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Abstract: In this paper, a three-dimensional numerical simulation model is established based on smooth particle hydrodynamics
(SPH) method. In this model, the dynamic behavior of debris flow is described by using the Bingham fluid model, and the bridge pier
is regarded as the terrain condition. The repulsive force at the boundary is introduced to improve the boundary condition. Based on
flume experiments, the accumulation processes of debris flow impacting the bridge pier with various viscosities and characteristics of
the impact force-time curves are analyzed. The physical models are established, and the simulation of three-dimensional dynamic
evolution processes of debris flow impacting the bridge pier with various rheological parameters and weights are realized. Moreover,
the simulation results of the accumulation processes of debris flow with various rheological parameters and the impact force-time
curves are analyzed. It is found that there are differences between the simulation results and the experimental results of the dynamic
evolution processes of low-viscous debris flow impacting the bridge pier. From the view of fluid mechanics, the primary reason lies
in the ignorance of the energy dissipation owing to lack of a description of Reynolds stresses caused by turbulence. Besides, the bridge
pier safeguard procedures under the impact of debris flow with various viscosities are discussed. This work provides a theoretical

support for further optimization of the three-dimensional numerical calculation model of debris flow impacting the bridge pier.
Keywords: SPH method; debris flow; bridge pier; impact; fluid-solid interaction

1 Introduction

In the mountainous areas of southwestern China,
the constructed bridges are required to pass through
debris flow ditches for the construction of roads and
railways, which are directly threatened and damaged
by debris flow disasters. For example, in Lianghe County,
Yunnan Province on August 5, 2016, debris flow formed
siltation on the upstream side of Zhangba Bridge, which
eventually caused the villages to be buried and the bridge
to collapsel™. Besides, in Wenchuan County on July 10,
2013, the mass debris flow caused the collapse of several
bridges, leading to serious damage and obstruction of
the G213 Chengdu—Wenchuan Highway and Chengdu—
Wenchuan Expressway!?. With the construction of
large-scale road projects such as the Sichuan-Tibet
Railway and Chengdu—Lanzhou Railway, it is difficult
for a large number of bridges to directly cross the debris
flow ditches. The bridge piers are required to be arranged
in the trench, which is directly threatened by the impact
of debris flow. At the same time, the existence of bridge
piers will have a significant impact on the dynamic
evolution process of debris flow. Therefore, the investigation
of the dynamic interaction process between bridge piers
and debris flow plays a directive role in disaster pre-
vention and mitigation of bridge engineering.
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There are two key issues associated with the impact
of debris flow on a bridge pier, one is the evolution
characteristics of the impact force of the debris flow
on the pier, and the other is the characteristics of flow
around the pier after the debris flow impacts on the
pier. Both issues involve complex fluid-structure inter-
actions. To solve these problems, numerous research
work has been done by a great number of scholars. For
example, Cui et al.’l analyzed the impact force of the
viscous debris flow through the flume test, and discussed
the influence of the Floyd number, density, and impact
velocity. He et al.”l analyzed the impact process of
debris flow by using the fluid mechanics theory and
the contact theory, and it was shown that the impact
force was closely related to the solid volume fraction,
particle material composition, movement speed, and
depth of the debris flow. Moreover, He et al.>® studied
the impact characteristics of debris flow with different
particle sizes, slurry viscosities, and solid-phase ratios
through model tests, and the change laws of parameters
such as the impact time history curve and load average
value of debris flow were also analyzed. Wang et al.l’]
conducted numerical simulations based on the charac-
teristics of the impact force pulse signal of the debris
flow and pointed out that the impact of large rocks
was an important factor leading to structural damage.
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Based on the modified Hertz contact theory and elasto-
plastic theory, He et al.[®l analyzed the impact of large
rocks on structures and found that a small impact
velocity could cause the plastic failure of the contact
surface. Furthermore, Jiang et al.l! studied the impact
force on the retaining wall by the flow of dry particles
with different sizes and proposed the corresponding
empirical formula for calculating the impact force con-
sidering the impact force and the static earth pressure.
Gray et al.['% used the depth average model to analyze
the shock wave, stagnation point, and generated particle-
free area when the particle flow impacts the obstacle
and studied the problem of particulate matter flow
around the pyramid structure. Cui et al.™ used small-
scale indoor experiments and numerical simulations to
analyze the problems of particle flow around under
supercritical gravity conditions. Longo et al.l*?! discussed
the problems of flow around for saturated particulate
matter and pointed out that there was a clear difference
between the pattern of flow around of the mixed media
and model of flow around of the Newtonian fluid. Liu
et al.*®! used the depth average model to analyze the
detour characteristics of the debris flow impacting the
bridge pier, and Liu et al.'! also used the depth average
model to simulate the flow characteristics around the
pier after the impact of debris flow with various solid
volume ratios. Additionally, Luo et al.[*®1 used LS-DYNA
to analyze the impact of building blockage on the
mobility of the landslide and its energy dissipation
mechanism. Under the premise that the hazard-
affected body is regarded as a topographical condition,
Liu et al.l*8 used the depth-averaged model to calculate
the impact speed and depth of the hazard-affected
body on the hazard-affected body. They calculated the
impact force acting on the hazard-affected body by
using the empirical formula. This force was regarded
as a boundary condition to the hazard-affected body,
and the collapse process of the hazard-affected body
was analyzed. Besides, Feng*! and Luo et al. *®! used
a similar method to analyze the continuous collapse
process of hazard-affected structures. The above studies
usually consider the two key issues, the dynamic evolution
process of debris flow and the impact force characteristics,
separately, and ignore the two-way coupling effect of
debris flow and structure. This results in a lack of dynamic
analysis and three-dimensional simulation of the entire
process of debris flow impacting the bridge pier based
on fluid-solid interaction.

Regarding the issue above, we simulate and analyze
the whole process of the debris flow impacting the bridge
piers by using the smooth particle hydromechanics
(SPH) method, based on the indoor flume model test
of the debris flow impacting the bridge piers. The debris
flow around characteristics with various rheological
parameters and unit weights, as well as the time history
evolution of impact force is analyzed. The experimental
results and the simulation results are also compared
and discussed. This work provides a theoretical basis
for the simulation of the whole process of the debris
flow impacting the bridge piers and provides theoretical

https://rocksoilmech.researchcommons.org/journal/vol42/iss5/9
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support for more subsequent in-depth research.
2 SPH mathematical model

SPH method is a meshless method based on the
Lagrangian description. The partial differential equa-
tions or integral equations are solved through a series
of interaction points that carry material information,
and it has been widely applied in computational fluid
mechanics (CFD) and computational solid mechanics
(CSM)F%-201 Compared with the grid method, it has
obvious advantages in the calculation of large deforma-
tion and free surface flow. Therefore, it has been widely
used in the field of dynamic evolution simulation of land-
slides, debris flows, and other geological disasterst?*2],
2.1 The Bingham fluid model

Debris flow is a non-Newtonian fluid, whose mech-
anical properties are usually described by the Bingham
fluid model®l. The Bingham fluid model is given by

o ==po® +2(p, + ) D
v

where p is the pressure; o is the pressure tensor; 5%
is the Kronecker symbol; 7, is the viscosity coefficient
of boundary particles; z,,, is the yield stress; 7 is
the pure shear strain rate, and €“ is the partial strain
rate tensor. Superscripts «, S denotes the coordinate
direction. The pure shear strain rate y and the partial
strain rate tensor € are defined as

7 =~267¢ (2)

. ) 1.,
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where &< is the volumetric strain rate, and &% is

the strain rate tensor, which is defined as:

wp 1 v v
&= “
where v“,v” are the velocities of the fluid; and x“,
x” are coordinates of fluid.

In the calculation, the debris flow is regarded as a
slightly compressible fluid, and the governing equation
of the pressure is given by

p=B{(£)Z—l} (5)
0

where B is a constant related to the artificial sound
velocity of the fluid, whose value range is the same
order of magnitude as the initial maximum pressure of
the liquid phase; p is the fluid density; p, is the
fluid density when p=0; and y is a constant, and
its value is usually chosen as 7.

The key to using the Bingham fluid model is the
calculation of the yield stress rz,,,. Iverson deemed
that the yield stress of debris flow is related to its
normal stress and internal friction coefficient %1, In
this work, the Drucker-Prager criterion is applied to
calculate the yield stress:
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Tmin = —HP +C (6) by
where £ is the internal friction coefficient of debris Dp ovP
flow; and c is the cohesion. o= Pl (12)
2.2 Fundamental theories of the SPH method
There are two key steps for the establishment of Dv* 106 »
the SPH equations, the first one is the smooth approxi- Dt :; ox” +F (13)

mation of kernel function, and the second one is the
particle approximation of the kernel function equation.
The smooth approximation of kernel function is the
key of the SPH method, and the function f(X) can
be expressed as

(f(x)>:!j?f(x')W(x—x’,h)dx’ %0
And its derivative function is
(V- (X)) ==[ f(X)-VI¥(x =X, h)dx’ 8

where W(x - x',k) is a smooth kernel function, which
needs to obey the regularization conditions, the Dirac
function properties, and the compact conditions; 4 is
the smooth length; x and x’' are arbitrary three-
dimensional coordinate vector and the three-dimensional
coordinate vector of a given position, respectively. The
particle approximation process of the kernel function
equation is discretizing the study area into a series of
particles that carries material information and then
converting the integral form of the kernel function
approximation into a discrete form of superposition
and summation of particles in the support domain.
Then, the particle approximate expression of the field
function and its derivative at particle i can be written
as

N m,
F) =2 S ()W (X =X h)— (9
J=1 P
N m.
V'f(xi):z_jf(xj)'viW(Xi_vah) (10
j=1pj
and:
X — X, oW,
VW,(X, — X, h)==VW (X, — X, h) =——"L—
J J J r 5ng
(1D

where the subscripts i, j are particle numbers; m is the
mass of the particle j; p, is the density of the particle j;
and 7, is the distance between particles.

Through integral approximation and particle app-
roximation of the kernel function by the SPH method,
the field function and its spatial derivative in the com-
putational domain can be converted into a discretized
summation format for any arrangement of particles in
the support domain. Therefore, the background grid is
not needed during the calculation of the SPH method,
and the grid is not required for the connection between
particles.

Debris flow is a viscous fluid 61, whose dynamic
evolution process can be described by the three-dimensional
Navier-Stokes (N-S) equation. The mass conservation
equation and momentum conservation equation are given

Published by Rock and Soil Mechanics, 2021

where F is the bulk stress component; ¢ is time.
Considering the characteristics of the SPH method,

an equation can be given by

0.5 iy Wy _p,v_ﬂﬁﬁ._awv _

1 ] p 11 -

Dokt PN e =0 (14)

J J
where N is the number of particles in the support
domain.

Inserting Eq.(12) into Eq.(10) and then substituting
Eg. (10) into Eq.(14), we can obtain the SPH continuous
density approximation equation of the velocity difference
format. The continuous density equation of this format
can effectively reduce the error caused by inconsistent
particles, and it inserts the relative velocity into the

continuity equation:

Dp. ., OW.
—L=p>—LvlI— (15)

where Vij =V, - Vj .
The first term on the right side of the Eq. (13) can
be rewritten as

1o0” o 07, o” op
p ox’

ox” ( P )+ p? ox?

Substituting Eq.(16) into Eq. (10), we can obtain
the approximate formula of the SPH momentum con-
servation equation that reduces errors caused by incon-
sistent particles:

Y @B o oW,
Dy, _ ij(a'z 9 /l;/

Dt ja ' p.  p; OX
2.3 Boundary condition of the SPH method
In the SPH method, there are commonly three rigid
boundary conditions: repulsive boundary condition,
virtual particle boundary condition, and dynamic boun-
dary condition?”-8], The dynamic boundary condition
is superior to the repulsive boundary condition in terms
of reducing particle defects at or near the boundary.
Besides, it is easier to apply the numerical methods to
the complex shape boundary compared with the virtual
particle boundary condition®. Thus, the dynamic boun-
dary condition is used in this work. The rigid boundary
is expressed by multiple layers of fixed-position virtual
particles, as shown in Fig. 1.

(16>

a7

Fluid particles

LA T S L S T T S T L L A A
UL L L X O B L 2 2 >

i LI L) 1 Boundary
3¢ 3¢ 3¢ 3¢ 3¢ 3¢ 3 3E 3 ICILIC il
0 o o 0 A4 P

A o o o e i L L L

Fig.1 Schematic diagram of the boundary condition
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Except for the velocities and positions of the virtual
particles, other field variables carried by the boundary
virtual particles are involved in the calculation of the
mass conservation equation and the momentum con-
servation equation.

2.4 Improvement of the boundary condition and
time integration

The dynamic boundary condition is used in this work,
and debris flow is regarded as a slightly compressible
fluid. Re-initializing the density of boundary particles
and fluid particles of debris flow at regular time steps
can effectively reduce numerical oscillations. The equa-
tion of re-initialization is given by

N
zmW;
J

Pi= (18)
>w,
J p},‘

As the boundary particles participate in the density
re-initialization process, it is possible for them to pene-
trate the boundaries when the fluid particles are sparse.
To prevent this process, a boundary repulsive force is
introduced when particles penetrate the boundaries,
which is given by

X,
D, (l—° =), [;<l,
L, (19)

[C/A

A=A

1
where D, is the repulsion coefficient; [, is the initial
spacing for applying repulsive force; /, is the particle
spacing. Compared with the strong repulsion model,
the repulsive force in this method is relatively small.
Only a weak force exists when the fluid particles reach
a certain distance to the boundary particles, so the
impact on calculations is slight. In the actual calculation
process, the area where particles may penetrate is only
located at the bottom surface of the water tank, which
does not affect the impact process, and the application
of a repulsive force will not affect the calculation results
of an impact process.

Considering both the calculation speed and the
calculation accuracy, the second-order precision Leap-
Frog method is applied for time integration. The field
variables and position information of the Leap-Frog
method differ by half a time step. There are two steps
of its calculation process, and the first one is given by

X (e + 20 2 x (1= A1y 4 Ar-DX (1)
2 S (20)
X(t + At) = X(¢) +At-v(r+?)

where X indicates field variables other than location
information; Az is the time step. As the position
information and field variable information of the
Leap-Frog method differ by half a time step, the field
variable information needs to be moved back by half a
time step to ensure the consistency of the particle
position and the field variable information after each
calculation step, which is given by

https://rocksoilmech.researchcommons.org/journal/vol42/iss5/9
DOI: 10.16285/j.rsm.2020.6107

xowo:xm%n%oxa) (21)

The Bingham fluid model combined with the Drucker-
Prager criterion, the improved boundary condition, and
the L-F time integration method can be used to compile
the calculation program for simulating the impact of
the debris flow on bridges piers.

3 Debris flow impacting bridge pier tests

The Anxian—Hadapu section of the Chengdu—Lanzhou
Railway is chosen as the research area, in which the
railway passes through the Longmenshan fault zone,
the Minjiang fault zone, and the West Qinling fold
zone successively. It also straddles the Fujiang Rive,
Tuojiang Rive, Minjiang Rive, and Bailongjiang River
systems in the Yangtze River Basin, and traverses the
Sichuan Basin, the Middle Mountain Valley and the
Northwestern Sichuan Plateau. It needs to cross a large
number of debris flow ditches. The existing specifications
are not suitable for the calculation of railway piers. Thus,
the laboratory model tests were conducted, which were
used to validate the numerical simulations and to analyze
the flow around as well as impact force evolution
characteristics when a debris flow impacts the piers.
3.1 Platforms for indoor model tests

In order to study the dynamic response characteri-
stics and flow around characteristics of the debris flow
impacting the bridge pier, the model tests of debris
flow impacting the bridge piers were conducted, using
the test platform of Chengdu University of Technology!>
The model test platform for debris flow impacting the
bridge piers is composed of debris flow troughs, hoppers,
tailing pools, and test equipment, as shown in Fig. 2.

The width of the debris flow troughs is 0.35 m, the
inclination angle of the No. 1 trough is 13.5°, and the
inclination angle of the No. 2 trough is 6.5°. Besides,
the height of No. 1 hopper is 8 m, and the height of No. 2
hopper is 5 m. During the test, the piezoresistive
sensors were used to measure the impact force. The
pier is cylindrical, which is fixed on the accumulation
platform 0.50 m from the exit of the No. 2 trough by
using angle steel. The sensor number and layout are
shown in Fig. 3.

The debris flow materials used in the test were
sampled from the debris flow ditches in the field. The
designed diameter of the block stones in the debris
flow is 4-6 cm, and the block stones were re-screened
before all tests to maintain the consistency of particle
gradation. For the source materials, the maximum
particle size of block stones is 60 mm, and the min-
imum size is 0.25 mm. The gradation of block stone
particles obtained by the screening test is shown in Fig. 4.
The debris flow slurry is a suspension formed by
mixing water and clay. The unit weight of the debris
flow is 11-19 kN/m?, and the volume fraction of block
stones is less than 0.5 B0-311,
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3.2 Analysis of results

The research of Iverson et al.F2%4 and George et
al.® shows that the fluidity of solid-liquid mixed media
varies significantly with the volume fraction of the solid
phase. In this test, the designed unit weight of the debris
flow is 11-19 kN/m3. According to the differences
between the test phenomena, the debris flow is cate-
gorized into three types, including low-viscous debris
flow, sub-viscous debris flow, and high-viscous debris
flow. The unit weights of the three types of debris flows
increase sequentially. The accumulation processes of
the three types of debris flow are shown in Figs. 5-7.

Comparing Figs. 5, 6, and 7, there are obvious dif-
ferences in the diffusion processes of the three types of
debris flows after impacting the bridge piers. The mud
quickly fills the blank area behind the pier after the low-
viscous debris flow impacting the piers. As the debris
flow impacts the sidewall of the platform, the waves are
generated and the slurry flows back to the center of the
platform. The solid-liquid mixture gradually spreads
over the accumulation platform. The accumulation
thickness is uniform and there is no obvious angle of
repose. For sub-viscous debris flow, it expands to both
sides as a whole after impacting the bridge piers. The
spreading speed and spreading degree of mud behind
the bridge piers are significantly lower than those of
the low-viscous debris flow. For high-viscous debris
flow, its fluidity after impacting the bridge piers is
highly reduced. The debris flow fluid quickly converges
behind the bridge pier, and there is a clear accumulation
angle. With the increase of the viscosity of debris flow,
it gradually turns from mud pooling at the piers into
fluid accumulation behind the piers, which shows that
the separation phenomenon of mud and block particles
in the movement process is gradually reduced.

Under similar terrain conditions, the impact force
of debris flow on the structure is mainly affected by
the volume ratio of its solid phase, particle size, and
slurry viscosity®®l. In addition, the characteristics of
the time history curve of the impact force will change
significantly with the increase of the viscosity of debris
flow 837381 |n this test, the solid-liquid mixing method
of debris flow is to directly blowdown from the hopper
after mixing. The impact force signals of low-viscous
debris flow and high-viscous debris flow are shown in
Fig. 8.

) t0.0 s

(b) =2.0s

(c)=6.0s

Fig.5 Schematic diagram of an accumulation process of low-viscous debris flow

Published by Rock and Soil Mechanics, 2021



Rock and Soil Mechanics, Vol. 42 [2021], Iss. 5, Art. 9

1478 LIANG Heng et al./ Rock and Soil Mechanics, 2021, 42(5): 1473—-1484

(@) r=0.0's

(b) =10

(c)=5.0s ]

Fig.6 Schematic diagram of an accumulation process of sub-viscous debris flow

(a) t=0.0
Fig. 7 Schematic diagram of an accumulation process of high-viscous debris flow

The sensor may rebound during the measurement
process, leading to negative measured values at some
moments. These are normal measurement errors and
do not affect the overall measurements. The impact
force of debris flow is mainly composed of the impact
force of large block stones and the continuous dynamic
pressure of the slurry® *1. Comparing Fig. 8(a) and
Fig. 8(b), we can find that both low-viscous debris
flow and high-viscous debris flow produce multiple
peak shock signals, because of the discontinuity of the
impact process. The peak impact force caused by the
block stones is significantly larger than that caused by
the slurry, and the frequency of the collection signal of
the impact force of block stones is much smaller than
that of the slurry, as the point load collection method is
applied. Moreover, the continuous dynamic pressure

18
16 | 1 —— Original signal
o lat 2 - - - Filtered signal
S12¢
210t
S 8r
g6
E 4f
=51
0

|
N

o

10 20 30 40 50 60
Time /s

(a) Signals of impact force of low-viscous debris flow

10 b 1 —— Original signal
2 - - - Filtered signal

Impact force /kPa
o N M O

Time /s

(b) Signals of impact force of high-viscous debris flow

Fig.8 Signals of impact force of debris flow
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generated by the slurry rises rapidly at the beginning and
decreases slowly during the impact process. Besides,
the fluctuations of the continuous dynamic pressure
gradually decrease. Compared with the block stones,
the impact process of the slurry is more continuous,
which is more suitable for simulation by using con-
tinuum methods.

4 Numerical simulation

4.1 Physical model for the numerical simulation

The main disadvantages of indoor model tests are
long time and high cost. Thus, we construct a numerical
model to simulate the impact process of debris flow on
bridge piers based on the existing test results and compare
the test results to validate the feasibility of the numerical
model. The size of the stacking platform model is 3 mx
3 m, the pier diameter is 0.30 m, and the center of the
bridge pier is 0.54 m from the outlet of the trough.
Moreover, the width of the trough is 0.38 m, whose
horizontal length is 3.5 m. The bottom inclination angle
is 8.65° . Besides, the length of the water tank is 1.5 m,
and the maximum elevation of fluid particles in the
water tank is 1.44 m. The top surface of the fluid is
flat. The constructed model is illustrated in Fig. 9.

Water tank . _

, Debris flow fluid

Water trough __ .- Bridge pier Stacking platform

Fig.9 Physical model of debris flow impacting bridge pier

The particle spacing is 0.01 m. The bridge piers
are regarded as rigid boundaries, which are composed
of three layers of particles. In addition, two layers of
edge particles are set at the boundary. There are 137 998



LIANG et al.: Simulation of debris flow impacting bridge pier tests based on sm

LIANG Heng et al./ Rock and Soil Mechanics, 2021, 42(5): 1473—-1484 1479

particles in total, and the number of debris flow particles
is 99503. As the Bingham model is used to describe
the movement behavior of debris flow, the choice of
the fluid viscosity coefficient and equivalent internal
friction coefficient will affect the simulation results.
According to our previous research of the sandpile
collapse test and simulation?”), the fluidity of the solid—
liquid two-phase medium increases with the volume
fraction of the solid phase, as shown in Fig.10. A and
L are the height and the length of the sandpile,
respectively. d, is the characteristic particle size of
the sand pile.
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Fig. 10 Apparent slopes of sandpiles collapse with different
initial volume fractions

As the volume fraction affects its final density, the
equivalent friction coefficient can be reduced according
to different densities. As the density decreases, the
equivalent friction coefficient and viscosity coefficient
in the calculation of the single-phase flow model
decrease accordingly. The values of parameters in the
simulation are chosen based both on the experiments
and field experience, since the parameters of debris
flow are complex. The equation of state is used to
calculate the pressure of the debris flow. The para-
meters used in the numerical simulation are shown in
Table 1.

Table 1 Material parameters

Number Density Viscosity coefficient  Equivalent friction
I(kg - M%) /(Pa-s) coefficient
#1 1220 0.01 0.10
#2 1440 0.10 0.12
#3 1675 0.50 0.16
#4 1910 1.00 0.22

4.2 Simulation of the accumulation process

The accumulation of debris flow is affected by its
viscosity coefficient and friction coefficient. Different
accumulation processes and stacked forms may occur.
Compared with the test, no sensor is installed on the
impact surface of the pier, leading to a difference between
the shapes of the impact surfaces in the simulations
and those in the test. The numerical results of different
numbers are shown in Fig. 11.

As illustrated in Fig. 11, during the accumulation
processes of debris flows No. 1 and No. 2, the debris
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flow spreads quickly to both sides after impacting the
piers, and there is an obvious wave rolling phenomenon.
During the diffusion processes, the width of the debris
flow jet has a small change. After impacting the sidewalls
of the accumulation platform, the debris flow flows back
and converges on the accumulation platform, and finally
fills the blank area behind the pier. The movement
distance of the No. 3 debris flow is significantly reduced,
and the speed of its front edge decreases rapidly after
impacting the pier and spreading to both sides. Its
diffusion shape is similar to a spindle with a wide center
and narrow ends. Moreover, the angle between the
inner side of the debris flow and the trough is rapidly
reduced, and the debris flow gradually converges in the
middle, filling the blank area downstream of the
bridge pier. As for the No.4 debris flow which has a
larger internal friction coefficient and viscosity coefficient,
it spreads to both sides after impacting the pier. The speed
of its front edge reduces sharply, and it converges quickly
in the middle and fills the blank area downstream of
the bridge pier.

Comparing Figs. 11(a)-11(d), it is found that there
are clear differences between the flow around charac-
teristics for debris flow with various friction coefficients
and viscous coefficients, if the turbulence is not considered.
The increase of the friction coefficient and the viscosity
coefficient results in an increase of the resistance to
the debris flow, which leads to a decrease in the length
and width of the vacuum zone downstream of the pier.
As a result, the accumulation process is changed and
the accumulation range of debris flow is gradually
shrinking. Besides, for different friction coefficients
and viscosities, there are also obvious differences in
the thickness distribution for the accumulation pro-
cesses. Since the bottom surface of the physical model
is flat and there exists the water tongue rolling pheno-
menon, the elevation of the fluid particles from the
bottom surface is used to describe the change in the
accumulation thickness during the impact process of
the debris flow on the pier. The accumulation thicknesses
of debris flows No. 1 and No. 4 at different time are
chosen for comparison, as shown in Fig. 12.

From Fig.12, it is known that the rolling height of
No. 1 debris flow caused by the impacting on the pier
is significantly greater than that of No. 4 debris flow.
The maximum rolling height of No. 1 debris flow exceeds
0.34 m. Before it impacts the sidewall, its thickness is
relatively uniform as it moves. After it impacting the
sidewall, a noticeable roll is produced and accumulation
is generated near the sidewall. According to Fig.11, as
the impact velocity decreases and the cap is completely
accumulated by the debris flow, the pile of No. 1 debris
flow at the outlet of the trough is fan-shaped. The
maximum accumulation thickness is approximately
0.12 m, while the minimum thickness is around 0.06 m.
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(d) Evolution of the accumulation process and the velocity of No. 4 debris flow
Fig.11 Simulation results of accumulation processes for debris flow
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Fig.12 Evolution of the accumulation thicknesses for debris flow
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The maximum rolling height of No. 4 debris flow
exceeds 0.26 m. The debris flow fanned out and the
accumulation thickness gradually decreases outward
from the point of impact. At /=10 s, the maximum
accumulation thickness is approximately 0.22 m, and
the minimum thickness is 0.02 m. Comparing Figs. 12
(@) and (b), we can find that the pile shape of debris
flow is mainly fan-shaped at a low impact velocity.
Under the high impact velocity condition, however,
there will be significant differences in the thickness
and shape of the pile for various friction coefficients
and viscosity coefficients.
4.3 Analysis of impact force evolution processes

The SPH method is a method of integral interpola-
tion. According to Newton’s third law, the force is calculated
using the following equation:

F=-3m3 (GW? cﬁw)aw;
=—>m )y m (—+ —_—
SR AT 5

(22)

where F; is the impact force of debris flow on the pier,
the subscript i represents the particle number of the debris
flow fluid, the subscript j represents the number of the
pier particle. According to the characteristics of the SPH
method, the formula for calculating the average velocity
of the debris flow impacting the bridge pier is given by

N m.
2 J ”/
v./ i

i=1j=

LDMI=

v, =

DL (23)
W,

1j=10;

where i and ; are the particle numbers of debris flow;
V; is the velocity of the fluid particles; and V; is the
average impact velocity. The sampling frequency of
force and impact velocity is 1000 Hz. The time-history
curve and filter curve of the force and impact velocity
of the debris flow with different viscosity coefficients
and friction coefficients on the impact surface of the
pier are displayed in Fig. 13.

From Fig. 13, it is shown that the impact velocity
in the direction of the impact surface decreases rapidly
after the debris flow impacts the pier. Comparing with
Fig. 8, we can find that the simulation results of the
impact force-time history curve can reflect the evolution
characteristics of the impact force accurately when the
debris flow impacts the bridge pier. The impact force
of No. 1 debris flow on the impact surface of the pier
increases first and then reduces, and finally reaches a
steady state. At this time, the static earth pressure of
the debris flow on the impact surface of the pier is
about 20 N. Moreover, the time history curve of the
impact force of the No. 4 debris flow on the impact
surface of the bridge pier has a concave section at the
initial stage. The impact force reduces at first before
increasing and reaching the peak, and the impact force
of the debris flow on the impact surface of the pier is
about 106 N when a final steady state is reached.
Furthermore, the impact time history curves of No. 2
and No. 3 debris flow are in the transitional state as

Mg

i

Published by Rock and Soil Mechanics, 2021

aforementioned, and the static earth pressure is about
35 N and 73 N, respectively. Without considering the
impact of large block stones, the impact force of debris
flow is mainly affected by the dynamic impact pressure
and the static earth pressure. The dynamic impact pressure
is mainly dominated by the unit weight, impact velocity,
and the Frode number. With the increase of the unit
weight, friction coefficient, and viscosity coefficient of
the debris flow, the impact velocity decreases, leading
to a smaller Frode number and a larger accumulation
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Fig. 13 Simulations results of impact force-time curves
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thickness. Additionally, the peak force of the debris flow
on the impact surface of the pier increases at first and
then reduces, while the static earth pressure increases
obviously.

5 Discussions

As the test parameters are difficult to determine, the
values of these parameters are chosen based on experience.
The debris flow is deemed as an incompressible fluid.
Based on the depth average theory of the momentum
conservation equation“”), the density item in the pressure
and friction items can finally be deleted, and the viscous
resistance term is the key factor of the momentum.
The maximum velocity of the debris flow in the sim-
ulation is less than 5 m/s, and the thickness is about
0.15 m. As a result, the friction resistance term is at
the magnitude of 10° and the maximum viscous
resistance term is at the magnitude of 10%. Therefore,
the deviation of the density values has only a slight
effect on the results, and the dynamic behaviors of
debris flows with various unit weights mainly depend
on the values of the equivalent friction coefficient and
the viscosity coefficient.

By comparing the test results with the simulation
results, it is found that with the increase of the friction
coefficient and the viscous coefficient, the agreement
between the experimental results and the numerical
results of the dynamic evolution process of the debris
flow impacting the bridge piers has gradually improved.
In fluid mechanics, there are two flow states during
the motion of the viscous fluid, namely laminar flow
and turbulent flow. Turbulence can be distinguished by
the lower critical Reynolds number and the upper
critical Reynolds number. The Reynolds number is
given by

Vo OL
Re=—°/; : (24)

where v, and L, are the movement speed and the
smooth characteristic length of debris flow, respectively.

Commonly, the upper Reynolds number is chosen
as 13800, and the lower Reynolds number is 2320. When
the unit weight of the debris flow is small, there will
be an obvious solid-liquid separation phenomenon.
The relative flow between liquid and solid phases will
be obvious, and the flow state of the liquid phase can
be distinguished based on the Reynolds number. Acc-
ording to the depth and movement speed of the debris
flow in the water trough in the test, the equation for
the Reynolds number range of the debris flow in the
flume is given by

236.309 _ , _ 2740.736
H JZ

Under the extreme condition of a lower Reynolds
number, turbulence will occur when the viscosity coef-
ficient of the liquid phase of the debris flow reaches
0.102 Pa-s, and it will be completely in a turbulent state
when the viscosity coefficient is less than 0.017 Pa-s.

(25)
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Besides, under the extreme condition of an upper
Reynolds number, turbulence will occur when the
viscosity coefficient of the liquid phase is as low as
1.181Pa-s, and it will reach the complete turbulent
state when the viscosity coefficient is less than 0.199 Pa:s.
In the physical model test of debris flow, the speed of
the liquid phase of the low-unit weight debris flow tends
to be larger, leading to a lower viscosity coefficient
and a larger liquid phase volume fraction. As a result,
it is easier for turbulence to occur. According to the
Reynolds average motion equation, the Reynolds stress
caused by the pulsation should be considered in the
turbulent state. The shear stress of the Bingham fluid
model can be divided into friction terms and viscous
terms. The viscosity term is established based on the
laminar flow assumption, which ignores the Reynolds
stress. This leads to the low viscous dissipation of the
liquid phase in the low-unit weight debris flow if tur-
bulence is not considered. As a result, the energy dissipa-
tion of the liquid phase after impact will be relatively
small, and the diffusion rate of the liquid phase tends
to be large. This makes it difficult to model the slurry
dispersion in the physical model test by using the
simulation results of the low-unit weight debris flow
which is described by the Bingham fluid model. However,
comparing the overall simulation results and test results,
it can be found that the single-phase flow model can
well simulate the movement and accumulation process
of the solid-liquid mixed fluid in the physical model
test. In addition, for high-unit weight debris flow, the
numerical simulation results are in good agreement
with the physical model test results.

After the debris flow impacts the bridge pier, a critical
state is reached, and the laminar flow state can be changed
to the turbulent flow state. The movement speed and
the flow around process will also be changed obviously,
which can highly affect the scour process at the founda-
tion of the bridge pier and the flow around process
behind the bridge pier. For the low-viscous debris flow,
the erosion intensity of the pier foundation can be greatly
boosted in the direction of the pier's impact surface
under the turbulent state. At the same time, the scope
of the vacuum area behind the piers is reduced and the
erosion of the pier foundation is exacerbated. For the
viscous debris flow, accumulation may occur around
the bridge piers and block bridges and culverts, leading
to insufficient cross-sections for clearance and drainage.
Thus, the drainage capacity is reduced, the debris flow
may overflow and the silt may bury the bridges and
culverts. Therefore, in addition to setting up suitable
anti-collision structures and drainage projects, the pier
foundations should be strengthened for bridges crossing
low-viscous debris flow ditches. For bridges that span
viscous debris flow ditches, sufficient free space should
be reserved to avoid the blockage of the bridges and
culverts and the burial of the bridge decks.

6 Conclusions

By comparing with the laboratory trough test results
of the debris flow impacting the bridge piers, we validate

10
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that the Bingham fluid model and the improved SPH
method can be used to simulate the impact of debris flow
on bridge piers. By the in-depth analyses and discussions
of the test and simulation results, the conclusions can
be obtained as follows:

(1) The impact force generated by debris flow and
block stones is significantly higher than that generated
by slurry. The frequency of the impact force signal of
the block stones is much lower than that of the slurry
obtained by the point load collection method.

(2) With the increase of the viscosity of the debris
flow, the solid-liquid separation phenomenon of the
block stone and the slurry gradually weakens after the
debris flow impacts the bridge pier, and its stacked
form is also markedly changed.

(3) Embedding the Bingham fluid model into a
three-dimensional calculation model based on the SPH
method can simulate the velocity and depth evolution
of the debris flow after impacting the pier, and the
impact time history curve can be obtained. According
to the simulation results, the peak impact force of the
debris flow on the bridge piers increases at first and
then reduces, as the viscosity and the unit weight of
the debris flow increase.

(4) Bingham model and the SPH method can be
used to simulate the two-way coupling effect between
the debris flow and bridge piers, as well as the three-
dimensional motion process of debris flow. Especially,
the impact process of viscous debris flow on the bridge
pier can be simulated very well. However, it is difficult
to model the spreading process of the low-viscous
debris flow at the piers, since the turbulence effect is
not considered.

(5) For bridges across the debris flow ditches, in
addition to conventional debris flow anti-collision struc-
ture and drainage engineering, the bridge pier founda-
tion needs to be strengthened and the height of the
reserved airside surface needs to be verified, according
to the characteristics of the debris flow ditches.
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