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Hazardous geophysical granular flows, such as debris flows and rock avalanches, can exert intense
impact forces on obstacles and threaten downstream structures located in their paths. Installing pro-
tective structures can mitigate damage, but quantifying their influence on flow evolution and impact
loading remains challenging. This study investigates the interactions of granular shock waves (GSWs)
generated in front of two cylindrical obstacles with varying spacings through chute experiments and
discrete element modeling. Impact pressure sensors were mounted on the upstream surface of each
cylinder and on the chute bed to measure dynamic impact pressures in the GSW region. Granular flow
velocity and depth were obtained using image processing. Results demonstrate that cylinder spacing
significantly influences the geometric characteristics of GSWs. Runup increases with steady-state
Froude number (Frseady) but decreases as spacing narrows. The granular vacuum length grows with
bed slope but decreases significantly with decreasing cylinder spacing. Impact pressures on the cylin-
ders and the chute bed increase linearly with Frsteaqy. Low-frequency power spectral density (PSD) is
positively correlated with Frseady, Whereas centroid frequency and pressure impulse counts exhibit low
sensitivity to Frsteaqy. The dimensionless impact pressure coefficient (a) decreases nonlinearly with
increasing Froude number (Fr). At low Fr, « values for dry granular flows are lower than those for debris
flows, but the difference diminishes at higher Fr. These findings may improve our understanding of
granular flow-obstacle interactions and might help to design protective structures.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

defense and regulation technologies have been developed,
designed to protect the objects by altering or intercepting granular

Hazardous geophysical granular flows, such as rock avalanches,
debris flows, and landslides, frequently occur in mountainous re-
gions, driven downslope by gravity (Fischer et al., 2012). Some
high-velocity mass flows can exert intense impact forces on ob-
stacles, causing significant damage to structures such as buildings,
bridges, dams, and railways along their paths (Armanini, 2007;
Jakob et al, 2012; Zhu et al.,, 2020). To mitigate the damage
caused by these granular free-surface flow hazards, passive
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flow trajectories. The typical protective measures include flexible
barriers (Kwan et al., 2014; Song et al., 2018), dams (Shieh et al,,
2008; Shen et al., 2019), and defensive barrier systems (Bi et al.,
2018; Chen et al., 2022). For a defensive system consisting of
multiple structures, one of the critical challenges is quantifying the
dynamic processes involved in granular flows impacting multiple
structures and the dynamic interaction between the granular
shock waves (GSWs). The characteristics of GSWs are closely
related to the shape and size of the defense structures, as well as
the spacing distance between them (Khan et al., 2020; Chen et al.,
2021, 2022).

Previous studies have investigated the formation of GSWs
around obstacles, highlighting a pivotal role in defining the gran-
ular flow dynamics (Gray and Cui, 2007; Pudasaini and Kroner,
2008; Johnson and Gray, 2011; Cui and Gray, 2013). These
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studies have emphasized the dynamic interactions between
granular flows and obstacles, focusing particularly on the GSWs
that arise immediately upstream of obstacles, where substantial
variations in flow depth and velocity are observed (Tai et al., 2001;
Gray et al,, 2003; Heil et al., 2004; Cui and Gray, 2013; Iverson
et al., 2016). Additionally, granular shock dynamics have been
analyzed through stationary granular jumps, analogous to hy-
draulic jumps in open channels (Savage, 1979; Brennen et al,,
1983). Experimental investigations have further examined GSWs
by employing various obstacle forms, such as retention dams (Faug
et al., 2008), rigid walls (Faug, 2015a; Pudasaini et al., 2007;
Pudasaini and Kroner, 2008), flat or inclined surfaces (Boudet
et al., 2007; Iverson et al., 2016), wedges (Gray et al., 2003), and
circular obstacles (Boudet and Kellay, 2010; Cui and Gray, 2013;
Heil et al., 2004; Chen et al., 2021). These studies have advanced
our understanding of granular flow dynamics, particularly through
laboratory analyses involving cylindrical structures (Boudet and
Kellay, 2010; Cui and Gray, 2013) and comprehensive dynamic
models that account for the complex obstacle shapes and config-
urations (Kattel et al.,, 2018; Kafle et al., 2019; Chen et al., 2022;
Jaiswal et al., 2023; Pudasaini et al., 2024).

However, significant challenges remain in understanding the
kinematic evolution of rapid granular flows interacting with de-
fense systems consisting of multiple structures, mainly due to the
instability of granular flows, complex fluid—structure interactions,
and potential structural damage (Kang and Kim, 2016; Dai et al.,
2017; Wang et al., 2018a). Of particular importance is how the
granular flow evolves and interacts with the structures after being
disturbed by upstream defenses, as this directly influences the
extent of the downstream protective region. Quantifying the
runup height of the granular flows on the structures is also
essential for designing effective defenses to prevent overtopping.

Dynamic impact forces and pressures are key factors for un-
derstanding the interactions between granular flows and protec-
tive structures (Albaba et al., 2017; Calvetti et al., 2017; Wang et al.,
2018b). They are also essential for characterizing particle behavior
within shock-affected regions and for guiding the design of pro-
tective structures (Chen et al.,, 2021, 2022). Extensive research
based on laboratory flume experiments and field observations has
significantly contributed to developing dynamic models for esti-
mating the forces and pressures exerted by granular flows (Scotton
and Deganutti, 1997; Zanuttigh and Lamberti, 2006; Tiberghien
et al., 2007; Hiibl et al., 2009; Moriguchi et al., 2009; Chen et al.,
2010; Armanini et al., 2011; Hu et al., 2011; Bugnion et al., 2012;
Cui et al, 2015; Wendeler and Volkwein, 2015; Vagnon and
Segalini, 2016; Wang et al., 2018a, 2018b; Zhang et al., 2024a).
Furthermore, the mechanisms of impact and energy dissipation
during granular flows—obstacle interactions have been studied
through flume experiments (Scheidl et al., 2013; Choi et al.,, 2014;
Ng et al., 2017).

Numerical simulations provide a powerful complementary tool
for investigating the properties of granular flows and earth surface
processes (Pudasaini et al., 2005; George and Iverson, 2014; Liang
et al., 2019). These methods are invaluable for validating experi-
mental data and exploring scenarios that are difficult to reproduce
physically (Albaba et al., 2017; Calvetti et al., 2017). Various nu-
merical algorithms, including the discrete element method (DEM),
smoothed particle hydrodynamics (SPH), material point method
(MPM), finite difference method (FDM), and finite volume method
(FVM), have been employed to simulate the evolution of gravity-
driven single-phase and multiphase geophysical flows such as
landslides, debris flows, and debris floods. Among these ap-
proaches, DEM stands out for its ability to capture microscale
inter-particle interactions (Zhang et al., 2024b), which are chal-
lenging to observe in physical experiments. In this study, we
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employ DEM modeling to analyze inter-particle forces and colli-
sion mechanisms in granular shocks.

Despite considerable research on GSWs, limited attention has
been paid to the interactions between granular shocks generated
by structures arranged at different spacings. Several key questions
remain, such as how granular shocks interact and evolve, as well as
how the underlying mechanisms of these interactions can be
quantitatively described. This study aims to address these gaps
through small-scale laboratory experiments, focusing on the
geometric features and the dynamic impact pressures of granular
flows applied to two circular cylinders with different spacings.
Additionally, DEM simulations are conducted to analyze the evo-
lution and dynamic responses of granular flow interacting with
these cylinders, thereby providing detailed insight into particle
collisions during shock-wave interactions. This research advances
our understanding of GSW dynamics and offers valuable guidance
for the design of protective structures.

2. Methods
2.1. Controlled experiment

2.1.1. Experimental set-up

The controlled granular flow experiments were conducted in
2019 using an indoor experimental chute facility in Chengdu,
China (Chen et al., 2021). The chute facility can be delineated into
four functional zones: the initiation hopper, the chute channel, the
impact plate (with two cylinders fixed on the plate), and the
collection box (see Fig. 1a). This chute facility, constructed from
plexiglass, extends over a length of 2500 mm and a width of
800 mm, positioned at an angle ¢ relative to the horizontal plane,
adjustable via a hydraulic mechanism. A gate mechanism at the
hopper, measuring 100 mm in height, regulates the influx of
granular material into the chute. Two identical cylinders are
anchored into pre-drilled holes on an interchangeable plate fixed
to the chute bed, positioned 1220 mm downstream from the
hopper outlet. The center-to-center spacing between the holes is
denoted as D, which is varied by replacing the plate, as illustrated
in Fig. 1b and c. Fabricated from hollow aluminum, these cylin-
drical obstacles each have a radius of R = 60 mm, a height of
280 mm, and a wall thickness of 10 mm. A circular aperture,
27 mm in diameter, is precision-drilled into the surface of each
obstacle, situated 23.5 mm above the chute bed, to accommodate a
pressure sensor. The coordinate system is established with the x-
axis oriented in the direction of descent, the y-axis aligned later-
ally across the slope, and the z-axis pointing up, perpendicular to
the bed of the chute.

The measurement devices consisted of two cameras and four
dynamic pressure sensors, which were used during the laboratory
experiments to record flow velocity, flow depth, and dynamic
impact pressures of the granular flows. The entire process of
granular flow impacting the cylindrical obstacles was captured by
the two cameras, which were placed directly above and on the side
of the chute. The cameras operated at a maximum resolution of
3840 x 2160 pixels and at a maximum frame rate of 240 fps at
1920 x 1080 pixels resolution. Tape colored in black affixed to the
chute sidewalls provided a reference scale for measuring flow
depth, while yellow tape attached to the chute bed and cylinder
surfaces was used to determine flow velocity and runup height,
respectively. A pressure sensor (C) was screwed in each cylinder,
with its sensing surface flush with the cylinder surface and its
center positioned 23.5 mm above the chute bed. Two additional
pressure sensors (B) were embedded in the chute bed immediately
upstream of each cylinder, with their surfaces flush with the chute
bed. Thus, the pressure sensors C were utilized to measure the
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Fig. 1. Indoor granular flow experiment facility. (a) The experimental chute consists of the initiation hopper shown in transparent color, the flowing channel (with scale marks on
its side walls), the impact plate with two cylinders, and the collection box. (b) The impact pressure sensors (B on the bed and C on the cylinders) recording the dynamic impact
pressures generated by granular flows impacting on the chute bed and the cylinders. (c) Arrangement of the two cylinders fixed on a plate flush with the chute bed, with the
cylinder center located 780 mm upstream from the chute outlet. (d) Experimental granular materials. A sandpile test was performed on a plate witha 1 cm x 1 ¢cm grid, producing
a pile about 170 mm in diameter and 39 mm in height. (e) Grain size distribution of the particles used in the experiments.

dynamic impact pressure generated on the surface of the cylinder
in the x-direction, while the sensors B recorded the impact pres-
sures on the chute bed in the z-direction (Fig. 1b). The impact
pressure sensors (model CYG17127) were custom-manufactured
for this study. Each sensor has a surface area of 572.6 mm? and a
measurement range of 0-200 kPa. During the experiments, all
sensors are connected to a data-acquisition system operating at a
sampling frequency of 2000 Hz.

For all experimental runs, the gate opening height and the x-
positions of the two cylinders remained constant, while the
spacing distance D was varied. The experiments were therefore
controlled by the inclination angle ¢ of the chute bed and the
spacing distance D between the two cylinders, with ¢ changing
from 30° to 38° and D from 20 cm to 36 cm (Fig. 1c). After loading
the mixed granular material into the hopper at the top of the chute
without intentional layering, the gate was opened, releasing the
particles into the chute. The granular flow then moved downslope,
driven by gravity, impacted the cylinders, and was eventually
collected in the box at the chute outlet.

2.1.2. Granular material

The granular mixture (comprising blue and white glass beads;
see Fig. 1d) was thoroughly mixed prior to each experiment to
ensure a homogeneous initial condition. The grain size distribu-
tion (GSD; 1.7-4 mm,; Fig. 1e) was relatively narrow and remained
constant across all experimental runs. For each experiment, the
glass—-bead mixture has a constant GSD and a fixed released mass
of 100 kg. The bulk density of the glass—bead mixture was deter-
mined to be 1646 kg/m?, while the internal friction angle and the
friction angle with the chute bed were approximately 24.6° and
20°, respectively (Chen et al., 2021). The chute sidewalls were
assumed to be smooth, and wall friction effects were considered
negligible owing to their sufficient distance from the cylinders.

2.2. Granular shock characterization

2.2.1. Runup
Predicting the runup height of hazardous geophysical granular
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flows is of practical significance for the design of protective
structures, as excessive runup can cause overtopping of barriers or
engineering structures located along the flow path (Hungr et al.,
1984). Furthermore, runup heights observed on topographic ob-
stacles have been used to estimate the minimum flow velocity of
gravity-driven mass flows, by assuming a balance between kinetic
energy and gravitational potential energy (e.g. Jibson et al., 2006).
Typically, four runup models of debris flows were summarized by
Iverson et al. (2016):

(1) Frictionless point mass model: h, = 0.5g/u?, where h; is the
runup height, u; is the incoming flow velocity, and g is the
gravitational acceleration.

(2) Frictionless finite mass model: hy/hy = u?/(gh;) + 1, where
hy is the incoming flow depth.

(3) Momentum jump model: hy/hy = [2u? /(kgh1)]{(h2 /hy)/

[(hz/h1)2 - 1]}+ 1, where k is the earth pressure
coefficient.

(4) Smooth momentum flux model: hy/h; = [u?/(ghy)][1+
ghik cos® 9/ (2u?)](1 + tan ¢/tan §), where ¢ is the slope

angle, and ¢ is the effective basal friction angle between the
debris flow and slope.

All four models assume that the flow is uniform, steady, and
one-dimensional, and moves along a horizontal or inclined plane.
Model 1 treats debris flow as a frictionless point mass, assuming
that all initial kinetic energy is converted into gravitational po-
tential energy during vertical runup against an obstacle. Model 2
accounts for the gravitational potential energy of a finite-thickness
flow, assuming that total energy is converted into the potential
energy of the center of mass. Model 3 incorporates sudden mo-
mentum changes (e.g. shocks or jumps) and assumes constant
flow density before and after impact. Model 4 considers a smooth
mass and momentum transfer from the flow body to the flow head
during runup against a slope, assuming equal densities for the
incoming flow and the mass flowing on the slope. In this
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framework, all energy dissipation occurs within the shock,
whereas the smooth transfer model attributes dissipation to basal
friction.

If a debris flow overtops an obstacle during the impact process,
forming a hydraulic jump-like phenomenon, a separate model is
required to describe the jump height. For a frictionless flow
moving along a plane, the runup height can be predicted using the
hydraulic jump model, which is derived from the depth-averaged
mass and momentum conservation equations with the source
terms neglected:

hyuy =hyuy

(1)

_ 1 _ 1
h](u1)2+jgh% cos 0= h, (17)? +jgh§ cos 6 (2)
where 17 and U, are the depth-averaged flow velocity before and
after an impact, respectively. By substituting Eq. (1) into Eq. (2), we
obtained:

hy 1 (\/W 71) (3)

h, 2

where Fr is the Froude number, a widely used dimensionless
parameter that represents the ratio of inertial to gravitational
forces in gravity-driven flows. The classic form of the Froude
number is expressed as Fr = u/+/gh cos 6.

In this study, when the steady-state flow velocity us and flow

depth hs of the incoming flow are measured, the dimensionless
runup height h5 can be expressed as: hy = hy/hs

%( 1 + 8Fr? 1), where Frye,qy = Us/\/ghscos 6 is the

steady
Froude number of granular flow at steady state. To identify the
steady-state stage, the entire granular impact process is divided
into three parts: the flow front head, the steady flow body, and the
tail. The steady stage corresponds to the period when the main
body of the granular flow interacts with the obstacles, during
which both velocity and depth remain relatively constant, as
illustrated in Fig. 3. The values of Ti; and hs used to calculate Frgteady
are measured at a location approximately 4 cm upstream of the
cylinders, outside the granular shock influence zone, to ensure that
the measurements reflect the undisturbed incoming flow
conditions.
Furthermore, based on the hydraulic jump model, Faug (2015b)
proposed a formulation to calculate the granular flow runup
height, expressed as

hy _1 (\/1 + 8yFr2 —1)

hy 2
where y =1/ {k —KL(tan 6 —puy,)(hy — hl)’1] is the tuning param-

(4)

eter that links classical hydraulic jumps (y = 1) to granular jumps;
the parameter g represents the velocity-profile shape coefficient of
the granular flow, which is assumed to be linear (1 = 1) in this
study; L is the length of granular jump region, which is taken as
L = 10hy; and K is the shape-related coefficient of the jump.
Generally, if the value of L/h; is not considerably large, the influ-
ence of K is weak, and thus K = 1 is adopted (Chen et al., 2021). The
basal friction coefficient up and the earth pressure coefficient k are
typically treated as functions of the internal and basal friction
angles, as suggested by Savage and Hutter (1989), and can be
derived from classical soil mechanics principles. In this study,
since the impact pressures in both the x- and z-directions were
measured, k can also be determined experimentally using the
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following equation:

k _Oxx _ IMPmean,body«,C
IMPmean,body,B

(5)

0zz

where oxx and o, indicate the stress in the x- and z-directions,
respectively; IMPpean podyc aNd IMPpean bodyp are the mean
impact pressures generated by granular flow body on the cylinder
and chute bed, respectively, as defined in Section 2.3.2.

2.2.2. Granular shock interactions

The released granular particles flowing downslope along the
chute are interfered by the two cylinders, diverting around both
sides of each cylinder. The velocity and depth of the granular flow
are significantly altered, resulting in the formation of two bow-
shaped shock waves. On the lee side of each cylinder, a particle-
free zone forms, commonly referred to as the granular vacuum,
as shown in Fig. 2b. The two shock waves separate from each
cylinder in the form of a parabolic crest and interact intensely near
the central region. As a result, the shape of the shock waves along
the channel sizes differs from that in the central region. Fig. 2c
summarizes geometric characteristics of the GSWs, including the
standoff distance (Dstandoff) and the pinch-off distance of the
granular vacuum (Dpinch-off), Teferring to the definition proposed
by Cui and Gray (2013). Based on overhead view images captured
by the camera positioned above the chute bed during the steady-
state stage of the flow, Dstandotf and Dpinch-off Were calculated by
proportional scaling following the image processing method pro-
posed by Chen et al. (2021). Specifically, the dimensionless spacing
D" is defined based on the net gap between the two cylinders,
calculated as D" = (D — 2R¢)/2Rc, where D is the center-to-center
distance and R is the cylinder radius. In this study, both Dstandofr
and Dpinch-off are normalized by the cylinder diameter (2R;).

2.2.3. Measurement of the velocity

The average surface velocity u and the flow depth h of the
granular flow were measured at x = 1100 mm downstream from
the hopper gate, while the two cylinders were located at
x = 1220 mm. Given the temporal and spatial fluctuations of u and
h , this study focuses on the flow front velocity, U, measured
just before the granular flow reaches the cylinders. The value of h
is obtained according to the flow images recorded by the camera in
the side view, by reading the ruler value on the transparent side
wall of the chute. The value of g, Was calculated from the image
frames before particle—cylinder collisions using the image pro-
cessing method according to Chen et al. (2021). For Uge,qy, 20
consecutive frames of images were selected after the experimental
flow reached a steady state to minimize the random fluctuations in
the measurements. The video frames were processed using the
PIVLab package (Thielicke and Sonntag, 2021) to obtain the spatial
velocity fields.

2.2.4. Depth-averaged velocity

Gravity-driven free-surface granular flows can be effectively
described using depth-averaged mass and momentum conserva-
tion equations (Pudasaini and Krautblatter, 2022). The application
of classical shallow flow assumptions to granular flows, as intro-
duced by Savage and Hutter (1989), has advanced the mathe-
matical modeling of natural hazards such as landslides,
avalanches, and debris flows. This approach assumes that the
vertical scale (flow depth, h) is much smaller compared to the
slope length (L), i.e. h/L < 1, which is widely applicable to various
geophysical granular flows. Given the shallow depth and the
relatively small velocity variation within the granular layers
compared to the basal sliding velocity in this experiment, a plug
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Fig. 2. (a) Perspective view of two GSWs generated as granular flow impacts and flows around two circular cylinders; (b) The overhead views showing the fully developed GSWs
upstream of the two cylinders and the particle-free region (granular vacuum) formed on the lee side of the cylinders; and (c) Geometric characteristics of the interaction between

the two GSWs extracted from panel (b).
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Fig. 3. Illustration of the impact pressures generated on one of the two cylinders. (a)
The entire impact process is divided into three phases: the head, body, and tail of the
granular flow, respectively. The impact pressures are recorded by the pressure sensor
C with D = 20 cm and a slope angle of ¢ = 34°. The light black line and thick red line
represent the original and filtered (low-frequency component) impact pressures,
respectively. (b) The fluctuating (high-frequency component) pressure signals ob-
tained by subtracting the low-frequency signal from the original signals, with the blue
dots representing impulses generated by single particle impacts (c). (d) Spectrogram
of the original impact pressures.

flow condition is assumed, under which the surface velocity is
approximately equal to the depth-averaged velocity. Under steady-
state conditions (oh /ot~ 0), the transverse velocity v is much
smaller than the downslope velocity u of the granular flow, thus
assuming v = 0. Consequently, the depth-averaged equations for
one-dimensional free-surface granular flow down an inclined
chute at an angle 0 can be expressed as (Gray et al., 2003; Cui and
Gray, 2013; Cui et al., 2022):
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(%(hﬁ) —0 (6)

% (hﬁ2 +%gh2 cos 6) = (tan 6 — p,)gh cos 0 (7)

where uy, is the basal friction coefficient. The x-axis points down-
slope, the y-axis points across the slope, and the z-axis points
vertically upward, perpendicular to the bed.

Eq. (6) can be directly integrated with appropriate boundary
conditions. For a known flow velocity g and flow depth hg at a
position x = xg in the flow field, we obtain hu = hyug. Substituting
Eqg. (6) into Eq. (7) yields a simplified form: u%l+ gcosd% =
(tan® — pup)g cos 6. Integrating this simplified equation and
substituting h = hytig/u leads to a polynomial expression for the
flow velocity, denoted as Eq. (8). Numerical solutions of Eq. (8)
produce three real roots, two of which are positive and correspond
to accelerating and decelerating downslope flows (Cui and Gray,
2013), respectively. More sophisticated depth-averaged formula-
tions and analytical velocity solutions have since been developed
to better describe complex granular flow behaviors such as land-
slides and debris flows (Pudasaini, 2011, 2024; Pudasaini and
Krautblatter, 2022).

- [Zg cos f(tan efﬂb)(x—xo)+%2+2gh0 cos e]ﬂ (8)
+2ghgugcos 6=0

2.3. Impact pressure processing

2.3.1. Impact pressure filtering

The typical impact pressures recorded during a granular flow
experiment are presented in Fig. 3a, exhibiting numerous impact-
induced impulses. Previous studies on debris flow have revealed
that the smooth components of the pressure signals arise from
continuous and uniform fluid pressure, whereas peak impulses
result from individual large particles (Hu et al., 2011). The smooth
signals triggered by debris flow have been extracted using the
wavelet analysis (Cui et al., 2015). In this study, the Daubechies
wavelet is used to analyze and decompose the granular flow
impact pressure signals. Specifically, the Daubechies (db4) wavelet
is chosen as the basis wavelet function, and the original signal is
decomposed into 8 levels using the discrete wavelet transform:



Z. Chen, J. Wang, D. Wang et al.

8

f()=Ag(t)+ > _ Dj(t)

i=1

(9)

where Ag(t) represents a smooth, low-frequency component of the
signal reconstructed from the approximate coefficients cg ; and the
scaling functions ¢g i (t), i.e. Ag(t) = > yCs ks k(t). Each D;(t) rep-
resents the high-frequency detail component at level i, recon-
structed from the detail coefficients d;, and the wavelet functions
wir(t), ie. Di(t) = > pdipwir(t). The 8th-level approximation
component is used to reconstruct the smoothed impact pressures,
while the fluctuating (high-frequency) pressures are then ob-
tained by subtracting the reconstructed smooth signal from the
original signal (Fig. 3).

2.3.2. Impact pressure characteristics
(1) Amplitude

The dynamic impact pressures generated by granular flow on
obstacles can be divided into three stages: a sudden and intense
impact caused by the granular flow head, a sustained impact caused
by the granular flow body, and a weak impact caused by the gran-
ular flow tail (Chen et al., 2021). This division is based on the sta-
tistical analysis of experimental pressure signals. Specifically, the
flow head phase is defined from the moment of the initial pressure
rise to the point (see the orange dot in Fig. 3a), where it drops after
reaching the peak. This turning point marks the transition from the
relatively short head impact to the more stable impact of the
granular flow body. In our experiments, the flow head phase
consistently lasted approximately 0.2 s, the flow body phase
approximately 1 s, and the remaining pressure decay is attributed to
the flow tail. These durations were determined across all tests with
a total impact process of about 2 s. Our segmentation method is
conceptually similar to the approach proposed by Cui et al. (2015),
who simplified the debris flow impact process into a combination of
two impulsive forms (two triangles), representing the debris flow
head and the continuous flow body impact. In their model, the
debris flow head generates the peak dynamic pressure, followed by
a sustained triangular-shaped body impact phase.

Based on the above definitions, we calculate the following
variables to characterize the impact pressure generated by flow
head and flow body: IMPpeak_head,c; IMPmean_head,c; IMPpeak_body,c»
and IMPean_pody,c from the pressure sensor C (mounted on the
cylinder, see Fig. 1b) on the cylinder and IMPpeak_head,B, IMPmean_-
head,B» IMPpeak_body,B» and IMPean_body, from the pressure sensor B
(embedded in the chute bed) on the chute bed, respectively.
IMPp,e,i indicates the maximum impact pressures, which is
calculated as the average of the 10 largest impact pressures, and
IMPpea = f—oz,lgllMPmJ(, where IMP; . is one of the 10 largest
impact pressures triggered by granular flow during a test. IMPean
is the mean value of the effective impact pressures, which is
calculated as IMPmean = 13°3_;IMP, s, where n is the total sam-
pling numbers, and IMP,  is the effective pressure impulse. In our
experiment, the effective pressure means that IMP,, > 20 Pa.
Variables related to the flow tail are not calculated as the impact
during this stage is relatively weak and less important for engi-
neering applications.

(2) Impulses
Following the definition of signal impulses generated by bed-

load particle transport (Rickenmann et al., 2014), we define the
impulse IMP(t) as an effective impact pressure whose amplitude
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exceeds a predefined threshold (20 Pa). As shown in Fig. 3c, the
time intervals between adjacent peaks represent the duration of
the collision between the particles and the pressure sensor.
Generally, the impulse represents the oscillation process of the
stress wave at the measuring station, and a single impact event
may contain several to tens of impulse responses. However, in this
study, due to the small sensing area of the pressure sensor, we
assume that a single impulse represents one impact event.
Therefore, the frequency of the impact pressure may also reflect
the impact rate of the particles (Chen et al., 2025).

(3) Centroid frequency

The centroid frequency f eniroiq 1S 0ften used to characterize the
spectral features of the signal (Farin et al., 2018, 2019; Chen et al.,
2021). We use the following formula to calculate f.qper0iq Of impact
pressure signals IMP(t):

o |Az(f)Ifdf

= 10
o = IAz(F)ldf (19)

fcentroid =

where |Az(f)| is the absolute value of the amplitude spectrum of
the pressures obtained by the fast Fourier transform (FFT).

2.4. DEM simulation

2.4.1. Model set-up

The discrete element method (DEM) is one of the numerical
simulation methods to solve problems involving discontinuous
media, which is widely used in simulating the motion and impact
processes of discrete particles. In DEM simulations, each particle
within an object is modeled as an independent unit and simulated
individually. The interactions between particles are explained by
solving the motion equations, which control the translational and
rotational movements of the particles within the computational
system. In this study, the DEM was utilized to simulate the process
of granular flow driven by gravity moving on the chute and
impacting with two cylindrical obstacles.

Avirtual model of the experiment chute was generated through
computer-aided design (CAD), consisting of different components
such as the hopper, channel, sidewalls, and cylindrical obstacles.
The inclination slope angle of the chute ranged from 30° to 38°,
and the center-to-center spacing D between the two cylinders
varied from 120 mm to 360 mm. In the hopper at the top of the
chute, a total of 100 kg of particles (approximately 0.53 million
particles) were generated and allowed to settle into a static state,
replicating the initial conditions of the laboratory experiments. A
similar particle GSD was established based on the experimental
data. The particles were modeled as ellipsoids to reduce compu-
tational complexity, while maintaining consistency in the GSD
with the experiments (see Fig. 1e). The hopper gate was set to the
same location as in the laboratory set-up, with a constant opening
height of 100 mm. After the gate opened, particles were released
under gravity (g = 9.81 m/s®) and accelerated downslope along the
chute. To compare with laboratory experiments, dynamic impact
pressures were recorded at the corresponding positions of the
cylinders and the chute bed. Output data were saved every
0.0005 s, equivalent to a sampling frequency of 2000 Hz. In
addition, the velocity and depth of the granular flow were also
recorded. The numerical time step was set to 20 % of the Rayleigh
time step (approximately 1.44 x 107 s) to ensure numerical sta-
bility. Tables A1 and A2 in Appendix A summarize the parameters
of the materials and simulation settings used in the DEM
simulations.
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2.4.2. Contact model

The Hertz-Mindlin (no-slip) contact model is adopted to ach-
ieve accurate and efficient force calculations. The normal compo-
nent of the contact force is based on Hertz contact theory, while
the tangential component is computed using the Mindlin-
Deresiewicz method (Mindlin, 1949; Mindlin and Deresiewicz,
1953). The normal and tangential damping components are
calculated using the restitution coefficient. Tangential friction
force obeys Coulomb's friction law, and rolling friction is imple-
mented using the contact-independent directional constant tor-
que model (Sakaguchi et al., 1993). The normal force F, is
expressed as

n:4/3£*\/1?5ﬁ/2 (11)

where E" is the equivalent Young's modulus of the particle, and
E* =EE;/ {Ei (1 - yf) + Ej<1 - ylz)} , in which E; and E; denote the
elastic moduli of particles i and j, respectively, and v; and ¢; denote

the Poisson's ratios of particles i and j, respectively; R* is the
equivalent radius of the particle, which can be calculated as R* =

R,-Rj/<Ri + Rj), in which R; and R; are the radii of particles i and j,
respectively; and &, is the normal overlap between particles. The
expression for the damping force Fd is calculated as

5

Fd= —2,/5/68y/Sam* ¢! (12)
where m” is the equivalent mass of the particle, and m" = m;m;/

(m,- + mJ-), in which m; and m; are the masses of particles i and j,

respectively; v€! is the normal component of the relative velocity
between particles; the parameter g = In e/+/In2e + =2 is a function
of the restitution coefficient e; and S, = 2E*\/R*5, is the normal
stiffness.

The tangential force F; is determined by the tangential overlap
&t and the tangential stiffness S;:

Fr = —Si5¢ = —85:G" /R*5¢ (13)

where G" is the equivalent shear modulus of the particle, which is
calculated as G* = G,»Gj/[Gi <2 - u]-> + Gj(2 — v4)|, in which G; and
G; are the shear moduli of particles i and j, respectively, and v; and
vj are the Poisson's ratios of particles i and j, respectively. The

tangential damping force Fd is calculated using the following
equation:

Fl = —2./5/6py/Sem™vj*!

where v{e' is the tangential component of the relative velocity. The
tangential force is determined as uF,, where yq is the static fric-
tion coefficient. Additionally, rolling friction is represented by
applying a torque on the contact surface, which can be expressed
as

(14)

Ti= — urFnRio; (15)
where g, is the rolling friction coefficient, R; is the distance from
the contact point to the center of mass, and w; is the unit angular
velocity vector at the contact point. The intrinsic parameters (e.g.
density, shear modulus, and Poisson's ratio) for the particles,
chute, and cylinders, as well as the contact parameters (restitution
coefficient, static and rolling friction coefficients for
particle—particle, particle-chute, and particle—cylinder
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interactions) employed in the DEM simulations, are provided in
Appendix A.

3. Results
3.1. Time-dependent evolution of GSWs

A granular flow impacting on two cylinders in an overhead
view is depicted in Fig. 4, indicating the formation and evolution of
GSWs. Fig. 5 illustrates the corresponding temporal evolution
simulated by the DEM modeling. In Figs. 4 and 5, the time interval
between consecutive images is 0.3 s, with the cylinder spacing
D =200 mm and the slope angle of the chute bed ¢ = 32°. A visual
difference in color contrast was noted at the flow front, where the
leading edge appears lighter in blue, while the rear part was
darker. This contrast is attributed to saltating particles at the
granular flow front (Figs. 4a and 5a), resulting in a locally reduced
flow thickness and bulk density. When particles collide with the
cylinders, they rebound in a direction determined by the collision
angle and are subsequently entrained downward by the undis-
turbed incoming granular flow. Separated parabolic shock waves
form on each upstream cylinder, while a relatively long particle-
free vacuum develops downstream of the cylinder (Figs. 4b and
5b), where a few moving particles are visible within the vacuum
area. On the downstream side, particles are pushed inward by
transverse pressure gradients on both sides, causing the bound-
aries of the two vacuum regions to intersect and close at sharp
points further downstream (Figs. 4c and 5c). The length of the
vacuum region contracts and reaches a steady state (Figs. 4d—f and
5d-f), with a scarce presence of particles within the vacuum area.
During the steady-state stage of the granular flow, the morphology
of the GSW region undergoes minimal changes. In the later stage of
the granular flow, as the inflow mass decreases, the strength of the
shock waves weakens (Figs. 4f and g, and 5f and g). Despite the
simulations employing granular particles with different shapes
compared to those used in the indoor experiments, the temporal
evolution of the shock wave region in the simulations closely
matches the observations made in the experiments throughout all
stages of the granular flow.

3.2. Velocity of granular flow

Fig. 6 shows the surface flow velocity along the downslope (x-
direction) under the configuration of dual-cylinder structure (CS-
D), where the velocity was presented at the centerline of the chute
(¥ = 0.4 m) and within the range of 0.4 m < x < 1.2 m. The results
show that the granular flow velocity increases nonlinearly along
the x-direction downslope. Since the two cylinders are located
downstream at x = 1.22 m, their obstruction and the formation of
shock waves disturb the local flow field.

In the DEM simulations, particles within a rectangular domain
measuring 1200 mm in length (x-direction), 10 mm in width (y-
direction), and 10 mm in height (z-direction), symmetrically
centered along the chute midline (y = 0.4 m), were selected for
analysis. At t = 1.4 s after gate release, the velocities of all particles
in this domain were monitored (Fig. 6b), where each data point
represents a particle velocity at its respective position. The results
reveal that particle velocity fluctuates and increases nonlinearly
with distance downslope (x), indicating an accelerating granular
flow. Under the dual-cylinder configuration (CS-D), even without
direct obstruction along the chute midline, a significant reduction
in particle velocity is still observed. For instance, at an inclination
angle of = 38°, the peak particle velocity decreases from
approximately 2.8 m/s at x = 1.05 m to about 2 m/s at x = 1.2 m.
This reduction is attributed to interactions between GSWs, as the
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Fig. 4. Time-sequential overhead views of the granular flow impacting two cylinders in the laboratory experiment. The spacing distance between the two cylinders D = 20 cm,
and the slope angle ¢ = 32°. The time interval between consecutive images is 0.3 s.

[
0 1 2

Velocity magnitude (m/s)

Fig. 5. Time-sequential overhead views of the granular flow impacting circular cylinders in DEM simulation. The spacing distance between the two cylinders D = 20 cm, and the
slope angle # = 32°. The time interval between consecutive images is 0.3 s.
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Fig. 6. Velocity distributions of granular flow along the chute downslope. (a) Experimental velocity distribution of granular flow in the x-direction for different chute bed slopes ¢
ranging from 30° to 38°. The velocity values were obtained during the steady state using image analysis, with the granular materials flowing from left to right along the inclined
chute. (b) DEM simulation results of granular flow velocity distribution in the x-direction for the same range of chute slopes (¢ = 30°-38°). The solid lines indicate the theoretical

velocities derived from the analytical analysis.

shocks generated by the two cylinders intersect along the
centerline, where particle collisions are most intense.

Assuming a plug flow where the free-surface velocity equals
the depth-averaged velocity, the flow velocity u along the down-
slope direction (x) has been described by Eq. (8). This equation can
be reformulated as follows, using Uy and hg at x =1 m:

@_b +1
U 1

where a; = 2g cos 6(tan 6 — up,), by = 2ghg cos 6+ (Up)%, and ¢
2ghgugcos 6.

For a given set of Uy, hg, and 6, the calculated velocity can be
fitted to the measured velocity by adjusting the basal friction co-
efficient w4, until both velocity distributions u(x) coincide. Fitting
was performed within the range x = 0.4-1 m, where the flow is
fully developed, and the velocity field is not yet disturbed by the
cylinders. This procedure allows for an accurate determination of
the basal friction coefficient gy, for the granular flow on the chute
bed. Independent dynamic force balance test, based on basal
impact pressures and particle acceleration (see Appendix B), in-
dicates that y;, ranges from 0.392 to 0.465 across different test
conditions (average value ~ 0.4), corresponding to a basal friction
angle of 21.4°-24.9°. These values are slightly higher than the basal
friction angle of 20° measured by the inclined plane tests. Two
potential reasons may account for this difference: (1) free-surface
velocity measurements may overestimate the actual depth-
averaged velocity; (2) minor image distortion due to the camera
not being perfectly perpendicular to the chute bed could affect
velocity calibration, and (3) the underestimation of the basal
impact pressures and particle acceleration (see Appendix B).

To further refine the friction coefficient used in theoretical
analysis, the velocity distribution along the chute was fitted, as
shown in the fitting u(x) curve in Fig. 6. The best-fit result was
achieved by adjusting the friction coefficient w4, to 0.36, corre-
sponding to a basal friction angle of approximately 19.8°. This
value provides a good agreement among the experimental mea-
surements, DEM simulations, and theoretical predictions. This
fitting-based friction coefficient is consistent with the inclined
plane test result and is therefore adopted in subsequent analytical
modeling and numerical simulations. These results also indicate
that, under accurate velocity measurements, Eq. (8) effectively
reflects the distribution of flow velocity along the x-direction and

X=—

- (16)
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can be used to estimate the dynamic friction coefficient between
the granular material and the chute bed.

3.3. Geometric properties of GSWs

Fig. 7 shows the experiment produced well-developed shock
waves from around the cylinders with different spacing distances
D after reaching a steady state. The faint white stripes visible in the
image frames trace the trajectories of the particles flowing around
the two cylinders. Our observations reveal systematic variations in
both the length of granular vacuum area (the pinch-off distance,
Dpinch-off) and the standoff distance (Dstandoff) as the cylinder
spacing distances change, suggesting that the structural spacing
affects the evolution of GSWs. For the large spacing distance
(D =240 mm; Fig. 7a), two independent shock waves are observed.
The triangular vacuum regions on the lee side of the cylinders
exhibit nearly straight boundaries, consistent with previous ob-
servations (Cui and Gray, 2013; Tregaskis et al., 2022). As the dis-
tance decreases, the two shock waves generated by the cylinders
gradually interact near the central region. Particles diverted from
the right cylinder deflect the flow wake leftward, while those from
the left cylinder push the wake rightward, altering the shape of the
granular vacuum region. The additional thrust causes an imbal-
ance in the transverse pressure gradient on both sides of the
granular vacuum, causing the side closer to the central region to
bend inward, and reducing the area of the granular vacuum. For
larger spacings, particles flow easily between the two cylinders,
whereas smaller spacings generate greater resistance, leading to
more intense particle interactions. The smallest granular vacuum
area and the most curved boundaries are observed for D = 80 mm
(see Fig. 7e). DEM simulation results in Fig. 7f-j exhibit similar
characteristics in the evolution of the GSWs compared to the
experimental results.

3.3.1. Runup

Fig. 8a presents the runup height of granular flows impacting
dual-cylinder structures (CS-D). Across all configurations, the
runup height (Drunyp) increases with the steady-state Froude
number (Frsteady), showing a rising trend as the dimensionless
spacing (D*) decreases. Comparisons with a single-cylinder
structure (CS-S) from a prior granular flow experiment (Chen
et al.,, 2021) reveal that for D* < 1, the runup height of the gran-
ular flow for CS-D closely approached the runup height observed
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Fig. 7. (a-e) Photographs of steady-state GSWSs observed in the experiments; and (f-j) Temporal evolution of simulated granular shock wave GSWs by DEM modeling. Both
experimental and simulated results correspond to different cylinder spacing distances ranging from D = 240 mm to D = 80 mm and the slope angle § = 32°.
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Fig. 8. Illustration of the geometric characteristics of GSWs generated on the two cylinders varying in spacing distances. (a) The dimensionless runup height (D runup) as a function
of the steady-state flow Froude number (Frsieaqy). The dashed and solid lines represent the linear fits to the data and model predictions, respectively. (b) The relationship between
the dimensionless standoff distance (Dstanduff) and Frgeeaqy. (€) The functional relationship between the dimensionless pinch-off distance (mech off) and the net acceleration angle
(p). Pink and blue dotted lines indicate the upper and lower bounds of the data in the present study, respectively. Filled and hollow symbols represent experimental and DEM

simulation results, respectively.

for CS-S. When the cylinder spacing is further reduced to D* = 0.67,
the runup height in CS-D configurations surpasses that of the
single-cylinder case, reaching a maximum runup height of 12.6 cm
in our experiments. This trend is even more pronounced in DEM
simulations, where the maximum runup height reached 13.3 cm
for D* = 0.67. In contrast, existing hydraulic jump models tend to
overestimate the runup heights observed in both the experiments
and DEM simulations.

3.3.2. Standoff distance

The relationship between the dimensionless standoff distance
(Dtandosr) Of GSWs and Frsteady is presented in Fig. 8b. Experimental
results indicate a nonlinear decrease in D;’tandoff as Frgteady in-
creases from approximately 5 to 7.5. The maximum observed
D;tandoff of 0.32 occurs at a dimensionless spacing of D* = 0.67. As
the cylinder spacing increases, DStarldoff gradually decreases, and
the differences among the experimental groups tend to reduce.

These findings are consistent with the data reported by Cui and
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Gray (2013). DEM simulation results corroborate the experi-
mental observations, especially at smaller spacings (e.g. D* = 0.67),
although slight discrepancies exist between the two datasets.
These differences may arise because the experimental velocity was
measured at the flow surface, whereas the flow is not perfectly
plug-like and may have velocity gradients between granular
layers. This could lead to an overestimation of the experimental
Froude number Frsteady_exp relative to the simulated value Frtea-
dy_dem. Moreover, differences in particle shape and size between
experiments and simulations may also have affected the D
particularly at narrow spacings.

standoff’

3.3.3. Pinch-off distance

The dimensionless pinch-off distance (D;inch_off) of the gran-
ular vacuums on the lee side of the cylinders is governed by the net
acceleration angle (B). As  approaches zero, mech o diminishes
to zero. In the present experiments, the base friction angle was
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approximately 20°, combined with the chute slope ranging from
30° to 38°, resulting in g between 10° and 18°. The experimental
results, as depicted in Fig. 8c, indicate that for D* = 2, where the
interaction between two GSWs is relatively weak, D;inchfoff ranges

from 1.96 to 4.28 as tang increases. Beyond a slope angle of 9 = 34°
(B = 14°), the granular vacuum exceeds the channel range, pre-
cluding further data collection. As D* decreases from 2 to 0.67, the
interaction between two shock waves becomes stronger, and the
granular vacuum shape is disturbed by lateral flow, leading to a

. - * .
significant decrease in mechfoff. For D* = 0.67, the minimum

D;mchfoff is 1.12, while D;mchfoff reaches 3.64 at a slope angle of
0 = 38° (# = 18°). The DEM simulations confirm this dependency,
highlighting the sensitivity of Dl’;mch_off to the dimensionless cyl-

inder spacing (D).
3.4. Impact pressure signal characteristics

3.4.1. Pressure amplitude

The peak and mean impact pressures (IMPpeak_head,C:
IMPmean_head,c: IMPpeak head, and IMPmean heads, recorded by
pressure sensors (C and B) generated during the stage of flow head
impacting on the cylinders, are shown as functions of the front
flow Froude number Freont (see Fig. 9a-d). We observed that both
the peak (IMPpeak_head,c and IMPpeak_head,8) and the mean impact
pressures (IMPmean_head,c and IMPmean_head,s) generated on the
cylinders and the bed exhibit a linear increase with increasing
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Frerone. Similarly, during the impact process generated by the
granular flow body, the peak and mean impact pressures
(IMPpeak_body,c: IMPmean_body,c: IMPpeak body,s, and IMPmean_body,8)
are shown as functions of the steady-state flow Froude number
Frsteady in Fig. 10a-d, indicating also a linear relationship. In
contrast, pressures generated during the flow tail stage are rela-
tively weak and are less relevant for engineering applications
(Chen et al.,, 2021). Therefore, we focus only on the flow head and
body stages in this analysis. Across all impact stages, a dependency
of impact pressures on the dimensionless cylinder spacing (D*) is
observed. Structural spacing has a greater influence on the impact
pressures generated on the cylinder than on the chute bed. The
results of the DEM data were presented in Fig. C1 in Appendix C
and Fig. D1 in Appendix D, which demonstrate general agreement
with the experimental data.

3.4.2. Impulses

Both laboratory experiments and DEM simulations reveal that
the impulse count of the fluctuating pressures (Nimpulse), that is,
the high-frequency component of the original impact pressures,
shows only low sensitivity to Frsteady (Fig. 11a and b). A slight
decreasing trend in Nimpuise With increasing Frsteady is observed in
the experimental data, whereas the DEM simulations indicate
nearly constant mean values. Specifically, the spacing between the
cylinders (D) negatively affects Nimpuise, with the highest impulse
count observed at D* = 0.67, which is likely due to enhanced
particle-particle and particle-structure interactions.

IMP oy headc (kPa)

(b)8

IMPm:‘an head,C (kpa)

T
80 85 90 95
Frigom (1)

T T T
10.0 105 11.0 11.

T T T T
80 85 90 95 100 105 11.0 11.5
Frion ()

IMP o head (kPa)

T T T T T T

wn
1

w
1

[Mpmcan head,B (kpa)
I
1

(3]
1
\
T

80 85 90 95 100 105 11.0

F) Tfront

11.5

(=]

80 85 90 95 100 105 11.0 115
Frl}nnl )

Fig. 9. Impact pressures generated during the granular flow head impact stage. (a, b) The peak (IMPpeak_nead,c) and mean (IMPyean_nead,c) impact pressures on the cylinder surface
as functions of the front flow Froude number (Frfiont), respectively; and (c, d) The corresponding peak (IMPpeak_nead,8) and mean (IMPmean_nead,8) Pressures generated by the

granular flow on the chute bed as functions of Frgone, respectively.
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Fig. 10. Impact pressure generated during the granular flow body impact stage: (a, b) The peak (IMPpeak_body,c) and mean (IMPmean_body,c) impact pressures generated on the
cylinder surface as functions of steady-state flow Froude number Frge,qy, respectively; and (c, d) The corresponding peak (IMPpeak_body,s) and mean (IMPmean_body,8) Pressures on

the chute bed as functions of Freaqy, respectively.

3.4.3. Centroid frequency

The centroid frequency (feentroid) Of the fluctuating pressures
generated by the granular flow body was analyzed using both
experimental and DEM data. Fig. 11c and d illustrates the corre-
lations between feentroid and Frseeady for impact pressures on the
cylinder and on the chute bed. As Frsteady increases from approxi-
mately 4.8 to 7.4, feentroid fluctuates within a narrow range (around
30 Hz). Experimental impact pressures on the cylinders show that
feentroid for CS-D configurations is generally lower than for CS-S,
although the difference is not significant, reflecting the effects of
reduced structural spacing on impact dynamics. Furthermore,
both experimental and DEM results show that decreasing the
cylinder spacing (D*) tends to diminish the feentroia Of the impact
pressures on both the cylinders and the chute bed.

3.4.4. Power spectral density

We compared the low-frequency PSD (PPMP) of the impact
pressures generated by the granular flow body under different
structural configurations, as shown in Fig. 12. Overall, P?Mp dem-
onstrates a positive nonlinear correlation with Frsieady, reflecting
increasing impact energy as flow intensity rises. For the cylinders
(Fig. 12a), P, ranges from approximately 9.1 x 10~* kPa?/Hz to
6 x 102 kPa®/Hz, while for the chute bed (Fig. 12b), it ranges from
3.7 x 1074 kPa%/Hz to 2.3 x 103 kPa?/Hz. Notably, the cylinder-
based PIOMP values are approximately three times larger than
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those on the chute bed. Under the same flow condition, PIOMP is
higher for the single-cylinder configuration (CS-S) than the dual-
cylinder configuration (CS-D). In contrast, the pressures
measured on the chute bed without any obstacle influence are
significantly ~weaker, with PQ,, values ranging from
2.5 x 107> kPa?/Hz to 8.4 x 10> kPa?/Hz. This is one order of
magnitude lower than the cylinder-based values in the CS-S
configuration and corresponds to approximately 1/50-1/20 of
the corresponding cylinder-based results. These observations un-
derscore the significant influence of structures on the power of
granular flow impact pressures, particularly on the chute bed.

DEM simulations corroborate these findings, demonstrating
that P{’Mp increases with increasing Frsteady for both fluctuating
pressures on the cylinders and the bed (Fig. 12). In the CS-S
configuration, the P}, values for the fluctuating pressures on
the cylinder range from approximately 1.2 x 10> kPa%/Hz to
3.4 x 1073 kPa?/Hz (Fig. 12a), whereas those on the chute bed
range from approximately 3.1 x 104 kPa%/Hz to 7.9 x 10~* kPa%/Hz
(Fig. 12b), with P[OMp values for cylinders being about 2.5 times
higher. The consistency in the order of magnitude between
experimental and simulation data highlights these findings. While
PQ,p values in simulations exhibit less sensitivity to changes in
cylinder spacing, the overall trends align closely with experi-
mental observations, reinforcing the impact of structural config-
urations on the power of impact pressures.



Z. Chen, J. Wang, D. Wang et al.

Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 3571-3588

(a) e (b) e ————
B O»o=2 B 0Oo-2
10001 @ O o =167 - 100 @ O o'-167 R
O D'=133 O D =133
B O po-=1 B O po-=1
9504 @ [ D =067 - 9504 @ [ D =067 -
o @ O css s @ O css
A 5 - === Fit line
3 3 O
Z 900 £ 9004 ... 4
= = ‘Gpo@_
850 850 - [ ﬂ o JLY T
"o gRagn e
u el oniy
800 - . 800+ O -
35 40 45 50 55 60 65 70 75 80 35 40 45 50 55 60 65 70 75 80
Frsleady ) F"slcady )
(c) 400 . . r . : r (d) 400 . . . . . .
380 - 1 380 1
N J 1N ] AR ]
2 360 ) 360
5 340- o 1§ 3401 .
~ -l-D =2 e ~ -@-0'-2 B
-@-D =167 -@-p =167
{-0-p' =133 ] |-@-p'=133 |
320 i 3201 ‘@i
-@- Db =067 -@-D" =067
-@-Cs-s -@-cs-s
300 ; ; ; : ; : 300 : . : T : :
45 50 55 60 65 70 15 45 50 55 60 65 70 15
Frsu:ady ) Frs(cady (O]

Fig. 11. Impulses and centroid frequency of the impact pressures as functions of the steady-state Froude number Frgeaqy: (@) Impulse count (Nimpuise) of the impact pressures
generated by granular flow impacting on the cylinders with different spacing distances, based on experimental (solid dots) and DEM simulation (hollow dots) data; (b) Nimpuise for
granular flow impacts on the chute bed as a function of Frsieaqy; and (c, d) Centroid frequency of the experimental impact pressures generated on the cylinder and the chute bed,
respectively. Gray dots represent data for the single-cylinder configuration (CS-S) from Chen et al. (2021).

4. Discussion
4.1. Effects of structural spacing on GSWs

4.1.1. Geometric characteristics

The runup height (Dyynup) of granular flows shows a rising trend
as the dimensionless spacing (D*) between the two cylinders de-
creases. This is due to the partial blockage caused by the dual-
cylinder structure (CS-D), which constrains the flow path of the
incoming granular flow. As the spacing between cylinders nar-
rows, the channel width between the two cylinders available for
flowing particles becomes increasingly restricted, intensifying
particle interactions. Friction and particle interactions lead to
congestion, making it more challenging for particles to pass
through the gaps between cylinders, thereby resulting in higher
runup heights. In comparison, granular flow experiments in the
CS-S configuration (Chen et al., 2021) shows relative lower runup
heights than those observed for CS-D when D* was further reduced
from 1 to 0.67. This difference is likely due to the larger effective
cross-sectional area available for granular flow in the single-
cylinder set-up.

The dimensionless runup height (D:unup) increases approxi-
mately linearly with increasing steady-state Froude number
(Frsteady)» as shown in Fig. 8. Comparisons with predictions from
the hydraulic jump model reveal that the model systematically
overpredicts the measured runup heights. The hydraulic jump
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model (see Eq. (3)), in particular, predicts higher runup heights
compared to the experimental data and the simulated data. This is
because the cylinders act both as obstructions and splitters: during
the impact process, particles tend to divert around the cylinder,
which limits the conversion of kinetic energy into gravitational
potential energy. Consequently, the experimentally measured
runup heights are lower than those predicted by models originally
formulated for granular flow impacting on a planar wall. Our data
show that the runup height of the granular flow correlates linearly
with Frsgeady. Based on our laboratory experiments and DEM sim-
ulations, we derived an empirical relationship for granular flow
runup on cylinders with varying spacings:

* 0.74
Drunup = 1'SFrSteady (17)
The dimensionless standoff distance (D;tandoff) of GSWs in-

creases as the cylinder spacing (D*) decreases (Fig. 8b). This is
likely due to the enhanced interactions between the two GSWs as
the spacing between adjacent cylinders narrows. Previous exper-
iments on granular flows past wedge-shaped obstacles (Jaiswal
et al., 2023) showed that reducing the gap between two wedges
causes individual shock waves to merge into a single, larger shock
wave that envelopes both wedges. A similar mechanism operates
for cylindrical structures. Subsurface upstream regions containing
static or slowly moving particles develop, effectively altering the
shape of the shock zone and pushing the granular shock front
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Fig. 12. Low-frequency power spectral density (PSD; P?Mp) of impact pressures generated on (a) the cylinder and (b) the chute bed, respectively, as a function of the steady-state

Froude number (Frseady)- The fitted relationships are: y = 6.6 x 10 SO (R =

further upstream. Additionally, we also observed that Dstandoff
decreases with increasing Frsieaqy.- When Frseaqy reaches 6, both the
experimental and DEM results indicate that Dst&lndoff is approxi-
mately one-fourth of the cylinder diameter, consistent with pre-
vious observations (Cui and Gray, 2013; Chen et al., 2021).
Furthermore, the experimental and numerical results exceed the
predictions from theoretical models (Forbes and Schwartz, 1981).
This discrepancy likely reflects the influence of particle size within
the GSW region: as Dstandoff decreases, force chains may form
among particles at the steady state, making the granular assembly
increasingly resistant to further compression and altering the
effective propagation of the shock front.

Fig. 8c illustrates the correlation between tang (where g is the
net acceleration angle) and the dimensionless pinch-off distance
(D;inchfoff) of the particle vacuum region downstream of the cyl-

inders. The results indicate that D;mch_off increases nonlinearly

with tang, as steeper slopes accelerate the granular flow and
diminish the weakening pressure gradients that drive closure of
the particle vacuum. Conversely, Cui and Gray (2013) observed
that mech off abproaches zero as tang tends to zero, implying that

the particle vacuum nearly closes just behind the cylinder under
very low slope conditions. This behavior, illustrated by the gray
dots in Fig. 8c, lies outside the parameter range covered by our
experiments.

Comparisons between single-cylinder (CS-S) and dual-cylinder
(CS-D) configurations reveal that D;inchfoff is larger for the CS-S
configuration than for the CS-D configuration. Under the CS-D

conditions, mech off is highly sensitive to the cylinder spacing

D). Fig. 8c indicates that, when D* = 2, the interaction between
the two GSWs is relatively weak, and the particle vacuum length is
almost unaffected by the wakes from the opposite side. As D"
decreases to 0.67, stronger interactions between the shock waves
disturb the particle vacuum shape, leading to earlier closure of the

particle-free zone and a marked reduction in mech offr DEM

simulations reproduce this dependency and confirm that mech off

depends on the cylinder spacing D",

For the CS-S configuration, D;inchfoff establishes the upper limit
of the particle vacuum region length, following a power-law
relationship: y = 40.2x'® (R?> = 0.99, see red dashed line in
Fig. 8c). In multi-structural flow fields, as the spacing between

0.62) (fit line 1) and y = 8.9 x 1076 x>° (R? =

0.62) (fit line 2).

cylinders increases, the inter-wake interactions weaken and

D;indk off for CS-D approaches the CS-S upper-limit curve. The

critical spacing (D7) at which this transition becomes complete
remains undetermined, as the critical D; may be influenced by the
Froude number and material properties of the particles. However,

our data suggest that D > 2, though only marginally, as mech off

values for D* = 2 already converge toward those of the CS-S
configuration.

The data also showed that D’
with decreasing spacing D*.

decreases significantly

pinch—off for
D" = 0.67 establishes the lower limit of the particle vacuum region
length, which follows the power-law relationship between

D ineh_ofr and tang asy = 25.5x61 (R? = 0.93; blue dashed line in

Fig. 8c). Further reductions in spacing D" are predicted to shorten
the particle vacuum region, although mech off Will not vanish
entirely. The gray-shaded region in Fig. 8c represents the range of
observed D;inchfoff values in this study, indicating predictability

under varying tang. This power-law relationship illustrates that
the extent of the granular vacuum region is strongly influenced by
the net acceleration angle of the granular flow (tang). As tang in-
creases, particles acquire greater downslope momentum, resulting
in longer-lasting particle vacuum zones behind obstacles. These
vacuum regions are critical for assessing the protective perfor-
mance of barrier systems. Furthermore, by quantifying how this
relationship varies with obstacle spacing D*, we define an enve-
lope of predictable vacuum region lengths (gray shaded area in
Fig. 8c), which can inform the optimal design and arrangement
of protective structures to maximize shielding efficiency. These
findings may provide practical insights into the design of the
protective structures by offering empirical guidelines for esti-
mating protected zones based on slope geometry and structural
layout (Kattel et al., 2018).

pinch—off
In this study, the value of D’

4.1.2. Turning parameter

Fig. 13 presents the relationship between the turning param-
eter (y) and the classic Froude number Fr, illustrating the charac-
teristics of granular flow and the effect of cylinder spacing (D*) on
x- In Fig. 13, we turn to use the classical Fr to better compare our
data with other models or data. The behavior of granular flow is
determined by the collective motion of numerous discrete
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particles, which exhibit both fluid-like and discrete medium
characteristics. Our observations indicate that the value of y tends
to converge with increasing Fr, approaching around 0.5. Under the
CS-D configuration with D* = 0.67, y values are significantly higher
than those observed for larger spacing distances. This might be
attributed to the smaller ratio (k) of tangential to normal stress, as
defined in Eq. (5), which is influenced by fluctuations in the
granular flow impact pressures.

4.2. Impact pressures in the GSW region

4.2.1. Impulses, centroid frequency, and PSD

The number of impulses Njmpuise and the centroid frequency
feentroid Of the fluctuating pressures from experiments show a
slight decreasing trend with increasing steady-state Froude
number Frgeady (Fig. 11). This is likely related to the formation of
granular force chains in the shock-affected region upstream of the
cylinders under the steady-state flow conditions, which reduces
the particle impact rate on the pressure sensors, thereby
decreasing Nimpuise and feentroia- The cylinder spacing (D*) has a
negative influence on Nimpulse, although its effect on feentroiq differs.
This is because Nimpuise is calculated as a count of the number of
effective pressure amplitudes for an entire impact process,
whereas feentroid primarily characterizes the frequency content of
the intense impact phase. A reduction in D* may shorten the
overall impact duration, reducing Nimpulse, Whereas fcentroid is more
sensitive to the instantaneous particle collision dynamics of the
intense impact process. The changes in Nimpuise and feentroid thus
reflect the influence of structural spacing on impact dynamics
within the granular shock region.

The low-frequency PSD (P3,,) of the granular impact pressures
demonstrates a power-law correlation with Frsgeady, Which in-
dicates an increasing impact energy with rising flow intensity. We
found that PPMP for the impact pressures on the cylinder surface is
significantly higher (ca. three times) than that on the chute bed.
This suggests that the impact energy transfer in the granular shock
region is predominantly oriented along the flow direction rather
than perpendicular to the bed. Furthermore, given the same flow
condition, PIOMP is greater for the single-cylinder configuration (CS-
S) than in the dual-cylinder configuration (CS-D) with varying
spacing (Fig. 12). This might be due to the fact that part of the
impact energy is dissipated due to interactions between the GSWs.
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4.2.2. Impact pressure coefficient

The dimensionless impact pressure (a), also known as the
impact pressure coefficient, is typically estimated through labo-
ratory experiments and field observations, and is expressed as a
power-law function of Fr: a = IMP/(pu3) = a(Fr)?. Previous
studies using data from flume experiments and field investigations
have proposed various empirical models for « (Hiibl et al., 2009;
Scheidl et al., 2013; Cui et al., 2015; Wang et al., 2018a, 2018b).
In this study, the mean impact pressure generated by the granular
flow body (IMPpean_body,c) is used to examine the relationship
between « and Fr (Fig. 13b). The results are compared with existing
models and experimental datasets from previous research. The
results reveal that « decreases nonlinearly with increasing Fr and
shows relatively less sensitivity to changes in cylinder spacing
(D*). This decreasing trend may reflect the transition from dense,
contact-dominated flow regimes at lower velocities to more dilute,
inertia-dominated regimes at higher velocities. In such high-Fr
flows, particles tend to bypass the obstacle with less effective
momentum transfer, leading to reduced impact pressure relative
to the dynamic pressure baseline. Based on laboratory experi-
ments and DEM simulations, we propose the following empirical
relationship between « and Fr for granular flow impacts on cy-
lindrical structures (solid red line in Fig. 13b):

a=1.04Fr—06 (18)

At low Froude numbers, « values for granular flows are smaller
than those reported for debris flow data from field investigations
and flume experiments, most likely due to differences in flow
rheology and phase composition. However, at high Fr (Fr > 6),
values for granular flows converge toward those for debris flows.
One possible explanation is that the role of the fluid phase in the
impact process varies under different Froude numbers. Debris
flows are typically considered a mixture of solid and fluid phases,
or further divided into three phases: fluid phase (a mixture of
water and very fine particles), fine solid phase (clay, silt, and sand),
and solid phase (gravels, pebbles, and boulders) (Pudasaini and
Mergili, 2019). The relative contributions of these phases to the
impact dynamics vary under different conditions, adding
complexity to impact force estimation in debris flows. For “viscous
debris flow”, where the viscosity of the fluid phase dominates, the
resulting Fr is typically lower, leading to reduced inertial forces
(Wang et al., 2018b). In contrast, dry granular flows, which lack a
fluid phase, exhibit smaller values of the impact pressure

(a)3.0 —— ity ] :
. ~. \\
D' =2 (Exp.) ~ e
: D' = 1.67 (Exp.) © 10" - \6\\\’0 ) 4
254 @ D' =133(Exp) E TS grhee e
@ D -1(Exp) v “-'—-‘%’
© D' =067 (Exp) v
O Cs-S(Exp) @
204 @ D =2(DEM) )
@ D -1.67(DEM) @ D' =2(Exp)
~~ @ D' =133 (DEM) — @ D' =1.67(Exp)
- © D' = 1(DEM) @) <~ 10°4 @ D' =133(Exp)
R 1.59 © p'-0670EM) 3 @ D =1(Exp)
O Cs-S(DEM) @ D' =0.67(Exp.)
- - y=0.5 O S-S (Exp.)
@ D' -2(DEM)
1.0 1 * (@) o X @ D' - 1.67(DEM) o O g
o @ D'=133(DEM) 4 === Hibletal. (2009) OO s e
;(i ; @ D' =1(DEM) @ —-— Scheidl etal. (2013)
-1 | © D =067(DEM) Cui etal. (2015) i
0.5+ -O@-O %6&1& ----- 10 O S-S (DEM) § - - Wangetal.018) ©
——Fit line: y = 1.04x°¢ 7 Wang et al. (2018b)
T T T T T T T T

l(l)0
Fr(-)

Fig. 13. The turning parameter (y) and the impact pressure coefficient (a): (a) y as a function of classic Froude number Fr; and (b) a, determined by impact pressures generated by

granular flow body, as a function of Fr.
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coefficient (a). Conversely, in a “diluted debris flow”, where the
viscous force of the fluid phase exerts minimal influence,
higher Fr values are observed under similar slope conditions. In
such cases, inertial forces dominate the impact process, and the
impact pressures are primarily governed by the coarse solid par-
ticles, with minimal contribution from the fluid phase.

Although the present study provides some new insights into
the dynamics of granular flow impacts on cylinders, we
acknowledge that the experimental conditions differ from those in
natural granular flow hazards, particularly in terms of GSD, flow
scale, and material complexity. Throughout the flow process, we
did not observe significant particle segregation along the slope or
over time, as confirmed by the visual distribution of colored beads.
Minor differences at the flow front, likely caused by saltating
particles, were confined to the leading edge and did not affect the
steady-state measurements on which our analysis is based.
Nevertheless, we recognize that segregation effects may become
more significant in flows with broader size ranges or more com-
plex boundary conditions, and this aspect warrants further
investigation in future studies.

Despite these limitations, the dimensionless relationships
established here show good comparability with existing studies
and offer preliminary guidance for the design of protective struc-
tures, particularly in optimizing obstacle spacing to regulate shock
wave interactions and energy dissipation. Further quantitative
characterization of GSWs, including shock front evolution,
particle-scale velocity fields, and energy transfer mechanisms, will
be essential for developing more applicable and predictive models.
Future work will therefore focus on field-scale validation,
parameter calibration, and large-scale modeling, and refined an-
alyses of granular shock dynamics using high-speed imaging, dy-
namic force measurements, and advanced DEM post-processing.
These efforts aim to improve the quantitative description and the
theoretical framework of GSWs, thereby contributing to granular-
flow hazard mitigation.

5. Conclusions

This study systematically investigated the dynamics of GSWs
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interacting with cylindrical obstacles of varying spacings through
laboratory-scale experiments and DEM simulations. Key geometry
features, namely runup height, standoff distance, and pinch-off
distance of particle vacuum region, were quantitatively analyzed.

The results demonstrate that the runup height increases with
the Froude number but decreases as the cylinder spacing widens.
The standoff distance decreases, while the pinch-off distance in-
creases with increasing cylinder spacing, indicating that strong
granular interactions significantly modify granular flow
morphology within the shock region.

Impact pressures generated by granular flow increase linearly
with the Froude number, while the dimensionless pressure coef-
ficient decreases nonlinearly and converges toward established
debris flow models at high Froude numbers. Spectral analysis
shows that the PSD of granular impact pressures follows a power-
law correlation with increasing steady-state Froude number.
Pressure PSD values are significantly higher on the cylinder surface
than on the chute bed and are lower for dual-cylinder configura-
tions compared to single-cylinder cases, reflecting enhanced en-
ergy dissipation due to interactions between GSWs. These findings
may improve our understanding of GSW dynamics and provide
useful insights for designing protective structures to mitigate
granular flow hazards.
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Notations
Az Amplitude obtained by a fast Fourier transform of the impact pressures (kPa/Hz)
u Depth-averaged velocity in the x-direction (m/s)
D Spacing distance between cylindrical obstacles (m)
D* Dimensionless spacing distance between cylindrical obstacles
D* Dimensionless pinch-off distance
pinch—off
D:‘mup Dimensionless runup height
D andoft Dimensionless standoff distance
Dpinch-off Pinch-off distance (m)
Drunup Runup height (m)
Dstandoff Standoff distance (m)
e Restitution coefficient
E* Equivalent Young's modulus of particles (Pa)
E; Elastic modulus of particles i (Pa)
feentroid Centroid frequency (Hz)
FFT Fast Fourier transform
Fq Normal force (N)
Fd Normal damping force (N)
Fr Classic Froude number
Freront Front flow Froude number
Frsteady Steady-state Froude number
Ftd Tangential damping force (N)
g Gravity acceleration (m/s?)
G* Equivalent shear modulus (Pa)
Gi Shear modulus of particles i (Pa)
GSD Grain size distribution
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(continued )
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Flow depth of an incoming flow (m)

Mean impact pressure caused by granular flow on chute bed (kPa)

GSW Granular shock wave

hy

hy Runup height (m)

IMP Dynamic impact pressure (kPa)
IMPmean,al],B

lMPmean_all,C

IMPmean,body,B
IMPmean,body,C
IMPmean_head,B
lMPmean_head,C
IMPpeathead,B
IMPpeak,head,C

Mean impact pressure caused by granular flow on a cylinder surface (kPa)

Mean impact pressure caused by granular flow body on chute bed (kPa)

Mean impact pressure caused by the granular flow body on a cylinder surface (kPa)
Mean impact pressure caused by granular flow head on chute bed (kPa)

Mean impact pressure caused by granular flow head on a cylinder surface (kPa)
Peak impact pressure caused by granular flow head on chute bed (kPa)

Peak impact pressure caused by granular flow head on a cylinder surface (kPa)
Coefficient related to the shape of the jump

k Earth pressure coefficient

L Length of granular jump region (m)

m; Mass of particle i (kg)

P?MP Low-frequency power spectral density of the impact pressures (kPa%/Hz)
R* Equivalent radius of particles (m)

R Radius of cylinder (m)

R; Radius of particles i (m)

Rp Distance from the contact point to the center of mass (m)
Sn Normal stiffness (N/m)

St Tangential stiffness (N/m)

Uy Incoming flow velocity (m/s)

vrel Normal component of the relative velocity (m/s)

vl Tangential component of the relative velocity (m/s)

a Impact pressure coefficient

B Velocity profile shape coefficient of the granular flow

St Tangential overlap between particles (m)

4 Slope angle (°)

0 Poisson's ratio of the particle

X Tuning parameter linking the traditional hydraulic jump to the granular jump
on Unit angular velocity vector (rad/s)

S Dynamic friction angle (°)

Hr Rolling friction coefficient

Hs Static friction coefficient

Hb Basal friction coefficient

¢ Effective basal friction angle (°)
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