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Abstract. In this study, a constitutive model for debris flow erosion of slope soil under the influence of
barriers was derived and established based on the Bingham Model theory. The upper reaches of the
Laoshan were used as a study case to build an indoor slope model and simulate the debris flow erosion of
slopes. Debris flow velocity, soil erosion patterns and extent of accumulation were analyzed. The results
indicated that without a barrier, debris flows maintained an accelerated motion, and loose particles moved
under the action of shearing strength and subsequent slope surface erosion. Accumulation was observed
as overlapping stacked slices. Under the influence of barriers, debris flows were separated and blocked,
which resulted in the reduction of the velocity and quality of the moving body with two symmetrical
bodies formed in the accumulation area. When the barrier was placed in a high position, debris flows
were distributed early and the new velocities and impacts were smaller. Furthermore, the solids carrying
capacity decreased and the slope soil depths in the most in-depth sections of the erosion pit were less
variable. Therefore, the erosion competency was relatively weak, which provided better protection to the
downstream slope soil.
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Introduction

Debris flows are very destructive geological disasters. Due to their shearing
strength, loose materials also move, which creates secondary disasters induced by
erosion. Construction projects are often destroyed. Moreover, people’s lives and
property safety are threatened. Therefore, it is necessary to research the mechanisms
of rainfall-induced debris flows, which can facilitate a better understanding of these
disasters. These models can be used to forecast, prevent, and mitigate disasters. Thus
far, research on debris flow processes have focused on numerical simulations and
experiments.

International scholars have established a dynamic model for debris flows based on
the SH theory. For example, the DAN calculation model was proposed by Hungr and
McDougall (Hungr, 2008; Hungr and McDougall, 2009), which assumes that
resistance includes internal and slope resistance and considers internal forces and
erosion. The model represents different motion states and the simplified model has
been verified with multiple inversion analysis. He et al. (2007) studied the initiation
mechanisms for corroding to a ditch using numerical simulations. The authors also
discussed the influence of factors on initial velocities, such as gravity, falling gradient,
and soil strength. Fan et al. (2010) simulated dynamic entrainment processes, and they
found that entrainment could increase the volume of debris flow motion, making
debris flows more destructive. Based on Bingham rheological theory, Zhang et al.
(2012) built a debris flow model and simulated gully bed evolution to explore bed
erosion deposition processes. Wang (2001) established an energy theory for debris
flow movement. He also derived a theoretical formula to determine average velocity,
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which was verified by experiments. Based on small flume experiments, Liu (2006)
found that under specific experimental parameters, the regression equations for
velocity and range resulted in both velocity and deposition range ratios. Lin et al.
(2013) used experiments to explore debris flow deposition laws over erodible beds
with changes in debris flow intensity, the total amount of debris flow, channel slope,
and bed material density. Han et al. (2012) examined the Lian Hua-xin and Niujuan
gullies to discuss the erosion and development and evolution features of slope and
gully debris flows, respectively.

Setting barriers can be an effective measure to control debris flow processes. Based
on simulations and experiments, many scholars (Ma et al., 2007; Fan et al., 2010;
Huang and Lu, 2013; Prieto et al., 2018) discussed barrier effects on debris flow
motion. Zhou et al. (2013) conducted model tests to explore the effect of anchor-slope
protection in preventing slope debris flows and macro-meso mechanisms of soil
deformation. Zhao et al. (2015) studied slope sliding and debris flow evolution with
and without barriers. Those studies suggest that bank erosion increases the mass and
density of the debris flow.

Many studies have found that debris flows separate when passing through a barrier
(Langhans et al., 2017; Zhang et al., 2018; Lee and Jeong, 2018; Ugelvig and Egholm,
2018). The barrier position and rotation angle could change the deposition areas.
When the rotation angle is equal to the critical value or exceeds it, parts of debris flow
are blocked, and deposition areas drastically decrease. However, most researchers
have focused on the deposition process and have rarely considered the barrier effect
on velocity and slope soil erosion depths. Deposition areas are often centralized places
where people live in mountainous areas. The deposition range is an important
parameter to categorize dangerous areas. However, research that combines deposition
range and the characterization of parameters such as velocity and erosion depths in
slope soil is limited. Therefore, it is challenging to analyse disaster mechanisms and
risks from debris flows systematically.

At present, most experimental studies are strongly empirical, and the applicable
scope of the regression formula needs further validation, which is a challenge because
of their complexity in composition and variability of dynamical processes. In addition,
studies combining constitutive theories on the erosion process with laboratory
experiments are few.

This study derived and established a constitutive model for the evolution of debris
flows with and without barriers based on the Bingham Model theory. An indoor slope
model was built to experimentally simulate debris flow erosion of slope soil. The
constitutive model was validated using the experimental results gathered through
inversion analysis.

Material and Methods

The model includes the viscous force, turbulence intensity within the slurry, and
friction and collision force between the particles during energy transfer. Slurry and
slope properties, including the roughness of soil surface, are incorporated. The
turbulence power of the debris flow can be ignored because of its significant viscosity.
The simplified Bingham model is adopted:
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dv
T=ZB+77@ (Eq.1)

where, 7 is shearing strength, % is yield shearing strength, 77 is the coefficient of

viscosity, and dv/dy is the velocity gradient in the y direction.

Influencing factors, such as the concentration of debris flow, distribution of particle
size, and slope, are considered. The Manning equation is used in the velocity equation;
the starting velocity is expressed as follows (Shu and Fei, 2003):

S1-Sv)

Vo =1.62[
d1o

11 11
} h3J6 =1.62Bh3J® (Eq.2)

where, Sv is the volume concentration of debris flow, d1o is the lower limit of particle

size, N is the depth of mud, and J is the slope. Eq. (2) has been verified using
measured data from Jiangjia Gully and Hunshui Gully.

Constitutive model of debris flow erosion on soils without barriers

Debris flows are influenced by the friction resistance from the slope surface and
internal viscous forces as they start to move. The slope surface resistance and quality of
the landslide body from ti-1 to Ui can be expressed as:

fi= /Jo(mi -1+ C:j_TAtjg cos B
dm
mi =mi-1+—At
1 m (Eq.3)

At=ti—ti-1

where, #° is the friction coefficient of the slope surface, B is the slope of the flowing

dm
area, At is the velocity of the quality change, 9 is gravitational accelerations, f
and M are resistance from slope surface and quality of debris flow at time ti,
respectively. Moreover, At is the time that the debris flow is moving, i1=1,23....
From ti-1 toli | the laws of conservation of energy are:

1mi SV 2?4+ mioag(Y —yi-1) —mig(Y — yi) —lmiViz =Wr(ti-1~ti) +Ws(ti -1 ~ ti)
2 2

(Eq.4)
jdt

Li
Wi (ti -1~ ti) = wog COSﬁjtil(mi _1+(jTTt

where, Vi is the velocity at time ti, Y is the initial height of the debris flow,

WE(ti-1~ 1) gng We(ti-1~1) gpe energy consumptions to overcome resistance and
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viscous forces from the slope surface, respectively. The formula is the typical
expression of the work of cohesion from ti-1 to ti,
According to another expression of energy (Huang and Lu, 2013):

2

Vi
Ei=hai+— Eq.5
29 (Eq.5)
The energy consumption of debris flow from b to b IS:
Vi-1° — Vi
AE =hc -1—hi + ———
1 2 (Eq.6)

where, Ndi s the height of center of mass of debris flow at time and AE is energy
consumption.

After combining Eq. (4) with (6), Eq.(7) is the recursive expression about Vi’ :

Vi-1*(Mi-1g —1) + Ami-1+ B-d—mAtJrC
Vit = - gt (Eq.7)
m
mi—lg +g EAt—l

where, A B and C are expressed as 29°(yi—yi-1) 20°(¥i=Y) | ang 29(hei—Ci-1)
respectively.
When i =1, the common expression for ve® can be obtained:

Vo’ (Mog —1)+2mogzy+2g2(y—Y)d—m-t+C1
Vi = - dt (Eq.8)
mog+g-—-t-1
dt

where, Ct is 29(Nx=Pc0) "t js time and Y is the y intercept.
A new equation for shearing strength can be obtained by substituting the derivation
of Eq. (8) into Eq. (1):

mig®

T=m+n——r—
(mg — L)t

(Eq.9)

where, Mt and V¢ are the quality and velocity of debris flow at time t, respectively.

Similarly, the cohesion power from O to ' can be obtained from the law of
conservation of energy:

dm

Ws(0~1t) = % Movo’ + mogY —mg (Y —y) — % mivi® — £0g COS ﬂ.‘: (mo+ m

)dt  (Eq.10)
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Constitutive model of debris flow erosion on soils with barriers

The barrier is designed as an equilateral triangular prism to simplify the calculation.

The length of the waist and bottom sides are lo and I, respectively. The safety height is
H , regardless of the displacement and overflow over the barrier under the impact of the
debris flow.

The barrier is fixed on the central axis of the slope (Figure 1) to reduce the variables’
interference on the constitutive model based on the barrier position. The distance from
the barrier to the side of the plat is Xt (note: the physical quantities without vector
symbols are scalars, such as t1 and xi). The energy consumption to overcome the
friction from the barrier is ignored, because the roles for shunting and obstructing are
stronger than the buffering role.

b b t:
T
50— e X I~ X
"_,E [ Barsier
z ':'_—Eu At
= [ 1tz
2t N
O, s, T,
0 50 100 150 200

Along the slope (em)

Figure 1. Velocity diagram for a barrier on the axis of the slope

The movement before a debris flow contacts the barrier is the first phase, followed
successively by movement along the barrier and after separating from it.

According to the decomposition principle for velocity, Y is decomposed into two
symmetrical components at time U (Figure 2a):

Vi
V2=

2cos§ (Ea-11)

where, ¢ is the apical angle of the triangle.
Similarly, the quality has an equal distribution:

M2 =—m (Eq.12)
From U to t2 the law of conservation of energy can be expressed as follows:

%m2V22 +mzg(Y —y2) — % mava® —mag (Y — y3) =W (t1 ~ t2) + Ws(t1 ~ t2)

ms = m2+Z—T(t2—t1) (Eq.13)

t2 dm
Wi (t1 ~ t2) = wog COS ﬂJ’tl (m2+ Et)dt
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where, Vi, Mi and Yi are velocity, quality and Y intercept after separating from the
barrier at time -, respectively. Wherein, =2, 3.....

v2*(mzg —1) + Amz + B-d—m(tz—t1)+C
Ve = o (Eq.14)
m
ng + g E(tZ—tl)—l

where, A, B and C are expressed as 29°(ys—y2) 29°(ys=Y)  ang 29(hcs—hez)
respectively; ha s the height of the center of mass of debris flow at time -1,

V2

(a) (b)
Figure 2. Velocity diagrams for a barrier on the slope: (a) along the axial; (b) Rotated ¢

From 2 to 13 the trajectory of the debris flow is approximately a parabola. The
slope surface resistance consists of resistance on the slope axis direction and lateral
resistance. The law of conservation of energy can be expressed as follows:

%msvf +msg(Y —ys)— % Mava? —mag(Y — ya) = Wi (t2 ~ t3) + Ws(t2 ~ t3)

Ma = m3+cjj—r:(t3—t2) (Eq.15)

t
Wi (t2 ~ t3) = (20 + £21)Qg COS ﬂjt;(ms + Z—thdt

where, #* is coefficient of friction of lateral resistance.
The velocity after separating from the barrier at time 3 can be obtained by
combining Eq. (14) with Eq. (15):

vs*(msg —1) + Ams+ B-d—m(ts—tz) +C
V4 = g dt (Eq.16)
m
mSg + g E(t3—t2)—1
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2 2 2
where, A, B, and C are expressed as 29 (Y4=¥3) 29°(ye=Y) anq 29°(y«=Y)
respectively.
Higher values of ¢ result in longer lateral distances. Thus, the scope of the ‘Not

erosion zone’ is large, which means that the protected areas in the middle and lower
reaches are broad.

A new equation for shearing strength when debris flow passes the barrier can be
obtained after substituting the derivation of Eq. (16) into Eq. (1):

meg°

= +n—
e n(mpg—l)v

(Eq.17)

where, MP and V are the quality and velocity of the debris flow at U, respectively:

Mo/ 4 (t3— 1/ ) dm/dt
wherein, MP can be expressed as A ( A) / .

Based on these equations, the change in the barrier position and rotation angle can be
quantified (Figure 3).

LA
=
T

Crogswise Comd

50 -_ Vb | Vi

| |
] 50 100 150 200

Alorg the slope (em?

Figure 3. Velocity diagram for a barrier rotating ¢ degrees

Assuming that the distance from plat to the vertex of barrier is fixed ( Xt), the degrees

of counterclockwise rotation that centers the barrier vertex is ¢ The velocity will be

decomposed into V2 and V'2 when the debris flow contacts the barrier according to the
sine theorem:

Vi _ V2 _ V2
|S|n(7f—9)| Sln(§+¢)‘ Sm(g_¢)‘ (Eq18)

The quality of the moving body on the left is not equal to the right under the
V =[dv = [[] daxdbxdh

influence of rotation. The volume is expressed as , and the
qualities of moving body on both sides at time t are:
Mma = (m1— Dy
2 (Eq.19)
m', = (ml + Dy qg.
- 2
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where. D is ptang|[] dbx dbxdh

According to the law of conservation of energy, a left moving body from t to 3 and
from 13 to U4 can be expressed as follows, respectively:

%m2V22 +mz2g(Y — y2) —%mavf —msg(Y — ys) = Wi (t1 ~ ts) + Ws(t1 ~ t3)

ms = m2+(:j—T(t3—t1) (Eq.20)

t
Wi (t1 ~ ts) = pocoS ﬁJ‘tIW + Z—Tt)dt

%m3V32 +mag(Y — ys)— % Mava® —mag(Y — ya) =Ws(ts ~ ta) + Ws(ts ~ ta)

Mma = m3+(fj—T(t4—t3) (Eq.21)

{
Wi (ts ~ ta) = (10 + ) COS ﬂ‘[t:[ms + Z—Tt)dt

The velocity of the left body at time U after separation from the barrier can be
obtained by combining Eq. (20) with Eq. (21).

va*(msg —1) + Ams + Bd—m(tﬂ,—ta) +
V42 — dt

C (Eq.22)
msg + g -(jjT(u—ts) -1

where, A, B and C are expressed as 29°(ya=ys) 29°(ya=Y)  ang 29(hes—hes)
respectively.

Identically, a new formula for the shearing strength of the left moving body at time t
can be expressed as follows:

2

mig
SmAN Ny Eq.23
T=18 U(mlg_l)v ( q )
where, Mt js (Mo—D)/2+ (dm/dt)(t —t/2)
Similarly, the velocity of the right body at the same time is:
' 2 ' , dm
V' (m'sg —1) + Am:+ B——(ta—t2) + C
v = a (Eq.24)

m’sg+g-o(|;](t4—tz)—1

where, A, B and C are expressed as 29°(y's=y's) | 20°(y'4=Y) ang 29(h'ea—h'es)
respectively.
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The shearing strength of the right moving body at the same time is:
mig°

= +n—
eE n(mrg—l)v

(Eq.25)

where, M can be expressed as: (M:+ D)/2+ (dm/dt)(t —tz)

The adjusted rheological model under the influence of a barrier is identical to the
condition without it. Therefore, the shearing strength can be expressed as:

_ mg”
T=m+7 (Mg —1)v (Eq.26)

The qualities with the three conditions can be deduced as followings:

Mo + ?}I_Tt (without barrier)
Mo + d—m(ts—E) (barrier rotates along axies)
_J2 dt 2
M=1me—D dm, t bod left sid (Ea27)
+—(t== ody on left side
5 m ( 2) (body )
mo+D dm

> + E(t ) (body on right side)

Without a barrier, debris flows accelerate motion under the resultant force.
According to Eq. (8), the impact force increases along with the ever-increasing quality,
and the capacity to erode slope soil increases. However, the overall shearing strength
decreases as a result of weak liquidity. As a result, the erosion depths shallow. After
setting a barrier, debris flows will be separated as they make contact with it. Comparing
Eqg. (8) with Eq. (22), the velocity with a barrier is much smaller than others. The
acceleration decreases along with a decrease in quality, and the impact decreases.
Eventually, slope soil erosion downstream weakens.

Results

Figure 4 shows a plan view map of the Laoshan area in Nanjing, China, the study
area. It locates at 32°07'3.55"N and 118°37'42.30"E. The area of interest trend is from
southwest to northeast and the western section is higher and steeper than other areas. As
shown in Figure 5, the mountain profile consists of bed rock on the bottom, the gravel
layer and the soil layer. The layer thickness ration is about 3:2:9. Most area of the slope
are steep, from 30 to 60. It has a high incidence of debris flow under rainfall that will
clog roads and other construction facilities.

Configuring the indoor soil model

A 2.1 m long, 4 m wide, and 2 m high slope soil model was built inside (Figure 6).
The reduced scale represents the natural proportions of the soil structure. A 30-cm-thick
bevel face with a gradient of 5° was built on the bottom as the bedrock using cement
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mortar. The model soil slope was composed of a 20-cm-deep sand stratum with an
overlying 90-cm-deep soil stratum. There is a flat crest at the top and flat base near the
toe of the slope. The flat base is fully open. In addition, a 1.93 m long, 0.5 m wide, and
0.4 m high storage tank was placed on the flat crest. The storage tank had a 30° slope
inside which could accommodate 0.386 m? slurry that could be released all at once.
When the door opened, the slurry flowed along the ramp way.

g (
g U =
/ Sand layer =
4 #% Bedrock layer é
A7t \‘-‘V ;
A WL ) Horizontal scale 1:25000
Figure 4. Plan view map of the study area  Figure 5. Exploration section line map

(1:25000)

Clay laver with 90 em

Sand layer with 20 cm

Figure 6. Cross-section of the model slope indicating the thicknesses of each stratum

The model slope was fully consolidated under natural conditions in order that the soil
was returned to the pre-disturbance state. The soils used in the model experiments were
collected from the research area to maintain natural conditions. Before each test, various
monitoring indicators were measured. Experiments began once each index indicated
essential stability. And embedded probes were placed at eight monitoring locations on
the upper and lower layers, as shown in Figure 7. Points 1 and 4 were on the middle of
the platform; points 2 and 5 were on the side edges; points 3 and 6 were in the middle of
the slope; and points 7 and 8 were near the toe.

After scaling, soils from the corresponding locations in the study area were collected
to test the mechanical properties. Slope sliding and the debris flow detection system was
determined to measure the shearing strength of the experimental and undisturbed soils
(Figure 8). The shearing strength of the undisturbed soils in the upper layer was higher
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than that in the lower layer. According to Figure 8, the shearing strength at monitoring
points 1, 2, 3, and 8 plotted along line. Based on these results, the shearing strengths of
experimental soils were close to those of the undisturbed soils. Therefore, the accuracy
of the model was guaranteed.

|% Monitoring points | 210
41
= %5(2)
%.6(3)
x7(8)

Figure 7. Locations of monitoring points:(a) side view; (b) top view

®
o
1

— Undisturbed soil
» Monitoring points

~
o
T

@
o
T

3]
o
T

L :7=0tan18.57 +35

IS
o

Soil resistance shear strength /Kpa

w
o

10 20 30 40 50 60

Normal stress /KPa

Figure 8. Lines of shear strength

Based on soil thickness and the maximum erosion depth without a barrier, a 30-cm-
high barrier to form a ‘Not erosion zone’ was used in the experiments. Along the
bottom, each side was 30 cm long and it was buried 10 cm deep in the soils. The barrier
positions and rotation angles on the model slope are shown in Figure 9.

Figure 10 shows the coordinates used in the experiments. The debris flow process
induced by rainfall on a 200-cm-long slope with a 45° slope was studied. The slope was
140 cm high and 140 cm wide (horizontal), with observation points at 7 cm intervals
starting at 0 on the Y coordinate axis.

The density of slurry was 20.1 KN/m3. A 45° slope was used for the movement area.
The barriers were placed at L/3 and L/2 (L is the length of slope) along the slope, and
barriers’ rotation angles of 0° and 15° along axis were considered. Several trials were
performed under these four conditions. Table 1 shows the set of variables for each
condition category.

Analysis of debris flow evolution

In the experiment, debris flows began with a nonzero initial velocity, and the velocity
along the slope was faster than other directions, as shown in Figure 11. The gravity,
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slope friction and internal viscous force changed as the amount of solid material carried
along the slope increased. Particle separation was generated during the process due to
the incorporation of large particles, which hindered an increase of velocity. This
resulted in a nonlinear acceleration curve and overall change in shearing strength of the
debris flow.

0O 20 40 60 80 100 120 140 160 180 200 0O 20 40 60 80 100 120 140 160 180 200
60 T T T T T T T T T 60 60 T T T T T T T T T 60
— Barrier's outline — Barrier's outline

40} ity direction |4 40 40 440
£ — Velocity direction £ —>—Ve|ocntd|rect|m1
L L
3 20 420 8 20 | 420
= c
b 8
2 ol % 1o 2 ol % 1°
T s
£ £
g 20 {-20 5 20t 4{-20
Z =,
c c
S -40f {-40 S -0t 4-40

60 L L L L L L L L " 60 60 L L L L L L L L " 60

0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
Along slope /cm Along slope /cm
(@) (b)

Figure 9. Schematic diagram of the barrier positions and rotation angles:(a) barrier without
rotation; (b) barrier rotated ¢

0 o X
<Pa‘pemimlar to the slope
Along the slope
[ Crosswise
—Lengthways
1
v

Figure 10. Schematic diagram showing the coordinate directions

Table 1. Variables for each condition

Density Slope Barrier
Conditions

(KN/m?) ©) Position Agg'e
Condition 1 20.1 45 no no
Condition 1T 20.1 45 L/3 no
Condition III 20.1 45 L/3 15
Condition IV 20.1 45 L/2 0

According to the experimental and calculated results, curves showing the
relationships between velocity and time were generated, as shown in Figure 12.
Conditions (I1), (I11), and (IV) were used to evaluate the right side of the flow surface.
Based on the V=1 curve and calculations, the relationship between shearing strength
and time is shown in Figure 13.
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Figure 11. Debris flow patterns
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Figure 12. Velocity-time curves for different conditions
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Figure 13. Shearing strength-time curves for different conditions

Figure 12 shows that under Condition (), the debris flows showed accelerated
motion with a nonzero initial velocity, with 2 s and 4 s as significant turning points.
Loose material was carried by shearing strength along the slope surface, with an
increasing impact force. The erosion capacity was enhanced and the velocity reached a
peak of 1.6 m/s, when the debris flow arrived at the toe of the slope at 4.5 s. Comparing
Conditions (1), (I11) and (I11) in Figure 13, after contacted with the barrier at 2 s, the
velocity decreased. The velocity of Condition (I1) was almost constant at 2.5 s, because

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(5):11567-11585.
http://www.aloki.hu ® ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1705_1156711585
© 2019, ALOKI Kft., Budapest, Hungary



Zhao et al.: A constitutive model for the debris flow erosion of slope soil
- 11580 -

the decomposition generated it under a force equal to the fundamental force. However,
the acceleration decreased with a reduction in quality, reaching a lower velocity at the
same time as Condition (I). Under Condition (I1), the barrier diversion decreased the
velocity 0.1 m/s at 2.5 s, and velocity of rotation (right side) was significantly faster
than the other side (Figure 2b). Simultaneously, the quality also changed so that it was
more extensive on the right side. The slower the ‘initial velocity’, the lower the kinetic
energy, and weak soil erosion was confirmed in both the calculations and experimental
results.

Comparing Conditions (I1) and (IV) in Figure 12, when the barrier was close to the
toe of slope, the original movement pattern was maintained longer and contact with the
barrier was later. Under condition (11), the debris flow began a new accelerated motion
when it made contact with the barrier at 2 s. The velocity under Condition (I) was the
same as under Condition (IV) and both were greater than the acceleration under
Condition (1) from 2 s to 3.5 s. The velocity under Condition (IV) reached 0.5 m/s at
3.5 s. This velocity was unchanged at contact with the barrier, and then accelerated
along it. At this point, the maximum numerical difference in velocity between
Conditions (1) and (IV) was 0.1 m/s. Subsequently, Condition (I\VV) was greater than
Condition (I1). Therefore, the impact force upstream of L/3~L/2 under Condition (V)
was greater than that under condition (1), and soil erosion in the region was significant,
indicating that the protective effect of the downstream region was weaker than that in
Condition (Il). These conclusions were the same in both the calculations and
experimental results.

Figure 13 shows a non-linear negative correlation between shearing strength and
time. Comparing Figure 12 with Figure 13, four conditions reached a maximum
shearing strength at 1 s. As the debris flow process advanced, loose particles increased.
In spite of the increasing velocity, the overall shearing strength decreased. The curve
under Condition (I) flattened after 4 s and the head of the debris flow was close to the
slope toe. As the liquidity worsened, the overall shearing strength weakened and
approached the yield stress. Influenced by the barrier position, the velocities at the head
both decreased after 2.5 s and 3.5 s under Conditions (1) and (l11). The overall shearing
strength declined, flattened out after 5 s and 6 s, and consistently approached the yield
stress. The curve of the shearing strength under Condition (I11) was gentler than that
under Condition (II). The overall energy consumption was large and the shearing
strength decreased under the influence of the barrier. Both the ability to carry loose
particles and erosion weakened. Therefore, variations in velocity and shearing strength
under Condition (I11) were moderate.

In summary, debris flows slowed after contact with the barrier. With quality
deallocation, the impact force weakened and the surface erosion in the downstream area
decreased. When the barrier was in the high position, the weakening effect was clear.

Furthermore, a greater rotation angle resulted in the experimental results were in
agreement with calculations.

Analysis of soil erosion depths after debris flows

To explore the soil erosion effect on erosion depths, the right side was evaluated
under Conditions (1V), (V) and (VI). Figure 14 shows the cross-sectioned positions.
Based on the experimental data, variations in slope surface erosion patterns under
different conditions are shown in Figure 15, which were similar under all the evaluated
conditions. The upper part of the model slope was shallow, while the center at 56 cm
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appeared deeper than other areas. Erosion depths shallowed in the lower part of the
slope. The slopes differed between the upper and lower segments: steep in the upper
(49.3°) and more moderate in the lower (36.5°). Debris flows were in a state of
accelerated motion in the movement area. Loose material on the pathway surface moved
under the influence of shearing strength, which resulted in the surface erosion. The
mechanism for erosion was an increase in the capacity of carrying solids at a certain
velocity. This erosion was also associated with a reduction in overall moisture content
and higher viscosity. Turbulent flow was unusual at high viscosity but could carry more
surface materials away. Therefore, the erosion ability would weaken after an increase in
density.

Cutting position

Cutting position

(@) (b)
Figure 14. Cutting positions for different conditions: (a) with barrier; (b) without barrier
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Figure 15. Variations in slope surface erosion depths for different conditions

Within the horizontal distance from 0 to 56 cm, the depth variations were consistent
for the four conditions. Soils were 5 cm deep from approximately 0 to 40 cm after
erosion, and gradually deepened from 40 to 56 cm. Depth variations under Conditions
() and (I1) were consistent and more precise than that under the other conditions.
Variations were moderate under Condition (II) and most gentle under Condition (I11).
At a horizontal distance of 40 cm, debris flows had a resolvable velocity and earlier
quality distribution under the influence of the barrier compared to Condition (II).
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Subsequently, on both sides of the moving body, new erosion was initiated with the
weak force. The overall shearing strength was small under Condition (I1). Therefore
erosion depths were significantly less than that under Conditions (I) and (IV).
Comparing Conditions (111) and (Il), the areas affected on the sides were different,
induced by the barrier rotation. As a result, distributions in quality and velocity were
also unequal. Although the quality under Condition (I1I) was greater than that under
Condition (1), the overall kinetic energy was smaller. Therefore, the shearing strength
was smaller and the ability to carry solid material was weaker under Condition (l1).
This result is shallower in the curve of erosion depths under Condition (I11) than under
Condition (11). In the horizontal distance from 56 to 140 cm, the debris flow separated
under the influence of the barrier under Condition (IV). Its initial kinetic energy was
small and erosion ability was weak, so that the soil depths were shallower than those
under Condition (I). The velocity under Condition (1) was much larger than that under
Conditions (1) and (111), hence the curve of the slope surface erosion patterns under
Condition (IV) was lower than that under Conditions (I1) and (I11).

Based on the comparative analysis, the following conclusions were reached: a greater
rotation angle resulted in a smaller ‘initial kinetic energy’ on the side of rotation,
weaker overall shearing strength, and capacity for carrying soil. Therefore, appropriate
position placement and rotation angle of the barrier will help protect downstream areas.
More broadly, the slope line becomes gentle after erosion. A comparison of the
experimental results with calculations is provided in Figure 12.

Analysis of deposition range after erosion

The head of the debris flow decelerates after arriving at the horizontal plane, while
the tail maintains acceleration. However, the tail decelerated rapidly after reaching the
ramp exit. Figure 12 shows the deposition range under different conditions.

When the head of the debris flow reached the slope toe, the velocity peaked.
Deposition began when the slope decreased. Influenced by strong friction from the
ground, the power components decreased, and longitudinal velocity declined. Because
the ground was flat, the boundary constraints in the horizontal direction disappeared and
a transverse circulation was generated. The slurry spread and fan bodies fully developed
because the flow was unobstructed. In addition, because of complex transverse
momentum, the internal resistance of the slurry increased. Eventually, deposition
formed under the influence of the viscous force and ground friction.

Figure 16 shows that the depositions all formed lap alluvial fans. Two alluvial fans
developed under Conditions (11), (I11), and (IV). When the barrier was on the centerline
of the slope, this was the point of debris flow contact, which resulted in symmetric split-
flows. Moreover, the deposition bodies under Conditions (II) and (IV) were
approximately symmetrical.

Discussion

Comparing Conditions (II) and (1V), the single alluvial fan was narrow and long
under Condition (IV), but wide and short under Condition (I1). The maximum length,
width, and thickness of the deposition were 52 cm, 40 cm, and 12 cm under Condition
(1V), respectively. The corresponding values were 86.5%, 125%, and 142% of that
under Condition (I1). The deposition points of the maximum thickness under Conditions
(1V) and (1) were located at the leading edge, at 28 cm and 35 cm, respectively. A low
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barrier position resulted in a long acceleration time. Therefore, when it reached the
horizontal plane, the vertical velocity was large, and the fan could develop fully.
Therefore, the position of the maximum deposition thickness was far from the exit
ramp.
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Figure 16. Accumulation under different conditions: (a) condition (1), (b) condition (1), (c)
condition (I11), and (d) condition (1V)

Comparing Conditions (I1) and (111), the barrier rotated counterclockwise along the
axis was examined. The effective contact area and quality on the right side were larger
than that on the left side. The proportional change was approximately 1:2. The
maximum length and width of deposition on the left under Condition (I11) were 20 cm
and 25 cm, respectively. On the right side, the corresponding values were 5/2 and 8/5
times than that on the left. The deposition area was twice as large as that of the left, in
agreement with the calculated values. Thus, a greater angle resulted in a more
significant quality of the right moving body. The high lateral velocity component
resulted in longer movement time in the lateral direction. As a result, the space between
the deposition bodies was large and the quality (on the right side) of the deposition body
on the rotating direction (reverse) was high. The results also showed that the deposition
area ratio was approximately equal to the quality ratio between the left and right for the
moving body.
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Conclusions

This study derived and established a constitutive model for slope soil erosion due to
the debris flow with and without barriers based on the Bingham Model theory. This
constitutive model was established based on Bingham Model velocities and equations
under Conditions of different barrier positions and rotations. Equations for the modified
Bingham Model were provided under three Conditions.

The upper reaches of the Laoshan was used as the study case to build an indoor slope
model and simulate debris flow erosion processes. The experimental results were in
agreement with calculations. Based on the constitutive equations, predictions of the soil
erosion depths and deposition range after erosion were more accurate. Expressions for
the shearing strength were also verified through experiments.

The buffering effect improved as the barrier and edge of platform were moved
closer. In these Conditions, the shearing strength weakened, and then the damage in the
downstream region due to soil erosion also decreased. A greater rotation angle also
weakened the damage in the direction of rotation. Therefore, interception facilities
should be built on the upstream slope and the rotation angle based on the characteristics
of the active region downstream should be considered. These efforts will result in the
optimal interception, diversion, and weakening of slope erosion.

In future research, we will focus on the secondary disasters of debris flow because
debris flow is a very destructive geological disaster. Loose material moves in response
to debris flow's shearing force, thereby creating a secondary disaster induced by
erosion. Rainfall is the main reason for slope instability, which leads to large-scale
landslides.
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