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Abstract: Finite element models, which employ the Drucker-Prager yield criterion, have been 

developed to simulate the static contact statuses between conical silos and granular materials 

in 3 forms: the near contact, the sliding contact and the sticking contact. Contact conditions 

are established when 2 separated surfaces touch at normal direction while maintaining 

tangential relative movement. In general physical meaning, the surfaces in contact status have 

the following characteristics: 1) No penetration between each other; 2) The normal pressure 

and the tangent friction force may be transferred during contact; 3) Generally the normal 

pulling force cannot be transferred when surface separation occurs. Due to the symmetric 

property of conical structures, simplified two-dimensional contacting simulations are carried 

out in this paper, nonlinear finite element software ANSYS is used and the contacting 

surfaces between granular materials and conical silos are defined with rigid-to-flexible 

surface-to-surface contact pair. The target surfaces of conical silos are modeled with 

TARGE169 element and the contact surfaces of granular materials are modeled with 

CONTA171 element. During finite element analysis, conical silos and granular materials are 

meshed with two-dimensional solid element, PLANE42. The static contact statuses are 

investigated with conical silos containing different granular materials. The silo geometries 

vary at a dip angle of 20°, 33.7° and 45°. Sunflower seeds, corn, coal, rounded gravel and 

wheat are selected as the granular materials. Results show that the mechanical properties of 

granular materials (including bulk density, elastic modulus, Poisson's ratio, dilation angle, 

internal friction angle, cohesion) and silo designs (especially dip angle) have significant 

effects on the contact statuses at the interface between  conical silos and granular materials: 1) 

For various granular material, 3 contact statuses, i.e. the form of near contact, sliding contact 

and sticking contact, can be found between granular materials and conical silo walls; 2) The 

contact statuses between conical silos and granular materials do not depend on (or not mainly 

depend on) any mechanical property of granular materials. The contact statuses are a 

combined effect of all mechanical properties of granular materials. Those granular materials 

with very small dilation angle may have the near contact statuses. Those granular materials 

with higher cohesive force usually present a smaller sticking contact area, and those granular 

materials with higher elastic modulus and bulk density usually present a larger sticking 

contact area than those with opposite material properties; 3) With the decreasing of conical 

silo depth, the near contact area disappears, the sliding contact area decreases and the sticking 

contact area increases. 4) Under the sliding contact status, the friction energy dissipation is 

mainly due to the relative motion between contact surfaces. Under the sticking contact status, 

the friction energy dissipation is mainly due to the elastic deformation because of the contact. 

The greater the sticking contact area, the more difficultly the silo discharges. The greater the 



sliding contact area, the more seriously the silo internal surfaces could be damaged. Since 

larger sticking/sliding contact area inevitably causes unloading difficulties or  friction 

damage, contact statuses between granular materials and conical silos should be optimized in 

the silos design in order to boost storage efficiency. 

 

Key words: finite element method; contacts; mechanical properties; granular material; 

conical silos; contact statuses; sliding contact; sticking contact; near contact 
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Fig.1    Main size of conical silos and pyramidal silos 
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㘴屵䤓 2 ₹嫷槱♾ⅴ呹䟀⦿⒕㆏ㄅ扫䱊ᇭ 

 

㘴屵㢾⪉ℝ䕅㊐㟈♧䤓浧ㄵ槭兎㊶桽欧ᇭ椞䧏㘴屵䕅㊐㟈♧᧨㘴屵嫷槱䤓㽤⚠✛⒖⚠⒩ㄵ掌↩㦘㣍囦♧▥᧨ 



☂侊兮䤓⒩ㄵ∬忥ℝ㘴屵䕅㊐ᇭ₏咻㧴幁᧨㘴屵䕅㊐♾⒕⃉㆏㘴屵ᇬ䅠䲊桼㘴屵✛煞䧏桼㘴屵ᇭⰑ⦍ 2 㓏䯉ᇭ 

 

 

⦍ 2    㘴屵䕅㊐⒕伊 

Fig.2    Classification of contact statuses 





 
 

嫷 1    5 䱜㟲㠨䔈㊶₝DP ♑㟿 

Table 1    Material parameters of sunflower seeds, corn, coal, rounded gravel and wheat 

㟲㠨 
␔㛸㝵屡 

Internal friction 

␔勩┪ 

Cohesive 

吷协屡 

Dilation 

㽙㨍㹣 

Poisson’s 
㇈㊶㲰摞 

Elastic 
⪕䱾⹕ㄵ(g=9.81N·kg

-1
) 

Bulk density/ 

㛸㝵侊㟿(⺈朱㨎) 

Friction coefficient 
Granular materials angle/(°) force/Pa angle/(°) ratio modulus/Pa (kg·m

-3
) (to Steel) 

圄啀伌Sunflower seeds
[13]

 24.0 18 500 9.7 0.33 0.567×10
6
 446 0.21 

䘘伂 Corn
[13]

 25.0 18 000 32.7 0.31 3.71×10
6
 762 0.20 

䏳优 Coal
[14]

 40.0 3 000 40.0 0.25 20.0×10
6
 917 0.41 

⦕䫍䪂Rounded gravel
[15]

 38.0 4 000 38.0 0.25 33.0×10
6
 1978 0.51 

⺞焵 Wheat
[13]

 22.2 9 500 23.1 0.37 3.73×10
6
 852 0.19 

 
 

3.2 㟿ⷵ㲰⨚ 

㚫⺊⑕䫽㘴屵䕅㊐䤓♜⮜扼ⅲ扖䲚᧨⻀㢾㘴屵桽欧䤓㻑屲扖䲚ᇭ☂⏗⇫₏₹⋖幍㘴屵䕅㊐᧨⃚⚝サ⏴⸩

屲㧰ↅ᧨♾㈦㘴屵䍈䤓㘴屵␔┪♙⇜䲊᧨䏅⚝⒳㠼㢾⚵䅰恂㘴屵㧰ↅᇭ㧰ↅₜ䅰恂㢅≽㟈㘴屵䕅㊐摜㠿㻑屲᧨

䦃Ⓙ㓏㦘㘴屵䍈掌䅰恂㘴屵㧰ↅ⃉㷱ᇭ 

 

扨摛䤓㘴屵㧰ↅ᧨㖖₳唑䍈⃚梃䤓┪✛⇜䲊♙␅㽤⚠ᇬ⒖⚠⒕摞⃚梃䤓␂侊᧨⥯㷳⦷帷幉㘴屵㧰ↅ⃚ⓜ

ㄣ䫽⸩⻏捷䤓㘴屵唑䍈⺈⧟㪖侊ᇭⰑ㨫䞷{r
-(m)

}✛{r
(m)

}ᇬ{r
(n)

} ⒕Ⓔ嫷䯉㘴屵䍈⺈ mᇬn ⦷㘴屵唑䍈⺈⧟㪖侊₼✛

㋊⇢⧟㪖侊₼䤓㘴屵┪᧨䞷{u
-(m)

}ᇬ{u
-(n)

}✛{u
(m)

}ᇬ{u
(n)

}⒕Ⓔ嫷䯉䦇ㄣ䤓唑䍈⇜䲊᧨䞷[t]嫷䯉⻏捷⧟㪖侊✛㋊⇢

⧟㪖侊䤓♧㗱䩸棄᧨⒨㦘᧶ 

{r
(j)

}=[t]{r
-(j)

} ᧤1᧥ 

{u
(j)

}=[t]{u
-(j)

} ᧤2᧥ 

␅₼᧨j=mᇬnᇭㆉ䵚㘴屵㧰ↅ: 

1㸧 ㆏㘴屵᧶㘴屵䍈㦹㘴屵ᇭ㷳㢅᧶ 

 

㆞₼᧶1ᇬ2 嫷䯉₳₹⒖⚠⧟㪖戃᧨3 嫷䯉㽤⚠⧟㪖戃ᇭ 

2㸧 䅠䲊桼㘴屵᧶㘴屵兢䍈⺈㽤⚠㡯梃椨᧨⒖⚠㦘䅠䲊ᇭ㷳㢅᧶ 

 

㆞₼᧶ȝ ⃉㛸㝵侊㟿᧨㷲微⚆♥⑂ℝ䦇⺈䅠䲊㡈⚠᧨₝⧟㪖㷲⚠₏咃♥㷲⚆᧨♜⃚♥微⚆ᇭ 

3㸧 煞䧏桼㘴屵᧶㘴屵唑䍈⺈㽤⚠㡯梃椨᧨⒖⚠ₜ䅠䲊ᇭ㷳㢅᧶ 

 

 

4 㦘棟⏒⒕㨟 

㟲㠨₝枴Ⅲ䤓㘴屵㢾浧ㄵ槭兎㊶嫛⃉᧨㻑屲扖䲚榏♜⮜扼ⅲ᧨㦻㠖⊮┸ ANSYS 懾ↅ㻑屲䕅㊐槭兎㊶桽欧⺈㟲

㠨₝枴Ⅲ䤓㘴屵桽欧扪嫛㻑帰並᧨㻑屲⃊尐▔㕻ⅴₚ␔⹈[5]᧶ 

 

 

 



 

1᧥⺕㟲㠨₝枴Ⅲ䱊㟲▥ᇭ㟲㠨⃉㘴屵⃊┷⇢᧨枴Ⅲ⃉嬺┷⇢᧨␅䓸䚕㲰⨚⃉㟲㠨㲰⨚ₙ䤓䍈₝枴Ⅲ嫷槱

ₙ䤓䍈䦇㘴屵᧨㷳㢅᧨℡㘴屵䤓㟲㠨₝枴Ⅲ♾↯抡㽤⚠☚┪₝⒖⚠㛸㝵┪ᇭ 

 

2᧥㘴屵⸩⃘ᇭ⺕年桽欧⸩⃘⃉⒩-㩣ᇬ槱-槱㘴屵᧨ 枴Ⅲ㨎⃉⒩㊶槱᧨⇫⃉䥽㪖槱᧨䞷 Targe169 㲰㕮᧨㟲

㠨⃉㩣㊶⇢᧨⇫⃉㘴屵槱᧨䞷 Conta171 㲰㕮ᇭ 

 

3᧥㛸㝵⸩⃘ᇭ㦻㠖摖䞷 Mohr-Coulomb 㲰⨚㲰㕮㟲㠨₝枴Ⅲ䤓㘴屵㛸㝵ᇭMohr-Coulomb 㲰⨚∎䞷㛸㝵⥯

㟿 

ȝ  嫷㈐嫷槱梃䤓㛸㝵嫛⃉᧨☂Ĳ = ȝ p ᧤Ĳ  ⃉⃃䟛⓹ㄣ┪ 

᧤Pa᧥᧨p ⃉㽤⚠㘴屵☚┪᧤Pa᧥᧥ᇭ 

4᧥⺈ⅴₙ 1᧥ᇬ2᧥ᇬ3᧥㓏承桽欧扪嫛㟿ⷵ㙞承᧨ ㆉ䵚㻑屲㡈䲚ᇭ 

枴Ⅲ㧟㠨♑㟿ⅴ♙枴Ⅲ₝㟲㠨㘴屵㰑⑄Ⱁ嫷 2 㓏䯉ᇭ 

 

 

 

5 兢㨫₝⒕㨟 

6  

⦍ 3 ⃉㦘棟⏒⒕㨟噆㈦䤓⒕㨟兢㨫᧨⒕Ⓔ⃉圄啀伌ᇬ䘘伂ᇬ䏳优ᇬ⦕䫍䪂ᇬ⺞焵⦷枴Ⅲ₼䤓㘴屵䕅㊐᧨㹞䱜㟲㠨
₝枴Ⅲ㘴屵兢㨫⒕Ⓔ♥枴Ⅲ⋍屡 ˞=20③ᇬ33.趋③✛ 45③3 

 

兓㟿㗽ᇭ⃉≎ℝ㹣戒᧨⦍ 3 ₼㓏㦘Ⅲ⇢⧖⃉兮₏⨑䦃浧ㄵ 10 m᧨Ⱁ⦍ 3a 㓏䯉ᇭ 

 

⦍ 4 ⃉㫈㗽⦍ 3 䘘伂ᇬ䏳优ᇬ⦕䫍䪂ᇬ⺞焵䷘ 4 䱜㟲㠨⦷ 3 䱜⋍屡枴Ⅲ₼䤓ಯ䅠䲊ರ㘴屵◉⩮內Ⓟ㔧兎⦍᧨㲹⧟㪖
⃉枴Ⅲ⋍屡᧨兄⧟㪖⃉䅠䲊㘴屵◉⩮⨑䦃浧ㄵ᧤⸭棔㘴屵◉⩮⃉㽎枴Ⅲ␔⭐槱᧥ᇭ. 

 

ⅴₚ⺈⦍ 3 ✛⦍ 4 䤓兢㨫㟿㗽扪嫛⒕㨟ᇭ 

 

5.1 ㋊⇢䕅㊐ 

 

1᧥朗⺈ₜ⚛䤓䓸㠨⻭㊶✛枴Ⅲ兢㨓᧨㟲㠨⦷枴Ⅲ₼♾厌㦘 3 䱜㘴屵䕅㊐᧤Ⱁ⦍ 3a.圄啀伌 ˞年⃉ 20③✛ 33.趋③㓏䯉
᧥᧨⃮♾厌♹㦘␅₼ 2 䱜㘴屵䕅㊐᧤Ⱁ⦍ 3 䘘伂ᇬ䏳优ᇬ⦕䫍䪂ᇬ⺞焵㓏䯉᧥ᇭ⅝Ⅲ欅ⒿⅢㄤ᧨₏咻欉ㄞ⃉㆏㘴
屵ᇬ䅠䲊㘴屵✛煞䧏㘴屵᧤圄啀伌㟲㠨棳⮥᧥ᇭ 

2᧥㟲㠨⦷枴Ⅲ₼䤓㆏㘴屵◉⩮₏咻㈗⺞㒥㼰㦘ᇭⰑ⦍ 3 䘘伂ᇬ䏳优ᇬ⦕䫍䪂ᇬ⺞焵㓏䯉᧨3 兓㟿㗽₼⧖㼰㦘㆏
㘴屵䕅㊐᧨圄啀伌⦷ ˞年⃉ 20③✛ 33.趋③㟿㗽₼⃮♹㦘㈗⺞䤓㆏㘴屵◉⩮ᇭ嫷㢝㟲㠨⦷枴Ⅲ₼䤓㘴屵䕅㊐₼᧨㆏㘴



 

 

屵ₜ◯⃊⺋⦿⇜ᇭ 

 

3᧥㡯幉䂀Ⅲ㒥㿔Ⅲⅴ♙㡯幉⇤䱜㟲㠨᧨⦍ 3 ₼㓏㦘枴Ⅲ₼䤓煞䧏㘴屵◉⩮⧖⦷₏◙ⅴₙ᧨嫷㢝㟲㠨⦷枴Ⅲ₼䤓
㘴屵䕅㊐ⅴ煞䧏⃉⃊ᇭ 

 

5.2 㘴屵䕅㊐₝㟲㠨♑㟿䤓␂侊 

 

1᧥₝␅Ⅵ⑯兓㟲㠨䦇㹣᧨圄啀伌㟲㠨⦷䂀枴Ⅲ₼㦘ⅴₚ㘴屵䔈䍈᧶཰Ⅲ欅␆㦘₏⺞捷⒕㆏㘴屵䕅㊐᧷ཱ⅝Ⅲ欅

Ⓙㄤ捷⒉♲᧨䅠䲊㘴屵◉⩮✛煞䧏㘴屵◉⩮ℳ㦎⒉䘿⛗ₜ扭兼䂆⚗◉⩮᧨₣⒕をₜ⺈䱿ᇭ 

 

✛␅Ⅵ㟲㠨䦇㹣᧨圄啀伌㟲㠨䤓㣍囦䔈䍈㢾欦伡戒⮶⇕⪕䱾⹕ㄵ⺞᧷㇈㊶㲰摞⺞᧷␔勩┪⮶᧷吷协屡㈗⺞₣扫⺞
ℝ␔㛸㝵屡᧨嫷㢝␆㦘伊⇋⻭㊶䤓㟲㠨⦷䂀枴Ⅲ₼↩⒉䘿ⅴₙ䘿廰ᇭ 

 

⒉䘿ⅴₙ䘿廰᧨㟲㠨♑㟿₼吷协屡䤓㈀❜戒⮶᧨⥯⃉⺈☚⸭䤓㟲㠨᧨㇢䓸㠨♦⓹⒖┪⇫䞷㢅᧨欦伡♠䞮吷协᧨䟀
吷协屡㘶Ⓟ㟲㠨⇢䱾吷协䤓⮶⺞᧨圄啀伌㟲㠨吷协屡扫⺞ℝ␔㛸㝵屡᧨⒨☚⸭⇢䱾吷协⺞᧨咃∎␅₝䂀枴Ⅲ欅捷
⮓ℝ㆏㘴屵䕅㊐᧨ㄅ⦷␅Ⅵ捷⒕⛗⒕をₜ⺈䱿䤓䂆⚗㘴屵㘴屵ᇭ㇢枴Ⅲ䟀䂀♧㿔㢅᧨㟲㠨☚⸭⇢䱾吷协⥯侯⺈㘴
屵䕅㊐䤓㈀❜抟㷴♧⺞᧨抟䂟⛗⒕を⧖▏⺈䱿䤓扭兼㘴屵䕅㊐ᇭ 

 

ⅴₚ⒕㨟⅔朗⺈䘘伂ᇬ䏳优ᇬ⦕䫍䪂ᇬ⺞焵䷘ 4 䱜㟲㠨ᇭ 

 

2᧥䟀⦍ 3 ✛⦍ 4 ♾䩴᧨㡯幉⦷䂀Ⅲ㒥㿔Ⅲ₼᧨4 䱜㟲㠨䤓䅠䲊㘴屵◉㖘䏶ಯ䘘伂-䏳优-⦕䫍䪂-⺞焵ರ䤓欉ㄞ⧖⛗⑞
⺞怚╎᧨⇕⒕㨟嫷 1 㟲㠨⻭㊶᧨㼰㦘↊⇤₏䱜 㟲㠨⻭㊶㖘䏶ಯ䘘伂-䏳优-⦕䫍䪂-⺞焵ರ欉ㄞ⛗欉ㄞ⬭⮶㒥欉ㄞ⑞⺞
怚╎ᇭ♾屐㟲㠨⦷枴Ⅲ₼䤓㘴屵䕅㊐ₜ⑂⸩ℝ᧤㒥ₜ⃊尐⑂⸩ℝ᧥↊⇤₏䱜䔈⸩⻭㊶᧨␅嫷䘿⒉䤓㘴屵䕅㊐ㄣ⃉
㟿䱜㟲㠨⻭㊶冋⚗㟗ㄣᇭ 

 

3᧥⦍ 3 ₼䘘伂䤓䅠䲊㘴屵◉㦏⮶᧨煞䧏㘴屵◉⩮㦏⺞᧤㡯幉䂀Ⅲ㒥㿔Ⅲ᧥ᇭ✛␅Ⅵ㟲㠨䦇㹣᧨䘘伂㟲㠨䤓䔈䍈
㢾␔勩┪㈗⮶ᇭ䔈Ⓔ㢾✛⺞焵㟲㠨扪嫛㹣戒㢅᧤⺞焵⦷⦍ 3 ₼䅠䲊㘴屵◉⩮㦏⺞᧥᧨棳␔勩┪㢾⺞焵㟲㠨 

䤓儵 2 ⊜⮥᧨␅Ⅵ⻭㊶⧖䦇ぽₜ⮶ᇭ嫷㢝␔勩┪⺈㟲㠨枴Ⅲ㘴屵䕅㊐㈀❜戒⮶᧨␔勩┪怙⮶᧨⒨䅠䲊㘴屵◉怙⮶᧨
煞䧏㘴屵◉怙⺞ᇭ 

 

4᧥啴㹣戒䏳优✛⦕䫍䪂 2 䱜㟲㠨䤓⻭㊶᧨♾䩴⦕䫍䪂㇈㊶㲰摞✛⪕䱾⹕ㄵ戒⮶᧨␅Ⅵ⻭㊶⒨₝䏳优䦇扠᧨ 力⦕
䫍䪂䅠䲊㘴屵◉䟴⺞ℝ䏳优ᇭ♾屐⪕䱾⹕ㄵ✛㇈㊶㲰摞⺈㘴屵䕅㊐㦘₏⸩㈀❜᧨㇢₳劔⚛㢅⬭⮶㢅᧨⒨䅠䲊㘴屵
◉♧⺞᧨煞䧏㘴屵◉⬭⮶ᇭ 

 

5.3 㘴屵䕅㊐₝枴Ⅲ䂀㿔䤓␂侊 

椞䧏枴Ⅲ䟀䂀Ⅲ⚠㿔Ⅲ扖䂰᧨㆏㘴屵◉⩮↩䀗⯀ᇭⰑ⦍ 3 圄啀伌㟲㠨㓏䯉ᇭ䟀ℝ圄啀伌㟲㠨⦷䂀枴Ⅲ䤓㘴 

屵䕅㊐戒⮜㧑᧨㷳⮓㤑ₜ⋩⒕㨟⮥᧨␅Ⅵ 4 䱜㟲㠨⧖椞䧏枴Ⅲ䟀䂀⚠㿔扖䂰᧨䅠䲊㘴屵◉♧⺞᧨煞䧏㘴屵◉♧⮶ᇭ
Ⱁ⦍ 3 ✛⦍ 4 㓏䯉ᇭ 



 

 

 

5.4 㘴屵䕅㊐⺈枴Ⅲ䤓㈀❜ 

ₜ⚛䤓㘴屵䕅㊐↩⺈枴Ⅲ㦘ₜ⚛䤓㈀❜᧨⃊尐嫷䘿ℝ㛸㝵┪䤓㈀❜ᇭ㆏㘴屵䕅㊐㢅᧨㟲㠨₝枴Ⅲ㼰㦘⸭德㘴屵᧨ 

㛸㝵⇫䞷♾ⅴ㊌䟴᧷䅠䲊㘴屵䕅㊐ₚ᧨枴Ⅲ㛸㝵┪⃉⮥㛸㝵┪᧨⃊尐嫷䘿⃉㘴屵槱梃䟀ℝ䦇⺈扟┷㓏ℶ䞮䤓㛸㝵
劦厌᧷煞䧏㘴屵䕅㊐ₚ᧨枴Ⅲ㛸㝵┪⃉␔㛸㝵┪᧨⃊尐嫷䘿⃉㘴屵槱梃䟀ℝℶ䞮㇈㊶♧ㇱ力⺋咃厌摞䀗劦ᇭ 

 

䟀 5.1 唑⒕㨟♾䩴᧨㟲㠨⦷枴Ⅲ₼䤓㘴屵䕅㊐ⅴ煞䧏⃉⃊ᇭ㣍䏅᧨煞䧏㘴屵◉⬭┯᧨㋊␔㛸㝵┪↩┯⮶᧨㟲㠨⦷

☇㠨䕅㊐楍ⅴ㦘㟗⏚㦜␔㛸㝵┪✛䓸㠨勩楕┪᧨㦃⹈㢢⒉䘿㚼㖀ᇬ◰⫭ᇬ熯㾭ᇬ伧⭐䷘⫄⫭✛伧㠨桽欧᧷ 煞䧏㘴
屵◉⑞⺞᧨⒨䦇⺈⹈㢢☇㠨᧨⇕㷳㢅䅠䲊㘴屵◉↩⬭┯᧨⺋咃㘴屵槱⃚梃䤓䦇⺈扟┷戒⮩᧨⺈Ⅲ⇢␔⭐槱㛸㝵㗮
↳↩⬭⮶ᇭ 

 

⥯㷳᧨⦷幍帰枴Ⅲ✛⌷ⷧ㟲㠨㢅᧨ㄣ⅝枴Ⅲ兢㨓ᇬ枴Ⅲ㧟㠨ᇬ㟲㠨⻭㊶ᇬ☇㠨㡈㆞ᇬ䠞㠨㘹㡌䷘㡈槱冋⚗劒壠᧨
㫈㗽⸭棔㍔⑄扪嫛♥咜᧨㙟浧枴Ⅲ∎䞷⺎✌✛徽㠨㟗䘖ᇭ 

 

5.5 帷   幉 

1᧥呹䏅䟛✛ぴ₩ㄣ䞷欕⩮ⷧ⦷䱜伊僐⮩䤓㟲㠨᧨枴Ⅲ兢㨓✛枴Ⅲ㧟㠨⃮㦘戒⮩伊⨚᧨㦻㠖帰並✛⒕㨟⅔棟ℝ㓏
折♥䤓 5 䱜㟲㠨✛朱㨎枴Ⅲ᧨㓏㈦兢幉⃊尐朗⺈㦻㠖䪣䴅卛㣾᧨



 
 

 

 
 

㽷᧶Ⅲ⇢⨑䦃浧ㄵ⃉ 10 m᧷Į ⃉枴Ⅲ⋍屡(°)ᇭ 

Note: All FE silo models use unified 10 m vertical height. Į is the dip angle (°). 
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Fig.3    Contact statuses between conical silos and granular materials 
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