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An advanced SPH model for protective constructions of debris flows

adopting the modified HBP constitutive law

Abstract In many catchments prone to debris flows,
prevention structures such as check dams and retention
basins have been installed to prevent debris flows from
impacting the nearby infrastructures. The SPH model
adopting  the  Herschel-Bulkley-Papanastasiou  (HBP)
constitutive law has shown good potential in modeling the
interaction between debris flow and prevention structures.
However, the accuracy of this model is not fully
satisfactory when modeling the deposition process of debris
flow, because the original HBP law is a viscoplastic model
which does not consider frictional dissipation. Therefore, in
this paper, we proposed a novel SPH model for analyzing the
interaction between debris flow and prevention structures, by
incorporating a modified HBP law with frictional dissipation
into the original SPH model. The proposed model is validated
by column collapse and flume benchmark experiments first
and then utilized to analyze a real debris flow and its
interaction with the prevention structures in the Cancia
catchment in northern Italian Alps. The results of the column
collapse experiment show that our model exhibits a better
performance in simulating the collapse process compared with the
original SPH model, and the simulation results of the sand
flume test illustrate that the proposed model can accurately
predict the impact force of debris flow on the prevention
structure. The simulation results of the Cancia debris flow
demonstrate that the check dams can dramatically diminish the
discharge and the frontal flow velocity of the debris flow, and the
peak impact force of debris flow generally decreases with gentler
channel slope. Furthermore, various prevention structures
show different interaction mechanisms with debris flows: the
flat deposition platform mainly dissipates the kinetic energy of
the flow, the check dam mainly reduces the peak discharge of
the debris flow and intercepts the debris mass, and the
retention basin at the outlet contributes to the deposition of
debris flow. The proposed novel SPH model is helpful for
guiding the optimization design of multiple prevention structures
in debris flow gullies.

Keywords Debris flows - SPH - Numerical modeling - Check dam
- Flow-structure interaction

Introduction

Debris flows are regarded as the most dangerous mass
movements in mountainous areas due to their high mobility and
long run-out distance. They usually destroy the nearby
infrastructure and pose a significant threat to the safety of the local
inhabitants. Various types of prevention structures such as check
dams (Shen et al. 2020, 2019; Yu et al. 2020), rigid walls (Armanini
et al. 2020; Calvetti et al. 2017; Faug 2015), flexible barriers (Liu and
Liang 2022; Ng et al. 2017b; Tan

et al. 2019), and filter dams (Huang et al. 2007) have been
installed along the debris flow gullies to mitigate the potential
risk from debris flows. A key parameter for designing these
structures is the peak impact force of debris flow acting on the
structures (Lei et al. 2018; Li et al. 2020a, b; Scheidl et al. 2013).
However, this parameter is difficult to obtain because of the
complexity of the impact pro-cess of debris flow (Ma and Zhang
2007).

Limited field data related to the impact force of debris flow
are available, owning to the difficulties in monitoring real debris
flows and their interaction with defense structures (Hong et al.
2015; Suwa et al. 1973; Wendeler et al. 2007). Therefore, physical
model tests of debris flow became a popular method to study the
impact process of debris flow against structures. Many
researchers adopted small-scale flume tests to simulate this
process (Choi et al. 2018; Cui et al. 2015; Faug et al. 2008; Huang
et al. 2022a; Jiang and Towhata 2013; Moriguchi et al. 2009;
Zhang and Huang 2022; Zhou et al. 2018). Although these
small-scale tests are simple and convenient for engineering
purposes, they inevitably suffer from the size effect. To reduce
the influence of size effect, centrifuge flume tests have been
carried out to investigate the impact of different geophysical
flows on the mitigation measures (Ng et al. 2019, 2017b; Song et
al. 2018, 2017; Zhang and Huang 2022; Zhang et al. 2022), but the
test conditions of the centrifuge tests are still too simple and are
very different with the real debris flows. By contrast, numerical
modeling is an efficient alternative, due to its low cost and high
capacity in simulating complex conditions. Currently, full 3D
models such as the Discrete Element Method (DEM) (Calvetti et
al. 2017; Ng et al. 2017a; Shen et al. 2018; Zhang and Huang
2022), Smoothed Parti-cle Hydrodynamics (SPH) method (Dai
et al. 2017; He et al. 2018; Huang et al. 2022b; Sheikh et al. 2021),
and Material Point Method (MPM) (Cuomo et al. 2021; Li et al.
20204, b; Li et al. 2018; Mast et al. 2014) have been applied in
studying the interaction between flow-type mass movements
and structures. Among these models, DEM is more suitable for
simulating dry granular flows, and MPM is mainly devised for
solving continuous solid mechanics problems (Jiang et al. 2016;
Zhang and Huang 2022). In comparison, the SPH models have
been widely applied in analyzing the dynamic process of plastic or
viscoplastic flows and have shown good potential in modeling
flow-structure interaction problem (Dai et al. 2017; Han et al.
2019).

One key issue limiting the capacity of the SPH method in
simu-lating debris flow is the rheology law adopted in current
SPH mod-els. The Bingham law is firstly incorporated into the
SPH model to simulate debris flows (Dai et al. 2017; Ulrich et al.
2013). However, a numerical divergence problem will arise when
the shear strain rate 'y in the Bingham law approaches to o.
Additionally, this model
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cannot simulate the shear thinning and shear thickening behavior
of debris flows because it assumes a linear relationship between
shear stress and shear strain rate. Therefore, the HBP constitu-
tive law is commonly adopted to avoid the abovementioned prob-
lems. Although the SPH models adopting the HBP law show better
performance in simulating the propagation and impact process
of debris flows than the SPH models using the Bingham law, the
simulated deposit of debris flow is generally much thinner than
the real case because the frictional dissipation of debris flow is not
considered in the original HBP law. To overcome this limitation,
in this paper we proposed a novel SPH model by incorporating a
modified HBP law which accounts for the friction dissipation of
debris flow to improve the capability of the SPH models in simulat-
ing the debris flow-structure interaction problems.

The rest part of this paper is organized as follows. In “Meth-
odology” we briefly introduced the governing equations and
the modified rheological law of the proposed SPH model. Then,
two benchmark tests are used to validate our model in “Validation
of the model”. In “Case study of the Cancia debris flow event”, the
model is applied to simulate a real debris-flow event that
occurred in the Cancia catchment in the northern Italian Alps,
and the behavior of different types of prevention structures is
discussed in “Discussion”. Finally, the conclusions are presented in
“Conclusion”.

Methodology

Governing equations

Debris flows are treated as weakly compressible fluids in this
paper. The mass balance and momentum equations of the flow
fian be expressed as
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where u is the velocity vector of the flow, p is the density of the
flow, p is the pressure, T denotes the shear stress tensor, and g is
the gravity acceleration.

In the SPH scheme, the fluids are discretized as a series of parti-
cles. All physical quantities, such as position, velocity, density, and
pressure, can be estimated using an interpolation method. There-
fore, the governing equations above can be expressed in the fol-
lowing discrete form:
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The last term on the right-hand side of Eq. (3) is the diffusive
term, which was designed to stabilize the density field from high-
frequency oscillations. ¢, is the sound velocity (assumed to be a

constant), § is a free parameter, and D; is the indication of the
dif-fusive term. Several D, functions are available in the SPH
model, such as the simplest artificial diffusion proposed by
Molteni and Colagrossi 2009 and other correction formulations
(Antuono et al. 2010; Fourtakas et al. 2019).

In Eq. (4), the first term on the right side represents the balanced
form of the pressure term, and the last term denotes the
discrete scheme of the shear stress, which will be introduced in
detail in “Constitutive equation”.

Under the weakly compressible assumption, the equation
of state (EoS) is given by
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where p, is the reference density, which is 1000 kg/m?® for the
water. In our case, we use p,= 2000 kg/m? to represent the debris
flow density. C, is the speed of sound estimated by ﬂ\g’hmax, and
the recommended value of the constant § is 10 (Marrone et al.
2013; Monaghan 2000); y is a dimensionless constant that is

generally suggested to be 7 (Monaghan 2000).
Constitutive equation
Debris flow rheological laws

According to previous studies, the non-Newtonian rheological
laws (such as Bingham law, HB law, and HBP law) are more
suitable for modeling debris flows than the Newtonian
rheological laws (Rickenmann et al. 2006; Shieh et al. 1996).
Many previous studies related to SPH simulation mainly
adopted the Bingham law to simulate the rheology of debris flow
(Dai et al. 2017; Komatina and Jovanovic, 1997; Monaghan 1994;
Ulrich et al. 2013; Uzuoka et al. 1998). The Bingham law assumes
that the flow-like movement begins only if the shear stress is
larger than a critical value (i.e., the yield strength 7,); otherwise,
the material behaves like a solid. The expression of the shear
stress 7 is .

e
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where y is the shear strain rate tensor,|y| is the magnitude of the
shear strain rate tensor, p is the dynamic viscosity of the
material with the unit Paes , 7, is the yield strength of the
material, and p. is the effective coefficient (Uzuoka et al. 1998).

According to Eq. (6), the effective viscosity will
approach to infinity when the shear rate tends to o, which
may lead to numerical divergence problem. Additionally, the
linear relation-ship assumption between the shear stress and
shear rate is inap-propriate for debris flow. In fact, due to the
complexity of their compositions, debris flows always
exhibit either dilatancy or pseudo-plasticity (Major and
Pierson 1992; Parsons et al. 2001; Pudasaini 2011). Therefore,
the Herschel-Bulkley (HB) model was proposed (Pasculli et al.
2013). In the HB model, the effective viscosity is given by
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One extra parameter n is embedded into the equation in comparison
with the Bingham model. Particularly, the HB model reduces to the
Bingham model when n = 1. Although this rheological law can more
accurately predict the deformation behavior of debris flow, it still can-
not avoid the numerical divergence problem. For this reason,
Papana-stasiou (1987) introduced another constant coefficient m into
Eq. (7). .
e = ulYI" + =21 -
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The Herschel-Bulkley-Papanastasiou (HBP) law (Eq. 8) is
always convergent because it is continuous and does not exhibit a
discontinuity at 7 = 7,.Forn = 1 and m = 0, the HBP model reduces

e‘""ﬂ] (8)

to describe the Newtonian fluid. As m — oo, the HBP model can
approximately represent the HB model and is further transformed
into the Bingham model when #n = 1. Overall, the HBP law is a
general rheological law which can represent a variety of fluids by
adopting different m and n values. The flow can behave as a shear-
thinning fluid (n < 1) or a shear-thickening fluid (n > 1).

A modified HBP model considering the material friction

The yield shear strength 7, is a constant in HBP law. However,
for geo-materials, 7, should be pressure-dependent. Therefore, in
this study, we use the Mohr-Coulomb criterion to calculate the
7, in HBP model so that the modified HBP model could simulate
the frictional dissipation of debris flow. The failure envelope can
be written in terms of pressure p and the second invariant of
deviatoric stress J,:

\/Z=psin(p+ccosq) (9)

where @ and ¢ denote the internal friction angle and the cohesion of
the material. The geo-material starts to yield when a critical value
of shear stress , is reached.

Combining Eq. (9) with Eq. (10), the yielding stress T, of a
geo-material which yields under the Mohr-Coulomb criterion
can be expressed as

(10)
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(b)

7, =psing +ccosgp (11)
Substituting the above equation into Eq. (8), the effective
viscos-ity can be expressed as
. psing +ccose o
Heg = Y| + ———— [1 —e anvl] (12)
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Negative pressures will appear when using the EoS to determine
the pressure based on particle density. In this study, the positive
pressures p, = max{0,p} are used. Thus, the modified HBP law
is given by

sin ccos .
= {MWVH + Py (;; ¢ [1 _ e—mlvl] }Y (13)
This novel rheological law can mimic a variety of fluids by
chang-ing the parameters (¢, ,m,n ). Whenc,¢ and m equal to o
and n = 1, the law describes the Newtonian fluid, while it
describes the Bing-ham-type fluid (purely cohesive material)
when ¢ =0 and ¢ # 0.

Validation of the model

Two benchmark tests are used to validate the proposed model.
The first one is the column collapse test conducted by Bui et al.
(2008) which has been widely used to test the accuracy of
numerical mod-els in predicting the movement of frictional
material (Peng et al. 2021; Solowski and Sloan 2015; Zhang et al.
2021). The second one is the sand flume experiment conducted by
Moriguchi et al. (2009), which is usually used to validate the
numerical models for simulat-ing the dynamic impact of debris
flow against structures (Cuomo et al. 2021; Dai et al. 2017; Peng et
al. 2021).

Simulation of the column collapse test

In the experiment of Bui et al. (2008), small aluminum bars
with a length of 50 mm and a diameter of 1 mm or 1.5 mm were
used to form a rectangular region (200 mm X 100 mm X 50 mm)
that simu-lates a soil column. The column collapse was triggered

_— | 1
0 0.1 0.2 0.3 04
Displacement (m)

Fig. 1 The simulation results of column collapse test of a the modified SPH model and b the original HBP-based SPH model
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Fig.2 Final surface height profile and yield lines in experiment and simulation

This experiment was simulated by our modified SPH model and
the original HBP-based SPH model. In both simulations, the soil
col-umn was modeled by 64,000 fluid particles with an initial
particle spacing of 2.5 mm. Based on the results of four shear box
tests on alu-minum bars (Bui et al. 2008), the following material
parameters were used in our modified SPH model: density p =
2650kg/cm?, internal friction angle ¢ = 19.8°, and cohesion ¢ = 0
kPa. Substituting the average pressure obtained in the modified
SPH model and the shear strength parameters (¢, c) above into Eq.
(11), the yield shear stress

7, is estimated to be 0.36 kPa in the original HBP-based SPH model.

The simulation results are shown in Fig. 1 and compared
with the experiment results in Fig. 2. It shows that the numerical
results obtained by our modified SPH model match well with the
experi-mental results not only in terms of the height profile of the
deposit but also the yield lines inside the column (Fig. 2). In
comparison, due to lack of friction in the original HBP-based
SPH model, the material moves faster after collapse, resulting
in a greater hori-zontal travel distance and a flatter deposition
profile. Overall, our model shows good capability in simulating
the frictional flow.

Simulation of the sand flume test
In the sand flume tests conducted by Moriguchi et al. (2009),

sand columns (50 kg sand in each test) were released from a box

acrylic board with
reference grid

W
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B cicid wall
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Fig.3 Schematics of the sand flume experiment of Moriguchi et
al. (2009)

flumes with different slope angles, and the run-out process
of the sand flows and their impact process with the load cell
were recorded (Fig. 3). This experiment was simulated by our
modified SPH model. The initial interparticle distance was 0.005
m, and con-sequently, 290,675 fluid particles and 270,529
boundary particles participated in the simulation.

The flume test with a slope angle of 45° was used to
calibrate the rheological parameters using the free surfaces of
the sand in this test at four different times (0.4, 0.8, 1.2, and 1.6
s) provided in Moriguchi et al. (2009). The simulation results
using the parameters listed in Table 1 fit well with the
experimental data (Fig. 4). Adopt-ing these rheological
parameters, we conducted the simulations with flume angle of
50°, 55° 60° and 65° to investigate the impact process of sand
flow against the structure. The simulated impact forces and the
experimental results are shown in Fig. 5. It shows that the
simulation results are consistent with the impact force curves
obtained from the experiments, demonstrating the good
applicability of our model in studying the granular flow-structure
interaction problems.

Case study of the Cancia debris flow event

Introduction of the July 23 debris flow event

The July 2015 Cancia debris-flow event was selected as field case
to investigate the effect of prevention structures on the propagation
of a natural debris flow. The Cancia catchment (Qiao et al. 2023) is
located in the Dolomites region of the northern Italian Alps (Fig. 6).
The outlet of the catchment is near to the Cancia village. This
catchment area is

Parameters Notion Unit Value
Coefficients in HBP law m / 100
n / 1.05
Fluid density p kg/m3 1379
Dynamic viscosity U Paes 0.02
Internal friction angle 17 ° 35
Cohesion c kPa 0
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Fig.4 Simulation results of the sand flume tests inclined at 45° of the modified SPH model (red lines represent the experiment results)

composed of two subbasins: the Salvela basin (0.65 km?) and the
Bus de Diau basin (0.99 km?). Over 27% area of the Salvela basin is
covered by vegetation. The area ratio of bare screes in the basin is
22%, which provide a large amount of source materials for debris
flows.

The July 2015 debris flow was triggered by a heavy rainfall
with a maximum intensity of 106 mm/h. A small amount of the
debris mass accumulated in a flat deposition area build in the
upper part of the channel (zone A in Fig. 7), while most parts
continued to flow downward. A large portion of the debris flow
was intercepted by the check dam (Dam 3 in Fig. 7) located at
the channel outlet, and the rest surpassed the check dam and
deposited in the lower retention basin (zone C in Fig. 7). The
debris flow channel can be divided into three regions: the
initiation region, propagation region, and deposition region
according to the deposition characteristics of the debris flow
(Fig. 7). The total run-out distance of this debris flow was
approximately 2200 m (Qiao et al. 2023; Simoni et al. 2020).

Simulation settings
A digital elevation model with a resolution of 1.0 m was used to

build up the 3D topography of the study area. The debris flow
(total

volume is 28,850 m3?) was discretized into 79,029 fluid
particles. The computational region was 2131 m long in the x
direction and 1663 m wide in the y direction. The maximum time
step for simu-lating this case was o0.02 s. Eight groups of
simulations Go-Gy were carried out to study the influence of
check dams (Dam 1-Dam 3 in Fig. 7) on the propagation and
deposition process of the debris flow (Table 2). Dam 3
corresponds to the check dam at the outlet of the channel which
was constructed before the July 2015 debris flow event. Dam 1
and Dam 2 are two imaginary check dams which are used to
investigate the influence of check dam locations on the
propagation of debris flow, in which the location of Dam 1
cor-responds to that of a small check dam constructed in 2020
(P4 in Fig. 6¢). The height of each dam is 8 m in these simulations.
Mean-while, three cross sections (S1, S2, and S3 in Fig. 7) were
selected to investigate the effect of the check dam on the
discharge of the debris flow.

The main parameters used in these simulations are listed
in Table 3. Among them, the initial values of the five key coeffi-
cients in the HBP law (m, n, u, @ , c) were first selected based on
the parameters adopted in a study area with similar geological
condi-tions (Armento et al. 2008) and then calibrated by
simulation G3 (Table 2) to fit the observation results of the debris
flow event.



600

500 -
. 400 -
<
@
o
S 300
©
L
Q
= 200
100
0 48ae—s—wpasty Sasapl

0.0 0.5

1.0 15 20

Time (s)

Fig.5 Simulated and the experimental results of the impact forces in different flume dip angle conditions (solid lines represent simulation

results and dots represent experimental results)

Simulation results
Run-out characteristics of the July 23 debris flow event

The simulated velocities and distributions of the July 23 debris
flow event at different times are shown in Fig. 8. Overall, the
simulated run-out distance and inundated area of the sediments
in case G3, which represents the field conditions at the time of the
event, agree well with the field observations (Simoni et al.
2020). The simu-lated maximum average velocity of the flow
front is approximately 23 m/s. At around 38 s, the flow front
reaches the upper flat depo-sition area. And part of the debris
mass deposits here. The rest of the material continues
downstream and the front of the debris flow reaches Dam 3 at
approximately 260 s. Then, the flow impacts the dam, and a great
amount of debris mass is intercepted by the dam. Finally, after
around 30 s, the debris flow surpasses Dam 3 and accumulates in
the retention basin.

Further details on the run-out characteristics of the debris
flow, average velocity, and displacement of the flow front are
presented in Fig. 9. As can be seen, the prevention structures in the
main channel (i.e., the flat deposition area, Dam 3 and the
retention basin) have significant influences on the run-out
process of this debris flow. As the flow front approaches these
structures, the flow front veloc-ity appears to drop sharply and
the increasing of displacements becomes correspondingly
slower. Additionally, the complicated 3D topography of the flow
channel can cause the velocity fluctuations of the debris flow.

Influences of the check dams on the run-out process of debris flow

The simulated final depth distributions of the debris flow in dif-
ferent check dam conditions are shown in Fig. 10. In Go (no check
dams present), a large amount of debris mass flows past the reten-
tion basin and inundates the Cancia village. Although in G1 the final
inundated area is smaller than that of Go, the prevention effect is
significantly lower than that of G3, which means that only setting
a check dam in the upper part of the channel may not prevent a
debris flow like the July 23 event. This is probably caused by two
reasons. Firstly, the width of upstream channel is narrower than
downstream, and it has a relatively steeper slope than the down-
stream channel. Therefore, the capacity of reservoir upstream tends
to be smaller. The second reason is that the velocity of flow front is
relatively high when it impacts Dam 1, so more debris mass jumps
over the check dam. The simulation results of G4 and G6 also indi-
cate that check dams constructed downstream are more effective
than those constructed upstream. The average deposition thickness
in the retention basin in G3, G6, and Gy is about 0.8 m, 1.7 m, and
2.4 m less than that in Go. This illustrates that the prevention effect
could be enhanced by building multiple dams along the flow path.
Three cross sections (S1, S2, and S3 in Fig. 7) just downstream of
the check dams (Dam 1-Dam 2-Dam 3) are selected to investigate
the effect of check dam location on the discharge of the debris flow.
Two characteristic parameters (the peak discharge Q,, and the time
t, when the flow front arrives at the cross section) are defined to
compare the influence of the check dam on the discharge of debris
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flows in different simulation groups. Figure 11a shows that the
time

t, increases noticeably due to the impeding effect of Dam 1,
and similar variations are only observed in S3 (Fig. 11b).
Meanwhile, a peak value drop is also observed in these cases. Also
in this case, the performance of Dam 3 (Fig. 11b) is significantly
better than Dam 1 (Fig. 11a) because of the lower flow velocity and
the gentler topog-raphy downstream. Figure 11c, d illustrates the
results in the case of two and three dams along the flow path,
respectively. As can be seen, the performance of multiple dams is
better than that of single dam. The estimated characteristic
values of all simulation groups are listed in Table 4.

A series of pressure monitoring points were set on the surface
of three check dams to record the average impact pressure of
debris flow on the check dam. The simulated impact pressures
are shown in Fig. 12. The impact pressure curves at the three
dams are very different. The impact pressure curves of Dam 1
and Dam 2 consist

of obvious three stages (acceleration, deceleration, and
stabilization stages), while the deceleration stage of the impact
pressure curves at Dam 3 is not obvious. Additionally, the
acceleration limb and the deceleration limb of Dam 2 are
significantly gentler than those of Dam 1. These results suggest
that the check dams in upstream are likely to suffer from higher
impact force, and this is because the flow velocity in upstream
of the channel is relatively larger than that downstream.
Furthermore, it also shows that the upstream check dam can
slightly reduce the peak impact pressure of the debris flow
acting on the downstream check dam.

Discussion

The simulation results unambiguously demonstrate the
signifi-cant effectiveness of check dams in reducing the
flooded area, debris flow speed, and peak discharge. In Cancia,
these structures



Legends

contour © monitory station
— river deposition region
- check dam propagation region

building initiation region

highway — discharge profile

900

1700 1%
1600
1500
1400
1300 A
Dami
11005/ - » 1200 b3
]
S1
S2
0 150 300 450 600 m A
I T ]

Fig. 7 Layout of the Cancia debris-flow channel and the locations of the check dams and discharge monitoring profiles in simulations

were employed in conjunction with other preventative
measures, such as a flat deposition area and a retention basin,
to achieve optimal results. The use of multiple structures in
debris flow basins is a common practice to effectively mitigate
risks. In order to investigate the interaction mechanisms of
these structures on the propagation of debris flow, we carried
out additional numeri-cal flume tests in eight different
conditions. The schematic dia-gram of the numerical tests is
shown in Fig. 13. P1 and P2 are the locations along the flow path
where prevention structures may be installed, while the
simulation setups are listed in Table 5.

In these simulations, the SPH particle spacing was 0.01 m,
cor-responding to 35,235 flow particles. The density of the debris
flow was 2000 kg/cm?, and the other parameters used in the
simula-tion are listed in Table 6. The yield stress 7, used in the

original

Simulation groups Check dam settings

GO Without check dam
G1 Dam 1

G2 Dam 2

G3 Dam 3

G4 Dam 1, Dam 2

G5 Dam 1, Dam 3

G6 Dam 2, Dam 3

G7 Dam 1, Dam 2, Dam 3

SPH model was calibrated by ensuring that the flow reaches the
outlet of the flume at the same time as the modified SPH model.

Performance of the modified SPH model in simulating debris
flow deposition

The original SPH model and the modified SPH model are used
to simulate the run-out process of a numerical debris flow test in
condition C1. The simulated final flow depths are shown in Fig. 14.

Table 3 The main parameters run in the simulation of July 23, 2015,
debris-flow event

Parameters Notion 1011 Value
Fluid density P kg/m3 2000
Interparticle distance d, m 0.7
Number of fluid particles N / 79,029
Number of boundary particles Nop / 2,083,275
Simulation duration t s 450
Initial time interval At s 0.012
Coefficients in HBP law m / 0.15

n / 1.05
Dynamic viscosity U Paes 97
Internal friction angle @ ° 20
Cohesion c kPa 4
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Fig.8 The simulated propagation process of July 23, 2015, debris flow

It shows that deposit of the debris flow simulated by the origi- Influence of different structures on debris flow propagation

nal SPH model is thinner and flatter than that simulated by our

modified SPH model. The flat deposition platform stops more The average velocity of the flow front and the discharge of the
debris mass in the modified SPH model. The simulation results  flow at the outlet of the flume in Co-Cz2 are illustrated in Fig. 15.
of the modified SPH model fit better with the real debris flow Results show that both the flat deposition area and check dam
in which the frictional dissipation in the flow is non-ignorable.  contribute to decreasing the kinetic energy of the flow and
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Fig.9 Average velocity and displacement of the flow front in G3 simulation (t1, t2, and t4 are the time when the debris flow reaches the flat
deposition platform, Dam 3, and the retention basin, respectively; t3 is the time when the debris flow surpasses over Dam 3)
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Table 4 The estimated characteristic values in all simulation groups

Simulation groups

The peak values Q,, (m>/s)

200 250

The initial time ¢, (s)

Time (s)

300

S1
GO 95.866 95.061 96.009 78 163 264
G1 90.909 88.8658 88.924 89 177 281
G2 95.866 85.100 86.029 78 180 282
G3 95.866 95.021 62.096 78 165 292
G4 90.909 79.041 84.005 89 194 300
G5 90.922 81.086 32.971 90 179 317
G6 95.866 82.005 30.052 78 183 317
G7 90.922 77.094 28.048 20 199 342
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Fig. 12 The estimated impact pressure time series in the different simulation groups
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Table 5 Structure settings for different simulation groups

Table 6 The main parameters in the dynamic simulation

Parameters Original SPH Modified SPH
co No structure model model

c1 FDin P1 Notation Value Notation

) CDin P1 Coefficientsin HBP law ~ m 100 m 100
c3 CDin P2 n 1.05 n 1.05
c4 RB'in P2 Dynamic viscosity u(Pa - s) 1 u(Pa-s) 1

s RBZin P2 Yield strength 7,(kPa) 1.3 o(°) 28
6 FDin P1and CD in P2 ckba) 0
c7 FDinP1and RB in P2

FD flat deposition area, CD check dam, RB retention basin
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Fig. 16 Comparison of impact force time series for different simulation groups

reducing the peak discharge. The two types of structures achieve
these results through different mechanisms. In a check dam
(C2), the kinetic energy of the flow front is mainly lost due to
the col-lision of the flow front and the dam. Meanwhile, the
discharge dramatically reduces because a large amount of
debris mass is intercepted by the dam. In a flat deposition area
(C1), the decrease of the average velocity of the flow front is
mainly caused by the friction dissipation in the flow, although
a small part of the flow material deposits there.

The impact forces acting on the check dams in different
simu-lation groups are shown in Fig. 16. The magnitude of
impact force acting on the check dam is related to the
velocity of the flow front. Since the flow is accelerating from
P1 to P2 (Fig. 15a), the peak impact force of C3 is greater than
that in C2. In each simulation, the impact force eventually
converges to the same stable value at around 100 N. If a flat
deposition platform is installed in front of the check dam
(C6), part of the kinetic energy of the flow is lost before
impacting the check dam. Thus, the peak impact force exerted
on the check dam can be signifi-cantly reduced.

The simulated inundating areas of the groups with and with-
out the retention basin (Co vs. C4 and Ci1 vs. Cy) are
presented in Fig. 17. It can be concluded that the retention
basin has the ability to reduce the affected area and shorten
the run-out dis-tance. In addition, the comparison of Co and
C1 (or C4 and Cy) shows that the flat deposition area also
contributes to reducing

the run-out of the flow front (Fig. 17b), but has little effect on
the reduction of the inundating area (Fig. 17a) in the specific
case considered. To further study the influence of retention
basin dimension on debris flow propagation, we modified the
height of the retaining wall of the retention basin as shown in
Fig. 13b. Compared with the results of C4, a smaller inundated
area and a shorter run-out distance are observed in
simulation Cs. It indicates that the improved retention basin
is more effective in debris flow mitigation when the
engineering quantity is simi-lar. Based on the analysis above,
the main function of retention basin is to adjust the
inundating area and delay the arrival time of the debris flow.

In summary, the three different structures exhibit
different behavior. Each one has a significant advantage in
mitigating the debris flow. Flat deposition areas are often
constructed along the debris flow channel with high
slopes, providing a gentler area for the flow to spread out
and dissipate the kinetic energy. Check dams are mainly
used to reduce debris flow intensity (peak discharge and
debris flow volume). Since the impact force acting on
check dams is related to the kinetic energy of the flow
front. Retention basins are usually built at the outlet to
reduce the impact area of the debris flow and prevent it
from causing damage to downstream infrastructures.
Additionally, the shape of retention basin can be
designed based on the flow direction to improve its
performance in mitigating debris flow.
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Conclusion

A novel SPH model adopting the modified HBP constitutive law
was established in this paper to simulate debris flow-structure
interaction. Two benchmark experiments were used to validate our
model. Furthermore, a real debris-flow event was analyzed using
the model and the prevention mechanisms of various structures are
discussed. The following conclusions can be obtained:

(1) The simulation results of column collapse and flume experi-
ments demonstrated that our modified model, which intro-
duce friction into a HBP rheological law, can more accurately
predict deposition process of debris flow. And the simulation
results of flume experiments illustrated the effectiveness of
the modified model in predicting the interaction between
debris flow and structures.

(2) The simulation results of the July 23 debris-flow event in the
Cancia basin (Italian Alps) show that the peak impact pressure

varies with the location of check dam. The impact pressure in
the upper part of the channel appears to be greater than that
downstream, which can be explained by the steeper terrains
and faster flow velocity upstream compared to downstream.

(3) Different prevention structures have different mechanisms
when they interact with debris flows. The flat deposition plat-
forms mainly contribute to decreasing the flow front veloc-
ity and are usually built in the upper part of the channel.
The main function of check dams is to reduce the discharge
downstream by intercepting the debris mass. Retention basins
are often constructed at the outlet of the channel to prevent
debris flows from flooding the surrounding infrastructures,
and a better mitigation effect can be achieved if we consider
the flow direction when designing the shape of the retention
basin. Our modified SPH model has the potential to be uti-
lized in guiding the optimization design of these prevention
structures in debris flow gullies.
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