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Abstract In order to effectively prevent and control

debris flow disasters, it is one of the most effective

engineering measures to construct a blocking project

in the valley section of the circulation section to

actively reduce the flow and velocity of debris flow.

The check dams is taken as a control structure to

intercept the solid materials of flush flood and debris

flow in the channel, which play an important role in

debris flow prevention and control project. However,

the huge impact force of debris flow often causes the

check dam to be destroyed. Based on the theory of

fluid–solid coupling, by means of structural dynamics

simulation software, fluid dynamics simulation soft-

ware and coupling plane data transfer software,

numerical simulation of the interaction between debris

flow and the check dam has been carried out. Research

results indicate that (1) the overflow section is

subjected to the impact of the debris flow greater than

the abutment; (2) debris flow impact only has a greater

impact on a certain depth of the check dam, and the

impact beyond this range is less. The numerical

simulation results can provide data support for the

design and optimization of the check dam.

Keywords Fluid–solid coupling � Bingham model �
Debris flow impact force � Dynamic response

1 Introduction

Debris flow disaster is huge, threatening the lives and

property living in mountainous areas around the world

(Hübl et al. 2009). The upstream debris flow preven-

tion and control project can effectively reduce the

damage of debris flow to downstream life and

buildings. Debris flow mainly causes damage through

three methods: erosion, siltation and direct impact.

What is more, the impact force of debris flow is the

main way to cause damage to buildings (structures) in

the area affected by debris flow (Moriguchi et al.

2009). The impact force of debris flows refers to a

dynamic load produced by a moving debris flow

process that contacts other objects; this major external

force causes engineering damage to the debris flow

areas of roads, bridges, and housing projects (Chen
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et al. 2007; Liu and Wei 1997). A debris flow is a

typical solid–liquid two-phase flow. In the process of

debris flow movement, the flow carries a wide particle

size distribution of solid particles ranging from a few

millimeters to tens of dollars. For this reason, it is

difficult to use density, velocity, or deep mud to

explain the differences in conditions of debris flow

impacts (Hu et al. 2011). Moreover, because of the

randomness of the impacting solid particles, the

impact force of the debris flow is not the same under

the same conditions at different locations (Iverson

et al. 2010), further increasing the difficulty of

studying the debris flow impact force. Over the years,

determining the debris flow characteristics and impact

load has been scientifically difficult, and this is still the

weakness of debris flow dynamics (Chen et al. 2008;

Cui 2009). The main methods of obtaining debris flow

impact force data include field measurements, model

tests and numerical simulation. Both domestic and

overseas scholars have used field in situ experiments

and indoor model experiments to study the impact

force of debris flow (Okuda and Okunishi 1980; Zhang

and Yuan 1985; Wu et al. 1990; König 2006;

Wendeler et al. 2007; DeNatale et al. 1999; Bugnion

et al. 2012a, b; Scheidl et al. 2013; Wei 1996;

Armanini and Scotton 1993; He et al. 2013; He et al.

2014a; b; Yang et al. 2011; Tang et al. 2013; Cui et al.

2015; Zeng 2014; Zeng et al. 2015; Lei et al. 2018;

Valentino et al. 2008). However, most of the exper-

iments can only study the characteristics of the impact

force of the debris flow, and it is rare to analyze the

force of the blocking structure. Based on the fluid–

solid coupling theory, numerical simulation is a good

way to study the interaction between debris flow and

retaining structure. Hillslope debris flow and channel-

ized debris flow was firstly carried by experiments,

and then defining the debris flow as a single-phase

uniform flow, the coupling between debris flow and

bank slope was studied by the commercial finite

element calculation software (Chen et al. 2007). Based

on the three-dimensional finite element nonlinear

fluid–solid coupling analysis, the numerical simula-

tion method is used to study the motion state of open

channel fluids (Liu and Shu 2003). A more compre-

hensive fluid–solid coupling model was proposed

(Bathe 2003). A hybrid computational framework was

presented, using a total Lagrangian formulation of the

Finite Element Method (FEM) to represent a flexible

barrier. The actions exerted on the structure by a debris

flow were obtained from simultaneous simulations of

the flow of a fluid–grain mixture, using two conve-

niently coupled solvers: the discrete element method

(DEM) governed the motion of the grains, while the

free-surface non-Newtonian fluid phase was solved

using the Lattice–Boltzmann method (LBM) (Leo-

nardi et al. 2015; Leonardi 2015). Based on the basic

theory of fluid–solid coupling, coupling analysis of

debris flow and channel was carried out by commer-

cial software (Li et al. 2008). Based on the theory of

fluid–solid coupling, the debris flow is treated as a

single-phase uniform flow, and the dynamic response

of the masonry structure under the impact of debris

flow under different working conditions was numer-

ically simulated (Chen et al. 2013). However, most of

the above studies do not consider the two-way

coupling of debris flow and structure.

The problem of coupling between debris flow and

sand dam is a problem of interaction between fluid and

structural plane. However, due to the inclusion of

more solid particles in the debris flow and the wide

distribution of the particles, it is difficult to establish

the real coupling between the debris flow and the

check dam. In this work, the debris fluid is treated as a

single-phase homogeneous fluid. The fluid dynamics

calculation software and the structural dynamics

calculation software are used to calculate the fluid

and solid domains respectively. The debris flow is

realized by calling the multi-physical coupling tool.

The real-time exchange of each analysis step of the

pressure of the fluid domain node and the displace-

ment of the stress field of the check dam realizes the

true bidirectional flow-solid coupling of the debris

fluid and the check dam.

2 Mathematical Mechanics Model of Fluid–Solid

Coupling

2.1 Governing Equations of Debris Flow

This study concerns incompressible fluids which are

governed by the continuity equation

r � u ¼ 0 ð1Þ

and the momentum equation

o quð Þ
ot

þ qr � uu ¼ �rpþrs ð2Þ
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where u is the velocity, p is the pressure is the

deviatoric stress tensor and the gravity contribution is

incorporated in the pressure. All equations are written

in a coordinate free form.

The stress tensor obeys the following law for

Bingham fluids model.

s ¼ 2 l _cj j þ s
_cj j

� �
D; sj j[ s0

D ¼ 0; sj j � s0

8<
: ð3Þ

where s is the yield stress and l� 0. For the yield

stress models sj j is the second invariant of the

deviatoric stress tensor

sj j ¼ sijsij
�
2

� �0:5 ð4Þ

_c is the shear rate obtained from the following

definition involving the second invariant of the rate

of deformation tensor

_c ¼ DijDij
�
2

� �0:5

ð5Þ

with the rate of strain tensor D given by

D ¼ 1

2
ru½ � þ ru½ �T

� �
ð6Þ

2.2 Mathematical Mechanics Model of the Check

dam

Mathematical mechanics model of the check dam has

the following three group equations.

2.2.1 Equilibrium Differential Equations

rij;i þ fj ¼ q
o2vj

ot2
ð7Þ

where rij is the normal or shear stress, t is the time, fi is

volume force and vj is the velocity of the solid domain.

If the solid domain remains immobile, vj is equal to

zero. The equilibrium differential equation can be

expressed as follows:

rij;i þ fj ¼ 0 ð8Þ

2.2.2 Geometric Equations

eij ¼
1

2
wi;j þ wj;i

� �
ð9Þ

where ssssss is the normal or shear strain and w is the

displacement.

2.2.3 Physical Equations

Incremental form of constitutive equations of defor-

mation field of the check dam can be expressed as

follow:

dr
0

ij

n o
¼ Deq

	 

deij

� �
ð10Þ

where dr
0

ij the effective stress increment and Deq

	 

is

the elastic–plastic matrix.

2.3 Satisfying Relation of the Coupling Interface

Between the Flow Field and the Stress Field

Based on the results of previous studies, it is known

that fluid–solid coupling problems can be divided into

the following two types according to their coupling

positions. The one problem is the coupling action

occurs only at the two intersection interface, and the

other is the fluid and solid domains partially or

completely overlap, which is hard to be clearly

separated. Whether it is the first kind of problem or

the second, the following two conditions should be

satisfied on the fluid–solid coupling interface.

Displacement consistency:

df ¼ ds ð11Þ

Traction balance:

ff ¼ fs ð12Þ

where ds is displacement of solid domain, df is

displacement of fluid domain, fs is traction force of

solid domain and ff is traction force of fluid domain.

The above equations constitute a mathematical

model of fluid–structure interaction, and solving for a

particular problem must also include fluid boundary

and check dams stress field boundary.

2.4 Boundary Conditions

2.4.1 Boundary Conditions of Fluid Field

Firstly, inlet boundary condition of the fluid domain is

that the velocity is known. Turbulence intensity (I) and

length scale of turbulent flow (l) are selected the

characteristic parameters of the turbulent flow. Tur-

bulence intensity (I) is calculated by the formula (13),

and the length of the turbulent length scale (l) is

expressed in the formula (15). Secondly, free flow is
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used in fluid outlet condition. Thirdly, the free surface

condition is treated by the symmetrical surface, which

is the free slip surface. Finally, wall condition is

defined as no slip boundary, the wall surface is

uniform and the roughness height is equal to 0.25 mm

I � u

um
ffi 4

25
R�0:125
e ð13Þ

Re ¼ 4
uml
H

ð14Þ

where l is coefficient of kinematic viscosity, um is

mean velocity in section, H stands for the depth of

debris flow.

l ¼ 2

5
d ð15Þ

In Eq. (15) d is the thickness of boundary layer. In this
study, the thickness of turbulent boundary layer is

equal to 0.6H.

2.4.2 Boundary Conditions of Solid Field

There are two kinds of boundary conditions for stress

field that the first boundary condition (the surface

forces of the solid filed are known) and the second

boundary condition (the surface displacements of the

solid filed are known). Boundary conditions of the

check dam are most the second, which can be

expressed as follow:

vijnj ¼ Fi x; y; zð Þ ð16Þ

where nss is the directional derivative of the boundary

and ssi (ss, ss, ss) is the surface displacement

distribution function.

3 Numerical Model and Calculation Parameter

Settings

3.1 Numerical Model

The numerical model mainly consists of the following

two components: a drainage channel and a check dam.

The numerical simulation is conducted in a 4-m-long

open-water channel with a rectangular cross section of

0.4 9 0.4 m (width 9 height). The upper portion of

the dam section is 0.2 m, the underside is 0.34 m, the

dam height is 0.35 m, and the dam length is 0.4 m. The

slope of the front of the dam is 1:0.3, while the slope

behind the dam is 1:0; the width and height of the

overflow mouth are 0.2 m and 0.05 m, respectively.

The check dam is made of concrete. Figure 1 shows

the three-dimensional diagram of the numerical

model. Figure 2 shows the location diagram of

representative points. Tetrahedral meshes were used

in both fluid domain and solid domain. Figures 3 and 4

show the calculation model and mesh generation of

fluid domain and solid domain. Rheological charac-

teristic of debris flow is the relationship between the

shear stress and the rheological velocity gradient of

fluid flow. Currently, according to the theoretical

derivation and the experimental simulation, a lot of

rheological models have been proposed. The most

common and general rheological models are as

follows: Newtonian fluid model, Bingham fluid

model, Pseudo plastic fluid model, Expansion body

model, Yield pseudo plastic fluid model and Yield

expansion body, et al. The relation curves between

shear stress and velocity gradient of various fluid

rheological models are shown in Fig. 5. A large

number of test results show that Bingham rheological

model is simple and easy to operate, and is consonant

with the actual situation. Bingham fluid model is

expressed in the formula (3).

Fig. 1 Schematic diagram of the 3D model of check dam and

drainage channel
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3.2 Calculation Parameters

According to the characteristics of numerical calcula-

tion software selected, the debris flow is simplified

without considering solid particle sizes of the debris

flow, but the density and characteristic parameters of

fluid are kept consistent with the debris flow. To make

use of the Bingham model formula, calculation

formula of yield stress and stiffness coefficient should

be known. Calculation formulas of yield stress and

stiffness coefficient of debris flow were summarized

based on experiments (Wu et al. 1993; Fei and Shu

2004; Kang et al. 2004). In this paper, Fei Xiangjun

formulas (17, 18) were chosen. Moreover, according

to the reference (Zeng 2014), yield strength and

rigidity coefficient with different densities are given,

which are shown in Table 1. Concrete check dam is

regarded as elastomer, without considering the plastic.

Mechanical parameters of concrete material are given

in Table 2.

g ¼ g0 1� k
Svf

Svm

� ��2:5

1� Svc

S
0
vm

� ��2:5

ð17Þ

s ¼ 0:098 exp 8:45
Sv � Sv0

Svm
þ 1:5

� �
ð18Þ

where l is the viscosity coefficient of debris flow, s is
the yield stress of debris flow, l0 is the viscosity

coefficient of water, k is the concentration correction

coefficient, Svf is the pulp concentration without

adding coarse particles, Svc is the coarse particle

concentration, Svm and S
0

vm respectively stand for the

limit concentration without or with adding coarse

particles, which are shown in the formula (20), Sv0 is

the critical concentration when suspension changes

Newton fluid to Bingham fluid, which is expressed as

follow:

Sv0 ¼ 1:26S3:2vm ð19Þ

Svm ¼ 0:92� 0:2 lg
X pi

di
ð20Þ

Fig. 2 Schematic diagram of the plane position of the key

points (cm)

Fig. 3 Three dimensional computational model and mesh generation of fluid domain
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where di and pi respectively stand for the average

diameter and the corresponding weight percentage of

the particle size group of the slurry particle size

distribution.

3.3 Boundary Conditions

The inlet velocity is equal to 5 m/s, the depth of the

inlet is equal to 8 cm, and other boundary conditions

of fluid field are shown in the Sect. 2.4.1.

The bottom of the check dam completely fixed.

Displacement of x direction of the check dam abut-

ment is equal to 0, and other directions are free. What

is more, other surfaces of the check dam are free

completely.

Fig. 4 Three dimensional computational model and mesh generation of solid domain

Shear Rate du/dy

e

b

f

c
a

d

a. Newton fluid model
b. Bingham Body Model
c. Pseudo plastic fluid model
d. Expansion body fluid model
e. Yield pseudo plastic fluid model
f. Yield expansion body model

Shear Force 

Fig. 5 Several rheological model

Table 1 Debris flow physical and mechanical parameters

Bulk density of debris flow (kN/m3) 14.20 15.50 18.10 19.50 10.00 (water)

Yield stress (Pa) 0.276 0.511 3.936 11.450 0

Stiffness constant (Pa s) 0.0042 0.0066 0.018 0.037 0.0010

Table 2 Concrete check dam mechanical parameters

Material Density (kg/m3) Elastic modulus (GPa) Poisson ratio Tensile strength (MPa)

Concrete 2400 25.5 0.20 1.43
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3.4 Set Analysis Steps

The two modules of computational fluid dynamics

(CFD) and computational structural dynamics (CSD)

use the same analysis settings, which are both transient

analysis. And the number of steps is set to 200, with

each analysis step time is 0.025 s.

3.5 Design Cases

At the initial moment of numerical calculation, the

whole fluid field is filled with the air, which is an

empty reservoir. Based on the experimental model,

taking into account three factors like drainage groove

slope, gradient of check dam upstream surface and

bulk density of debris flow, the interaction between

check dam and debris flow is carried out to simulate.

Drainage groove slope is named A, gradient of check

dam upstream surface is named B and bulk density of

debris flow is namedC, so the experimental conditions

can be written AiBjCk (i = 1, 2, 3; j = 1, 2, 3; k = 1, 2,

3, 4, 5). Of those, i is equal to 1, 2 and 3 respectively

stands for drainage groove slope being 9�, 12�, and
15�; j is equal to 1, 2 and 3 respectively stands for

gradient of check dam upstream surface being 1:0,

1:0.15, 1:0.30 and j is equal to 1, 2,3 4, and 5

respectively stands for bulk density of debris flow

(water) being 10 kN/m3, 14.2 kN/m3, 15.5 kN/m3,

18.1 kN/m3, 19.5 kN/m3. There are 45-group simula-

tion conditions, which are shown in Table 3.

4 Analysis of Debris Flow Field

Debris flow velocity and dynamic pressure are two

important dynamic parameters in flow field, which are

decisive factors in structure design of check dams.

Distributions of debris flow velocity, dynamic pres-

sure, static pressure and total pressure are studied in

this paper.

4.1 Dynamic Variation of FlowVelocity of Debris

Flow

In numerical calculation by the computational fluid

dynamics software Fluent 14.0, the surface of check

dams is taken as a coupled boundary, which is set for

wall boundary. It is known that the velocity of wall

boundary is always equal to zero in the calculation

process by Fluent 14.0. Because of this, debris flow

Table 3 Design cases of numerical simulation

A B C A B C A B C

Drainage

channel

slope (�)

The dam

upstream

slope

Bulk density of

debris flow

(water) (kN/m3)

Drainage

channel

slope (�)

The dam

upstream

slope

Bulk density of

debris flow

(water) (kN/m3)

Drainage

channel

slope (�)

The dam

upstream

slope

Bulk density of

debris flow

(water) (kN/m3)

9 1:0 10.0 12 1:0 10.0 15 1:0 10.0

14.2 14.2 14.2

15.5 15.5 15.5

18.1 18.1 18.1

19.5 19.5 19.5

1:0.15 10.0 1:0.15 10.0 1:0.15 10.0

14.2 14.2 14.2

15.5 15.5 15.5

18.1 18.1 18.1

19.5 19.5 19.5

1:0.3 10.0 1:0.3 10.0 1:0.3 10.0

14.2 14.2 14.2

15.5 15.5 15.5

18.1 18.1 18.1

19.5 19.5 19.5
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field nearby the check dam surface (being about 0.2 m

(left) and 0.4 m (right) before the check dam) is

selected as the research object of debris flow velocity.

Taking A2B3C4 as an example, the distributions of

debris flow velocity for different time are shown in

Fig. 6.

As shown in the Fig. 6, due to the blocking effect of

check dams, some debris flow will stop before the dam

with debris flow flowing to the check dam, which leads

to debris flow velocity decreasing. It is also found that

the flow rate of the bottom is greater than the top.

4.2 Pressure Distributions of Flow Field

There are three different types of pressure, i.e. static

pressure, dynamic pressure and total pressure. More-

over, total pressure is the sum of dynamic pressure and

static pressure. Taking the working condition of

A2B3C4 as an example, the distributions of static

pressure, dynamic pressure and total pressure are

analyzed. The distribution nephograms of static pres-

sure, dynamic pressure and total pressure are given in

the Figs. 7, 8 and 9.

As shown in the Fig. 7, because of debris flow

piling up in the upstream face of check dam, hydro-

static pressure of the upstream face of check dam has

an increasing trend with time from 1.5 s to 5.0 s. In the

Fig. 8, it can be found that when the time is equal to

1.5 s, hydrodynamic pressure of the upstream face of

check dam has the maximum value, and it has the

minimum value when the time is equal to 5.0 s.

Changes of total pressure with time has the same trend

with the hydrodynamic pressure, which are shown in

the Fig. 9.

4.3 The Variation Laws of Total Pressure

of the Key Points on the Surface of Check

Dam

The impact load is calculated between an initial data

point (the first not equal to 0) and a terminal data point

(the last data point of numerical simulation). The

influencing factors mainly include the slope of the

drainage channel, the gradient of check dam upstream

surface and the unit density of debris flow. According

to key point arrangement on the upstream face of

check dam, the key points of 1#, 2#, 3#, 4#, 8#, 9#, 10#

and 11# are selected as an example, and mean values

of debris flow total pressure with different conditions

are shown in Table 5.

Fig. 6 Distributions of debris flow velocity for different time (m/s)
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4.3.1 Single Factor Fitting

Through the analysis and solution of the calculation

results in Table 4, it can be found that the fitting

relationship between total pressure mean values and

unit density of debris flow is a linear relationship with

the other conditions remain unchanged, which can be

expressed as follows:

P1 ¼ K1cþ K2 ð21Þ

where P1 is total pressure mean values of debris flow,

K1 is scaling factor, K2 is constant term, c is unit

density of debris flow or water.

The data of debris flow total pressure by changing

unit density of debris flow, in Table 4, are introduced

into the fitting formula (21). Adjusted R1- square is

less than 0.96, which has a high fitting degree.

Fig. 7 Static pressure distributions on the check dam surface with different time

Fig. 8 Dynamic pressure distributions on the check dam surface with different time

Fig. 9 Total pressure distributions on the check dam surface with different time
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Similarly, the above method can be applied to

analyze the relationship between mean values of

debris flow total pressure and drainage channel slope

or the relationship between total pressure of debris

flow and the gradient of check dam upstream surface.

The fitted formulas can be expressed as follows:

P2 ¼ K3I þ K4 ð22Þ

P3 ¼ K5mþ K6 ð23Þ

where both P2 and P3 stand for mean values of debris

flow total pressure, both K4 and K6 stand for scaling

factors, I is the slope of drainage channel, 1/m is the

gradient of check dam upstream surface. Adjusted R2-

square and R2-square are respective less than 0.87,

0.80 (except for A3B(1*3)C1), which have a quite high

degree of fitting.

4.3.2 Multiple Factors Fitting

According to the results of single factor fitting and the

reference (He 2014), multiple factor analysis is carried

out to fit the relationship between mean values total

pressure and the three factors, i.e. drainage groove

slope, unit density of debris flow and the gradient of

check dam upstream surface. Mean values of debris

flow total pressure is taken as dependent variable,

named as P, and drainage groove slope, unit density of

debris flow and the gradient of check dam upstream

surface are all taken as independent variables, named

as I, c, m. The data of the dependent variable and

independent variable is shown in Table 5. The linear

multivariate fitting is carried out by the software

MATLAB, the expression of which is given as

follows:

P ¼ a1cþ a2I þ a3mþ b ð24Þ

where all a1,a2,a3 and b stand for fitting coefficients.

Fitting coefficients of the formula (24) about the

key points (1#, 3#, 8# and 11#) are obtained by calling

the function of MATLAB data processing platform,

which are written on Matrix form as follows:

A ¼

0:614; 0:191;�2:313;�2:133

0:786; 0:314;�0:786;�3:859

0:750; 0:291;�1:351;�3:501

0:719; 0:273;�1:387;�3:13

2
6664

3
7775 ð25Þ

So the formula (24) can be expressed as follows:

P ¼ A

c

I

m

1

2
6664

3
7775

¼

0:614; 0:191;�2:313;�2:706

0:786; 0:315;�0:948;�4:806

0:750; 0:291;�0:948;�4:373

0:719; 0:273;�1:387;�3:947

2
6664

3
7775

c

I

m

1

2
6664

3
7775 ð26Þ

Adjusted R1#-square, R3#-square, R8#-square, R11#-

square are less than 0.9935, 0.9927, 0.9938 and

0.9957, respectively. And variances of root-mean-

square error are equal to 0.1713, 0.2358, 0.2059 and

0.1642, respectively. The comparison between fitted

values and values of numerical simulation (measured

values) is shown in the Fig. 10.

5 Dynamic Response of Check Dam

under the Impact Effect of Debris Flow

Debris flow impact force can cause the check dam

deformation and even damage, which has a bad

influence on the normal operation of the dam. The

changes of the external factors (such as the slope of

drainage channel, the unit density of debris flow, etc.)

can make the impact force of the debris flow change,

which cause stress field of the check dam to be

changed. Taking the 45-group test conditions in

Table 3 for example, the tendency of stress field

dynamic variation is studied.

5.1 The Dynamic Evolution Laws of Mises

Equivalent Stress and Maximum Tensile

Stress with Time

Schematic diagram of the plane distribution of the key

points of the check dam upstream surface is shown in

the Fig. 11. Taking the lateral points such as 1#, 3#,

6#, 9# and 11# for example, the dynamic evolution

laws of Mises equivalent stress and maximum tensile

stress with time for the above five points are shown in

the Fig. 12a, b. Also, taking the vertical points in the

Fig. 11 for example, the dynamic evolution laws of

Mises equivalent stress and maximum tensile stress

with time for the above five points are shown in the

Fig. 12c, d.
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Table 4 Total pressure mean value of the critical points on the check dam surface under different conditions

Key points different conditions 1# (Pa) 2# (Pa) 3# (Pa) 4# (Pa) 8# (Pa) 9# (Pa) 10# (Pa) 11# (Pa)

A1B1C1 5747.2 6165.4 7225.7 7268.8 6885.1 8097.0 7058.2 6704.8

A1B1C2 8176.9 8760.5 10,183.2 10,337.4 9774.1 11,547.4 11,060.3 9506.1

A1B1C3 8930.5 9565.0 11,135.6 11,279.9 10,660.7 12,423.0 10,954.8 10,375.2

A1B1C4 10,469.7 11,314.8 13,196.6 13,219.8 12,488.7 14,516.2 12,888.4 12,172.0

A1B1C5 11,299.1 12,101.1 14,090.1 14,250.3 13,463.7 15,813.8 13,922.1 13,143.6

A1B2C1 5616.3 6048.8 7103.2 7201.9 6777.1 7886.0 6964.2 6601.4

A1B2C2 8001.3 8650.4 10,095.1 10,248.5 9612.0 11,241.9 9923.7 9413.1

A1B2C3 8736.0 9449.9 11,014.2 10,925.5 10,491.8 12,276.9 10,847.3 10,276.5

A1B2C4 10,223.5 11,221.5 12,905.5 13,015.7 12,315.2 14,381.3 12,755.1 12,057.4

A1B2C5 11,011.6 12,047.5 13,895.2 13,942.1 13293.3 15,548.2 13,780.8 13,012.8

A1B3C1 5450.4 5924.4 7014.7 6897.7 6645.8 7735.7 6751.9 6441.0

A1B3C2 7754.6 8560.3 9979.5 9804.7 9433.7 11,026.8 9717.8 9138.2

A1B3C3 8509.1 8812.2 9995.0 10,709.3 9828.1 12,053.7 10,773.1 10,022.1

A1B3C4 10,043.5 11,085.1 12,850.9 12,583.1 12,125.0 14,161.6 12,555.2 11,726.2

A1B3C5 10,839.1 12,059.1 13,842.9 13,579.3 13,057.2 15,335.0 13,457.5 12,627.5

A2B1C1 6239.3 6740.7 7705.6 7825.9 7513.5 8850.1 8315.4 7338.2

A2B1C2 8905.3 9612.5 10,973.2 11,146.9 10,692.4 12,580.2 11,822.8 10,443.6

A2B1C3 9869.0 10,650.3 12,153.8 12,346.2 11,841.2 13,728.1 12,904.7 11,266.8

A2B1C4 11,528.0 12,442.2 14,195.5 14,415.0 13,822.9 16,007.3 15,072.7 13,103.1

A2B1C5 12,422.6 13,404.8 15,282.5 15,527.1 14,897.4 17,334.7 16,298.6 14,160.6

A2B2C1 5821.4 6223.7 7288.4 7448.1 7281.5 8567.0 8175.8 7210.8

A2B2C2 8454.7 9342.6 10,931.0 11,068.5 10,517.3 12,327.2 11,677.0 10,198.9

A2B2C3 9234.6 10,202.3 11,936.8 12,199.3 11,483.2 13,548.1 12,756.8 11,135.1

A2B2C4 10,796.8 11,931.8 13,957.9 14,271.9 13,423.9 15,816.0 14,934.3 13,017.8

A2B2C5 11,642.1 12,865.0 15,049.3 15,400.9 14,489.2 17,099.7 16,138.3 14,058.4

A2B3C1 5627.6 6412.7 7724.7 7907.7 7023.5 8223.1 7919.7 7036.0

A2B3C2 8284.4 9117.6 10,973.3 10,942.9 10,334.7 12,147.7 11,444.3 9984.1

A2B3C3 9045.0 9953.6 11,978.3 12,074.6 11,279.0 13,386.7 12,480.8 10,896.2

A2B3C4 10,561.6 11,626.7 14,001.1 14,157.5 13,184.8 15,670.3 14,719.1 12,736.3

A2B3C5 11,387.6 12,537.9 15,102.9 15,309.8 14,247.6 16,971.5 15,886.5 13,773.3

A3B1C1 6676.7 7277.0 8413.8 8538.8 7947.2 9510.5 8910.3 7747.1

A3B1C2 9529.3 10,386.8 12,005.4 12,175.9 11,319.5 13,621.9 12,683.9 11,118.9

A3B1C3 10,377.3 11,303.0 13,045.1 13,254.5 12,319.0 14,773.8 13,859.8 12,119.2

A3B1C4 12,136.4 13,221.1 15,260.6 15,508.0 14,402.8 17,293.2 16,245.9 14,103.4

A3B1C5 13,080.8 14,245.1 16,438.6 16,708.8 15,536.0 18,658.0 17,543.2 15,237.0

A3B2C1 6220.4 6916.7 8286.2 8380.3 7835.7 9341.5 8823.0 7631.0

A3B2C2 8947.0 9943.4 11,756.6 12,032.1 11,235.1 13,416.1 12,582.5 10,942.1

A3B2C3 9771.5 10,858.7 12,839.5 13,140.9 12,266.3 14,649.5 13,755.8 11,946.1

A3B2C4 11,429.4 12,703.8 15,023.9 15,385.5 14,350.2 17,138.5 16,128.3 13,974.2

A3B2C5 12,317.6 13,693.8 16,197.0 16,594.1 15,479.3 18,505.6 17,413.3 15,077.4

A3B3C1 6122.9 6939.4 8112.8 8345.7 7710.4 9159.8 8617.1 7489.2

A3B3C2 8716.0 9871.7 11,672.9 12,010.5 11,083.5 13,309.1 12,313.4 10,624.4

A3B3C3 9520.5 10,782.3 12,751.7 13,122.6 12,101.9 14,536.8 13,510.4 11,598.0

A3B3C4 11,139.3 12,623.9 14,934.3 15,369.5 14,154.7 17,018.5 15,951.6 13,563.0

A3B3C5 12,004.4 13,602.3 16,104.8 16,590.1 15,276.8 18,374.0 17,302.4 14,638.8
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Table 5 Data of fitting dependent variables and independent variables

Cases A1B1C1 A1B1C2 A1B1C3 A1B1C4 A1B1C5 A1B2C1 A1B2C2 A1B2C3 A1B2C4 A1B2C5

I 9 9 9 9 9 9 9 9 9 9

m 0 0 0 0 0 0.15 0.15 0.15 0.15 0.15

c 10.0 14.2 15.5 18.1 19.5 10.0 14.2 15.5 18.1 19.5

P1# (kPa) 5.75 8.18 8.93 10.47 11.30 5.62 8.00 8.74 10.22 11.01

P3# (kPa) 7.23 10.18 11.14 13.20 14.09 7.10 10.10 11.01 12.91 13.90

P8# (kPa) 6.89 9.77 10.66 12.49 13.46 6.78 9.61 10.49 12.32 13.29

P11# (kPa) 6.70 9.51 10.38 12.17 13.14 6.60 9.41 10.28 12.06 13.01

Cases A1B3C1 A1B3C2 A1B3C3 A1B3C4 A1B3C5 A2B1C1 A2B1C2 A2B1C3 A2B1C4 A2B1C5

I 9 9 9 9 9 12 12 12 12 12

m 0.3 0.3 0.3 0.3 0.3 0 0 0 0 0

c 10.0 14.2 15.5 18.1 19.5 10.0 14.2 15.5 18.1 19.5

P1# (kPa) 5.45 7.75 8.51 10.04 10.84 6.24 8.91 9.87 11.53 12.42

P3# (kPa) 7.01 9.98 10.00 12.85 13.84 7.71 10.97 12.15 14.20 15.28

P8# (kPa) 6.65 9.43 9.83 12.13 13.06 7.51 10.69 11.84 13.82 14.90

P11# (kPa) 6.44 9.14 10.02 11.73 12.63 7.34 10.44 11.27 13.10 14.16

Cases A2B2C1 A2B2C2 A2B2C3 A2B2C4 A2B2C5 A2B3C1 A2B3C2 A2B3C3 A2B3C4 A2B3C5

I 12 12 12 12 12 12 12 12 12 12

m 0.15 0.15 0.15 0.15 0.15 0.3 0.3 0.3 0.3 0.3

c 10.0 14.2 15.5 18.1 19.5 10.0 14.2 15.5 18.1 19.5

P1# (kPa) 5.82 8.45 9.23 10.80 11.64 5.63 8.28 9.05 10.56 11.39

P3# (kPa) 7.29 10.93 11.94 13.96 15.05 7.72 10.97 11.98 14.00 15.10

P8# (kPa) 7.28 10.52 11.48 13.42 14.49 7.02 10.33 11.28 13.18 14.25

P11# (kPa) 7.21 10.20 11.14 13.02 14.06 7.04 9.98 10.90 12.74 13.77

Cases A3B1C1 A3B1C2 A3B1C3 A3B1C4 A3B1C5 A3B2C1 A3B2C2 A3B2C3 A3B2C4 A3B2C5

I 15 15 15 15 15 15 15 15 15 15

m 0 0 0 0 0 0.15 0.15 0.15 0.15 0.15

c 10.0 14.2 15.5 18.1 19.5 10.0 14.2 15.5 18.1 19.5

P1# (kPa) 6.68 9.53 10.38 12.14 13.08 6.22 8.95 9.77 11.43 12.32

P3# (kPa) 8.41 12.01 13.05 15.26 16.44 8.29 11.76 12.84 15.02 16.20

P8# (kPa) 7.95 11.32 12.32 14.40 15.54 7.84 11.24 12.27 14.35 15.48

P11# (kPa) 7.75 11.12 12.12 14.10 15.24 7.63 10.94 11.95 13.97 15.08

Cases A2B3C1 A2B3C2 A2B3C3 A2B3C4 A2B3C5

I 15 15 15 15 15

m 0.3 0.3 0.3 0.3 0.3

c 10.0 14.2 15.5 18.1 19.5

P1# (kPa) 6.12 8.72 9.52 11.14 12.00

P3# (kPa) 8.11 11.67 12.75 14.93 16.10

P8# (kPa) 7.71 11.08 12.10 14.15 15.28

P11# (kPa) 7.49 10.62 11.60 13.56 14.64
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Figure 12a–d shows Mises equivalent stress and

maximum tensile stress first increase until maximum

value then decrease to minimum value, finally remains

at a certain level with the time increasing.

5.2 Distribution Trend of the Maximum Value

of Mises Equivalent Stress and the Maximum

Tensile Stress Along the Horizontal

and Vertical of the Check Dam

In order to analyze distribution trend of the maximum

values of Mises equivalent stress and the maximum

tensile stress along the transverse and longitudinal

direction of the check dam upstream surface, hori-

zontal path (G–H in Fig. 11) and vertical path (M–N in

Fig. 11) made of the nodes on the upstream surface of

check dam are taken as the research object.

Distribution trend of the maximum value of Mises

equivalent stress and the maximum tensile stress of the

nodes along the transverse and longitudinal direction

(G-H, M–N) of the check dam upstream surface are

mainly discussed, which are shown in the Figs. 13 and

14.

As shown in the Fig. 13, the maximum values of

Mises equivalent stress and maximum tensile stress

along horizontal direction of the check dam upstream

surface are in a symmetrical distribution. Mises

equivalent stress maximum values of nodes on the

overflow outlet are greater than the values of nodes on

the dam abutment. However, the maximum values of

maximum tensile stress of nodes on the dam abutment

are greater than the values of nodes on the overflow

outlet.

Fig. 10 Comparison between fitted values and measured values (values of numerical simulation)
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Figure 14 shows Mises equivalent stress maximum

values of nodes along vertical direction have a trend of

decrease with the increase of height, the node at the

bottom having the maximum value. Nevertheless, the

maximum values of maximum tensile stress of nodes

along vertical direction first decrease then slightly

increase with the increase of height.

5.3 Evolution Laws of Stress Field of the Check

Dam with the Influence Factors

Taking Mises equivalent stress and the maximum

tensile force as evaluation parameters, variation trends

of the above two evaluation parameters with the

changes of drainage groove slope, unit density of

debris flow and the gradient of check dam upstream

surface are studied

5.3.1 Evolution Laws of the Maximum Value of Mises

Equivalent Stress and Maximum Tensile Stress

with the Changes of the Drainage Channel

Slope

Evolution laws of the maximum value of Mises

equivalent stress and maximum tensile stress of nodes

for the whole elements of the check dam with the

changes of the drainage channel slope are shown in

Figs. 15 and 16.

As shown in the Fig. 15, making other external

conditions remain unchanged, the maximum value of

Mises equivalent stress of nodes linearly increases

with the increase of drainage groove slope for all

different conditions. Through contrastively analyzing

the vertical numerical values, it is also found that

Mises equivalent stress has the maximum value under

the condition of A(1–3)B1C5 and has the minimum

value for the condition of A(1–3)B3C1. Figure 16

shows, keeping other factors remain unchanged, the

maximum value of maximum tensile stress of nodes

increases nonlinearly with the drainage groove slope

increasing for all different conditions. Moreover,

maximum tensile stress has the maximum value under

the condition of A(1–3)B1C5 and has the minimum

value for the condition of A(1–3)B3C1, which is the

same as the maximum value of maximum tensile

stress.

5.3.2 Evolution Laws of the Maximum Value of Mises

Equivalent Stress and Maximum Tensile Stress

with the Changes of Check Dam Upstream

Surface Gradient

Evolution laws of the maximum value of Mises

equivalent stress and maximum tensile stress of nodes

for all the elements of the check dam with the changes

of check dam upstream surface gradient are shown in

the Figs. 17 and 18.

As shown in the Figs. 17 and 18, making other

external conditions remain unchanged, the maximum

value of Mises equivalent stress and maximum tensile
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Fig. 11 Plane distribution schematic diagram of the key points
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Fig. 12 Dynamic evolution

laws of Mises equivalent

stress and maximum tensile

stress with time of different

nodes
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stress of nodes linearly decrease with the slower of

check dam upstream surface gradient for all different

conditions. Through contrastively analyzing the

vertical numerical values, it is also found that Mises

equivalent stress and maximum tensile stress of nodes

have the maximum values under the condition of
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Fig. 14 Distribution trend

of the maximum value of

Mises equivalent stress and

the maximum tensile stress

along the longitudinal

direction (M–N) of the

check dam upstream surface
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A3B(1–3)C5 and have the minimum values for the

condition of A1B(1–3)C1.

5.3.3 Evolution Laws of the Maximum Value of Mises

Equivalent Stress and Maximum Tensile Stress

with the Changes of Unit Densities of Debris

Flow

Evolution laws of the maximum value of Mises

equivalent stress and maximum tensile stress of nodes

for all the elements of the check dam with the changes

of debris flow unit density are shown in the Figs. 19

and 20.

As shown in the Figs. 19 and 20, making other

external conditions remain unchanged, the maximum

value of Mises equivalent stress and maximum tensile

stress of nodes linearly increase with the increase of

debris flow unit density for all different conditions.

Through contrastively analyzing the vertical numer-

ical values, it is also found that Mises equivalent stress

and maximum tensile stress of nodes have the

maximum values under the condition of A3B1C(1–5)

and have the minimum values for the condition of

A1B3C(1–5).

From Figs. 15, 16, 17, 18, 19 and 20, it can be found

that Mises equivalent stress and maximum tensile

stress of nodes for the whole elements of the check

dam have the maximum value under the condition of

A3B1C5 and have the minimum value under the

condition of A1B3C1. There are significant positive

correlations between the maximum value of Mises

equivalent stress and maximum tensile stress and the

drainage channel slope and debris flow unit density.

Nevertheless, there is a significant negative correlation

between the maximum value of Mises equivalent

stress and maximum tensile stress and check dam

upstream surface gradient. For the all 45 conditions,

1:0 1:0.15 1:0.3

50000

100000

150000

200000

250000

300000

350000

400000

  A1B(1~3)C1  A1B(1~3)C2   A1B(1~3)C3

 A1B(1~3)C4   A1B(1~3)C5   A2B(1~3)C1

 A2B(1~3)C2   A2B(1~3)C3   A2B(1~3)C4

 A2B(1~3)C5   A3B(1~3)C1   A3B(1~3)C2

 A3B(1~3)C3   A3B(1~3)C4   A3B(1~3)C5

M
is

es
 e

qu
iv

al
en

t s
tr

es
s /

Pa

Slope ratio of check dam upstream surface

Fig. 17 Evolution laws of the Mises equivalent stress
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the maximum and minimum values of Mises equiv-

alent stress are 376,794.1 Pa, 42,194.4 Pa, and the

maximum is the minimum by 8.9 times. In addition,

the maximum and minimum values of maximum

tensile stress are 456,013.4 Pa, 39,548.1 Pa, and the

maximum is the minimum by 11.5 times.

6 Conclusions

Based on the theory of fluid–solid coupling, the

numerical model of the interaction between debris

flow and sand-blocking dam is carried out based on the

experimental model. The dynamic response of the

check dam under the debris flow and the influence of

the check dam on the debris flow field are obtained.

The simulation results show the following:

1. The mean value of the impact force of the debris

flow increases with the slope of the drainage

channel and the weight of the debris flow, and

decreases with the decrease of the slope ratio of

the upstream surface of the sand dam, which is

basically consistent with the reference (Yu et al.

2018).

2. The impact force of the debris flow at the

observation point increases firstly to the maximum

value, then decreases to the minimum value and

remains constant, which have a similar trend with

the Mises equivalent stress, the maximum tensile

stress and the displacement in the stress field of the

check dam.
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