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Abstract

Drainage channels with step-pool system are widely used to control debris flow. The blocking of debris flow often
gives rise to local damage at the steps and baffles. Hence, the estimation of impact force of debris flow is crucial for
designing step-pools channel. Existing empirical models for impact pressure prediction cannot consider the influence
of baffle shape. In this work, a three-dimensional smoothed particle hydrodynamics (SPH) study on the impact
behaviour of debris flows in step-pool systems is presented, where debris material is modelled using the regularized
Bingham model. The SPH method is first checked using the results from two laboratory tests. Then it is used to
investigate the influence of baffle shape and flow density. Numerical results show that the impact pressure at the first
baffle highly depends on the baffle shape; however, the largest impact pressure usually occurs at subsequent baffles due
to the violent impact induced by jet flows. The peak impact pressure at the first baffle initially grows with increasing
flow density; however, it starts to drop as density is beyond a threshold. Based on the numerical results, an empirical
relation considering the influence of baffle shape is proposed for better prediction of debris impact pressure.
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1. Introduction

The step-pool bed configuration, a common geomorphologic phenomenon in high-gradient mountainous terrain
(3-30%), consists of a sequence of steps and pools forming a staircase-like structure in longitudinal profiles (Chin,
1999; Waters and Curran, 2012). This self-organized system can enhance channel bed resistance, slow down mass
flows, and effectively dissipate flow energy Maxwell et al. (2001); Wilcox et al. (2011). Inspired by this interesting
phenomenon in natural stream flow, similar protection systems with step-pools were introduced to mitigate debris flow
Yu et al. (2007); Wang et al. (2012). For instance, Wang et al. Wang et al. (2012) reported an experiment on debris
flow on artificial step-pool system. It was found that the step-pool system can result in increased energy dissipation;
thus, it reduces the erosion of gully bed and the risk of debris flow outbreak.

Debris-flow drainage channels are important hazard mitigation infrastructure because they are usually constructed
in the headwaters of deposit fan, where the life lines are susceptible to debris flow hazards. On the other hand, the
analogy between step-pool sequences and energy dissipation structures stimulates the investigation of artificial step-
pool in drainage channels. A number of studies were carried out to understand the transport processes of debris flow
in drainage channel with artificial step-pools Chen et al. (2009, 2015, 2018); Huang et al. (2009); Liu et al. (2016).
These experimental studies indicate that the step-pool systems are capable of maximizing flow resistance, reducing
velocity, and dissipating the energy of debris flow.

For debris flow drainage channels with step-pools, the stability of steps and baffles is the key factor for the safe
operation. Generally, the foundations of steps and baffles in the step-pool system are prone to fail (see Fig. 1) due to
the large impact force between debris materials and structures, Li (1997); Fei and Shu (2004). Therefore, the stability
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and durability of step-pools under debris flow impact forces should be carefully considered when designing drainage
channels.

Figure 1: Site examples of broken step-pool in debris-flow drainage channels of (a) Daduo (b) Dagiaohe.

Dynamic impact of debris flow has long been a research subject of considerable interest. Many flume experiments
Hiibl and Holzinger (2003); Zanuttigh and Lamberti (2006); Armanini et al. (2011); Cui et al. (2015); Vagnon and
Segalini (2016); Choi et al. (2017); Song et al. (2018), and some field tests Zhang (1993); Hu et al. (2011); Wendeler
et al. (2007) were conducted to study the impact pressure of debris flows. Based on these results, several models were
proposed by integrating either hydrostatic or dynamic pressures to estimate the impact force. In these models, the
impact pressure of debris flows is assumed to be proportional to the flow depth and the square of flow velocity. Apart
from the flow depth and velocity, the impact pressure is also highly dependent on the geometry of structures Shieh
et al. (2008). However, little attention has been paid to the impact pressure in step-pool systems with different baffle
shapes. This may be attributed to the fact that conventional approaches like physical modelling and field testing are
either time-consuming or costly. Furthermore, in physical modelling it is usually difficult to get all the desired flow
properties. On the other hand, field testing involves high degree of uncertainty, and is sometimes dangerous.

Alternatively, numerical simulation can be applied to investigate debris flow impact. Traditionally, depth-integration
methods are widely used in debris flow modelling owing to their relative simplicity and efficiency Hutter et al. (1994);
Iverson and Denlinger (2001). However, it is difficult to obtain accurate impact force using depth integration methods,
especially for problems with complex flow dynamics and violent free surfaces involving jumps and fragmentations.
On the other hand, three-dimensional simulations, which consider the complete mass and momentum conservations,
can provide detailed results on impact forces and flow dynamics. Nevertheless, not all numerical methods are suitable
for this task. Traditional grid-based methods such as finite element method (FEM) or finite volume method (FVM)
need to track the violent free-surface using additional techniques Larese et al. (2008), which usually involve complex
formulation and implementation, increased computational cost, and numerical error Lv et al. (2011).

Recently, particle-based methods are developed for problems with free-surface flows and large deformation, e.g.
Discrete Element Method (DEM) Leonardi et al. (2019); Calvetti et al. (2019), Material Point Method (MPM) Fern
and Soga (2016), Smoothed Particle Hydrodynamics (SPH) Neto and Borja (2018), and Particle Finite Element
Method Li et al. (2018). Among them, smoothed particle hydrodynamics (SPH) is well established and has a long
application history in computational fluid dynamics Monaghan (1994) and solid mechanics Monaghan (2000). Owing
to its meshless and Lagrangian nature, SPH is suitable for problems with violent free-surface and large deformation.
Consequently, in the past years SPH was used in landslide and debris flow modelling Chambon et al. (2011); Huang
et al. (2012); Dai et al. (2017); Peng et al. (2016); Wang et al. (2016); Pastor et al. (2018). The results indicate that the
SPH is robust and reliable in modelling the fundamental dynamic behaviour of mass flows. Therefore, SPH is adapted
in this work to investigate the influence of baffle shape on the impact pressure in step-pool systems. To accelerate the
SPH computations, acceleration based on Graphic Processing Unit (GPU) is utilized.

The remaining part of the paper is organized as follows. First, the SPH method with a regularized Bingham model
is introduced. Then, two flume tests on triangular and square baffles with fixed densities are carried out and the results
are used as benchmarks to check the performance of the SPH model. With the calibrated SPH model, the impact force
on three baffle shapes, i.e. square, triangular, and trapezoidal, are investigated under varying flow densities. Finally,
the numerical results are compared with empirical models from literature. A new relation considering the influence
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of baffle shape is proposed to estimate the impact pressure.

2. SPH with a regularized Bingham model

2.1. Governing equations and constitutive model

The governing equations for debris flows consisting of the classical (Navier-Stokes) mass and momentum conser-
vation equations are as follows

dp

= —pV. 1
- PvY ey
dv 1
—~ - vy. 2
") o+g (2)

where d(-)/dr represents the material time derivative, V is the gradient operator and - denotes the inner product. p
and v are the flow density and velocity. o~ and g denote Cauchy stress tensor and body force, respectively. The stress
tensor o can be decomposed into a pressure and a shear stress tensor:

o=pl+71 3)

where [ is an identity matrix.
In this work, debris materials are simulated as a weakly-incompressible non-Newtonian fluid. This assumption
allows us to compute the pressure directly from density using an equation of state as:

p=co-po) @)

where c is the speed of sound taken as a numerical constant, pg is the reference density when there is no pressure.
More complex equations of state are also found in SPH computations, but the results are essentially identical Chambon
et al. (2011); Marrone et al. (2011).

In this study, debris materials are modeled using the Bingham model, which is widely used in debris flow mod-
elling Dai et al. (2014); Wang et al. (2016); Lin et al. (2019). The Bingham model is suitable for debris materials
with considerable fine particles, where the flow exhibit strong viscous behaviors. The debris materials employed in
the experimental tests are such type of material; thus, the Bingham model is adopted. The model is characterized by
the existence of a threshold termed yield stress 79. Only when the stress state reaches the yield condition the material
starts to flow. Beyond the yield stress, the material behaves like a Newtonian flow with a constant viscosity 7. In
general, the shear stress tensor is computed as:

T = 2Mappé (®)]

where 7, is the apparent viscosity, and £ is the strain rate tensor defined as & = [Vy + (V»)T]/2. In Bingham model,
the apparent viscosity has the following form:

Napp = Mo + To/y (6)

where y is defined as ¥ = V2&: & . It is found that the above model is singular in the static state where 3 = 0.
Therefore, we employ the regularized model proposed by Zhu et al. Zhu et al. (2005), which has the following form:

T —m
Tapp =no+;°<1—e 7) )

where m is a regularization parameter which has the dimension of time. With this regularization, when the strain
rate tends to zero, the viscosity has a limit r9 + Tom. It is found that the regularized Bingham model is closer to the
original Bingham model if a larger m is used. However, a very large m leads to extremely high apparent viscosity in
the quasi-static flow region, which results in very small time step in the SPH method and prohibitive computational
cost. In numerical experiments, we found that simulations using m = 100 s and m = 1000 s give almost identical flow
dynamics. Therefore, m = 100 s is used throughout the work.



2.2. SPH formulations

In SPH, the computational domain is partitioned using particles which can be viewed as material elements carrying
field variables and moving with the material. The carried variables usually include mass, density, stresses, velocity
components, and other needed field variables. The governing equations can be solved by tracking the motions of the
particles and changes of the carried variables.

The essential part of SPH is to approximate a function f(x) and its gradient V f(x) through the discrete values f
in the vicinity of x using a weighting function

n

m;
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where f; and Vf; are the approximated function and gradient at the position x;, whereas f;, m;, and p; are the function
value, mass, and density at the position x j, respectively. W;; = W(x;—x;, h) is the weighting function called smoothing
kernel. The weighting function depends on the scalar distance between the two positions x; and x; and the constant 7,
called smoothing length. The soothing length / determines the size of the weighting function, and n is the number of
particles in the influence area of the kernel function. Various smoothing kernels are employed in SPH computation.
Here the C2 Wendland kernel function Wendland (1995) is used.

By using the SPH kernel approximation, the governing equations can be rewritten as the following discretized
form
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Eq. (10) is the SPH discretized form of the mass conservation equation. It is well-known that the classical SPH
method suffers from pressure oscillations. To increase the accuracy of impact force computation, a numerical diffusion
term called §-SPH is employed with 6 = 0.1 Marrone et al. (2011). The numerical diffusion term smooths out the
oscillations and results in better pressure results.

The first and second terms in the discretized momentum conservation equation (11) denote the contribution from
pressure gradient and shear stress gradient, respectively. The discretization of the shear stress gradient follows the
form employed in Szewc Szewc (2017). For details of the derivation, interested readers can refer to Szewc Szewc
(2017) and the references therein. Unlike the form used in Chambon Chambon et al. (2011), the above momentum
equation does not require the storage of shear stress tensor and strain rate tensor. Compared with SPH simulation
of Newtonian fluids, only one additional scalar (the apparent viscosity 7,p,,) at each particle is needed, giving rise to
reduced memory consumption.

In the discretization of the pressure gradient, the stabilization term II;; = H;j” + Hfj consists of the corrections by
artificial viscosity H:j” and artificial pressure Hfj . The artificial viscosity is used to stabilize the simulation and damp
out numerical oscillations, whereas the artificial pressure is employed to cure the tensile instability widely observed
in non-Newtonian flows with high viscosity Xu et al. (2013). The employed artificial viscosity and artificial pressure
have the same forms as those proposed by Monaghan in his classical papers Monaghan (1994, 2000). For the sake of
brevity, the detailed forms are omitted here. The coefficients used in the simulations are: @; = 0.1 and a, = 0.0 for
artificial viscosity, and b = 0.2 for artificial pressure.

2.3. Numerical implementation

The treatment of solid boundaries in SPH need to fulfil two requirements, the first is to prevent particle penetration,
and the second is to correct the SPH approximation in incomplete support domains due to the intersection with solid
boundaries. In this study, the non-slip solid wall boundary is implemented using the boundary particle method Adami
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et al. (2012), where the solid boundary is represented by certain layers of SPH particles. The boundary particles
are either fixed in position or moved according to prescribed velocities. The boundary particles participate in SPH
computations like normal material particles. However, the field variables on the boundary particles are not computed
by evolving the governing equations, but are extrapolated from the material domain. Specially, except the common
variables such as pressure, density, and velocity, in simulations of debris material, the apparent viscosity also needs to
be extrapolated to the boundary particles to correctly evaluate the discrete governing equations.

In the SPH model, the system of equations consisting of Eq. (10) and (11) is solved by explicit time integration
using the Predictor-Corrector scheme Monaghan (1994). The time step of the Predictor-Corrector scheme is controlled
by the CFL condition Chambon et al. (2011)

h h ;
At = y min(—, ————, h* min pi
¢ max ||a;l| Happ,i

) 12)

where a; = dv;/dt is the particle acceleration, y is the Courant-Friedrichs-Lewy (CFL) coefficient usually in the range
of 0.05-0.2. Compared to simulations with low viscosity Newtonian fluid like water, simulations with debris material
have additional time restriction induced by viscosity.

Generally, SPH has high computational cost due to large amount of particle interaction, frequent neighbor search,
and small time step in numerical integration. In this work, the three-dimensional chute flow results in numerical
model of millions of SPH particles, which is prohibitive for serial computing. Parallel computing is therefore required.
Recently, it becomes popular to use graphic processing units (GPUs) to perform parallel computing in SPH Hérault
et al. (2011); Crespo et al. (2015); Xia and Liang (2016); Peng et al. (2019); Zhan et al. (2019); Chen et al. (2020).
The GPU parallelization allows SPH simulations with millions to dozens of millions of particles to be carried out
using a single GPU device installed on a desktop.

In this work, the regularized Bingham model and the related algorithms are implemented based on the GPU-
accelerated open-source code LOQUAT Peng et al. (2019). In the GPU implementation, the computational procedure
of debris flow follows the same process as that for pure water and geomaterials modelled using soil constitutive models
Peng et al. (2019). However, in each step one additional round of particle interaction is required to evaluate the shear
strain rate, which is used to compute the apparent viscosity using the regularized Bingham model.

3. Experimental set-up and tests

To check the performance of the SPH method in modelling impact pressure with varying baffle shape and flow
density, experimental tests are carried out to provide validation data. To this end, an artificial step-pool system is
built in a drainage channel. The step-pool system consists of a sequence of steps and baffles, which in lateral profile
resembles a staircase. The configurations and dimensions of the channel are shown in Fig. 2. The test system has a
tilting flume (with an inclination of 8 = 8.5°) of 0.45 m width, 0.40 m depth, and 6.0 m length. A storage tank and
a tailing pool is placed at the top and end of the flume. Five artificial step-pool sequences are installed in the debris
flow drainage channel. Two shapes of the baffle, i.e. square and triangle, are considered in the tests. A third baffle
shape, namely trapezoid, is not considered in the tests but will be investigated in numerical simulations. In the three
configurations, the inclined angles () of baffles respect to incoming flows are 90°, 45°, and 63° for square, triangle,
and trapezoid shapes, respectively (Fig. 2). For each step-pool unit, two pressure sensors are installed at the surfaces
of the baffle and the step. From upstream to downstream, the sensor numbers are in order as Pal - Pa5 for baffles and
Pb1 - Pb5 for steps. Additionally, laser sensors used for measuring the height of free-surface of flow are located at 1-1
and 2-2 sections, near the mounted start and end of the flume, respectively. Video cameras are used to record the flow
process, particularly the impact of the debris flow onto the step-pools.

In a test, the prepared debris material with designed solid volume fraction is first loaded in the storage tank. Then,
the bottom gate of the storage tank is released to allow the debris material flow into the flume. The material flows
down the flume and impacts with the baffles, and is finally collected by the tailing tank. The test debris material is
a mixture of water and a natural soil from deposit fun of Jiangjia Ravine in China. The grain size of the sediment
extends from 0.001 to 20 mm, with the intermediate grain size dsp = 5.1 mm. Five types of debris materials (M1
— M5) are prepared with varying solid volume fraction. The material properties including density, yield stress, and
dynamic viscosity are listed in Table 1. The yield stresses and dynamic viscosities are measured using a rheometer.
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Figure 2: Overview of the model equipment, baffle configurations and pressure measurement points.

Table 1. Characteristic parameters of debris materials

Type Density (kg/m3) Solid volume fraction (-)  Yield stress (Pa) Dynamic viscosity (Pa-s)

Ml 1828 0.48 14.00 0.0672
M2 1959 0.55 25.66 0.1231
M3 2129 0.65 49.57 0.2379
M4 2200 0.69 78.48 0.3767
M5 2259 0.72 103.15 0.4951

Two debris flow impact tests (M2 with triangle baffles and M3 with square baffles) are performed. These two tests
serve as benchmarks to calibrate the developed SPH model. The other three types of material (M1, M4, and M5) and
one type of baffle shape (trapezoid) are considered in numerical simulations.

4. Validation cases

In order to check the performance of the SPH model in simulating the flow dynamics and flow-baffle interaction,
two numerical simulations with the same boundary conditions and materials properties as those in the two tests (M2
with triangle baffles and M3 with square baffles) are carried out. The flume, storage tank, and the debris material in
the tank are discretized using SPH particles of Ar = 0.004 m. The symbol Ar is the particle size in SPH, which is
a numerical resolution like the element size in finite element method. The particle numbers used in the simulations,
including the simulations for the trapezoid configuration considered in the next section, are given in Table 2.

The variables used in the comparison are the change of flow depth at the section 1-1 and the impact pressure on
the surface of the first baffle. The results of flow depth from the numerical simulations and tests are shown in Fig.
3. Generally, good agreement between numerical and experimental results is achieved. The numerical prediction
of the arriving time and the change of depth before # = 1 s are very accurately captured by the SPH model in both
two cases. However, the final deposition depths are slightly overestimated. This discrepancy might be caused by the
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Table 2. Summarizes the configurations and the number of particles for all the simulations

Configurations  Total particles Material particles Boundary particles
Square 3,192,089 2,094,722 1,097,367
Triangle 3,149,288 2,094,722 1,054,566
Trapezoid 3,183,311 2,094,722 1,088,589

use of the Bingham model, which is rather simple hence cannot describe detailed deposition behaviors of the debris
materials. Nevertheless, the general trends of the change of flow depth are well simulated. Particularly, the SPH
model successfully captures the abrupt changes of depth induced by unsteady surge flows.
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Figure 3: Comparison of the debris flow depth at the 1-1 section between the experimental results and SPH method: (a) p = 1959 kg/m? with
triangle baffles, (b) p = 2129 kg/m> with square baffles.

Furthermore, the impact pressures on the surfaces of the first baffle are shown in Fig. 4. The peak impact pressures
in numerical simulations and experimental tests both correspond to the impact between the first baffle and the flow
front, although some fluctuations present in the experimental results. The numerical and experimental results of
impact pressure agree well with each other in terms of general trend, peak pressure, and arriving time. Through
the comparison between the numerical simulations and tests in the two cases, it is found that the SPH model with
the regularized Bingham model can capture the salient features of the debris flow in step-pool system with varying

material properties and baffle geometries.
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Figure 4: Comparison of the impact stress on the 1 baffle between the experimental results and SPH method; (a) p = 1959 kg/m? with triangle
baffles, (b) p = 2129 kg/m? with square baffles.



5. Simulations with varying baffle shape and flow density

In total, we performed 15 simulations for three baffle shapes shown in Fig. 2. In all simulations the channel
geometry and the material volume are the same, the only differences are the baffie shape and material property. For
each baffle shape, five simulations are performed with the five sets (M1 - M5) of material properties listed in Table 1.
The numerical resolution is Ar = 0.004 m, and the resultant numbers of particle in the simulations are listed in Table 2.
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Figure 5: Snapshots of the profiles of debris flow as well as the velocity field at different time with (a) p = 1959 kg/m3 with triangle baffles, (b)
p = 2129 kg/m? with square baffles.

5.1. Flow process

The simulated flow processes in two cases, i.e., p = 1959 kg/m> with triangle baffles, and p = 2129 kg/m® with
square baffles, are shown in Fig. 5. The time measurement starts when the debris material is released from the storage
tank. The times when the flow front reaches section 1-1 are 0.6 s and 0.7 s for the cases with densities of 1959 kg/m?
and 2129 kg/m?, respectively. It is also observed that the debris material with a larger density has a lower velocity
after travelling the same distance. This is attributed to the difference in material properties. Usually, a debris material
with a high density exhibits more evident viscous behaviour, thereby leading to lower velocity and longer moving
time. It is also observed that the debris flow sharply jumps up the first baffle when its front reaches the 1# baffle. The
maximum jump height in the case with square baffle is approximately 0.4 m, which is larger than that observed in the
case with triangle baffie (approximately 0.3 m). The result implies that the square baffle gives rise to more violent
change of the flow in comparison to the triangle baffle with inclined angle of 45°.

Due to the uplift effect at the 1# baffle, for the step-pool with square baffles, the debris flow jumps over the 2#
baffle and hits the 3# baffle (+ = 1.3 s in Fig. 5b). For the triangle baffle step-pool, however, the debris flow can
jump over the 2# and 3# baffles ( = 1.3 s in Fig. 5a), since the triangle baffle imposes less resistance to the debris
material in the horizontal direction. The downstream baffies again lift the debris flow, thereby causing a flow-wave in
the drainage channel until the material in the channel eventually stops flowing. The step-pool system causes violent
free-surface flows with strong fragmentations and impacts between debris materials and baffles.

The flow dynamics in the remaining 13 simulations are similar to that shown in Fig. 5. However, in each simula-
tion, the arriving times of the debris fronts at the baffles may be different. This is because the distance, which the jet
flow travels in the air after the first impact, varies from case to case. The arriving times at different baffles in all the
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simulations are shown in Fig. 6. It can be seen that regardless of the baffle shape, the arriving times of the debris flow
is inconsistent with the order of the baffles. This inconsistency is due to that the jet flow, caused by the impact at the
first baffle, skips some baffles during flying.

The travelling distance of the jet flow depends on the material properties and baffle shape. For flows with low
densities (o = 1828 kg/m?* and 1959 kg/m?), the 2# baffle is always the last one to get the impact. This is because
materials with low density have high fluidity; thus, the flows always jump over the 2# and 3# baffles and hit the 4#
baffle directly. As time passes, the velocity of the incoming flow at the 1# baffle becomes lower, resulting in shorter
travelling distance after impact. Thus, the impact spot gradually moves upstream, first reaches the 3# baffle, and finally
get to the 2# baffle. Therefore, for flows with low density, the sequence of #;,pac; is 1# — 4# — 3# — 5# — 2#.
For flows with high densities (o = 2200 kg/m? and 2259 kg/m?), the trend is similar. However, these dense debris
materials have higher viscosity, which results in lower impact velocity at the 1# baffle and shorter travelling distance
of the jet flow. Therefore, the jet flows with these two densities first hit the 3# baffle. The flow overtops the 3# baffle
and reaches the 4# baffle. Afterwards, the hit spot of the jet flow moves upstream and hit the 2# baffle. The sequence
Of timpact is therefore 1# — 3# — 4# — 2# — 5#.

The influence of baffle shape can be clearly observed in the cases with the intermediate density p = 2129 kg/m?.
In the simulations with triangle and trapezoid baffles, the jet flows hit the 4# baffle, whereas in the simulation with
square baffles, the jet flows only reaches the 3# baffle, indicating a shorter flying distance. This is unsurprising, as the
inclined surfaces in triangle and trapezoid baffles impose less restriction to the flow in the horizontal direction.

The time at which the flows reach the end of the channel (Section 2-2 in Fig. 2) can be employed to compare the
overall flow resistance in the step-pool systems. As shown in Fig. 7, generally, the flows in the channel with square
baffies take longer time to arrive at the end of the channel. As the inclination of the baffle surface decreases from
90° to 45°, the arriving time becomes smaller, indicating lower system resistance and energy dissipation. However,
it is also observed sometimes flows in the channel with triangle baffles take longer time to reach the last baffle than
those in the channel with trapezoid baffles. This is against our intuition, because it is easy to imagine, that with flatter
surface the baffles impose less resistance to the flows, which should result in shorter arriving time. However, the flow
dynamics in the step-pool system is very complex due to the jet flow and chaotic impact. The overall resistance not
only depends on the baffle shape, but also on the arrangement of the step-pool system, as well as the velocity of the
incoming flow, which determines the impact spot of the jet flow. Therefore, it is not always true that baffles with larger
inclination can give rise to higher overall resistance.

From Fig. 7, we can further observe that generally, within the simulations using the same baffle shape, a flow with
higher density takes a longer time to reach the last baffle. This is because materials with higher density have higher
viscosity. However, again, this dependency is rather weak. In many cases, the flows with higher densities arrive at the
channel end in a shorter time than those with lower densities. This observation indicates the complexity of flows in
step-pool system. The total energy dissipation in the step-pool system highly depends on the material properties, the
baffle shape, and the actual configuration of the step-pool system.
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5.2. Impact force

The critical factor that triggers the failure of step-pools drainage channel is the peak impact pressure at the barriers
and steps. Therefore, the peak impact pressure is adopted as the key quantity to analyse the performance of baffles
with different geometries
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Figure 8: Peak impact stress on the (a) square baffles, (b) trapezoid baffles, (c) triangle baffles; and on the step of (d) square-baffle flume, (e)
trapezoid-baffle flume, (f) triangle-baffle flume.

As shown in Fig. 2, pressures on the surfaces of baffles and steps are measured. The results of peak pressures are
given in Fig. 8. Generally, the peak impact stresses on each baffle and at the step are different. The largest value of
the peak impact stress on baffle surfaces is observed at the 4# baffle. This is because in all cases, either the whole jet
flow, or the most part of it hits directly on the 4# baffle, giving rise to large impact pressure. For most of the cases, the
pressure measured at the baffles is larger than that from the steps. Therefore, the critical part of the step-pool system
is the baffles. Special attention should be paid to the stability of baffles when designing step-pool channels.

The influence of the baffle shape on impact force can be clearly observed from the peak pressure at the 1# baffle.
It is found that the high peak pressures are measured at square baffles, while low values are obtained at triangle
baffles. For the three type of baffles, the ranges of peak pressure are 24 - 44 kPa, 12 - 21 kPa, and 8 - 15 kPa for
square, , and triangle baffles, respectively. This is because the inclinations of the baffle surfaces are 90°, 63°, and
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45°, respectively. A small change in the surface inclination results in a notable difference in the impact pressure. The
results indicate that under similar incoming flow conditions (flow direction, velocity, and depth), the impact pressure
is highly dependent on the inclination of baffle surface. The relation between impact pressure and inclination of baffle
surface at the first baffle will be further discussed in Section 6. For pressures at other baffles, no clear dependence
between peak pressure and baffle inclination can be observed. This is again caused by the jet flow and the subsequent
complex flow dynamics. The incoming flow conditions at these baffles are not as uniform as those at the first baffie.
The flow direction, velocity, and depth have high degree of uncertainties; thus, it is difficult to have clear trends at
these baffles.

It is worth noting that in all the cases the peak pressure does not occur at the first baffle. The baffles hit directly
by jet flows usually have much larger peak force. This is a critical observation, as in engineering practices the
impact pressure is usually estimated using the velocity and density of incoming flows. This estimated pressure only
corresponds with the impact pressure at the first baffle. If jet flows happen in the step-pool system, it is very likely
some baffles will be subjected to pressures much larger than the estimated value at the first baffle due to the violent
impact between baffles and jet flows.

The impact pressure also highly depends on the density of flow. Assuming that all other material properties are
the same, a flow with higher density has larger kinetic energy after travelling the same distance, giving rise to higher
impact pressure. However, dense flows usually have high viscosities, resulting in lower end speed and impact pressure
after the same distance of travelling. This can be observed from the results at the first baffle in Fig. 8. As the density
increases from 1828 kg/m? to 2259 kg/m?, the peak pressure first grows and then drops when the density is beyond
a threshold. Consequently, there should be a density which gives rise to the maximum impact pressure. Again, this
trend cannot be clearly observed at other baffles due to the jet flow and complex flow dynamics.

6. Discussion

Reliable evaluation of impact force of debris flows on structures is very important for designing hazard mitigation
infrastructures such as drainage channels and check dams. Generally, there are three categories of models to estimate
the impact force of debris flow against structures: (1) Hydraulic models based on the fluid behaviour of the debris flow
Hungr et al. (1984); Armanini and Scotton (1992); Hiibl and Holzinger (2003); Canelli et al. (2012); Cui et al. (2015);
(2) Fluid-solid body collision model considering both normal and tangential forces between flows and walls Jiang
and Zhao (2015) and drag forces Vagnon and Segalini (2016); (3) shock wave collision model based on the shock
wave speed inside a debris flow Wei (1996); Eglit et al. (2007). Usually, the last two models require particular input
parameters such as the stiffness and strength of the impacting bodies and the shock wave speed. These parameters are
extremely difficult to obtain for real world debris flow events. As a result, the hydraulic models become popular for
calculating the impact force of debris flows as they only require the flow depth and flow velocity, which can be easily
measured in real cases. Therefore, the results obtained from the SPH simulations are compared with predictions given
by some popular hydraulic models.

In hydraulic models, the impact forces are proportional to either hydrostatic pressure or kinetic flow depth. Thus,
the hydraulic models can be further grouped into hydrostatic, hydrodynamic, and mixed models. The hydrostatic
model assumes that the impact pressure is proportional to the hydrostatic pressure exerted on fixed structures by
debris materials. The model has the following form

Ppeak = klpgh (13)

The hydrostatic model is very simple yet popular because it only requires two parameters, i.e. the debris density p
and flow depth h. The empirical parameter k; ranges from 2.5 to 11 Armanini and Scotton (1992); Armanini (1997);
Scotton and Deganutti (1997). The hydrostatic model does not consider the influence of the flow dynamics. Especially,
the influence of flow velocity is not considered.

On the other hand, the hydrodynamic model is proposed by considering the variation in fluid dynamics.

Ppeak = kZPU2 (14)

In literature Mizuyama (1979); Hungr et al. (1984); Zhang (1993); Bugnion et al. (2012); Canelli et al. (2012), the
dynamic coefficient k, ranges from 0.4 to 5.0.
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Furthermore, some more complex formulations derived from the hydrodynamic relation are listed in Table 3. For
example, in some models the Froude number Fr is used to normalize the impact force Hiibl and Holzinger (2003);
Zanuttigh and Lamberti (2006); Armanini et al. (2011); Cui et al. (2015), whereas other researchers consider the
influence of grain size distribution (GSD) Yu (1992).

Table 3. Models of impact force derived from hydro-dynamic

Author Model Feature
Hiibl and Holzinger Hiibl and Holzinger (2003) Ppear = 5pu0'8(gh)0'6 Considering Fr
Zanuttigh and Lamberti Zanuttigh and Lamberti (2006) Poeak = K M%’)ng(h)z Considering Fr
Armanini et al. Armanini et al. (2011) Ppeak = (1 +0.5F )1 + : Jr‘f)g’;rz) Considering Fr
Cui et al. Cui et al. (2015) Ppear = 5.3Fr Spu? Considering Fr
Yu Yu (1992) Preak = Vdparpu® /g Considering GSD

The mixed models consider both the hydrostatic and hydrodynamic effects Cascini et al. (2000); Arattano and
Franzi (2003); Brighenti et al. (2013), which has the following general form

Peak = 0.5pgh +th2 (15)

Based on the SPH simulation results, we can get the flow velocity, depth, and pressure at any specified position.
And then, we use this information to calculate the impact stress by substituting them into the empirical equations.
Here, the peak pressures obtained from the SPH simulations at 1# baffle are compared with the predictions obtained
using the empirical models. The employed models are the hydrostatic and hydrodynamic models Eq. (13) and (14),
the Hiibl and Holzinger model Hiibl and Holzinger (2003), the Zanuttigh and Lamberti model Zanuttigh and Lamberti
(2006), the Armanini model Armanini et al. (2011), and the Cui model Cui et al. (2015). The ranges of predicted
impact force are 4.5 - 15.5 kPa, 4.2 - 23.2 kPa, 9 - 38.8 kPa, and 13.5 - 206.6 kP from the Zanuttigh and Lamberti
model, the hydrostatic model, the Armanini model, and the hydrodynamic model, respectively. As these models do
not consider the inclination of baffle surface, they should be compared with the numerical results with square baffles.
It is found that generally, the Zanuttigh and Lamberti model gives impact pressure lower than the numerical results,
while the numerical results are close to the upper limits of the hydrostatic and Armanini models. The impact pressure
given by the hydrodynamic model has a wide range, covering the numerical results. Although the Hiibl and Holzinger
model does not give a range of impact pressure, its prediction agrees very well with the numerical results with square
baffles. However, it cannot be used to predict the impact pressure at triangle and trapezoid baffles, as it does not
consider the influence of the inclination of baffle surface. Furthermore, the Cui model gives impact pressures very
close to the upper limit of the hydrostatic model but lower than the numerical results. In addition, most of the models
reasonably predict the decrease of impact pressure after the density is larger than a threshold.

In summary, some of the models, e.g. the Armanini model and the Hiibl and Holzinger model, give pressure
prediction quite close to the numerical results obtained in the channel with square baffles. However, the influence of
the inclination of baffle surface is not considered in these empirical models. Thus, they cannot be applied to structures
with inclined surface.

Based on the empirical models discussed above, it can be seen that the density and velocity are the dominant
factors affecting the impact force. Furthermore, debris flows are gravity-driven flow and the impact forces are mainly
determined by the kinetic energy. Therefore, a dimensionless variable representing the ratio between kinetic energy
and potential energy, the Froude number Fr, is introduced to quantify the flow state Hiibl and Holzinger (2003); Cui
etal. (2015). The Fr governs the dynamics of channelized debris flows. It is the ratio between inertial and gravitational
forces, namely, Fr = u/(ghcosf)*. The parameter Fr also can be used to quantify the scale free relationships Hiibl
et al. (2009); Iverson (2015) between the small-scale laboratory modelling and full-scale field events. In addition,
the angle between flowing direction and the impact face of structure (i.e. the inclined angle of baffle surface) also
has a remarkable influence on the impact force Shieh et al. (2008). Considering these factors, a simple expression to
estimate the impact force of debris flow on the structures given below

Ppeak = 4.2Fr~ "2 dp(u sin B)* (16)
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Figure 9: The peak impact stress on 1# baffle obtained in this study and the results from previous formulas.

where (3 is the angle between the direction normal to the face of structure and the flow direction, A is a regularization
coeflicient that considers the effect of density on the impact force, which can be expressed as

e

max

A=c( -1’ +e 17

where pnax 1s the threshold density. As discussed in Section 5.2, the impact force is expected to reach a maximum
value at a threshold density pma.x. According to the numerical results, for the debris material used in this study, the
threshold density is estimated as ppa, = 2000 kg/m>. By fitting the numerical results, the constants ¢; and ¢, are taken
as -50.0 and 1.3, respectively. Note that the parameters pnax, €1, and ¢; may have different values for other type of
debris materials.

The comparison between the numerical results and the prediction by the proposed model Eq. 16 is given in Fig. 10.
Overall, the proposed equation gives predictions well corroborated by the numerical results. It captures the influence
of density on the impact pressure. More importantly, it considers the inclination of the baffle surface. The model
predictions are in good agreement with numerical results from channels with different baffie shapes. The comparison
preliminarily shows that the presented relation is applicable for estimating impact force on different shape of baffles.

More comparisons with laboratory test results and field data are necessary to check the capability of the proposed
model. As an example of the investigation, the regression coefficient @ recommended by Hiibl et al. Hiibl et al. (2009)
that derived from the Eq. (16) is defined as following:

= P peak
Ap(u sin B)?
The deduced expression of @ is compared with the experimental data and field monitoring results of other researchers
Zhang and Yuan (1985); Hiibl and Holzinger (2003); Tiberghien et al. (2007); Proske et al. (2011); Cui et al. (2015);
Ng et al. (2016) in Fig. 11. It can be seen that the expression of regression coefficient « is in qualitative agreement
with the data, indicating the robustness and extrapolation capability of the proposed model.

Additionally, it should be kept in mind that single-phase homogeneous flow is assumed in the SPH simulation,
meaning that the influence of coarse-grained materials is neglected. Coarse-grained materials like gravels and boulders
moving as suspended load or bed load in debris flows have a significantly influence on the impact forces. It is expected
that the impact pressure induced by boulders on a structure is much larger (two to three orders of magnitude He et al.
(2016)) than the dynamic pressure of the slurry due to the high stiffness of the boulder and short interaction time
Scheidl et al. (2013); Cui et al. (2015); He et al. (2016); Song et al. (2018). Since the time-force-functions for

=42Fr 12 (18)
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debris flow, as well as the interaction between fluid and solid phases in debris materials are still unclear, a systematic
investigation of the influence of coarse-grained materials is required. It is possible to model debris flows with coarse-
grained materials with coupled SPH and discrete element method (SPH-DEM). This, however, is out of the scope of
this study.

7. Conclusions

In this study, the smoothed particle hydrodynamics is adopted to study the influence of baffle shapes on impact
force between debris flow and step-pool structures in debris drainage channels. Three baffle shapes, e.g. square (90°),
trapezoid (63°), and triangle (45°), are considered in the investigation. The debris material is modelled as weakly-
compressible non-Newtonian fluid using the regularized Bingham model. Two drainage channel tests with square
and triangle baffles are performed to validate the numerical model. A series of numerical simulations with varying
baffle shape and material density are carried out. Based on the numerical results and their comparison with empirical
relations in literarure, the following conclusions can be drawn:

(1) The flow dynamics in the step-pool system is very complex due to the jet flow induced by the violent impact
between the flow and the first baffle. This complex flow condition makes the analysis of impact force on other baffles
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and the overall system resistance difficult. Nevertheless, we find that there is a weak dependence between the overall
resistance and the inclination of baffle surface. A larger inclination usually results in slower flow and higher energy
dissipation.

(2) The impact forces at the first baffle are more regularly dependent on baffle shape and material density. A
larger inclination leads to higher impact pressure. However, in the step-pool system, the largest pressure measured at
subsequent baffles is usually much larger than that at the first baffie due to the jet flow. Therefore, the impact pressure
obtained from empirical models can only be applied to the first baffle.

(3) The influences of material density are twofold. With higher density the kinetic energy before the impact is
larger; however, materials with high density usually have less fluidity due to high viscosity, which leads to less kinetic
energy. There exists a threshold density which gives rise to the maximum impact pressure. Again, this conclusion
only applies to the first baffle.

(4) Based on the numerical results, an empirical relation considering the influence of baffle shape is proposed
to better compute the impact pressure. Comparison between the model prediction and data from literature show its
applicability. This formulation might be used to guide the design of debris-resisting barriers with inclined surface.
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