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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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Fig.2    Classification of contact statuses 
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Table 1    Material parameters of sunflower seeds, corn, coal, rounded gravel and wheat 

佾呍 
ゑ猶艹  

Internal friction 

ゑ匥f 

Cohesive 

悢坢  

Dilation 

ケ゚癃ĝ 

Poisson’s 
よ6ご  

Elastic 
A眾㍱ハ(g=9.81N·kg

-1
) 

Bulk density/ 

猶艹ŗ偪(㌨ 癋) 

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

-3
) (to Steel) 

膖歮配Sunflower seeds
[13]

 24.0 18 500 9.7 0.33 0.567×10
6
 446 0.21 

𣷹較 Corn
[13]

 25.0 18 000 32.7 0.31 3.71×10
6
 762 0.20 

㗴餡 Coal
[14]

 40.0 3 000 40.0 0.25 20.0×10
6
 917 0.41 

O伱鴘Rounded gravel
[15]

 38.0 4 000 38.0 0.25 33.0×10
6
 1978 0.51 

㌽  Wheat
[13]

 22.2 9 500 23.1 0.37 3.73×10
6
 852 0.19 
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呍㌻ 犾豭脆 ウ 鬋襯ウ 兤 Î缶甁㍂ゑ№[5]覲 

 

 

 



 

1襤㌵佾呍㌻ 犾犄佾á嫋佾呍兊脆 兤s錝襯 犾兊 s錝襯み懵㺃ご7兊佾呍ご7㍂豭鷀㌻ 犾

㍂豭鷀鉨脆 襯̬嬥襯晴脆 豭佾呍㌻ 犾3/10諶 ⓺04.f㌻Ā04猶艹f嫋 

 

2襤脆 マ厲嫋㌵ マ厲兊₁-篗媾 - 脆 襯 犾癋兊₁6 襯鑅兊釬罏 襯綶 Targe169 ご慨襯佾

呍兊篗6錝襯鑅兊脆 襯綶 Conta171 ご慨嫋 

 

3襤猶艹マ厲嫋犍剉 綶 Mohr-Coulomb ご7ご慨佾呍㌻ 犾豭脆 猶艹嫋Mohr-Coulomb ご7¬綶猶艹c

偪 

た  ノ 豭猶艹 兊襯ǐĲ = ȝ p 襦k  兊偆羖5ソf 

襦Pa襤襯p 兊⓺04脆 .f襦Pa襤襤嫋 

4襤㌨甁㍂ 1襤媾2襤媾3襤湾 偪ひ暖 襯 か詗ウ 噲磓嫋 

犾琯呍9/10偪甁8/11 犾㌻佾呍脆 齁┇メ  2 湾掯嫋 
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G 3 兊灊 パō睲碲ヤ豭ō睲85砵襯ōO̊兊膖歮配媾𣷹較媾㗴餡媾O伱鴘媾㌽ ぬ 犾侚豭脆 旼ə襯Ĥ瓻佾呍
㌻ 犾脆 85砵ōO̊1/4 犾Ü  ※=20③媾33.趋③H 45③3 

 

70偪術嫋兊^昤ĝ 襯G 3 侚湾灊犾錝カ兊97㍎02鉊 ハ 10 m襯メG 3a 湾掯嫋 

 

G 4 兊苾術G 3 𣷹較媾㗴餡媾O伱鴘媾㌽ 錶 4 瓻佾呍ぬ 3 瓻Ü 犾侚豭惇ş瞧敦脆 08890ǒ遒65G襯そソ罏
兊 犾Ü 襯55ソ罏兊ş瞧脆 08802鉊 ハ襦モ 脆 088兊– 犾ゑ41 襤嫋. 

 

甁㍂㌨G 3 HG 4 豭85砵偪術 ō睲嫋 

 

5.1 J錝旼ə 

 

1襤 ㌨㌣Ⅳ豭懵呍ペセタ6H 犾85癴襯佾呍ぬ 犾侚3/10奻灊 3 瓻脆 旼ə襦メG 3a.膖歮配 ※年兊 20③H 33.趋③湾掯
襤襯妤3/10奻4/9灊み侚 2 瓻脆 旼ə襦メG 3 𣷹較媾㗴餡媾O伱鴘媾㌽ 湾掯襤嫋煇犾 ě犾ゾ襯㍎斳 ジ兊ぐ脆
媾ş瞧脆 H 𨻫脆 襦膖歮配佾呍 z襤嫋 

2襤佾呍ぬ 犾侚豭ぐ脆 088㍎斳フ㌽兆ㇶ灊嫋メG 3 𣷹較媾㗴餡媾O伱鴘媾㌽ 湾掯襯3 70偪術侚カㇶ灊ぐ
脆 旼ə襯膖歮配ぬ ※年兊 20③H 33.趋③偪術侚妤4/9灊フ㌽豭ぐ脆 088嫋 嶠佾呍ぬ 犾侚豭脆 旼ə侚襯ぐ脆



 

 

㌣₇兤㌭ま錥嫋 

 

3襤奡 ∝犾兆ㇷ犾甁8/11奡 鍰瓻佾呍襯G 3 侚湾灊 犾侚豭 𨻫脆 088カぬ㍎Ē甁㍂襯 嶠佾呍ぬ 犾侚豭
脆 旼ə甁 𨻫兊兤嫋 

 

5.2 脆 旼ə㌻佾呍9/10偪豭へŗ 

 

1襤㌻み獷┲70佾呍鉨ĝ襯膖歮配佾呍ぬ∝ 犾侚灊甁㍂脆 𢭐鷀覲率犾 む灊㍎㌽ ōぐ脆 旼ə覺立煇犾

ěゾ ▲6/7襯ş瞧脆 088H 𨻫脆 088﨔澔▲𣽾70㌣ 111≅7088襯㌪ōャ㌣㌨睅嫋 

 

Hみ獷佾呍鉨ĝ襯膖歮配佾呍豭悞耝𢭐鷀徧 鳦 Q鋗A眾㍱ハ㌽覺よ6ご ㌽覺ゑ匥fQ覺悢坢 フ㌽㌪ ㌽
昤ゑ猶艹 襯 嶠む灊邊鈼ペセタ6豭佾呍ぬ∝ 犾侚訷▲𣽾甁㍂𣽾 嫋 

 

▲𣽾甁㍂𣽾 襯佾呍9/10偪侚悢坢 豭ゾを Q襯c兊㌨.モ豭佾呍襯ア懵呍3/45Āf鑅綶嬥襯 鳦1/100䋝悢坢襯縗
悢坢 籍ǒ佾呍錝眾悢坢豭Q㌽襯膖歮配佾呍悢坢 ㌽昤ゑ猶艹 襯₀.モ錝眾悢坢㌽襯捛¬み㌻∝ 犾
h昤ぐ脆 旼ə襯アぬみ獷 ō70ōャ㌣㌨睅豭≅7脆 脆 嫋ア 犾縗∝1/5ㇷ嬥襯佾呍.モ錝眾悢坢cŖ㌨脆
旼ə豭ゾを ̹1/5㌽襯 Ś70ōャカÉ㌨睅豭 111脆 旼ə嫋 

 

甁㍂ō睲瀅 ㌨𣷹較媾㗴餡媾O伱鴘媾㌽ 錶 4 瓻佾呍嫋 

 

2襤縗G 3 HG 4 3/10鱩襯奡 ぬ∝犾兆ㇷ犾侚襯4 瓻佾呍豭ş瞧脆 0强噇惇𣷹較-㗴餡-O伱鴘-㌽ 敦豭 ジカ70┡
㌽ ¤襯鋗ō睲  1 佾呍ペセタ6襯ㇶ灊竧鍰㍎瓻 佾呍ペセタ6强噇惇𣷹較-㗴餡-O伱鴘-㌽ 敦 ジ70 ジ8Q兆 ジ┡㌽
¤嫋3/10 佾呍ぬ 犾侚豭脆 旼ə㌣┅マ昤襦兆㌣兤 ┅マ昤襤竧鍰㍎瓻𢭐マペセタ6襯み 𣽾▲豭脆 旼əソ兊

偪瓻佾呍ペセタ61267訒ソ嫋 

 

3襤G 3 侚𣷹較豭ş瞧脆 0澚Q襯 𨻫脆 088澚㌽襦奡 ∝犾兆ㇷ犾襤嫋Hみ獷佾呍鉨ĝ襯𣷹較佾呍豭𢭐鷀
徧ゑ匥fフQ嫋𢭐O̊徧H㌽ 佾呍 ĝ 嬥襦㌽ ぬG 3 侚ş瞧脆 088澚㌽襤襯 ゑ匥f徧㌽ 佾呍 

豭40 2 Łz襯み獷ペセタ6カ鉨ノ㌣Q嫋 嶠ゑ匥f㌨佾呍 犾脆 旼əゾを Q襯ゑ匥f Q襯₀ş瞧脆 0 Q襯
𨻫脆 0 ㌽嫋 

 

4襤淴ĝ 㗴餡HO伱鴘 2 瓻佾呍豭ペセタ6襯3/10鱩O伱鴘よ6ご HA眾㍱ハ Q襯み獷ペセタ6₀㌻㗴餡鉨 襯 傛O
伱鴘ş瞧脆 0脍㌽昤㗴餡嫋3/10 A眾㍱ハHよ6ご ㌨脆 旼ə灊㍎マゾを襯ア丨偱Ⅳ嬥8Q嬥襯₀ş瞧脆
01/5㌽襯 𨻫脆 08Q嫋 

 

5.3 脆 旼ə㌻ 犾∝ㇷ豭へŗ 

𨻫 犾縗∝犾04ㇷ犾 Ĺ襯ぐ脆 088訷ㇻあ嫋メG 3 膖歮配佾呍湾掯嫋縗昤膖歮配佾呍ぬ∝ 犾豭脆 

旼ə q玷襯̬h晷㌣ûō睲z襯み獷 4 瓻佾呍カ 𨻫 犾縗∝04ㇷ Ĺ襯ş瞧脆 01/5㌽襯 𨻫脆 01/5Q嫋
メG 3 HG 4 湾掯嫋 



 

 

 

5.4 脆 旼ə㌨ 犾豭ゾを 

㌣Ⅳ豭脆 旼ə訷㌨ 犾灊㌣Ⅳ豭ゾを襯兤 𣽾昤猶艹f豭ゾを嫋ぐ脆 旼ə嬥襯佾呍㌻ 犾ㇶ灊モ 脆 襯 

猶艹鑅綶3/10甁ɔ脍覺ş瞧脆 旼ə㍂襯 犾猶艹f兊z猶艹f襯兤 𣽾兊脆 縗昤鉨㌨ s湾樰䋝豭猶艹
僝奻覺 𨻫脆 旼ə㍂襯 犾猶艹f兊ゑ猶艹f襯兤 𣽾兊脆 縗昤樰䋝よ61/5グ傛㌭捛奻 ㇻ僝嫋 

 

縗 5.1 椐ō睲3/10鱩襯佾呍ぬ 犾侚豭脆 旼ə甁 𨻫兊兤嫋悞呃襯 𨻫脆 08k襯Jゑ猶艹f訷kQ襯佾呍ぬ

ǔ呍旼ə 甁灊訒ポ灤ゑ猶艹fH懵呍匥 f襯漚№帒▲𣽾弊危媾₈ソ媾 ≅媾笈41錶にソH笈呍 覺 𨻫脆
0┡㌽襯₀鉨㌨№帒ǔ呍襯鋗̬嬥ş瞧脆 0訷8k襯㌭捛脆 﨎 豭鉨㌨ s D襯㌨犾錝ゑ41 猶艹邪

賴訷8Q嫋 

 

c̬襯ぬ 犾Haす佾呍嬥襯ソ煇 犾85癴媾 犾琯呍媾佾呍ペセタ6媾ǔ呍噲ぞ媾艗呍雪嚭錶噲 1267偧銺襯
苾術モ Ò┇ 1/4撛襯値 犾¬綶㌮ⅧH 呍訒𣵀嫋 

 

5.5     

1襤拲呃羖Hヅ鍈ソ綶 88すぬ瓻邊'39D豭佾呍襯 犾85癴H 犾琯呍妤灊 D邊7襯犍剉 鬋Hō睲瀅 昤湾
1/4豭 5 瓻佾呍H 癋 犾襯湾ヤ85 兤 ㌨犍剉麅臝垧擥襯



 
 

 

 
 

ㇺ覲犾錝02鉊 ハ兊 10 m覺g 兊 犾Ü (°)嫋 

Note: All FE silo models use unified 10 m vertical height. g is the dip angle (°). 

G 3    膖歮配媾𣷹較媾㗴餡媾O伱鴘媾㌽ ぬ 犾侚豭脆 旼ə 

Fig.3    Contact statuses between conical silos and granular materials 



 

み徧36む灊撿 ⁴厲襯 ㍎̹麅臝嫋 

 

2襤 1/4豭 5 瓻佾呍3む𢭐鷀襯ペセタ6ōャ㌣む ヘ6襯c̬襯5.2 椐湾ヤ85 ㇶ奻91▲⁶㍎佾呍ペセタ6メ鍰ゾをみ脆

旼ə嫋 

 

3襤 剉¬綶灊 パ噲⓺ 撝佾呍㌻ 犾豭脆 旼əゾを パ麅臝襯淴 麅臝脆 旼ə豭ゾを玆㺃襯3/10

µt昤犄佾パ噲⓺H聰狇襯㌨佾呍犄佾𢭐6 ∝そ麅臝嫋 

 

7 85  

o昤o犍 暖 H7㺃ç 襯か詗偪ひご7媾灊 パご7ア 灊 パō睲o侞㍂襯甁膖歮配媾𣷹較媾

㗴餡媾O伱鴘媾㌽ 錶 5 瓻佾呍兊*襯麅臝撝佾呍ぬ 犾侚豭脆 旼ə襯J85撝 犾85癴H ō佾呍ペセタ6ゾ

を脆 旼ə豭 パ襯 撝㌣Ⅳ脆 旼ə㌨ 犾ソ綶H 豭ゾを噲ぞ覲 

 

1襤煇犾 ě犾ゾ襯佾呍ぬ 犾侚3/10奻灊 3 瓻脆 旼ə襯 ㍎斳 ジ兊ぐ脆 媾ş瞧脆 H 𨻫脆 嫋み侚ぐ脆

088㍎斳フ㌽兆ㇶ灊襯傜佖 犾侚脆 旼ə甁 𨻫兊兤嫋 

 

2襤佾呍ぬ 犾侚豭脆 旼ə㌣┅マ昤襦兆㌣兤 ┅マ昤襤竧鍰㍎瓻𢭐マペセタ6襯脆 旼ə兊偪瓻佾呍ペセタ6

1267訒ソ嫋み侚悢坢 フ㌽嬥襯3/10奻訷灊ぐ脆 旼ə覺ゑ匥f Q襯₀ 𨻫脆 0 ㌽覺A眾㍱ハHよ6ご

Ⅳ嬥 Q嬥襯訷㌭捛 𨻫脆 08Q嫋 

 

3襤 犾縗∝04ㇷ Ĺ嬥襯ぐ脆 088訷ㇻあ襯ş瞧脆 0訷1/5㌽襯 𨻫脆 0訷8Q嫋 

 

4襤 𨻫脆 0Q㌣Ĩ昤犾錝ǔ呍襯漚№帒▲𣽾弊危媾₈ソ媾 ≅媾笈41錶𣽾 覺ş瞧脆 0Q鉨㌨№帒

ǔ呍襯鋗脆 﨎 豭鉨㌨ s D襯 犾ゑ41 猶艹邪賴Q嫋 
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