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Rheological Models for Describing Fine-laden Debris Flows: Grain-size Effect
= Jeong, Sueng-Won

Abstract

This paper presents the applicability of rheological models for describing fine-laden debris flows and analyzes the
flow characteristics as a function of grain size. Two types of soil samples were used: (1) clayey soils - Mediterranean
Sea clays and (2) silty soils - iron ore tailings from Newfoundland, Canada. Clayey soil samples show a typical shear
thinning behavior but silty soil samples exhibit the transition from shear thinning to the Bingham fluid as shear rate
is increased. It may be due to the fact that the determination of yield stress and plastic viscosity is strongly dependent
upon interstructrual interaction and strength evolution between soil particles. So grain size effect produces different flow
curves. For modeling debris flows that are mainly composed of fine-grained sediments (<0.075 mm), we need the yield
stress and plastic viscosity to mimic the flow patterns like shape of deposition, thickness, length of debris flow, and
so on. These values correlate with the liquidity index. Thus one can estimate the debris flow mobility if one can measure

the physical properties.
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Fig. 1. Rheological characteristics of fine-grained sediments: (a) flow curves, {b) general behavior of muds and bilinear model to
determine the rheological properties, and (c) log viscosity versus log shear rate to examine flow behavior.
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2.3. (a) Stabilization,

hysteresis loop, and {d) vield stress, pseudo-Newtonian viscosity and plastic viscisoty.
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A BHoz W AYE FYFoltHTumel %,
2010). Fo|E A& BHog Puje} Fulof i

Table 1. Geotechnical characteristics of selected soil samples (data from Jeong, 2006)

Sample wn (%) w (%) wp (%) lp (%} S {g/) CF (%} Ac
Mediterranean Sea 67.5 62.8 24.4 38.4 28.9 52 0.7
Iron ore tailing - 22 5% 17.6 4.9 - < 20 -

Note: A.=Activity (=Ip/CF); CF=clay fraction; l,=plasticity index; S=salinity (g/l}; w =liquid limit; wy=plastic limit, * = mean value.
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Fig. 3. Flow curves of Mediterranean Sea (a and b) and iron tailing {c and d) samples: (a and c) linear plot of shear stress and shear
rate for selected samples and (b and d) log-log plot of viscosity and shear rate. Data from Jeong (2006).
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Table 2. Geotechnical and rheological parameters of selected soils
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32.2 0.087| 2.37 [62.98|0.252|0.965|22.56 | 4.03 | 0.603 [ 0.992 | 62.0 |16.544|0.999 [ 16.01 | 0.38 | 0.993 ! 62.98 | 0.252 | 0.05 | 0.938
36.2 - 2.55 [23.67(0.076|0.993|14.49| 1.17 | 0.599 | 0.967 | 13.3 | 4.211 | 1.000| 7.49 | 0.34 | 0.916|23.67 | 0.076 | 0.05 | 0.995
42.3 - 415 | 9.82 10.037|0.998| 7.41 | 0.23 | 0.729 }0.991|10.0 | 2.119 | 1.000 | 3.20 | 0.36 |0.874| 9.82 | 0.037 | 0.05 | 0.998
Note! ¢y = remoulded undrained shear strength measured by Swedish fall cone; K = consistency index; 4 =liquidity index; n =

nondimensionless flow index; wi. = liguid limit; w, = plastic limit; Tc-g, T-ne, Te-i and Te-ms = Bingham, Herschel—Bulkley, bilinear and

modified Bingham (Papanastasiou, 1988) yield stress; nn and w (Pa.s) = Bingham and pseudo—Newtonian viscosity; R—squares (r¥)

Coefficient of determination shows how well the data are explained by the best—fit line. Parameters used in Carreau model were specified

<

arbitrarily (ex. Mediterranean Sea: A < 0.9, 1o

25, e =< 0.4 ; iron ore tailings :

HE SIZol EXZ0 248t

A <05 1 < 188, ne < 0.7).
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Fig. 4. Fitting rheological models to the data obtained from the Mediterranena Sea samples in linear plot of shear stress and shear rate
and log-log plot of viscosity and shear rate. The Bingham, bilinear, Carreau, Herschel-Bulkley, Papanastasiou, and Power law

model are used.
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Fig. 5. Fitting rheological models to the data obtained from iron tailing samples in linear plot of shear stress and shear rate and log-log
plot of viscosity and shear rate. The Bingham, bilinear, Carreau, Herschel-Bulkley, Papanastasiou, and Power law model are used.

HEE ?IF=2 E4K0

et RHSH QD YR30 20k 57



o]& 49l BEA7%(Leroueil, 2006)’ 0]& &
AtEofok 3 RBEol7|= sitk o] o]
A ANHESY f55 “"ﬂ 3l ofHs] &4
2 AR 2 gl he m3Hel mdolr)
‘e &3l woriE—“% Aer = 9l
298 AmEo) os) S 5

2 Zdo] %840 Herschel-Bulkley =99

H]2:5t ATFE Wo|ul(Fig 4f, 417 Fig, 5f, 5),
oF AHHFELZ4O] WA oA Hol%, Foizl
HPESRE TH;H AR4 Asez dgdd. o
gl ﬁ%?ﬁ%%’—'vEQ]/ﬂJ

Herschel-Bulkley
B2 NHESY 54 W ASS A A%
FoR detE, B4R $54 BrKelSA o
F5EA Y £o)o= g cHLocat, 1997; Malet <,
2003; Jeong, 2010). 54 H7/E Q3] &83 71%23
Q1 s R T ol A AL
X7] ®i= Bingham) 32383} AA1 7= SojcHTable
2). ol HEZ BT IAE0| o8l A FF
HEr) olgl o] 9@ AUE] SWald E4O wuat
H 54 % JdAT7]9 2 mEdch Malet 5
(2003)0] HHEEE ek W Aol A WApE wm
o] §%=A3} Jeong(2006)0] HFIEFH ‘5H A LA O] &
498 A 29 AololE B0 AYES
sk S0 oJsf A FEFE E—‘E Aoeg 2
Atk o) HES ns) & ol BEAR AHE TF
o] W& A% FEH 719 dAZE dehe Al
HE gt AAA ] f¥sHy A7t dasie o|A
° BT BAGRE H2e AT WA,

AMEHEO} O ARSEINE 71

-

53 UNRIL, BESE,
Az
YA HADD)T A=) $32 74

58 er=APt3eel=E% H27H M6z

A Sl dis) A7) miehs SHA fHE
51 SAES dohE A FT) Fig 62 %A 4718 67}
A SWHEA EAnYE 7190 RS AH-E
2 Uehji= Bingham S-X(0]5A3 maloA] Adojzl
A}z lQP FARE 3EE THRITholl A dold FHER olE
o] AFAE Lebd Aolth Fig. 6(a)s FE-3-2l(t,,

Pa)il} A% (ny, mPa-s), Fig. 6(b)y= 43R (1)<}
A, Fig. 6(c) A4A40F 322, 12 Fig,
6= AR50} SRR, mPa-s)ohe] A
AS UER Aok Qolxl sk o R aEg
g, 24 E)et BAYR7H] ARIAIES Locat(1997)
off oJs] A7fERE Ayttt o W17 E(Canadian sensitive
clays)ol Al Qlol7l AHA TALNGST vl mE ATk
ago)A Hol= HAT S FFE-2 Jeong(2010)0] <]
of Yy ATANE EUE AYES FHEE B4
= YR whth FEAR- 7R IAIRE G olnt. Fig.
6(2)%] 7%, A5l HAFHEE= Locat(1997)7F A AIg
et ARIHES Aite}l Ao FARE s & 5
AAoHARA WAL, my = 0.52- 1), AEA o]
9] 7% &Y FESEstolA Tk 10uof] Hote A4
H=o) Zpol& Kol o] A2 ehA Bl uie} o) A
Ed B 2o ohRE e EAS A s
o] 7}xl fETAlo] HehE3l Eth= Bingham 4] of
A o A #EE7] otk AEZ Fu]o
- AEL] AREAA DY Al fAsH, HEL f
54T} A 0|27 Ak Fig 60b)= 440}
Armote] PAEM, AL ofF AURS] fustd 5
42 BAT Fejoln, AEACGHIT AR A
3 HAAES Z3HT} AER BE AM] goo] xa}
AL o 5 Aok AF AHAES] A9 247
Tl = (69107 BAN R mEEC 1Ak
2 4 7“57]— 100mPa-s(Ip = 2.5)9 & 4o ¢
A& Hol= ¥, o] FL 7|0 AAY & ghof o
3 AUt AVHEE, A5l hAPE, 12 HEH
gujatolof mAIRE 5540 AolE Tk dlE &
o] 3YU HGLEH(LE YN B71E = glevt I =
14 o)) shelA] &8s AEA Fr>AF8) AR
B>t ARIdE &o® dehdrh oj#dt dil=
AEAR 2445 Bingham {47 -F0] F35HA U=
7] wj2o|th npER| ol {2 w2 WAH A= A
1 Puj<AZd AAYEAUT dGRHE 2o
e} Fig, 6(c)% BA A =9} 3f2-2-871o] Alaat

T2

it

!

ot

e".:



10000 g

Ha) | I
— Fine-grained sediments|
g 1000 {Joong et al. 2010)
3 — <
E
2 100
D
8
R
> 10 E
5 Mediterranean Sea
L O iron ofetailing [N B
1 RS vt oo A B AT Lt oL it
1 10 100
Yield stress (Pa)
5
Mediterranean |
©.=(8.5/1 p*
— 4 T A
55 L
o ~
= fs=o
> |l
o2
=
o
g
Tr @ Mediterranean Sea
© tron ore tailing
0 I RS I EREiT] Lt bttt
1 10 100

Yield stress (Pa)

1000

Locat (1997)

i
i

Fine-grained sediments
(Jeong et al. 2010)

Mediterranean
2 Hn=6.91 13

Liquidity index (1)

1T @ Mediterranean Sea
) ron ore tailing
L

Coornd Lo

0 LB
1x10°  1x10'  1x102 1x10°  1x10*
Viscosity (mPa.s)
5
(@ ]
4 Mediterranean
- n=(20.211 )¢
a() T
5 3
£
=
T2
o
3 T
Tr @ Mediterranean Sea
O fron oretatlmg
0

1x10™1x10° 1x10’ 1x1021x1031x10 1x10° 1x10°
Pseudo-Newtonian viscosity (mPa.s)

Fig. 6. Relationships among liquidity index and rheological properties {yield stress, viscosity, and pseudo-Newtonian viscosity): {a) yield
stress-viscosity, (b} liquidity index-viscosity, (c) liquidity index-vield stress (salinity effect), and {(d) liquidity index-pseudo-

Newtonian viscosity.

AZ Hel A0R, 0|50 $EEAHL Q1 (salinity)
of 2A P WA Y A 4 ek PRELE S =
Al o] of

AedAtolo] 9Jz]5}A)
QF—(TC = (8.5f1L)3'8> 0|5 BEL AAH *ﬂa‘_‘%—] 58

AP
Bingham -4 vﬁ%—J %L;H < 7}11 AREe 4
ol 71913 Ao AR ECh Fig 6(d)= 32 A At
HPESE dith Adg2 ] Aoz oabrds
=2 gustaon, Hde AU fresAdnde)H,
A58 AR Aaln = (20210)*) 5 HERd Ro]

_4

o HE % ARESe] dish HgArEel] T ke
VS

Hreo] kA o] Hsshy|= SR, §HA dgH At
Y3t o] /= @5@4* EZ AYRE Afolof & Ao
g =tk A& , WA =72 A4S HEH F
Ie(mPa-s)= 371] 10*9} zpo]= 7pxiTh

5.4 &

MHEES EH”BE ‘8}04 0401 E‘ifi} 1JH7H s

%94 01%*;}?} ZIXWOJ AL 7170 Tmran —(2001)
= A FEEAE %A‘ﬁé
Aol Mz & 7|3l E
0]Z41% 2 Herschel-Bulkley E%‘

NEE 2% E420

i3]
o
10
g
Jo
A
H
e
i)
>4
Iy
9
ol
B
(&3]
«©



ARoL, Az g 715kt EAS eslE &
T3l EARY f54L FESE, dAREEE, &
= 2 F5AF Foll oo FFE = Ao A}

Gtk 1 FAE GRS AT 2HAEE AR
o1l HRHY FFE WAL HAPA) G
Q

Al Ao gEActiLocat F, 2004). kA %
e BEX Q] JE-GHN 2HEE AT = ke

AL AAAAAS] oI E BEMRo] SEEAT HHE
AE g5 4 9 AEo] trhEr}. & AolA
HAX, A4 9 @EZ‘E‘ CHRS AHES] He &
583 A EE AR AEAE 7RI o]
Al Auth dUEE el A9 fA AFE
’3-& RAHLocate} Demers, 1988; Locat, 1997; Jeong,
2006) AR ! sﬂX*]Oﬂ}r] HrA7SE EA B O] S E A

& 2A8)7] 9l 2] WAE Ak gushy &
e HEAE B Favt ook §E-3EH &
A= o] AATAE APH O R Ax] B3 AL B

N2 67T
ZAENE B3 AA 5

9,

e L
T A AABAI-Cr BA 4, Leroueil 5, 1983;
Locat, 1997; Jeong &, 2010)2 53) &34 H7/H& &4
A3 &8 4 3g AR ridgt gety *HPFH
W AE 27 AR e Ay =S F
T e, o]F4 ASE B3t I PARIel %ﬁﬁi}
HaA®e 7o ARE AFAY Fa s Fhe
A AR FPsr] Y% ATARE SEY ¢
UE Aer 7

6.4 E

& "H@Wb %’%E’éiﬂr HEZE o=k a8 Ay
B9 RE5% o ZESAl Hig fsky
z2dE9 —,o*é°ﬂ el s Ao, cheat
Z2 4ES 4k

(1) A5 HAYE 2 =g Fulolq Folxl A
Eo $FTH U BHL 2AP] 915 fusH
BYEL ALgte] Bl mE NI AYE) §5
B4 AU E-ARUGESE U P Ay
4T 20| JUBAS B9 TAL 4 9ok A

Ao MEw, Folal £ ARES UNA7|9 3

o2 oIt} FEEHL AolE malch AR Az

S+ A3 £ Bingham A4 750l 7AW

_(

i
o

[o3}
&
o
H
>
z
of
Jo
o
i
Ho
™

I HI273 M6E

Ehbel, AEW Fule B9 AAUFEEET} 7
45 UYL Bingham FA715] 71

(2) AIEES] 7545 ¥7] flsiAle Bingham(TE= ©]

Z413)3} Herschel-Bulkley §-F2 oA o2 &

2 gelnt £AHE g 5ol Basich Yudo| ¥

7845 Bingham3} o] 5AE RHofA ojxl gt

S} ulE g shAck ol A 0|34y vl

oM d& HE7] FELHE ti4lste] Bingham 3

Bod ghe AR PBIYT AT e Al

47%1011 oJsta, siAHES] % At dREE

A doin ARA BANT 2 Holrt gl Roz

e T, R4 AEE Holk W9 7

9 FUT Aol i cher 108 Hx A2 FES

g VM= A oR 2AEIT. FE A #A1A

52 olFHY YL FU JAEAE UL B

3] §31_};5—Lo_§ ok ./]k_ Qt). o]e} ke AFjR o

ol A49] HEo] Wake o}
ol g0l AlRe] BT BEc

(3) EARY ols4d(R5ee EAEY A #5712

o £2)2 AR FoT FUA fESE

o gEgYn ayH=olth ENRY FEHL

B7ksl7] $e USSR GRS WS A

flo

WA, FEsAT 2HE) | e B9 1w
3 9F FARD] o3 FEH BANS BEY

e}, EABS] §54L YA Yo Hat et
v A4l P4 e 4 glok gl
2 gejel FEan ABd AYEE A4

A+>

Fuls o s g JBUAS BEotl E
7o 954 Aol Bag /e dREss @
& 4 gk

J,Q.i

oo %

HAlRl 2

2 dqte SEAAAEATY 7 EAFARY “T}
A B S FAR A o] Asfalg]E hde] &
Q113411 A9 Ao T S PG 2 o
Fol BeE AREL AUt A AMte TeaE
COSTA-Canada(2001-2006)2] AFUjgo] ouy o]cq
ol & AE =Yk 2 A7 7l ==&

ZF=Al Jacques Locat W33} Serge Leroueil Ed ﬂ]]

%J*TJSE TALEH Y-

¢ r°*‘

l



11

i

1

Ho
rek

. Barnes, H.A. (1999), “The yield stress—a review or ‘mavT pev’—

everything flows?”, Journal of Non-Newtonian Fluid Mechanics,
Vol.81, pp.133-178.

. Coussot, P., Nguyen, G.D., Huynh, H.T., and Bomn, D. (2002),

“Viscosity bifurcation in thixotropic, yielding fluids”, J. Rheol.,
Vol46, pp.573-589.

. Coussot, P., and Piau, J-M. (1994), “On the behavior of fine mud

suspensions”, Rheol. Acta., Vol.33, pp.175-184.

. Coussot, P. (2007), The mechanics of yield stress fluids: similarities,

specificities and open questions, 16™Australasian Fluid Mech. Conf,,
Crown Plaza, Gold Coast, Australia, pp.54-58.

. Imran, I, Parker, G., Locat, J., and Lee, H. (2001), “1D numerical

model of muddy subagueous and subaerial debris flows”, J. Hydr.
Eng., Vol.127, pp.959-968.

. Jeong, S.W, (2006), Influence of physico-chemical characteristics

of fine-grained sediments on their rheological behavior, PhDD Thesis,
Laval University, Quebec, Canada.

. Jeong, S.W., Leroueil, S. and Locat, I. (2009), “Applicability of

power law for describing the rheology of soils of different origins
and characteristics”, Can. Geotech. J., Vol46, pp.1011-1023.

. Jeong, S.W., Locat, J., Leroueil, S., and Malet, J.-P. (2010),

“Rheological properties of fine-grained sediments: the roles of
texture and mineralogy”, Can. Geotech. J., Vol.47, pp.1085-1100.

. Jeong, S.W. (2010), “Grain size dependent rheology on the mobility

of debris flows”, Geosciences J., Vol.14, pp.359-369.

. Lastras, G., Canals M., Urgeles R., Amblas D., Ivanov M., Droz

L., Demnielou B., Fabres J., Schoolmeester, T., Akhmetzhanov, A,
Orange, D., and Garcia-Garcia, A. (2007), “A walk down the Cap
de Creus canyon, Northwestern Mediterranean Sea: Recent processes
inferred from morphology and sediment bedforms”, Mar. Geol.,
Vol.246, pp.176-192.

Leroueil, S. (2006), The Isotache Approach. Where are we 50 years
after its development by Professor Suklje? 2006 Prof. Suklje’s
Memorial Lecture, Proceedings of the XHI Danube-European Conference
on Geotechnical Engineering, Ljubljana, Slovenia, 29-31 May 2006.

12,

14,

16.

18.

20.

Slovenian Geotechnical Society, Ljubljana, Slovenia, Vol.1, pp.55-88.
Locat, J., and Demers, D. (1988), “Viscosity, yield stress, remoulded
strength, and liquidity index relationships for sensitive clays”, Can.
Geotech. J., Vol.25, pp.709-806.

. Locat, J. (1997), “Normalized rheological behaviour of fine muds

and their flow properties in a pseudoplastic regime”, Proc. Isint.
Conf. on Debris-Flow Hazards Mitigation, San Francisco, ASCE,
New York, pp.260-269.

Locat, J., Lee, HJ., Locat, P, and Imran, J. (2004), “Numerical
analysis of the mobility of the Palos Verdes debris avalanche,
California, and its implication for the generation of tsunarmis”, Mar,
Geol., Vol.203, pp.269-280.

. Locat, J., and Lee H.J. (2009), “Submarine Mass Movements and

Their Consequences: An Overview”, Sassa, K. and Canuti, P. {eds.),
LandslidesDisaster Risk Reduction, Springer-Verlag, (ch. 6), pp.
115-142.

Malet, J.P., Remaitre, A., Maquaire, O., Ancey, C., and Locat, J.
(2003), “Flow susceptibility of heterogeneous marly formations.
Implications for torrent hazard control in the Barcelonnette basin
(Alpes-de-Haute-Provence, France)”, Proceedings of the 3rd International
Conference on Debris-Flow Hazards Mitigation, Rickenmann, D.
and Chen, C.L. (eds.), Millpress, Rotterdam, pp.351-362.

. Papanastasiou, T.C. (1987), “Flows of materials with yield”, J.

Rheol., Vol.31, pp.385-404.

Sansoucy, M., Locat, J., Lee, H., Orange, D, and Jeong, SW.
(2005), “Preliminary analysis of the geotechnical and rheological
properties of Capde Creus sediments with some consideration on
slope in stability issues”, Joint EUROSTRATA FORM, Anmual Mesting,
Salamanca, 24-27 Oct., 2005.

. Turmel, D., Locat, J., Cauchon-Voyer, G., Lavoie, C., Simpkin, P.,

Parker, G., and Lauzidre, P. (2010), “Morphodynamic and Slope
Instability Observations at Wabush Lake, Labrador”, Submarine Mass
Movements and Their Consequences, Advances in Natural and
Technological Hazards Research, 2010, Volume 28, I, pp.435-446.
Torrance, J.K. (1987), “Shear resistance of remoulded soils by
viscometric and fall-cone methods: a comparison for the Canadian
sensitive marine clays”, Can. Geotech. J., Vol.24, pp.318-322.

(H4=27} 2011, 4. 29, AAgERY 2011, 6. 23)

HEIE =0 EARY 28t SR QA AXDD| 2o 61



