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The heights of rigid debris flow barriers are designed to provide adequate retention and prevent
debris from over-spilling. Designers need to predict potential runup height against a vertical wall to
account for potential over-spilling. Experimental investigations of debris flow runup have previously
been conducted using dry sand. A 5 m long rectangular flume was used to conduct runup
experiments using both dry sand and water, separately. A combination of high-speed imagery,
photoconductive sensors and laser sensors was used to study runup along the vertical face of a rigid
barrier. The effect of Froude number (Fr) on runup was examined by varying the channel inclination.
Commonly adopted energy and momentum approaches for predicting runup were compared with
experimental results. The results reveal that runup mechanisms are dependent on approach Fr
conditions and whether the flow medium is frictional in nature. For water, subcritical flows did not
exhibit significant runup (reflective wave mechanism), whereas supercritical flows led to a vertical jet
runup mechanism. Supercritical sand flow resulted in a pile-up mechanism instead of distinct runup.
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NOTATION

Fr Froude number (dimensionless)
g gravitational acceleration (m/s2)
h approach flow depth (m)
hf final runup height (m)
v flow velocity (m/s)
a interface friction angle (degrees)
h channel inclination (degrees)
r density of approaching flow (kg/m3)
rf density of the debris in contact with the barrier (kg/

m3)

INTRODUCTION
Rigid barriers made of reinforced concrete are often
adopted to impede and retain debris flow torrents (Lo,
2000) because these structures can resist high dynamic
impact forces and large bending moments. Designing rigid
barriers entails controlling debris flow runup along the
vertical face of the wall to prevent over-spilling down-
stream.

Numerous models to predict runup are available (Hungr
& McClung, 1987; Chu et al., 1995; Mancarella & Hungr,
2010). Notwithstanding, there are two commonly adopted
approaches for predicting debris flow runup height in
practice (GEO, 2012) – the energy principle and an
analytical solution proposed by Johannesson et al. (2009).
The energy principle (Fig. 1) is given as
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where hf is the final runup height, v is the debris velocity, h
is the approach height and g is gravitational acceleration.

The analytical approach for predicting avalanche runup
along a rigid barrier (Johannesson et al., 2009) is based on the
conservation of momentum, compressibility and the forma-
tion of a reflective dynamic impact force. This approach is
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where rf is the density of the debris in contact with the barrier
and r is the density of the approaching flow. Despite
experimental investigations conducted using dry sand, debris
flows are two-phase mixtures comprising both solid and fluid
phases. Therefore, dry sand alone cannot provide a
comprehensive understanding of runup mechanisms. In this
study, flume experiments were carried out to investigate and
compare runup mechanisms between dry sand and water.
The influence of varying Froude number (Fr) (see the later
section on Froude scaling for definition) on runup mechan-
isms is also examined. The energy principle and the approach
proposed by Johannesson et al. (2009) were compared with
the experimental results.

It is acknowledged that real debris flows are two-phase
mixtures, and only dry sand or water tests were conducted in
this study. Nonetheless, the simplest flow cases (dry sand and
water) were selected to first understand runup mechanisms
for single-phase flows before introducing complex interac-
tions between the solid and fluid phases (Iverson, 1997). The
experimental behaviour of runup mechanisms for dry sand
and water can be useful in developing understanding of the
runup mechanisms of real debris flows.

FLUME MODELLING
A 5 m long rectangular flume (Choi et al., 2014a, 2014b)
was used in this study (Fig. 2). The channel had a
maximum storage volume of 0?03 m3 and a channel width
of 200 mm. The channel inclination (h) could be varied
from 0u to 50u. A clear vertical acrylic rigid barrier of
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800 mm height was installed at a horizontal distance of
2100 mm from the debris storage container door.

Froude scaling
Open channel flows are driven by gravitational forces and
interaction with flow-impeding structures is strongly
influenced by changes in momentum. The Froude number
is the ratio of inertial forces to gravitational forces, given as

Fr~
v

(gh)1=2

Values of Fr less than and greater than unity characterise
subcritical and supercritical flows, respectively. Hubl et al.
(2009) and Armanini et al. (2011) identified Fr as a key
dimensionless parameter to scale debris flow-impacting
structures. Channelised debris flow can be characterised
with Fr ranging from 0 to 7?5 based on field observations,
and up to 12 for small-scale experiments (Hubl et al., 2009).

Instrumentation
Figure 3 shows a side view of the instrumentation layout
and dimensions. The flume model was instrumented with
photoconductive sensors (Silonex NORP12 cadmium
sulfide) installed at 500 mm intervals along the channel
base. As debris flows over each sensor, a signal is

generated. With the known spacing and time triggered
between sensors, the average frontal flow velocity can be
deduced. Laser sensors (Wenglor YT44MGV) were
mounted directly above the channel base to capture the
flow thickness. High-speed cameras (Prosilica GE640) with
a frequency of 200 frames per second (fps) and a resolution
of 6406480 were mounted on the side and on the
downstream end (looking upstream) of the barrier.
Reference grids (50 6 50 mm) were imposed on the side
wall. The laser sensors had a resolution of 0?2 mm and the
uncertainty of the photoconductive sensors was estimated
to be ¡0?5 m/s. The uncertainty was estimated by
comparing the deduced velocities between photoconductive
sensors and the high-speed camera. The high-speed camera is
the more reliable instrument (200 fps), since the flow front
can be physically observed. The maximum difference
between the deduced photoconductive sensor and high-speed
camera velocities was 0?41 m/s, hence the uncertainty was
estimated to be ¡0?5 m/s for simplicity. Photoconductive
sensors were only applicable to dry sand flow.

Model setup and test procedures
Uniform dry Leighton Buzzard fraction C sand (Law,
2008) with particle diameter 0?3–0?6 mm or water was
placed in the storage container. The source volume was
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Fig. 1. Side view of runup along rigid barrier
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Fig. 4. Upstream view of model setup within channel
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retained using a spring-loaded door and secured using a
magnetic lock at the base of the channel. The interface
friction angle (a) between the channel and sand was
measured to be 22?6u. The interface friction angle was
determined by placing sand inside a paper cylinder and
tilting the flume until slip was observed along the channel
(Choi, 2013). The channel was elevated to the required
inclination. Figure 4 shows an upstream view of the model
setup within the channel. Once the magnetic lock was
deactivated, the spring-loaded door lifted upwards to allow
flow downslope into the rigid barrier. A datalogger captured
measurements at 10 000 Hz.

Test programme
Tests were carried out using either dry sand or water. The
channel inclination was increased from 0u to 50u to vary the
approach Froude number. Upon trial and error, it was
assessed that volumes of water greater than 0?002 m3

resulted in runup heights over-spilling the barrier and flume
side walls. For dry sand, inclination angles greater than a
were required. A summary is given in Table 1.

INTERPRETATION OF FLUME RESULTS
Runup mechanisms
Typical runup mechanisms for water and dry sand are shown
in Figs 5 and 6, respectively. For dry sand, it was difficult to
achieve subcritical conditions (Fr , 1) given the restriction of
0?002 m3, hence only the supercritical flow regime (Fr . 1)
was studied for dry sand. For water, the range of Fr studied
in this investigation was between 0 and 14.

Supercritical water flow resulted in the formation of a
vertical jet runup mechanism. Figure 5 shows a typical

runup mechanism for supercritical water flow (test W-V2-
C5). The flow direction is to the left toward the barrier. The
dashed white line represents the upstream free surface. The
flow front approaches the barrier at t 5 0?0 s (Fig. 5(a))
and, upon impact, a distinct upward jet is observed
(Fig. 5(b)). Runup continues to move up the vertical face
of the barrier and the runup region thickens (Fig. 5(c)). The
upstream flow depth increases as the interaction progresses
and the vertical jet begins to roll back towards the channel
base (Fig. 5(d)). Runup continues to climb the barrier
(Fig. 5(e)) and more distinct rolling towards the channel
base is observed at t 5 0?6 s (Fig. 5(f)).

The experimental results reveal that subcritical water
flows did not exhibit distinct runup and the flow front was
merely reflected off the barrier back upstream. Runup
mechanisms are in agreement, as expected, with the impact
mechanisms observed by Armanini et al. (2011).

Supercritical dry sand resulted in a pileup mechanism.
Figure 6 shows a typical runup mechanism for supercritical
dry sand (test S-V2-C30). A thin wedge-like flow front
approaches the vertical barrier at t 5 0?00 s (Fig. 6(a)) and
impacts the barrier (Fig. 6(b)). As sand impacts the barrier,
a distinct pile-up mechanism is observed (Fig. 6(c)). A
granular bore propagates upstream (Fig. 6(d)) and pile-up
continues to increase (Figs 6(e) and 6(f)). Thereafter, the
granular bore continues to thicken while the runup height
does not change much at t 5 0?90 s (Fig. 6(g)) and the
granular bore comes to rest at t 5 1?05 s (Fig. 6(h)).

Table 1. Test programme

Test Flow material
Flow

volume: m3
Channel inclina-

tion: degrees

Approach velocity: m/s

Flow depth:
mm Fr

Photoconductive
sensor

High-speed
camera

W-V2-C0 Water 0?002 0 — 0?15 2?5 0?96
W-V2-C5 Water 0?002 5 — 1?27 2?5 8?14
W-V2-C10 Water 0?002 10 — 1?97 3?6 10?57
W-V2-C15 Water 0?002 15 — 2?37 4?5 11?49
W-V2-C20 Water 0?002 20 — 2?59 4?5 12?73
W-V2-C30 Water 0?002 30 — 3?33 7?0 13?67
W-V2-C40 Water 0?002 40 — 3?50 8?5 13?85
W-V2-C50 Water 0?002 50 — 3?89 12?0 14?14
S-V2-C30 Dry sand 0?002 30 2?00 2?41 6?0 10?69
S-V2-C40 Dry sand 0?002 40 2?87 3?33 11?6 11?29
S-V2-C50 Dry sand 0?002 50 3?55 3?75 14?0 12?62
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Fig. 5. Typical supercritical water flow runup mechanism (test
W-V2-C5)
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Fig. 6. Typical supercritical dry sand runup mechanism (test S-
V2-C40)
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The observed differences in runup mechanisms between
water and dry sand are distinct. The frictional nature of the
flow medium appears to be responsible for the observed
runup mechanisms. Dry sand is a frictional material with
shear strength, and deposition and gradual pileup occur
upon impacting the rigid barrier. On the other hand, water
does not have shear strength and transforms into a vertical
jet upon impact with the rigid barrier.

Influence of Froude number on runup height
The runup height (hf) for water was taken as the maximum
height reached by the coherent flow front and the
maximum deposition height for dry sand. Figures 7(a)
and 7(b) show typical upstream views of runup height
captured for water (test W-V2-C20) and sand (test S-V2-
C40), respectively.

Figure 8 shows the relationship between the approach
Froude number and normalised runup height (hf/h) for a
flow volume of 0?002 m3. The measured velocities and flow
depths used to calculate Fr are summarised in Table 1.
Two commonly adopted methods for debris flow mitiga-
tion (GEO, 2012) – namely the energy principle and the
momentum approach of Johannesson et al. (2009) – were
selected for comparison. The channel inclination for each
test is labelled in Fig. 8.

The measured results for water show that the runup is
insignificant under subcritical conditions (test W-V2-C0).
Increasing the channel inclination leads to higher frontal
velocities and thicker flows, and this increases Fr. The
energy principle assumes an incompressible fluid with a
uniform velocity distribution, which is idealised for water,
and shows better agreement with measured results com-
pared to the momentum. The momentum approach
assumes the formation of a reflective granular impact force
and flow compression adjacent to the barrier, and appears
to underestimate the runup height. At h . 30u it is apparent
that Fr no longer increases with channel inclination;
although the flow velocity increases with channel inclina-
tion, thicker flow depths also develop. It is also evident that
higher velocities result in higher supercritical flows
impacting the barrier and greater energy loss.

Experiments for dry sand achieved Froude numbers
ranging between 10 and 12. The energy principle exhibited
highly conservative runup heights for dry sand. The
analytical solution (assuming incompressible flow with a
density ratio rf/r 5 1) produced much better predictions
than the energy principle since the pileup mechanism
closely resembles the mechanism for the analytical equa-
tion. Increasing the density ratio and allowing for
compressibility will lower the predicted runup height of
dry sand flow and improve the prediction. It appears that
the analytical solution is more suitable for predicating the
pile-up mechanism of dry sand than water.

It is acknowledged that the angle between the sloping
ground and the barrier has an influence on runup
mechanisms (Mancarella & Hungr, 2010), but this factor
was not considered in this study. Larger source volumes
would result in a greater flow thickness and lower Fr. In
accordance with the findings of this study, if higher Fr are
achieved, it is expected that a vertical jet mechanism will be
observed for water and a pile-up mechanism will still be
observed for sand.

CONCLUSIONS
It is acknowledged that flume model tests are only an
approximate representation of the real physical phenom-
enon. Although the model is idealised, the physics from
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Fig. 7. Upstream view of typical runup heights: (a) water (test
W-V2-C20); (b) dry sand (test S-V2-C40)
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Flume investigation of landslide granular debris and water runup mechanisms 31

Downloaded by [ HKUST Library] on [29/11/17]. Copyright © ICE Publishing, all rights reserved.



flume model tests is real and can be used to enhance
existing knowledge of runup mechanisms. Flume tests
entail limited source volumes, transportation lengths and
particle sizes. A two-phase debris flow mixture will
undoubtedly exhibit characteristics of the runup mecha-
nisms observed for the simplest flow cases in this study (dry
sand or water). However, the influence of different
proportions of solid grains and fluid remains unknown
and advocates further work. The conclusions from this
study can be summarised as follows.

N The debris flow runup mechanism is dependent on the
frictional nature of the flow medium and the approach
Froude number.

N Subcritical water flows resulted in a reflective wave
mechanism with no significant runup, whereas super-
critical water flows led to a vertical jet runup mechanism
with formidable runup.

N Supercritical dry sand flows merely piled up with a
granular bore propagating upstream instead of distinct
runup.

N The analytical approach proposed by Johannesson et al.
(2009) can capture the pile-up and granular bore
mechanism when sand interacts with a rigid barrier,
whereas the energy principle is more appropriate for
water runup.
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WHAT DO YOU THINK?

To discuss this paper, please email up to 500 words to
the editor at journals@ice.org.uk. Your contribution will
be forwarded to the author(s) for a reply and, if
considered appropriate by the editorial panel, will be
published as a discussion.
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