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Debris flow threat due to climate change
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Enhancing urban resilience against debris flow hazards

Single reinforced concrete barrier

Highway

How to design the impact force for barriers?

_ 2 2 a = dynamic impact coefficient
F = apv how + 0.5kgh0W k = static impact coefficient
p = density of debris flow (kg/m3)
‘ ‘ v = debris velocity at impact (m/s)
. . hy = debris thickness (m)
Dynamic force (vanbine 1996; NiLIM Static force k = 1 (ium2007; w = debris width (m)
2007; ASI 2008; Proske et al. 2011) Kwan and Cheung 2012)
Region Pressure coefficient, & Reference
Canada ~ 1.5 times the flow thickness Hungr et al. (1984)
3 to 5 (field measurements from over 70 debris flows with entrained Zhang (1993)
boulders)
M?:I:!igd’ 1 (circular structure) MLR (2006)
1.3 (rectangular structure) (Ministry of Land and Resources of the
1.5 (square structure) Chinese Geological Survey)
2 (flexible barrier)
HKSAR 2.5 recently changed to 1.5 (rigid barrier) GEO (Kwan, 2012)
3.5 (more viscous flow) .
Italy 1.0 10 5.3 (less viscous flow) Scotton and Deganultti (1997)
Japan 2 (laminar and fine-grained flow) Wantanabe and lke (1981)
. 2 (granular flow, 1900-2300 kg/m?) )
Switzerland 0.7 (viscous flow o fluid-like flow, 1600-2000 kg/m?) Volkwein (2014)
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Scale-dependent nature of debris flows

Debris flows are a scale-dependent phenomenon (lverson 2015)

h, is the flow depth

Timescale for L is the length of flow path
pore pressure

dissipation: o _is the intern_al stress
/)" p is bulk density
ng 1 g is gravitational acceleration
p is the solid density
E is bulk mixture stiffness
u viscosity of the fluid phase
k hydraulic permeability
v flow velocity
e void ratio
¢y cohesion

Npore =

Time
Effect of
Effect Of. viscous Cost
COheSIOp. shearing: o
Nrey = p(}h Nrey = Prho Repeatability
Yito

28-m long flume model (10 m3)

= Transportation channel (20°) o £ #98 Storage container (30°)

N
N (R




Basal debris flow measurements

460 mm

Steel mesh

J

340 mm

Pore pressure
transducer

Stainless-
steel frame

075 1.00
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Clay and silt (%)

*Classification based on Baunnet-Staub (1999)
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Hong Kong (Sze and Lam 2017)
Republic of Korea (Choi 2010)
Japan (Takahashi 2007)

China (Takahashi 2007)

Taiwan (Chou et al. 2007)

Italy (Tecca et al. 2007)

France (Remaitre et al. 2003)
America (Major 1999)
Switzerland (Bugnion et al. 2012)
100-m flume test in USGS (lverson et al. 2010)
28-m flume test (This study)

Volumetric solid fraction: 0.6

Material Gravel Sand Clay
Size 20 mm 0.06-2 mm <0.06 mm
Percentage 0.36 0.61 0.03
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Test program

— Flow volume Barrier size No. of brake
Objective Test ID
(m3) (m x m) elements per cable
To reveal the fundamental impact
. . - . R 2.5 - -
dynamics against rigid barrier
D2NoBr Nil
D28Brl 25 2.0 x0.8 1
To reveal the fundamental impact D2Br2 2
dynamlcs ggalnst flexible barriers DINOBr Nil
with and without brake elements
D9Br1 9.0 45x15 1
D9Br2 2

D2Br2 : D (Debris) 2(volume) Br (Brake element) 2 (Nos. per cable)

Debris composition in all tests is kept constant with 60% solid concentration

Test setup and instrumentation plan

LASER
SENSCR

ULTRASOUND
SENSOR

'
®
g

HIGHSPEED
CANMERA
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Bilinear spring brake elements

FLEXIBLE

11

= BARRIER
75 HSs2
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All dimensions are in millimeters.
Figure is not o scale.

All dimensions are to be read and not measured {—,,) S—
12
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Newly developed dual bilinear brake elements

@

3

Spring &, Spring k.

—WM—

Intemal preload P
using a spacer

Impactforce < P

Impact force > P

27.03,2.97

25

N
T

Tensile force (kN)
I
(5]

Pore=1.65 kN ‘

1 F —Cycle 1

. —Cycle2

05 --Cycle 3
0 . . . .

0 5 10 15 20 25 30
Displacement (mm)
(c) 13

Observed impact kinematics for rigid barrier
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Observed impact kinematics for flexible barrier

Front view Top view

Proposed impact coefficients

120 N . . . . . . .
Lﬁkz= 142% g2 ;’ / / Impact Barrier | Original design | Optimised design
£ 0.5keghow ey ;2 xS coefficient type value value
W00 + I AN ) —
Y k=t a=2smge 77 L5 /s Dynamic (0)) Rigid 2.5 15
u* barrier; Kwan 2012) N, . /7 ) (GE0270; (TGNSZ on 30 Dec.
. // N
g 80 Th=1 a=20 ,_l / ~ / GEO339) 20)
o (Flexible barrier; ) FaE S Elexible 2.0 1.0
= Kwan and Cheung N/ - / . .
g 60 |22 }‘/ /% (GEO270; (proposed)
E ' /e DN1/2012)
o .
8w .o Static (k) - 1.0
©
£ n S —
o
Z 20 [E T —
madelling. sealysis and design
o } } } } } e e e e o g G T
5 6 7 8 9 10
Froude number Fr = v/(gh,)®5 B

® 5 m-long flume; water (this study) =

A 5m-long flume; sand (this study) B

B 28 m-long flume; two-phase; rigid barrier (Ng et al. 2019)

X 28 m-long flume; two-phase; rigid barrier (Liu 2019b)

¢ 28 m-long flume; two-phase; flexible barrier (this study)
——-Calculated using Eqn. 10, k = 1.0, a = 1.0 (this study)
——Calculated using Egn. 10, k = 1.0, a = 1.5 (this study)
— - Calculated using Egn. 10, k = 1.0, a = 2.0 (Kwan and Cheung 2012)
- - -Calculated using Eqn. 10, k 1.0, a = 2.5 (Kwan 2012)
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1. Debris flow hazard mitigation
2. Debris flow growth

Song, P. & Choi, C.E. (2021) Revealing the Importance of Capillary and Collisional Stresses on Soil Bed Erosion Induced by
Debris Flows. Journal of Geophysical Research: Earth Surface. https://doi.org/10.1029/2020JF005930

What makes debris flow unique compared to other types of landslides?

_ ﬁ 1000 m?

2008 Shek Pik *
Debris Flow .

Boulder deposits
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Debris Flow Entrainment Mechanics

7 P =52 b S
‘Debris flow at lligraben catchment, Switzerlal
Captured by Pierre-Emmanuel Zufferey 2016)

Frictional

————) Flow direction

Flow Flow
tail body

Boulder-enriched
flow front

Viscous

————> Flow direction

Collisional
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Flow Flow QV
| _oreane o wem
il Erodbie beg e <
Existing theoretical entrainment models
Reference Flow / bed material Mobilizing stresses Bed resistance

Fraccarollo & Capart
(2002)

Pitman et al. (2003)
Sovilla et al. (2006)
Stock & Dietrich
(2003)

Medina et al. (2008)

Iverson & Ouyang
(2015)

Water / soil
Landslide / soil

snow / snow

Debris flow / rock
Debris flow / soil

Debris flow / soil

Friction (shear) stress
Friction (shear) stress
Friction (shear) stress

Collision stresses
(point loads)

Friction (shear) stress

Friction (shear) stress

Shear strength of soil

Shear strength of soil

Shear strength of
snow

Tensile strength of
rock

Shear strength of soil

Shear strength of soil

20
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Mechanics of frictional entrainment
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» Assume debris flow as an equivalent fluid

* Boulder-enriched front not explicitly considered

Equivalent fluid

T Wi

| SCIRETIAPESATIN §

-
|| Haratc Do

Interface frictional
stress Ty,

Entrainment rate:

Iverson, R. M. (2012)

U Flow velocity
On  Normal loading from flow
Pred Bed density

Exterqal stress > Bed resistance
t

Thed = (On — Uwp) tan ¢Ilaed

Bed shear strength (saturated condition)

6= Tflow — Thed
Poeal

(bk’)ed Internal friction angle (bed)
Uwb Pore water pressure (in bed)

Is entrainment a predominantly frictional process?

Berger et al. (2011)

Unique field measurements from the lligraben catchment, Switzerland

' X
entrainment only Flow depth

occurs at the flow front  Entrainment
P

= e
o u

L.}
|
i
=

o o

E
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T Of
[

e "
2,525’ e %

Basal normal stress |

e M’\JV-\/’W% -

Basal shear
(frictional) stress

M1
9]

Basal normal s

0 25

Estimated shear strength:
Tped = Ontang'peq = 14kPa
(¢"pea= 35°)

50 75 100 125 150 175 200

Time after the arrival of flow front at the force plate: s

21

Estimated shear strength > Applied shear stress
Based on frictional entrainment mechanics,
erosion should not have occurred. Importance of
collisional flow front?

22

11
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Effects of bed water content on entrainment

Iverson et al. (2011)

Erodible bed Erodible bed
0=0.22 6=0.25 0.14
" GV V'S
1S
[}
= L
5
° *4°
c
4]
€
£
g . .
g *
0.00
Side view of the USGS flume Front view USGS flume 0.10 0.30

Volumetric water content, 6
Logan, M., lverson, R.M., and Obryk, M.K., 2018, Video documentation of experiments at the USGS

debris-flow flume 1992-2017 (ver 1.4, January 2018): U.S. Geological Survey Open-File Report 2007—
1315, https://doi.org/10.3133/0fr20071315.

23

Soil beds are rarely saturated when landslides occur

Fredlund et al. (1996)

) Tne = (0 — Uap) tan dr g + (Uar — Uwye) tan ¢P
Bed water content when debris bf M Pbea + (Uaf — Uw) tan @

flows occur at Chalk Cliff, USA Net normal stress Matric suction | Uy =U, +B,0, B, <1
McCoy, S. W., Kean, J. W., Coe, J. A., Tucker, G. E., Staley, D. M. & Uy =Uy +B,o, B, <1
Wasklewicz, T. A. (2012). Sediment entrainment by debris flows: In situ tan(ph =0
measurements from the headwaters of a steep catchment. Journal of © N |
Geophysical Research: Earth Surface, 117(F3). o o eary_
= dry soi
Date Bed water content -t (e =10 ) =)
= Saturated
- =2} .
26-July 2011 0 > | ) o
28-June 2010 0.02 = Shear strength
7] A ;
15-Sep 2009 0.06 = ( due to_matric suctio )
2 sh hd
30-Jun 2011 0.06 < . ear Istrengt ue to net
normal stress
12-Jun 2010 0.39 . ; " " "
Water content
Tbf Bed shear strength at failure Uap Uwo Initial pore air/water pressure
J,n Normal loading from flow Uaf Uwf Pore air/water pressure at failure
bed |nterface friction angle d)b Influence of matric suction on shear strength
Ba By Pore air/water pressure parameter 24

12
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Scientific challenge

What are the effects of collisional stresses and unsaturated soil
strength on soil bed entrainment?

25

Our proposed scaling

Entrainment is proportional to the collisional stress and unsaturated shear strength

The N, considers for the first time the effects of unsaturated soil mechanics and collisional
stresses to the entrainment of soil bed

5 2 Basal collisional stresses (Bagnold 1954)

vps 82y
(Un - uaf)tand)’bed + (uaf - uwf)tan¢b

Nsoil = .
Shear strength of unsaturated soil bed

¢'beq Interface friction angle
Oy, Normal loading from flow v Solid fraction
u,sPore air pressure at failure ps Solid density
Uy fPore water pressure at failure J Particle size

tan(j)h Influence of matric suction on shear strength y Shear rate
26

13
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How do we make granular flows predominantly collisional?

Savage & Hutter (1989)

25,2 iSi
vps 82y Collisional stress

Savage number: N

pghtan ¢ —— Frictional stress

Enduring contacts Instantaneous contacts ~ /
Frictional stress Collisional stress L4
—
1 > T
0 0.1
Savage number, Ng,,

v solid fraction
p, solid density
0 particle size

g gravitational acceleration
h flow depth  yshear rate
¢’ effective friction angle of flow material

27
Flume model
T 8| «—Pneumatic cylinder
!vp!‘
£,
b | 1.3 ' 0.7 '
o | |
o =
= ‘ 1
ate 5
L e cee i i _L
’\p P =5
y/ s | ‘\
28

(Side view of the flume, all dimensions in meters)
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Instrumentation

Ultrasonic sensor  Pore pressure transducer
(mounted on top  (buried at a depth of 0.12
of erodible bed) m along the centreline)

Interface between |

! ri__id Q_erodible beds _

Images captured are analysed with Particle Image
Velocimetry (PIV) (Thielicke & Stamhuis 2014)

High-speed camera
(All dimensions in meters) 29

Test materials
Soil bed:
Completely decomposed granite (Ds, = 0.75 mm)

Dry density: 1322+ 18kg/m3 (within 2% error)

Flow material:
Gravel (equivalent diameter of 12 mm; 70 kg)

CDG Gravel
30

15



Measurement of entrainment depth

Erosion columns (gerger et al. 2010) are used to deduce the entrainment
depth of soil bed to exclude the influence of the deposition layer

Erosion columns in empty

erodible bed section

Prepared soil beds after the
removal of the removable rods

entrainment

Removable rod
(removed before
each test)

Washers

Before After
entrainment

soil

Free
surface

Deposition

Test program

Test ID Volumetric water Initial matric suction?, Pore pressure Shear strength, «
content, 6 (Uzo~Uyo) (kPa) parameter?, B,, & B, (kPa)
60 0.00 - 0.48 0.62
6_006 0.06 97.8 0.51 1.10
6 011 0.11 79.5 0.54 5.60
6 013 0.13 68.0 0.55 7.38
6_016 0.16 26.0 0.58 6.74
6_018a 0.18 14.0 0.59 4.12
6_018b 0.18 10.8 0.59 3.24
6_020 0.20 5.0 0.60 1.93
6 021 0.21 1.7 0.61 0.95
6_022 0.22 13 0.63 0.85
6_024 0.24 0.9 0.64 0.71
6_028 0.28 0.4 0.68 0.53
6_030 0.30 0.1 0.71 0.37

1 Initial matric suction is measured with a tensiometer

S, Initial

2 B,, & B, are calculated with equation proposed by Hilf (1948): " Com
1y Initial void ratio
u,, Initial pore air pressure

B,=B,=1/|1+

(1-Syng
(uaO + Aua\)rn'v

| saturation of soil
pressibility of soil

31

32

7/8/2021
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Observed kinematics from high-speed camera with Particle
Image Velocimetry (PIV)

==y Flow direction

Gravity - | - -

N
Erodible bed

Comparison of measured data with USGS and the field:
effects of water content on entrainment

8 !
6 1
4
2
Iverson et
0 J

0.00 o ¥/® al. (2011)

™ Bed water content, 8 !

[

n
N
(=]

I

'S
=
=)

T

Measured in
this study

T
8hear strength: kPa

o
w

[y
N
T

o
)
©
T

o
Y
-

IN

Measured in
this study

000 007 014 021 028 0.35
Volumetric water content, ©

Normalized entrainment depth

S

. McCoy etlal. (2012)

Average entrainment rate, &: mm/s

(=)

0.0 0.1 0.2 0.3 0.4
Volumetric water content, 6

Unsaturated strength plays an important role in the entrainment of a soil bed
34
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Pore pressure response of soil bed to undrained loading

Measurement by pore pressure transducer:

2.0

Pore pressure, u,,: kPa
o
(6]

[
o

Pore pressure transducer O
(buried at a depth of 0.12 m N
along the centreline) -

& erodible beds

=
o

[
o

Initial pore water
pressure

Uy =t +B,AC,

Pore pressure
increase due to
undrained loading

Theoretical Measured
value peak valug

7/8/2021

0.0

Peak pore pressure, uwp: kPa
5

o
o

Time, t:s

Volumetric water content, 8

35

Evaluation of N to evaluate our proposed scaling

Our hypothesis :

e x Nsoil

@ 20 . - Ups(sz]?z
g soil = (O — Uar)tang peg + (Uas — uwf)tﬁﬂ(ﬁb
—16
-©
I}
St
c
)
£
@ 8 L
<
)
%4
©
)
2
0 ' '
0.0 0.4 0.8

Nsoil

1.2

Tbf Bed shear strength at failure
?“ Normal loading from flow
bed |nterface friction angle

Uaf pore air pressure at failure

Uwf pore air pressure at failure

qf)b Influence of matric suction on shear strength
v Solid fraction
ps Solid density
0 Particle size

Y Shearrate

Collisional stresses plays an important role in the entrainment of a soil bed

36
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Summary: debris flow growth

+ Soll-atmospheric interaction is very much relevant for landslide growth
* What are the competing roles of rainfall and humidity on landslide growth in different climates?

+ Collisions are more dominant in the entrainment of soil than initially perceived
* Is there a need for improved entrainment and numerical models?

*1#1 MPM-DEM

W Temperate
Arid

m Tropical
Mediterranean

W Mountains

4975

s050{ °

00

In collaboration with Dr. Choo, Dr. Jiang, and Mr. Zhao at HKU

37
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Thank you

www.cechoi.org
cechoi@hku.hk
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