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Interaction between dry granular flow and rigid barrier with
basal clearance: analytical and physical modelling
Clarence Edward Choi, Charles Wang Wai Ng, Haiming Liu, and Yu Wang

Abstract: Some types of barriers are designed with a clearance between the bottom of the barrier and the channel bed. This
feature allows small discharges to pass, thereby reducing the maintenance required over the service life of the barrier. Aside
from the practical function of a clearance, it influences the impact force, jump height, and discharge. In this paper, a series of
physical experiments was conducted using a 6 m long flume to model the interaction between dry granular flow and rigid barrier
with a basal clearance. The ratio between the clearance and particle diameter H./D was varied from 0 to 10. The channel
inclination was varied from 15° to 35° to achieve different Froude numbers before impact. A new impact model for predicting
impact force exerted on the barrier with a basal clearance is presented and evaluated. Results reveal that H, > 3D is capable of
reducing the impact force and overflow. Findings from this study highlight the importance of considering the effects of basal
clearance on the design of multiple-barrier systems.

Key words: basal clearance, dry granular flow, rigid barrier, flume modelling.

Résumé : Certains types de barriéres sont concus avec un espace libre entre le fond de la barriére et le lit du canal. Cette
caractéristique permet le passage de petits débits, réduisant ainsi I’entretien nécessaire pendant la durée de vie de la barriére.
Outre la fonction pratique d’un espace libre, elle influence la force d’impact, la hauteur de saut et le débit. Dans cet article, une
série d’expériences physiques ont été menées a I’aide d’un canal de 6 m de long pour modéliser I'interaction entre I’écoulement
granulaire sec et la barriére rigide avec un espace libre basal. Le rapport entre 1’espace libre et le diameétre de particule H /D
variait de 0 a 10. L’inclinaison du canal variait de 15° a 35° pour obtenir différents nombres de Froude avant I'impact. Un nouveau
modéle d’impact permettant de prédire la force d’impact exercée sur la barriére avec un espace libre basal est présenté et évalué.
Les résultats révelent que H. > 3D est capable de réduire la force d’impact et le débordement. Les résultats de cette étude
soulignent I'importance de tenir compte des effets de I’espace libre basal sur la conception des systemes a barriéres multiples.
[Traduit par la Rédaction]

Mots-clés : espace libre basal, écoulement granulaire sec, barriére rigide, modélisation des canaux.

Wendeler and Volkwein (2015) carried out a series of laboratory
tests to study the influence of both the mesh size opening and
basal clearance on the retention volume of a net barrier. Findings
revealed that the net barrier achieved an optimal retention vol-
ume by sizing both the mesh size opening and basal clearance
based on d,,, representing particle size larger than 90% of the
debris material. Their study laid a strong foundation for designing
net barriers based on volume retention. However, the effects of a
basal clearance on the impact load and jump height remain a

Introduction

Structural countermeasures such as rigid and flexible barriers
are commonly constructed to mitigate the steep creek hazards
(Kwan 2012; Sun and Law 2015; Moase et al. 2017). To minimize
maintenance for barriers, a clearance (Fig. 1) is often prescribed
between the base of the barrier and the channel bed (Volkwein
2014; Wieser 2014; Gems et al. 2014; Piton and Recking 2015; Chiari
et al. 2016; Nagl et al. 2016a, 2016b). Sze and Lam (2017) reported a

summary of overseas guidelines on the design of flexible barriers
spanning the entire width of the stream courses. Findings recom-
mended that barriers need a suitably sized basal clearance to
prevent the accumulation of stream loads so as to reduce the
maintenance required. Some proprietary products were reported
to allow basal clearances that range from 0.5 to 1.5 m (Sze and Lam
2017). However, the recommendations remain based on an empir-
ical criterion.

topic of practical and scientific interest in the mitigation of steep
creek hazards.

Discharge through a basal clearance is expected to affect the
deposited material at the base of the barrier, referred to as dead
zone herein (Faug et al. 2002; Gray et al. 2003). The dead zone plays
an important role in exerting static load (Caccamo et al. 2011) and
altering the flow kinematics and the resulting force on the barrier
as debris rides overtop the dead zone (Faug et al. 2012).
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Fig. 1. Schematic of basal clearance in rigid and flexible barriers: (a) rigid slot dam; (b) flexible steel net barrier. [Colour online.]
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Understanding the effects of a basal clearance is particularly
important when designing multiple-barrier systems (WSL 2008;
Wendeler et al. 2008; Kwan et al. 2015) in steep creeks. A basal
clearance can directly influence the volume of material retained
and the volume of material allowed to discharge downstream. The
material that discharges downstream can pass through the basal
clearance or overflow the barrier (Hikonardoéttir et al. 2003a,
2003b; Naaim-Bouvet et al. 2004; Choi et al. 2014; Speerli et al.
2010; Glassey 2013; Kwan et al. 2015; Ng et al. 2018) once the reten-
tion capacity of the barrier is reached. More importantly, overflow
has been recognized as a key mechanism that is responsible for
scouring of the channel bed that is just downstream of the barrier
(Comiti et al. 2013; Chen et al. 2016). This process compromises the
geotechnical stability of barrier foundations (Hiibl et al. 2005).
With these considerations in mind, it is evident that a basal clear-
ance plays a critical role in flow-barrier interaction and warrants
further attention in the design of barriers.

In this study, a series of small-scale physical experiments have
been carried out to study the interaction between dry granular
flow and rigid barrier with a basal clearance. The influences of
the size of the basal clearance on discharge, jump height, and
impact force have been investigated. Furthermore, a new im-
pact model for barriers with a basal clearance is presented and
evaluated.

Momentum jump model to predict jump height

Prediction of jump height is important in determining the de-
sign height of a barrier (Iverson et al. 2016; Ng et al. 2018). An
analytical solution originating from Hdkonardoéttir et al. (2003b)
for calculating the jump height directly behind a closed barrier
has been applied to snow avalanches (Jéhannesson et al. 2009),
debris flow (Iverson et al. 2016) and granular flows (Faug 2015a;
Albaba et al. 2018). The analytical solution considers continuous
and uniform flow impacting a closed stationary barrier. The im-
pact process causes the frontal velocity to decelerate completely
and jump upwards (Choi et al. 2015; Iverson et al. 2016). A modified
form, which accounts for different lateral earth pressure coeffi-
cients, was reported by Iverson et al. (2016) and is given as follows:

A\2/h.\3 . \2 -1,

R TR

pi) \Iy pi\h; k- iy
where p is the bulk flow density; h is the flow depth; subscripts “i”
and “j” (Fig. 2) indicate flow properties of the initial upstream flow
and the jump at the barrier, respectively. Variable h; is therefore
the jump height of the flow after impact; k is the lateral earth
pressure coefficient, denoting the ratio of longitudinal to normal
stresses, and may vary over a broad range. Iverson et al. (2016)
reported values of k from 0.2 to 5 for frictional flows. Fr is the
Froude number, which is the ratio of the inertial to gravitational
forces in an open channel flow and given as follows:

Steel cable

\ B;asal clearance Hc /
(b)

Fig. 2. Side schematic of flow impacts on barrier with basal
clearance. v,,, propagation velocity of granular jump; Q, flow rate.
[Colour online.]
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where v is the flow velocity, g is the gravitational acceleration (g =
9.81 m/s? in this study), and 6 is the channel inclination.

Faug (2015a) and Albaba et al. (2018) further solved eq. (1) with
Cardano’s method (Cardano and Spon 1968), assuming k = 1, for
the jump height h;, which is given as follows:

h; 0,
— J — B —0) + 1
(3) 13 h 2r cos( 3 3%,

where §is the jump height ratio, A, is the density ratio and can be
expressed as A, = pyp; . r and 0, are expressed as follows:
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where A = g% + 4p3[27; q and p are functions of Fr; and A,
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Assuming that the density of the flow remains unchanged, A is
unity in eq. (3). & r, and 6, can be rewritten as follows:
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Although assuming a constant density simplifies the impact pro-
cess by treating the flow as incompressible, it provides a more
conservative prediction of larger jump height as reported by Faug
et al. (2015). The jump height ratio £ can thus be solved using only
one unknown parameter, which is the Froude number of the
incoming flow.

Newly proposed impact model for barriers with
basal clearance

A simplified approach based on the conservations of mass and
momentum (Hiibl et al. 2009; Scheidl et al. 2012, 2013; Ng et al.
2017b) is commonly recommended in design guidelines (VanDine
1996; MLR 2006; NILIM 2007; Kwan 2012) to predict the impact
force on barriers. This hydrodynamic approach explicitly consid-
ers dynamic loading and the equation is given as follows:

(11) Fyy = aPiVizhiW

where « is dynamic pressure coefficient and w is the channel
width. Recently, Wendeler et al. (2019) reported a load model that
combines both the hydrostatic and hydrodynamic components
for a steel net barrier with basal clearance. The hydrodynamic
model in eq. (11) and the model proposed by Wendeler et al. (2019)
are ideal for design because only a small number of parameters,
which can be obtained with ease, are required. However, neither
of the two load models consider the effects of barrier opening and
may lead to an overestimation of the impact force.

In this study, a new impact model considering the basal clear-
ance in a rigid barrier is proposed. Figure 2 shows that when
granular flow impacts a rigid barrier with a basal clearance, a
jump forms just upstream of the barrier and a steady discharge
passes downstream through the basal clearance. Variable Q repre-
sents the flow rate and subscript “d” indicates discharge proper-
ties. Variable v, is the propagation velocity of the granular jump. In
this study, h; is estimated using eq. (3) for simplicity. Equation (3)
proposed by Albaba et al. (2018) strictly holds for flow impact
against a rigid and closed barrier, without any discharge down-
stream of the barrier. However, we consider here that eq. (3) can
be used as a first approximation for the estimation of the jump
height in presence of the downstream discharge. Details on how
basal clearance influences jump height will be discussed later.

The proposed impact model for a barrier with a basal clearance
assumes a steady state control volume from the granular jump to
the discharge (Fig. 2). All boundaries are assumed to be friction-
less. The conservations of mass and momentum within a control
volume are expressed as follows:

(12) pihy; — pahava = 0
hi ha

(13) w f oydy —w f oudy — F = phwvvqg — v)
0 0

where o,; and 0,4 are the longitudinal normal stresses of the flow
and can be simplified as o,; = kpg(h; - y)cos6 and 0,4 = kpag(hg - y)cosd
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and F is the impact force from the flow. The internal energy dissipa-
tion during the discharge is ignored to provide a first-order approx-
imation of the impact force. Therefore, the assumption for solving
egs. (12) and (13) requires the energy at flow surfaces of the granular
jump and discharge remains constant. This condition can be further
expressed by Bernoulli’s equation as follows:

PjVj2 _ PV Yook
2gcosf P T 2gcosp  Pa'd

(14)

In this study, the density of the discharge flow is also assumed
unchanged to achieve a first-order approximation of the impact
force, i.e., p; = p; = pg. Moreover, we assume that the surface of the
open-channel flow is only subjected to atmospheric pressure, and
thus the pressure terms in eq. (14) are eliminated. The impact
force F can therefore be expressed as follows:

pigh; — hd)gw cosf

W) F =+ iy

Substituting h; with eq. (3), F can be rewritten as follows:

_ pghg — hd)BW cos6
a6 F = e + hy

The discharge flow depth h, is governed by the basal clearance
height and is assumed equal to the height of the basal clearance in
this study. The impact force F can then be calculated using up-
stream flow parameters, which include the density, velocity,
depth and width of the flow, and by knowing the basal clearance
height and channel inclination. For a closed barrier with hy = 0,
eq. (16) can be written as follows:

B pgh>&w cosf
)  F=———

that is, in essence, the hydrostatic force of the retained flow. A
similar approach to eq. (17) for calculating the impact force on a
closed rigid barrier has been proposed by Zanuttigh and Lamberti
(2006) by adopting an approximate solution of the jump height
ratio ¢ based on the condition that an incoming Froude number is
much larger than unity. Equation (11) can be written as a function
of Froude number, Fr, as follows:

(18)  Foy = aFripghiw

If we divide eq. (18) by eq. (17), a relationship between the hy-
drodynamic equation and eq. (17) is given as follows:

(19) Fay _ 2aly

F,  2cosh

where ¢is a function of the Froude number, Fr;, of incoming flow
as expressed in eqs. (8)-(10). When Fr; >> 1, it can be calculated
from egs. (8)~(10) that 2Fr?/¢* = 1, and therefore Fqy/F, = afcos®.

Flume modelling

The experiments in this study were conducted using a 6 m long
flume model with a rectangular channel. The width and depth of
the channel were 200 and 500 mm, respectively. At the upstream
end of the flume, a container with a maximum volume of 0.1 m3
was used to store the granular material, which was retained by a
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Fig. 3. (a) Side schematic of test set-up and (b) instrumented barrier.
|Colour online.]
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gate. The gate was controlled using a magnetic lock at the base of
the channel. Upon deactivation of the magnetic lock, the pneu-
matic gate was lifted vertically to release the granular material
down the channel.

Flow characterization

Characterization of the flow before impact is important for
correlating the dynamics of a flow and the resulting load. The
Froude number, Fr, governs the dynamics of open-channel flow
and is closely correlated with the impact behaviour on structures
(Hubl et al. 2009; Armanini et al. 2011; Choi et al. 2015; Ng et al.
2017b).

For practical applications, knowledge of both the velocity and
depth of the flow is convenient for characterizing the dynamics of
steady open-channel flows and correlating the dynamics with the
impact behaviour. A diminishing Fr (<< 1) indicates that the ef-
fects of gravity and therefore static loading is significant. By con-
trast, Fr >> 1 suggests that the existing state of inertia in the flow
and therefore the dynamic loading is very much significant (Faug
2015b; Sovilla et al. 2016). In this study, different Fr were achieved
by varying the channel inclination.

Instrumentation

Figure 3 shows a side schematic of the flume and the instrumen-
tation used in this study. A high-speed camera (Fig. 3a; model No.:
Mikrotron, EoSens mini2) was installed at the side of the channel
to capture the impact kinematics and to approximate both the

239

Fig. 4. Side schematic of control test at different times to determine
flow velocity: (a) t;, when flow is 50 mm upstream barrier location;
(b) t,, when flow is 50 mm downstream barrier location. [Colour
online.]
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flow depth and flow velocity for each test. Images were sampled at
300 frames per second at a resolution of 1660 pixels x 970 pixels.

The rigid barrier (Fig. 3b) adopted in this study consisted of four
10 mm thick acrylic plates. Each plate was instrumented with a
load cell to measure the impact load along different locations of
the barrier. The height of each acrylic plate near the bottom of the
barrier was 50 mm and the acrylic plate near the top of the barrier
had a height 0of 100 mm. A wooden plate was installed at the upper
portion of the barrier and lined with plastic film to ensure a flush
surface with the rest of the barrier. The instrumented barrier was
500 mm in height and mounted 1100 mm from the gate of the
storage container.

Test programine

Before conducting tests to study the interaction between dry
granular flows and a rigid barrier with different basal clearances,
control tests were carried out to characterize the Froude number
of the flows without installing any barrier. The flow velocity and
flow depth used to deduce the Froude number were measured
based on high-speed camera images. The maximum flow depth at
the barrier location was used to calculate the Froude number in
eq. (2). Figure 4 shows a side schematic of the control test for
determining the frontal velocity of the flow. The dilute flow front
usually had a much higher velocity that was not representative of
the flow. Correspondingly, the frontal velocity for each test was
calculated using the thicker part of the flow front, which was *
50 mm from the barrier location.

To discern the differences between fine and coarse granular
flows, monodisperse glass spheres with diameters D of 3 and
10 mm were selected. The ratios between the flume width and the
particle diameters, w/D, for the 3 and 10 mm spheres are 67 and 20,
respectively. The initial bulk densities for the 3 and 10 mm glass
spheres were 1620 and 1611 kg/m?3, respectively. The measured
dynamic friction angles for the 3 and 10 mm glass spheres were
17.8° and 16.6°, respectively (Ng et al. 2017a).
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Table 1. Summary of test programme and results.

Can. Geotech. J. Vol. 57, 2020

Flow kinematics

Impact force results

Reduction
Basal Flume Particle Frontal Flow Froude Peak proportion Jamming
clearance, inclination diameter, velocity, depth, number, total of peak total at basal

Test ID H_(mm) (°) D (mm) HJ/D v (mfs) h (mm)*  Fr force (N) force (%) clearance
115-D3 — 15 3 — 15 21 3.4 e e —
125-D3 — 25 3 — 2.2 26 4.6 — — —
135-D3 — 35 3 — 3.0 35 5.7 — — —
115-D10 — 15 10 — 1.8 31 3.2 — — —
125-D10 — 25 10 — 2.6 37 4.5 — — —
135-D10 — 35 10 — 3.2 46 5.3 — — —
C0-115-D3 0 15 3 0.0 1.5 21 3.4 11.3 0 —
C0-125-D3 0 25 3 0.0 2.2 26 4.6 61.1 0 —
C0-I35-D3 0 35 3 0.0 3.0 35 5.7 121.3 0 —
C0-115-D10 0 15 10 0.0 1.8 31 3.2 211 0 —
C0-125-D10 0 25 10 0.0 2.6 37 4.5 80.1 0 —
C0-135-D10 0 35 10 0.0 3.2 46 5.3 152.3 0 —
C15-115-D3 15 15 3 5.0 15 21 3.4 7.4 35 No
C15-125-D3 15 25 3 5.0 2.2 26 4.6 43.5 29 No
C15-135-D3 15 35 3 5.0 3.0 35 5.7 108.4 1 No
C15-115-D10 15 15 10 15 1.8 31 3.2 23.5 -11 Yes
C15-125-D10 15 25 10 1.5 2.6 37 4.5 83.8 -5 Yes
C15-135-D10 15 35 10 15 3.2 46 5.3 154.3 -1 Yes
C30-115-D3 30 15 3 10.0 15 21 3.4 2.6 77 No
C30-125-D3 30 25 3 10.0 2.2 26 4.6 34.8 43 No
C30-135-D3 30 35 3 10.0 3.0 35 5.7 99.7 18 No
C30-115-D10 30 15 10 3.0 1.8 31 3.2 12.7 40 No
C30-125-D10 30 25 10 3.0 2.6 37 4.5 63.8 20 No
C30-135-D10 30 35 10 3.0 3.2 46 5.3 132.5 13 No

*Flow depth is the maximum flow depth at the barrier location from control tests.

The channel inclination 0 was varied from 15° to 35° to achieve
different Fr. The height of basal clearance was varied from 0 to
30 mm. The normalized basal clearance H /D, which is also re-
garded as the relative opening of the clearance, ranged from 0 to
10 in this study. A summary of the test programme and measured
Fr at the location of the rigid barrier is given in Table 1.

For each test a mass of 30 kg of glass spheres was prepared into
the storage container with a horizontal free surface. Afterwards,
the flume was inclined using a crane. When the channel inclina-
tion exceeded the repose angle of the granular material, the free
surface of the granular material adjusted accordingly. This caused
the initial heights, H; ;> of the source material to differ with
different channel inclinations (Fig. 3a). Correspondingly, an in-
crease in H; ;. could cause a slight increase of the flow depth
near the container after initiation. This effect appeared to be
more pronounced with the rather short transportation distance
of 1100 mm that was modelled between the gate and the barrier.

Interpretation of test results

Observed kinematics of flow impacting barrier with basal
clearance

Figure 5 shows a comparison between the observed kinematics
captured using the high-speed camera and the velocity fields ana-
lysed using particle image velocimetry (White et al. 2003) for test
C30-I35-D10. In this test, the channel was inclined at 35°, and
the rigid barrier had a basal clearance with a relative opening
H.D = 3.0.

The thin flow front passed through the basal clearance freely
because the flow depth was smaller than the height of the basal
clearance. As the tapered flow front became thicker, the flow
started to interact with the barrier. From image analysis (Fig. 5a),
the velocity vectors of the resisted flow near the base of the barrier
changed direction from a predominantly slope parallel direction
to a barrier parallel direction. At this stage of the impact process,
the flux entering the system was larger than that passing under-

neath the barrier. The confining stress from the accretion of gran-
ular material just upstream of the barrier resisted the subsequent
discharge of material underneath the barrier. Eventually, a dis-
tinct dead zone developed at the toe of the barrier (Fig. 5b). At this
instant, a drastic reduction in discharge underneath the barrier
occurred. Any additional discharge through the clearance was
from the disintegration of the dead zone. Furthermore, the dead
zone acted as a cushion against subsequent dynamic load exerted
on the barrier. This is analogous to a series of force chains that
redistribute stress in a granular assembly (Tordesillas et al. 2014).
Figure 5¢ shows discharge was passing through the basal clear-
ance without an upstream supply of granular material. Eventu-
ally, the discharge behaved like hopper flow (Ketterhagen et al.
2009), which was predominantly gravity driven.

Jamming at basal clearance

Jamming at the basal clearance was observed in the experi-
ments with a relative opening H /D = 1.5. Figure 6 shows the cap-
tured kinematics for test C15-125-D10. In this test, 10 mm particles
were used to impact the rigid barrier that had a basal clearance of
H/D = 1.5. The channel was inclined at 25°. As the flow front
arrived at the barrier (Fig. 6a), only dispersed material at the flow
front passed through the basal clearance. The retained material
(Fig. 6b) provided additional confining stress to resist the dis-
charge of material through the clearance (Fig. 6¢). The increasing
shear resistance provided from overlying particles eventually
jammed the flow and the impact process reached a static state
(Fig. 6d), which is similar to that reported by Janda et al. (2008).

When H./D = 1.5, the barrier retained more than 98% of the
initial flow volume. Compared with results reported by Wendeler
and Volkwein (2015), the result in this study indicates that for dry
monodisperse flow, a height that is 1.5 times that of the particle
size for the basal clearance can provide quite a high retention
volume. For a barrier with a basal clearance that had a relative
opening H./D 2> 3, jamming was not observed in this study. By
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Fig. 5. Observed flow kinematics (left) and particle image
velocimetry (PIV) analysis (right) of test C30-I35-D10 at different times:
(a)t=0.15s; (b) t = 0.40 s; (c) t =1.20 s. [Colour online.]
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Fig. 6. Observed discharge and jamming of test C15-125-D10:
(@)t=0.00s; (b)t=0.10s; (c) t = 0.40 s; (d) t =1.30 s. [Colour online.]
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Fig. 7. Comparison of measured peak jump height at different
Froude conditions with (a) different basal clearance heights and
(b) momentum jump model (k =1and p; = p;). [Colour online.|
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allowing the material to freely discharge to downstream through
the basal clearance, overflow volume can potentially be reduced.
This implies that a basal clearance can indirectly minimize the
threat posed by scouring from overflow.

Effects of basal clearance on granular jump process

Figure 7 shows a comparison of the measured jump height h;
normalized by flow depth h; with different basal clearance
heights, H /D, at different Froude conditions. The basal clearance
height, H /D, and Froude number were selected as the horizontal
axes of Figs. 7a and 7b, respectively, to discern the effects of these
two parameters. Figure 7a shows that larger basal clearances re-
duced jump height for finer granular material (D = 3 mm, H./D >
5.0) by up to 34%. By contrast, for coarser granular flow (D =
10 mm, H./D >1.5), the jump height increased less than 10% in this
study compared to that of a barrier without basal clearance. An
exception to this trend was observed when Fr = 3.2 and H./D = 3.0.
Under such conditions, a 15% decrease in the jump height was
observed. The decrease of jump height was because more material
passed through the clearance and therefore less material was
available for the granular jump. Moreover, due to the reduced
lateral earth pressure at the basal clearance, the momentum of
the flow would be much easier to transfer downstream instead of
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Fig. 8. Side schematic of grain stresses during discharging process:
(a) densely packing resisted flow layer (upper) and discharging flow
layer (lower) moving at certain shear rate; (b) intensive collisions
induced by basal clearance discharge. [Colour online.]

(b)

Flow direction

ﬁ

Resisted ﬂow\
Intensive collisions —,
Discharging flow—,

l |

transferring upwards. The increase of jump height was due to the
less material discharged to downstream and the intensive shear-
ing induced during the discharge process.

More specifically, one would expect enhanced shearing be-
tween grains of the deposited material and the discharge passing
through the clearance. Such shear-induced stresses between
grains can be represented using the theory proposed by Bagnold
(1954). Figure 8a shows two layers of particles subjected to a shear
rate y in a densely packing granular flow. The upper layer repre-
sents the deposited flow and the lower layer represents the dis-
charge flow. As the granular assembly is sheared, a velocity
gradient dv develops and particles interact between the two lay-
ers. There are two types of grain interaction, one type results in
dispersive stress P, in the normal direction of the flow, while the
other type results in grain shear stress P, along the direction of
flow. These stresses are given as follows:

(200 P~ py’D?

P, P,

1) P=—
sina,  cosa,

Equation (20) shows that the grain collisional stress P is propor-
tional to grain density p,, square of the shear rate 3, and particle
diameter square D2. The grain collisional stress P can be divided
into grain shear stress P, and grain dispersive stress P, and is
expressed in eq. (21). Here, «. is an angle, which is dependent on
the direction of collision and whether the rotation of grains oc-
curs (Bagnold 1954). Equations (20) and (21) suggest that as flow
discharges through the basal clearance (Fig. 8b), collisions be-
tween the arrested material, and discharging flow may increase
both the grain dispersive and grain shear stresses. Larger particles
and higher Fr lead to higher dispersive stresses P,, which is re-
flected in the increase of jump height.

The dashed line in Fig. 7b is the estimated jump height based on
eq. (1) with k=1and p; = p;. The result from Fig. 7b shows that the
analytical solution of eq. (1) can overestimate the jump height
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when Fr = 3.2~3.4. The jump height can be overestimated by up to
twice the measured values. In addition, eq. (1) underestimates the
jump height by up to 15% when Fr = 4.5~5.7. A reason for the
underestimation is that eq. (1) is meant for predicting the jump
height of granular flows with an internal friction angle larger
than channel inclination (Hikonardéttir et al. 2003b). When the
internal friction angle is smaller than the slope angle, the ele-
vated surface will be unstable and need to readjust to the repose
angle thereby causing an increase in the jump height. Albaba et al.
(2018) proposed an alternative approach to estimate the increased
jump height by calculating the length of the granular jump along
the flow direction. As this method requires the input of the in-
coming flow velocity and flow depth, predicting the jump in a
practical sense can be challenging. Notwithstanding, the 15% un-
derestimation of the jump height in this study is not unacceptable
and eq. (1) is suitable for estimating the jump height of granular
flow impacting a barrier with basal clearance.

In summary, results show that a closed barrier is not the most
conservative scenario for calculating the jump height. A basal
clearance that has a relative opening H./D < 3 may induce an
increase of jump height of up to 8%. A basal clearance that has
relative openings of H /D = 5 and 10 may result in a reduction of
jump heights by up to 11% and 34%, respectively. Even for H /D =5,
the reduction of the granular jump was only up to 11% compared
to that of a closed barrier. Therefore, a barrier with a basal clear-
ance with an H/D > 10 is recommended for mitigating granular
jumps.

Effects of basal clearance on impact force

Figure 9 shows the measured peak impact force exerted on
barriers with different basal clearances for fine (Fig. 9a) and coarse
(Fig. 9b) granular flows. The impact forces calculated from egs. (11)
and (16) are shown for reference. Furthermore, loadings under
different Fr are compared. Using eq. (11) with a theoretical dy-
namic pressure coefficient « = 1.0, the flow is assumed to be in-
compressible, and v; and h; were measured from the open channel
tests.

Figure 9 shows that the measured peak force for fine-grained
flows decreased with an increasing basal clearance height. By con-
trast, the measured peak force for coarse particles when H /D =1.5
increased by up to 6% compared to a barrier without a basal clear-
ance. The peak force decreased by 13% to 40% when H_/D = 3.0. The
increase of peak impact force suggests that the impact force on a
barrier with smaller basal clearance, H /D < 1.5, cannot effectively
be reduced compared with a barrier without a basal clearance.
The reason that a barrier with H /D = 1.5 did not attenuate the
impact force was because only up to 2% of the flow volume dis-
charged to downstream. This small discharge volume had a neg-
ligible effect on the decrease of the overall impact load. By
contrast, when HD 2 3.0, a more obvious reduction in the peak
impact force can be found. When H_/D > 3.0, the reduction in the
peak impact force ranged from 11% to 18%, compared to barrier
without basal clearances, for Fr from 5.3 to 5.7. When H /D ranged
from 3 to 5, the reduction of peak impact force was from 20% to
29% and 35% to 40% for flows with Fr from 4.5 to 4.6, and from 3.2
to 3.4, respectively. Larger reductions in impact force, from 43% to
77%, were observed for Fr from 3.4 to 4.6 with a clearance of H./D =
10.0. Results show that Fr governed the reduction of impact force
exerted on barriers with basal clearances, and the basal clearance
had less effect on more inertial flows. Details of the reduction of
peak force on the barrier and the jamming condition in each test
are summarized in Table 1. The result in Table 1 reveals that for
barrier configurations where jamming did not occur at the basal
clearance, the discharge of the flow led to smaller static force on
the barrier, which in turn reduced the peak impact force on the
barrier.
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Fig. 9. Comparison of measured peak impact load at different basal
clearance heights and Froude conditions: (a) flow with particle
diameter 3 mm; (b) flow with particle diameter 10 mm. [Colour
online.]
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Performance of newly proposed analytical model for
barrier with basal clearance

Results show that the proposed impact model in this study can
reliably predict the decreasing trend of the impact force with an
increasing basal clearance height at different Froude conditions
(Figs. 9a and 9b). However, the impact force was underestimated
for finer granular flows (D = 3 mm) (Fig. 9a) with Froude numbers
of 4.6 and 5.7. The lower than expected impact loads may be
attributed to the smaller jump heights as shown in Fig. 7b. The
finding demonstrates the importance of a reliable momentum
jump model for predicting the impact force. Figure 9b shows that
the proposed model in this study overestimates the impact force
exerted by coarse granular flow (D = 10 mm). However, the pro-
posed model still provides a reasonable upper bound compared
with the constant theoretical impact forces predicted by using
eq. (11) without considering the effects of basal clearance.

Attention should also be placed on the observation that the
theoretical impact force for fine granular flow with H./D > 10 and
for coarse granular flow with H /D > 3 may not be valid using the
proposed impact model because the barriers with a basal clear-
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ance can lose its regulatory function once the basal clearance
exceeds a critical height. This critical basal height can be deter-
mined using the maximum flow depth.

A comparison of results from the proposed impact model and
the measured results shows reasonable agreement. However, the
proposed analytical model was only evaluated against idealized
monodisperse dry granular flows in this study. For debris flow, the
fluid phase plays an integral role in regulating the flow dynamics
(Iverson 1997; McArdell et al. 2007). More specifically, excess pore-
water pressures are generated as a granular assembly is sheared.
Correspondingly, contact stresses are reduced. This implies that
less material is expected to be retained by barriers with basal
clearances for wet flows compared to that of dry granular flows.

Scale effects are governed by the interaction between the solid
and fluid phases (Iverson 2015). However, the proposed impact
model in this study treats the flow as an incompressible equiva-
lent fluid, which neglects the particle-particle and particle-fluid
interactions. Correspondingly, the simple impact model can be
used for any scenario by treating the flow as an equivalent fluid
(Hungr 1995). Test results (Fig. 9) also show that the current model
does not explicitly consider the effects of a small basal clearance
that cannot have an impact force reduction compared to barrier
without basal clearance when H /D = 1.5.

More importantly, findings from this study provide a basis for
evaluating existing recommendations for basal clearances in the
literature. For example, the basal clearance heights of some pro-
prietary steel net barriers in the field range from 0.5 to 1.5 m based
on that reported by Sze and Lam (2017). However, their report does
not specify whether the recommended range of clearance is for
reducing the frontal impact force, minimizing the jump height,
reducing the serviceability required by the barrier or maximizing
the volume retained. Results from this study reveal that the opti-
mum clearance is different depending on its intended function.
For example, this study recommends an optimum clearance of
H_[h; = 0.6 for reducing the impact force and an optimum clear-
ance of H/h; = 0.9 for reducing the jump height. Although the
scope of this study was limited to idealized dry granular flows,
results suggest that even for more complex flows, the basal clear-
ance is different depending on its intended function.

Load distribution along barrier

Figure 10 compares the load distribution along the height of
barriers with different basal clearances at a channel inclination of
35°. Peak loads from the four load cells are shown. Results show
increases in peak load near the base of the barrier, compared to
that of a closed barrier by 13% and 27% for the fine particles (Fr =
5.7, H/D = 10.0) and the coarse particles (Fr = 5.3, H,/D = 3.0),
respectively. The higher peak loads were attributed to the disrup-
tion of the dead zone near the basal clearance. A dead zone can
attenuate the dynamic impact of the subsequent flow on the bar-
rier by redirecting the flow (Ng et al. 2017b).

In summary, the newly proposed model is suitable for predict-
ing the impact force on barriers with basal clearance. When H /D >
3.0, the peak force shows a consistent decrease with increasing
basal clearance. The delay in the formation of the dead zone for
barriers with clearances during the impact process can result in
an increase of impact force near the base of the barrier. However,
this local increase will not affect the total force exerted on the
barrier.

Conclusions

A series of flume experiments were conducted to investigate the
interaction between dry granular flows and a rigid barrier with a
basal clearance. The effects of the basal clearance H/D on dis-
charge, jump height, and impact force were examined. Findings
from this study are drawn as follows:
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Fig. 10. Measured distributed impact force along barrier for
different basal clearance heights: (a) flow with particle diameter
3 mm at Fr = 5.7; (b) flow with particle diameter 10 mm at Fr = 5.3.
[Colour online.]
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1. A closed barrier is not the most conservative design scenario
and the effects of a basal clearance cannot be ignored. Both the
Froude numbers and normalized basal clearance H.D are key
design considerations when assessing the discharge, jump
height and impact force.

2. Both the momentum-based jump model and a newly proposed
impact model, with consideration of a basal clearance, were
evaluated. Both models reasonably predict the jump and im-
pact force for dry granular flows with Froude condition rang-
ing from 3.2 to 5.7.

3. For dry monodisperse granular flows, a basal clearance of H. >
3D reduces the impact force by up to 77%. The jump height on
the barrier can be reduced by up to 34% when H.=10D. A basal
clearance height H. > 3D is suggested to reduce the impact
force and overflow volume in multiple-barrier systems.

4. For dry monodisperse granular flows, a basal clearance H. <
1.5D can achieve a retention volume by more than 98% of the
total volume. However, neither the jump height nor the im-
pact force is suppressed.
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