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Featured Application: This paper aims to develop a landslide
model to simulate slumiype landslide tsunamid.he modified
Bi-viscous model can be used to simulate the landslide
movements in both thedland area and ocean area. The model is
able to describe the developments of the landslide as well as the
slip surface. In addition, the model can be applied tpaith
assessments

Abstract

This paperincorporatesBingham and biiscosity rheology
models with the NavieiStokes solver to simulate the dynamics
and kinematics processes of slumps for tsunami generation. The
rheology models are integrated into a cotaganal fluid
dynamics code, Splash3D, to solve the incompressible Navier
Stokes equations with volume of fluid surface tracking
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algorithm. The change between-vield and yield phases of the
slide material is controlled by the yield stress and yieldrstra
rate in Bingham and hiiscosity models, respectively. The
integrated model is carefully validated by the theoretical results
and laboratory data with good agreements. This validated model
is then used to simulate the benchmark problem of the failure of
the gypsum tailings dam in East Texas in 1966. The accuracy of
predicted flood distances simulated by both models is about 73%
of the observation data. To improve the prediction, a fixed large
viscosity is introduced to describe the-yiald behavior of
tailings material. The yield strain rate is obtained by comparing
the simulated inundation boundary to the field data. This
modified biviscosity model improves not only the accuracy of
the spreading distance to about 97% but also the accuracy of the
spreathg width. The uryield region in the modified biiscosity
model is sturdier than that described in the Bingham model.
However, once the tailing material yields, the material returns to
the Bingham property. This model can be used to simulate
landslide tanamis.

Keywords

Landslide Tsunamis; Slumps Tsunami; Bingham Rheology
Model; Bi-Viscosity Model; VOF; Slip Surface; Tailings Dam;
Mudslide; NavierStokes; LES

Introduction

Tsunamis are potentially deadly and destructive sea waves. Most
of the tsunamis are formed as auk of submarine earthquakes
and submarine landslides. These landslides, in turn, are often
triggered by earthquakes or volcanic eruptions [1]. Over the past
20 years, catastrophic tsunamis in Papua New Guinea (1998),
Indian Ocean (2004), Japan (2011)luPRay Indonesia (2018),

and Anak Krakatau Indonesia (2018) have driven major
advances in understanding of earthquakes and submarine
landslides as tsunami sources [2]. In fact, submarine landslides
have become suspects in tihhe <cr ea
triggered by distant earthquakes. As exemplified by the 2018
Anak Krakatau Tsunami event, the tsunamis were initiated away
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from the epicentral area of an associated earthquake, or were far
larger than expected given the earthquake magnitude. The silent
tsunamis arrived without precursory seismic warning. They were
generated by a landslide caused by the Anak Krakatau volcanic
eruption. A landslideggenerated tsunami may occur
independently or along with an earthquajenerated tsunami,
which can complicatehe warning process and increase the
losses [3]. Although the Ilandslidgnerated waves
characteristically have shorter periods than the observed tsunami
waves, the combination of the waves is able to produce long
waves comparable with those observed, tdube ringing effects

of the trapped waves inside a bay or coastal area [4].

The landslide can be classified as block collapse (slides) and
sediment or mud collapse (slumps). The difference between
them is mainly in the rigidity of the sliding body. &is are
landslides with rigid sliding bodies, and slumps are landslides
with deformable sliding bodies {3]. The special consideration
regarding this particular condition is to model the slump
kinematics, based on the forces acting on the slump and the
rheology of the slump materials. This study aims to develop a
slumptype landslide model for the future study on landslide
generated tsunamis. In order to reduce the complexity, this paper
shall focus on the developing a model to describe the kinematics
anddynamics of pure landslides. After the model validation and
sensivity analyses, this model can be used to study the tsunamis
generated by slump terms of the pure landslide simulations,
the failure of the gypsum tailings dam in East Texas in 1966
(FGT®) is one of the famous benchmark problems. FGT66
features a fieléscale with a clean and simple geometry. In this
study, the benchmark problem, FGT66, will be studied
thoroughly to develop a reliable landslide model.

Similar to the slumgype landslide dunami, the tailings are
considered a fine material by Jing [8], Zhang [9], and Qiao [10].
Numerically, the slumps and tailings fluid can be considered a
viscoplastic material with the yield stress, which is one of the
important parameters. Mudflow can Ipeodeled by Bingham
model [1313], HerscheiBulkley model [14,15], and the
Coulombyviscoplastic model [16] by incorporating them with the
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depthintegrated equations models. The viscosity in these models
is discontinuous [17]. The analytical solution wastfijproposed

by Jeyapalan [18]. The behavior of tailings was described by the
Bingham model (BM) [18]. A ondimensional profile and a
freezing time were provided [18]. Liu [12] studied a spreading
flow of high concentration mud on an inclined plane. An
andytical solution to a thin sheet of Bingham fluid was derived
and verified with experimental data [12]. Huang [15] studied the
spreading of a twalimensional, unsteady mudflow on a steep
slope. The nonlinear rheological properties of the mud were
describedby the HerscheBulkley model [15]. In their paper
[15], the von Karman integral method was used to derive the
depthaveraged continuity and momentum equations. The
influences of sheahinning on the fresurface profiles and
spreading characteristics tiie mudflow were discussed [15].
Pastor [19] implemented the Bingham model into a depth
averaged numerical model to simulate the Mgmercentrated
flows. The bottom friction was approximated by a thirder
polynomial function to save computational tifi®]. Chen [20]
developed a twalimensional twdayer model to simulate the
confluence of clear water and mudflow. They used the Harten
scheme [21] to solve the depdlheraged equations and the
Strang splitting method [22] to manage the friction term. The
model was certified by comparing the simulation results with the
prediction of Pastor [19]. Recently, Pudasaini [16] proposed a
first-ever multtimechanical, multphase mass flow model that
employed pressurand ratedependent Coulombiscoplastic
rheolog, very flexible for the application to the wide range of
geophysical mass flow.

Given the above studies, theoretical models ordimeensional
depthaveraged numerical models can be used to simulate
mudflows in simplified conditions [6,8,11,12,15,16].€ltdepth
integrated model is simplified from Naw&tokes equations by
ignoring the vertical acceleration [23]. The depitegrated
model is suitable to predict the flow without strong vertical
acceleration or a sharp velocity shearing [24]. The vertical
acceleration and velocity shearing are important in the case of a
slope with rugged topography or mudslide overtopping a
structure. Inside a complex 3D flow structure, the tailings
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material will transfer from an upield/plug zone to a
yield/liquefied/sheged zone if the shear stress is greater than the
yield shear stress. Before the tailings reach this plug zone, the
liquefied zone might dominate the entire flow field due to strong
shear. Adopting a thredimensional rheology model is an
alternative to fuly and globally describe the strongly converging
and diverging flows [19,20]. For more detailed results, solving
the threedimensional NavietStokes equations is recommended
[21,22]. The NavierStokes equation modes were utilized to
study a mudflow in the1990s. Many of these studies
concentrated on solving 2D problems [7,16,25]. With the
advance of computers in the early twentieth century, the 3D
NavieStokes equations were able to studya mudflow by
smoothed particle hydrodynamics (SPH) method [22,26d, an
projection method [20,23,24].

The rheological properties are crucial issues in a slump or a
tailings flow simulations. The slump or tailings fluid is a non
Newtonian fluid in nature [27] with complex rheological
properties. The travel distance and theeading of a slump or a
tailings flow are affected by the rheological equation [28]. As for
the determination of the rheological parameters, Henriquez [27]
determined the yield stress and viscosity of tailings flow by
using rheometer and slump tests. Thixture of different
materials leads to a complex, yet not well understood rheological
behavior [29]. Field observations of mudflow behavior and
rheology are challenging and still rare. Numerical modeling is
chosen when an assessment of mudflow behavioeasled for
planning, zoning, and hazard assessment [28230 Most
models require direct calibration to capture -specific
behavior. However, reliable calibration data are scarce, and
laboratory experiments are difficult to be upscaled to field
situatons [29].

This study is divided into two parts. The first part, the main body
of this paper, is to build a slurippe landslide modelThe
slump material issimulated as a homogeneous +#d&wtonian
material, whose behavior is described by the Bingham model,
conventonal biviscosity model, and modified viscosity
model. The failure of the gypsum tailings dam in 1966 is used
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for the model validation, calibration, sensitivity analysis. The
free surface of the slump is tracked by the volume of fluid (VOF)
[33] method.In the second part provided in the other paper,
tsunamis are generated by a slump on a slope. The slump is
described by Bingham model. The accuracy of model is
validated by the laboratory data of Assier Rzadkiewicz.[34]

The landslide tsunami can be daerd by slumpype landslide
which involves complex interactions between slumps, water, and
air. In order to understand the phenomena more clearly, this
study discusses the sluraype landslide in Part | and the
tsunamis induced by a slurtype landslide irPart II. In Part I,

the rheology models are discussed in detail to deeply understand
the characteristics of each rheology parameter to the slump
movement and deformation. In Part Il, the tsunamis affected by
those parameters will be discussed.

The next sction gives an overview of the modeling approach.

Section 3 presents the model validation with analytical solutions
as well as experimental data. The study of the failure of the
gypsum tailings dam in East Texas in 1966 is given in Section 4.
Section 5 dscribes a series of sensitivity analyses on the yield
strain rate and the grid resolution. Conclusions are made in
Section 6.

Rheological Model and Numerical Algorithm

For flow rheology, the Bingham model (BM) has been widely
used to simulate mudflowd J29,35], lava flows [36], landslides
[37], and multiphase mass flows [16].

The rheological properties of BM can be presented as [38,39]:
‘ boOeQ mhh t

T ‘ —— HEQ mon T 1)
-4

where * is the viscosity of the ugield region,‘ is the
viscosity of the yield zonef is the yield stress, afnd is the
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yield strain ratef — —. The symbol’ is the second

invariant of thé , which is defined ds -r T

Even with the simplicity of the BM, the stress is still
indeterminate in the upield region, which means the exact
shape and location ahe yield surface(s) cannot be determined
[40]. To remedy this drawback in the present work, the
conventional biviscosity model (CBM) [41] was adopted. This
idea allows a small deformation to occur in the-yigid
region(s) by treating it as an extremdligh viscosity fluid. In

the yield region, the material is considered a Bingham fluid. This
method makes it possible for the stress to be computable in the
whole domain, including the uyield region so that the location
of the yield surface can be eagilgtermined [40].

The rheological properties of CBM can be presented as [42,43]:

‘ — AQrQ

- 4

Mathematically speaking, wheh approachezero, the CBM
approaches BM. If the chosén is sufficiently small, we can
practically replace the uyield region viscosity with a higher
viscosity. This guarantees that a viscous solver can handle the
determination of the shape and the location ofplug surface

[40].

However, a mud material will become sturdy when experiencing
compaction or tamping processes experiencing. To describe the
sturdy behavior in the plug zone, a largerand a largef are
required. The larger plays a role of keeping the rigid shape.
The larger indicates that the material can sustain a large shear
stress without deformation. To achieve that effect, the modified
bi-viscosity model (MBM) is born and written as:
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‘ — AQMQ

‘ F ‘ HQTQ r (3)
- 4q

In this model, the yield stress and yield viscosity  of the

mud material are exponentially dependent on material
concentration [44]. The detaile descriptions are added in

Section 5.2. To presentthe-yni el d behavi or , M A
be infinite based on the suggestions of Assier Rzadkiewicz [34],

Taibi [45], and Yu [28]. In this paper, the infinite humber of
viscosity * p T Pa s is chosenybthe sensitivity analysis.

The values of yield strain rafe are also discussed in Section

5.2.7 & s lis adopted by a sensitivity analysis to illustrate

the deformation in MBM.

The viscoplastic models, BM, CBM, and MBM, were coupled
with the Spash3D model. The Splash3D model was renovated
from the opersource software, Truchas, which was originally
developed by Los Alamos National Laboratory [46]. The
original program can simulate the incompressible flows with
multi-fluid interfaces. The code olves threadimensional
continuity and NaviefStokes equations by adopting the
projection method [36,37,47] and the finite volume discretization
method [48]. The Splash3D model was enhanced with several
hydrodynamic modules such as the large eddy simulgLigS)
turbulence module [40,49], and the moviwlid module [50] to
deal with breaking waves and wawbstacle interaction
problems. Readers are encouraged to read the reference Chu [50]
for the detailed numerical algorithm. In this study, the Splash3D
is developed with the rheological model to solve mudflow
problems. The fundamental governing equations are continuity
and momentum equations:

— m 4)

_11(’) _n(’)(’) . ok . I H“Q (5)
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where the subscriptfiQ ph;ho represent thefuin directions
respectivelypis the time is the velocityD is the pressure; the
overbar represents the spatially filtered value [51}jis the
gravitational acceleratiori; is the density; and is the effective
viscosity.

Under the influence of gravity, tailings flow out of the break at a
high speed and ight be in a turbulent state [52]. In this study,
the large eddy simulation (LES) [53] is adopted to address the
turbulence effect. The effective viscosity is defined as:

S (6)

where* [ is the rheological viscity of mud and’ is the
viscosity of the sulgrid scale turbulence.

The Smagorinsky model [53] relates the residual stress to the
rate of filtered strain. Based on the dimensional analysis, the
subgridscale eddy viscosity is modeled as:

S IR @)

whered is the Smagorinsky length scale, which is a product of
the Smagorinsky coefficierii and the filter widthY; - is the
characteristic filtered rate of strain:

1 -rr (8

In general,6 varies from 0.1 to 0.2 iQ different flows. The
present simulations use a value of 0.¥5is the filter width.
Infinite volume discretizatioly is the grid size:

y Yo Yo Yo 7 (9)

where Yo, Yo, Yo are the three components of the grid
lengths.

In the present model, the tailings fluid is treated as a single
homogeneous mud material. The tailings fluid and air are
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assumed to be two incompressible and-momiscible fluids.
The freesurface between the tailings fluid and air is tracked by
the volune of fluid (VOF) method [54]The volume fraction,
"Q, is used to describe the fraction of & material in each
cell. The volume fractiofiQ varies in [0,1]and should sum to
unity everywhere’Q  p if the cell is fully occupied by the ™
materia) 1 "Q  pif the cell contains the interfaces of thé'
material;"Q  Ttif the cell contains na@ ™ material. The VOF
equation is given by Equation (10):

— 126 1 (10

In this study, the interfaces between different materials are
solved by the VOF method Because the fundamental
assumption of the VOF method is that each fluid is immiscible,
there is no difference in terms of the VOF equations between
subaerial or submerged slumps. For both the subaerial and
submerged (underwater) slumps, the VOF methodbrisfly
described here [50,55,56].

Two stability conditions of2 eed to be satisfied while solving
NavierStokes equations:

™ 0

v (11)

Yo JR Ju— (12)

where is the time step restricted by the advection te&rms
Courant number, which is defined@s 0 @ s 'Q #FQ 0Q ds

the measure of the cell siZ&) is the time step restricted by the
diffusion term,w is the viscous number, which is defined as

w Vow QFQa.

When the viscosity is large in the -yield zone [50,57,58], the
tmestep dt g is very small, whi ch
divergence or even a crash in the solution procedure [59].
However, this small timstep restriction can be relaxed by
adopting the implicit scheme. The viscous implicitness used
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to calculate the velocity at the time levek, and¢ p
—0 — . In this study—is given as unity, which implies
a fully implicit treatment, andX is no longer restricted by
Equation (12).

The algorithm of Splash3D solves equations of conservation of
mass and momentum for any number of immiscible,
incompressible fluids, and tracks the interfaces between them.
Except for adding a water body to the computational domain in
Part 1l to simulate lsmp-type landslide tsunamis, no additional
numerical adjustment is required from Part | to Part Il
Therefore, the findings in Part | can be applied to the underwater
modeling in Part 1l.To simplify the complexness from the
slump, water, and air, the ghp-type landslide in the drland
area, FGT66, is adopted in Part | for a better understanding of
the model characteristics. The same numerical model will be
applied to study the FGT66 in Part | and slutyype landslide
tsunamis in Part I1.

To summarizehte numerical method, this paper adopts Splash3D
model to solve the conservation and Nav&tokes equations for
any number of immiscible, incompressible fluids. The LES
turbulence model with Smagorinsky closure is used to add the
effect from turbulence flo field. The VOF method is adopted to
track the interfaces between each fluid including slumps. The
new contributions from this study in terms of the numerical
modeling are incorporating the BM, CBM, and MBM into the
Splash3D model with the implicit schene solve the slump
material with a large viscosity number.

Validation

Two cases of mudflows are simulated for the model validation.
The results are compared with both analytical solutions and
laboratory experiment data.

Bingham Fluid Driven by Pressure Gradients

Byron-Bird [49] derived analytical solutions for the Bingham
flow in a channel, driven by a pressure gradient 0 . The
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channel was depicted as the lengtand the widthcd. The ne
slip boundarycondition was applied to the surfaces of the
channel (Figure 1).

No-slip BC
b x=B
‘‘‘‘‘‘‘‘‘ — X=Xy
o’ - _
I deceemeecmam———————— X=U__. ﬂ".
a X - X=-X o
z X =-B
z2=0 No-slip BC z=1L

Figure 1: Flow in a channel driven by the pressure gradient, showing the plug
region @ @ o and the liquefied regiomo @ 6 and 6 ®
® , based on Byroiird [49].

The yield surface is located e @ wherew ——. The

velocities in the plug region , and in the liquefied region
are:

O b - —p - & o @ (13)
0 p - —p - ® w B6ATAS
o W (14)

if T 8L w 181 and the material is a Newtonian fluid.

Four cases were proposed to validate the matighsEquations

(13) and (14). They are one Newtonian case and three Bingham
cases with different parameters such as channel Iéngtrannel
width ¢6, one e n di , SBinghamevissosity e and
yield stresst . Figure 2 shows good agreements between the
theoretical and numerical results of the all runs. One of the
important features of a Bingham fluid is the plug zone (Figure
2b-d), which cannot be seen in the Newtonian fluid (Figure 2a).
Note that the velocitpf a Bingham fluid is constant in the plug
region. In this region, the rate of change of velocity (strain rate)
is equal to zero. In the liquefied region, the strain rate is greater
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than zero and the stres$rain relation of the fluid is dependent
on theplastic viscosity’ . These figures demonstrate that the
present numerical model can accurately describe the rheological
behavior of Bingham fluids.

Case 1: B=1 L=5 P0=4 Case 2: B=1 L=5 P0=4
7o=0 115=0.6 7,=0.24 1 =0.6

a)

0.8
:
o 06
>N
0.4
0.2 = = = numerical = = = numerical
’ analytical analytical
O . " " " " "
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
x/B x/B
Case 3: B=2 L=12 Po=20 Case 4: B=5 L=20 P0=15
7.=1.7 p =3 T7,=2.4 =12
1.2 0 B 12 0 B

c)

= = = numerical
analytical

= = = numerical
analytical

-1 -0.5 0 0.5 1
x/B

Figure 2: Validation of velocity profiles in a channeh)(Newtonian fluid; b7

d) Bingham fluids with different parameters. The dashed lines are the
numerical results. The solid lines are the analytical solution from Bgnah

[49].

Spreading of Bingham Fluid onan Inclined Plane
The validation of the spreading of Bingham fluid on an inclined
plane is set up based on the experiment of Liu [12]. Kaolinite

was mixed with tap water to represent the mud. The mud was put
in a reservoir. When the adjustable gate was opened, the mud
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flowed down onto an inclined dry bed with the inclined angle
— 1o JIn this validation case, the openness of the gate was
'O mdtmum. The fluid density p p kg nT 3 the yield
stress;t  T@& X Ba, the viscosity of the plug zorie, p T

Pa s, the visaity of liquefied zone; gt 0 Pa s. A twe
dimensional numerical domain was set up as 3.5 x 0.2 m (Figure
3) and was discretized into a regular mesh with grid size dx =
2.3, dz = 2.0 mm. Figure 4a shows the spreading of mud on an
inclined plane versusme. Figure 4b shows that the numerical
result of Bingham model matches well with the theoretical
solution as well as the experimental data from Liu [12]. The
mudflow develops into a sedimilar front when time t > 8.0 s.
Because of the yield stress, thee surface needs not to be
horizontal when the mud fluid is in static equilibrium, nor
parallel to the plane bed when it reaches a stetatg. The mud
front, like a steady gravity current, eventually advances at a
constant speed with the same profillhen there is a steady
upstream discharge of mud [12]. The numerical results present a
similar pattern of analytical solutions to that in Liu [12].

bl

8 =09°

Figure 3: Numerical setup of Bingham flow on an inclined plane based on the
experiment of LiJ12].
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a) b)

2} = e 2|
% \\ % xxx Experimental
| \ ——Th ]
1 =4t t=10 1) =12 =13 =1 | _Nu::::é;a
|

0 2 4 6 8 0 2 4 6 8
X/Hcotd X/Hcot?

Figure 4: The freesurface profiles of Bingham flow on an inclined plarg. (
Snapshots (unit: s);b) validation at t = 14 s. The experimental data and
theoretical results are obtained from Ljli2]. The numerical results are
simulated by the Bingham model.

Case Study The Failure of the Gypsum

Tailings Dam in East Texas in 1966 (FGT66)
Numerical Setup

The present numerical model was applied to simulating the
failure of the gypsum tailings dam in East Texas in 1966
(FGT66). The reservoir was a rectangular shape and reached a
height of 11 m when the failure took place. The slide was
triggered by seepags the toe of the embankment. An estimated
80,0006-130,000 m of gypsum was released in this flow failure.
The released material traveled about 300 m before it came to a
stoppage, with an average velocity of-B® m/s [60]. In this
paper, the numericaktup was composed based on the geometry
reported by Jeyapalan [60], shown in Figure 5. The size of the
tailings reservoir was 280 x 110 x 11 m, and the breach was 120
m long. The center crosection of the breach was located aty =
220 m. The computatiohdomain (510 in length, 400 in width,

and 12 m in height) was discretized into a uniform mesh with a
grid size dx = 2.0, dy = 2.0, dz = 1.0 m. The number of the grid
was 612,000. The bottom boundary (at z = 0 m) was-sglipo
boundary condition. The dowtneam (x = 400 m) and lateral
boundaries (y = 0 and y = 400 m) were fstip walls. The
downstream and lateral boundaries would not affect the
simulation results because the domain was set to be much larger
than the predicted tailing pattern. The gypsaifings material

was expected as a Bingham material. Based on the parameters
reported by Jeyapalan [60], Pastor [61], and Chen [20], the yield
stress of the tailings wa$ p 1 Pa, the viscosity of the

liquefied zone was U TPa s, and the density was p T Tt Tt
kg m 2 The viscosity of the plug zone was suggested to be
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infinite (e.qg.,’ p T Pa s) by Assier Rzadkiewicz [34], Taibi
[45], and Yu [28].

40 m 120m 120m 40 m 80m

110 m

20m Breach

220 m

380 m

enter plane

Figure 5: Numerical setup of the failure of the gypsum tailings dam ist Ea
Texas in 1966 (FGT66) based on the geometry reported in Jeyapalan [60].

The Results from Three Different Rheological Models

In this study, three different rheological models, Bingham Model
(BM), Conventional Biviscosity Model (CBM), and Modified
Bi-viscosity model (MBM) are employed to simulate the FTG66,
as shown in Figure 6 and Figure 7a. In the result from BM
(Figure 6a), he mud thickness reduces gradually from the breach
to the downstream toe. A sliding mud body is thicker in the
breach center area. BM can simulate the stoppage of the material
at about t = 90 s. The second result is obtained from CBM. The
result in Figurebb,c is produced by CBM with p p T

s landr ¢ p 1 s !respectively. In the CBM results, a
high viscosity number is used to represent thejiald phase,

and a low viscosity number is used to represent the yield phase.
The tailings shapes arenslar between results of p p 1T
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s (Figure 6b) and ¢ p 1 s YFigure 6¢c). They are also
similar to those in the BM result (Figure 6a). However, the mud
profiles at the center streamline
in the center of therbach (Figure 6b) is replaced by a relatively
smooth hump (Figure 6c¢). In Figure 6, the results from CBM
were nearly identical to those from BM. The flood distances
predicted by BM and CBM were about 220 m. Compared to the
field observation [60], the errasf the predicted flood distance
was about 27%. The field photo (Figure 7b) shows that the flood
boundary was longer and narrower than the simulated results
from BM and CBM. This might result from the sturdy behavior
in the unyield region. Thissturdy belvior can be reached by
increasing the wyield viscosity’ and yield strairi . In this
study, the uryield viscosity* p 1 Pa s was chosen by the
suggestion ofAssier Rzadkiewicz [34], Taibi [34], and Yu [28]
The yield strain rate was chosen lie | ¢ pm sthy
matching the flood distance. Figure 7a shows the simulation of
the deposited tailings from MBM. The flood distance at the
freezing time t = 110 s was 310 m, which was 97% accurate to
the filed data [60]. The result froMBM also showd a longer

and narrower shape. However, it shall be noted that the white
line segments in the aerial photo (Figure 7b) were not the
elevation contour lines. The white line segments represent the
horizontal displacement of the gypsum tailings. They also
indicate that the velocities along the central streamline were
faster than those in the other regions. An indirect validation can
be seen in the fresurface velocity profile, shown in Figure 9 at t

= 30 s. However, the fresurface velocity will graduallyeduce

to zero as the freezing time is approaching.
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Figure 6: The freesurface profiles of tailingsaj by Bingham model (BM)
with [ 18t s, (b) by conventional biiscosity model (CBM) with
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Figure 7: The freesurface profile of tailings.aj The simulated modified bi
viscous model (MBM) at the stoppage t = 110ky; the aerial photo of the
FGT66 [60].

Figure 8 and 9 show ¢htime evolution of the fresurface
velocity of the mudflows from t = 0~110 s by using BM and
MBM, respectively. The velocity at the early stage (about t
0~10 s) of BM was higher than that of MBM. However, the
simulated mudflow in BM stopped earlier ¢and 7690 s). The
surface velocity gradually approached zero fromt = 70 s, and the
flow came to a full stop att = 90 s. The gypsum tailings distance
was around 220 m, and the mean velocity was around.2.4n

s 'as shown in Figure 8. On the other hand, the flood distance
from MBM was 310 m which was much closer to the field
observation of 300 m [60]. The larger -vield viscosity and
yield strain rate limited the flood velocity at the early stage of the
event (Fgure 9). The mud started to liquefy and collapse in a
small region near the breach in the first 10 s. The spreading
shape of the tailings was symmetric along the centerline of the
breach during t =-20 s. Because the supply of the tailings from
the impouniment was asymmetric, the spreading shape gradually
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became asymmetric when t > 20 s. The maximum velocity of the
released tailings occurred at t = 30T&en, theflow velocity
gradually decreased. After t = 90 s, the tailings slowed down and
stopped movig at t = 110 s. The mean velocity of the tailings
flow was estimated at around 284 m s'?

Time = 10 sec Time = 30 sec

Time =110 se:

P

Figure 8: Snapshots of fresurface velocity profiles simulated by BM.
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Figure 9: Snapshots of fresurface velocity profiles simulated by MBM.

The observation and simulation results of inundation distance,
freezing time, and mean velocity provided in this study, as well
as some historical studies, are listed in Table 1 for comparisons.
The simulation results of the MBM were not only accuratdén t
freezing time and the mean velocity, but also in the inundation

distance.
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Table 1: The summary key values in the case of FGT66.

Inundation Freezing Time | Mean Velocity
Distance (m) | (s) (ms})
Observed values 300 60~120 25~5.0
[60]
Theoretical results | 550 132 4.2
from charts [60]
Jeyapalan [60] 670 116 6.0
Pastor [19] 330 120 2.75
Chen [20] 360 120 3.0
Bingham model 220 70-90 2.43.1
(Figure 8)
Modified bi- 310 90-110 2.834
viscosity model
(Figure 9)

Figure 10 shows the strain rate and theyiahd/yield zones of
MBM results in the center crosection of the breach (y = 220

m). The vertical axis was ten times exaggerated. The yield strain

ratef

breach’ s

by gravitational force. The liquefied zone gradually shifted to the
ground regia after t = 10 s, resulting from the large shear stress

front

when

t = 10

& S 'was chosen to identify the interface between the
unryieldlyield zones. The liquefied zone was located at the

S

that occurs near the bottom. However, the neighboring areas

remained uryield. The interface between the-vield and yield
zone was presented during the period of10s. It was caused

by theviscost y’' s di s c-gigidtandryield 2onpes. Atft

un

= 90-110 s, the liguefied zone shrunk gradually and disappeared

att =110 s, due to the zero velocity in the entire flow field. This
zerovelocity phenomenon was very close to the real landslide

situaton in which the velocity ceases to zero eventually.
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Figure 10: Snapshots on the centerline crgsstion of the breach (y = 220 m)

predicted by MBM. &) The profiles of strain rate. The color bar is set from 0.0

to 1.0 s to emphasize the interface between the plug zone and liquefied zone

atf

Difference between the BM and MBM

Figure 11 shows the velocity magnitude profiles obtained from

& s ! (b) The discontinuity of the plug zone and liquefied zone.

BM andMBM in the centerline crossection (y = 220 m). In the

BM results, the tailings moved faster than that in MBM. The
vel ocity

maxi mum

of

t he

t ai

approximately 6.88.0 m s 'and decreased sharply during t =
1040 s. It made the imdation distance (around 220 m) at t =

110 s shorter than that in MBM. In the MBM results, the

maximum moving velocity was about 500 m s ! which was

slightly smaller than that in the results of BM. However, the

MBM tailings flow took a longer time teeach the zerwelocity

stage and the resulting inundation distance was longer than that
in the BM results. The inundation distance (310 m) predicted by
MBM was very close to the field observed (300 m). The yield

strain rate played an important role in MB As long as the

strain rate was smaller than the yield strain rate, a large viscosity
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was applied to slowing down the deformation. Due to the
absence of measuring techniques, the yield strain rate in this
study was obtained from the sensitivity analyisystaking the
flood distance from the field observation as the criterion.

a) b)
%§ Time =10 sec }§ Time =10 sec
6 6
4 4
2 R 2
-100 0 100 200 300 -100 0 100 200 300
12 Time = 40 sec 1 Time = 40 sec
i B} 12
4 4
2 ; 2 : A
-100 0 100 200 300 -100 0 100 200 300
Time =110 sec 1 Time = 110 sec
4 i 4
2 2
-100 0 100 200 300 -100 0 100 200 300
absV (m/s) absV (m/s)
| | | E—— |
0 2 4 6 8 0 2 4 6 8

Figure 11: Snapshots of velocity magnitude on the centerline eseston of
the breach (y = 220 my) Bingham model (BM); lf) modified biviscosity
model (MBM).

Figure 12 illustrates the strain rate profile of the initiation
process of the tailings flow. The strain rate profiles in BM results
showed a smooth and continuous feature. A large amount of
tailing material deformed and slid down (Figure 12a). On the
othe hand, in MBM results, thgield strain rate ™ s !

was introduced as the indicatoritentify the plug and sheared
zone. Because the weld viscosity* p 1 Pa s was much
greater thant ' , a discontinuous pattern of the strain rate
could be observed in Figure 12bhe yield strain rate LS

s lkept the plug zone rigid. The initiation process of the
mudslide in MBM results was different from that in BM results.
A high strain rate appeared not only near the toe of the breach
but alsoin the gate area, which caused the sliding process and
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formed a slip surface. The slip surface was the interface between
the unyield and yield regions. In the bank of homogeneous mud,
the slip surface of failure could be determined by the empirical
method which follows the arc of a circle that usually intersects
the toe of the bank [52,53]. However, the slip surface was
developed automatically by MBM. It is worth a more profound
study in the future.
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Figure 12: Snapshots of strain rate profiletae early stage on the centerline
crosssection of the breach (y = 220 m}) (Bingham model (BM); If)
modified biviscosity model (MBM).

Figure 13 shows the strain rate profiles of BM and MBM. The
slip surface (Figure 13b) at t = 10 s) and the interfasteveen

the plug/sheared zones (Figure 13b) at t = 40 s can be identified
in the results of MBM. The slip surface was relatively sharp in
the MBM results compared to the ones in MB (Figure 13a).
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Figure 13: Snapshots of strain rate profile on tenterline crossection of the
breach (y = 220 m)aj Bingham model (BM); ) modified biviscosity model
(MBM).

Because of adopting the larger-yield viscosity’ , larger yield
strain ratg , same yield stresk , and same yield viscosity

to simulate the FGT66, the ymeld zone of tailings in MBM
was sturdier than that in the BM. However, once tailings yielded,
the rheology returned to the conventional Bingham properties.

Discussion
The Role of the Grid Resolution

The grid resolution was a key factor in the strain rate calculation.
To understand the sensitivity of the grid resolution of the flood
distance, three cases of BM and nine cases of MBM were
performed with the resolutions varying from dx: 28, dy:
1.82.2, and dz: 0-8L.2 m. Figure 14 shows the deposited
boundary of the tailings predicted by BM and MBM. The results
show that BM was less sensitive to the resolution than MBM.
The results from MBM show that the deposited boundary was
more sensitive with dthan dx and dy. The inundation distance
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was shorter with dz = 1.2 m (blue lines) and longer with dz = 0.8
m (red lines). To give an overview, the inundation width and
inundation distance were convergentas dz < 1.2 m.

-100 -100
0 0
100 100
E E
> >
200 200
300 300
a)
400 400
0 100 200 300 400 0 100 200 300 400
y (m) y (m)

Figure 14: The stoppage boundaryrgfiles of FGT66 for grid resolution
analysis. §) Bingham model (BM); if) modified biviscosity model (MBM).

Red lines: dz = 0.8; black lines: dz = 1.0; blue lines: dz = 1.2; solid lines: dx =
dy = 1.8; dashed lines: dx = dy = 2.0; dadt lines: dx = dy= 2.2.

The Role of the Yield Strain Rate

In MBM, the yield strain ratg defined the fluid behavior in the
regime of unyield and yield zones. If the yield strain rate was
zero, the material returned to Bingham fluid. As the yield strain
rate became higher, the plug zone became wider. The fluid was
harder to transfer from wyield to yield phases. The behavior of
the tailings was not monotone whgn increased. There were
two kinds of behavior of the tailings, presented in Figure 15. In
the regime of@t 1 @ s ! the result shows that when
increased, the inundatiowidths were narrower and the
inundation lengths were longer. In the regima@f [ T

s ! when! increased, not only were the inundation widths
narrower, the inundation lengths were also shorter as well.
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Figure 15: The stoppage boundary fites of FGT66 predicted by the
modified biviscosity model (MBM) for sensitivity analysis of yield strain rate
I (unit: s 3.

Rheological properties of hypeoncentration are generally
formulated as a function of the fluid concentration. Julien [44]
recommended empirical formulas with the exponential
relationships for yield stress and viscosity at large concentrations
of fines. The typical values of coefficients for different types of
mud, clay, and lahar are presented in Table 2. Kaolinite and
Typical soils are utilized to describe the features of BM and
MBM in this section. Eighteen numerical cases, including nine
Bingham cases and nine modified -\B$cosity cases with
different concentratio hare performed. The yield shear stress
and the viscos$y are presented in Table 3. The yield strain rate is
specified ag mdts Yor the Bingham cases apnd T1&® s *

for the modified Biviscosity cases. The goal of this analysis is to
find a material, which has a similar property to the tailings in
FGT66. A similar inundation profile is the key. Figure 16 shows
the simulation results with different concentrationby BM and
MBM. The deposited boundary of Kaolinite@at 1@ (red line

in Figure 16b) has the best fit to the MBM result of FGT66 (red
line in Figure 15). It is due to the similarity ®f between two

materials: Kaolinitef  p v yPa and the gypsum liaigs t
p L TPA.
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Table 2: Coefficients of the yield stress (yield shear stress)

relationships [44].

and viscosity

Yield Stress in Pavy £ Tr
VisJ(L:osity in Pa s:H 8
rfe
Material Liquid Limit | a b c
Fo
Bentonite 0.05-0.2 0.002 100 100
Sensitive clays | 0.35-0.6 0.3 10 5
Kaolinite 0.40.5 0.05 9 8
Typical soils 0.650.8 0.005 7.5 8
Granular - - 2 3
material

Table 3: The yield stress and yield viscosity of kaolinite and typical soils.

Kaolinite Typical Soils
o} 0.42| 0.44| 0.46| 048 | 0.5 0.65| 0.7 | 0.75 | 0.8
Yield | 301. | 456. | 690. | 1.04x | 1.58x | 374.| 889. | 2.11x | 5000.
stress| 28 00 19 108 10° 95 14 1063 00
Yield | 2.29| 3.31| 4.79| 6.92 | 10.00 | 158. | 398. | 1000. | 2.51x
visco 49 |11 |00 163
sity
-100 a)l -100 b) ]
0 0
C,=042 C,=042
C,=044 C,=044
= 100 |—cv=046 = 100 1—C,=046
B —c.=048 £ —C,=048
300 | —c.=050 566 | —c,=050
300 300
400 —— - - — 400 !
0 100 200 300 400 0 100 200 300 400
y (m) y (m)

Figure 16: The stoppage boundary profiles for sensitivity analysis of
concentrationp,. (&) Kaolinite simulated by BM;k) kaolinite simulated by
MBM; (c) typical soils simulated by BMd] typical soils simulated by MBM.

Conclusions and Future Work

This study aplied the rheology models, BM, CBM, and MBM,
to the mudslide simulation. The rheology models were integrated
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into the 3D NavierStokes equations coupled with the LES
turbulent model to give a detailed description of the vertical
acceleration. The fresufface kinematic was described by the
VOF method with a PLIC surface tracking scheme. The BM
results were validated by the channel flow and the spreading
slow data, which received good agreements in both cases.

The Bingham model (BM) and conventionahligcosity model
(CBM) were then used to simulate FGT66. The predicted
inundation distance was 220 m with accuracy at about 73% of
the observed data. To improve the result, a modification to CBM
was raised. A large viscosity numbef unyield region,

‘ p m Pa s, was applied to representing a more rigid
behavior of the material as suggested Assier Rzadkiewicz
[34], Taibi [45], and Yu [28] A series of sensitivity analyses on
the yield strain rate was performed by matching the simulated
tailings’ boundary to the field
rate indicated the tailings with sturdier behavior. The yield strain
rate was suggested to be T& s lin the MBM to simulate

the FGT66.By the sensitivity analysis,ite material of FGT66
was close to theaolinite with concentratiod = 0.5. The
results show that the modified-biscosity model (MBM) could
provide a better prediction than BM and CBM in terms of the
flood distance and the spdiag width. The development of the
flood freesurface, velocity, strain rate, and-yield/yield zone
were presented and discussed.

The important results and conclusions are listed as fallows

1 The Bingham model was successfully integrated into the
3D CFD model to simulate a mudslide by adopting the
implicit scheme for the viscosity term;

1 If the yield strain was small enough, the conventional bi
viscosity model would converge into the Bingham model
numerically;

1 The flood distance predicted by BM and CBMsa220 m,
with the accuracy at about 73% of the field observation;

1 To improve the result, MBM was introduced by giving a
large viscosity to the ugield phase and adjusting the yield
strain rate with a sensitivity analysis;
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1 The flood distance predicted byBW was 310 m, which
was closer to the filed observation with 97% of the
accuracy;

1 Not only did the flood distance improve, the spreading
width improved in the result of MBM,;

1 The freesurface, velocity, strain rate, and theyield/yield
profiles were premnted and discussed;

1 The sensitivity analysis of the grid resolution was
performed. The grid resolution in the BM was less sensitive
than that in the MBM;

1 The analysis of the yield strain rate was carried out. A
larger vyield strain rate indicated the tafs with sturdier
behavior. The yield strain rate was suggested fo be &

s lin the MBM in the case of FGT66;

1 The unyield zone in MBM was sturdier than that in the
pure BM. However, once tailings material yielded, the
rheology returned to the conuemal Bingham liquefied
properties;

1 By the sensitivity analysishé material of FGT66 was close
to thekaolinite with concentratiod =0.5.

This work is the Part | of modeling the slustype landslide
tsunamis. The Binghaitype rheology model was
developed to simulate slumps and tailings flows. Model
validation and sensitivity analysis were performed.
Tsunamis excited by slumps will be studiedPart Il.
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