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3.1 Introduction

Large-mass and high-velocity debris flows can be fatal to human society and infras-
tructures. Solving these dynamic problems with extremely large deformations over
a short event time is slightly different from traditional problems in geotechnical
engineering. It is highly difficult to reproduce debris flows in the field, so lab- or
large-scale experiments or numerical simulations are usually carried out to better
understand the mechanisms and assess the risks (Chen and Lee 2000).

When numerically simulating debris flows, many numerical models are usually
based on the Savage-Hutter theory (Savage and Hutter 1989). These flow models have
to consider constant parameters such as the lateral earth pressure coefficient and the
friction angle, which are usually acquired by independent experiments. However,
these models are insufficient for reflecting the genuine behaviors of the debris
mixture. Previous studies have proposed effective stress-dependent frictional resis-
tance (Iverson 1997), a p-parameterization model (Pouliquen and Forterre 2001),
a thermo-pore-mechanical model (Vardoulakis 2000), and the velocity-dependent
friction law (Liu et al. 2016).

Some studies have attempted to use a rheological model for non-Newtonian fluids
or turbulent flows in shallow water equations to represent debris mixture behavior
(Hong et al. 2020; Laigle and Coussot 1997). The rheological model is more flexible
in representing the velocity-dependent resistance than the Coulomb friction model.
Additionally, previous studies have reported that Coulomb frictional resistance from
constant bed friction could be insufficient to dampen debris velocity (Hutter and
Greve 1993). However, the viscous resistance in the rheological model could be much
lower than the Coulomb frictional resistance when the debris flow has some thickness

S. Jeong () - M. Hong
Yonsei University, Seoul 03722, Republic of Korea
e-mail: s0j9081 @yonsei.ac.kr

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 35
H. Hazarika et al. (eds.), Sustainable Geo-Technologies for Climate Change Adaptation,

Springer Transactions in Civil and Environmental Engineering,
https://doi.org/10.1007/978-981-19-4074-3_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-4074-3_3\&domain=pdf
mailto:soj9081@yonsei.ac.kr
https://doi.org/10.1007/978-981-19-4074-3_3

36 S. Jeong and M. Hong

(Iverson 2003), and the estimation of rheological properties in debris mixtures has
been less studied than in the Coulomb friction model.

Another problem facing rheological models of debris flows is that rheological
properties are actually a function of the solid phase (Kaitna et al. 2007). This means
that the solid volume fraction should be tracked to ultimately obtain more realistic and
accurate results from a simulation considering the rheological model. Additionally,
the mixture density cannot be constant when multiple debris flows with different
densities merge at a confluence. However, most previous numerical studies have
used single-phase models that assume a constant mixture density (Chen and Lee
2000). A few studies have recently suggested two-phase models for debris flows
that contain continuity and momentum equations for both the solid and fluid phases
(Pudasaini 2012). These two-phase models have a high potential to describe debris
flow behaviors more realistically and overcome the limitations of current single-phase
models. However, a theoretical basis with experimental evidence on the fluid-solid
interactions employed in these two-phase models is still insufficient, and the models
require greater computational effort and more input parameters than single-phase
models.

To solve the shallow water equations for debris flows, many numerical studies
have used the smoothed particle hydrodynamics (SPH) method and the finite volume
method (FVM). SPH is a meshless and full Lagrangian-type approach that solves
the individual dynamics of fictitious fluid particles by using Newton’s second law.
The fluid-fluid and fluid-solid interactions are applied to the particles by volume-
averaging kernel functions that are macroscopically recovered by shallow water
equations. However, SPH requires a sufficient number of particles to obtain an accu-
rate solution, and the computational cost rapidly increases as the number of parti-
cles increases. Unlike SPH, the FVM is a mesh-based and Eulerian-type approach
based on a divergence theorem that is specialized for computational fluid dynamics.
Although SPH is flexible and can be recovered by shallow water equations, the
numerical solutions obtained by SPH weakly and asymptotically satisfy the shallow
water equations. In contrast, the FVM for debris flows requires sophisticated numer-
ical treatments such as flux difference splitting schemes and can more strictly and
accurately produce discontinuous solutions for shallow water equations.

This paper presents a simplified depth-averaged debris flow model for tracking
density evolution. The developed model uses Hershel-Buckley rheology in internal
and basal frictions and considers complex terrains and entrainments. In particular,
the interaction between solid-fluid phases in the mixture is ignored. A finite volume
formulation of the proposed model is presented with relevant numerical schemes to
obtain stable and accurate solutions.
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3.2 Methodology

The governing equations derived by depth-averaging the Navier-Stokes equations
are used to simulate debris flows as fluid. The continuity equations for solid phase
and debris defined as the mixture, and the momentum equations of the mixture phase
for the x- and y-axis are given as

ohp 0 d 9zp
— 4+ —(hpvy) + — (R = —pp— 3.1
5 +ax(pv)+3y(pvy) P, 3.1)
dhcy ad d 9zp
—(heyvg o) + —(hegvg ) = —cpy— 32
o1 +ax(”*)+ay(cv’~V) ot (3-2)
dhpv, dhpayviv,  Ohpou, v,V ONT
TR + dy =
ohTy, Ohp 0z
+—= - =F Pb_b + OTplp x (3.3)
ay ax ox
Bh,ovy_l_ah,oozmvxv'v n dhpo, vy, _ +8h?xy
at ox dy ax
ohty, Ohp 0z
— — — — Dp— thy 34
3y 3y Db oy + 0Tty 3.4

where £ is the debris height, p is the mixture density, and ¢, is the solid volume
fraction. v and vy s are the depth-averaged velocity for each axis of the mixture and
solid phases. «,, is a momentum correction factor and 7;; is the depth-averaged shear
stress.

w is a ratio of the basal surface area, and it can be written as

3z \” 92\’
W= — ) +l=) +1 (3.5)
ax ay
We assumed that the linear distribution of the flow velocity (parallel to basal

surface) and the pressure (z-direction), then the bulk pressure p and the gravitational
acceleration g are given as (Xia et al. 2013)

p=pg@+h—2) (3.6)
o= "H 3.7
g=—[g+v' Hy] (3.7)

in which
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where H is the Hessian matrix of the surface elevation.
The basal friction stress of the fluid can be given as
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where p is the debris viscosity.
This study uses the Herschel-Buckley model for the rheology of debris flow as

n= min([ry + koy"]yfl, /Lmax) (3.10)

where 7, is the yield stress, y is the magnitude of the shear rate, & is a consistency
index, n is a flow index, and max 1S the maximum viscosity that prevents infinitely
high viscosity when the shear rate approaches zero.

3.3 Modeling of Debris Flows in a Mountainous Area

3.3.1 Study Area Description

The study area is the catchment No. 30 in the mountains above Yu Tung Road, in
the southeast of Tung Chung New Town in Lantau (Fig. 3.1). The top of the hill in
the study area is sloping between 30° and 45° and has a locally steep rock exposure
area. In the midstream, hill slopes are typically between 15° and 30°, and down to
less than 15° in bottom of the stream. Several debris flows were occurred at around
9:00 a.m. on June 7, 2008, and the debris flow occurred in the catchment No. 30 is
the largest debris flow in the mountainous area near the Yu Tung Road. The volume
of the landslide source at the top of the watershed was measured to be 2,350 m? and
the debris flowed into the adjacent drainage line. The maximum activity volume by
entrainments is observed to increase to about 3,400 m?, and the run-out distance was
estimated to be about 600 m. The landslide area was located at the elevation of 202 m
southwest of the drainage line under the rocky outcrop. Based on the post-landslide
topographic surveys, the landslide source included a lot of gravels of about 2,350
m?3, with some silty of clayey sand and rocks. The slope failure area was about 32 m
x 50 m, and the maximum thickness was reported to be about 3 m. The slope of
the failure surface varied between 35° and 50°. All these descriptions were available
from the GEO report No. 271 (2012) published by Geotechnical Engineering Office
(GEO), Hong Kong.
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Fig. 3.1 The study area of Yu Tung Road historical landslides and debris flow case

3.3.2 Modeling and Input Parameters

The historical debris flow, 2008 Yu Tung Road debris flow, was simulated based on
the provided topography and initial thickness of the landslide. Initial soil depth of the
study area was assumed from 3 to 16 m based on the previous ground investigation
of detailed study report of the study area (Kwan 2012). Internal friction angle of
residual soil was determined as 30° based on the previous study conducted by Law
etal. (2017). Law et al. (2017) performed a series of back analyses on the debris flow
in Yu Tung Road, 2008 using 3d-DMM model, and compared the analytical results
with field observations. Basal friction angle and drag coefficient were determined as
11° and 500 m/s? based on the back-analysis results of GEO report No. 271 (2012).
In this study, a series of back analyses was also performed previously to determine
the initial dynamic viscosity of debris flows, and the initial dynamic viscosity of
0.1 Pa s was adopted in the debris flow modeling. Parameters for the simulation were
summarized in Table 3.1. Figure 3.2a shows the elevation of initial state of study
area, and the initial volume was applied at the top of the watershed from the detailed
investigation for the debris flow.

3.3.3 Results and Discussion

Debris profiles and changes of the elevation by entrainments and sediments at each
representative times are shown in Fig. 3.2. As shown in Fig. 3.2b, f, soil erosions
and entrainments were occurred over the path of the debris flow, and some debris
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Table 3.1 The input data set Contents Data and value
and parameters for the Yu
Tung road case Topographical Elevation (m) Depends on
data modeling
Soil depth (m) Distributed from 3
to 16
Soil properties Dry unit weight 18
(kN/m?)
Saturated unit 20
weight (kN/m?>)
Cohesion (kPa) 0
Inter friction angle | 30

)

Vegetation Root cohesion (kPa) | 0 (no vegetation
properties assumed)
Tree load (kN/ m?%) |0 (no vegetation
assumed)
Interception loss by | 0 (no vegetation
leaf (%) assumed)
Fluid properties | Basal friction angle | 11
®)
Drag coefficient 500

(m/s?)

Initial dynamic

(back-analyzed)

viscosity (Pa - s)

materials were deposited on the drainage line. To analyze the erosion and deposit
over the flow path of the debris flow, the time-varying volume of debris flow and
the debris volume versus debris front position relation are also shown in Fig. 3.3
(Kwan 2012). The volume of the debris flow increased from the initial 2,350 m? to a
maximum of 3,480 m?, and gradually decreased as it deposited. The initial volume
was fixed, and changes in the volume of debris flow are slightly different in the
intermediate zone from about 200 to 350 m. Although there is some difference in
intermediate zone, similar trends in the analytical results with observed volume and
the maximum volume of debris flow are about to equal each other. Comparisons
of time-varying front location and the front velocity with previous studies and field
observed values are shown in Fig. 3.4. The analytical results by previous research
(Law et al. 2017; Dai et al. 2017; Koo et al. 2017) are also compared with the results
of this study and measured data reported in Geo report No. 271 (Kwan 2012). In
comparison of the analytical results and measured data, the proposed method in
this study slightly overestimated the time-varying front position of debris while that
in the previous study also lightly underestimated, but the difference between the
analytical results and measured data was very small (Fig. 3.4a). The front velocity
of debris flows estimated in this study shown in Fig. 3.4b was also compared with
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Fig. 3.2 Time-varying debris flow thickness of the study area
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Fig. 3.3 Time-varying the volume of debris flow and debris front positions
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Fig. 3.4 Comparison of debris front positions and velocities with previous study

the results of the previous research and the measured data. It is shown that the front
velocity of debris flows by this study has a similar trend with the results from previous
study and measured data. These numerical results are greatly governed by the input
parameters, which are very close to the measured values because the input parameters
were determined by the back-analysis.

As a result of this watershed-scale historical debris flows case, it has been
confirmed that the proposed method in this study can predict reasonably the mobility
of debris flows (including the velocity and the front position) and the volume changes
of debris reasonably in the actual land-scale debris flow prediction.
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3.4 Conclusions

This work developed a simplified debris flow model with Hershel-Buckley rheology
for tracking density evolution. A finite volume formulation of the debris flow model
was also proposed for accurate and stable numerical simulations. Both the internal
and basal frictions of the debris flow were considered in the model as well as the
basal topology effect. A case of debris flows simulation was performed to validate the
proposed method. One of the calibration cases is a field-scale experiment reported
by a previous study, and it was used to compare the results of the proposed method
with the previous study on the field-scale experiment. One of the real landslides and
debris flow cases was simulated to compare the results by the proposed method with
observations. By using the model developed in this study, it is possible to simulate
not only reverse analysis after events but also the expandable debris flow induced by
the input rainfall applied in engineering practice.
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