition. The vertical stresses decrease fùrther when the symmetric fixed or the symmetric 

hinged-inert is placed. It is interesting to note that despite the axial symmetry in the symmetric 

fked insert and the symmetric hinged insert, the stress distribution after draw-dom initiation 

does not remain symrnetnc. The model was checked for errors and simulations were repeated 

but the result was unaltered. Thts observation as of now remains unexplained and should be 

reinvestigated using some other finite elernent program for modified Cam-clay model. Hao 

(1998) found the rotated insert to be the most efficient of dl. The inserts rotated when the 

normal stresses existing on the two sides of insert were unbalanced. When the insert rotated, 

the gap between one edge of the insen and the hopper wall increased and more material 
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flowed fiom that side. 

Although the vertical stresses for the symmetric &ed insert decrease below the insert 

in cornparison to the asymmetric hinged insert, high vertical stresses adjacent to the hopper 

could result in arch formation (dynamic or stable) at the insert level in the symmetric fixed 

insert case and thus explains better performance of rotated inserts. The ability of the insert to 

rotate allows it to adjust itself by rotating away fiom the side with high stresses and allowing 

a wider flow channel on that side thereby enhancing uniforin flow behaviour and increased 

flowability . 

Table 5.3. Effect of insert location on stresses near the hopper outlet for Full bin 

- - - -- 

Mounting method Stresses after filling Stresses after draw-down 

of insert initiation 

Y-effective X-effective Y effective X-effective 

stress stress stress stress 

No insert 

Asymmetric hinged 1 

Symmetric fixed 1 

Symmetnc hinged - 
T increase in stresses W. r. t. pervious condition 

1 decrease in stresses w.r.t. pervious condition 

+P stresses remain unchanged w.r. t. pervious condition 



Figure 5.34a) Effet  of insert mounting method on stress distribution in full bin after 
fffling but prior to draw down initiation. Y-total stress (left column) and x-total stress 
(right column) 



Symmetric hinged insert at 175 mm 

Figure 5.3.(a) 



Figure 5.341) Effmt of insert mounting method on stress distribution in full bin after draw 
down initiation. Y-total stress (ieft column) and x-total stress (right column) 



Figure 5.3.(b) 



5.4. Effect of Insert Location on Stress Distribution in Farm Bin 

Simulations were carried out on F m  bin in an effort to extend the f i t e  element 

mode1 to farm size norage bins. In this analysis, stress distribution in ground feed when stored 

in farm size bin was investigated and compared to results of the experiments by Hao (1998). 

Similarity in pattern of stress distribution was observed when stress contours were compared 

to Haifbin analysis. 

5.4.1. Stress distribution after fiiling It is evident fiom Table 5.4. and Figure 5.4.(a) that 

insert location influences the stress distribution in ground feed. Presence of an insert as high 

as 600 mm ( R N  = O. l l )  from hopper bottom reduces stresses in vertical and horizontal 

directions as compared to condition when no insen is present. Similar to Halfbin analysis, 

horizontal and vertical stresses keep reducing as the insert is placed lower into the bin. When 

the insen is placed at 200 mm (WW = 0.30)from hopper bottom, the horizontal stresses 

increase at the hopper outlet. 

5.4.2. Stress distribution after draw-down initiation As the insert is placed lower in the 

hopper, the region near the outlet having zero or tensile vertical stresses increases (Figure 

5.4.(b). The stress distribution near the hopper outlet remains unchanged when insert is 

lowered from 600 to and 500 mm ( R N  = 0.12), however appreciable changes take place as 

the insert is lowered to 400 mm (FUW = O. I5)and 300 mm (R/W = O. 1 9)(Figure 5.4.(b). The 

zone of high stresses adjacent to the insert increases as the insert is further lowered to 200 

mm. 

The stress distribution indicates that maximum flowability can be expected when the 

insert is placed between 300 mm to 400 mm from hopper bottom. hsert at 200 mm may 

result in arch formation at the insert Ievel. Further simulations need to done at srnaIl 

increments of insert location between 300 mm and 400 mm as the stresses are Ieast in that 



condition. This would determine a precise insert mounting location which would result in ieast 

stresses in the bin. There is a minor increase in stresses when insen is moved fiom 300 mm 

to 400 mm however, since the distance between insert and hopper wail increases as the insert 

is moved fiorn 300 mm to 400 mm, the chances of formation of arches when the flow starts 

decreases. Thus results from further simulations and experiments cm be ofhelp in deciding 

the appropriate location to rnount the insen. 

Table 5.4. Effect of insert location on stresses near the hopper outlet with change in 

insert location for Farm bin 

Insert Location Stresses after fiiling Stresses after draw-down 

from initiation 

hopper bottom Y -effective X-effective Y-effective X-effec tive 

( R w  stress stress stress stress 

500 mm (O. t 2) 1 t, L t* 

200 mm (0.30) 1 1 1 L 
T increase in stresses w.r. t. pervious condition 

i decrease in stresses w.r.t. peMous condition 

* stresses remain unchanged w.r.t. pervious condition 



Fipre 5.4.(a) Effect of insert location on stress distribution in fann bin after füling but 
prior to draw down initiation. Y-total stress (left column) and x-total stress (right 
column) 



Figure 5.4.(a) 



Figure 5.4.(b) Effect of insert location on stress distribution in fmm bin after d m  
down initiation. Y-total stress (ieft column) and x-totai stress (right colurnn) 





5.5. Effect of Insert Size on Stress Distribution in Farm Bh 

In this analysis, the inserts were mounted at 400 mm fiom the hopper bottom. Due 

to the constraint in time, five insert sizes were simulated. 

5.5.1. Stress distribution after filling Table 5.5. and Figure 5.5.(a) show that placing an 

insert as small as 100 mm (W = 0.06) decreases both the stress when compared to 

condition without insert. As the insen size is increased to 150 mm ( R N  = 0.1 1 ), vertical 

stresses decrease where as horizontal stresses remain unchanged. When the insert size is 

increased to 200 (WW = 0.19,  250 ( R N  = 0.19), and 300 mm ( R N  = 0.24), both the 

stresses decrease. 

5.5.2. Stress distribution after draw-down initiation The pattern of stress distribution for 

different insert sizes is shown in (Figure 5 S.@). The horizontal stresses remain unchanged 

when insert size is increased fiom 100 mm to 150 mm. The horizontal and vertical stresses 

keep decreasing as the insert size is increased. 

It can be inferred that flowability of the F m  bzn keeps increasing as the insert size 

is increased. This inference should however be viewed with caution because as the insert size 

increases, the distance berween insert and hopper wall decreases. As the gap narrows, the 

chances of arch formation increases. When the insert is too srnall(100 mm and 150 mm), the 

vertical and horizontal stresses at the outlet are as high as bin with no insert. This suggeas 

that inserts of a very small size have little or no effea on flowability of stored material. From 

practical considerations, an excessively large inserts would require re-exarnining of the 

stmcniral design because of the self weight of the insert where insert is to be used as a flow 

corrective device in an existing bin. The large size of insert would make installation of the 

insert difficult. Further simulations and experhents should be cmied out with larger insen 

sues dong with experiments in mode1 bins to establish the analogy between the insert size and 



flowability. 

Table 5.5. Effect of insert sue on stresses near the hopper outlet 

Insert Size Stresses after fding Stresses after draw-down 

initiation 

(ww) Y -effective X-effective Y -effective X-effective 

stress stress stress stress 

300 mm (0.24) 1 1 1 1 
T increase in stresses w.r. t. pervious condition 

1 decrease in stresses w.r. t. p e ~ o u s  condition 

* stresses remain unchanged W. r. t . peMous condition 



Figure 5.5.(a) Effect of insert size on stnss distribution in fmm bin after fffling but 
phot= to draw down initiation. Y-total stress Oeft coiumn) and x-total stress (rigbt 
column) 



Figure 5.5.(a) 



Figure 5.5.(b) Effect of insert sue on stress distribution in fonn Qin nfter draw down 
initiation. Y-total stress (left column) and x-total stress (right column) 



Figure S.S.@) 



5.6. Effect of Insert Friction on Stress Distribution in F m  Bin 

5.6.1. Stress distribution after fding As the fiction of insert is reduced by reducing the 

value of from i o6 to 1 O' kN/m, horizontal stresses inmeases. Reducing the friction any 

funher does not change stresses in the horizontal direction (Table 5.6.). The vertical stresses 

remain unchanged as the insert Y, is varied fiom 106 to 1 kN/rn. 

5.6.2. Stress distribution after draw-down initiation The variation in stress distribution 

is same as that fier fiiling. It can be interpreted that placing an insert of very high fiction may 

reduce chances of arch formation in storage bin by reducing the consolidation stresses in 

ground feed at the hopper outlet but at the same timr can obamct smooth Bow of material 

dong the insert. For a wide range of insen fnction 1 o4 to 1 kN/m)there is no effect on 

stress distribution. This leads to the concIusion that insert of Iow surface fiction should be 

used in norage bins because it prornotes smooth flow dong the walls of the insert and also 

because the consolidation pressure remains unafFected for a wide range of value of K, 

Since the values of used by S I G l W  are only indicative of slippage of slip 

element, a parametnc study is needed to test the sensitivity of the &-values in terms of 

fiction coefficient between the ground feed and insen surface. Experiments need to be 

camed out to determine correlation between the Kbm value and kinematic friction to establish 

physical significance of Y, values that were used in the simulations. 



Table 5.6. Effect of  insert friction on stresses near the hopper outlet 

Iasert Friction Stresses after fiiling Stresses after draw-down 

initiation 

Y -effective X-effective Y -effective stress X-effective 

stress stress stress 

T increase in stresses w.r. t. pervious condition 

1 decrease in stresses W. r. t .  pervious condition - stresses remain unchanged W. r. t . pervious condition 



Figure 5.6.(a) Eff't of insert friction on stress distribution in fm bin after f i ing  but 
prior to draw down initiation. Y-total stress (left column) and x-totai stress (rigbt 
column) 



Figure %&(a) 



Figure 5.6.(b) Effeet of insert friction on stress distribution in fmm bin after draw down 
initiation. Y-total stress (left column) and x-total stress (right column) 



Figure 5.6.(b) 



5.7. Effect of Sue of Hopper outiet on Stress Distribution in F m  Bin 

5.7.1. Stress distribution after f ï i n g  Though the r e d t s  ofthis analysis are predictable, this 

study helps reinforce the claim that for increased flowability in storage bin, the stress 

distribution should be such that the venical and horizontal stresses should be minimum. When 

the outlet size is reduced frorn 320 mm to 240 mm and then to 160 mm, vertical stresses 

remain unchanged and horizontal stresses increase (Table 5.7.). This is because the movemrnt 

of material near the hopper outlet is in radial direction. M e n  the outlet size is gradudly 

reduced, the horizontal surface to which the laterd loads are transferred is reduced hence the 

area of high horizontal stresses increases venically. It cm be noticed for stress contour of 20 

kPa that the high stress zone steadily increases from the side of inclined hopper wail towards 

the centre line of the bin. Reducing the outlet size to 100 mm increases the vertical stresses 

and the horizontal stresses (Figure 5.7.(a)) .  Further reduction of outlet sue to 60 mm does 

not change the horizontal or venical stress distribution. 

5.7.2. Stress distribution after draw-down initiation As the hopper outlet size is reduced, 

vertical and horizontal stresses first increase and then remain unchanged (Figure 5,7.(b). The 

region of zero or negative stresses increases with increase in the size of hopper outlet. 

The results of this simulation, as expected, clearly indicate that flowability of ground 

feed increases with increase in outlet size. 



Table 5.7. Effect of hopper outlet size on stresses near the hopper outlet 

Hopper outiet Stresses after fdiog Stresses after draw-down 

initiation 

size Y-effective X-effective Y-effective stress X-effective 

stress stress stress 

T increase in stresses w.r.t. p e ~ o u s  condition 

1 decrease in stresses w.r.t. p e ~ o u s  condition 

* stresses remain unchanged W. r. t. peMous condition 



Figu&.l.(a) Effect of size of hopper opening on stress distribution in farnr bin after 
füling butprior to draw down initiation. Y-total stress (left column) and x-total stress 
(right column) 



Figure 5.7.(a) 



Figure 5.7.(b) Effwt of size of hopper opening on stress distribution in fann bin after 
draw down initiation. Y-totaI stress (left column) and x-total stress (right column) 



Figure 5.7.(b) 



5.8. Effect of Hopper Slope on Stress Distribution in Fnrm Bin 

In this analysis, since the height of hopper changeci with the hopper slope, it was 

decided to place the insert in such a way that it's bonom was always in line with the junction 

of bin and hopper. The effect of distance of hopper outlet from insen dominateci over the 

influence of dope on the flowability of ground feed because when the distance between the 

insert and hopper outlet increased beyond a lirnit, the stresses at the outlet remained 

unaffected by the presence of the insert. 

5.8.1. Stress distribution after filling For a slope of 50'. the vertical and horizontal stresses 

are high (Figure 5.8. (a)) as there is increased surcharge due to increased mass in the bigger 

hopper and stress distribution near the hopper outlet is unaected by the insert. As the slope 

is reduced to 40°, the vertical and horizontal stresses decrease (Table 5.8.) due to reduced 

surcharge load. The effect of insert becomes prominent when the slope is reduced to 30'. 

High vertical stresses adjacent to the insert in bins with the hopper slope equd to 20' and 10' 

may tend to reduce flowability due to reduced gaps benveen the insert and hopper wall. 

5.8.2. Stress distribution after draw-down initiation The horizontal stresses decrease with 

decrease in hopper dope and vertical stresses initially decrease and then increase despite the 

decreases in surcharge load (Figure 5.8 .(b)). The region of zero or negative stresses increases 

with decrease in slope. The increase in vertical stresses could increase flowability of ground 

feed once the matenal is in incipient flow condition as the dynarnic stresses would help break 

the arch. 

It cm be inferred frorn the stress distribution that the proximity of insert to the hopper 

outlet plays a major role in deciding the flowability of the material. In cases where stresses 

near the hopper outlet are influenced by the insert, chances of arch formation increase with 
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decrease in siope d e r  filiing of the bin however, after the draw d o m  is initiateci, the 

flowability may increase as the dope of hopper is reduced. This is because of hi& vertical 

stresses in the matenal at the hopper outlet which may tend to break the arches. Reducing the 

slope beyond a certain lirnit would reduce the flowability due to increased confining stresses 

adjacent to the insert. 

Table 5.8. Effect of hopper dope on stresses near the hopper outiet 

Hopper slope Stresses after filling Stresses after draw-down 

initiation 

degree Y -effective ,Y-effective Y-effective stress X-effective 

stress stress stress 

10 I 1 T 1 

T increase in stresses w.r. t. penious condition 

1 decrease in stresses w.r. t. peMous condition 

* stresses remain unchanged w.r. t. peMous condition 

* hopper dope w.r. t. horizontal 



Figure 5.8.(a) Effect of hopper slope on stress distribution in fann bin after f i i n g  but 
pnor to draw down initiation. Y-totai stress (Ieft column) and x-total stress (nght 
column) 
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Figure 5.8.(a) 



Figure 5.8.(b) Effect of hopper dope on stress distribution in fmnr bin after draw down 
initiation. Y-total stress (left column) and x-totaï stress (right column) 



Figure 5.8.(b) 



5.9. Effect of Bin wall Friction on Stress Distribution in Farm Bin 

5.9.1. Stress distribution after filling Bin wail friction has major influence on the stress 

distribution. Horizontal and vertical stresses increase at the hopper outlet as the wall fiction 

is decreased (Figure 5.9.(a)). Horizontal stresses remain unchanged when Y, is reduced 

tiom 10 hV/m to 1 W/m (Table 5.9.). 

5.9.2. Stress distribution after draw-down initiation Reducing the value of K,,- initially 

increases the horizontal and verticai stresses. The stresses rernain unchanged as the value of 

&,, is reduced below 10' kN/m for vertical and horizontal stresses. 

The movement of material during filling or during compaction under succeeding layers 

of fili is not retarded by smooth wail which means transfer of Ioad to the material instead of 

bin wall. This increase in surcharge load results in increased stresses. The results indicate that 

when storage bin having srnooth side wails is filled with ground feed, the chances of arch 

formation increase after filling of the storage bin due to high confining stresses, provided that 

the arch cm be supported at it's ends by the friction between matenal and hopper wall. Since 

the fiction at the suppon of arch also reduces, it may result in sliding of the material dong 

with the arch thereby resulting in flow despite high consolidation stresses. High stresses d e r  

draw-down initiation Furthemore suggest that improved flow can be expected as the dynamic 

stresses would help slide the arch dong with the material. 

As rnentioned earlier, since the values ofKshear used in SIGMAN are only indicative 

of slippage, the results of simulation should be substantiated with experirnental evidence and 

as of now be read with caution. 



Table 5.9. Effect of bin wall friction on stresses near the bopper outlet 

Bin Wall Friction Stresses after füling Stresses after draw-down 

initiation 

&-m/m Y -effective X-effective Y -effective X-effective 

stress stress stress stress 

T increase in stresses w.r.t. p e ~ o u s  condition 

1 decrease in stresses w.r.t. pervious condition 

f* stresses remain unc hanged W. r. t . pervious condition 



Figure 5.9.(a) Effert of bin wall friction on stress distribution in fmm bin after füling 
but prior to draw down initiation. Y-total stress (left column) and x-total stress (rigbt 
colurna) 





Figure 5.94b) Eff'ect of bin wall friction on stress distribution in fann bin after dmw 
down initiation. Y-totai stress (left column) and x-total stress (nght column) 



Figure 5.9.(b) 



6. CONCLUSIONS 

The following conclusions cari be drawn from this study: 

Modified Cam-clay mode1 can be applied to describe the constitutive behaviour of 

ground feed. 

Placing an insert inside a storage bin changes the homontal and vertical stress 

distribution under the at-rest condition and at the draw-dom initiation. 

Stress distribution in stored material changes with the change in parameter nich as 

insen location, insert size, insert fnction, hopper outlet size, hopper slope, and bin 

wall fnction. 

It was concluded from the simulations for different conditions that: 

1. 

I I .  

. . . 
III. 

iv. 

v. 

vi. 

vii. 

... 
vI11. 

Placing an insert at 175 mm (WW = 0.18) from the hopper bottom in Halfbin 

results in maximum flowability. 

Chances of arch formation in a bin decrease when an asymrnetnc hinged insert 

is used instead of a symnetric fixedlhinged insen. 

In Fann bin, maximum flowability can be attained by placing insert between 

300 (R/W = 0.18) and 400mm (RiW = 0.15) from the hopper bottom. 

Flowability increases as insert size is increased to 300mm ( R N  = 0.24). 

Insert with low surface fiction may be used to improve flow behaviour. 

Flowability increases with increase in size of hopper outlet. 

As the hopper slope decreases, chances of arch formation increase. 

Flowability increases with decrease in wall friction. 

The results of simulation are in concurrence with the experimentai results of previous 

research done by Hao ( 1998) for a mode1 bin of 2.4 m x 1 .O m. Results of simulation 



indicate a similar trend of increase in flowability as the mounting location of insert is 

moved from 85 to 260 mm fiom the hopper bottom. Mounting the insert higher up 

does not improve the flowability. The simulations dso  indicate that when an 

asymmetnc hinged insert is used in a bin. the chances of arch formation are the least 

when compared to other mounting methods. 



7. REICOMMENDATIONS FOR FUTURE WORK 

The study was undertaken with the objective of demonstrating the applicability of 

modified Cam-clay mode1 to ground feed nored in bins. The study also dedt with determining 

stress distribution in ground feed when it is nored in a bin and stress distribution at incipient 

flow condition. Since the results of simulation are in agreement to earlier expenments canied 

out by Hao (1998). the study has great potential to be extended to problems in storage bins 

of varying shapes and sizes. The results can also be extended to problems related to stmcturd 

design of bins. To have a better understanding of bulk material handling and storage, the 

following studies are recommended: 

Modified Cam-clay model should be applied to other cohesive powders and results 

should be compared to actual expenments. 

Results fiom simulations need to be substantiated with experimental evidence for 

frictional parameters. 

The effect of moisture content on material propenies, modified Cam-clay model 

parameters, and stress distribution needs to be studied to understand stress 

distribution under varying storage conditions. 

Asymmetric results in symmetnc conditions for rnounting method of insert in Full bin 

need to be reinvestigated using other programdsoftwares by carrying out more 

simulations. 

The simulations carried out in this study were quasi-static in nature. To simulate stress 

distribution dunng flow and to determine fiow behaviour &er draw-down initiation, 

the dynamic component needs to be incorporated into the model. 

More simulations and experiments need to be carried out to get a better understanding 

of the analogy between stress distribution and flow behaviour. 
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APPENDIX A - Formulation in SIG- 

A.1. Finite Element Equations 

The finite element equation used in the S I G W  formulation for a given tirne 

increment is, 

where: 

[BI = strain-displacement matrix 

[q = constitutive matrix 

{a] = colurnn veaor of nodal incrernental x- and y-displacements 

A = area dong the boundary of an element 

v = volume of an element 

b = unit body force intensity 

<LW = row vector of interpolating functions 

p = incrementai surface pressure 

(4 )  = concentrated incremental nodal loads 

Summation of this equation over al1 elements is implied. It should be noted the 

SIGMAlW is formulated for incremental analysis. For each time step, incremental 

displacements are calculated for the incremental applied load. These incremental values are 

then added to the values fiom the previous tirne step. The accumulated values are reported 
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in the output files. Using this incremental approach, the unit body force is only applied when 

an element is included for the Grst time during an analysis. 

For a two-dimensional plane strain analysis, SIGMAN considen al1 elements ro be 

of unit thickness. For constant element thickness, 1, Equation A. 1 cm be wrinen as: 

However, in an âuisymmetric analysis, the equivaient element thickness is the circumferential 

distance about the a i s  of symmetry. Althou* the complete circumferential distance is k 

radians times the radial distance, R, SIGMNW is formulated for one radian (unity). 

Consequently, the equivalent thickness is R and the finite element equation for the 

axisymmetric case becomes, 

J4 ([B]~[c][B]R) {a} = qp < lwT) d.4 + P ~ ~ ( R  <mi) + {F ,  } 
(A- 3) 

Unlike the thickness, r ,  in a two-dimensional analysis, this radial distance, R, is not a constant 

within an element. Consequently, R needs to be evaluated inside the integral. 

In an abbreviated fom, the finite element equation is, 



where: [ K ]  = element characteristic (or s-ess) rnatrix 

= t~ [BF [ C I B ~  (for planesrain), or 

= J, [BY [c~~@)dA(for axisymmetic) 

{ a )  = nodal incremental displacements 

{ F }  = applied nodal incremental force which is made up of the foliowing: 

(Fb j = incrernentai body forces 

{Fs} = force due to surface boundary incremental pressures 

@lune strain), or 

(F,) = concentrated nodal incremental forces 

SIGMAN solves this finite element equation for each time step to obtain incremental 

displacements and calculates the resuitant incrementai stresses and strains. It then sums dl 

these increments since the first time step and reports the surnmed values in the output files. 

A.2. Strain-Displacement ~Matrix 

SIGMNW uses engineering shear strain in defining the strain vector 



The field variable of a stress/deformation problem is displacement which is related to the 

strain vector through: 

where: 

[BI = strain matrix, 

f i ,  v = nodal displacement in x- and y-directions, respenively. 

S I G W  is restncted to performing infinitesimal strain analyses. For a two-dimensionai 

plane strain problem, Q is zero and the strain matrix is defined as: 



For an axisymmetric problem, the strain rnatrix can be written as: 

The associated strain rnatrix [BI is then: 

A.3. Elastic Constitutive Relationship 

Stresses are related to strains as follows, within the theory of elasticity, 

(A. 1 O) 

where [Cj is the constitutive (element property) matrix and is given by: 



where : 

E= Young's modulus 

V =  Poisson's ratio 

The [q matrix is the same for both the two-dimensional plane strain and the axisymrnetric 

cases. 

A.4. Body Forces 

S I G W  can mode1 body forces applied in both the vertical and the horizontal 

directions. These forces are applied to al1 elements when they Brst become active. The body 

force in the vertical direction, 6,. is due to gravity acting on an element. For a given materiai, 

the unit body force intensity in the venical direction is given by its unit weight, Y,, which is 

in tum related to its mass densitv, P : 

(A. 1 2) 

where g is the gravitational constant. When the unit weight Ys is non-zero, SIGMAAV 



evaiuates the integrai LJ(< mT) by nurnericai intewion and appties a v e n i d y  

downward (negative) force at each node of the elernent. 

Similady, when the unit body force intensity in the horizontal direction, 4, is nonzero, 

nodal forces in the horizontal direction are cornpured using 45(< nT) h. 

AS. Numericd Integration 

S I G W  uses Gauss-Legendre numerical integration (dso termed quadrature) to 

form the element characteristic (or stifbess) matrix [a . The variables are first evaluated at 

specific points within an element. These points are called integration points or Gauss points. 

These values are then summed for al1 the Gauss points within an element. This mathematical 

procedure is as described in the following. 

To cary out numencal integration. S I G W  replaces the following integral kom 

Equation A.2, 

with the following equation: 

(A. 13) 



where: 

j = integration point 

n = total number of integration points or integration order 

det 4 1 = determinant of the Jacobian matrix 

Wl,, W2j = weighting factors 

Tables A. 1. to A.4. show the numbering scheme and location of integration points used in 

S1GMA.W for various element types. 

Table A.1. Sample point locations and weightings for four point quadrilateral element 

Point r s W. W- 



Table A.2. Sample point locations and weightings for nine point quadriiaterai element 

Point r s W~ w 

1 +0.77459 +0.77459 5/9 5/9 

2 -0.77459 +O. 77459 519 5/9 

3 -0.77459 -0.77459 5/9 5/9 

4 t0.77459 -0.77459 519 519 

5 0.00000 +O. 77459 8/9 519 

6 -0.77459 0.00000 519 819 

7 0.00000 -0.77459 819 5/9 

8 +O. 77459 0.00000 519 819 

9 o. 00000 o. 00000 819 SI9 

Table A.3. Sample point location and weighting for one point triangular element 

Point 

Table A. 4. Sample point locations and. weightings for three point triangular element 

Point r s W. y 

The appropriate integration order is dependent on the number of secondary nodes. When 

secondary nodes are present, the interpolating tùnctions are non-linear and consequently a 

higher integration order is required. Table A S .  gives the acceptable integration order for 

various elernent types. 



Table AS* Acceptable element integrition orders 

Element Type Secondary Nodes Integrrition 

Order 

Quadrilat eral no 4 

Quadrilateral Yes 9 

Triangular no 1 

Triangular yes 3 

A.6. Assemblage o f  Global Equations 

SIGMAN SOLVE assembles and stores the global finite element eguations in a one- 

dimensional array. Figure A. 1. illustrates this storage scheme. The nurnbers in each box 

represent the position of the coefficients in the one-dimensional array. Since coefficients 

above the skyline are zeroes, oniy the coefficients below the skyline need to be stored. 

Figure A.1. Storage scheme for global characteristic matrix 

In most cases, the global characteristic (stifkess) matrix is symmetrical, and only the upper- 

halfof the mat* including the diagonal elements, needs to be stored. 
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A.7. Equation Solver 

S I G M M  uses Gauss elimination techniques to solve the finite element equations. 

This involves reducing the coefficient matrix to an upper hiangdar rnatrix. The unknown 

field variables are then caiculated by back-substitution- The field variables in SIGMA/W are 

the nodal displacements in the x- and y-directions.SIGMA/W has two equation solvers: one 

for symmetric global matrices and one for non-symrnetric global matrices. The appropriate 

solver is chosen automatically according to analysis type and matenal parameters. Both 

equation solvers cm accomrnodate missing elements in the global characteristic matrix. This 

feature makes it possible to add and delete elements f?om a finite element mesh without 

renumbenng the nodes and elements. In this way, it is possible to simulate fil1 placement. 

A.8. Element Stresses 

SIGMAIW computes the stresses and strains at each integration point within each 

element once the nodal displacements have been obtained. Strains are cornputed from nodal 
* 

displacements using Equation A.6. Stresses are computed at each Gauss point using the 

constitutive matrix [Cl in the following manner: 



A.9. Nonlinear Anaiysis 

S I G M M  is capable of performing analysis invoiving nonlinear material propedes. 

The finite element equilibrium Equation A.4 is derived for a linear static case. For noniinear 

matenal properties, the global stiff matrix , FI, is no longer linear and iterations are required 

to achieve an acceptable solution. Additional information on the procedure for nonlinear 

analysis can be found in finite element text-books such as Bathe (1 982). and Zienkiewicz and 

Taylor ( 199 1 ). 

In general, the basic problem in a nonlinear analysis is to find the state of equilibnum 

of a body corresponding to the extemally applied loads. If these loads are a function of time, 

at time z the nonlinear equilibrium problem can be formulated as a solution of the following 

equation: 

where: 

(A. 1 5) 

y= nodal unbalanced loads, 

F = extemally applied nodal loads, 

R = nodal loads due to element stresses, and, 

a = nodal displacernents. 

It is assumed that the solution will start fiom an equilibrium (or, at least, near equilibrium) 

state such that {y-'] is approxirnately zero. The vector {R} =I[Bf{dh is cakulated 



based on the internai element stresses as described previously in this chapter. In SIGMA/W, 

extemal applied loads are described using continuous spline functions, which describe the 

total load being applied on the system versus time. Therefore, for a particular time increment 

r, (' F} is an incrementai load obtained by the difference between the value of  the load 

functions evaluated at time r and at tirne 1-1. S I G W  solves Equation A. 15 iteratively 

using the Newton-Raphson technique which approximates this equation as: 

H' 
{Y+'} = ( Y }  +/ a2 l{*[} (A. 16) 

where i is the iteration counter and the superscript r has been ornitted for clarity. To  start the 

iteration process for time step t .  displacements at the end of the previous time step (i.e., time 

t-1) are used as the initial estimate: 

If the derivative tenn in Equation A. 16 is wrinen as: 

(A. 17) 

(A. 18) 

where: 

[K,1 = the tangentid stifhess matrix. 



The iterative correction applied to the nodal displacements can be calailated as: 

A senes of successive iterations gives the following result: 

(A. 20) 

In the Newton-Raphson rnethod, the stifFness matnx is tangentid to the load-displacement 

curve and is updated every iteration. This process is illustrated in Figure A.2(a). For an 

analysis involving strain-soflening rnaterials, this process is modified such that the stifhess 

rnatrix is not updated but the stifiess matrix used in the first iteration is retained throughout 

the time step, as illustrated in Figure A.2(b). In order to achieve stability in SIGMAW, the 

initial modulus is always calculated based on elastic behaviour. 



Figure A.2. Iteration schemes for non-linear analysis 

Displacement 

a) lteration Scheme Usmg Tangential Modulus 

c 
Displacement 

b) lteration Scheme Using Constant (Initial) Modulus 

It should be noted that the load term is the extemally applied load for the first iteration in a 

load step; and the load term is the unbalanced load for subsequent iterations. 

Lncremental displacements resulting fiom incrernent load { 'F}  at tirne 1 are obtained 



upon solving Equation A. 1 5 .  These incremental displacements are added to the displacements 

at the beglluiing of the time increment. In the displacement output files, S I G W  reports 

the total displacements at each node since the beginning of an analysis at T ime Step 1. 

A. IO. Convergence Cnteria 

Two convergence cntena. the displacement convergence critenon and the unbalanced 

load cnterion, can be used in S I G W  to control the iteration process. When a converge 

criterion is satisfied, the analysis is considered to have converged (or achieved convergence) 

and S I G W  will stop the iteration process and go to the next time step. 

Both criteria are expressed as the Euclidean nom of a vector quantity. The 

(Euclidean) nom of a vector is a mesure of its magnitude and is defined as: 

where: 

1141 = the norm of a vector quantity d 

d = a vector quantity, for exarnple, incremental nodal displacement for a particular iteration 

n = the size of that vector. 

For example, the norm of nodal dispiacements, Ilql, iç given by: 



where: 

N = total number of nodes 

Sa, = incremental x-displacernent at node PI  

= incrementai y-displacement at node n 

The displacement convergence cntenon compares the norm of incrementai displacements in 

an iteration to the norm of the accumulated incrementai displacements in a time step. This 

cnterion is expressed as a ratio in percentages, for the i-th iteration, it can be expressed as: 

where: 

cd = a user-defined tolerance number 

- - 

a = accumulated nodal displacements in the load step = Ckk 
k=l 

(A. 24) 

&= the vector of nodal increment displacements for the i-th iteration 



The unbalanced load convergence criterion compares the norm of unbaianced ioad in an 

iteration to the norm of the externaliy applied load in a time step. This cntenon is also 

expressed as a ratio in percentages, for the i-th iteration, it can be expressed as: 

where: 

= a user-defined tolerance number 

y = nodal unbalanced ioad for the i-th iteration 

F = applied increment load for the load step 

A.11. Evaluation of the Plastic Matrix, Cam-clay Mode1 

To evaluate the plastic rnatrix, [cp], for the Cam-clay model, it is necersKy 

to cornpute the elastic rnatrix [ce] , the vector of derivatives of the yield fbnction, {SI, 
3 

the derivative terms y, - and c, and the initial specific volume, Vo. For given values a ap 
of the effective stress Young's modulus, E ,  and Poisson's ratio, J,  the elastic matrix, 

[ce] , is the same as that for a linear elastic rnodel. The Poisson's ratio, J, is a constant value 
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input by the user, whde the modulus, E ,  is calculateci fiom the dope of the 

overconso iidation &ne, K. 

The dope of the overconsolidation line. K. can be wrinen as: 

(A. 26) 

A change in volumetric strain is related to a change in specific volume through the following 

equation. 

(A. 27) 

where: 

V = total volume 

e = void ratio of the soi1 

Combining Equations A26  and A.27, the following expression for the incremental volumetric 

strain is obtained. 



By definition, the effective bulk modulus, K ,  is given by 

The bulk modulus, K I ,  can also be expressed in terms of K. 

(A. 29) 

In mm, the following expression is obrained for the effective stress modulus E . 

The vector of derivatives of yield hnction with respect to stresses is: 

(A. 3 2) 



These derivatives can be expressed as derivatives with respect to stress invariants Il' and 

&sing the chah rule of differentiation. 

w here: 

i = stress cornponents x, y, : and - 
By definition, 4 = . The derivatives of the yield function F with respect to the stress 

invariants are expressed as follows: 

4 %  The remainino rems in the plastic marrk [cp], 7. LiiP V o ,  and c, are dercribed in the a 
foliowing equations. 

(A. 3 5) 



(A. 3 7) 

A.12. Slip Sudace Element 

SIGMAN can sirnulate a slip surface using four-noded quadrilaterd elements with 

Slip Surface as its soi1 model. Using the Slip Surface material model, a user can 

speci~stiffhess in two orthogonal directions. These directions are paraIlel and perpendicular 

to the long side of the element. Figure A 2  shows a typicai slip surface element with its long 

(1'-) axis inclined at angle P from the global x-axis with nodes numbered as 1, 2, 3 and 

4 . S I G W  treats a slip surface element as a combination of four bar elements. For 

example, for the element illustrated in Figure A L ,  there are two bar elements with stifhess, 

4, in the local normal y -direction, 1-4 and 2-3; and two bar elements in the local tangential 

x -direction, 1-2 and 4-3,withstifiess 4. 4 and are the user-specified tangentid and 

normal stifhess for the element. 



Figure A.3. A typical slip sudace element 

When forrnuiating the elernent stifiess matrix [q, instead of evaluating the integral 

I [ B ] ' [ ~  [BI h, S I G W  first forms the local stifiess rnatrix [K]  by assigning stifiess 

values 4 or directly to the appropriate location in the rnatrix. For the elernent iliustrated 

in FigureA.3., its local stifiess rnatrix, [ K I ,  in the local (2-9) coordinate system iç: 



[K]  is then rotated to the global coordinate system to obtain [q using the foliowing 

transformation: 

where: 

When the normal stress on a slip is zero or tensile (negative). the stiffness values are reduced 

by a factor of 0.00 1. 



APPENDM B - Resutts of experiments 
B.1. Triaxial Tests 
B. 1.1. Drained Tests 

20 30 40 50 60 
Axial displacement (mm) 

Figure B.l.(a) Drained tests at LOO kPa 
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Axial displacement (mm) 

Figure B.l.(b) Drained tests at 75 kPa 



Axial displacement (mm) 

Figure B.l.(c) Drained tests at 40 kPa 



Axial displacement (mm) 

Figure B.l.(d) Drained tests at 20 kPa 



B. 1.2. Undrained Tests 

Axial dis placement (mm) 

Figure Be2.(a) Undrained tests at 100 kPa 



Axial displacement (mm) 

Figure Ba2.(b) Undrained tests at 75 kPa 



Axial displacement (mm) 

Figure B . 2 4 ~ )  Undrained tests at 40 kPa 



Axial displacement (mm) 

Figure B.2.(d) Undrained tests at 20 kPa 
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B. 1.3. Isotropie Tests 

Figure B.3.(a) Three cycle isotropic test 
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Figure B.3.(b) Three cycle isotropie test 
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Figure B.3.(c) Three cycle iso tropic test 



Figure B.3.(d) Three cycle isotropic test 
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Table C.2. Tests to detennine moisture content of ground feed 
Al1 weights in gram 

Sam ple Moisture Content 
No. Wt. of dish & Wt. of dish & Wt. of Moisture 

moist sample dry sample dish Content 
1 19.724 18.624 6.572 9.1271 

Table C.3. Tests to determine poisson's ratio for ground feed 
Height to diameter ratio of samples = 1: 1 
Poisson's ratio = (change in diameteddiarneter)/(axid compressiodheight) 

= change in diametedaxiai compression 
Sample Poisson's Ratio 

No. Axial Change in diameter Poisson's 
compression (mm) of sample (mm) Ratio 

1 30 IO 0.3333 
2 28 10 0.3571 
3 27 10 0.3704 
4 29 10 0.3448 
5 30 IO 0.3333 
6 29 10 0.3448 
7 29 10 0.3448 
8 30 10 0.3333 
9 27 10 0.3704 
10 28 10 0.3571 



140 180 
Mean effective stress 

Figure D.1. Typical effective stress path during triasial simulation (at confining 
pressure = 100 kPa) 

O 40 80 120 160 200 240 
Mean effective stress 

Figure D.2. Cntical state line (Slope = M) determined by triaxial simulation 
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Figure D.3. Critical state line in e-ln@') plot to determine the parameter h and r by 
triaxial test simulation 

Figure D.4. ünloading-reloading cycle in triaxial test simulation to determine the 
parameter K 
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O 1 O 20 30 
Bin load kN1sq.m 

Horizontal stress Vertical stress 

Figure D.5. Stress conditions at bin-hopper wall calculated by Janssen's equations 

Table D.1. Cornpanson of bin-hopper stresses during discharge 

- - 

Distance from Stresses caiculated by Stresses caleulated by 
hopper bottom Janssen's equations S I G M .  

(m) Horizontal Vertical Horizon ta1 Vertical 



Table D.2. Cornparison of bin-hopper stresses after f i i n g  

Distance from Stresses calculated by Stresses calculateci by 
hopper bottom Janssen's equations (kPa) SIG- @Pa) 

(m) Ho riz0 n ta1 Vertical Horizon ta1 Vertical 
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