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Outline

• Examples of granular flow-obstacle problems:
• A granular flow overtopping a wall (of small height 𝐻)

• A slender obstacle (of width/diameter 𝐷) immersed in a granular flow

• Granular avalanche impact on a wall (no overflow) with a propagating jump

• Towards a generic formula for the (granular) avalanche force
• A criterion to demarcate depth-dependent impact forces from velocity-

squared impact forces 
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Granular flow-obstacle problems
I. A granular flow overtopping a wall

𝐹𝑤𝑎𝑙𝑙 = 𝐹𝑢 + 𝐹ℎ + 𝐹𝑎𝑤 + 𝐹𝑚𝑣

𝐹𝑢 = 𝛽 ℑ𝑊 𝛼, 𝜅, 𝜇𝑑𝑧 ത𝜙𝜌𝑃 ത𝑢
2ℎℓ

𝐹ℎ =
1

2
𝑘 ത𝜙𝜌𝑃𝑔ℎ

2ℓ cos 𝜃

𝐹𝑎𝑤 = 𝜙0𝜌𝑃𝑉0𝑔(sin 𝜃 − 𝜇𝑑𝑧 cos 𝜃)

𝐹𝑚𝑣=
1

2

𝑑

𝑑𝑡
ℊ𝑊(𝜅, 𝛼) ҧ𝜌ത𝑢 ℓ

Steady flow conditions: validation on DEM simulations [Faug, Beguin, Chanut, Phys Rev E 2009]

Unsteady flow conditions (avalanche): validation on DEM simulations [Chanut, Faug, Naaim, Phys Rev E 2010] and lab 
experiments [Faug, Chanut, Caccamo, Phys Rev E 2011]

Momentum conservation applied 
to the grey-colored volume
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Granular flow-obstacle problems
I. A granular flow overtopping a wall

𝐹𝑤𝑎𝑙𝑙
1
2
ത𝜙𝜌𝑃 ത𝑢

2𝐻ℓ
= 𝐂𝑤𝑎𝑙𝑙 +

𝐊𝑤𝑎𝑙𝑙

Fr2

𝐂𝑤𝑎𝑙𝑙 =
2𝛽

𝐻/ℎ
1 −

[1 − 𝜅(𝜃 − 𝜃𝑚𝑖𝑛)] cos 𝜃

cos 𝜃𝑚𝑖𝑛

𝐊𝑤𝑎𝑙𝑙=
𝑘

𝐻/ℎ
+ 2 +

𝐻

ℎ
1 + tan𝜃 tan 𝜃𝑚𝑖𝑛

Steady

Unsteady

𝐿𝑤𝑎𝑙𝑙 =
𝐻

tan(𝜃 − 𝜃𝑚𝑖𝑛)
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Granular flow-obstacle problems
II. A slender obstacle immersed in a granular flow

Momentum conservation applied to the 
control-volume of length 𝐿𝑝𝑦𝑙𝑜𝑛

𝐹𝑝𝑦𝑙𝑜𝑛 = 𝐹𝑢 + 𝐹ℎ + 𝐹𝑎𝑤

𝐹𝑢 =
1

2
𝐶𝑝𝑦𝑙𝑜𝑛 ത𝜙𝜌𝑃 ത𝑢

2ℎ𝐷

𝐹ℎ =
1

2
𝑘ℑ ത𝜙𝜌𝑃𝑔ℎ

2ℓ cos 𝜃

𝐹𝑎𝑤 = 𝑘ℊ
𝐿𝑝𝑦𝑙𝑜𝑛

ℎ
𝜙0𝜌𝑃𝑔ℎ

2ℓ(sin 𝜃 − 𝜇𝑒 cos 𝜃)

ℑ and ℊ are functions of 
𝐷

ℓ
, ℇ and 𝑟 =

ഥ𝜙

𝜙0

[Faug, Eur Phys J E 2015]

pylon
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Granular flow-obstacle problems
II. A slender obstacle immersed in a granular flow

𝐹𝑝𝑦𝑙𝑜𝑛
1
2
ത𝜙𝜌𝑃 ത𝑢

2𝐻𝐷
= 𝐂𝑝𝑦𝑙𝑜𝑛 +

𝐊𝑝𝑦𝑙𝑜𝑛

Fr2

𝐂𝑝𝑦𝑙𝑜𝑛 = 𝐂𝑝𝑦𝑙𝑜𝑛 𝐶𝑑 , 𝛽,
ℓ

𝐷
, 𝜖 ≈ 𝐶𝑑

𝐊𝑝𝑦𝑙𝑜𝑛 =
ℓ

𝐷
𝑘ℑ + 2ℊ

𝐿𝑝𝑦𝑙𝑜𝑛

ℎ

𝜙0
𝜙
(tan 𝜃 − 𝜇𝑒)

pylon
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Granular flow-obstacle problems
II. A slender obstacle immersed in a granular flow

~0~0 ~𝑎 + 𝑏
ℎ

𝐷

(a) [Geng & Behringer, Phys Rev E 2005]
(b) [Seguin et al., Phys Rev E 2016]
(c) [Tordesillas et al, Phys Rev E 2014]
(d) [Seguin et al., Phys Rev E 2013]
+ snow avalanches: [Sovilla et al., CRST 2016]

𝐷∗ ≈ 10𝐷 𝐷∗ ≈ 6𝐷

𝐷∗ ≈ 4.5𝐷

𝐷∗ ≈ 3.5𝐷

𝐊𝑝𝑦𝑙𝑜𝑛 = 𝑘
ℓ

𝐷
ℑ +

𝜋

2
2𝜔𝜓 + 𝜓2

ℎ

𝐷
+ 𝜔2

𝐷

ℎ

𝜙0
𝜙
(tan 𝜃 − 𝜇𝑒)

𝐹𝑝𝑦𝑙𝑜𝑛
1
2
ത𝜙𝜌𝑃 ത𝑢

2𝐻𝐷
= 𝐂𝑤𝑎𝑙𝑙 +

𝐊𝑝𝑦𝑙𝑜𝑛

Fr2

[Faug, Eur Phys J E 2015]

𝐿𝑝𝑦𝑙𝑜𝑛ℎ =
𝜋𝐷∗

2

8

𝐷∗ = 𝜔𝐷 + 𝜓ℎ

𝜃 = 30°
𝜇𝑒 = 0.3
𝜔 = 3
𝜓 = 1.5
𝑘 = 1
ℑ = 0

𝐶𝑝𝑦𝑙𝑜𝑛 = 1

CR5.2 – snow avalanche dynamics

T. Faug ©Author. All rights reserved.



Granular flow-obstacle problems
III. Granular avalanche impact on a wall (no overflow)

𝐹𝑤𝑎𝑙𝑙−𝑗𝑢𝑚𝑝 = 𝐹𝑠 + 𝐹𝑑𝑧

𝐹𝑠 = 1 +
1

𝜌∗
𝜌

ℎ∗
ℎ
−1
+

2

𝐹𝑟2
ത𝜙𝜌𝑃 ത𝑢

2ℎw

𝐹𝑑𝑧 =
1

2
𝑐𝑑𝑧(tan 𝜃 − 𝜇𝑑𝑧) 𝜌∗𝑔ℓ𝑑𝑧ℎ𝑑𝑧𝑤 cos𝜃

[Albaba et al, Phys Rev E 2018]
ℎ𝑑𝑧 ≥ ℎ∗

𝑡 = 2.2s 𝑡 = 2.7s 𝑡 = 3.2s 𝑡∞

𝜃 = 40° Case ℎ𝑑𝑧 > ℎ∗
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Granular flow-obstacle problems
III. Granular avalanche impact on a wall (no overflow)

𝐹

1
2
𝜌ത𝑢2ℎ𝑑𝑧𝑤

= 𝐂𝐰𝐚𝐥𝐥−𝐣𝐮𝐦𝐩 +
𝐊𝐰𝐚𝐥𝐥−𝐣𝐮𝐦𝐩

𝐹𝑟2

𝐂𝐰𝐚𝐥𝐥−𝐣𝐮𝐦𝐩 = 2 1 +
1

𝜌∗
𝜌
ℎ∗
ℎ
− 1

ℎ

ℎ𝑑𝑧

𝐊𝐰𝐚𝐥𝐥−𝐣𝐮𝐦𝐩 = 2
ℎ

ℎ𝑑𝑧
+ 𝑐𝑑𝑧(tan 𝜃 − 𝜇𝑑𝑧)

𝜌∗
𝜌

ℓ𝑑𝑧
ℎ

ℎ𝑑𝑧 ≥ ℎ∗

[Albaba et al, Phys Rev E 2018]

𝜃 = 30°
Case ℎ𝑑𝑧 = ℎ∗
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Outline

• Examples of granular flow-obstacle problems:
• A granular flow overtopping a wall (of small height 𝐻)

• A slender obstacle (of width/diameter 𝐷) immersed in a granular flow

• Granular avalanche impact on a wall (no overflow) with a propagating jump

• Towards a generic formula for the (granular) avalanche force
• A criterion to demarcate depth-dependent impact forces from velocity-

squared impact forces 
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Generic law for avalanche impact force ?

𝐹 = 𝐹𝑢 + 𝐹ℎ + 𝐹𝑎𝑤

𝐹

𝐷
= ℑ1 ҧ𝜌ത𝑢2ℎ + ℑ2𝑘 + ℑ3

𝐿

ℎ
(tan 𝜃 − 𝜇0) ҧ𝜌𝑔ℎ2 cos 𝜃

𝐹

1
2

ҧ𝜌ത𝑢2𝑆𝑜

= 𝐂 +
𝐊

𝐹𝑟2

𝐂 = 2ℑ1
ℎ𝐷

𝑆𝑜

𝐊 = 2
ℎ𝐷

𝑆𝑜
ℑ2𝑘 + ℑ3

𝐿

ℎ
(tan 𝜃 − 𝜇0)

If 𝑆𝑜 = ℎ𝐷 then  
ℎ𝐷

𝑆𝑜
= 1

I. Flow overtopping a wall of height H

II. Slender obstacle of width 𝐷 immersed in a flow

III. Avalanche impact on a wall (overflow prevented)

𝑆𝑜 = 𝐻ℓ = 𝐻𝐷 ; 𝐿𝑤𝑎𝑙𝑙 = 𝐻/ tan(𝜃 − 𝜃𝑚𝑖𝑛)

ℑ1 = 𝛽ℑ𝑤(𝛼, 𝜅, 𝜇𝑑𝑧) ;   ℑ2 = 1/2 ;   ℑ3 =
𝜙0

𝜙

𝑉0

ℎ𝐿ℓ

𝑆𝑜 = ℎ𝐷 ; 𝐿𝑝𝑦𝑙𝑜𝑛 = 𝜋𝐷∗
2/8ℎ

ℑ1 =
1

2
𝐂𝑝𝑦𝑙𝑜𝑛(𝐶𝑑 , 𝛽,

ℓ

𝐷
, 𝜖) ;   ℑ2 =

1

2
ℑ ;   ℑ3 = ℊ

𝜙0

𝜙

𝑆𝑜 = ℎ𝑑𝑧𝑤 = ℎ𝑑𝑧𝐷 ; 𝐿=ℓ𝑑𝑧
ℑ1 = 1 +

1
𝜌∗
𝜌

ℎ∗
ℎ
−1

;   ℑ2 =
1

𝑘
;   ℑ3 =

1

2
𝑐𝑑𝑧

𝜌∗

𝜌

ℎ𝑑𝑧

ℎ

CR5.2 – snow avalanche dynamics

T. Faug ©Author. All rights reserved.



𝜃 = 36°

ℑ1 =
1

2

ℑ2 =
1

2
ℑ3 = 1

Generic law for avalanche impact force ?

Snow avalanche impact 
on a plate-like obstacle 
(1m2) at Lautaret pass

Avalanche 18 March 2011
See data in [Thibert et al., ISSW 2013]

𝜃 = 25°
𝜇0 = 0.3

ℑ1 =
1

2

ℑ2 =
1

2
ℑ3 = 1
𝑘 = 1

𝐹

1
2

ҧ𝜌ത𝑢2𝑆𝑜

= 𝐂(… ) +
𝐊

𝐿
ℎ
,…

𝐹𝑟2
(for frictional granular flows, laws in the 
form ∝ 𝐹𝑟−𝑛 remain pulled out of the hat)

CR5.2 – snow avalanche dynamics

T. Faug ©Author. All rights reserved.



Depth-dependent vs velocity-squared forces ?

𝜃 = 25°
𝜇0 = 0.3

ℑ1 =
1

2

ℑ2 =
1

2
ℑ3 = 1
𝑘 = 1

ℳ𝑜 =
𝐂

𝐊/𝐹𝑟2
=

ℑ1

ℑ2𝑘 + ℑ3
𝐿
ℎ
(tan 𝜃 − 𝜇0)

𝐹𝑟2

𝐹ℳ𝑜≫1 ∝ 𝜌𝑢2ℎ𝐷

𝐹ℳ𝑜≪1 ∝ 𝜌𝑔ℎ2𝐷

Transitional regime defined as ℳ𝑜 = 1

𝐹𝑟𝑐 =
ℑ2𝑘 + ℑ3

𝐿
ℎ
(tan 𝜃 − 𝜇0)

ℑ1

𝐹

1
2

ҧ𝜌ത𝑢2𝑆𝑜

= 𝐂 +
𝐊

𝐹𝑟2
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Conclusion & Outlook

• Key messages for (dry granular) snow avalanches impacting obstacles:
 a generic law for the avalanche impact force has been discussed, based on a simple frictional

model (dry granular snow).
 ingredients: Froude number of the undisturbed flow and geometry of the zone of influence

(obstacle to flow size; shape of the obstacle) + rheology.
 choosing between a velocity-squared force and a depth-dependent force is therefore not an

easy task. BTW: in many situations both contributions are needed.
 in the depth-dependent regime and for slender obstacles: pressure amplification can be

huge (increases with ℎ/𝐷).

• Other challenges:
 cohesive snow: stress concentration in the influence zone, with or without a significant

modification of the geometry of the latter ? Additional (cohesive) force contribution ?
 humid snow: viscous contribution?

THANK YOU FOR YOUR ATTENTION !

CR5.2 – snow avalanche dynamics

T. Faug ©Author. All rights reserved.


