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Abstract

Debris flowentrainment refers to the increase in mass by way of erostbe diannel beds or
underminingthe channel bank€ntrainmenimakes the calculatiorof travel distance and
velocities of debris flow muchorecomplex andlifficult. Shear failure of the matial in the
channel bed is usualonsideredo be the dominant mechanism in entrainment analysis
However in granular flow, materiat the surface of thehannebed can be eroded by
progressive scouringnderthe base ofthedebris. This may result imore material being eroded

and entrained than just considerthg shear failurenechanism

A new analytical model is proposeddalculateentrainment irdebris flow analysis by

consideringooth rolling and sheasxgmo t i on. Newt on 0uwatbeloulatef Mot i on
acceleratiog velociies and displacemesibf granularparticles. To studythe entrainment

process inside granular flow atawlverify the new entrainment model, numerical experiment

have beerarried ouusingthe Discrete Element Method (DEM). Velocities, including

translational velocity, rotational velocity and average velocity, total volume, sheaestness

monitored using measurement circleshe numerical experimer¥ ariations ofthe depthof

erosionat specificlocations along the debris flow chanaeé monitored and the average

entrainment rates are calculated. By compattiegnumericaéxperimental results witthe
analyticalsolutions it is found that results froitihe analytical model agree well thi that from

thenumerical experiments.

In order tousethe new entrainment model into debris flow runout calculation, the new
entrainment moddias been incorporated in a runout mdzbded oran energyapproach.
Entrainment calculation governed by a setorder partial differential equation is solved using
the finite difference method.hE btal mass and profile dfiechannel bed are adjustddring



theentrainmentalculation.Sensitivity analyses have been carried outlom new modeby
varying themodelparameters including internal friction angle, basal friction angle, turbulent

coefficient and mean of Probability Density Function (PDF) etc.

Back analysis of historical cases is carried out using the new m®detral asehistories have
been stuekd whichinclude theTsingshan debris flow, Niumian Rock Avalanche, Fjeerland
debris flow, Faucon debris flow and Zymoetz River rock avalanche. An extremely large rock
avalanche occurred on April 9, 2000 at Yigong is also studied in the thesisuremeist
obtained from site investigation, including flow velocity, flow height, entrainment depth at
specificlocations runout distance and total volume at deposition feve beemised to

evaluate thenodel The results are encouraging based on compargdfahgrun-out distance,
front velocity and total volumef the debris. Improvements are required oretiteainment

depth and total volumie@ some casewhenlateral spreadingf the debriss significant
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1. INTRODUCTION

1.1. Introduction to debris flow

Debris flows are rapid mass movement in steep hilly terrains where earthly méi@sialswn

in a valley or channel usually triggered by a landslide. Debris flow poses significant geologic
hazardsvorldwide resulting in fatalities, property damaged limiting the use of land in
populated urban areas. Also referred to mudslides, nwslflordebris torrents, these events
tend tooccur in associatiowith heavy rainfall, tropical storms, earthquakesicanic activity,
snowmelt, glacial melt, and aftiand disruption such as wildfire, mining, loggirg,vegetation
removal. Debris flowsan bedefined as rapidly flowing mass, predominantly cogrsaular
material and mud mixtures that may consist of large unsorted maseridlss boulders, trees,
and other debri@Hungr et al2014). It can be usually faghoving with variable solid

concentration and large runout distance.

Due tothefast moving characteristics, debris flow is one of the most hazardous and
unpredictable surface process that results in many losses of lives and plapsate$Schirch
et al. 2011)Human activities and increaserainfall intensityin mountairusregiors, cause the
increase of theumber ofcases oflebrisflow over recent yearg.his leads t@n increase ithe
numberof casualtiexaused by debridow becausehere are stilmany people living in

hazardous areasich aghebase and valleysf mountains.

Consideringhe percentagef humancasualtiecaused by debris floand theoccurrences of
debris flow inall natural hazamg] it is revealed thadebris flowresults inmore casualtiethan
any other eventdt means that oncedebris flowis initiated the element of surprise and the

destructive power of the debris usuatBusemore casualties than other natural hazards.



1.2. Introduction to debris flow entrainment

In many debris flow events, flow channels are typically covered by surficial deposits, sometimes
several meters thick of loose granular material. Rapid moving debris could mobilize these
materialshatcould significantly change the totablume of the debris during the flow process
(Table1-1). The inclusiorof solid and fluidirom theboundaryof theflowing debrisis called
entrainmenh(lverson 2012)The rate of this process is affected by the shear stress applied on the
bed sediment, the internal friction between the particles, the velocity of the flowing debris, the
slope angle of the channel, the cohesion of the bedding matetitie@pore water pressure
generatedby shearing of fine grained materials in the bed (Ilverson 2012; Mangeney et al. 2010;
Egashira et al. 2001frield observations following debris flow events in many cases indicate that
large volumes of sediment are oftemtrained by debris flows from the channel bed and banks

(McCoy et al. 2013)

One of the mechanisms causing material entrainment in debris flows is bed destabilization and
erosion. Destabilization of bed material is the result of drag forces actingratsitnef the flow
channelwhich may be aided by strength loss due to rapid undrained loading, impact loading and
liquefaction of the saturated channel fill. Another important mechanism of material entrainment
results from instability of stream banks undergy bed erosion. It is important to consider that

steep stream and gully channels are often being actively incised. Thus, their banks may exist in a
state of marginal equilibrium that is easily disturbed by lowering of the bed, such as often occurs
during passage of a debris flow surge. The bank may respond immediately and release a shallow
landslide directly into the body of the surge, or may release with a delay, to provide material

available for incorporation into the next sufdakob et al. 20055uch entrainment mechanisms



are able to change the mobility of ttmaterialthrough changes of the flow volume and its

rheological behaviofLuna et al. 2012).



Table 1-1: Summary of rock avalanche and debris flow involving entrainment

Initial

Entrained

Average slope

Final volume Entrainment
Case volume volume angle of 3 . References
3 3 ) (m°) material
(m°) (m°) entrainment zone
Huascaran, Peru, 1970 3 107 3 107 _ 7 N~ , Evans and Clague
Rock and ice avalanche 1.43 10 3.93 10 200~ 4% 5.2x10 Glacial till and ice (1994)
Mt. Ontake, Japan, 1984 . . N Colluvium and Voight and Sousa
Volcanic rock avalanche 342 10 22310 200 ~43 56 10° alluvium (1994)
NomashRiver, Canada, 1999 3 3 N Till -derived Hungr and Evans
Rock slidedebris avalanche 3.0°10 3.0° 10 200 ~4% 600 10° colluvium (2004)
Tsingshan, Hong Kong, 1990 _ Colluvium, residual
Debris flow 4.03 107 1963 107 23¥~35° 20x 10° Soil Lo and Chau (2003)
Faucon, French,2003 Tills, kame terraces -
Debris flow 8.53 10° 36.53 10° 3P ~50 45x 10° and moraines Remaitre et al. (2009
. Quaternary till and
Fjeerland, Norway, 2004 253100 215310 4° ~60° 240% 1C° older debrisflow Breien et al. (2008)
Debris flow |
material
Wenjiagou, (]flg'\za’ 2010, Debri. 3.1% 10F 120~ 32 6x 10° Colluvium Tang et al. (2012)
Niumian, China, 2008, Rock N . .
Avalanche 3.73 10° 3.83 10° 3P ~70° 75x 10° Colluvium Xing et al. (2014a)
Yigong, China, 2000, Rock N .
Avalanche 903 10° 703 10° 3P~ 35 160x 10° Colluvium Xu et al. (2012)
Zymoetz river rock avalanche 93 10° 53 10° 3P ~78& 143 1¢° Glacial sediment Boultbee et al. (2006
. . Quaternary .
3 3 ~ 3
Guanling, Guizhou 12.33 106 4.73 10° 25° ~35° 173 1¢° sediments Xing et al. (2014b)
Dolomites, Italy, 1997 _ Postglacial .
Debris flows 63 10° 543 10° 7°~ 30 603 10° sediments Berti et al. (1999)




1.3. Introduction to entrainment rate

Althoughbed material entrainmeandbaséerosion rateare similar and have the same unit
their definitions arequite differentandit can beeasly confused. Basal erosion rate is defined as
the rate othange of thehannel elevatiomi/s) which is alocal scale definitioninstead bed
material entrainment rate is the volumetric flux of material per unit area that natéicaving
masslt is the average rate of the change of channel elevation which alahiasf (m%s)/m?
(Iverson and Ouyan®015). The unit of bed material entrainment rate can be simplifiednifsto
Since the mechanism is differeittis critical to distinguish thenin thisthesis,entrainment rate

is defined as theate ofchange othechannel elevation.
1.4. Scope of study

Entrainment is an important part of debris flow analysis. Many debrisd&sgsnvolve
significant changes in mass during the flow process. Thergfisraecessary to study the
entrainment process and to develop a method of analysis and a numericainbedel

incorporated into debris flow analysis using the continuum approach.

Entrainment analysis often adopts a static apprbgdalculating the shear stresses in the saoill
under thechannebedand comparing with the shear strength of the mat&ri@Mohr Coulomb
criterion isoftenused todetermine failure in the saivhich will enable thealculaton of the

depth of erosion. However in granular flow, material at the surface of the bed can be eraded by
different mechanism. Granular soil can be edogprogressive scouring at the base of the
debris.The progressive scouring mechanism requires less shear stress to mobilize the material
under a rolling motion and thimay result in more material being eroded and entrainedltlean

shear failuranecharmsm. Presently, there is no model that aacorporatehe progressive



scouring mechanisnin consideration of thessues discussed above regarding entrainment in

debris flow simulation, the purposes of this researelfocusedn the following area
(1) Review ofdebris flowrunout models, entrainment experiments and models;
(2) Understand the progressive souring mechamisarosion
(3) Develop a numerical model that can calculate the amount of entrainment;
(4) Incorporate the model into debris flownoutanalysis
(5) Calibrate the model through numerical experiments;
(6) Performsensitivity analysi®f parameters in the new model,
(7) Verify the modelwith case histories;
(8) Apply the new model to simulatebris flow
1.5. Outline of thesis

The above work is presented in the th@sia paper format. In this format, each chapter is a self
contained discussion of an issue or presentation of the nidaepapers have been published,

submitted or in preparation for journal publication.

Chapter 2 reviews the existing entrainment mouotelksiding empirical models and analytical
models. Analytical models will be introduced in detail. Besides, experiments and field
measurementsvolving entrainmentsincluding riverbed erosionare briefly summarizenh

this chapter

The main ideas andhathematical formulationf the new entrainment model are presented in

Chapter 3. Assumptiorand analyticalnterpretation otheterms in the modedrepresented.



Chapter 3 is taken from the paper that has been submitted to the Internationalafournal

GeomechanicsThe paper is currently under review.

Chapter 4oresents aumerical experimerthatis usedto verify the new entrainment modd&lhe
numerical experimens carried out usig the Discrete Element Methotlhe DEM model

provides a deeper insigimto the erosion mechanism andain estimate the entrainment rate and
erosioral depthduring the simulationEntrainment rates at specifocations are useid model

verification

Chapter 5 provides the implementation of the new entrainment model into an energy based
runout model. The mathematical formulation and numerical scheme are provided in this chapter.
Sensitivity analysi®f the key model parameters have been carried oetniddel is also used to
study Tsing Shan debris flow case (1990) that has been observed to have significant amount of

entrainment.

The Yigong rock avalanche is one of largest-s8eismic mass movement in recent years. Since
this case is a very specific omh huge amount of entrainment, it is exclusively studied in this
research and presented in Chapter 6. This chapter has been accepted by the Journal of Landslides

and it is now available online on the journal website.

The new entrainment model is alsged to back analyze four debris flow cases in Chapter 7.
Simulation results from the new model and that from case histories are compared. The results
from the proposed entrainment model are also compared with that using the dynamic

entrainment model.

Chapter &oncludes thevork anddiscusseshe problems encountered in model testing and

validation. Suggestions for model improvements are also provided.



Reference

Berti, M., Genevois, R., Simoni, A., and TeccaRP(1999). Field observations of a debris flow

event in the Dolomites. Geomorphology, 29(3),-269.

Boultbee, N., Stead, D., Schwab, J., and Geertsema, M. (2006). The ZymoetRdeier

Avalanche June 2002, British Columbia, Canada. Engineering Gep&R(y), 7693.

Breien, H., De Blasio, FV., Elverhgi, A., and Hgeg, K. (2008). Erosion and morphology of a
debris flow caused by a glacial lake outburst flood, Western Norway. Landslides, 5(3),

271-280.

Egashira, S., Honda, N., and Itoh, T. (2001). Expental study on the entrainment of bed
material into debris flow. Physics and Chemistry of the Earth, Part C: Solar, Terrestrial &

Planetary Science, 26(9), 6450.

Evans, SG., and Clague, J. J. (1994). Recent climatic change and catastyeporphic

processes in mountain environments. Geomorphology, 10(1:)1.287

Hungr, O., and Evans, S. G. (2004). Entrainment of debris in rock avalanches: an analysis of a

long runrout mechanism. Geological Society of America Bulletin, 116, 1228P.

Hungr, O., Leroueil, SandPicarelli, L. (2014). The Varnes classification of landslide types, an

updatelLandslides11(2), 167194.

Ilverson, R. M., Reid, M. E., Logan, M., LaHusen, R. G., Godt, J. W., and Griswold, J. P. (2011).
Positive feedback and momentum growth during deftoig entrainment of wet bed

sediment. Nature Geoscience, 4(2),-1P4.

Ilverson, R. M. (2012). Elementatiyeory of be@dediment entrainment by debris flows and

avalanches. Journal of Geophysical Research, 117, FO3008).d6r9/2011JF00298


http://dx.doi.org/10.1029/2011JF002189

Ilverson, R. M., an®@uyangC. J.(2015), Entrainment of bed material by Eastirface mass
flows: Review and reformulation of depittegrated theory. Reviews of Geophysics, 53,

doi:10.1002/2013RG000447.

Jakob, M., Bovis, M., and Oden, M. (2005). Thgn#iicance of channel recharge rates for
estimating debriglow magnitude and frequency. Earth Surface Processes and

Landforms, 30(6), 75566.

Lo, K. H., and Chau, KT. (2003). Debridlow simulations for Tsing Shan in Hong Kong.
Proceedings of the Thiddternational Debrid~low Hazards Mitigation: Mechanics,
Prediction, and Assessment (DFHM) Conference, Editors: Rickenmann, D., and Chen,

C.L., Savos, Switzerland, September1) 2003, Millpress, Rotterdam, 5588.

Luna, B. Q., Remaitre, A., Van Asch, W., Malet, J. P., and Van Westen, C. J. (2012). Analysis
of debris flow behavior with a one dimensional-aut model incorporating entrainment.

Engineering geology, 128, 6.

Mangeney, A., Roche, O., Hungr, O., Mangold, N., Faccanoni, G., and lAug2610). Erosion
and mobility in granular collapse over sloping beds. Journal of Geophysical Research,

115, FO3040, dol:0.1029/2009)601462

McCoy, S. W., Tucker, G. E., Kean, J. W., and Coe, J. A. (2013). Field measurement of basal
forces generated by erosive debris flows. Journal of Geophysical Research: Earth

Surface, 118(2), 586802.

Remaitre, A., Malet, J. P., and Maquaire, O. @08ediment budget and morphology of the

2003 Faucon debris flow (South French Alps): scouring and chahaping processes.

Proceedings of the International Conferenc


http://dx.doi.org/10.1029/2009JF001462

geomorphological mapping to dynamic modelling, Editoralé¥] J.P., Remaitre, A., and

Bogaard, T., Strasbourg, France, Februaty, B009, CERG Editions, Strasbour-80.

Schirch, P., Densmore, A. L., Rosser, N. J., and McArdell, B. W. (2011). Dynamic controls on

erosion and deposition on debfisw fans. Geology, 39(9), 82-B30.

Tang, C., van Asch, T. W., Chang, M., Chen, G. Q., Zhao, X. H., and Huang, X. C. (2012).
Catastrophic debris flows on 13 August 2010 in the Qingping area, southwestern China:
the combined effects of a strong earthquake and sub#egurestorms. Geomorphology,

139, 559576.

Voight, B., and Sousa, J. (1994). Lessons from Orsake a comparative analysis of debris

avalanche dynamics. Engineering Geology, 38(3); 2%

Xing, A. G., Xu, Q., and Gan, J. J. (2014a). On charactermtidslynamic analysis of the
Niumianvalleyrock avalanche triggered by the 2008 Wenchuan earthquake, Sichuan,

China. Environmental Earth Sciencesla

Xing, A., Wang, G., Li, B., Jiang, Y., Feng, Z., and Kamai, T. (2014b). rangut mechanism
and landliding behavior of a large catastrophic landslide triggered by a heavy rainfall in

Guanling, Guizhou, China. Canadian Geotechnical Journal, (ja).

Xu, Q., Shang, Y., van Asch, T., Wang, S., Zhang, Z., and Dong, X. (2012). Observations from
the large, rapid¥igong rock slidédebris avalanche, southeast Tibet. Canadian

Geotechnical Journal, 49(5), 5896.

10



2. LITERATURE REVIEW

Erosion and depositioareimportantprocessesf adebris floweventbut they are usuallgoorly
understoodiue tomany uncertaintieassociated witklebrisflow characteristicsin analyzing
debris flow, taditionalapproacheareinadequatéf the debris flowis susceptible to erosion and
deposition(Coe et al. 2008 Most debris flowshave some sort antrainmenturing the flow
processand the incorporation of erosion and depositiakes theanalysis much more
complicatedMathematical modelsave beemlevelopedo calculatethe amount of entrainment.
The mrametergor the model can be determined fréamboratoryor field tests This chapter will
briefly discuss variouapproaches in debris flow modelling adifferent constitutive modedfor
analyzingthedelris material Various ertrainment modelare alsanentionedn this chapter.
Flume expaments and fielddst usedto understandebris flow entrainmerdre also
summarizedhere For comparison with debris flow entrainment mogdeisdels used in

estimatingthe amount ofiver erosion are also discussed.
2.1. Debris flow runout models

To assess the extent of damagaused by a debris flow event, numerical modgbnd debris
flow analysis are oftenonducted There are several approaches in debris flow nhiodel

includingthe empirical approach, the discontinuum approach and the continuum approach.

2.1.1. Empiricalappoach

In empirical approach, calculations of the volume, speed, runout distance and the extent of a
debris flowarebased on historical observations of a large number of e(featsin et al. 2012

Moffat et al.2011) Depending on the classification and the characteristics of a debris flow,

11



predictions are made for a future event or back analysis is carried out to understand a current
event(Fannin and Wise 200Miller and Burnett 2008 This approach requires largemount of

data which can onlpeappliedon a regional scale.

2.1.2. Discontinuum approach

In the second approach using the discontinuum mettedtis flow is modelled using many

small elements that interact with each otBeeCundall and Strack (1979). Thiéscrete element
method (DEM) has been used in simulating many large movements of granular assemblies.
However DEM is limited by the size of the problem that can be practically analyzed and it is
difficult to determine the material parameters in the DEMIat that will simulate the real

material response. Although DEM gives realistic simulation, it is not very accurate in predicting

debris flow characteristics.

2.1.3. Continuum approach

The third approach is based on continuum models in which the body of tieideonsidered

to be a continuum. The formulation of the mod
Law of Motion, the Laws of the Conservation of Mass and the Law of the Conservation of

Energy. The equations governing the motion of the debrideareed to calculate the flow

characteristics, such as velocity, depth, runout distance etc., see Wang et al. (2010). Numerical
techniques, such as the finite element method, finite different method or the block continuum
method, are often used to prd@the numerical solution fatebris flow analysis. This approach

is one of the most common approaches and it is one of the most effective ways of analyzing

practical debris flow problems. The continuum approach is adopted in this research.
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2.2. Constitutive modelling of debris flow

It is essential to adopt an appr@teconstitutive law in modelling and predieg debris flow
behavior Many constitutive models have been proposed to describe the rheological properties of
debris flow using aequivalen fluid. According tothe properties of debrjghe following

constitutive model$or debrishave been proposeNewtonian fluid model, neiNewtonian fluid
model, dilatant fluid model, Coulomb friction model, Coulomb friction model and Voellmy fluid
model(Table2-1). These models shows the relationship between shear rate and shear stress
exerting on channel bed and are applied to diffdtent condition. Normally, the relationship
between shear rate and shear stress for Newtonian model is linear instead of that for Non
Newtonian fluid models are ndmear. The shear stress exerted by coarse particles on channel
bed is normally estimated using Coulofmibtion model or Voellmy fluid modelCorrelations
between shear radshear stress indicated bgme typical modelare plotted irFigure2-1. It

is seen from the figure that yield strength must be exceeded bletaisflow occurs if

Bingham flow model is used. If the slope of the curve increases with the increase of shear rate,

shearthickening will be detected. Inversely, if the slope decresssar thinning can be detected.

Table 2-1: Summary of constitutive modeldfor debris flow analysis

Models Equation Application
du Solid concentratior
Newtonian model t= m- below a certain
dz limit
du
Bingham model dz Ofors<y Mudf_lows and _fine
Non = ¢+ 9,% for ¢ > grained slurries.
Newtonian dz
fluid du ot
model Herschel gz i< Fines fraction

Bulkley Model higher than 10%.

d
t:g+h¢%§)” fort> ¢
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Models Equation Application

d
d—lZJZO for r < &

Quadratic mode! Hyperconcentratec

du  du, sediment flows
t=¢ +-m H¥
¢ il 4(dlzl) for ¢+ > ¢
Bagnold t= a ,zd,z(@)zsm Dispersive stress
Dilatant s dz d
fluid The generalized y
model viscoplastic t =ccos fpsin f+ @7 General debris flon
dz
model
Coulomb friction model t = dan Granularflow

au =0 for ¢ t.
—= < +
dz ¢+ tan Transport of large

Coulomb viscous model

du clasts
t=¢t +tan  A—ifor¢> s + tan
dz
2
Voellmy fluid model t= dan A izg Snow avalanche

Notes:Uis theshear stress, is effective viscosity andu/dzis shear ratei} is the yield strength;
€q is the consistency indeg is the flowbehavior indexz-is a turbulendlsperswe parameter;

U is a numerical constant; is the grain density; =((Cn/C)*3-1)* is the linear concentratiof,
andCn, are solid volumetric concentration and maximum possible volume concentration (0.74
for uniform spheres), respectivelyjs grain diametef,q is the dynamic angle of internal

friction; p is mean normal pressunich is rateindependentg1 are consistency index:;is

normal stressi} is cohesive strengthy is the unit weight of material ands a turbulence

coefficient with the dimension of acceleratigModified from Wang2008))

Shear thinning

Shear stress (Pa)

Shear thickening

>

Shear rate (s™)

Figure 2-1: Shear stress against shear rate for different fluid models
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2.3. Numerical modelling of debris flow entrainment

Some efforts have been made in the passtonate the volume of erosiand incorporatbasal
entrainment. Thenodels for estimating the amount of madémcorporated from channel bed
can be roughly summarized as analytical models and empirical midgdeanalytical
approach N e wt oaf NMaion bar fomwe equilibriumareusedto calcuatethe entrainment
rate ordepth of erosion of the channel baSkear stress arsthearesistancare the most
important factorsn calculatingentrainment. Diffusion processaused byhedifference of
sediment concentration between erodible chanreebbdthe main body of the debris also
consideredhs one possiblmechanism of entrainme(iverson and Ouyang 201%)n the other
hand, in theempiricalapproach thentrainment rate is empirically related to flow velocity or
shear stress exerting tmeerodible bedThe mefficient ofcorrelationbetween entrainment rate
and flow velocity or shear stressoftendeterminé by modelcalibraton based on a large

number of case histories

2.3.1. The analyticalapproach

Althoughit is difficult to use theralytical approactto predictentrainmentand some scholars
said thai@nalyticaltechniques are unlikely to be useful in the foreseeable f(iakeb et al.
2005) it is still possible taalculateentrainment analytically byonsideing streses and

resstances in thdebris flowchannel.

2.3.1.1  Static analysis

In the static approach, static shear stresst®e channel bednder the debriarecalculatedand
failure is considered when the static shear stress exceeds the shear strength of the material. The

degh in which failure occurs is determined and the amount of material is calculated which will
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be added to the main body of the delrimitation ofthestatic analysis is that it can only

estimate the upper boundtbk depthof erosionsincerateeffect is not taken into account.

Medina et al. (2008 developed a static equation of entrainmentdysideringstatic

equilibrium between the flow frictional stresses and the basal resistance stepse{2).

The upper layer represents the debris which the lower layer shows the erodible material. The
dash line in thé&igure2-2 is the new channel surface after the channel bed is erodeg:ioy h
depth.Shear resistance is estimated usahr-Coulomb law Therefore entrainment depth can
be estimated using

hem — l,- & [2_1]

- r.g(cos gtan  f- sin |

whereUkesis theresistancetresf the material due to internal friction of the particldds the
active forcegis the gravity acceleration is the slope anglé edis the friction angle of

sediment particles and is density of debris

é ﬂO]/V

~ -

-~
NS
-

Z -

€J* ~ -~

~ -

Figure 2-2: Schematic graph of analytical entrainment modelsstatic approach
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Sovilla et al. (2006) proposed a formulectdculatebed erosiorof snowavalancheThe

entrainment process h#tsree modes: ploughing, step entrainment and basal erosides The
snowpack is divided into several layerstire entrainment calculation. In the model, driving

force for entrainment isalculatedrom the sheacomponent othenormal force acting on the

layer. The frictional force comes from the cohesion of the snow depending on the snow texture.
Based on mass and momentum conservation of each layer, theoSpie=dnow enténg the

avalanche is calculatdobm:

_[p(xt)- p(¥
W(xt)= [~ 7 [2-2]
ra(l_ /‘S/,(X))

a

where W(x,t)is theentrainment velocitym/ s), p(x,t) is the normal stress the avalanche applies
on the layerp*(x) is the layer strengtha is the mean flowinglensity of the avalancheg(x) is
density of the layefThis formulation can be used to calculate the rate of erésidhe three

entrainment mechanisms.

The mass entrainment rate is estimdterh:

n

Nevon 8 FW(XY [2-3]

where I‘f.e\. .-, Is entrainment ratek@ / (m?s)) of unit arear si is density of™" layerand nrefers

the number of layens the calculationFor more detailed information, s8evilla et al. (2006)

2.3.1.2  Dynamic analysis

In the dynamic approach, the rate of entrainment is calculated based on the rate of erosion of the

materialin the channel bed. The rate of erosion is determined based on shear failure at the
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surface and the material is removed from theam@rbased on the velocity of flow of the main
body of the debris (Medina et al. 2008&)s assumed in this approach that the velocity of newly
eroded material is the same as the average velocity of the dgtirmnment occurashenthe
bedshearstress igreater than thehearesistancg€Figure2-3). Thereforethe quantity othe

new incorporated massdepenénton the availability of momeéam which isgiven by

t.-c -h coS n..~
%z(b (SV ] bed’ s [2_4]

in which pz/ut is the rate oéntrainment (m/s)andv is mean velocity of the debris (m/s).

The difference between static and dynamic entrainment model is that the static model calculates
the entrainment depth according to seessequilibrium/failure of the erodible layemyhile the
dynamic model calculates the rate of erosion based aretlokeiving stressexertingatthe

interface between the debris arddiblelayer.

Figure 2-3: Schematic graph of analytical entrainment modelglynamic approach

The entrainment model proposed by van Asdl.ah 2004 [Luna et al. 201Ris a dynamic one

dimensional debris flow model that takes into account the entrainment concept based on the
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shear stress and shearing resistaviueh isaffected by thgeneration of excess pore water
pressure undamdrained loading othein-situ material The increase in pore water pressure is
calculatedoy usingSkempton (1954) equatioRlow is treated aalaminar, single phase and
incompressible continuum proceBgebris flow and channel bed are divided inteethlayers

from top to bottom: top layer (flowing debris), erodible layer (erodible bed) and substrate layer
(stable bed)Due tothe moving mas®verlaysthe erodible bed, a loading on the bed deposits is
generated. The model calculates this load onrtisgu soil through changes in the vertical

normal stress and shear strength caused by the debrigfiew, factors of safety at the bottom

and top of theerodible bedare calculated as follows:

F — Cbot + (5 bot _Pbot) tan CZot
bot —

[ [25)

bot

(3 -PPhan ¢,
Ftop:CbO ( Dl‘ D q [2_6]

where gotis the cohesion andhot is the friction angle of the isitu soil,Di, DP andDUarethe
changesn normal and shear stresaused by the variation characteristics of debris above the
channel bedand pore water pressuespectivelyUno andPoor arethe normal stress and pore

water pressure at the bottom of #redible bed respectively

The depth of erosiocan be calculad by analyzing the factors of safetlythetop and bottonof
the erodible layeln the casevhenFop< 1 andFoot< 1, thendsc, thickness oerodedayer,
equals the total thickness thie erodible layer;dn the case whengop> 1 andFuot< 1, thendsc
is again equal to the total thickness akitu materiad ; In the case, wherfgop< 1 andFpot> 1, it

is showed that only a portion diwill fail and it can be calculated as follows.
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g = Fo g [2-7]
* Ry F

ot~ ' top

Thismodel is similato the dynamic modetxcept thait involvesthe FOS for erodible layer.
Although the interaction betweelebrisflow and insitu soil is considered here, entrainment rate
is nottaken into accountheinfluenceof debrisflow velocity on entrainmens omitted(Luna

et al. 2012)Besidesthe effect of grain size is not considered ingéh&rainmentalculation

process

Iverson (2012) considerdke behavior of a slide block descendimganerodible slope witlhe
ability of incorporatingsoil from the static bed seeFigure2-4. Newtorts SecondLaw is applied
on thesliding material Coulomb friction rulds employed to estimateasal frictioral resistance
which also takesto accounthe shear rateThe entrainment rate based on ttleange irthe

weight ofthesliding blockis calculated from:

dm d
- = - — 2-
P G - \G( dt\j] [2-8]

whereG = g ( simg- e0cogy ), G=gev coq/ V, gis gravitational acceleratiog,is theuniform
angle of inclined plane,is time,v is its velocity,m is theslide-block massgo is basal frictioal

coefficient ey andV are constants.
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Figure 2-4: Schematic illustration of slide block model in entrainment analysis

If an ideal caseés consideredh which frictional resistance is zer@ & Go = g sing, G= 0) andv

iS constantthen

edm g _ . m [2-9]
gat -0y,

The euation above ianupperbound condition for sustainable entrainmditterefae, it is

postulated that

dm_ _gm [2-10]
dt \Y;

in which Uis an entrainmergfficiency parameter. The value @fust satisfyo0 UL, but it

needs not ba constantlf the value ofUchangesit alwayssatisfiesU= 11 [(dv / dt +Gv) / G],
butthiswill lead in indeterminateralue Therefore acontinuummechanical analysis is needed

to determinghe parametean.

After analyzng the slideblock problem Iverson (2012¢onsidered mass and momentum

exchange between three continuous layers, allgerwith a free upper surface, an erodible
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bed sediment layer, and a deeper substrate that cannot be entrained owing to high strength,

respectivelyseeFigure2-5.

Figure 2-5: Schematic illustration of velocity profiles(lverson 2012)

Based on the assumption thia¢ variations of all quantities in theansverselirection are
negligible, mass balance atrdnslationamomentum balance equations in a continuous material
are integratedsingkinematicboundary conditionthat relates velocities at the top and bottom

of theerodible layer to the other velocity components at the same locAften the momentum
equations for those three layers are obtained, it is considered that the flevodibtebed

layers can exchange momentum and momentum must be conservedsdahirag exchange. By
adding the equations for flow layer and erodible layes,fiiund thathe bed sediment
entrainment ratean be calculated from:

£= o foo) [2-11]
r (Vlbot - V2top)
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whereUbpot is theshear stress at the bottom of the first laldg, is the shear stress at the bottom
of thesecondayer, vinot IS the velocity at the bottom of first lay@epot is the velocity at the
bottom of first layerr is the bulk density of flow and bed material. The numerator of this
eguation can be interpretedasexcess boundary shear stress, which expréssdgference
between the basal shesiressexerted by the flow and the boundary shear resistance ekgrted
thechannebed. The threshold for entrainmentimis equationis consistent witlthe dynamic

equationproposed by Medinat al.(20083).

If basal slip is considered and bseldiment layer istableprior to entrainmengquation [212]
can be usedtestimae the entrainment ratesing theCoulomb friction rule to calculate the

shear stress.

_roh(m Jeos §,p/3 -1Puf!
1-s)rv

E [2-12]

wheree 1 ande» are CoulomUdriction coefficients for layes 1 and 2 pibot andpaiop are boundary
pore fluid pressures for layet and 2s; is a fitting parameter ranging frosg=0 if there is no
simple shear te;=1if there is no basal slip, is depthaveraged velocity in first laygln; is

height of layer 1 inhez direction, andr is bulk density.

On the other handhe equation above indicates tHatvill decreaseas the basal slip velocity
Vinotincrease This contradicts conventionahderstandindput proves the results of the slide

block analysigo be correctvhen

o= rgh( 7 zmos A PR - 2 Padf) [2-13]
rghsin ¢ ,mghcos g

Iversonand Ouyang2015) updated the equation for estimating basal erosion rate. Jump

conditions at the interfaces between each |aybich descripts the sudden change of shear stress
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and horizontal velocitin thedebris were considered in the derivatidrhe general bed erosion

formula can be expressed as

pz _[lbot - {top é, Ztgp ~ 1bo?
= === =P y (Zb) e—— [2'14]
pt flul(zb) ' é fbot - 2t€p

where 7, is the depth averaged densitytlo¢ firstlayer,ui(zp) is the velocity at the interface

between first and second lay@siopis normal stress at the top of second lagigs:is the nomal

stress at the bottom of second layer.

In this modelthedifferencein density between each layer is considered. The first derthe
right side of P-14] accounts for excess shear stress that sawmesion.The £cond term
represents the effects of dilatancyndf dilatancy existst will reduceto the model proposed by

Medina (2008).

2.3.1.3 Diffusion process

Diffusion is alsdbeingconsidered as one tife mechanismsef entrainment of bed sediment. It is
noticed that differerein the solid concentration is the main trigger for particles to be eroded.
Takahashi et al. (199proposed a formular for estimating the entrainhaad depostion of
debris flow based on this mechanisSedimat concentration is considet as the mainaictor in

the estimation. Flow height and particle size are also taken into account.

Iéavce_ ch torEz 0
] C&-¢Gd

E =] [2-15]
%bv(ce- c)g for E <0

in which Uandb are the experimental coefficients,is the equilibrium sedimembncentration

of debris flow by volumgc is the ediment concentration of debris flow by volumes the
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sediment concentration by volume of bed sediment-(moning laye}, his the flow depthd is

the grain size of debritow.

Egashira et a(2007) proposedaformulato calculatesrosion ratessuminghatthe slopeof the
channel beds always adjustetb the angle correspondingltmiting equilibriumconditions
The material in the channel left behind byunsaturated debngill approach the lirting

equilibriumslope angleUsing masgonservatiorfor theeroded material yields
EDx =Ev D &v : [2-16]

wherekE is theerosion ratey is theaveragevelocity of thedebris flow,Dx is thedistance
increment Dt is thetime incrementg- is the sediment concentration by volume of bed sediment

(nonrmoving layer) andDz is the erosion depth durirg.

Geometrical relationship between the initial bed slope and equilibrium slope @ngles
arctan Dz / Dx), is incorporated intthe mass conservation law of eroded matanairderto

obtain the entrainment raiEe(m/s)
E=cvtan@ - @) [2-17]
in whichq is the bed slope argi is the equilibrium bed slope.

As an important propertyhe sizeof sedimentould influence the entrainment rate greafgpa
et al.(2009 analyzed the influence of sediment size on bed erosion. It is found thathehen
sediment size of debris flow bodytlsee same ased sediment, the velocity profile is in the
equilibrium flow condition. However, when the bgeldiment size increases, the velocity

distribution becomesimilar to a velocity prale in flow over the mgid bed.
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2.3.2. Empirical models

Empirical models are primarily developed based on the analystatadtical datdrom field
cases and laboratory experiments. Flow velocity, shear stress and solid concentration are

generallyusedin thedevelopment of empiricantrainment model.

De Blasio et al(2011) suggested a serampirical modeto calculatehe rate of erosiarin the
model,therate of erosiomepends solely on the tangeomponent otheweight at the base of
the flowchannelnd on the average velocof the debris. Critical shear stress is used as the
thereshold to determirtbe occurance of entrainment. Measureménots Fjedanddebris flow

is utilized to calibrate the moddthis model seemgromisingsinceit relates debris flow

velocity and basal shear stres®trainment.

dh

T cluf'(t,, ¥ fort,, > [2-18]
dh_, B
g Ofor by <7 [2-19]

where dh/dis the rate of bed erosigm/s), U is the velocity othedebris flow, 7 is the critical
shear rate for erosion,and y are constants. In principle these constants shmaudigttermined

experimentally.

McDougall and Hung(2005 incorporateda simple material entrainment algorithbased on
the assumption of natural exponential growth with displacermata new computenodel
designed to simulate rapid landslide motigroas 3D terrain. The bed erosion velo€itys)
and the volume growth rafe?), defined as bedormal depth eroded per unit flow depth and

unit displacementan berelated by
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®_Ehv [2-20]
M

where Eis volume growth ratém™), his flow depth and is flow velocity.

The gowth rate E, is determined by trial and errdfhereforeaverage volume growth raté, is

suggested to be used to repl&oehich can e preliminary estimaterom:

In(v; /)
It )

E= [2-21]

where \4 is the estimated total volume entering the z&heas the estimated total volume exiting
the zone ands is the approximate average path length of the zone. Limitation of this equation is

that it is assumed that material is eroded evenly along the channel.

Chen et al. (2006), for preliminary estimates, prod@selationship to estimate the yield r&ie

(dimensonless):

Vv
E @ eroded [ 2-2 2]
Aaf'fectedd com

whereVerodedis the total eroded volumAarectedis the total erosioaffectedareadcomis the
travel distance of the centre of mass, Biisla correctiorcoefficient to account for the system
nortlinearity. Before the application dhemodel, thecorrection coefficienshould be

determined by the calibration.

Pitman et al. (2003) proposed an empirical formula to estimate the entrainmen{mas.

faJu’+v 12
es:| [2'23]
i0 te ¢
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whereUis proportionality constant to be fitted to experimental resaitdp and v are horizontal

and vertichcomponents o¥elocity, respectively.

Hsu et al(2008 considered different velocity profiles of granular flows for diffetessal
behavior and divided thgranularflows into four typesa flow with full slip, a flow with zero
slip, partial slip with positive velocity at the base and plug flow with no Elip suggested that
for all-slip case, erosion ratqsz/ut (m/9, based on Archardiear equationcan be written as:

kp,v
H

® IR

[2-24]

In which,pn is the normal pressure,s thesliding velocity,H is the hardness of the surface

being worn awayk is a nondimensional wear coefficient dependent on the materials in contact.

Stock and Dietrich (2006) noted that the valley slope is adjusted to théelondgrequency of
debris flows Valleys soured by debris flow should not be modelled using conventional bedrock
river-incision laws A new model is proposed in which ttepletingrate ofthechannel bed is
propational to the integral afhesolid inertial normal stresses from partictgacts along the

flow and the number aipvalleydebrisflow sources. The expression of modeidsnd to be:

K, K, . @ au, "5 & )
- E —T 20 1L e:COS@b) n s,DigEl:Ts 8 h [2 25_]
Wt o (F) € ¢ =

ff

¢

where I is a constant of proportionality that relateebulk inertial normal stress to higher
excursions of inertial normal stress, is the proportionalityconstant between rock resistance
and incision rate that has dimensions that vary witmd¢ so that the right side of the
expressiomwith units of ergion rate,To (Pa)is the tensilstrengthof the bedrock Eet (Pa)is the

elastic modulus of the bedrodk,(m)is a function of the fracture spacing of bedrock and size of
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eroding boulderd, (al) is the is the frequency of flows over the bedrock p@uan,De (M) is
theeffectivegrain sizeus (m/s)is the surface velocityy (m)is the flow heightL (m) is the

length of eroding flow, and/ andn are empirical exponents.

Wicklein and Papanicoladi2000) suggested the equation for estimating the entrainment rate of
material that could potentially be entrained into the flow. In the modsl¢ansidered that bed
shear stress fluctuation is the dominant mode of the sediment entrainment which had been

disaussed by Cao (1997) and Jain (1992).

E =00 3G A ¢ (1°p-p & % [2-26]

A

wherer is water densitySGis specific gravityA is bed aread; is particle sizep is porosity,pa
is thepercent active layeF; is the probability density function of excess shear stres3isd
the bursting event period. In theory, all of this material can be entrained into the flow. Since the

flow has a finite carrying capacity for material, excess material would redepak# bed.

Cao et al(2004) presemda theoretical model upon the conservative laws of shall water
hydrodynamics. Entrainment and deposition are considered in the model. Variation of bed

channel elevation is defined as

D -E
= 2-2
o [2:27)

=%

whereE andD is sediment entrainment and deposition fluxes across the bottom boundary of
flow, andp is bed sediment porositiz andD are determined using following empirical

relationships.

D=w@ C,)"C, [2-28]
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c_1601 p(g- gadu,

= 2-29
R0.8 qc h [ ]

wherewp is settling velocity of a single particle in tranquil watégjs nearbed sediment
concentrationm is exponent is particle Reynolds numbgy is Shields parameteu is critical
Shields parameter for initiation of sediment movemerg sediment particle diametdris flow

depth andJs is free surface velocity.

2.3.3. Incorporation of etrainment into debris flow simulation

Different framesof referenceareused inthemomentum equationa different debris flow

models, which includéhe Lagrangian and Eulerian franoé referenceTo incorporate

entrainment term into these models, conservation of momentum should be considered carefully.
In theLagrangian frame&ork, if erodedmass enters the debris flow body with a velottigt

differs from the deptlaverage velocity, the equatiorms talculating the entrainment using
Lagrangian frame is not easy to be conservatiept®integrated velocity of debris and velocity

of entrained material can be distinguislifddulerian frame is useflverson and Ouyang 2015).
2.4. Experiments and field testsin debris flow entrainment study

To verify theanalytical equatiosifor entrainmentalculationsandfind the relationship between
parameters referred in empirical equations, laborawpgrimentand field test have been
carried out Smallscale andargescale flume experiments werenductedy Egashira (2001),
Mangeney (2010) and Iverson (2011). Fielddestrealso carried out and devices for
monitoring entrainment in real tinteave beemevelopedMcCoyet al.2010 andBerger et al.

2017).
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2.4.1. Flume experiment

24.1.1 FlumeApparatus

To test the entrainment of debfigw, experimentfiave beeronducted on inclined flunse

Different sizes of flume had beebuilt andused(lversonand Ouyan@015). Theexperimental
setupmainly consist of atank,anerosional zone anddeposition padRigure2-6). The tank is

used for storing the source material. Source material generally saidises and coaes

granular particls. The erosion zone is compos#drosionapartand two transitiomars, one is
locatedin front of erosional zone and one behind. Some of apparatuses have only one transition
zone or no transition zon®eposition zone is also optiorialsomeapparatus. Some of the
apparatus use the tank to collect the debris insteaduniout pad. The geometrical properties of

the flumesdeveloped for testing the entrainmanésummarizedn
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Table2-2.

Legend

] Tank
[ Erodible bed

(Not in scale)

Figure 2-6: Schematic graph of the apparatus adopted for flume experiments
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Table 2-2: Summary of size of the flumes in entrainment study

Tank Transition Erodible bed Channel size Deposit
Properties length (m) on zone
P Hr Lt Material L1 Ls Hs Lz Materia Width q¢) Li(m)
(m) (m) (m (m (m) (m) | (m)
Iverson a 1 a 1
(2011) 16 4.7 SGM 6 42 0.12 47 SGM 2.0 31
0- .
Mangeney 0.1 Glass Glass Oi
(2010) 4 0.2 beads 0 0 O.é)o 3 beads 0.1 30
Egashira Water&S Water&
(2001) and 40 01 2 g 01 12

1-56% gravel, 37% sand and 7% rasided grains

24.1.2 Material and variations in the test

In the flume tests, erodible material sometimdheésame ashe source material, but sometimes
not. Egashira et a[2001) andPapa et ali2004) built a small scale flume experimenttest the
debrisflow entrainment. A sand stopp&asplacedat the lower end aheflume to separate the
flume into two parts. In the upstmn part, a debris wasoduced by water @nsediment supply.
Sediment beavasformed using the same material as the supplied debris. In the test, grain size,
channeklope and sediment disaigavared. Whenthe bed sediment size increases, the velocity
distribution becomesimilar to a velocity profile in flow over the rigid 8€lt is also found that

the relative erosion t@, E/Eo, has an almost unique relation which decreases monotonically with
increasein the relative grain size&/d , although it varies slightly with sedent flux

concentration, wherEg is the mean @sionrate d is sediment siza) is grain size of debrjisand

Eois the erosion rate in the case that solid matefidebris is the same & bed sediment.

Mangeneyet al.(2010) setup the flume experiment to test the effetiethannel slope and
erodible depth on the runout distance. Glass beadargmsibspherical, cohesionless and highly

rigid wereused as source and erodible material. Channel slopesfrarn O to around 25.2
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degrees. fie tickness otheerodible materiatanges from 0 to 5 mm. Flow height, deposition
height, deposition angle, front velocity and runout distameesused as the criteria to analyze

the effect oichanneklope andhickness oerodible bed on debris movement.

Scaling is a critical issue ing¢hdesign of laboratorgxperimentglverson2015) On the basis of
employing miniature experiments with saaid mixturesversonet al.(2004)revealed that

although miniature experiments are unlikely to mimic some avalanches behavior that is possible
atgeophysical scales, it cée applied to test models of idgghnularavalanches by neglecting
theeffects of intergranular fluid and cohesiétickenmanret al.(2003)foundthat the limited

volume available for the surges is a magstrictionduringthe laboratory experiments is then
estimated that scaling effect could be an important factor contributing to the relatively large

scatter whemnalyzingthe erosion volumes and can also affect the surgeertiesn thetest.

Therefore, Iversoet al.(2011) carried out a large scale entrainment experiment in which an
erodible beds formed by discharging SGM abruptly from a headdBigure2-7). Then, same
materialis released from the tank to simulate the detmagerial The key variable manipulated

is the bedsediment volumetric water content. The impact of-bediment water content on
entrainments analyzed by measuring flewont speed, flow volume @hmomentum gains at
specified locationdNormal stress, pore water pressure and hafjtiebris materiahre

monitored by electronic sensorsritig the test. The results shalat pore pressure generated as
wet bedsedimentis overriddenand progressivelgntrained by debris can reduce friction and

lead tosynergistic growth of debrimass and momentum
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Figure 2-7: USGS debrisflow flume during an experiment. (A) and (B) show the flow state
att=0.8 s and = 1.0 s, respectively. (c) shows the debris is descending flume

about 5 s. (Iverson et al. 2015

2.4.1.3  Otherentrainment studgevices

Hsu et al (2008) developeda new devise to tebed rockerosion caused by granular material.
Thedrum is made from a seoti of PVC pipe wittan inner diameter of 56 cm. Both sidewalls

are composed of Plexiglas, bounding a 15 cm wide chalnrible test, erosion occurs between
granular flowanderodible sample inserted in the drum bildgnitude of erosiois determined

by weighting the erodible sample before and after the test. Average erosion rate can be estimated

in the test, but variation of erosion rate with time cannot be obtained.

Bowman et al. (2010) creatively use a geotechnical centrifuge apparatusly debris flow
entrainment under undrain and drained conditions. Both fixed and erodible bases are used in the
experiment. It is noted that using the centrifuge apparatus could produce a better approximation

of realscale physical process
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2.4.2. Field obseration

Bergeret al(2011)designed an erosion sensor to monitor the entrainprenéssit consiss of

a column ofsensas, initially 1 m long, composed of 20 cylindrical aluminum tubes (50 mm tall
and 25mm in diameter)Electronic resistor inside of datubeis connected to the adjacent
elements. As debris erodes one or more elemsmsy force is exerted on each connection. If

the shear resistance of the connection is smaller than shear force, it will be broken and a drop in
the total resistance igcorded on a data logger. Therefdheerosioral rate can be obtained by
dividing the erosioal depth bytheduration of erosion processuP tothe detection limit and

presence of a sediment layer covering the sensors, the magnitude of erosioniemdgio# t

erosion for small debris flow cannot be determined respectiBesger et al2011). Although

those drawbacks restrict the use of the sensor, this method at least offers a new thought to

monitor the entrainment during the process of debris flows.

Subsequently MCoy et al(2013) designechn apparatus usingensos to measure changes in the
height ofthebedsediment afteBerger et al. (2011)'he resistor in each element is connected
using small plugs easy to unplug. Variatiortla#length of the resistance chamdetectedy
measuring voltage at the bottom of the chBaring the test, rainfall, bed forcBow height,

flow stageand pore water pressure are monitored at the sameBesmlesjncision boltshad
beenused to mease the average incision rate by McGsiyal.(2013). The bolt essentially
provides a recordof the preflow channel surface. After the debris flothe variation of covered
length of the bolt can be measuraderage incision rate one debris flow evens therefore

estimated.
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2.4.3. Numericalexperiments

Numerical simulation is a fast and convenient method to predict erosion dul@thgis flow.
Normally, Discrete Element Model (DEM) usel to simulate the movemenf debris. As a
typical DEM in simulating granular flowRarticle Flow CodeRFQ is capable oflescribinghe
mechanical behaviours of assembles of discs and sphecatchiating the contact forcesd
subsequent displacements of each individual partiglesponse to its interaction wigtdjacent

particles.

Banton (2009) tested channelized granular flows by consideringattieleproperties and basal
surface properties. It was found that rebound coefficient between particles is important in the
simulaton when the flow is turbulent withfagh velocity gradient. Three laboratory
experimentsn whichgranular materials released from a rough inclined slope, carried out by
Savage and Hutter (199andHutter et al. (199bwere simulatedThe simulation results agree

very wellwith the measurements in the test

limura et al. (2009) studied the entrainment of agglomerates deposits on plate surface by shear
flows using discrete element method. Effect of shear rate, structure of deposits and adhesion
between particle and plate surface on the entrainment is examined by counting the particles
remaining on the plates. It is concluded that there is a critica¢ yaf shear force beyond which
entrainment will be observed. This study is of help to understand of entrainment for cohesive

fine particle. 0

The dynamic response of colluvium accumulation slopes in Sichuan Province of China was
studied by He et al. (201Miorizontal shearing waveforms of Wenchuan earthquake were used
to study thelynamic responsef the colluvium It is concluded that material properties and

interface in the accumulation affected the velocity a lot. Effentafingdebris on retaining
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wall and earthfills was tested using PFC2D by Li e(2010) andSalciarini et al. (2010 A
slope with constant inclined anglasconstructed and a retaining walasplaced away from
the toe othe slope. By varying the size of the retaining wall and particle propentiegnces
of geometry and particles propertigsreexamined by measuring the impact foamtingon
retaining wall. Though plenty of numerical flume experimentel@en condcted,very few

have taken entrainmermriteinto account in numerical flume experiment using PFC2D.

2.4.4. Summary

Using sensa to monitor the change of channel bed in lesgale flume or smabcale flume is
also a good choice in studying entrainméntanmeasure the variation of channel bed under
field situation.However,it is really difficult to capture other kinematic characteristics of debris
flow that is useful in verifying the new analytical entrainment model. Theredfongified
numerical experim@, in which ideal particle shape and size are assumiéidie used to study
entrainment in this thesidlormal stress, shear stress and velocity at different time atage

monitored.

2.5. River erosion

2.5.1. Channel erosion

2.5.1.1  Analytical approach

Fukuda and LicK1980 foundthat the entrainment rate and equilibricomcentration are
closely related ttheshearstress applied at the sedimavdter interface and upon theter
content of the sedimeritinear increases in sediment water content could cause lirczaages

in the entrainment rate
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where dC/dis the slope of the concentration versus time curvehasithe depth of the

overlying water.

Mehta and Partheniades (198@Jatald dC/dtto the timerateof changedz/dt of the depth of

erosion,z, below the initial bed surface according to

dz_hdc (2:31]
dt r dt

whereh is the depth of flowgdC/dtis the timerate of change of suspended sediment

concentrationC, andr is depth varying dry density of the bed.

Shrestha and Orloti996) divided the basal erosion into two types, mass erosion and surface
erosion. Mass erosion is defined as bulk erosion en mdsbe, sediment from the topmost
layer, downward to new deposits. Surface erosion is considered as farjcE€icle

resuspension from the bed.

The mean rate of mass erosion per unit bed surface area over a time Diteregjual to the

mass transfeed to the water column as given by

— _T Fp- 4 _
E=§h=—r( ) [2-32]

whereSe is the rate of change of sediment concentration in the water column due to €fFasion,

thickness of erodible layghn is average flow depthisis density of sediment material, is bulk

density and v is density of the suspending medium, respectively.
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The mean rate of surface erosion is estimated using properties of the sediment, fluid

characteristics and hydrodynamltesring stresses.

E=Sh=Magt 1 iff,> £ [2-33
Ctce

where M is erodibility constant determined empiricallyjs bed shear stress determined from
the hydrodynamics of thituid at bed level, antlleis critical shear stress. Critical shear stresses
and erodibility constants for specific cohesive materials can be determined in the laboratory

using arotatingcylinder device.

2.5.1.2 Empirical approach

Maa and Lee (1997) and Maa €t(@998) proposed empirical equations to estimate the

entrainment rate based on in situ and laboratory experiments.
E=E e” [2-34]

where B is an initial resuspension coefficient igf cn? / s, a-is a rate constant &' andt is

time.

E=m¢] [2-35]

ex

where mandn are two dimensionless empirical constants @ri$ approximated excess bed

shear stress.

Lee andMehta (1994) related the rate of erosion to the applied bed shear #geagaview of

laboratory datan the erosion of cohesion sediment beds.

‘ ¢ [2-36]
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wherel} is the erosion bed shear strength for a placedésithe bed shear strength as a
function of depth below the bed surface for a deposited bed@nd andUs are empirical

coefficients Equation2-36 can be approximated quation2-37 in certaincases.

2.5.2. Bank erosion

Besideghe erosionof channel bederosion of material cominigom channel bankis alsoan
important part in river channel erosion. DY2001) developed a two dimensional numerical
model to estimate the bank erosion rate by considering the mass balance within a control volume

near the bank.

—

d
&Lu]&z-'-qr O !

h,

mo

[2-39]

3
I
O

wherew is bankerosion rate (if bank advanace,> O; if the bank retreatsy < 0; and if the bank

is unchangedy = 0); d: is defined as the width of the control volume that is nearest to the edge
of bank;hy is flow depth at the near bank regignandgy are total sdiment transport rates in the
longitudinal and transversal directions, respectively;@nis$ transversal component of the

sediment transport rate at the near bank region as a results of bank erosion.

2.5.3. The summary of river erosion

The model used to calculate the rate of erosion is mostly based on the diffusion process that
means the rate of erosion is a function of the change of sediment concentration. Although some
of the models consider the difference between shear stress aséheflthe debris and shear

resistance obed material, at least one empirical constant is used in the equation which makes
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the model difficult to be used in debris flow cases since the constant is mostly dependent on the

slope of the channel, particlesagles and sizéEgashira et ak007).
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3. ENTRAINMENT MODEL FORMULATION FOR DEBRIS

FLOW ANALYSIS !

3.1. Abstract

Debris that entrain sediment by undermining channel beds or scouring channel banks can
become exceptionally mobile and destructive. Therefore, the calculation of entrainment plays an
important role in debris flow runout analg. An entrainment model is proposed that takes into
account surface erosional effects by considering progressive scouring and shear failure on the
channel surface. By considering simple geometry and particle configurations, the equations for
the progredse scouring are developed. In deriving the equations for the progressive scouring
mode of erosion, two types of motions are considered: rolling motion and sliding motion.
Newtonds Law of Motion is applied aementad!| cul at
the particles. A probability density function (PDF) is used in the calculation of the entrainment
rate for different configurations of particle contact. Measurements from flume experiments are
used for model verification. It is found that thdramment rate can be calculated using a normal
distribution PDF. The proposed entrainment model has been shown to be effective in calculating

debris entrainment.
3.2. Introduction

Debris flows are rapid mass movement in steep hilly terrains where earthlyaisdtew down
in a valley or channel usually triggered by a landstideeavy rainfalllt is usually fastmoving

with variable solid concentration aklwhg runout distance. Due to its fast moving characteristics,

! This chapter has been submitted toltiternational Journal of GeomechaniedMay 2016. The paper is
currently under review.
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debris flow is one of the most hazardeunsl unpredictable surface process that results in many
losses of lives and property damag@®@shurch et al. 2011or examplebetween 2004 and 2010
there were,327 peoplekilled by debris flowin Chinaout of 6910 who were killed by natural
disastersOne recent example showing the destructive power of debris flow is the Zhouqu debris
flow which occurred on August 7, 2010. It caught the residents of Zhouqu by surprise and 1,765

people were killed and more than 5,500 houses were destroyed

In order toassess the extent of damages caused by a debris flow event, numericahghadel

debris flow analysis are often carried out. There are several approaches in debris flomgiodel
This includes the empirical approach, the discontinuum approach anshtivmiom approach.

In the empirical approach, calculations of the volume, speed, runout distance and the extent of a
debris flow is based on historical observations of a large number of everfianssect al.

(2012 andMoffat et al (2011). This approah requires the observation of a large number of

events in different geological conditions. Moreover the result is only applicable in similar
geological conditions. In the second approach using discontinuum model, debris flow is
modelled using many smalleenents that interact with each other, see CundalSaratk

(1979).The advantage of this approach is that it can simulate large deformation and changes in
mass can be accommodated easily. However it is difficult to determine the property for the
debrisand very difficult to incorporate the effect of water. The third approach is based on
continuum models in which the body of the debris is considered to be a contiFluaim.

formul ation of the model i's based omlLgwbysi cal
of the Conservation of Mass and the Law of the Conservation of Energy. The equations
governing the motion of the debris are derived to calculate the flow characteristics, such as

velocity, depth, runout distance e®ee Wang et a(2010. Numertal techniques, such as the
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finite element method, finite different method or the block continuum method, are often used to
provide the numerical solution for debris flow analysis. This approach is one of the most
common approaches and it is one of thetrafective ways of analyzing practical debris flow

problems.

In many debris flow eventfipw channes aretypically covered by surficial deposits, sometimes
several meters thiokf loose granular materiah rapidy moving debris could mobilize these
materials which coula&hange the volumef the debrissignificantlyduring the flow proces3he
inclusion of material through erosion of the flow channel is called entrainment. Many debris
flows havesignificant amount of entrainment resulting in a subgytarger final volume than
its initial volume, sedable3-1. In these cases, the final volume is much larger than the initial
volume since the debris erodes and includes the materialigddlogv path. Tsingshan debris
flow is aspecialcase in whib theentrained volume is about fifty times the initial volume. This
can change the mechanics and characteristics otfflosymaking prediction and back analysis
of debrisflow much more difficult.The rate of this process is affectedtbgshear stresapplied
onthebed sedimentheinternal friction betweethe particlesthevelocity of the flowing debris
theslope anglef the channelthe cohesiorof the bedding materi@ndthe pore water pressure

generated due to shearing of fine grained madsanahe bed

Table 3-1: Example of rock avalanche and debris flow involving entrainment

. Average Entraine
" Entrain ,
Initial slope Final dvolume .
. Entrainme
Case volume angle of volume /Final . Reference
3 volume . 3 nt material
(m°) (m?) entrainme  (Mm°) volume
nt zone (°) (%)
s Glacial it Hungr and
. 13x1¢ 39x10 20~45  52x10 75 ) Evans
Rock and ice and ice
(2001)
avanlanche

52



Average Entraine

. Entrain :
Initial slope Final dvolume .
ed . Entrainme
Case volume volume angle of volume /Final nt material Reference
(m3) () entrainme (m°®)  volume
nt zone (°) (%)
\';/2' gnnt?gga, Colluvium Hungr and
pan, 34x10 22x1¢  20~45 56x16 39 and Evans
Volcanic rock )
avalanche alluvium (2004)
Nomash River, Til- McDougall
Canada, 1999 300x10 300x10 600x10 : 9
Rock slide 3 3 25~45 3 50 derl\{ed and Hungr
debris avalanche colluvium (2005)
Tsingshan, Honc Colluvium Lo and
Kong, 1990 400 19600 23~35 20000 98 , residual Chau
Debris flow soil (2003)
Tills,

Faucon, 36.5x1 kame Remaitre
French,2003 8.5x1C 0 3~50 45x16 81 terraces et al.
Debris flow and (2009)

moraines
Quaternar
Fjeerland y till and .
Norway, 2004 25x16 21910 460  240¥10 o9 oder - Brelen et
Debris flow debris al. (2008)
flow
material
Dolomites, Italy, . .
1997 600 5400 7-30 6000 90 Postglacial Berti et al.

Debris flows sediments  (1999)

Studying entrainmentbeingan importanpart of debris flow analysisyill helpthe
interpretationgnd understandings significant changes ithemass duringhe flow process.
Presentlyentrainmenanalysis often adopts a static approacihinch shear stresses are
calculaedin the soilin the flow channel. The Mohr Coulomb criterion is used to datexthe

depth offailure in the soil in calculating the depth of erosiDepthaveraged approach was used
to describe erosion process (Bouchut et al. 2016 and Iverson and Ouyang 2015). However, in
granular flow, material at the surface of the bed caerbded by progressive scouring which is

physically in particle scale. McCoy et al. (2012) and Reid et al. (2011) studied the scouring
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process in the channel bed adopting field experiments. Mangeney et al. (2010) and Farin et al.
(2014) carried out severkboratory experiments to study this process. The progressive scouring
refers to the propagation of the entrainment front. This may result in more material being eroded
than considering shear failure alone using a static approach. Presently, there aehthat@an

capture the progressive scouring mechanism and very little research has been done to understand
this process. The purpose of this paper is to understand the progressive souring mechanism, to
develop a numerical model that can calculate theuainaf entrainment and to incorporate the

model into debris flow analysis.

3.3. Review of previous work

3.3.1. Debris flowentrainmentnodels

During the movement of a debris, material from the channel boundary are often eroded and
mixed with the main body of the déband becomes part of it (Iverson 2012). There are various
models in calculating the amount and rate of entrainment in debris flow analysis (lverson and
Ouyang 2015). Some efforts have been made in the past to estimate the volume of erosion and
incorporae basal entrainment. The models for estimating the amount of material incorporated
from channel bed can be roughly summarized as analytical models and empirical models. In the
analytical approach, there are basically two approaches in calculating enfriaitihaestatic
approach and the dynamic approach. Newtonds L
calculate the entrainment rate or depth of erosion of the channel base. Shear stress and shear
resistance are the most important factors in calcgia&mrainment. Diffusion process caused by
difference of sediment concentration between erodible channel bed and the main body of the
debris is also considered as one possible mechanism of entrainment (lverson and Ouyang 2015).

On the other hand, in the eirical approach the entrainment rate is empirically related to flow
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velocity or shear stress exerting on the erodible bed. The coefficient of correlation between
entrainment rate and flow velocity or shear stress is often determined by model calilas¢idn b

on a large number of case histories.

In the static approach, static shear stresses are calculating beneath the channel bed under the
debris and failure is considered when the static shear stress exceeds the shear strength of the
material. The depth iwhich failure occurs is determined and the amount of material is

calculated which will be added to the main body of the debris. In the dynamic approach, the rate
of entrainment is calculated based on the rate of erosion of the material at the chanite bed.

rate of erosion is determined based on shear failure at the surface and the material is removed
from the surface depending on the velocity of flow of the main body of the debris (Medina et al.
2008, Iverson and Ouyang 2015 and Bouchut et al. 201§)a#isumed in this approach that the
velocity of newly eroded material is the same as the average velocity of the debris flow
(Fraccarollo and Capart 2002, Medina et al. 2008 and lonescu et al. (2015). Bouchut et al. (2016)
and lonescu et al. (2015) pregsal a model based on defatveraged approach in which variation

of static/flowing interface is considered as the erosion rate. Compared with other models, this
model is deduced directly from the viscoplastic constitutive law. This model can show the

contiruity of shear stress and velocity across static/flowing interface.

Egashira et al. (2001) proposed a formula to calculate the erosion rate assuming that the slope of
the channel bed is always adjusted to the angle corresponding to the limiting equilibrium
conditions. The material in the channel left behind by an unsatudatoris will approach the

limiting equilibrium slope angle. Geometrical relationship between the initial bed slope and
equilibrium slope angle is incorporated into the mass conservation law of the eroded material to

obtain the entrainment rate.
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The entainment model proposed by van Asch et al. in 200¢hd et al. 201Ris a one

dimensional dynamic debris flow model that takes into account the entrainment concept based on
the generation of excess pore water pressure under undrained loading esitthen@terial.

Flow is treated as laminar, single phase and as an incompressible continuum process. Due to the
moving mass flowing on top of the erodible bed, loading on the bed deposits is generated. The
model calculates this applied load on theitu soilthrough changes in the vertical normal stress

and shear strength caused by the debris flow. The increase in pore water pressure is calculated
based on Skempt on &dspth(ofle@®Hodsappexmated usingrthe T h e

relationship between the factof safety at the bottom and top of soil in the channel.

Iverson (2012) considered the behavior of a slide block descending an erodible slope with the
ability of incorporating soil from the bed.
materal. Then, Coulomb friction rule was applied and basal friction resistance calculation was
improved by taking the shear rate into account. The frictional resistance consists of a constant
component of frictional resistance and a veledigpendent componerifter considering the
ratedependent friction, entrainment rate based on the change in weight of the sliding block was
obtained. Iverson and Ouyang (2015) considered the rapid change of stress, density and flow
velocity between two layers: moving uppayer and static lower layer. A new entrainment

model is proposed based on depitegrated mass and momentum conservation equations.

De Blasio et al. (2011) suggested a sempirical model to calculate entrainment. In the semi
empirical model, the entirament rate is dependent solely on the tangential component of weight
at the base and on the average velocity of the debris flow. Critical shear stress was used as the

thereshold to determine the occurance of entrainment. Data frometlamdrdebris flowwvas
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used to determine the dynamic quantities and erosion effects in calibrating theThadel.

model seems promising since it relates debris flow velocity and basal shear stress to entrainment.

It is seen that the current approach in entrainment calonletinsiders shear failure of the soil in

the channel base. Often static shear strength parameters are used.

3.3.2. Debrisflow entrainmenexperiments

Flume experiments are normally conducted to test the entrainment of debris flow. Egashira et al.
(2001) andPapa et al. (2004) built a small scale experimental flume, 10 cm wide by 20 cm high
with 12° slope. The erodible bed, consisted of particles having uniform grain size, was placed at
the lower part of the flow channel. The same material was used for the-ftt@v body. During

the test, the debris had different solid concentration which resulted in different erosional profile
of the bed with different equilibrium slope angle. Particles and sediment flux concentration were

varied in the test to understane timpact of solid concentration on entrainment rate.

Mangeney et al. (2010) constructed a similar flume for entrainment tests. A 20 cm long by 14 cm

wide tank was placed at the crest of the channel which is evenly covered by granular material. In

theexper ment s, subspherical, cohesionless and hi

800 em, fill the tank and erodible bed. The
supply of the steady uniform flow to allow the layer to deposit. Tio&rikss of the erodible bed
varied from 0 mm to 6.5 mm. Slope angle changed from 0° to 30° during the test. The effect of
slope angle and thickness of erodible channel on runout distance was studied. The shape of the
granular mass during movement was rdedrand analyzed. It is concluded that runout distance
increases almost linearly as a function of the thickness of the erodible bed suggesting that

erosion i s mai nlTherdnsutisfancy inceeasesealodt 408o0to the slope
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close to the rem® angle of the grains. As well, erosion is positively related with the slope angle
that means erosion increases with the increase of slope angle. Farin et al [18] found that there is a
critical value of slope angle, around 10° to 16° in the experimexitsy bvhich the erodible bed

has no effect on runout distance or no difference can be detected after comparing the results from
the channel bed with and without erodible material. However, if the flows over an erodible bed,
larger than the critical slope gle, the runout distance increases by up to 50% comparted with

the over a rigid bed.

A series of largescale experiments were conducted between 1992 and 2013 using the USGS
debris flow flume for gravel, sand and mside particles on erodible bed sedimeith different
moisture content (lverson and Denlinger 2001; Iverson et al. 2004; Iverson et al. 2011; Iverson,
R. M. 2012). The USGS facility is located about 45 miles east of Eugene, Oregon, in the United
States of America (USA). The experimental flum&i95 m long, 2 m wide and 1.2 m deep
reinforced concrete channel. The properties of the erodible bed including moisture content and
type of material, and solid concentration and grain composition in the tank were varied in the
experiment. Different chacgeristics of granular flow were measured in each test. In this
entrainment study, it is found that increase in water content usually leads to an increase in the
rate of entrainment. On the basis of progressive shear entrainment, a preliminary theory on

et rainment has been developed. |l versonds theo
increased flow momentum and speed only if large positive pore pressures develop in wet bed
sediments when the sediments are overridden by the debris. The innrpasepressure

facilitates progressive scouring of the bed, reducing the basal friction and resulting in an increase

in the flow speed, mass and momentum (lverson et al. 2011).
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Sovilla et al. (2006) studied 18 snow avalanches that occurred betweem@9B108 in

Switzerland and Italy. Information such as velocities, pressures and flow depths were collected.

The areragedepths of erosiower e esti mated i n Apotential entr
analysis on the mechanism of the entrainment proces$esionless dense snow avalanche

model have been developed. In this model, the total entrainment rate is assumed to be a function

of the location, velocity and time of the avalanche.

3.3.3. Introductionon runout calculation

In continuum modelling, there are twpproaches in formulating the equations for debris flow
runout analysis. The first approach is based on the Law of Conservation of Momentum. The
debris is divided into slices in two dimensional analysis, or columns in three dimensional
analysis, andtheont i on of i ndividual slices can be cal
Motion. An example of this force based formulation is the Dynamic Analysis Model (DAN)
developed by Hungr (1995). There are also other dapthaged models in debris flow runout
calaulation such the models proposed by Bouchut et al. (2016) and Ilverson and Ouyang
(2015)The second approach is based on the Law of Conservation of Energy. The energy
formulation has been developed by Wang et al. (2010). The motion of the debris can be
calaulated by considering the energy dissipation on the boundary as well as internal dissipation
of the mass of the debris irLagrangiarframework(Wang 2008) The momentum formulation

of the first approach cannot take into account the internal energyadissifLateralpressure

and basal resistance on individual slicesdmterminedisingthe Rankine and MokR€Coulomb
theories The momentunequationdor the overall slidingmassarenotrequiredin the

calculation.
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In analyzing debris flow with significammount ofentrainment, an entrainment model should be
incorporatednto arunout model to simulate the erosion process, inclusion process and
movement process. The enefiggsed runout model has been selected to incorporate entrainment

model in this study
3.4. Formulation of the progressive scouring model

It has been demonstrated that sediment entrainment will occur progressively from the sediment
surface rather than by a mass failure along the bedmdinent interface (McCoy et al. 2012;

Reid et al. 2011). In this study, an erosional mechanism thatderssnaterial lying on the

channel bed being eroded progressively downward in a rolling motion is examined. This process
is called progressive scouring. The current methods in entrainment calculations mainly consider
shear failure under the channel bede Eguation to calculate the depth of entrainment based on
basal shearing mode of erosion has been developed (Medina et al. 2008a, Iverson and Ouyang
2015 andBouchutet al. 2016). However, the progressive scouring process in particle scale is not
considerd in the models. This could lead to an errothie estimation of the rate of erosion

granular flow.To address this deficiency, the proposal model takes into account surface
erosional effects by considering progressive scouring and shear failurechatires| bed. In
developing the model, it is assumed that friction between particles satisfy the requireraent for

Apureo rolling motion. However in enigrainment

needed to determine the tyad motionwhich indudesrolling and sliding motioa
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3.4.1. Analysis of sheafailure and rolling motion

34.1.1 Rolling motion

In order to develop a theoretical framework for pinegressivescouring process, soil particle is
assumed to be round. The formulation is base@analysis Although 2D analysis is a
simplification of 3D analysis, it provides the response of the structure in the 2D plane. In some
cases, the 3D world can be simplified into a 2D plane which can reasonably capture all the
physical characteristics of the 3D réyaliTherefore, in the 2D model, soils can be represented by

round 2D particles.

In calculating the drag force for the initiation of the rolling actibis assumedhata particle

will rotatearounda point O as shownn Figure3-1 whereTris the drag force required to initiate
particle rolling gis the slope angle of the channel Jeds the mass of the particle (fab,

m=p R2ry), rvis the density of bed sedant particleg is the gravity acceleratioR is the radius

of the rolling particlesao is the angle between the chansetfaceand the line connecting the
centers of two adjacent particlér soil with variable particle sizes, R is assumed techl to
dso/2. F is the required friction between two adjacent particles during rolling. N is the normal
force existing on a particlé€lis the translation acceleration which has same direction as particle

moving direction. gand g are xcomponent angi-component ofJ .
Based orparticle rollinganalysis presentdad Appendix A, itcan beshown that the force
required foimpendingmotion isgiven by:

2 .
P R £9 CO% g 0)‘ [3_1]

T, = -
: sina,
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Equation[3-1] is based on the momemalanceabout contact poir® which canbe used to
calculatethedrag forcerequired to initiate theolling action The equations governing the

motion of the particle after it starts to move are given in Appefdix

Y

Figure 3-1: Free body diagram of particle when rolling occurs

3.4.1.2 Shearfailure calculation

In addition to the rolling motion, material can be eroded ircti@nebed due to shear failure.
In this case, materiadill beshearegrogressively with the thickness thiefirst layeris equal to
the particle diameteor mean particle diameter in the case of-naiform size particlesNhena

particlestarts to movethedriving forceis equal totheresisting force. Hence,

Ts=(rfgh +4;92R) cosgtan R ; g R si [3-2]
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whereTsis the shear force required for incipient motion of the partidlas,the shear
resistancef is the internal friction angle s andr , are density of debris flow and bed sediment,

respectively.

Figure 3-2: Definition sketch of shear erosion

3.4.1.3 Rolling mechanism versus sliding mechanism

Equation[3-1] calculates the drag force required floe initiation of the rollingnotionand
Equation[3-2] provides the drag force for the sliding mechanihre actual mechanism that

will occur in a particular situation depends on the smalherof thesetwo forces

Consider the difference of the two driagcesasfollows:

R? 3
PR ggcof 7 0)alZR2 grbger—f% cosgtan A2 cos gtan £2 sin [3-3]

sina, c

Te-T.=

s

Rearrangindgequation[3-3], it becomes

o] ,, ~
To-T, 2Rr, g ['M -Se—fﬂ 2 gosq tan f 2 sin [3-4]
2 sina, ¢ 6 R =
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WhenTr=Ts

M_;r_fh+2 8037 tanf+23inq: [3-5]
2 sina, ¢ # R -
co
p S( il °é+2 sing
_ 2sina,
tanf = [3-6]
(ih.p 2) coxy
r, R
co .
pzs(_w)z+2 sing
sina
If tanf > n 0 for a materialthenTr < Ts, progressive scouring will occur
L —+2)co
(fb 5 ) cogy

before basal shearing for a coarse granular material with high internal friction angle. It means
that particles will rotate first. fris kept constant and it is less thBg particle will always be
eroded byolling mation. Figure3-3 shows the general division between rolling ahdaring
motion In reality, it is more likely that bed sediment can be eroded by toetthanisre at

different timegqLi and Komar 1986)
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¢ (degree)

Tg-T,<0 Rolling motion dominates

Tg-T >0
Shear motion dominates
>

h/R

Figure 3-3: Threshold between rolling motion and sheafailure

It is seerthat anitting the progressive scouring mechanism may lead to underestirtregiiogal

volume ofthedebiris.
3.4.2. Derivation of new entrainment model

3421 Selection of motion of entrainment

There are two modes of erosion: progressgouring and basal shearing. First it is necessary to
calculatethe shear forcerequired for rolling and shaag motiors. If the actualshear force is
less tharthese limiting valuesnoerosionis expected If TrR< T < Ts, particles will be mainly

eroded by rolling. IfT is greater than both of themparticlewill be moved by bothrolling and

slidingmotions (Figure3-4).
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>

No entrainment Eroded by rolling Eroded by rolling&sliding

Figure 3-4: Changes in the entrainment modes

3.4.2.2 New entrainment modie

To develop thequations for the progressive souring mode of erosion, it is necessary to consider
simple geomeyr and particle configurationn thisformulation uniform size spherical particles
(circlesrod with unit length in2D analysis), have been uséal this fomation process, 2D

analysis is performedt is recognized that real soils are not spherical in shapethapdre not
uniform in sizesHowever the equations for the uniform size and spherical shape particles
provide the form of the expression to caltelthe rate of erosion for this mode of failure.
Modifications of this theoretical equatiomay benecessary when applying it amalyzereal

debris flow.

Drag forces due to the moving debris above the bed are assuapalytat the center of the
particles.Particle is considered to be eroded when it rolls over the crest of another particle.
Valyrakis et al. (2018comparedhe minimumflow energy supplied for entrainment bytssibon
and rollingassuming the same order of magnitude of energy transpefficients. It was
revealed that a greater amount of mechamicek is required for saltating grainShodja and
Nezami (2003 analyzed the distribution of all contact norrfakes (combined rolling and
sliding) and confirmed that rolling is the dominaméchanismif there is no sliping betweera

particle and the underlying substrate, the particle will roll along the beill b@cbmes part of
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the debrisNewt ondés Law of Motion is applied to cal

displacement of the particle.

Supposed thatittion coefficient satisfies theequirement for rolling without slipping between
particles.If there is slippage between partisiend its underlying substrate, sliding motion will
occur. Again, Newtond6s Law of Mot i oparticlei | I be

AppendixA shows the derivation of the equations for both sliding and rollingharesms.

In order to determine if progressive scouring by rolling action occurs before basal shear failure,
the drag force requires to initiate rolling should be less than the drag forces required for basal
shear failure. The expressions to calculateatign drag forces for both cases are presented in

Appendix A.

3.4.2.3 The calculation of rolling time t

Entrainment rate is defined as the changdefdepth of erosiom a unit time,thereforeit is
necessary to estimate the tinlengeded foa particleto move from the initial location to the

crest of adjacent particle. The angle for a particle to rotate before it becomes part of the debris
flow can be calculated once thmtial resting angle ¢d@s known. Based on the angular velocity

of the moving particlesee Appendix A, the rolling timecan be estimated.

As ag varies for each locatiotime t should be calculatespecificallyfor eachao. The
relationship betweenand ao is shown inFigure3-5. It can be seen from the figure that t

decreases with the increaseapf Determination o&po will be discussed in the following section.

67



Olg; QLo /2-0

Figure 3-5: tn againstb for constant drag force

3.4.3. Entrainment rate estimation

To incorporate the entrainment time into entrainment rate calculation in a continuum model, a
probability density function (PDF) of the initial resting angtgs introduced to relate the
entrainment time to entrainment raiéwe PDF provides the probability distribution of the

relative location between two adjacent particles.

3.4.3.1 Relative location of adjacent particles

Firstly, different possible locations andrfigurationsbetween two particlesre considered and
shown inFigure3-6. The classification of these different cases is based on the position of
particle 1in oneof the fourquadrang of particle 2The four quadrants are divided by two lines

perpendicular to each other. One of them is the line parallel to the slope surface.
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Particle 1 is the moving particle and particle 2 is themawing particle which particle 1 must
override.lt is interesing to notethatif only therelative location between two adjacent particles
is consideredCasel and Caséll arethesame Smilarly, Casell and CasdV arealsothesame.
For Casdl, if particle 1 is locateth thesecond quadrantyr equilibrium, theranust beanother
particle 3 keeping particl2 stable Thereforeit means that tharrangemenof particles 2 and 3

in Casdl is thesame ashe arrangement of particlésand 2in Case. Hence, all the cases can

besimplified into only one case, CadeThereforetheformulation below is based dbasel.

Casel Casdll

Casdlll CaselV
Figure 3-6: Possible configurations of two particles ir2D cases
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3.4.3.2 Characteristics of the entrainment of two adjacent particles

Figure 3-7: Range of angles of each region on the nanoving particle

According to therelative locations between the moving and-nooving particles, the region
upstream of the nemovingparticle can be divided intinreeregions(Figure3-7): Regionl -
particle 1 cannot be erodedly rolling; Regionll - particle1 can be erodedregionlll - Unstable
regionfor particle 1 and ihasalready erodedrhereforethe erodible depttior Region lllis

Zero.

In this frameworkit is assumedhat the probability otbin the rangd(a/2)-g, 4/2] is zerosince
these particles should have already been er@&@lade theangeof the independent variable
using thenormal distributiorfunction goesrom negative infinity tgositiveinfinity, the PDF of
thenormal distributiorfunctionshouldbe normalized in the rang®, (0/2)-q], seeFigure3-8.

Pnor is modified toPmodand average distribution is also showrrigure3-8.
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