| Original Paper

Landslides (2022) 19:2629-2651
DOI 10.1007/510346-022-01927-2
Received: 30 December 2021
Accepted: 16 June 2022

Published online: 2 July 2022

© Springer-Verlag GmbH Germany,
part of Springer Nature 2022

Bei Zhang® - Yu Huang

Abstract Baffle structure, a promising countermeasure in reducing
the destruction power of rapid granular flows, needs more investi-
gation especially with focus on the physically based design strategy.
To contribute to this point, we conduct a series of numerical mod-
eling tests to investigate the impact dynamics of monodisperse and
bidisperse granular flows against the baffle array, based on which
a jet-based model for estimation of the peak impact force and
run-up height is proposed for baffle design. The results show that
the energy loss due to interparticle interaction increases with the
Froude number; the hard contact of larger particles and the arch-
ing effect of debris-baffle interaction are important to the impact
dynamics on baffle structure; the baffle design could ignore the
static force component, at least for rapid granular flow with the
smaller ratio of the baffle slit size to the particle size; and for the
bidisperse granular flow impact, the effect of larger particles is only
dominant when the percentage of larger particles is large because
fine debris could provide a cushioning effect. A jet-based model
considering conservation equations for momentum and energy is
then proposed for baffle design with the introduction of jamming-
related momentum and energy discharge process. The model is
verified using numerical data in terms of the run-up height and
impact force. On the basis of the proposed model, baffle design is
further discussed considering flow material inhomogeneity and
unsteady flow dynamics.

Keywords Granular flow - Baffle design model - Impact force -
Run-up height - Material inhomogeneity - Unsteady flow
dynamics

Introduction

Granular-flow-related geo-disasters have received much attention
in the scientific and engineering domains because of their resulting
human death tolls and economic losses (Dowling and Santi 2014;
Wang 2013). With there being a great demand for disaster preven-
tion measures, the impact dynamics of granular flow on barri-
ers have recently become a hot topic as they serve as a basis for
the engineering design of protection structures (Ho et al. 2021;
Huang and Zhang 2020). This topic requires consideration of the
debris-structure interaction mechanism and impact models for
determining key design parameters, such as the impact force and
structure height.

Numerical and analytical analyses of the impact
of monodisperse and bidisperse granular flows
on a baffle structure
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The debris-structure interaction mechanism describes the pat-
tern or morphology of a granular flow impacting on barriers and is
important to the development of an impact model based on reason-
able assumptions. In the case of dry granular flows, a mechanism
dominated by a dead zone and pile up has already been identified
(Jiang and Towhata 2013; Ng et al. 2016; Shen et al. 2018) based on
which an impact model considering momentum attenuation was
proposed by Koo et al. (2016). In the case of two-phase granular
flows, the mobility is much greater because of the fluid-solid inter-
action and the impact process exhibits run-up behavior (Choi et al.
2015; Ng et al. 2016). Armanini et al. (2019) described such impact
behavior as a vertical jet and developed an impact model based
on the mass, momentum, and energy conversation of the jet. In
addition, another impact mechanism, referred to as the momen-
tum jump describing an impact-induced shock wave propagating
upstream, has been observed for both dry (Pudasaini et al. 2007)
and two-phase granular flow (Song et al. 2021), and impact models
based on the momentum jump have been developed (Albaba et al.
2018; Faug 2021; Iverson et al. 2016; Li et al. 2020).

Considering the superspeed nature and destructive power of
granular flow, it is preferred to build baffle arrays behind engi-
neering structures including main protection barriers and build-
ings to assist in the dissipation of the granular flow energy and
thus improve the safety of a structure. Such a strategy has been
demonstrated to be effective (Bi et al. 2018; Goodwin et al. 2020;
Ng et al. 2014; Wang et al. 2020; Yang et al. 2021). The design of
a baffle structure remains challenging because most guidelines
(Kwan 2012) and impact models have been developed for closed-
type barriers (Ahmadipur et al. 2019; Albaba et al. 2018; Faug 2021;
Li et al. 2020; Song et al. 2021). Additionally, until recently, sophisti-
cated impact models have been developed for slit dams (Rossi and
Armanini 2019; Zhou et al. 2019) and permeable flexible barriers
(Tan et al. 2019), whereas for the baffle structure, it seems more
popular to investigate the configuration effect aiming at adjusting
the baffle layout to maximize the energy dissipation potential (Bi
et al. 2018; Goodwin et al. 2020; Huang et al. 2020; Jianbo et al. 2020;
Wang et al. 2020; Zhang et al. 2021). A physical impact model for the
debris-baffle interaction is still lacking.

Granular flow material is often inhomogeneous with the particle
size ranging from millimeters to tens of meters, which complicates
the granular impact dynamics (Song et al. 2018). The situation is
even more complex for the debris-baffle interaction because the

Landslides 19 - (2022) | 2629


http://orcid.org/0000-0002-6206-2640
http://orcid.org/0000-0002-9935-7717
http://crossmark.crossref.org/dialog/?doi=10.1007/s10346-022-01927-2&domain=pdf

| Original Paper

arching effect becomes important when granules pass narrow slits.
The particle size of non-monodisperse granular flow that domi-
nates the arching effect has not been identified, and the impact
dynamics on baffle structures has thus not been well elucidated.
In addition, granular flow surging downslopes is often character-
ized by unsteady development with spatiotemporal variability of
the flow properties, such as the velocity and depth, which makes
the selection of the design parameters challenging. As a result, the
design of baffle in terms of resisting the impact effect needs to
be better elucidated considering the material homogeneity and
unsteady dynamics of granular flow.

This paper reports on a series of numerical simulations con-
ducted using a three-dimensional (3D) discrete element method
(DEM). According to an understanding of the debris-baffle interac-
tion mechanism and the impact response of the baffles, we present
an impact model that can be used to calculate the run-up height
and impact force against the first baffle array impacted by granular
flows with different particle sizes and Froude numbers (Np,). The
model is verified using numerical data.

Numerical model based on the DEM.

The DEM simulations are conducted using commercial software
named EDEM, which calculates the particle contact force using the
Hertz-Mindlin (no slip) model. Details of the contact model are
given in the Appendix. The DEM simulation parameters are sum-
marized in Table 1. The DEM model used in this paper is the same
with that we have used in our previously published papers (Zhang
and Huang 2022a), where the detailed calibration process also can
be found.

The configuration of the baffle model established using the
DEM is presented in Fig. 1. We use a 4-m-long flume. The baffle
R1is placed 1.9 m downstream of the trigger gate. Two arrays of
baffles are considered for simplicity. The baffle array spacing (L)
is 210 mm, the slit spacing (S;) is 70 mm, and the baffle dimensions
are 30 mm X 30 mm. The baffle configuration is determined based
on the suggestions of Ng et al. (2014) (L;/S; equals 3). The baffle
height is large enough to avoid overflow. Because overflow could
deteriorate the baffle performance (Ng et al. 2014), and also make
it more difficult to mathematical description of debris-baffle
interaction as the particles passing from baffle slits and crest
would undergo different process characterized by distinct energy
dissipation manner.

Table 1 DEM input parameters

The simulation includes two stages: material preparation and
simulation of the debris-baffle interaction. In the material simula-
tion stage, gravity (1 g) is directed along the negative direction of
the z-axis, and the flume has two sidewalls that limit its width (W=
300 mm). A total quantity of 40 kg of spherical particles with dif-
ferent sizes (7 8,10,12.5,14, and 16 mm in diameter, which are deter-
mined based on S, /6 reported by Goodwin et al. (2021)) and distri-
butions (Table 2) are generated within a virtual box and driven by
gravity to freely settle under the restrictions of the sidewalls and
trigger gate. A rectangular granular assembly with dimensions of
0.4m X 0.3m X 0.23m has been formed once all of the particles have
completely settled. Before activating the debris-baffle interaction
simulation, the sidewalls are removed and the direction of grav-
ity is instantaneously redirected (6= 25° 30°, 35° 40°, and 45°) to
simulate the flume inclination while periodic boundaries are intro-
duced respectively at 15 cm to the left and 15 cm to the right of the
main axis to remove the effect of the sidewalls. A periodic bound-
ary condition means that any particle leaving the domain on that
side will instantly re-enter the domain from the opposite side. As
a result, the simulation is laterally infinite. The trigger gate is then
opened to produce granular flow, which interacts with the baffles.
During the debris-baffle interaction, the impact force and granular
run-up height are measured. In addition, simulations of free flows
without baffles are conducted to quantify the flow properties. It is
noted that the distal end of the flume is open, which means that the
particles passing the flume distal end are removed from the domain
to reduce the computation time. A total of 96 cases are simulated.

Interpretation of the DEM simulation results.

Free-flow properties

Flow properties including the flow depth (h; = Ni Zﬁ’l Z;, where
P

N, is the total number of particles encompassed in the measuring

region M1 and Z; is the coordinate of particle i in the z-direction),
"

flow velocity (u; = Z”;—;u’, where u; is the single-particle velocity),

N,
0 m

pshy WAl
p, is the particle density,and Al is the length of the monitor section)
are measured under free-flow conditions in M1, whose length is 4
6 and height and width are sufficiently large (Fig.1). M1 is fixed on

and volume fraction (¢, = ,where m; is the particle density,

aterial parameters Value Contact parameters Value
Particle diameter 6 (mm) 7~16 Coefficient of restitution e, 0.5
Particle density p, (kg/m?3) 2650 Particle friction coefficient s, 0.7
Young’s modulus of particle E, (GPa) 50 Particle rolling friction coefficient s, 0.06
Particle Poisson’s ratio v, 0.12 Flume/barrier friction coefficient y, 0.364
Barrier (flume) density p, (kg/ m°) 900 (2800) Flume/barrier rolling friction Coefficient y,, 0.01
Young’s modulus of barrier (flume) £, (GPa) 1(71) Gravitational acceleration g (m/s*) 9.81
Poisson’s ratio of barrier/flume v, 0.2 Time step size At (s) 1%107®
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Fig.1 DEM model of debris-
baffle interaction
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Table 2 Particle size
distribution used to account
for the material inhomogeneity

Particle size

8 mm 90%

PSD6

PSD5

80% 60% 40% 20% 10%

effect

‘16 mm 10%

20% 40% 60% 80% 90%

Table 3 Maximum velocity and flow depth of monodisperse granular flows. Length unit: m; velocity unit: m/s

h, e

h,

hf_max

hf_max

I f_max f max f_max Ut max f max
25 2.68 0.035 4.81 2.65 0.037 4.63 2.61 0.037  4.53 2.55 0.039 4.32 2.53 0.041 4.21 2.50 0.041 413
30 330 0.040 5.63 330 0.042 554 327 0.044 538 3.19 0.044 5.19 320 0.047 5.09 3.30  0.050 5.07
35 3.82 0.047 6.22 3.85 0.048 6.20 3.78 0.050 5.98 3.73 0.052 5.76 3.70 0.052 5.71 3.70 0.057 5.48
40 4.27 0.053 6.77 4.26 0.054 6.70 4.21 0.056 6.52 4.18 0.058 6.34 4.19 0.061 6.21 4.13 0.062 6.06
45 4.68 0.061  7.22 4.65 0.061 716 4.61 0.063 6.98 4.58 0.064 6.85 4.56 0.066 6.72 4.53 0.070 6.49

the flume, and the measured flow properties thus describe the
behavior of granular flow passing the position of M1, which is
immediately behind the baffle R1.

The Froude number (N, = u;//gh; cos @) is used to charac-

terize the flow dynamics. Table 3 summarizes the Froude number
calculated from the maximum flow velocity and flow depth. The
granular flow is highly unsteady and exhibits a wedge-shaped
front and variable profile. Ng et al. (2019) indicated that the front-
most 5% of such flow dominates the granular impact dynamics,
and the Froude number N,, should thus be calculated using the
maximum velocity and depth of this critical zone. For compari-
son, we summarize N, in Table 4. Additionally, Table 5 gives the

Froude characteristics of bidisperse granular flow. The Froude
number is an important input parameter of the analytical model
presented later.

Energy consumption analysis

The mechanism of the debris-baffle interaction involves the forma-
tion of granular arches across the baffle slits, and with the breaking
and reconstruction of the granular arches, the granular flow energy
is dissipated continuously, as shown in Fig. 2b and discussed in
depth in our previous work (Huang et al. 2020; Zhang et al. 2021).
However, a detailed analysis based on energy consumption and

Table4 Maximum velocity and frontal depth of monodisperse granular flows. h; 4, is determined following Ng et al. (2019). Length unit: m;
velocity unit: m/s

7 mm 8 mm

Yf masx hfffm N YUf max h_r;fro Np YUf max YUf max f ’f fro YUf max thrﬂ thm
25 2.68 0.020 6.34 2.65 0.021 6.08 2.61 0.024 5.68 2.55 0.027 5.19 2.53 0.033 4.66 2.50 0.038 4.31
30 330 0.020 794 330  0.021 775 327  0.024 731 3.19 0.033 5.99 3.20 0.036 5.83 330 0.036 5.99
35 3.82 0.021 9.28 3.85 0.023 8.94 3.78 0.023 8.80 3.73 0.029 772 3.70 0.033 724 3.70 0.036 6.88
40 4.27 0.022  10.59 4.26 0.024  9.96 4.21 0.029 9.06 4.8 0.032 8.56 4.19 0.040 7.65 4.13 0.038 775
45 4.68 0.024 11.39 4.65 0.024 11.49 4.61 0.037 9.14 4.58 0.034 9.41 4.56 0.035 9.25 4.53 0.038 8.82

Table 5 Maximum velocity and flow depth of bidisperse granular flows. Length unit: m; velocity unit: m/s

U max Mmae Ner Umax Prmax Npe e max Ner Us max o Rt max Uf max Nt max
25 2.49 0.03 4.77 2.60 0.04 4.31 2.75 0.04 4.36 276 0.05 4.33  2.69 0.05 4.24 2.68 0.04 4.29
35 3.70 0.05 6.01 3.76 0.05 5.66 3.81 0.06 5.47 3.83 0.06 5.49 3.77 0.06 551 3.78 0.06  5.59
45 4.56 0.06 718  4.59 0.07 6.70 4.61 0.07 6.50 4.67 0.07 6.56 4.61 0.08 6.32 4.64 0.07 6.66
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Fig.2 Energy evolution for the flow of 10-mm particles under a
slope angle of 35°: a free-flow condition and b two arrays of baffles

considering the coupled effect of the particle size and Froude num-
ber is still lacking.

The energy components of the granular system in this study
are the potential energy (E,), kinetic energy (E,), dissipated
energy (E,), energy loss due to particle removal (because we
have used an open flume, the particles passing flume end would
be deleted for saving computational time, and thus a portion of
system energy is lost, which is termed as E, ), and elastic strain
energy (E,). The total energy (E,) should be the sum of E, Ey, E,,
E,.,and E, and can also be regarded as the potential energy of the
granular system at the initial time defined as the time of the acti-
vation of the trigger gate. For simplicity, E, is neglected because
it only accounts for a small portion of the total energy (Shen
et al. 2018). E, can be further divided into three sources of energy

loss due to inter-particle interaction (Eg_P), particle-flume base
interaction (Eg_f), and particle-baffle interaction (Eg_b). E,is
generated mainly through normal contact damping, tangential
contact damping or friction and rolling friction. Therefore,

-t —t=1

Ed - z Zx 17 -Ar+ 2021 1M wx"’% ° At: (1)
=iyt 1) (2)
E,= L omg- (<)) ()

Here, t is the given time (>0 when calculating E;); N is the total
partlcle number within the domam, F is the contact force vector;
M is the rolling torque; v and v v "are respectlvely the particle
translatlonal velocity at tlmes t and t—1; a) and @ a) "are respec-
tively the particle rotation angular velocity at t1mes tand t— Lm
is the particle mass; I; is the moment of inertia; g is gravity; P
the position vector of the particle. Equation (3) expresses that the
distal end of the flume (x=o0 and z= o, Fig.1) is taken as a reference
to calculate the potential energy.

Figure 2 gives the time history of the energy evolution of the
free flow and debris-baffle interaction. Each energy component is
normalized by the total energy (E,). Under the free-flow condition,
granular flow quickly develops until no particles remain within
the computational domain, corresponding to E, equaling zero. The
kinetic energy of the whole granular mass reaches approximately
30% of E,. During the free flow, energy is mainly dissipated by the
interparticle interaction (EP “?) and particle-flume interaction
(EP ~+ ), which respectively accounts for 12% and 39% of E,;. With
the impediment of baffles, the residence time of particles within
the computational domain is enlarged, and the energy consump-
tion is thus enhanced with the deceleration of granular flow, which
decreases approximately 12% of E,. However, at the end time, Ep /E,
reaches 43%, which is an 1ncrease of 31%; E‘D g |E, reaches 31%, wh1ch
is a decrease of 8%; and EP /E accounts for less than 2% of E,.

Flgure 3a presents the variation in the peak values of EP /E,
and EP /E,, indicating the discrepancy between baffle cases and
free ﬂow cases, and Fig. 3b presents the peak values of EP /E It
is concluded that the energy consumed by the baffles is neghglble,
only accounting for approximately 0.5-2.5% of E; (at least for the
values of S; /6 and Ny, considered here), whereas EZ_I’/E0 depends
on S, /6 and Ny,. Additionally, the baffles fundamentally decrease
Eg_f /E, by as much as 30% and increase E/ */E, by 5-40%. Thus,
the energy loss due to interparticle interaction is the main energy
consumption, which is consistent with the debris-baffle interaction
mechanism dominated by granular arches as shown in the inset of
Fig. 2b. The enhanced energy loss (E’ 7/E,) has a linear relation
with N, but does not vary appreciably with S; /6. This is because
we calculate the energy loss of the whole granular mass during the
entire simulation rather than focusing on the energy loss of the
flow passing the baffles. The effect of S; /6 on the flow behavior is
greater close to the region of the baffles.
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Impact force of monodisperse granular flows

The impact force is an important design parameter of the baffle
structure. Figure 4 shows the time history of the impact force act-
ing on baffle R1 and exerted by the flow of 7-mm particles under
a slope of 35° and the inset gives the impact force of the flow of
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Np.

i

16-mm particles under the same conditions. It is observed that the
larger particles generate a greater force impulse and stronger peak
force. The fluctuation of the impact force may be attributed to the
unsteady flow dynamics of the granular flow and the hard impact
of a single boulder on the structure (discrete impact due to single
particles (Goodwin and Choi 2021)). To compute the force impulse,



Fig.4 Time history of the )
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we need to address the Hertzian contact mechanics (Goodwin and
Choi 2021; Song et al. 2018), but this is not the main purpose of
the present paper. We want to address the non-fluctuated impact
force, which could give fundamental information of the effect of
S/ 6 on the impact force acting on the baffle array and is also use-
ful for verifying the steady-based impact model. To this end, the
impact force is smoothed using 5 pts FFT Smooth method (Shen
et al. 2018), and the peak values of the smoothed impact force acting
on baffles R1 and R2 are respectively summarized in Fig. 5a and b.

It is not surprising that the impact force acting on R1 increases
almost linearly with N, (Faug 2021), but larger particles exhibit
an appreciably stronger peak force on the baffle array; e.g., for a
slope of 25° the force exerted by 16-mm particles is almost twice
that exerted by 7-mm particles (Fig. 5a). Besides the hard con-
tact causing larger force for larger particles, the reason may also
include the granular arches dominate debris-baffle interaction
mechanism (Fig. 2b), because with smaller S; /6 (larger particles),
the granular arches could be more stable resulting more material
accumulated behind baffle array, which results in larger run-up
height and impact force. Thus, for the impact model, both N, and
Sy/6 should be better considered, which has not been achieved.
Because of the deceleration of the flow by baffle Ri, the force act-
ing on R2 is reduced by more than 50% (Fig. 5b), which highlights
that the strength design of baffles should take the first baffle array
as a reference.

According to their kinetic energy, the particles in contact with
the baffles at a given time point can be divided into dead-zone par-
ticles and moving particles (Zhang and Huang 2022a, 2022b). In this
paper, we decompose the total impact force (F,) acting on baffle
R1 into the static force (F?) exerted by dead-zone particles and the
dynamic force (F¢) exerted by moving particles. The results for

5 10 15 20

7- and 16-mm particle flows under a slope of 25° are respectively
shown in Fig. 6a and b, and the insets give the corresponding results
for a slope of 45°. It is seen that the dynamic force is dominant dur-
ing the debris-baffle interaction, and with increases in the particle
size and Ny, the static force component becomes much less impor-
tant. The calculation of the dead-zone exerted force on the barrier
is often challengeable (Albaba et al. 2018; Jiang and Towhata 2013),
and baffle design can thus ignore the static force component, at
least for rapid granular flow with smaller S; /6.

Impact force of bidisperse granular flows

When considering the impact on the baffle structure of granular
flows with different particle size distributions, the main problem
lies in the velocity alteration due to particle-size segregation; differ-
ent arching effects due to different values of S; /6, and the different
force components exerted by the different particle sizes.

Tables 3 and 5 show that the particle-size segregation did not
appreciably change the bulk flow velocity, and we thus believe that
the variation in the impact force acting on the baffle arrays is not
attributed to the segregation-altered flow behavior.

Figure 7 shows the total impact force of the bidisperse granular
flow acting on the baffle array. As shown in the inset of Fig. 7a, the
time-history curve of the raw data of the impact force acting on the
baffle R1 has a greater force impulse when the percentage of 16-mm
particles is increased. The peak of smoothed data shows that the
impact force of bidisperse granular flows is bound by the force of
8- and 16-mm particle flows, and for larger Ny, the force discrep-
ancy also becomes notable. With an increase in the percentage of
16-mm particles, the peak in smoothed impact force data does not
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Fig.5 Peak impact forces
(smoothed data) acting on
abaffle R1 and b baffle R2
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Fig. 6 Decomposition of the impact force on baffle array R1: a 7-mm
particle flow and a slope angle of 25°, with the inset giving the force
exerted by 7-mm particle flow for a slope angle of 45° and b 16-mm
particle flow for a slope angle of 25°, with the inset giving the force
exerted by 16-mm particle flow for a slope angle of 45°

have a monotonous development trend, but roughly larger values
are observed, which indicates that the impact force of bidisperse
granular flow is much more complex than that of monodisperse
granular flows. This is because the impact effect is also altered by
the discharge process, which is controlled by the arching effect of
the debris-baffle interaction. With the change in particle percent-
age, it is difficult to determine which particle size dominates the
arching behavior. This problem is later discussed in depth.

The impact effect on baffle R2 is complex because the boulder
filtration effect of baffle R1, in addition to the particle-size segre-
gation effect and arching effect, is important. The inset of Fig. 7b
shows that the force impulse acting on baffle R2 is negligible
compared with that acting on baffle R1, and the peak value of the
smoothed impact force shows that with an increase in Ny, bidis-
perse granular flow with a larger percentage of 16-mm particles

exerts a weaker impact force on baffle R2, indicating that the filtra-
tion effect of the baffle array is stronger for larger Ny.

Figure 8 compares the impact force of smaller particles and larger
particles acting on an array. The comparison reveals which particle
size dominates the impact effect of the bidisperse granular flow. For
the impact force of PSD2 (i.e., the percentage of 16-mm particles is
20%) shown in Fig. 8a, the force generated by the 16-mm particles is
weaker and the total impact effect is dominated by the 8-mm parti-
cles, indicating that smaller particles exert a cushioning effect that
reduces the impact force of larger particles. When the percentage
of 16-mm particles is increased to 60% (PSD4, Fig. 8b), the force of
16-mm particles is increased but the impact of smaller particles still
dominates, and until 80% (PSDs, Fig. 8c), the impact of 16-mm par-
ticles dominates. For the impact force of PSD6, the force generated
by 8-mm particles is still considerable (Fig. 8d). This may be because
the smaller particles more easily fall into the voids of larger particles
and make contacts with the barrier. The inset of Fig. 8 shows the force
acting on baffle R2, and similar characteristics have been observed.

Analytical model and verification.

Model derivation

Figure ga1 and b1 respectively show the moment of the beginning
of the run-up of the granular flow against the baffle array (t=0.86)
and the moment that the run-up height reaches peaks (t=1.25).It is
observed that the granular flow front undergoes an upward deviation
against the baffle array, which resembles the jet-like impact model
described by Armanini et al. (2019) for a debris-flow impact on a
closed-type barrier. The conceptual model of the jet impact for baffle
R1 is shown in Fig. 9. For development of the debris-baffle interac-
tion model, we set a control volume encompassing the climbing flow
material, and we assume that (1) the incoming flow is steady and uni-
form with streamlines strictly parallel to the longitudinal direction
(x-axis), which means a plug-like flow behavior; (2) the flow density
is constant and the variation in the flow density during run-up and
outflow is neglected; (3) the run-up height is transversely uniform;
(4) the outflow process is steady and can be described by a linear
function; (5) the length (along the x-direction) of the control volume
is sufficiently short and thus the normal (p,) and tangential stress
(7,) applied at the base of the control volume can be negligible; (6)
the temperature change is negligible; and (7) the baffle surface fric-
tion stress (z,) and granular internal shear stress are negligible. We
emphasize that the model is mainly developed for baffle R1, which
should be taken as a reference in baffle design.

The debris-baffle interaction can be described by the conversa-
tion equations of mass, momentum, and energy, which are respec-
tively written as:

/[{%deB+{{(pV)<7~?i>dA = fcfvfpde+{{FdA, ()
/Cfvfi(pe[)dB +{{(pe[)<7-ﬁ>dA = {{}? - VdA - %> (5)

where p is the flow density, V is the velocity vector, }: is the mass
force, F is the surface force, ¢, is the mechanical energy of flow
per unit mass, and %{ represents the involved heat energy and is
neglected in this paper.
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Fig.8 Comparison of the impact forces of smaller particles and larger particles on the array. The results for cases a PSD2, b PSD4, ¢ PSD5, and
d PSD6 under a slope angle of 45° are presented. The inset presents the impact force acting on baffle R2

The momentum conversation in the longitudinal direction
(along the x-axis) can be expressed as (assuming the velocity of
materials within the control volume is zero along the x-axis):

0 o y
—ppughy + pyuy*hgB = [/ ppdz — B[ °p,dz — (1= B) [ " p,dz, (6)

where B is the opening ratio (¥, Sz/W;), p; is the stress on the
control volume exerted by the incoming flow, p, is the stress on
the control volume exerted by the outflow, and p, is the stress on
the control volume exerted by the baffle, as shown in Fig. 9. Con-
sidering the linear distribution of the earth pressure (Armanini
et al. 2019; Faug 2021; Li et al. 2020; Zhou et al. 2019), Eq. (6) can
be rewritten as

1 1 o
—pyug*hy + potty*hyB = Elcﬂofghf2 cos 6 — EBKDpogho2 cosO— F,,
?)

where F, is the total impact force per unit chute width, p,u,>h,B
is the momentum discharge, and for simplicity, we introduce a

reduction coefficient ¥,, that describes the momentum discharge
according to

potig*hoB =, (psushy). (8)

The substitution of Eq. (9) into Eq. (8) yields

2
F, _ 1 hy
Eayn = prughy (1 - le) + Ny, 2 <Kf - 7’3’%(;) ) +ap  (9)

where k; and k, represent the ratio of the longitudinal-to-vertical
normal stress. We have introduced an empirical coefficient y, in
Eq. (10) for compensation of the overestimation of 4, as will be
discussed later. a, is an additional coefficient, which will also be dis-
cussed later. And in Eq. (10), we have used the assumption: Po = Py
and h, = h,, where p; and p, are the density of incoming flow and
the outflow, respectively; and 4, is the granular run-up height at the
position of baffle slits.
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al moment of the start of the run-up of granular flow against the
baffle array (t=0.86) and b1 moment when the run-up height
reaches peak (t=1.25). a2 and b2 respectively show the correspond-

Fig.9 DEM results

e,in Eq. (5) can be expressed as

e, =e te,= %uz + gz cos 0, (10)
where % u? is the kinetic energy per unit flow mass and gzcos@ is the
potential energy per unit flow mass.

The first term on the left-hand side of Eq. (5) can be written, under
the assumption that the energy per unit flow mass is constant for the
run-up material (Armanini et al. 2019), as

fcfvf%(pet)dB = pr<%u2 + gz cos 9)703—};’17, = p,(%u2 + gz cos 0>,u,b,.

(1)

When the run-up reaches its peak, u, becomes zero, resulting

in the expression in Eq. (1) equaling zero. The second term on the

left-hand side of Eq. (5) describes the flux of the energy across the

surface of the control volume and can be written along the longi-
tudinal direction (along the x-axis) as

{{(pe,)(V . ?i)dA = fgfpf(%uZ +gz cos@)f(—uf)dz

(12)
+B/g”pu(%u2 + gz cos 9) (u,)dz

For simplicity, we introduce a reduction coefficient ¥, to express
the energy discharge as

2640 ‘ Landslides 19 - (2022)

ing conceptual model based on the vertical-jet assumption. The
results for 10-mm particle flow and a slope angle of 35° are pre-
sented as an example

B/z”pO(%uz + gz cos Q)f(ug)dz = ‘I’efgfpfeuz +gzc050) (ur)dz,

(13)
and Eq. (12) thus reduces to
ff(pet)<7 . ﬁ)dA = (¥, - l)fzfpfeuz +gzcos€) (uf)dz
“ ! (14)

- 12
= (¥, - l)pfufhf(zu + gz cos 9>f,
where the energy density%u2 + gz cos 0 is assumed to be constant
along the incoming flow depth.

The first term on the right-hand side of Eq. (5) describes the
work done by the surface force applied to the surface of the control
volume and can be formulated as

JE-VdA = [} pjusdz - B[ p,u,dz
& (15)
= %Kfpfghfzuf cosf — %BKgpfghrzuo cos 6.

It is assumed that the outflow velocity can be described by the
linear formula

u, ="¥,u. (16)

Combining Egs. (11) and (14)-(16) yields



p,(%m + gz cos 0) ub, + (¥, — l)pfufhf(ébﬂ + gz cos 9) -
r f 17
1

= Ercfpfghfzuf cosf — %B‘I’ulcopfgh,zuf cosé.
We solve Eq. (17) for the period during which the run-up reaches
and remains at its peak; i.e., the solved h, is regarded as the maxi-
mum value. When the energy per unit flow mass (% u* + gz cos 0) is

adopted as ( %ufz + ghy cos 0), we obtain

(18)

(W _ [Kf+(1—"«e)<wpr2+z)]%.

hy ¥, Bk,

Equations (9) and (18) are jointly used for predicting the peak
impact force and peak run-up height of the granular flow against
the baffle structures. It is noted that the computed impact force is
the total force exerted on the baffle array and not that exerted on
a single baffle.

Determination of empirical coefficients

¥,,¥,,and ¥, are important coefficients for a slit structure and
but have no widely accepted models. Assuming that the outflow
process is steady and can be described by a linear relation, we
analyze the DEM data and obtain ¥,, and P,. It is difficult to
characterize the average velocity of the outflow as the flow front
is discrete and agitated, and ¥, is thus roughly obtained from
¥, /¥, for simplicity (here W, is mainly estimated using the data
of kinetic energy). The energy data are more convergent with less
dependence on the Froude number (N,) than the momentum
data, and we thus use data averaged for the same slope angle to
obtain Eq. (19) by linear fitting and the error in Eq. (19) is within
+10% as shown in Fig. 10a. ¥,, is a more complex function of
both N, and S;/6, as shown by Eq. (20) obtained through the
linear fitting of the data of 16-mm particle flows (orange line in
Fig.10b) and empirical linear interpolation considering different
values of S; /6. It is noted that the coefficient of 0.11 in Eq. (21) is
subjectively given with consideration of whether the calculated
¥, for 7-mm particle flows (black line in Fig. 10b) can bind the
numerical data. The equations are

W, =0.116 +0.0281%, (19)

¥, = (0.26 + 0.0388N}, ) [1 +0.11 * (%B - 4.375)]. (20)

Equation (18) does not consider the energy loss due to friction,
which can be implicitly encompassed in the coefficients k; and x,.
The longitudinal stress coefficient depends on the deformation
stage of the granular material (Faug 2021) and ranges o.2-5.0 for
debris flow (Iverson et al. 2016). We conducted a sensitivity analy-
sis of the impact force and run-up height of granular flow against
the baffle array to ; and k, as shown in Fig. 11. It is observed that
ks has less effect on h,/h; than k,, indicating that the behavior of
the outflow material is much more important. &, is much more
dependent on k; for smaller N, (<4). a,, is not affected by «,
because a value of zero is adopted for y,.

It is noted that Eq. (18) is valid only when the run-up of the
granular flow reaches its peak and remains at the peak for a
while, and at this time, the Froude number of the incoming flow

has been largely attenuated because of the energy dissipation of
the barrier structure, whereas when feeding the run-up model,
it is challenging to obtain sophisticated incoming flow proper-
ties (Albaba et al. 2018) and the free-flow properties are thus
often used for simplicity, which may result in the overestimation
of the run-up height. Additionally, the inappropriate considera-
tion of the energy consumption during debris-baffle interaction
may result in the overestimation of the run-up height. However,
Eq. (9) is generally true despite the fact that we ignore some
factors that are less important. Inputting a run-up height that is
too high into Eq. (10) may lead to a negative value of a,,,,, which
is physically meaningless, as shown in Fig. 12. We thus introduce
7, to compensate for the overestimation of k,/h;. y, has a notable
effect on @, for smaller Ny, (<4). In addition, the introduction
of y, has another benefit.

Comparison of the numerical results and analytical results

The data of monodisperse granular flows acting against baffle R1
are used to verify the proposed debris-baffle interaction model
as summarized in Tables 3, 6, and 7. h, obtained by DEM simu-
lation is normalized by the maximum flow depth of free flow
(B;_ax)> and the simulation-generated force (F,, total impact
force per unit chute width) is normalized by the maximum flow
velocity (u ), maximum flow depth (4, ,,,), and maximum
flow density (p; ) of the free flows.

Figure 13a compares the measured h, .../ e @0dh, /By o
calculated by feeding Eq. (19) with N, from Table 3 and the longi-
tudinal pressure coefficients (Kfz 1.0 and k, = 2.5). It is observed
that Eq. (18) performs well as it generally captures the magnitude
and evolution trend of the peak run-up height of monogranular
flows against the baffle structure. Larger errors are observed for
flows with larger (16- and 14-mm) particles, especially at lower Ny,.

Figure 13b compares the measured a,,, and a,,, calculated (data
with gray background) by feeding Eq. (10) with Ny, from Table 3
and the longitudinal pressure coefficient (x;=1.0,x, = 2.5,7,= 0 and
a, = 0).It is seen that the performance of Eq. (10) is not satisfying,
especially for flows with larger N, with the largest error even reach-
ing nearly 50%, although we have fed Eq. (10) with y, = o, which is
the lowest correction coefficient as discussed in Fig. 12.

Discussion
Model improvement

Figure 13 demonstrates that the proposed model does not per-
form satisfactorily for monodisperse granular flows with lower
Np. (approximately 4-5). The reason for the poor performance
may be the assumption that the granular impact against the baf-
fles follows a vertical-jet model no matter the range of Ny, and
this assumption may not be true for granular flows with lower Ny, .
For debris flow, Armanini et al. (2019) indicated that if the velocity
of the incoming flow is not sufficiently high, the impact process
would undergo another distinct pattern. Song et al. (2021) further
demonstrated that the jet model is more appropriate for debris
flows with Ny, higher than 3-4. As a result, the Froude effect is an
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important consideration in the development of the impact model.  the linear discharge assumption not being strictly true. However,
The particle size effect may be attributed to the overestimation although not perfect, Eq. (18) for the run-up height prediction is
of the effect of energy discharge on the granular flow run-up and  acceptable for engineering design purposes.
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Fig. 11 Analysis of the sensi-
tivity of the normalized impact
force ay,, and h,/hs to ax; (¥ =
0.3,¥,=0.6,x,= 1.0,and y,= 0)
and bk, (¥,=03,¥,=06, k=
1.0andy,=0)

/h

hl"

(b) N,

Landslides 19 - (2022) | 2643



| Original Paper

Fig. 12 Analysis of the sensitiv- 1.0
itytoy, (¥,=03,¥,=0.6, k=
1.0, and k,= 1.0)

0.8

0.6
0.4
0.2

s
<
N

0.0

The estimation of the impact force for the granular impact is
much more complex and difficult (Faug 2021; Li et al. 2020; Song
et al. 2021). The error in Eq. (9) for predicting the impact force
cannot be ignored or tolerated in engineering design because the
underestimation of the impact force may lead to the destruction of

Table 6 Peak values of the
impact force of monodisperse
granular flows acting on baffles
R1and Ra. Force unit: N

the baffle structures. Revisiting the momentum balance (Eq. (7)),
we see that besides the error due to the overestimation of h,/h;
as y, is set at zero, the reasons may include four aspects. (1) The
momentum discharge is not strictly linear as assumed and can-
not be perfectly described by Eq. (20), which may lead to errors

25 80.96 31.16 81.53 29.88 99.43 27.88 132.95 31.34 131.68 41.55 139.69  43.99

30 115.47 59.10  111.33 58.49 135.89 57.68 136.45 60.85 185.76 70.49 194.03 54.39

35 162.28 79.17 165.83

77.95 213.80 86.27 219.14 81.41 230.95 65.47 244.98 76.23

40 218.49 102.45 23174

97.29 270.55 86.27 304.32 76.72 31717 82.86 328.50 90.33

45 275.20 120.53 305.24 117.41 319.35 11173 364.42 114.25 401.65 89.40 413.12 88.20

Table 7 Peak values of the
run-up height of monodisperse
granular flows against baffles
R1and R2. Length unit: m

25 0.146 0.097 0.139 0.092  0.132 0.085 0.128 0.078 0.136 0.084 0.128 0.086

30 0.194 0.169 0.197 0.168

0.199  0.151 0.206 0.160 0.198 0.173 0.194 0.168

35 0.247 0.272 0.250 0.272

0.260 0.262 0.258 0.256 0.266 0.260 0.267 0.260

40 0.318 0.372 0.317 0.374

0.324 0.386 0.327 0.358 0.341 0.368 0.340 0.366

45 0.374 0.467 0.408 0.497 0.403 0.491 0.417 0.510 0.404 0.505 0.412 0.517
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a Comparison of the run-up
height between numerical
data and model calculated
data, where h, obtained in
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b Comparison of the impact
force between numerical data
and model calculated data,
where the measured ay, is
obtained by normalizing the
simulation-generated force
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Fig. 14 Analysis of the predic-
tion error of the impact force
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in the prediction. However, we hold this is not the main source of
error. (2) In Eq. (9), we have largely ignored the contribution of the
static force of the climbed material on the baffle array, which may
important especially for flows with lower N, as indicated by Fig. 6a
(where the static force component can account for more than 50%
for 7-mm particle flow under a slope of 25°) and as demonstrated by
Jiang and Towhata (2013). Again, this is not the main source of error
because the maximum prediction error is observed for larger par-
ticles (12.5-16 mm) as depicted by Fig. 13b, whereas in the inset of
Fig. 6b, the static force component for 16-mm particle flow under a
slope of 25° is small (< 5%). (3) Eq. (9) implies that the impact force
exerted by the incoming flow is transmitted by the retarding mate-
rial between the front and the baffle array, while the granular mate-
rial accumulating behind structures can serve as a cushioning layer

Table 8 Peak values of the
impact force and run-up height
of bidisperse granular flows
against baffles R1and Ro.

assisting the dissipation of the momentum of the subsequent flow
(Koo et al. 2016; Zhang et al. 2020), and the direct impact of granu-
lar flow on the baffle is thus not properly considered. (4) Eq. (9) is
established on the basis of the flow mechanics of commonly found
fluid but without consideration of the granular impact character-
istics; the particle size is an important consideration for granular
impacts (Cui et al. 2018; Goodwin and Choi 2021; Jiang et al. 2015;
Song et al. 2018), as is true for our results. For example, ignoring
both ¥, andy, in Eq. (9) yields the expression (1 + 1 /2Ny %), which
is the typical expression for debris flow proposed by Armanini et al.
(2019), but Ay for 16-mm particle flow (and also 12.5- and 14-mm
particle flow) at a slope angle of 25° in Fig. 13b exceeds the predic-
tion of (1 + 1/2N,,?) by a factor exceeding 1.2. We believe that error
sources (3) and (4) are dominant but difficult to mathematically

Length unit: m. Force unit: N F.-25 89.82 2726 90.82 35.29 103.60 38.40 99.55 35.61 91.42 34.39 94.90 35.91
F.-35 184.91 7724 18175 78.59 215.55 79.33 184.02  89.21 202.86 77.02 225.09 66.34
F-45 310.75 111.85 33733 115.89 380.78 118.95 346.21 11737 374.65 98.77 395.39 105.88
h,-25 0.151 0.155 0.162 0.164 0.171 0.174
h,-35 0.260 0.259 0.282 0.282 0.288 0.292
h,-45 0.411 0.417 0.454 0.448 0.459 0.436
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Fig. 15 Baffle design consider-
ing the material homogeneity
of granular flow. k; = 1.0, k, =
2.5,7,=0,and ay = 9.3N;, "
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model. As a result, we introduce @, another empirical coefficient, to
improve the performance of Eq. (9) in the estimation of the impact
force. @y, as formulated by Eq. (21), is obtained through the non-
linear fitting of the error data (Fig. 14), namely the discrepancy
between the measurements and values calculated using Eq. (9). By
introducing a,, the modification is much improved, as shown by
the data with the pale-yellow background in Fig.13b. The formula-
tion of a, is

ay = 9.3Ny 4. (21)

Baffle design considering the inhomogeneity of the flow material

Tables 5 and 8 summarize the absolute values of the run-up height
and impact force of bidisperse granular flows. h, .. /h; .. and g,
for bidisperse granular flows against baffle R1 are presented against
N, (scattered points) in Fig. 15, and the model calculations (solid
lines) are obtained by feeding Egs. (18) and (19) with Ny, listed in
Table 5 and particle sizes of 8,12, and 16 mm, respectively, as the
bidisperse granular flows considered in this paper mainly contain
8- and 16-mm particles. Additionally, empirical coefficients are set
the same as for monodisperse granular flows. Figure 15 shows that if
the largest particle size of the monodisperse granular flow is used,
R, nax/Ps_max @and @y, are overestimated but with the predicted val-
ues falling on the safer side considering the engineering design
purpose. However, for smaller prediction error, it seems that the
averaged particle size is more appropriate, while it is noted that we
consider only bidisperse granular flows with particle percentage
no less than 10%.

Baffle design considering unsteady flow dynamics

The selection of design parameters, especially the flow depth, is
important when using the proposed impact models because the
flow depth varies along the flow length. Although the flow velocity
also varies, the maximum velocity is commonly suggested in design
guidelines (Kwan 2012) and the literature (Faug 2021; Jiang et al.
2015; Koo et al. 2016; Song et al. 2021), whereas the selection of the
flow depth remains obscure. The flow front depth (Ng et al. 2016)
and maximum flow depth (Kwan 2012) are always adopted, but
no study has made a detailed investigation of the effects of these
parameters. Another problem is the definition of the flow front,
which is challenging because the flow front is often wedge-shaped.
Ng et al. (2019) suggested the maximum depth of the frontmost
5% of a flow should be selected in calculations of the impact force
and pile-up height for dry granular flows. Table 4 summarizes the
frontal depth (h; () and corresponding Froude number (N;r). It
is noted that N;r is larger than Ny, which is calculated using the
maximum flow depth (k).

The adoption of different strategies of Froude characterization
could affect the empirical coefficients (¥,, and a,), making it mean-
ingless to compare the performances of impact models when feed-
ing different Froude numbers. Therefore, we only present a com-
parison of the run-up height prediction, because ¥, in the run-up
height prediction model (Eq. (19)) is independent of the Froude
number. &, obtained in DEM simulation is normalized by the fron-
tal flow depth of the free flows (ki ;,). The results are presented in
Fig.16. It is seen that the model performance performs unsatisfac-
torily especially for a larger Froude number,as h, ,../h; 4, is largely

Fig. 16 Baffle design consider- 20 T T T T T T T T r
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underestimated. A comparison with the results presented in Fig.13a
suggests that the maximum flow depth and maximum flow velocity
should be used in baffle design.

Limitations and perspectives

The limitations of this paper lie in two aspects. One the one hand,
we have only considered limited cases. At current stage, researches
about baffles mostly focused on dry granular avalanches under
reduced stress level. Although it is demonstrated that granular
mobility is independent with stress level when the flow moves en
mass (Cagnoli 2021), the sensitivity of arching effect of slit structure
to stress level has not been fully investigated. In addition, with the
influence of interstitial fluid, the energy dissipation of debris-baffle
interaction could be distinct. And thus, the results presented in this
paper are more relevant to situations having similar conditions (flow
types, Ny, and S;/6). On the other hand, the proposed model was
verified using a limited dataset. It should be noted that the empirical
coefficients like ¥, and ¥, are highly dependent on friction prop-
erties of granular soils. Our model verification only can justify the
credibility of the jet model, but for the determination of empirical
coefficients needs further investigation. Thus, for safer engineer-
ing design, the proposed model should be tested using more data
obtained under various debris-barrier interaction conditions and
especially field data, although field data are scarce and difficult
to obtain. Another important issue is the boulder impact force of
the granular flow, which is important to barrier design (Goodwin
and Choi 2021; Song et al. 2018), whereas our models only address
the debris impact load. The calculation of the boulder-generated
impulse load thus needs to be discussed in detail and encompassed
into the design model for baffle structures.

Conclusion

This paper aims to improve the baffle design strategy by under-
standing the impact dynamics of granular flows with different
particle size distribution and Froude characteristics against baffle
array and developing a physically based model to estimate the peak
values of impact force and run-up height. For such a purpose, a
series of DEM simulations was conducted, and the following con-
clusions are drawn from the results of the study:

1. Theinterparticle energy loss is enhanced while particle-flume
energy loss is reduced because of the function of baffle struc-
ture, and with the increase of Froude number of granular flow,
the difference values of interparticle energy loss between baf-
fle cases and free flow cases are increased but of the particle-
flume energy loss are reduced. Besides, the energy loss due to
particle-baffle interaction is negligible.

2. For monodisperse granular flow, larger particles have a higher
force impulse and larger values of the smoothed data of the
force acting on the baffle array. For bidisperse granular flow,
with an increasing percentage of larger particles, the force
impulse becomes appreciable, and the peak of smoothed force
data does not change monotonously but roughly larger. This

difference between monodisperse and bidisperse granular flow
impact is attributed to the hard contact inducing stronger force
for larger particles and arching effect of the debris-baffle inter-
action, and the former is dominant.

3. The dynamic force generated by moving particles is dominant
during debris-baffle interaction, and with the increase of par-
ticle size and Ny, the static force component generated by the
dead zone behind the baffles becomes much less important.
It is suggested that baffle design could ignore the static force
component, at least for rapid granular flow with a smaller ratio
of the baffle slit size to particle size.

4. For the impact of bidisperse granular flow, the effect of larger
particles is only dominant when the percentage of larger par-
ticles is larger because fine debris provides a cushioning effect
for the boulder impact, and the fine debris impact is consider-
able even at a lower percentage of fine debris and should not
be ignored.

5. The impact force is largely attenuated after passing the first
baffle array (by more than 50%), and baffle design can take the
performance of the first baffle array as a reference. A jet-based
impact model was proposed to calculate the peak value of total
impact force and the run-up height against the first baffle array con-
sidering the Froude number and the ratio of the baffle slit size to
particle size, and the model was verified using numerical data.

6. Based on the proposed model, we further suggest that when
considering flow material inhomogeneity in baffle design, the
largest particle size with a percentage no less than 10% should
be used as the characterized particle size; and when consider-
ing the unsteady flow dynamics, the maximum flow depth and
velocity be used as design parameters.
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Appendix. DEM contact model

The DEM simulations in this paper are conducted using EDEM
software, which offers an efficient contact model referred to as a
Hertz-Mindlin (no-slip) contact model combined with an anti-
rolling model to compensate for the simplification of the real
particle shape in DEM simulation:

F¢=-K,A, +D,v*, (22)
F¢ = min{K,A, + DV, u.Fc}, (23)
M, = —pu,Fidd,. (24)
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Here, the subscripts n and t respectively indicate the normal
and tangential directions. And the definitions of variables are
presented in Nomenclature.

[Nomenclature

DEM contact model F¢, Ff: normal and tangential contact
force; K: elastic stiffness constant; D:
damping coefficient; A: overlap; v :
relative velocity; . :coefficient of
Coulomb friction; y,: rolling friction
coefficient; d;: distance between the
contact point and center of mass; @;:
unit angular velocity.

Baffle layout Lg: baffle array spacing; Sg: slit spacing;
W;: flume width; hg: baffle height; Wj:

baffle width; B: opening ratio.

Flow properties h;: flow depth; us: flow velocity; : parti-
cle diameter; u: flow velocity; ¢;: solid
volume fraction; p,: particle density:
Ng,: Froude number; E;: kinetic energy:
E,: potential energy; E: dissipated
energy; E,: energy loss due to particle
removal; E;: elastic strain energy.

Design Parameters F.: total impact force; F’: static force
component; F%: dynamic force com-
ponent; ¥,.: momentum reduction
coefficient; ¥,: velocity reduction coef-
ficient; h,: run-up height; ¥,: energy
reduction coefficient; «;: longitudinal
pressure coefficient; y,: empirical
coefficient for compensation of the
overestimation of run-up height; a,:
force correction coefficient.
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