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Abstract

Baffle system is a promising disaster mitigation measure, while the mechanism of debris-baffle interaction at grain scale
has not been fully understood, and especially the effect of the unsteady nature of granular flow on debris-baffle interaction
has not been detailly investigated. For this purpose, we conducted various small-scale model tests and used the three-
dimensional discrete element method to assist the interpretation of the experimental results and extend research content.
The granular arch that is formed between the baffle slit controls the debris-baffle interaction, which is completely different
from the dead zone-dominant debris-barrier interaction mechanism represented by a rigid or flexible barrier. The particle
size effect is controlled by the baffle jamming behavior. Larger particles facilitate the rapid formation of a stable force arch
with larger energy-breaking efficiency. And flows with larger Froude number are not easy to form stable granular arches.
Thus, the baffle array number, particle size, and construction site control the efficiency of baffle structure in deceleration of
granular flows. Particularly, increasing the baffle array number restricts the recovery of flow mobility after the flow passes
the baffle structure. In general, the construction of baffle at deposition area may not be an effective engineering options,
because the impact force discrepancy on baffle array is larger by 28%, the generated energy dissipation is lower by 60.97%,
the run-out distance by 10% and the spreading distance on the slope by approximately 40% for baffles in the deposition
area compared with baffles constructed on slope.

Keywords Debris-baffle interaction - Discrete element method - Deposition - Energy dissipation - Granular flow -
Run-out

1 Introduction

Natural granular flow is a catastrophic geological disaster
[13]. In some cases, such as the 2010 Zhouqu debris flow
[16] and 2015 Guangming landslide [40], granular flows
have caused a large number of human casualties and
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tremendous economic losses. Disaster mitigation studies
have attracted a great amount of attention among the sci-
entific community [4, 17, 30]. Engineering structures, such
as check dams, are widely used in the field to reduce the
destructivity of granular flows [29]. These structural
countermeasures are crucial for the safety of human set-
tlements and other important infrastructures, particularly in
mountainous areas. However, these closed structure types
can easily be destroyed owing to the powerful effect
exerted by granular flows on the structures [15]. Addi-
tionally, their maintenance is very costly because the bar-
rier loses its function after being buried by deposition.
Hence, the adoption of open structures is preferable in the
field recent years. Flexible barriers, because of lower
stiffness and partial retention of granular material
[2, 28, 38], have been proved as a promising disaster
protection measures as the impact load especially gener-
ated by boulders could be largely attenuated [33]. Open
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silts allow a portion of material to escape the barrier; thus,
the load on the barrier and the deposition behind the barrier
are reduced. By careful design, open barrier types can
achieve better performance compared with closed barrier
types [14, 24, 41].

In recent years, the baffle array, which is an open barrier
type, has attracted a great amount of interest among the
scientific and engineering communities because it is a
promising structure for decelerating granular flows and
thereby reducing their destructive power. Ng et al. [27]
conducted a series of physical tests to investigate the
reduction of the flow velocity of a granular flow after the
passing the baffle structure and concluded that the three
baffle arrays reduced the frontal velocity by 57%. Based on
a large number of physical tests and numerical simulations,
the optimal baffle space, height, and array distance have
been identified [10, 21]. Bi et al. [6] investigated the effect
of the baffle structure on the run-out and impact behavior
of a rock avalanche under a hypothetical prototypical
condition. Wang et al. [39] demonstrated that arc-shaped
baffles are effective in regulating the rock avalanche
deposition. Li et al. [23] developed a new numerical tool
based on the material point method to assist in the rational
design of baffle structures. The abovementioned studies
have mainly focused on optimizing the baffle configuration
by changing the baffle height, shape, column spacing, or
array distance. Additionally, the reduction of the flow
velocity, run-out distance, or deposition area has been set
as indicators.

Although previous studies have reported many remark-
able results, a general design criterion for baffle structures
has not been fully established to date, because various
issues have not been satisfactorily solved. One of the big-
gest is that the mechanism of debris-baffle interaction at
grain scale has not been fully understood. The main
research gap lies in the unsteady nature of granular flow
has not been detailly investigated when addressing debris-
baffle interaction. On the other hand, a fully developed
granular flow disaster mainly comprises three stages: the
slope failure process, granular debris surging downslope
(acceleration) and deposition (deceleration), and at differ-
ent stage, the Froude characteristic of granular flow could
be different, which is crucial for barrier design. For
example, Ng et al. [26] revealed that the flow-thinning
process of granular flow when surging downslope exerts a
profound effect on impact and run-up on barrier. And Chen
et al. [8] adopted a simulation-based approach to optimize
the barrier position against debris flow disaster. Various
studies have investigated baffles constructed on a slope,
where the granular flow is accelerated [6, 10, 27], while
others have investigated baffles constructed in the deposi-
tion area where the granular flow undergoes deceleration
[39]. However, the effect of Froude characteristic on
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debris-baffle interaction has not been properly addressed.
On the other hand, the unsteady nature of granular flow
also comes from its material composition, and further when
passing a narrow spacing, particle size could exert an
important effect [3, 5, 18]. And thus, the jamming effect of
baffle structure should be investigated considering particle
size, which is properly covered previously.

To assist the development of reliable baffle systems, we
designed various small-scale model tests, and used the
three-dimensional (3D) discrete element method (DEM) to
back-analyze and assist the interpretation of the experi-
mental results. The two above-mentioned issues were
thoroughly investigated by considering the particle size of
the granular debris and the effect of the construction site.
Notably, the construction site effect was simplified by
considering that the baffle is installed at the granular
acceleration path or deceleration path. The findings of this
study could strengthen the understanding of debris-baffle
interaction and improve the reliability of baffle design in
the field.

2 Methodology
2.1 Physical tests

Fume modelling of granular flow impact has been
demonstrated as effective tool in understating of flow-
structure interaction mechanism [20, 25, 37]. Thus, a
small-scale flume model was designed including a material
storage container, inclined flume with a front opening, and
deposition area. As shown in Fig. la, the material storage
container had a length of 15 cm, height of 12 cm, and
width of 10 cm. The total length of the flume was 80 cm,
and the spreading length of the material was 65 cm. The
width and height of the flume were 10 cm and 12 cm,
respectively. A flat plane was installed at the end of the
flume and was sufficiently large to allow the full deposition
of granular flow. The flume was made using high density
polyethylene (HDPE) and was inclined at 45° to form a
rapid granular flow. This slope angle was fixed in all cases.

The baffle was also constructed using the HDPE mate-
rial because structural failure was not considered in this
study. As shown in Fig. 1a and b, the baffle arrays were
installed at two positions: position 1 refers to the acceler-
ation stage of the granular flow, and position 2 refers to the
deceleration stage (deposition stage). At position 1, the
effect of the number of baffle arrays (R1, R2, R3) was
considered. The baffle configuration is presented in Fig. 1a.
This part of the study was carried out using physical
modelling. At position 2 (Fig. 1b), a similar test program
was adopted and carried out using numerical modelling.
The baffle used in our experiment had a square shape with



Acta Geotechnica (2021) 16:3667-3688

3669

r———71
(a) i
deewall . J_ - k}_|
[
; S
Storage | L | 10em
/N L8
% £ ST
JE‘ & \\ : i |
& 05 / _—
7 N
/ e, D Baffle configuration
/ Q“& Q N 9
9\; é NG 'Qb) % D
y
y
N 2
. /
N //
Position 1 B Flume
Baffle D A <
structure AN \>'
SN / = g
N . / Deposition area §
_______________ 452 N7
60cm
(b)
Storage
) Side wall
J Rl R2 R3
< C& I 1 i ¥
% \y | :
& Flume end cm, |
% &
& - S
S IAE
Baffle cohflguration
vl
Position2
Flume NN =~ = T
P~ ' \\>' |
= | | .
N | / g Deposition
\'_3 /{/ — : area
_______________ 452 {7~ /0 e .
Flume end ]Ecml————i _ﬁcm_l __!
60cm
(c) Material 1: 0.1-0.5 mm Material 2: 0.5-1 mm Material 3: 1-2 mm

Fig. 1 Flume configuration and test materials

b e o o o R R S

o G

12cm

@ Springer



3670

Acta Geotechnica (2021) 16:3667-3688

a dimension of 1 cm and height of 10 cm. The baffle
spacing was 2 cm and the array spacing was 6 cm. In this
study, the baffle or array spacing did not vary and only the
baffle array number was considered.

In the physical modelling carried out in this study, four
types of granular material with different particle size were
considered: 0.1-0.5 mm (material 1), 0.5-1 mm (material
2), 1-2 mm (material 3), and 2-4 mm (material 4), as
shown in Fig. Ic. The internal friction angle of the granular
material was measured by a cylinder lifting test and dam
break test, according to the literatures [6, 31]. Additionally,
the interface friction angle was measured by tilting tests as
described by Jiang and Towhata [20]. The results and other
physical properties of the used granular material are pre-
sented in Table 1. Initially, the granular material was filled
into the storage container using the pluvial deposition
method [20] to form a rectangular deposition shape with
the dimension of 15 x 10 x 8 cm. The material mass was
controlled to generate similar initial deposition bulk den-
sity, which has been observed to exert a noticeable influ-
ence on the flow impact dynamics [1]. The material was
released by a mechanical gate to initiate a dam break
failure and then formed a granular flow. A high-speed
camera with a frame rate of 240 frames per second was
used to capture the flow kinematics during the debris-baffle
interaction. Thus, the velocity reduction caused by the
deceleration induced by the baffle structure was obtained
using PIV analysis [35].

To investigate the micro-mechanism and efficiency of
the baffle structure with regard to the deceleration of
granular flows, a total of 23 tests were conducted, including
16 physical modeling tests and 7 DEM simulation tests, as
presented in Table 2. Overall, the particle size effect, baffle
number, and baffle installation position were considered to
achieve the objective of this study.

2.2 Numerical simulations

The DEM simulation was conducted to elucidate the
micro-mechanism of the debris-baffle interaction and

further analyze the effect of the baffle’s installation posi-
tion. The DEM has already been demonstrated as an
effective tool for dealing with granular flows and offering
various fundamental insights particularly with regard to
flow-structure interaction [3, 6, 10, 12, 14, 21, 22, 41]. In
DEM simulation, the granular material was represented by
discrete spherical particles, and the baffle and flume were
built using wall elements.

The commercial software EDEM was used to conduct
the simulation. The numerical model was built according to
the physical model shown in Fig. 1. The simulation was
divided into three stages: the material preparation, debris-
baffle interaction, and run-out. In the first stage, the parti-
cles were generated in the particle factory and deposited
while being freely driven by gravity (9.81 m/s?). Subse-
quently, a plate was used to press the generated particles
with a slow velocity and form a continuous granular body
with the dimension of 15 x 10 x 8 cm, which is identical
to the granular body considered in the physical tests. A
trigger gate was used to simulate the dam break failure
model until all particles reaching static, and the granular
flow was thus formed. Under the traction of gravity
(9.81 m/s), the particles surged downslope and interacted
with the baffles. Next, the particles were gradually depos-
ited onto the sliding surface and deposition area.

In the DEM simulation, it was important to calculate the
micro-contact force between the particles or between the
particles and the geometry (flume or baffle). The EDEM
offers an effective model called Hertz-Mindlin (no slip) for
calculating the normal contact force (F,) and tangential
contact force (F;) as follows:

4 5 5
F,=F +F!= 3 E*VRS —2- \/8 /Sy
(1)
F, = min{F{ + F{, uF,}

5 2
= min{S,é, +2- \&-«/. Stm*v;el,an} @)

E*, G* R*, and m* are the equivalent Young’s modulus,

Table 1 Physical properties of granular materials used in experimental tests

Material ~ Particle diameter d; ~ Minimum dry unit density p;.,;, Maximum dry unit density p,... Internal Interface friction angle
ID (mm) (g/em®) (g/em’®) friction g, (°)
angle u,
®
PSD1 0.1-0.5 1.28 1.63 31 28 23
PSD2 0.5-1 1.34 1.62 30 27 23
PSD3 1-2 1.37 1.60 31 27 22
PSD4 2-4 1.37 1.56 31 30 22
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Table 2 Program of physical tests and numerical simulations

Test ID Test material Baffle row number Baffle installation position Test technology

1 PSD1 - - Physical modeling

2 PSD2 - - Physical modeling

3 PSD3 - - Physical modeling

4 PSD4 - - Physical modeling

5 PSD4 - - Numerical simulation
6 PSDI1 1 (R1) Position 1 Physical modeling

7 PSDI1 2 (R1 + R2) Position 1 Physical modeling

8 PSD1 3 (Rl + R2 4 R3) Position 1 Physical modeling

9 PSD2 1 (R1) Position 1 Physical modeling
10 PSD2 2 (Rl + R2) Position 1 Physical modeling

11 PSD2 3 (Rl + R2 + R3) Position 1 Physical modeling
12 PSD3 1 (R1) Position 1 Physical modeling
13 PSD3 2 (R1 + R2) Position 1 Physical modeling

14 PSD3 3 (R1 + R2 + R3) Position 1 Physical modeling

15 PSD4 1 (R1) Position 1 Physical modeling
16 PSD4 2 (Rl + R2) Position 1 Physical modeling

17 PSD4 3 (R1 4+ R2 + R3) Position 1 Physical modeling

18 PSD4 1 (R1) Position 1 Numerical simulation
19 PSD4 2 (R1 4+ R2) Position 1 Numerical simulation
20 PSD4 3 (R1 4+ R2 + R3) Position 1 Numerical simulation
21 PSD4 1 (R1) Position 2 Numerical simulation
22 PSD4 2 (R1 4+ R2) Position 2 Numerical simulation
23 PSD4 3 (R1 + R2 + R3) Position 2 Numerical simulation
equivalent shear modulus, equivalent radius, and equiva- —Ine

lent mass, respectively; S, and S; are calculated by Eqgs. (3)
and (4); 0,, 0;, vffl, and vl"”’l are the overlaps and relative
velocities in the normal and tangential directions, respec-
tively; p is the coefficient of static friction; 7 is calculated

as follows:
S, =2-E*\/R*), (3)
S, = 8- G*\/R*J, (4)

' VIn? e + n2 ®)

where e is the restitution coefficient.

The input parameters for Egs. (1)-(5) are listed in
Table 3 and were obtained using experimental measure-
ment and the numerical calibration process suggested by
Coetzee [11]. For detailed calibration process, please refer
to “Appendix A.” DEM modelling is conducted to help
interpret the micro-mechanism of debris-baffle interaction,

while  considering the computational efficiency,
Table 3 DEM input parameters
Material parameters Value Contact parameters Value
Particle diameter d; (mm) 2-4 Coefficient of restitution e, 0.5
Particle density p, (kg/m®) 2500 Particle friction coefficient y; 0.784
Young’s modulus of particle E; (MPa) 100 Particle rolling friction coefficient y, 0.3
Particle Poisson’s ratio vy 0.25 Flume friction coefficient Pof 0.457
Barrier/flume density p, (kg/m®) 900 Barrier friction coefficient i, 0.457
Young’s modulus of barrier/flume Ey (GPa) 1 Flume/barrier rolling friction coefficient p, 0.2
Poisson’s ratio of barrier/flume vy 0.4 Gravity g (m/s?) 9.81
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particularly for smaller particles, only the physical exper-
iments with 2—4 mm particles are back-analyzed in the
numerical tests. In total, seven simulations were conducted
as presented in Table 2.

3 Numerical simulation results
and interpretation

3.1 Debris-baffle interaction mechanism

With a thorough understanding of the debris-baffle inter-
action mechanism, particularly regarding the differences
between baffle structures and check dams or flexible bar-
riers, engineers can make better use of baffles to optimize
the disaster mitigation effect. This section presents various
typical experimental results of the flow regime generated
by granular material with a particle size of 2—4 mm while
passing through the baffle structure. The debris-baffle
interaction process observed in the physical test was
reconstructed using 3D DEM modeling. Additionally, the
force network in the granular flow was included. The
results are presented in Fig. 2. To highlight the debris-
baffle interaction process, the initial time (f =0 s) was
adjusted to the moment when the flow front reaches the
baffle. This adjustment only pertains to Fig. 2, where it can
be seen that before impacting the baffle, the granular flow
velocity reached 1.4 m/s (f = 0 s) estimated based on PIV
analysis, which was reasonably captured by the DEM
simulation. Moreover, it can be seen that the force chain in
the flow front was sparse. At = 0.05 s, some particles
passed through the baffle slits and formed several separated
distributaries, while the granular flow behind the baffle
started to decelerate and accumulate. The force chain dis-
tribution in the material behind the baffle became denser,
while that in the material passing through the baffle was
much sparser. An arch structure began to emerge and
became more obvious and stable at r=0.09s and
t =0.23 s. Simultaneously, an increasing amount of
material was deposited behind the baffle owing to the loss
of kinetic energy. At ¢t = 0.97 s, the main body of the
granular flow lost its mobility and only some discrete
particles at surface kept moving. The arch structure was
stable and supported the deposited material behind the
baffle.

Figure 3 shows a comparison between three granular
flow disaster mitigation structures. Rigid barriers (check
dams) are often constructed using concrete and are well
known for their enormous stiffness. These closed barrier
with enormous stiffness aim at a full retention of the debris
material, or at least reduce the flow volume and velocity of
the overflowed material. The main mechanism of rigid
barriers relies on the formation of a dead zone behind the
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barrier. After the granular flow impacting on rigid barrier,
the flow velocity is dramatically reduced and material is
immediately deposited behind the barrier to form the dead
zone. The subsequent flow first interacts with the dead zone
and loses a portion of its kinetic energy through particle
collision and friction, while another portion of the kinetic
energy is converted into potential energy during the flow-
dead zone interaction because the flow climbs up along the
ramp of the dead zone. The remaining flow energy is
converted into an impact force on the barrier until all
material is trapped or overflow occurs. During the debris-
rigid barrier interaction process, the largest portion of the
granular energy is dissipated by the enhanced inter-particle
interaction caused by the dead zone formation [32, 34]. The
deformation of the rigid barrier only accounts for a very
small part of the total energy loss of the granular flow
(< 0.0001%) [34]. Flexible barriers prevent granular flow
disasters in a similar manner as rigid barriers. A
notable difference between these two barrier types is the
considerable deformation ability of the flexible barrier, and
thus this barrier can absorb a portion of the granular flow
energy (< 10%) [34] and assist in reducing the impact load
on the barrier [26]. During the debris-baffle interaction
process, the arch structure, which is a typical structure in
granular material [5] especially when passing a narrow
space [41], plays a crucial role in the deceleration of the
granular flow (Fig. 2). This is a unique flow-structure
interaction mechanism and is different to that of the rigid
barrier and flexible barrier. The baffle structure promotes
the formation of the force arch by simultaneously changing
the contact behavior of the particles in the granular flow
and also provides support for the stability of the arch
structure. With the break and reconstitution of the force
arch, the inter-particle interaction is enhanced and thus the
kinetic energy of the granular flow is reduced.

To quantitatively describe the process of granular flow
deceleration caused by the baffle, we calculated the clog-
ging time of baffle, which is defined as the time interval
between the moment when the debris reaches the baffle and
the moment when the particles stop moving [24]. To this
end, the control volume was defined as shown in Fig. 4a.
The width of the control volume was equal to the baffle
spacing, the height was sufficiently large to accommodate
all the passing particles, and the length was 4d, determined
by the radius of curvature of granular arches formed during
debris-baffle interaction, where d; is the maximum particle
size used in the DEM simulation. To demonstrate the
clogging capacity of different baffle arrays, a control vol-
ume was set for every single array and is denoted as Cl,
C2, and C3, respectively. The clogging was assessed as the
existence of particles in the control volume, and the par-
ticle kinetic energy was negligible, according to the
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Fig. 2 Comparison of flow regime observed in a physical experiments and b numerical simulations; ¢ force network distribution observed during
flow-baffle interaction; the initial time was set to the time when the flowing material reached the baffle

-5 .
threshold Exc <107 J used by Marchelli et al. [24]. The  pere s the total particle number included in the control

Ex. value was calculated as follows: volume; m; is particle mass; v; and ®; are, respectively,
ko , 1, particle translational and angular velocity.

Exe = Z 5 MivVi +§Iiwi (6) The results for the cases with three baffle arrays are
i=1 presented in Figs. 4b, c and 5. Here, the initial time was set

as the time when the material was released. When particles
entered the control volume, the monitored particle number
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and kinetic energy dramatically increased. When the baffle
was installed at the slope (position 1), the energy evolution
of C1_P1 was much fierce than that of C2_P1 and C3_P1.
A progressive clogging phenomenon was observed
throughout. When the baffle was constructed at the depo-
sition area (position 2), only baffle R1 and R2 effectively
decelerated the granular flow, and thus the result for C3_P2
is not shown. As shown in Fig. 5, the monitored kinetic
energy and particle number of C1_P2 are approximately
6.99 times equal to those of C2_P2. This discrepancy is
much more significant compared with that between C1_P1,
C2_P1, and C3_P1.

According to the clogging time definition, we can
directly detect the value from Figs. 4b, ¢ and 5. The cal-
culated clogging time was normalized by \/lT , Where
h and g are the baffle height and gravity, respectively. The
normalized results are summarized in Table 4. At micro-
scale, the clogging time defined here could provide some
information regarding which baffle array (R1, R2, or R3)
makes a more significant contribution during the granular
flow deceleration process. With a larger clogging time, the
contribution may also be larger. As presented in Table 4,
the normalized clogging time for C1_P1, C2_PI1, and
C3_P1 is 17.23, 15.03, and 9.08, respectively, which
indicates that R1 has the highest contribution to disaster
reduction. The normalized clogging time for C1_P2 and
C2_P2 is 19.42 and 9.71, respectively.

We defined another indicator, namely, the contribution
ratio, which is calculated as the ratio of the clogging time
between baffle R1 and the other baffle arrays (7. g;/ te_Rjs
where 7. denotes clogging time and the subscript “Ri” and
“Rj” represent different baffle array). As the contribution
ratio became larger, the contribution of baffle R1 increased.
The contribution ratio is important because it can be used
to design a reasonable baffle configuration, wherein the
contribution of each baffle array is optimal. Thus, unnec-
essary construction costs can be avoided. In the field, the
shape and stiffness of every single baffle are the same
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[6, 27, 39]. Hence, better baffle configurations have a
contribution ratio close to 1, because the maximum
capacity of each baffle has been utilized. For the baffles at
position 1, the contribution ratio between R1 and R2 is
1.15, while that between R1 and R3 is 1.90 (Table 4). For
the baffles at position 2, the contribution ratio between R1
and R2 is 2 (Table 4) with an increment of 73.91%. These
results reveal that the baffle constructed at the deposition
area may not be a better configuration because the contri-
bution of baffle R1 is the highest and baffles R2 and R3 are
not fully used.

3.2 Kinetic energy and impact force analysis

The kinetic energy of granular flow is directly related to its
destructive capacity. Therefore, it is important to investi-
gate the evolution of kinetic energy with and without a
baffle structure and to determine the efficiency of the
baffle. In this section, the total kinetic energy Ey, which
includes the translation energy and rotation energy of the
particles encompassed within the simulation domain, was
calculated and is plotted in Fig. 6, which also illustrates the
influence of the baffle array number and construction site.
Additionally, the kinetic energy was normalized by the
initial total energy of the granular assembly. As shown in
Fig. 6a, under the free flow condition (no baffle), Ex
increased to 25% of the initial total energy, whereas when a
baffle existed, the maximum kinetic energy during the
evolution process was only 6.5% of the initial total energy.
The influence of the baffle array number is not very
important in our case because the reduction of the maxi-
mum kinetic energy was approximately identical (20%).
The reason for this is that the contribution of baffle R1 was
always higher in the granular flow deceleration process.
However, with one baffle array (R1) and two baffle arrays
(R1 + R2), after the granular flow passed through the
baffle, the kinetic energy of the granular flow slightly
increased (1-2%) until the flow condition became gentle.
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set to the time when material was released

In field design, it is important to restrict the flow kinetic
energy recovery, which reduces the baffle efficiency.
Apparently, increasing the baffle array number and rea-
sonably designing the baffle array distance can result in the
gradual deceleration of the granular flow (Fig. 6a). When
the baffle was constructed at the deposition area (position
2), the kinetic energy of the granular flow exhibited a
different evolution pattern, as shown in Fig. 6b. The baffle
exerted a slight influence on the flow’s kinetic energy

evolution, and by increasing the baffle number, the time-
dependent evolution trend remained approximately the
same. After the peak, the kinetic energy gradually
decreased by following a path like that in the free flow
case, which suggests that the efficiency of the baffle
structure is not obvious.

To perform a quantitative assessment, we considered the
energy-breaking efficiency (E,), which has been defined by
Marchelli et al. [24] as follows:
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Fig. 4 continued

. fio (EKfree - Esz\fﬂe)dt (7)
fi() EKfree dt

E,

where Eg, . and Ek, . are the kinetic energy of the gran-
ular flow without and with the baffle structure,
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respectively; #p and ¢ are the initial time of the flow for-
mation and the flow end time, respectively. The results are
summarized in Table 5. One baffle array constructed on the
slope (position 1) could reach an energy-breaking effi-
ciency of 70.41%. Increasing the baffle array number to



Acta Geotechnica (2021) 16:3667-3688 3677

(a) 800 E T ) T . T J T T T
700 4 0.003
=
600 - »
o
5 O
S 500 1=
= 10002 &
= ©
© 400 - 2
2 )
b= @
S 300 1 =
S 300 S
40.001 £
200 - ®
Particle number E
100 Kinetic energy of particles
0 S S—— R 0.000
0.0 0.5 1.0 1.5 2.0 25 3.0
Time (s)
T - T - T - T - 1 . 0.0005
b : :
® 140 !
b T e e e H0.0004 =
! q 7))
Q@
- _ O
B 100 &
£ ~0.0003 8
= Y—
= 80+ 5
2 2
5 60+ 4 0.0002 @
e @
Q
40 - — =
Particle number 4 0.0001 E
20 . — I‘(ineticener—gyr of particles
0 L S S 0.0000
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (s)

Fig. 5 Jamming characteristics of granular flow passing the baffle structure (R1 + R2 + R3) installed at position 2; the monitored particle
number and kinetic energy within a C1_P2 and b C2_P2 are presented; the initial time was set to the time when material was released

two and three only made E, increased by 3.96% and increasing the baffle array to three, the discrepancy also
8.41%, respectively. However, the baffles in the deposition  increases to 60.97%.

area only generated an E, of 17.66%, which is lower by The mechanism revealed by Fig. 6b we think it is not
52.75% than that generated by the baffles on the slope. By ~ dominated by flume length, although insufficient
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Table 4 Normalized clogging time illustrating deceleration function
of baffle structure. And the value in bracket gives the contribution
ratio of baffle array

Baffle row Position 1 Position 2
R1 17.23 19.42
R2 15.03 (1.15) 9.71 (2.00)
R3 9.08 (1.90) -
T T T T T
a
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Fig. 6 Evolution of kinetic energy of granular flow: a the baffle is
constructed at position 1 (acceleration stage) and b position 2
(deceleration stage). Ex-kinetic energy of granular flow; Ej-total
energy of granular assembly at initial time

interaction between granular flows and baffles at position 2
may mainly due to the short length of flume resulting in
materials without sufficient acceleration to further down-
stream. To obtain detailed explanation, we should keep in
mind that the debris-baffle interaction lies in the evolution
process of the granular arches formed when granular flow
passing baffle slits (Fig. 2). The stability of granular arches
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Table 5 Quantification of energy-breaking efficiency (E,) of baffle
structure

Baffle row number Position 1 (%) Position 2 (%)

1 (R1) 70.41 17.66
2 (R1 + R2) 74.37 17.73
3 (Rl + R2 + R3) 78.82 17.85

is determined by the ratio of particles size to baffle spacing
[14] in addition to the granular flow velocity [9]. With
larger flow velocity, the granular arches are easy to be
broken resulting lower energy-breaking efficiency of baf-
fles. And besides, when granular flow surging downslope,
the kinetic energy is monotone increasing before reaching
deposition area. As a result, the baffles placed close to
deposition area may start to play a role in deceleration
when flow energy approaching its peak value, and because
the granular flow has already been decelerated when
entering deposition area, the energy loss calculated by
Eq. (7) is much lower (Table 5). The above two mecha-
nisms are the main cause of the results presented in Fig. 6.
In field design, the installation of a baffle at the stage when
the granular flow mobility approaches the peak should be
avoided because optimal baffle performance cannot be
achieved.

The baffle stability is an important consideration in
engineering design. In this study, the total impact force on
the baffle was calculated as follows:

q
o F
Fr = =00, =123 (8)

where F), denotes the contact force between particle p and
the baffle; ¢ is the total number of particles contacting the
baffle array at a given time; N; is the number of baffles in
an array (R1, R2, or R3). Equation (8) gives the average
value of the total impact force on a single baffle in an array.
The results are presented in Fig. 7. The impact force on
baffle R1 exhibits an obvious peak and residual charac-
teristics, while the force impulse on baffles R2 and R3
gradually disappears. Baffle R1 is always subjected to the
largest impact force, and because baffle R1 has already
reduced the flow velocity, the force on baffle R2 is much
lower compared with that on baffle R1 (approximately 70%
for R2 at position 1, and approximately 98% for R2 at
position 2). This non-uniform impact force distribution is
one of the main disadvantages of the baffle structure
because in current engineering practice this structure is
designed with same strength regardless of whether the
baffle is installed in a which array [6, 27, 39], which results
in unnecessary construction costs. This problem should be
highlighted in future studies and will be discussed in more
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Fig. 7 Average impact force on baffle row in simulation with the
baffle row number of 3. The results were obtained for the case when
the baffle was installed at a position 1 and b position 2

detail below. Additionally, baffle R1 at position 2 was
subjected to a larger (e.g., the peak value is larger by
approximately 30%) impact force compared with that at
position 1, which again demonstrates the importance of
selecting an appropriate baffle construction site.

3.3 Run-out and deposition analysis

This section provides a full analysis with regard to the run-
out and deposition characteristics of granular flow, which
are simultaneously affected by the baffle array number,
particle size effect and construction site effect.

Every flow case was recorded using the same camera
fixed immediately above the deposition area. To better
interpret the experimental results, we adopted a transparent
plate to serve as the deposition area, and another thin plate
plotted with a reference grid (5 x 5 cm) was placed under

the deposition area. Hence, the location of the debris
material could be easily tracked. The final deposition
shapes of the different flow cases were directly compared
using the captured images. The comparison is presented in
Fig. 8, and the outlines of the deposited material are indi-
cated by the colored dash lines. The spreading morphology
of the debris deposited on the slope under different
experimental conditions was compared in the same man-
ner, as shown in Fig. 9. Two indices are used to describe
the granular flow deposition characteristics, namely, the
run-out distance (L;) on the deposition area defined as the
central distance from the slope toe to the front of the
deposition, and the spreading distance (L) on the slope
defined as the central distance from the slope toe to the tail
of the deposition. With a lower run-out distance and larger
spreading distance, the efficiency of the deceleration effect
exerted by the baffle structure is better. The reduction of
the run-out distance and spreading distance caused by the
baffles was calculated in a normalized format as follows.
The results are presented in Tables 6 and 7.

Layee = Liyune
Ld,] — fi Ld baffl (9)
free
L, =L (10)
K leop

where the subscripts “n,” “free,” and “baffle” denote the
normalized value, the results without the baffle structure,
and the results with the baffle structure, respectively; Lqop
is the slope length (80 cm).

In Fig. 8, an overall fan-shaped deposition can be
observed. After the granular flow reaching the deposition
area, because the lateral confinement immediately van-
ished, the flow moved forward and spreaded laterally,
which generated a fan-shaped deposition. At the end of the
flow, the lateral extension became much more obvious at
the end of deposition owing to the combined effect of the
lower flow velocity and dead debris generated by the pre-
vious flow. While when the particle size is increased from
0.1-0.5 mm to 2-4 mm, the enhanced lateral extension at
the end of the deposition gradually disappeared. The par-
ticle size appeared to influence the flow mobility. As shown
in Figs. 8 and 9, the run-out distance (L;) of the 2-4 mm
particles was larger than that of the 0.1-0.5 mm particles
by approximately 17%, while the spreading distance (L)
was lower by approximately 10%.

The baffles installed on the slope (position 1) exerted
considerable influence on the granular flow deposition
characteristics. After passing through the baffle structure,
the granular flow exhibited similar deposition manner but
with a largely reduced axial run-out distance and lateral
extension (Fig. 8). As presented in Table 6, baffle R1
reduced the L; of PSD1 by 38% compared with the free
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Fig. 8 Morphology of granular material deposition after passing baffle structure installed at position 1; the effect of the baffle row number and

particle size are included: a PSD1, b PSD2, ¢ PSD3, and d PSD4

Table 6 Reduction of run-out distance of granular flow by baffle
structure

Material R1 (%) R1 + R2 (%) R1 + R2 + R3 (%)
PSD1 38 43 46
PSD2 42 48 54
PSD3 40 45 50
PSD4 39 43 57

flow condition. By increasing the baffle array number from
1 to 3, the reduction of L; increased up to 46% with an

@ Springer

increment of approximately 8%. However, when larger
particles are considered (PSD4), baffle R1 generated an
Ly_, that is comparable to that of PSD1, while three baffle
arrays caused the L; , to increase by 18%, which is larger
than the 8% increase of PSD1. The results of L,_, exhibit a
similar trend. Owing to the presence of the baffle structure,
the spreading distance of the debris deposition of PSD1 on
the slope increased by 30%, 37.5%, and 46.25% with one,
two, and three baffle arrays, respectively. For PSD4, these
increments were 52.50%, 58.75%, and 67.5%. The defini-
tion of L, does not illustrate the flow mobility in the same
way as L;. With a larger L;, more materials are deposited
on the slope, which is dangerous in the field and requires
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Table 7 Normalized spreading distance of granular material on slope

Material Free flow (%) R1 (%) Rl + R2 (%) Rl + R2 + R3 (%)
PSD1 21.25 51.25 58.75 67.50
PSD2 17.50 61.75 67.50 78.75
PSD3 17.50 63.43 68.75 82.50
PSD4 11.25 63.75 70.00 78.75
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Fig. 8 continued

caution because these loose materials can easily transform The results presented in Tables 6 and 7 demonstrate that
into debris flow when rainstorms occur and can even cause  the particle size and baffle array number are both crucial
severe disasters. considerations in baffle design. The influence of the baffle

array number is directly related to the energy-breaking
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Fig. 9 Spreading morphology on slope of granular material after passing the baffle structure installed at position 1; the effect of the baffle row
number and particle size are included: a PSD1, b PSD2, ¢ PSD3, and d PSD4. Note: the solid lines in figure mark the deposition tail
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(a)

(b)

Fig. 10 a Final deposition of granular material after passing three
rows of baffles installed at position 2; b spreading morphology on
slope of granular material after passing three rows of baffles installed
at position 2; the red dash line represents the result obtained from
physical experimental tests for the case of three rows of baffles
installed at position 1

efficiency of the baffles, as has already been discussed. The
particle size effect is controlled by the jamming behavior.
When a granular flow passes through a narrow spacing, the
particle contact behavior may change, and with the support
from the baffle, force arches are formed (Fig.2) and
interact with the subsequent flows, which results in the
dissipation of kinetic energy. Larger particles can facilitate

(a)

the rapid formation of a stable force arch with larger
energy-breaking efficiency, and thus larger L; ,. The
jamming characteristics explain the results presented in
Table 6, while the comparable L;_,, when one and two
baffle arrays are considered, is attributed to the recovery of
the kinetic energy after the granular flow passing the baffle,
as mentioned above. The reason for this is that larger
particles always had larger mobility in this study. Addi-
tionally, it was observed that the particle size (PSD1 is 0.1—
0.5 mm, PSD2 is 0.5-1 mm, PSD3 is 1-2 mm, and PSD4
is 2-4 mm) of the granular material used in the experi-
mental tests monotonically increased, but L; , did not
exhibit a monotonically increasing trend. This phenomenon
highlights the complexity of the debris-baffle interaction.
Although a detailed explanation of the debris-baffle inter-
action mechanism has been provided, the particle size
effect is still difficult to describe in quantitative terms.
Nevertheless, some qualitative knowledge can still be
obtained. Specifically, there may be a critical particle size
below which the particle size does not significantly affect
the baffle efficiency, but the determination of this critical
value relies on which aspect of the baffle performance is
considered (energy-break efficiency or deposition
regulation).

To illustrate the influence of the baffle construction site
on the deposition behavior of granular flow, the experi-
mental results and numerical results for a flow with a
particle size of 2-4 mm (PSD4) are presented in Fig. 10.
Obviously, the energy-breaking efficiency of baffles at
position 2 is lower compared with that at position 1, par-
ticularly about the run-out distance (Lys_, is larger by
approximately 10%) and spreading distance on the slope
(Ls_y is lower by approximately 40%). The reason for this
may be that the baffles at position 2 were not fully used
because baffle R3 was useless in our simulation. Figure 11
shows the influence of the baffle array number on the
granular flow deposition. Most material was deposited at
the slope toe and formed a bluff-shaped side view of the

(b)

Fig. 11 Deposition morphology of PSD4 after passing baffle structure installed at position 2; the effect of the baffle row number is included:

a plain view and b side view
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deposition. Additionally, the baffle array number did not
exert substantial influence on L;_, and L;_,,.

4 Discussion
4.1 Model limitations

The model scale effect and interstitial fluid effect are two
important limitations in our experimental and numerical
tests. The scale effect is an important consideration when
conducting physical modelling. And it is also a technical
challenge to achieve similitude between model and proto-
type flows. Though scale effect cannot be avoided, small-
scale flume tests still play an important role in investigation
of flow-structure interaction-related problem because of
economic efficiency and excellent controllability in testing
conditions [20, 25, 26, 39]. In our tests, dry granular flows
are considered. And according to the widely accepted
agreement reported in the literature, Froude number
(F,=v/ \/gh, where v is the flow front velocity, g is the
gravity, and 4 is the flow depth) could be used to guarantee
dynamic similarity of granular flows [9, 14, 20, 26, 32, 41].
In our physical modelling, the generated F, is approxi-
mately 3.1 for the baffles at position 1, and 4 for the baffles
at position 2. Therefore, the proposed model is suitable to
dry granular flows with similar F,. However, according to
the results presented in submitted manuscript, the stability
of granular arches formed during debris-baffle interaction
is also sensitive to flow velocity. And thus, our results
should be further verified when superspeed granular flow is
considered. For such a purpose, centrifuge modelling
considering the high-speed nature of granular flows [34]
and numerical simulations taking topography into consid-
eration [8] should be encouraged while beyond the scopes
of this paper. Additionally, the inter-particle interaction
and debris-barrier interaction are largely affected by the
interstitial fluid, which weakens the frictional behavior of
granular matter owing to the lubrication effect. Thus, the
force network changes and the debris-baffle interaction
mechanism can no longer be controlled by the force arch
structure. Hence, our results are more suitable to arid
regions, where dry granular flow disasters are prevalent.

4.2 Future work

Baffles have been demonstrated to be an effective measure
both at  laboratory scale and field scale
[6, 10, 21, 23, 27, 39]. However, various important issues
remain unresolved. In this regard, at least two aspects
should be highlighted. On one hand, almost all existing
relevant studies, including this study, have considered
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Fig. 13 Deposition morphology comparison between (a) physical
modelling result and (b) numerical simulation result
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baffles that cannot be destroyed. However, actual engi-
neering structures in the field will bend and even fail. The
baffle shape and dimensions do not only affect the baffie’s
disaster mitigation capability but also its flexural rigidity
and failure potential. Hence, in future work, the baffle
performance should be assessed with consideration to the
destruction process. Thus, the baffle configuration (for
example, the height) can be better determined. On the other
hand, existing studies have tended to determine the optimal
baffle configuration under specific disaster scenarios,
without much consideration given to optimization design.
This paper highlights the importance of adopting a baffle
configuration with a better contribution ratio (approaching
unity) and lower impact force discrepancy on different
baffle arrays, because a single baffle is constructed with
same dimensions and strength. Additionally, the opti-
mization of the baffle spacing, array distance, and baffle
dimension must consider the economic cost instead of
simply attempting to maximize the disaster mitigation
effect.

5 Conclusion

Baffle design in the field is important for preventing high-
speed granular flow disasters but challenged. This paper
focuses on the mechanism of debris-baffle interaction at
grain scale and tries to reveal the effect of the unsteady
nature of granular flow on debris-baffle interaction. The
main conclusions drawn from this study are as follows:

(1) With the perturbation and support of the baffle, an
arch structure comprising tightly contacted particles
is formed between the baffles. The interaction
between the arches and subsequent flows results in
the breaking and reconstitution of the force arch,
which serves as the main mechanism of debris-baffle
interaction. This mechanism is somewhat different
from the dead zone-dominant debris-barrier interac-
tion mechanism represented by a rigid or flexible
barrier.

(2) Baffles decelerate granular flow at different stage
could exhibit distinct energy evolution pattern. The
baffles on the slope decelerated the granular flow in
the middle stage before the flow energy reached the
peak, while the baffles on the deposition area only
started to work close to the peak of kinetic energy.
Hence, the former baffle configuration generated
energy dissipation that was 78.82% of the free flow
kinetic energy, which is 60.97% larger than the latter
configuration.

(3) Froude characteristics exert important influence on
baffle performance. And because that different
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Froude number could be identified at different stage
of granular flow when surging downslope, the
energy-breaking efficiency of the baffles in the
deposition area was lower compared with those on
the slope, particularly with regard to the run-out
distance (Lg_, was larger by approximately 10%)
and spreading distance on the slope (L,_, was lower
by approximately 40%).

(4) The particle size and baffle array number are both
crucial considerations in baffle design for reducing
the run-out distance (L,) and spreading distance (L)
of the granular flow. With more baffle arrays, the
flow mobility recovery after the flow passes the
baffle structure can be avoided. The particle size
effect was controlled by the baffle jamming behav-
ior. Larger particles facilitated the rapid formation of
a stable force arch with larger energy-breaking
efficiency. Notably, there may exist a critical particle
size below which the particle size does not signif-
icantly affect the baffle efficiency.

(5) Gradually jamming process of baffles in deceleration
of granular flows is identified, which results in the
much different contribution of baffle arrays and also
a non-uniform impact force distribution on baffle
arrays. The contribution of baffle R1 was 1.9 times as
large as that of baffle R3 on the slope, and the
contribution discrepancy between R1 and R2 of
baffles on deposition area is larger by 73.91% than
that on slope. In addition, the impact force on R2 was
lower by 70% compared with that on R1 for the
baffles on the slope, and lower by 98% for the baffle
in the deposition area.

Appendix

Appendix A Calibration of DEM model

In this Appendix, we will show the principles for selecting
DEM input parameters (Table 3), which could be divided
into two groups: material parameters and contact
parameters.

Material parameters including particle diameter, density,
Young’s modulus and Poisson’s ratio. In our physical
experiments, quartz sand with different diameters is used,
and thus in addition to Young’s modulus of particles, other
mentioned material parameters presented in Table 3 are
selected based on the true values. Because the DEM sim-
ulation time is significantly affected by particle’s Young’s
modulus, a practical way to save computation time is by
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reducing the particle’s Young’s modulus, and the effec-
tiveness of such a strategy has been demonstrated by Shen
et al. [32], Jiang et al. [19], Law et al. [21], Bi et al. [6] and
Choi et al. [10].

Contact parameters are used to calculate the contact
force between particles or between particle and geometry.
As shown in Table 3, mainly five parameters should be
carefully selected. The coefficient of restitution of quartz
sand particles usually is about 0.5 [19, 21, 32, 36]. And the
other four parameters are calibrated based on physical
experiment results. Before physical test, the frictional
parameters are measured including internal friction angle
of sand particles and interface friction angle of flume or
baffle. Some research works treated these two macro-pa-
rameters as the micro-friction coefficient in DEM simula-
tion [14, 19, 32, 41], while Ceccato et al. [7] think the
DEM inter-particle friction angle is not equal to the mea-
sured bulk friction angle of sand assembly, because the
former is a micro-parameter, and the latter is macro-rep-
resentation of inter-particle interaction at micro-scale. In
DEM simulation, static friction and rolling friction are both
needed, and the rolling friction is often used to compensate
the friction alteration because of the simplification of
particle shape in DEM [36]. According to Coetzee [11],
different combination of DEM contact parameters could
lead to similar bulk response of granular material, and such
a strategy is practical in DEM simulation, because the
micro-parameters can be determined by matching the
macro-behavior of granular material. We firstly conduct
sensitivity analysis of particle friction coefficient p,, flume/
barrier friction coefficient u,, particle rolling friction
coefficient p,, and flume/barrier rolling friction coefficient
U.o- The results are shown in Fig. 12, and we can observe
that u, exerts the most significant influence on deposition
of granular flow and the influence of p,, is smaller.
Through comparison of the deposition shape between
physical experimental result and DEM simulation result
(Fig. 13), a proper combination of DEM contact parame-
ters is determined (Table 3) and further used to investigate
the debris-baffle interaction behavior.
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