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Abstract Construction solid waste (CSW) landfill land-
slides, such as the Guangming New District landslide,
which occurred in Shenzhen (hereafter the Shenzhen
landslide), occur when the material is loose and saturated.
They usually exhibit characteristics such as abrupt failure
and whole collapse. During the propagation of landslides,
dilatation behavior plays an important role in causing liq-
uefaction, resulting in high velocity and exceptionally long
run-out dynamics. We propose a dynamic model for
describing fluidized CSW landslides by integrating the
dilatancy model into smoothed particle hydrodynamics
(SPH). The dilatancy model implies that the occurrence of
dilation or the contraction of the granular-fluid mixture
depends on the initial solid volume fraction. The dynamic
model is used to simulate the Shenzhen landslide, and
special attention is paid to the effects of different initial
solid volumes on the mobility of the CSW landslide. The
results show that when the solid volume fraction is higher
than the critical value, contraction occurs, the excess pore
water pressure increases, and the basal friction resistance is
reduced. CSW landslide mobility is based on the initial
solid volume fraction (or initial void ratio) of the granular-
fluid mixture; a slight change in the initial volume fraction
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significantly affects the mobility of the CSW landfill
landslide.

Keywords CSW landfill landslide - Dilatancy effects -
Dynamic processes - SPH

List of symbols

b Proportionality coefficient

c Cohesion

éjj Deviatoric strain-rate tensor

G Shear modulus of soil skeleton

K Bulk modulus of soil skeleton

Kn  Bulk modulus of solid particles

K Bulk modulus of solid particles

K Bulk modulus of water

K; Total bulk modulus

Ly Maximum source area material migration
displacement

mo Initial solid volume fraction

mg Current solid volume fraction

my,  Current water volume fraction

m, Current air volume fraction

meq  Equilibrium solid volume fraction

meye  Lithostatic critical-state solid volume fraction
N Generalized dimensionless parameter

2z Standard atmospheric pressure

Ap*  Pressure increment

SN New second invariant of deviatoric stress tensor

Uy Pore water pressure

Uy, Pore air pressure
U Matric suction
Us Pore fluid pressure

Aug  Excess pore fluid pressure increment
u® Corrected values of pore fluid pressure
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uf New pore fluid pressure

Vo Total volume

Y Shear strain-rate

Ay Shear strain increment

0jj Kronecker’s delta

u Effective shear viscosity of pore fluid
0 Current mixture bulk density

0o Initial mixture bulk density

P Soil grain density

Pw Initial fluid phase density

&y Volume strain of solid skeleton
A& Volume strain increment

'3 Calibration constant

¢ Characteristic grain diameter
00 Reference mean stress

Oe Mean effective stress

ot Mean total stress

% Corrected values of total mean stress

oY  New effective stress

gl Net stress tensor acting on solid skeleton
oY New total stress

o New total mean stress

Tmin  Minimum shear strength

s Shear stress

N New second deviatoric shear stress
¢ Internal friction angle

V] Dilatancy angle

Introduction

Rapid urban and infrastructure development has led to an
increasing number of construction solid waste (CSW)
landfills being established, and correspondingly, the num-
ber of CSW landfill landslides occurring around the world
has increased (Colomer-Mendoza et al. 2013; Huang et al.
2013; Ouyang et al. 2016; Yin et al. 2016). On December
20, 2015, a CSW landfill landslide occurred in Shenzhen,
Guangdong, China, causing 77 deaths and destroying 33
houses. The most obvious feature of the landslide was that
its traveling distance exceeded 1.2 km and the landslide
mobility index (Hy/Ly = 0.092) was much lower than that
of a general landslide (Ouyang et al. 2016; Yin et al. 2016).
A landslide mobility index lower than 0.3 denotes high
mobility. However, not much is known about the complex
CSW landfill material transport mechanism during land-
slide propagation. Some extensive transport mechanisms
have been proposed to explain the hypermobility of
catastrophic landslides’ dynamic processes, including the
evaluation of pore fluid pressure (Iverson et al. 2000;
Ouyang et al. 2016), entrainment (McDougall and Hungr
2005), dynamic fragmentation (Davies and McSaveney
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2009), velocity weakening (Lucas et al. 2014), and flu-
idization (Ochiai et al. 2004). The CSW landfill is a loose
and saturated grain-water mixture. The interaction between
the fluid and solid phases of the mixture depends on the
pore water pressure, which determines the effective stress
and friction resistance applied to the grain medium in
dynamic processes (Iverson 2000, 2005). Thus, pore water
pressure plays a key role in dynamic processes. A slight
deformation can induce the contraction of a loose grain
fluid mixture, which may lead to the generation of excess
pore water pressure. Depending on whether the solid vol-
ume fraction is higher or lower than the critical value, the
slight deformation may also lead to dilation or contraction
of the fluid-granular mixture material (Bouchut et al. 2016;
George and Iverson 2014).

Pore fluid pressure is related to the dilation and con-
traction behaviors, when subject to shear deformation
(Bouchut et al. 2016). The dilation of the solid phase can
induce the absorption of fluid into the mixture, which
decreases the pore fluid pressure and, therefore, increases
the effective stress. On the other hand, the contraction of
the solid phase can induce the extrusion of fluid, which
increases the pore fluid pressure and decreases the effective
stress. The initial solid volume fraction can highly influ-
ence the dilation and contraction of the mixture (Ouyang
et al. 2016; Wang and Sassa 2003). The shear deformation
controls the dilation behavior of dense granular materials
and the contraction behavior of loose granular materials.
Taking into account the dilatancy effects in the dynamic
evolution processes of fluid-granular mixtures, different
dilatancy models have been proposed based on the depth-
averaged continuum description. Unlike the traditional
rheology models (Chen 1987; Huang et al. 2011, 2012;
Iverson 2003; Pastor et al. 2009a, b), dilatancy models are
generally based on Jackson’s (2000) model, which
describes the interaction between the fluid and solid phases.
The key role of these dilatancy models is the combination
of the dilation and contraction behaviors with the equilib-
rium solid volume fraction, which is related to the solid
volume fraction and effective stress (Bouchut et al. 2016;
Iverson and George 2016; Gray and Edwards 2014; Iverson
and George 2014, 2016; Pastor et al. 2009a, b; Sheng et al.
2013). Focusing on this aspect, the dilation rate is descri-
bed by ytanys (Bouchut et al. 2016; Iverson and George
2016; Iverson and George 2014, 2016), where 7 is the shear
strain rate and  is the dilatancy angle. The drag force is
evaluated using the two-phase two-layer model proposed
by (Bouchut et al. 2016). In contrast, Iverson’s dilatancy
model is a single-phase mixture model that ignores the drag
force (Iverson and George 2014). In their models, the
excess pore pressure is evaluated by a diffusion equation.

Grid- or mesh-based methods have been widely applied
in various areas of computational fluid dynamics and
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computational solid mechanics (Anderson and Wendt
1995; Fung and Tong 2001). However, the existence of the
grid or mesh can cause various difficulties in solving
problems related to the free surface, extremely large
deformations, a deformable boundary, and a moving
interface (Liu and Liu 2010). Mesh-free methods have been
developed in the recent past (Liu and Gu 2005), and
smoothed particle hydrodynamics (SPH) methods, which
were invented to solve astrophysical problems, have been
widely applied in many fields (Liu and Liu 2003; Lucy
1977; Violeau 2012). In recent years, the SPH method has
been widely applied to simulate the movement processes of
landslides, lahars, and liquefied soils (Cascini et al.
2012, 2014; Cola et al. 2008; Haddad et al. 2010; Huang
and Dai 2014; Huang et al. 2012; Pastor et al.
2009a, b, 2014). Compared with Eulerian grid methods,
free surfaces, material interfaces, and moving boundaries
can be traced naturally by the SPH method (Liu and Liu
2010). Compared with the Lagrangian grid methods, the
SPH method can avoid mesh distortion as well as the
tedious and time-consuming re-mesh procedure (Liu and
Liu 2003, 2010).

The aim of this study is to establish a constitutive model
including the dilatancy effects based on the SPH method.
The evaluation of the dilatancy angle is based on Iverson’s
model (Iverson and George 2014, 2016). The key point in
our model is that the solid grain, water, and solid skeleton
are compressible. The constitutive model is a single-phase
mixture model without the drag force, and is suitable for
the low permeability granular masses, such that the con-
solidation can be ignored during the short dynamic evo-
lution process of a landslide. The model is applied to study
the dynamic evolution process of the Shenzhen landfill
landslide and the influence of the initial solid volume
fraction on the CSW landfill motion.

Background of the Shenzhen landslide and SPH
method

Geological conditions and soil properties

The Shenzhen landslide occurred at Guangming New
District, Shenzhen, Guangdong, China. The location was a
stone pit filled with about 90,000 m> water. The pit is
surrounded by mountains on all sides except the north. The
bedrock is 17 m higher than the pit bottom on the north
side. The terrain slopes downward from the bedrock to the
north, and the maximum value of slope angle in this area is
about 22°. Loose CSW was dumped in the pit without
excluding the bottom water, and an effective drainage
system was not established. The landfill is ten storeys high,

with an average gradient is 40%. The maximum elevation
is about 160 m at the south edge and the minimum ele-
vation is about 46 m at the north edge (at the bottom). The
total volume of the landfill is about 5.83 x 10* m’. The
deposit area of this landslide has a south-north length of
726 m and an east-west width ranging between 150 and
630 m (Yin et al. 2016). The images and topographical
contour maps of the source area and deposit area are
demonstrated in Fig. 1 (from Yin et al. 2016).

The bedrock of the landfill is granite, and the soil
properties in the source area and deposit area were tested in
detail (Ouyang et al. 2016; Yin et al. 2016). According to
Yin et al. (2016), the average density of the soil grains is
2650 kg/m3, the average solid volume fraction is 0.51,
saturation is 0.78, the internal friction angle is between 3.5°
and 27°, the average cohesion is 11.87 kPa, the average
modulus of compressibility is 3.5 MPa, and the maximum
value of hydraulic conductivity in the deposit area is less
than 1.0 x 1077 m/s. According to Ouyang et al. (2016),
the internal friction angle is 31.9°, the solid volume frac-
tion of the dry soil is between 0.43 and 0.55, the saturation
of the soil is unknown, and the cohesion is 4.7 kPa. The
initial solid volume fraction is an important factor, as it
affects the dilation or contraction behavior. According to
Yin et al. (2016), the landfill was saturated before the
landslide, and there was no water run off before and after
the landslide because the consolidation was ignored. The
initial solid volume fraction was 0.57 according to Yin
et al. (2016).

The failure mechanism

As the drainage system was ineffective and the flood
intercepting trench was not established to intercept the
surface water on the slope, the CSW was saturated. The
CSW was not compacted after being dumped. These con-
ditions indicate that the landfill was loose and saturated.
The soil in the sliding surface was liquefied (Ouyang et al.
2016), and the bottom of the deposited body exerted excess
pore water pressure.

The initial solid volume fractions can affect the flow
process of a landslide. The excess pore water pressure is
related to the dilation and contraction behavior of soils,
which is controlled by the effective stress, solid volume
fraction, and shear strain rate (Bouchut et al. 2016; Iverson
and George 2014, 2016). There was persistent creep
deformation before the collapse of this landfill. This would
have caused the contraction of the loose CSW and an
increase in excess pore water pressure. With the increase in
deformation, the pore pressure also increased and effective
stress decreased. Thus, the solid—fluid mixture failed, and
the landfill collapsed.

@ Springer
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Fig. 1 Image, topographical contour map and cross-section view of the source area and deposit area (from Yin et al. 2016). a Image of the
source area and deposit area. b Topographical contour map of the source area and deposit area. ¢ Cross-section view of the Shenzhen landslide

The topography model

The topographical contour map can be used to determine
the terrain before filling and before the landfill landslide
occurred. Thus, the area and volume of the landfill body
can be extracted. The terrain of the landfill before filling is
shown in Fig. 2. Compared with the topographical contour
map shown in Fig. 1, the buildings are ignored in the ter-
rain model.

The landfill body is simulated by 53,271 smooth parti-
cles. The distance between the particles is 5 m, and the
mass value of the particles can be calculated using the
initial density and distance. The model of the landfill
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Fig. 2 Terrain image of the landfill before filling
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before filling consists of 14,490 hexahedral grids. Given
the existence of gravity, stress initialization is essential
before the dynamic analysis is conducted; otherwise, an
initial velocity will exist and affect the simulation results.
The landfill model before the landslide is shown in Fig. 3,
and the stress has been initialized before the dynamic
simulation.

The SPH method

The SPH method is a mesh-free particle method. There are
two steps in establishing SPH equations. The first step is
integral approximations, and they are usually termed as
kernel approximations. In the first step, the kernel
approximation is based on the equation

/f 5(x — X (1)

where f is a function of the vector x, and d(x — x’) is the
Dirac delta function that is defined as

I, x=%

5(x—x’)={07 X£¥, (2)

In Eq. (1), Q is the integral volume that contains x. In
the first step, J(x — x’) can be replaced by a smoothing
function W(x — x’, h) to approximate the equation, and the
equation becomes

x)~ [ f(XYW(x —x h)dx/, (3)
/

where A is the smoothing length to define the influence or
support area of the smoothing function W(x —x’, 4). In
SPH, it can be written as

) = /f(x')W(x —x/,h)dx'. (4)
Q

Fig. 3 The terrain image of the landfill after filling

The derivative of f can be written as
v / £lx

The smoothing function W(x —x’, /) should satisfy
three conditions. The first condition is the normalization
condition:

/W(x —x,h)dx' = 1. (6)
Q

-VW(x —x' h)dx'. (5)

The second condition is that the function should satisfy
the Delta function property when h approaches zero:

}}B}) W(x—x',h) =d6(x —X). (7)

The third condition is the compact condition:
W(x —x',h) =0, when |x — x| > «xh, (8)

where « is a constant related to the smooth function for the
particle at X, and xh defines the effective area of the smooth
function.

The second step is particle approximation; the dis-
cretization form of Egs. (4) and (5) in the SPH method can
be written as

Z fXJ — X, h), 9)
(VS () = = D7) VW= x5, h). (10)

The continuous integral representation of function f and
its derivatives can be converted into discrete summations of
a set of particles by the particle approximation Eqs. (9) and
(10). Particle summation to approximation is a key step that
negates the necessity of the background mesh for the
numerical integration in the SPH method.

Dilatancy model

The key reasons to establish the dilatancy model are to
evaluate the dilatancy angle and pore fluid pressure.
The dilation or contraction behavior is related to the
solid volume fraction, shear strain rate, and effective
stress. Our investigation into the Shenzhen landslide
makes six simplified assumptions to calculate the rel-
evant conditions, such as compressibility of the soil
and dilatancy angle. Then, the shear stress, effective
stress, and pore fluid pressure are calculated, and these
conditions are then updated based on the stress—strain
state.

@ Springer
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Assumptions

Different states of air exist in soil, depending on the state of
air bubbles inside water and the state of air—water separa-
tion (Hutter et al. 1999). The effective stress cannot
increase until the water escapes, and the grains are rear-
ranged and compacted (Major 2000). Thus, the effective
stress increment during a flow process occurring within a
short time can be ignored for low permeable soil. As a
result, we ignore consolidation in our model. In the process
of soil flow, the dilation and contraction behavior of the
soil will increase or decrease the porosity rate depending
on the increase and decrease, respectively, in the total
volume vy. Because water permeation is ignored during the
flow process, we assume that the decrease in the porosity
rate will lead to fluid compression, any increase in porosity
will cause air entrainment, and the air—water mixture fluid
comprises air bubbles inside the water during the flow
process. The pore fluid pressure will cause compression of
the mixture fluid and soil grains (Pastor et al. 2009a, b).
Our model makes six assumptions:

(a) The consolidation can be ignored.

(b) The increase in vy will cause air entrainment.

(¢) The fluid phase comprises the air-water mixture and
air is insoluble.

(d) The fluid phase and soil grains are compressible.

() The flow process is homoiothermal.

(f) The matric suction can be ignored.

Density and volume fraction

Soil consists of a soil skeleton and a fluid phase. At the
initial condition, the soil is saturated. The density of the
soil grains is pg, the initial solid volume fraction is my, the
initial fluid phase volume fraction is 1 — my, the initial
fluid phase density is p,,, and the bulk density of the initial
mixture p, is defined by

po = psimo + py(1 —mp). (11)

In the flow process, the volume fraction of the soil
skeleton will change, and air will enter the hole when the
soil skeleton dilates. Then, the current mixture bulk density
p is defined by

p=po/(1+e). (12)

Because the volume modulus of the soil grains is much
larger than the volume modulus of the soil skeleton and
fluid phase, the deformation of the solid particles can be
considered as negligible, and the current solid volume
fraction my, the current water volume fraction my,, and the
current air volume fraction m,, respectively, can be cal-
culated by
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ms =mo/(1 + &), (13)
my = (1=mo) /(1 + &), (14)
m, = max(0, 1 —ms —my,), (15)

where ¢, is the volumetric strain of the solid skeleton,
which is equal to the volumetric strain of the fluidized soil.

Total stress, effective stress, and pore fluid pressure

For saturated soils, the fluid phase is water, and the mean
effective stress o, can be calculated by

Oe = O — Uy, (16)

where ¢; is the mean total stress, and u, is the pore water
pressure.

For unsaturated soil, the existence of matric suction
causes the difference between the pore-air pressure and
pore-water pressure (Sheng et al. 2008). Therefore,

O'gj = a,;,-—uaé,-j, (17)

Us = Uy — Uy, (18)

where agj is the net stress tensor acting on the solid
skeleton, g;; is the total stress tensor acting on the fluid soil,
u, is the pore air pressure, 5,-,- is Kronecker’s delta, and u; is
the matric suction. In the previous assumption, the matric
suction is ignored, and thus, wuy =u, =uy and
g. = 0y — ug, where uy is the pore fluid pressure.

Compressibility of the fluidized soil

The total stress acting on soil mass can be divided into
effective stress and pore fluid pressure. The effective stress
results in volume deformation of the soil skeleton because
of the change in the relative location of the soil particles
and the pore fluid pressure result in the volume deforma-
tion of the pore fluid and solid particles. Because the pore
fluid fills the soil skeleton, the volume deformation of the
pore is equal to the volume deformation of the soil skele-
ton, and it is also equal to the volume deformation of the
soil mass. In the above section, we assume that the fluid
phase and soil particles are compressible, the compress
process is homoiothermal, and the consolidation can be
ignored. Thus, the volume deformation of the pore fluid
and soil particles is equal to the volume deformation of the
soil mass. A series of triaxial tests under low confining
stress showed that the compression index of the soil is
related to the solid volume fraction and mean effective
stress (Major et al. 1997). The stress—strain relationships
showed that the stresses achieved a plateau and further
straining causes little stress change. An empirical formula
was applied to evaluate the compressibility (Iverson and
George 2014):
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ms(oe + 0p)

KIZ_ b )

(19)
where K; is the bulk modulus of the soil skeleton, b is a
proportionality coefficient, and gy is the reference mean
stress to limit the maximum compressibility. In our model,
the bulk modulus of air is K,, and the flow process is
homoiothermal. Thus,

. Ap* .
p= (1455 ) b + &), (20)
a
where pj is the standard atmospheric pressure, and Ap? is
the pressure increment. Then,

K, = —pjy — Ap*. (21)

The deformation caused by the pore fluid pressure can
be decomposed into the deformation of the solid particles,
water, and air. Because the matric suction is ignored and air
is insoluble, the pore-water pressure is equal to the pore-air
pressure. The bulk modulus of the mixture is

1 ms My

— =2 (22)

where K, is the bulk modulus of the solid particles, water,
and air mixture; K is the bulk modulus of the solid par-
ticles, and Ky, is the bulk modulus of water. K is difficult
to test, and the function of K is to limit the maximum
value of K. We have previously introduced the bulk
modulus of the solid skeleton and the mixed bulk modulus
of the solid particles, water, and air. The total bulk modulus
K; can be calculated by

K =K, + K. (23)

Dilatancy angle

The total friction angle is not specified during the flow process
(Iverson and George 2016). The dilatancy angle is related to
the strain rate, effective stress, and voids ratio (Bolton 1984;
Iverson and George 2014, 2016; Pailha and Pouliquen 2009).
For dry granular material, the u(/) rheology model has a
friction coefficient u, which is a function of the inertial number
(Gray and Edwards 2014). For saturated soil, the dilatancy
angle is a function of the solid volume fraction, and a linear
formula is proposed to evaluate the dilatancy angle (Bouchut
et al. 2016; Iverson and George 2014, 2016):

tanyy = E(mg — meq), (24)

where 1/ is the dilatancy angle, mq is an equilibrium solid
volume fraction, ¢ is a calibration constant, and generally,
=1 (verson and George 2014, 2016). Iverson and
George (2014), uses a generalized dimensionless parameter
N that allows g, = 0 to gauge the combined effects of the

effective stress and shear strain-rate j = |/%¢; - é; on meg
in the following form:

Wy

RIS )

where p is the effective shear viscosity of the pore fluid, é;; is
the deviatoric strain-rate tensor, and ( is a characteristic grain
diameter. Because our model allows g, = 0, the upper bound
of N is limited in our model, considering that the perfect
damping is physically irrelevant. According to Iverson and
George (2014), the practical full-scale range of Nis0 < N < 1.
Iverson and George (2014) proposed a function of meq(N):

Mcrit

m = s
1+ VN

where myg; is the critical state solid volume fraction of
normally consolidated soils in the lithostatic stress state.

(26)

Stress—strain relationship

The undrained behavior of the saturated soil depends on
both the void ratio after the consolidation and the effective
confining stress (Konrad 1990). The minimum undrained
strength is not unique, and it depends on the stress condi-
tions (Konrad 1993). The minimum undrained strength is a
crucial factor in judging whether or not the flow failure
occurs (Ishihara et al. 1989; Uzuoka et al. 1998). The
judgment standards of flow failure are formulated as

(@) T < Tmin: flow failure does not occur
(b) 75 > Tmin: flow failure occurs,

where 7 is the shear stress, and 7, is the minimum shear
strength. Our model applies the Drucker—Prager criterion to
judge whether or not the flow failure occurs.

During the elastic stage, the stress increment-strain
increment relationship of the soil can be calculated by

A()’,‘j = K,éijASkk + ZGAe,-j, (27)

O'g{ :Gij-f—AGij, (28)
1

oy = gagk, (29)

Auf = KméijASkk, (30)

up = us + Auy + Au, (31)

where ¢;; is the deviatoric strain tensor, G is the shear
modulus, O'E-I is the new total stress tensor, ol is the new
total mean stress, Auf is the excess pore fluid pressure
increment, and Y is the new pore fluid pressure. The
volume strain increment Ae caused by the shear strain
increment Ay can be evaluated as Ael = Aytany; thus, the
excess pore fluid pressure can be calculated by

@ Springer



770

H. Liang et al.

Auf = KeAytany. (32)

The new effective stress o and the new second deviatoric
shear stress T are calculated using the formulae seen below.

o =5k -, (33)
sg = ag — 0{\1, (34)
N I NN

T =555 (35)
where sY is the new second invariant of the deviatoric

i

stress tensor. Thus, the criterion is expressed as
f(aN, ™) = oNtan(p + ) + N —¢, (36)

where ¢ is the internal friction angle, and c is the cohesion.

Although the tensile strength of the saturated soil,
effective stress, and pore fluid pressure cannot be positive,
cohesion can exist. After inserting Eqs. (33) and (35) into
(36), we need to conduct stress-state corrections (Chen and
Mizuno 1990). The stress state can be corrected in two steps:

1. Corrections of the total mean stress and pore fluid
pressure:

C
t

can be calculated by o

and
C _
€=

The corrected values of the total mean stress o
pore fluid pressure u’

max (o, 0) and uf = max(uf,0) respectively, where

Oy = G?I - O-tc’ (37)

up = ul — uf. (38)

The pore fluid pressure cannot be less than the total

mean stress. If o> u}\], ur = ulf\I = oy, and

06:05:6[7Mf.
2. Shear stress corrections:

(@) If f(oX,7N) <0, the corrections are not needed,
and g = s} + 019j;.

(b) If f(aY,7N) > 0, the corrections are essential,
™ = ¢ —tan(y + ¢)oY, and the stress tensor is

Modeling the dynamics process of the Shenzhen
landslide

Physical and mechanical parameters of the proposed
model

The common physical and mechanical parameters, such as
density, solid volume fraction, saturability, internal friction
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angle, modulus of compressibility, and cohesion have been
tested by Ouyang et al. (2016) and Yin et al. (2016). The
compression modulus of the samples was taken from the
landslide surface and ranged between 2.5 and 4.5 MPa. In
our simulation, the reference normal stress o is —4.5 MPa
and the bulk modulus of water K,, is 2.15 GPa. The bulk
modulus of the solid grains K is difficult to test, and the
compression volume of the solid is far less than the com-
pression volume of water; thus, in our simulation, Kj is
chosen as 215 GPa to limit the maximum bulk modulus of
the mixture. According to Iverson and George
(2014, 2016), the recommended value for m.; is 0.64. The
characteristic grain diameter { is 0.01 m, the effective
shear viscosity of the pore fluid u is 0.001 N s/m? the
proportionality coefficient b is 0.4, the cohesion ¢ is
12 kPa, the shear modulus G is 6 MPa, the soil particle
density p, is 2650 kg/m?, the internal friction angle ¢ is
30°, and the standard atmospheric pressure pj is -0.1 MPa.
The friction angle between the soil and the ground depends
on frictional velocity weakening; the maximum basal
friction angle is 30°, and the minimum basal friction angle
is 25°. All the parameter values used in the numerical
simulation are shown in Table 1.

Numerical results
Numerical results when my = 0.57

The samples are unsaturated soils, and the void is filled by
the water—air mixture. In our simulation, the soil in the
source area is saturated, and according to Yin et al. (2016),
an initial solid volume fraction mg of 0.57 is appropriate.
The simulation results of the landslide flow velocity and
dilatancy angles at different times are shown in Figs. 4 and
5, and the source area material migration displacement is
shown in Fig. 6. Because the constructions are ignored, the
range of the numerical deposition area on the right-hand
side is larger than the range of the actual deposition area on
the same side.

As shown in Fig. 4, the landfill collapses quickly within
the first 50 s, and the maximum flow velocity can exceed
24 m/s. The direction of the landslide flow changes
towards the left as the soil accumulates along the front edge
of the initial flow direction. At t = 200 s, the maximum
flow velocity at the edge of the deposition area decreases to
below 2 m/s, and the expansion of the deposition area
almost ceases. The maximum speed occurs at the north gap
of the pit, where the steepest terrain is located.

As shown in Fig. 5a, b, the maximum source area
material migration distance Ly, is more than 960 m. The
maximum vertical distance Hy; is about 120 m, and thus,
the equivalent friction angle, which is based on the ratio
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Table 1 Parameter values used in the numerical simulations

Material property

Actual parameters in the simulation

Alternative parameters in the simulation

Initial solid volume fraction, m 0.57 0.57-0.64
Reference normal stress, oy (MPa) —4.5 —4.5
Bulk modulus of water, Ky, (GPa) 2.15 2.15
Bulk modulus of solid particle, K (GPa) 215 215
Lithostatic critical-state solid volume, mi; 0.64 0.64
Characteristic grain diameter, { (m) 0.01 0.01
Effective shear viscosity of pore fluid, u (N s/m?) 0.001 0.001
Proportionality coefficient, b 0.4 0.4
Cohesion, ¢ (KPa) 12 12
Shear modulus of soil, G (MPa) 6 6
Soil particle density, p, (kg/m®) 2650 2650
Internal friction angle, ¢ (°) 30 30
Standard atmospheric pressure, p§j (MPa) —0.1 —0.1

Ly/Hy (Legros 2002), is less than 7.2°. The friction angle
between the landslide bottom and the ground is greater than
25°, and the internal friction angle is 30°. We can infer that
the dilatancy angle and excess pore pressure during the
landslide dynamic process conspicuously influence the
runout process. As shown in Fig. 5c, when the Shenzhen
landslide is simulated without considering the dilatancy
angle, the runout distance is much less than the distance as
represented in Fig. 5b. As shown in Fig. 5d, the maximum
total displacement without the excess pore fluid pressure
(the excess pore pressure is set to 0 Pa) is 820.4 m; thus,
the equivalent friction angle is greater than 8°. The same
figure shows that the range of the deposition area, simu-
lated by the model without the excess pore fluid pressure or
dilatancy angle, is much smaller than the range of the
deposition area simulated by the dilatancy model.

As shown in Fig. 6, the minimum dilatancy angle tan-
gent during the flow process is greater than —0.3287,
which means that the dilatancy angle is greater than
—18.2°. Comparing with Fig. 4, we find that the landslide
flow velocity at the bottom is less than that at the surface,
and the dilatancy angle at the bottom of the landslide
deposit area is less than that at the surface of the landslide
deposit area and source area. Therefore, the internal fric-
tion angle during the landslide flow process is greater than
11.8°, which exceeds the equivalent friction angle of the
simulation results shown in Fig. 5b, d. This indicates that
the excess pore fluid pressure caused by the dilatancy angle
is an important factor for the landslide dynamic process.

Numerical results when my is different
The dilatancy angle is an important factor affecting the

dynamic process of a landslide. The dilatancy angle is
related to the critical-state solid volume fraction m, the

generalized dimensionless parameter N, and the solid
volume fraction myg, which is controlled by the dilation and
contraction of the mixture. Thus, we simulate the deposi-
tion range of the Shenzhen landslide at different initial
solid volume fractions. The numerical results are shown in
Fig. 7.

As shown in Fig. 7, the range of the deposition area
increases with the decrease in the initial solid volume
fraction angle. The landslide deposition area is conspicu-
ous, when the initial solid fraction alters from 0.62 to 0.64.
In contrast, the landslide deposition area changes slightly
when the initial solid fraction alters from 0.57 to 0.62. The
dilatancy angle is related to the difference between the
current solid volume fraction mg and the equilibrium solid
volume fraction m.q. The equilibrium solid volume fraction
is less than the lithostatic critical-state solid volume frac-
tion meit, which is equal to 0.64. This indicates that a little
difference between mg and m;;; when my <mg;; can cause
a huge expansion in the deposition area. The maximum
displacement and the maximum kinetic energy are shown
in Fig. 8.

As shown in Fig. 8, the maximum displacement of the
landslide, Ly, decreases slowly when m ranges between
0.57 and 0.63, and Ly, decreases quickly when my increases
from 0.63 to 0.64. The maximum displacement decreases
by 25 m as the initial solid volume fraction my increases by
0.01 in the interval [0.57, 0.63], and the maximum dis-
placement decreases by 695.8 m when my increases from
0.63 to 0.64. The increment in Ly; when mg decreases from
0.64 to 0.63 is nearly 28 times as much as the average
increment in Ly with every 0.01 reduction in my in the
interval [0.63, 0.57].

The relationship between the kinetic energy and time at
different initial solid volume fractions is shown in Fig. 9.
The maximum kinetic energy decreases as the initial solid
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Fig. 4 The flow velocity (m/s) of the Shenzhen landslide. at =0s;b, 1 =25s;¢¢t=50s;dt=100s;er=150s; fr=200s

volume fraction increases. When the initial solid volume
fraction is 0.64, the maximum kinetic energy is 5.05 x 10°
J, whereas when it is 0.57, the maximum kinetic energy is
3.18 x 10" J. The maximum kinetic energy of the land-
slide when my is 0.64 is about one-tenth of that when my, is
0.63. The average increment in the maximum kinetic
energy when the initial solid volume fraction decreases by
0.01 in the interval of [0.57, 0.64] is 4.47 x 10'° J, which
is nearly nine times as much as the maximum kinetic
energy when the initial solid volume fraction is equal to
0.64.

@ Springer

Conclusion

In this paper, we propose a dilatancy constitutive model
simulating the flow behavior of the landslide assuming
there is no water supplement during the flow process. In
this model, the consolidation and matric suction are
ignored, the fluid phase and soil particles are compressible,
and air is insoluble. This model couples the excess pore
fluid pressure with the evolving dilatancy angle, which
plays an important role in simulating the flow behavior of
the landslide containing saturated geomaterials. The
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Fig. 5 The movement distance
(m) of the Shenzhen landslide
(t = 200 s). a The vertical
distance; b the total distance;
c the total distance without
shear dilation; and d the total
distance without excess pore
fluid pressure
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6.876e401 _
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41266401
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1.377e+01
1,867e-02

dilatancy angle y is related to the current solid volume
fraction m, and the equilibrium solid volume fraction mcy;
the excess pore fluid pressure is related to the dilatancy
angle { and the shear strain. This model is suitable for
studying landslides in which consolidation can be ignored
during the flow process.

The model is applied to simulate an abrupt landslide
that occurred at the Hong’ao Village CSW landfill in

Shenzhen, China. The numerical results show that our
model can simulate the flow process of the Shenzhen
landslide. The shape and range of the landslide deposi-
tion area obtained by the simulation are consistent with
the shape and range of the actual landslide deposition.
The dilatancy angle and the excess pore fluid pressure
play an important role in the Shenzhen landslide flow
process.
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Fig. 6 The tangent of the dilatancy angle at the Shenzhen landslide

The deposition form, the source area material migration
displacement L, and kinetic energy of the Shenzhen land-
slide are simulated at different initial solid volume frac-
tions. The maximum displacement of the source area
material migration Ly, is related to the initial solid volume
fraction mg. The increment in Ly, when my is decreased
from 0.64 to 0.63, is nearly 28 times as much as the
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average increment value in Ly; with every 0.01 reduction of
my in the interval [0.63, 0.57]. The maximum Kkinetic
energy of the landslide when my = 0.64 is about one-tenth
of that when my = 0.63, and the maximum kinetic energy
increment with every 0.01 reduction in my in the interval
[0.64, 0.57] is about nine times as much as the maximum
kinetic energy of the landslide when my is 0.64.
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Fig. 7 The deposition area and displacements of different solid volume fractions at r = 200 s. a my = 0.57; b my = 0.59; ¢ my = 0.61; d

my = 0.62; e my = 0.63; and f my = 0.64

The numerical modeling results of the Shenzhen land-
slide indicate that the dilatancy model is suitable to sim-
ulate the flow process of saturated and low-hydraulic
permeability landslides. If mg<mq before the landslide
occurs, the shear strain causes shear contraction behavior,
the pore fluid pressure increases, and the effective stress

decreases. Then, soil liquefaction and landslide flow
motion occur. If my > mc; exists before the landslide takes
place, the shear strain causes dilatancy behavior, the pore
fluid pressure decreases, and the effective stress increases.
This may lead the source area to become more stable and
reduce landslide risks. The dilatancy model and numerical
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Fig. 9 The kinetic energy-time curve

results also indicate that proper measures, such as com-
paction and drainage, may effectively increase the stability
of such slopes.
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