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ABSTRACT
Conservative estimates of forces from debris flows on barriers are computable using the ‘free field approach’,
assuming that flows are channelised until impact. However, this approach neglects the reduced flow velocity
and depth due to lateral spreading in basins, which depends on flow type. In this study, physical dam-break
tests using (i) water and (ii) dry sand running out onto an unconfined planar surface are performed, and
then used to evaluate rheological models coded into a depth-averaged SPH program. A numerical parametric
study on material type, material volume, channel length (both affecting the Froude number 𝐹 𝑟) and lateral
confinement is then performed. For water, the spreading angle correlates with 𝐹 𝑟 and gives a conservative
solution for impact force and spreading. Debris spreading depends on material volume and is thus scaledependent. The internal strength of arrested debris enables obstacle formation, inhibiting downstream motion,
and forcing higher volumes of oncoming material to flow laterally. Moreover, impact force requirements
for terminal barriers could be reduced by >50 % when compared to 2D free-field flows, provided the
barrier is placed sufficiently far downstream (>5 m). Three-dimensional analyses of flows entering basins
should complement simplified two-dimensional analyses commonly adopted by engineers, potentially reducing
overly-conservative designs.

1. Introduction
Channelised geophysical flows continue to be a hazard in mountainous regions around the world, and the risk posed by them is
likely to increase due to anthropogenically induced changes in the
climate (Froude and Petley, 2018). The solid volume fraction of channelised flows can vary greatly, from debris floods (which are dominated
by viscous stresses) to debris flows (which are dominated by frictional
stresses; see Iverson, 1997). To mitigate the hazard of such flows
from impacting human settlements, barriers are often constructed (e.g.
Mancarella and Hungr, 2010; Canelli et al., 2012; Vagnon et al., 2015;
Kwan et al., 2016). In regions where space allows, these barriers may be
constructed at the end of large ‘debris basins’ which primarily provide
retention space for the flow materials (Johnson et al., 1991) (Fig. 1).
These debris basins also allow geophysical flows to decelerate (de
Linares et al., 2020) by making use of (i) energy-wasting processes
within flows and (ii) lateral spreading to induce deceleration whilst
overriding relatively flat terrain, causing debris fans in the process. (For
commentary on debris fans, see Whipple and Dunne, 1992; Rickenmann, 2005; Berti and Simoni, 2007; Scheidl and Rickenmann, 2010;
Michelini et al., 2017; Kang and Lee, 2018; de Haas et al., 2018).

As for barriers, impact loading from channelised flows have been
well-studied (e.g. Faug et al., 2003, 2009; Gray et al., 2003; Pudasaini
et al., 2007; Moriguchi et al., 2009; Mancarella and Hungr, 2010; Faug,
2015a, 2020; Ashwood and Hungr, 2016; Iverson et al., 2016; Leonardi
et al., 2016; Ng et al., 2016; Albaba et al., 2018; Goodwin et al.,
2021). This strong foundation of research has led to the development of
detailed mathematical descriptions of the impact loading. For instance,
for dry granular flows, Albaba et al. (2018) proposed an expression for
the impact pressure, which can be re-framed in terms of the force per
unit width on a barrier 𝐹 ∕𝐿:
(
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where ℎ is the flow depth; 𝜌 is the bulk flow density; 𝑔 is acceleration
due to gravity; 𝑈 is the flow velocity; 𝜃 is the local channel inclination;
𝜙′ is an internal friction angle; and the subscripts ‘1’ and ‘2’ indicate
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Fig. 1. A variety of debris basin configurations summarised from various sources. (a) Plan view of debris basin in Italy (redrawn from Cosenza et al., 2006 with an estimated
length; (b) schematic debris basin: part (i), plan view, redrawn from Piton and Recking (2016); and part (ii), oblique view, redrawn from VanDine (1996); and (c) proposed debris
basin from GEO (2008); part (i) is a plan view and part (ii) is a side-view cross-section. Other design details such as baffles or foliage are not included in the figure for clarity.

a likely upper bound for continuum-like flows. As such, practitioners
often calculate the required resisting forces for barriers based on the
calculated velocities and depths from 2D or 3D depth-averaged debris
mobility models (e.g. Hungr, 1995; McDougall and Hungr, 2004; Kwan
and Sun, 2006; Hungr, 2008; Iverson et al., 2010) near the point
where a barrier is to be installed, rather than modeling the flow-barrier
interaction explicitly.
The most conservative impact forces can be easily predicted using
the ‘free field approach’. This approach constitutes a two-dimensional
plane-strain analysis. It assumes that the flow behaves as though it
is channelised right up until and including impact. The free-field approach does not explicitly model flow-barrier interaction. Instead, it
provides conservative estimates of the flow velocity and flow depth to
calculate the design impact load.
However, this assumption crucially neglects the potential decrease
in flow depth and velocity before impact due to lateral spreading in
debris flow basins. Mechanically, lateral spreading causes momentum

the flow before and after impact respectively. 𝐹 𝑟 is the Froude number,
given by:
𝐹𝑟 =

𝑈
𝑔ℎ cos 𝜃

(2)

The Froude number quantifies the ratio between inertial and gravitational forces for a channelised flow.
For practical purposes, however, simplified versions of equations
such as Eq. (1) are used instead, disregarding the static component,
and with most of the terms of the dynamic component condensed into
an impact coefficient 𝛼:
( )
(
)
𝐹
= (ℎ) 𝛼𝜌𝑈 2
(3)
𝐿
Currently, it is still not yet practical for engineers to model the
entire flow and impact processes explicitly within a single numerical
program, given the extremely complex nature of debris flows. Equations
with the same form as Eq. (3) are thus a simple solution for identifying
2
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to be directed away from the downstream direction, thus reducing the
downstream velocity (Ng et al., 2013). It also causes the average flow
depth to be reduced.
Although several investigations involving flow spreading have been
conducted (e.g. Martinez, 2009; Ancey and Cochard, 2009; Jing et al.,
2018; Kattel et al., 2018; Kafle et al., 2019), some specific features
of the mechanics of spreading remain unclear. Indeed, phenomena
complicating the matter further include: (i) time-varying earth pressure
terms for granular flows (e.g. Hungr, 1995; McDougall and Hungr,
2004); (ii) the in-flux nature of 𝐹 𝑟 for transient flows (Ng et al.,
2019); (iii) the influence of the volume of material, which is not
well-correlated with runout length in field investigations (Rickenmann,
2005); and (iv) flow types dominated by different stresses. With regards
to flow types, two important cases are: (i) debris flows which are dominated by frictional stresses (Iverson, 1997), and for which basal friction
and varying earth pressure terms must be important for spreading; and
(ii) debris floods, which are dominated by viscous stresses, and where
earth pressures and basal friction are thus not relevant. Collectively,
these effects make it difficult to assess how much the impact force
per unit width on a terminal barrier could be reduced if the lateral
spreading is accounted for in design.

Fig. 2. Frontal view of the experimental apparatus used in the physical tests.

3.1. Instrumentation
2. Overview and objectives of this study
A GoPro camera was placed above the board to record the outflow
of material from the channel. A grid was superimposed on the board to
enable the correction of fish-eye distortion and to enable an assessment
of the extent of lateral spreading of the flows. Correction of fish-eye was
done manually for each frame using distortion-related features of the
open-source photo-editing software GIMP (‘GNU Image Manipulation
Program’). Furthermore, a single ultrasonic sensor was used to measure
the depth of the flow. The ultrasonic sensor was placed in line with the
centre of the channel, 1 m downstream from the gate.

The most conservative impact forces can be easily computed using
the ‘free field approach’, which assumes that the flow behaves as
though it is channelised right up until and including impact. However,
this assumption neglects any decrease in flow depth and velocity before
impact due to lateral spreading in debris flow basins. The literature
currently does not provide answers to how flow spreading links with
upstream flow dynamics, nor how flow spreading can be accounted for
when designing downstream barriers.
The main objective of this study is to assess the spreading behaviour
of channelised flows as they enter a debris flow basin. The effects of
spreading-related behaviour on the calculated impact force on barriers
are then investigated and compared with the ‘free-field’ approach. We
consider different flow rheologies, material volumes (both related to
the pre-basin Froude number 𝐹 𝑟) and degrees of lateral confinement in
the debris basin.
Physical tests using (i) water and (ii) dry sand are performed using
a laboratory-scale model developed for this study that allows initially
channelised materials to spread out on an unconfined planar surface.
Results from these tests, as well as well-established analytic solutions,
are used to are then used to evaluate both fluid and frictional flow
rheologies in a depth-averaged SPH model developed specifically for
studying flows spreading in a basin. The model is then evaluated
against a large-scale flume test involving wet gravel, recorded in the
online USGS repository (Logan et al., 2018).
The SPH model is then used for a parametric study on material
type, material volume (2.5 < 𝑉 < 30 m3 ), channel length (affecting the
Froude number 𝐹 𝑟) and the degree of lateral confinement (with both
quasi-2D and quasi-3D analyses). The spreading angle and the predicted
impact loading on a terminal barrier are studied. The results from the
numerical study should be useful for understanding the fundamental
mechanisms governing potential reduction factors for the impact force
exerted on terminal barriers situated at the end of basins.

3.2. Physical test procedure
The flow material was placed inside the storage section at the
beginning of each test. The volume of the material was 0.024 m3 for
each case. The flume was then inclined to the desired angle using a
manual fork-lift device; this angle was 5◦ for the water test and 34◦ for
the sand test. The instrumentation was then activated. Finally, the gate
was opened pneumatically, allowing the material to flow downstream
into the channel, and then onto the board.
3.3. Test plan
The water was dyed blue using food colouring to make the spreading behaviour easier to observe.
For the dry sand test, Fraction C Leighton Buzzard sand (LB-C)
was adopted. The nominal diameter of the LB-C sand was 0.3 to
0.6 mm (Choi et al., 2014, 2015a). The interface friction angle was
determined from direct measurements obtained from a tilt-test, following the procedure outlined in Pudasaini et al. (2007), Mancarella and
Hungr (2010) and Jiang and Towhata (2013). A cylindrical container
with a diameter of approximately 20 cm, open at both ends, was filled
to a depth of around 10 cm with dry sand. The container was then
placed on the board forming the runout zone. Both the board and
the flume were covered with the same transparent film to ensure a
consistent basal friction angle. The board was gradually inclined until
the cylinder started to move, at which point the inclination of the
board was recorded. This procedure was repeated several times to
characterise the error. The interface friction angle of both fractions of
sand was measured to be around 22.6◦ , consistent with the measured
basal friction reported by Choi et al. (2015b). A value of 𝜙′ = 32◦ for all
fractions of Leighton Buzzard sand was obtained in Cheuk et al. (2008),
where 𝜙′ is the internal friction angle.

3. Physical tests
For the physical experiments, a new 3.5 m long physical model was
developed for this study. The model comprises an upstream storage section and a short channel, and a downstream spreading zone. To create a
spreading zone, a wooden board with a surface area of approximately
2 × 2 m was fixed on top of an aluminium frame (Figs. 2 and 3). A
channelised section used for storing the material before dam-break was
also placed on an aluminium frame, such that the base of this section
was flush with the wooden board.
3
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flow-routing algorithms (e.g. Iverson et al., 1998; Huggel et al., 2003;
Park et al., 2016; Kang and Lee, 2018).
The key advantages of the SPH (McDougall and Hungr, 2004;
Laigle et al., 2007; Bui et al., 2008; Chambon et al., 2011; Crespo
et al., 2015; Pastor et al., 2015, 2017, 2021) and MPM (Abe and
Konagai, 2016) are that they allow the bulk constitutive behaviour
of different rheologies to be computed relatively efficiently within
a framework suitable for continuous large deformations (see Hungr,
2008). Modelling the basic constitutive behaviour improves insight
into the mechanics of the flow and means that granular flows and
viscous flows can be directly compared. Specifically, depth-averaged
formulations give direct insight into earth-pressures and dissipative
forces, which mechanically govern spreading, both laterally and longitudinally. Since simple depth-averaged SPH models are currently
adopted in engineering practice (e.g. McDougall and Hungr, 2004;
Kwan and Sun, 2007), we adopt the SPH in this study.
4.2. SPH governing equations
In this study, a simple depth-averaged SPH program was coded
in MATLAB. The program is similar to those used in engineering
practice (e.g. McDougall and Hungr, 2004). The basic underlying assumptions of the SPH as applied to flow-like landslides are: (i) the
flow depth is small compared to the plan-view area of the flow; (ii)
the flow material is incompressible; and (iii) that no external stresses
act on the free surface of the flow (McDougall and Hungr, 2004). It
is worth noting that some of the assumptions of the depth-averaged
model are not strictly adhered to in the simulations. For instance, even
though the derivation of the shallow-water equations assumes that the
length of the flow is large compared to the depth, this is not the case
initially, before dam-break occurs. A corollary of this assumption is that
vertical velocity of the equivalent fluid can be ignored for the purposes
of developing the depth-averaged equations. However, during dambreak, the vertical velocity of the flow front is not initially negligible.
In the case of the depth-averaged SPH, this amounts to neglecting the
influence of the vertical momentum component on the development of
the flow, tending towards the development of downstream momentum
that is higher than a fully 3D model might predict — although this
superficially tends to the side of conservativeness.
In any case, this simplified model of momentum transfer is unlikely to be a governing source of error, since the initial downstream
momentum only occurs at the very start of the flow, essentially just
as it is entering the channel. Comparisons between analytic solutions
and model output given later on in this manuscript (see Figs. 8 and
11) suggest that the effects of vertical momentum are extremely limited. In any case, any influence due to neglecting vertical momentum
is likely small compared to the limitations intrinsic to dam-break
scenarios themselves (see for instance Iverson and George, 2019).
Indeed, most debris flows and landslides evolve from static masses
of material, with initial movement starting from small perturbations
from static equilibrium, although currently few industrially-feasible
numerical approaches exist for capturing the true coupled hydromechanical initiation mechanisms. It should be emphasised that modelling
techniques such as physical dam-break scenarios or numerical depthaveraged methods are primarily a means towards developing flows
which are convenient and reproducible, and that there is a wide array
of literature adopting these techniques (e.g. Hungr, 1995; McDougall
and Hungr, 2004; Iverson et al., 2010; Salciarini et al., 2010; Jiang and
Towhata, 2013; Iverson and George, 2014; Choi et al., 2015a), implying
that they are acceptable tools for scientific investigation.
The depth-averaged SPH model described in McDougall and Hungr
(2004) was used as the primary reference. Nonetheless, our model incorporates some key changes, notably in the implementation of kernel
functions (partially following Solenthaler et al., 2011) and the way in
which the boundaries are modelled for the channelised section.

Fig. 3. Schematics of the experimental apparatus used in the physical tests. The
dimensions were identical in the numerical simulations. (a) Side view; (b) plan view.

4. Numerical model: Depth-averaged smoothed particle hydrodynamics
4.1. Motivation for adopting the depth-averaged SPH
Before commencing the description of the depth-averaged SPH
model developed and used in this study, we briefly justify its adoption in preference over other available numerical models. Indeed, we
acknowledge the existence of other types of numerical model used
for mechanically rigorous simulations of granular flows, including: (i)
debris mobility models of the type presented in Hungr (1995) and Kwan
and Sun (2006); (ii) the Discrete Element Method (e.g. Cundall and
Strack, 1979; Favier et al., 2009; Salciarini et al., 2010; Law et al.,
2015; Albaba et al., 2018; Leonardi et al., 2019); (iii) the Material Point
Method (e.g. Abe and Konagai, 2016; Iaconeta et al., 2017); and (iv)
D-CLAW (Iverson and George, 2014; George and Iverson, 2014). Also
worthy of mention is the suite of statistical-empirical models which
use empirical relationships to incorporate the effects of flow type into
4
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The mass and momentum balances for the model are:
(
)
𝜕𝑈𝑧 𝜕𝑈𝑦
+
=0
𝜕𝑥𝑧
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McDougall and Hungr (2004) adopted a two-dimensional Gaussian
kernel for their simulations of flows:
[
]
1
𝑊Gauss =
exp −𝑞 2
(11)
𝜋𝓁 2
where 𝑞 is given by the spacing between points divided by the kernel radius 𝑟𝑝𝑞 ∕𝓁. However, 𝑊Gauss does not offer finite support. Furthermore,
the first derivative ∇𝑊Gauss , (required for pressure gradient calculations) can lead to points clumping together unphysically, since ∇𝑊Gauss
goes to zero near the centre of the kernel. As such, we instead adopt the
three kernels given in Müller et al. (2003) and Solenthaler et al. (2011),
adapted for one and two dimensions. These kernels have the additional
advantage of offering finite support, and avoiding potential issues with
clumping. Normalisation constants 𝛺 for kernels of one, two and three
dimensions are calculated using the following relations:

(4)
(5)
(6)

where ℎ is the flow depth; 𝑈𝑥 and 𝑈𝑦 are velocities in an orthogonal
two-dimensional space; 𝑔 is gravitational acceleration; 𝜃𝑥 and 𝜃𝑦 are
the topographical inclinations on a two-dimensional place, relative to
the horizontal; 𝑘𝑥 , 𝑘𝑦 , 𝑘𝑥𝑦 and 𝑘𝑦𝑥 are stress ratios; and 𝜏𝑧𝑥 and 𝜏𝑧𝑦
are resisting shear forces that act on the base of the flow. The values
of 𝑘𝑥 and 𝑘𝑦 are calculated at each time step. The orientation of the
coordinate system is chosen such that 𝑘𝑥𝑦 and 𝑘𝑦𝑥 are zero. 𝜎𝑧 is the
stress which acts normal to the bed, and is given by:
(
)
𝜎𝑧 = 𝜌ℎ 𝑔 cos 𝜃𝑥𝑦 + |𝑈 |2 𝜅
(7)

𝓁

𝛺1D =

∫−𝓁

𝓁

𝑓 (𝑞)𝑑𝑞 = 2

𝛺2D = 2𝜋

where 𝜃𝑥𝑦 is the local inclination of the 𝑥𝑦-plane; |𝑈 | is the magnitude
of the velocity of the points; and 𝜅 is the curvature of the basal
topography normal to the bed (and is the inverse of the radius of
curvature). The term |𝑈 |2 𝜅 represents centripetal acceleration caused
by the flow moving over curved terrain, and has the effect of enhancing
the driving forces for spreading (due to pressure gradients), as well as
simultaneously increasing basal resisting forces. As for the basal resisting terms 𝜏𝑧𝑥 and 𝜏𝑧𝑦 , in this study we adopt two separate rheological
models: one for granular materials and one for viscous fluids. These are
discussed later.
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𝑉𝑞 𝑊𝑝𝑞
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(8)

(9)
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where 𝑛̂ is a unit vector. A similar operation can be applied to the fluid
viscosity term for the viscous flow rheology.
In the SPH, there is no need to use the same kernel for forces caused
by different physical phenomena (Müller et al., 2003; Solenthaler et al.,
2011), provided that each kernel function is normalised to unity, i.e.:
∫
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∇𝑊spiky 1D = − (1 − 𝑞)2
(19)
𝓁2
24
∇2 𝑊visc 1D = + (1 − 𝑞)
(20)
𝓁3
All three derivatives fulfil the condition of finite support, i.e. that
the functions go to zero outside of the smoothing length 𝓁 to ensure numerical stability (Müller et al., 2003). Finally, for quasi-3D
depth-averaged simulations of channelised flows, 2D kernel functions
are required. The functions and derivatives adopted for the quasi-3D
simulations were:
4
𝑊poly6 2D = +
(1 − 𝑞 2 )3
(21)
𝜋𝓁 2
30
∇𝑊spiky 2D = −
(1 − 𝑞)2
(22)
𝜋𝓁 3
40
∇2 𝑊visc 2D = +
(1 − 𝑞)
(23)
𝜋𝓁 4
It should be noted that the initial viscous kernel function depends
on the number of dimensions. A comparison of the Gaussian, ‘poly6’
and ‘spiky’ kernels is shown in Fig. 4.
The smoothing length dictates how many smoothed points are
included per kernel calculation. If the size of the simulation domain
is comparable to the volume of material, a fixed smoothing length
may be acceptable (e.g. the 3D simulations in Müller et al., 2003).
𝑊poly6

where 𝑊𝑝𝑞 is a kernel function mediating interactions between points
𝑝 and 𝑞. 𝑊𝑝𝑞 governs how quantities are sampled over smoothed points
in a particular vicinity. The local depth gradient can be calculated by
applying the gradient operator ∇ to 𝑊𝑝𝑞 on the right-hand side.
The local depth gradient can be calculated by applying the gradient
operator to 𝑊𝑝𝑞 on the right-hand side:
𝑄
∑

𝑞𝑓 (𝑞)𝑑𝑞

The leading normalisation coefficients for these three expressions
were derived for a fully 3D case used in Müller et al. (2003); as
such, the coefficients in the present paper are necessarily different.
Furthermore, the derived forms used in this manuscript can be obtained
by differentiation. It should be noted that for the depth-averaged
method, a quasi-2D model requires a 1D kernel, whilst a quasi-3D
model requires a 2D kernel. The appropriate derivatives of the three
kernel functions that we implement for the quasi-2D cases are:

𝑞=1

∇ℎ𝑝 =

(12)

where 𝑓 (𝑞) is the chosen kernel function. Note that the second and
third of the above equations incorporate a circular surface integral and
a spherical surface integral respectively. The final equation can be used
to find the constants 𝛺 given in Müller et al. (2003), which lead to the
following expressions:

In the SPH, the total mass of the flow is divided equally between
𝑄 columns that are centred on points known as smoothed particles.
Certain properties of the points can be interpolated across a specified
area in space. Kernels are mathematical functions which can be used
to facilitate interpolation based on weighted spatial averaging.
For the depth-averaged SPH model used in this manuscript, both
the density 𝜌 and the volume 𝑉 of the columns corresponding to the
smoothed particles is fixed. Each smoothed particle has a finite depth
ℎ, and for a single smoothed particle 𝑝, the depth is proportional to the
volume (ℎ𝑝 ∝ 𝑉𝑝 ). If there are other smoothed particles in the vicinity
(subscripted 𝑞), the depth increases based on the number, volume and
distance of the nearby columns:
𝑄
∑

𝑓 (𝑞)𝑑𝑞

𝓁

4.3. SPH solver: kernel functions

ℎ𝑝 =

∫0

𝓁

(10)

where 𝑟 is the spacing between points.
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𝐵 is a dimensionless constant that approximately corresponds to
the number of particles enclosed by the kernel in any given direction.
Eqs. (24) and (25) effectively include a single average of the relative
distances between smoothed points (since the height of each column ℎ𝑞
decreases as smoothed points move further apart). It should be noted
that for the quasi-2D case, the term 𝑉 is actually volume per unit width;
whilst 𝑉 is volume for the quasi-3D case.
4.4. Rheological models
4.4.1. Frictional materials: the Voellmy model
The model implemented for frictional materials is the Voellmy
model (Hungr, 1995) which can be written as:
(
)
|𝑈 |2
𝜏𝑧𝑖 = 𝜎𝑧 tan 𝜙𝑏 +
𝑛̂ 𝑖
(26)
𝜉
where 𝑖 can be either the 𝑥 or 𝑦 direction; and 𝜙𝑏 is an effective
basal friction angle. It is a function of the pore fluid pressure ratio 𝑟𝑏 ,
(
)
according to 𝜙𝑏 = 1 − 𝑟𝑏 tan 𝜙, where 𝜙 is a dynamic basal friction
angle (Hungr, 1995; McDougall and Hungr, 2004). The parameter 𝜉 is
called the ‘turbulence coefficient’ and is dimensionally equivalent to
acceleration (Hungr, 1995). We interpret 𝜉 as accounting for energy
losses due to processes of internal dissipation such as frictional shearing, collisions between grains and air resistance (the latter applying
to the back-analysis of the small-scale sand flow) (Choi and Goodwin,
2021). Finally, 𝑛̂ 𝑖 is a unit vector computed as 𝑈𝑖 ∕|𝑈 |.
Special consideration must be given to the development of frictional
forces whilst points are at rest (i.e. where 𝑈𝑖 = 0). The maximum basal
resisting force is given as follows:
(
)
𝜏𝑧𝑖 max ||𝑈 =0 = 𝜎𝑧 tan 𝜙𝑏
(27)
𝑖

While points are at rest and have not yet reached the point of
movement, the destabilising forces 𝐹𝑖 are assumed to offset the current
basal shear stress 𝜏𝑧𝑖 mob :
[
(
)]
𝜕ℎ
𝐹𝑖 = − 𝜌ℎ𝑔 cos(𝜃𝑖 ) + 𝑘𝑖 𝜎𝑧 −
(28)
𝜕𝑖
The resisting shear forces 𝜏𝑧𝑖 res are limited by 𝐹𝑖 , and always oppose
the direction of motion:
{
−𝐹𝑖
if 𝜏𝑧𝑖 res ||𝑈𝑖 =0 < 𝜏𝑧𝑖 max ||𝑈𝑖 =0
|
𝜏𝑧𝑖 res |𝑈 =0 =
(29)
𝑖
𝜏𝑧𝑖 max ||𝑈 =0 otherwise
𝑖

For frictional materials, the earth pressure coefficient, which dictates the rate at which the flow material spreads, must also be calculated. As smoothed points strain apart from each other, earth pressure is
reduced, whereas if they move closer to one another the earth pressure
increases.
In the present SPH formulation, strains for each point 𝑝 are computed based on the displacements of other points 𝑞 within the smoothing radius 𝓁:
(
)
𝑄
𝑥′𝑖,𝑝𝑞 − 𝑥𝑖,𝑝𝑞
∑
𝛥𝜖𝑖 =
(30)
𝑥′𝑖,𝑝𝑞
𝑞=1

Fig. 4. Comparison of kernel types: (a) shows 2D Gaussian and ‘poly6’ kernels; (b)
shows the 2D ‘spiky’ kernel. A nominal kernel radius 𝓁 of 1 is assumed for the ‘poly6’
and ‘spiky’ kernels, and 0.5 for the Gaussian kernel. The ‘poly6’ kernel reproduces the
Gaussian kernel well, with the added advantage of finite support at the kernel edges.
The kernel shapes and magnitudes for given values of 𝓁 are essentially identical for
1D and 2D cases.

In McDougall and Hungr (2004), however, an adaptive smoothing
length was chosen, allowing the smoothing length to increase as the

where 𝛥𝜖𝑖 is the change in the strain field for a series of points 𝑝 in
direction 𝑖; 𝑥𝑖,𝑝𝑞 is the distance between points 𝑝 and 𝑞 in direction
𝑖; and the dash (′ ) indicates the value at the previous time step. The
incremental earth pressure coefficient 𝑘𝑖 can then be calculated:

flow mass spreads out over a large domain.
Since this manuscript concerns flow spreading, we implement the
same spatially-varying smoothing length function given in McDougall

𝑘𝑖 = 𝑘′𝑖 + 𝐶𝛥𝜖𝑖

and Hungr (2004):
𝐵𝑄
𝓁1D = ∑𝑄
ℎ 𝑉
𝑞=1 𝑞 𝑞
𝓁2D = √
∑

𝐵

𝑄
𝑞=1

(31)

where 𝐶 is a dimensionless stiffness coefficient with a value set at
𝐶 = 200 (McDougall and Hungr, 2004). It is assumed that the earth
pressure in both directions is unity when the initial flow mass is at
rest (as per Hungr, 1995; McDougall and Hungr, 2004).
The bounds of the earth pressures for the main direction of movement 𝑥 are a function of the internal friction angle 𝜙′ and the basal

(24)
(25)

ℎ 𝑞 𝑉𝑞

𝑄
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The volume of the ghost points is then updated:

friction angle 𝜙base , and are given as follows (Iverson, 1997; McDougall
and Hungr, 2004):
√
(
)⎤
⎡
2
2 ′
⎢ ± 1 − cos 𝜙 1 + tan 𝜙base ⎥
(32)
𝑘𝑥(min/max) = 2 ⎢
⎥−1
cos2 𝜙′
⎥
⎢
⎦
⎣

𝑉ghost,𝑝 = 𝑉initial

𝑘𝑦(min/max)

√

(

𝑘𝑥 − 1
2

)2

)
⎤(
1 ∓ sin 𝜙′
+ tan2 𝜙base ⎥
⎥ 1 ± sin 𝜙′
⎦
(33)

4.4.2. Viscous fluids: viscous model
The main difference between the viscous model and the Voellmy
model is the way in which the term 𝜏𝑧𝑖 is computed. A general expression for a Newtonian viscous fluid is:
𝜏𝑧𝑖 = 𝜇∇2 𝑈𝑖

(34)

where 𝜇 is the dynamic viscosity of the fluid, ∇2 is the Laplacian and 𝑈𝑖
is a velocity term which can be symmetrised in different ways (see Liu
and Liu, 2003; Müller et al., 2003). As noted by Müller et al. (2003), the
viscosity forces depend on velocity differences (i.e. local shear rates)
rather than the actual velocities. As such, the calculation of the viscosity
term for an incompressible fluid is symmetrised as follows:
𝜏𝑧𝑖,𝑝 = 𝜇

𝑄
∑

(
)
𝑉𝑞 𝑈𝑖,𝑞 − 𝑈𝑖,𝑝 ∇2 𝑊𝑖

ℎinitial

(37)

where 𝑉initial is the original volume assigned to all smoothed and ghost
particles, and ℎinitial is the original composite depth prescribed for the
flow mass (which in practice is a summation of the flow depths of
several individual points, as per Eq. (8)). These updated volumes for
the ghost particles are used in kernel calculations for the smoothed
particles (Eqs. (8) and (9)). The overall effect of this volume reduction
for the ghost particles is for the back wall and gate to provide a reaction
force that is equal and opposite to the pressure due to the flow material.
Periodic boundaries were adopted for the two sides of the flume (see
Law et al., 2015; Jonsson et al., 2016; Ni et al., 2016). This choice
neglects effects due to boundary shearing. In fact, boundary effects have
always been difficult to deal with rigorously using SPH models (e.g.
Müller et al., 2003; Chambon et al., 2011; Crespo et al., 2015), and
there is relatively little discussion of modelling boundaries for depthaveraged models in the open literature. This is why we chose to
neglect any potential boundary shearing effects in our simulations,
given that the main focus of this study is on lateral spreading in basins.
The periodic boundaries were enforced by copying particles within
the smoothing length distance of the two channel wall boundaries to
outside the outer bounds of the opposite wall for the purposes of force
calculations. Furthermore, points leaving one side of the channel were
moved to the opposite side. It should be noted that this routine was
applied only to particles within the channel: particles that had left
the channel were no longer subjected to the periodic boundaries. The
routine had the effect of stably maintaining cross-channel forces acting
on the smoothed points until they had left the channel (see Fig. 5).
For time-stepping, a time interval of 𝛥𝑡 is used for time integration
of Eq. (5). The velocity of each smoothed point 𝑝 is updated at each
time step (McDougall and Hungr, 2004):
(
)
𝜕𝑈𝑖
𝑈𝑖 = 𝑈𝑖′ + 𝛥𝑡
(38)
𝜕𝑡

In the cross-stream direction of movement 𝑗, the limits of the earth
pressure coefficient are given as a function of the instantaneous value
of 𝑘𝑖 , and are thus updated each time step. Following (McDougall and
Hungr, 2004):
⎡( 𝑘 + 1 )
±
=⎢ 𝑥
⎢
2
⎣

ℎghost,𝑝

(35)

𝑞=1

It should be noted that for the viscous fluid rheology, the pressure ratios
𝑘𝑖 and 𝑘𝑗 that appear in Eq. (5) are both set to constant values of unity.

where 𝜕𝑈𝑖 ∕𝜕𝑡 is calculated from Eq. (5) for each smoothed point at
each time step. The positions of the smoothed points are then updated with a central difference approximation to enhance numerical
stability (McDougall and Hungr, 2004):
)
𝛥𝑡 (
𝛥𝑥𝑖 =
𝑈𝑖 + 𝑈𝑖′
(39)
2
For all simulations, a variable time interval was adopted to strike a
balance between computational time and computational stability. The
time interval was adjusted at each time step based on the velocity of
particles in the simulations and the distances between smoothed points:

4.5. Boundary conditions for storage container & channel and input parameters
One of the key issues that this study seeks to address is the effects
of the initial degree of channelisation on the downstream spreading of
the flow materials. It is therefore necessary to implement a method of
confining the material in the channel.
Two methods are used together: (i) a variant on the ‘ghost particles’
method used in other studies (e.g. Bui et al., 2008; Chambon et al.,
2011; Vela Vela et al., 2019) and (ii) periodic boundaries (see Law
et al., 2015; Jonsson et al., 2016; Ni et al., 2016).
A regular square lattice of ghost particles is generated at the front
and back of the storage area to form a back-wall and a gate, both of
which have a width 𝐵ch . Most properties of the ghost particles are fixed
in time and space. The ghost particles are considered in calculations
for smoothed particles whenever they fall within a smoothed particle’s
kernel radius. To enforce conservation of mass, it is necessary to make
the wall width 𝑤 greater than or equal to the smoothing length 𝓁.
Given the variable smoothing length adopted (see Eq. (25)), 𝑤 was set
empirically to 2𝓁𝑡=0 .
The only property of the ghost particles which is allowed to change
with time is their depth. The depth is proportional to the volume of
the ghost particles (Eqs. (8) and (9)). At each timestep, the weighted
average depth of only the smoothed particles within distance 𝓁 of the
ghost grains is calculated and normalised, i.e.
(𝑄
)
∑
1
ℎghost,𝑝 =
ℎ𝑞 𝑊𝑝𝑞
(36)
𝑄
∑
𝑞=1
𝑊𝑝𝑞

⎧
⎪1.1𝛥𝑡′
𝛥𝑡 = ⎨
⎪
⎩0.5𝛥𝑡′

( )
min 𝑟𝑝𝑞
𝛥𝑡′
∑𝑄 | | < 2
1∕𝑄 𝑝=1 |𝑈𝑝 |
| |
otherwise
if

(40)

4.6. Input parameters
The input parameters for the SPH model varied depending on the
material being modelled. The only input parameters for water are the
dynamic viscosity and the bulk density, which are well-established
material parameters.
For the dry sand simulations, the internal friction angle was set
following the physical measurements of the Leighton Buzzard sand
given in Cheuk et al. (2008); whilst the interface friction angle was
set following physical tilt tests in Choi et al. (2015c). The bulk density was set assuming a constant solid volume fraction of 0.6 and
a material density of 2650 kg/m3 reported in previous studies (e.g.
Choi et al., 2015c). The Voellmy coefficient 𝜉 accounts for velocitydependent energy losses, which could be caused by frictional shearing

𝑞=1
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Fig. 5. Plan-view schematic of the numerical setup, including both periodic boundaries (shaded green with red points) and ghost particles (shaded orange with white points).
Points constituting the flow are copied into the periodic zone only in the channel zone. The lower set of ghost particles constituting the gate are deleted after the flow material has
reached equilibrium under the influence of gravity to simulate dam-break. The ghost particles and periodic boundaries are implemented in the same way for the SPH simulations
using the USGS flume geometry: ghost particles are used for the back wall and the gate, whilst periodic boundaries are used all the way down the sides of the flume, up until the
runout zone.
Table 1
Input parameters for the calibration tests.

or collisions between grains. It has been established by Chalk et al.
(2017) that the Voellmy coefficient is scale dependent; indeed, Chalk
et al. (2017) found values of 𝜉 on the order of 20 m/s2 for smallscale flows. The value of 𝜉 = 12 m/s2 in this study was obtained from
tuning the parameter starting from the value given by Chalk et al.
(2017) (see also Choi and Goodwin, 2021). The strain coefficient 𝐶
for both the sand and debris cases was set at 200 following the value
adopted in McDougall and Hungr (2004). The strain coefficient simply
controls the rate at which the earth pressure can change depending on
the strain; setting it at infinity simply means that the earth pressure
reacts immediately to strain (McDougall and Hungr, 2004), jumping
immediately to one of its boundary values, as in Gray et al. (1999).
For the debris, parameters such as the friction angles, the bulk
density and the Voellmy coefficient of 500 m/s2 were set following typical values given in design guidelines, which themselves are based on
multiple back-analyses of field cases. (An excellent reference for such
values is given in Kwan, 2012). With specific regards to the Voellmy
coefficient, other studies have back-analysed values on a similar order
of magnitude: Schraml et al. (2015) suggests 𝜉 of 200 m/s2 based on
back-analyses of debris flow events. The strain rate coefficient was
again set at 200 since strain is only indirectly a function of scale. As
with the small-scale simulations, the value was able to give rise to noninstantaneous changes in the earth pressure at this scale, as intended,
and was thus retained for the larger-scale simulations.
All of the properties are summarised in Table 1. These properties
are summarised in Table 1.

Material

Parameter

Units

Value

Water

Dynamic viscosity
Bulk density

Pa⋅s
kg/m3

0.001
1000

Sand

Internal friction angle
Interface friction angle
Bulk density
Voellmy coefficient 𝜉
Strain coefficient 𝐶

Degrees
Degrees
kg/m3
m/s2
–

32
22.6
1650
12
200

Debris

Internal friction angle
Interface friction angle
Pore pressure coefficient 𝑟𝑏
Bulk density
Voellmy coefficient 𝜉
Strain coefficient 𝐶

Degrees
Degrees
–
kg/m3
m/s2
–

40
39
0.6
2000
500
200

mechanisms found in debris flows (e.g. consolidation and pore pressure
diffusion). The water flow is used to evaluate the numerical model for
viscous flows (which represent an upper bound for flow types dominated by viscous stresses such as debris floods), whilst the sand flow
is used to evaluate the frictional rheological model. The value of the
comparison with the debris flow test is to evaluate the limitations of the
depth-averaged SPH model when applied to studying lateral spreading
processes. It should be noted that the rheological model in this study
for the sand and debris flows is the same; the only differences are the
input parameters (including the back-analysed basal pore-pressure term
𝑟𝑏 ).

5. SPH model evaluation

5.1. Idealised viscous flow (water)

Evaluation of the depth-averaged Smoothed Particle Hydrodynamics (SPH) model is required to ensure that it can capture the key
mechanisms relevant to the spreading of the flow material in field-scale
basins. In this section, three comparisons are made: to the physical tests
performed using the small-scale channel and spreading zone using (i)
water and (ii) dry sand, and separately (iii) to a debris flow from one
of the large-scale physical tests available from Logan et al. (2018). The
value of the small-scale tests is that they are highly repeatable, have
well-defined properties and do not include potentially confounding

Fig. 6 includes three components: a zoomed-in view of the physical
test; the numerical depth-averaged SPH simulation; and a copy of the
physical test, but scaled to be the same size as the screenshots of
the numerical test. The channel inclination was 5◦ . Fig. 6a shows the
physical test using water, at 5◦ . Fig. 6a(i) shows the flow at 𝑡 = 0.5 s
after dam break. The front of the flow has reached 0.8 m downstream
from the start of the unchannelised zone. The sides of the flow have
8

Computers and Geotechnics 141 (2022) 104503

G.R. Goodwin and C.E. Choi

Fig. 6. Comparison between physical and computed flows. (a) Physical test using water on a 5◦ slope; (b) SPH back-analysis of the water case; (c) physical test scaled to be the
same size as the numerical screenshots. The times for parts (i), (ii), (iii) and (iv) are 𝑡 = 0.5, 1.0, 1.5 and 2.0 s respectively. For the SPH back-analyses, point colors correspond to the
local depths. The shaded regions enclosed by dotted lines represent the bounds of the flow, including the smoothing length. The red vectors indicate the direction and magnitude
of the velocity.

already started to spread laterally. Some fingering is observed on both
sides near the upper end of the unchannelised zone, although this is
not captured by the numerical model. At 𝑡 = 1.0 s (Fig. 6a(ii)), the flow
has reached the end of the unchannelised zone. The flow has spread
laterally to a distance of about 0.5 m on each side of the bounds of
the channel. At 𝑡 = 1.5 to 𝑡 = 2.0 s (Fig. 6a(iii to iv)), in addition to
flowing downstream, the flow increases the distance to which it spreads
laterally.
Fig. 6b shows the numerical back-analysis of the physical water
test. The overall trajectory of the flow downstream is similar to the
physical test, reaching the same point downstream. The lateral spreading behaviour observed in the physical flow is also captured by the
numerical simulation, with the observed spreading angle being similar
for both cases. Fig. 7 shows a comparison of the physical and numerical
depths. The physically measured depth is initially slightly higher than
the computed depth; this can be attributed to the water being initially

turbulent, which is not modelled in the SPH. The quicker decrease of
the flow depth for the SPH can be at least partially attributed to the
surface tension of the residual water.
Fig. 8 shows another validation of the numerical model, by way of
comparison with a 2D analytic model first presented in Ritter (1892),
and later disseminated by Stoker (1957). This analytic model has
previously been used for validating other SPH implementations, notably Wang and Shen (1999) and McDougall and Hungr (2004). The
analytic model is derived from conservation of mass and momentum
for a frictionless dam break, and gives the flow depth as a function of
time:
⎧
⎪ℎ 0 ,
⎪ (
ℎ(𝑥, 𝑡) = ⎨ ℎ0 2 −
9
⎪
⎪0,
⎩
9

𝑥
𝑐0 𝑡

)2

𝑥 < −𝑐0 𝑡
,

−𝑐0 𝑡 < 𝑥 < 2𝑐0 𝑡
𝑥 > 2𝑐0 𝑡

(41)
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Fig. 8. Comparison between analytic and computed flows: flow depths for 2D water
flows as a function of time and space.

Fig. 7. Comparison between physical and computed flows: flow depths for water.

where 𝑥 is position within a Eulerian coordinate system; ℎ0 is the
initial height of the water in the dam;
√ and 𝑐0 is the speed of sound,
which can be calculate as 𝑐0 =
𝑔ℎ0 . For comparison with this
model, the pseudo-2D SPH model was set up in a manner identical
to McDougall and Hungr (2004), with 2000 smoothed points on a
flat plane, a smoothing coefficient of 𝐵 = 10 and an initial height of
10 m. The only difference compared to McDougall and Hungr (2004)
is the kernel function employed, as has been discussed. Nevertheless,
the match of the data from this model with the analytic model, and by
extension McDougall and Hungr (2004), is excellent, thus validating the
implementation of the Newtonian fluid model in the depth-averaged
SPH model developed for this study.
It should be noted that there are two minor limitations of this
implementation of the SPH for modelling fluid flows. First is the
assumption of the averaged smoothing length across the entire flow.
This leads to the apparent discontinuity just outside the mouth of the
channel, where the outer bounds of the water flow (in terms of the
outermost kernel radius) appear to go all the way to the upper edge of
the unconfined plane. This could be addressed by defining independent
smoothing lengths for each point. Secondly, surface tension forces
become important for extremely shallow flows (including the fingering
effects observed), and these are not captured in our SPH model. Surface
tension forces are involved in the extent to which water spreads (see
for instance Chengara et al., 2007), as well as the dynamics of water in
general Müller et al. (2003). This is why the lateral spreading at 𝑡 = 1.0
s (Figs. 6a(ii) and 6b(ii)) is overestimated slightly in the numerical
model: the surface tension forces that tend to resist lateral spreading
are not considered. Effects such as surface tension and turbulence are
expected to slow flows, and it is thus expected that the model would
give conservative results for large-scale flow cases.

test, in terms of the position of the flow front. Lateral spreading is
captured by the model, as evidenced from Fig. 9b(ii) onwards, although
the extent is perhaps slightly less than that observed in the physical
test. This may be because of effects relating to air resistance, which are
elevated at low confining stresses for sands (see Kesseler et al., 2020),
although tuning the Voellmy parameter 𝜉 does account for some effects
of air resistance indirectly.
Fig. 10 shows a comparison of the physical and numerical depths.
The magnitude of the match is reasonable, although the physical measurements are somewhat unstable; this is attributed to the saltation of
individual sand grains, which are not modelled in the depth-averaged
SPH.
Fig. 11 shows a further validation of the ability of the numerical
model to determine the evolution of the flow depth correctly. The SPH
model is compared with a 2D analytic model presented in Mangeney
et al. (2000), which is an extension of the model already presented
from Ritter (1892) and Stoker (1957). The model by Mangeney et al.
(2000) has been used for validating the frictional SPH model implemented in McDougall and Hungr (2004). The analytic model is
derived from conservation of mass and momentum for a frictional flow
undergoing dam break, and gives the flow depth as a function of time.
This time, an extra parameter 𝑚Mang is required to capture the effects
of channel inclination and basal friction:
(42)

𝑚Mang = −𝑔 sin 𝜃 + 𝑔 cos 𝜃 tan 𝜙𝑏
m∕s2 .

where 𝑔 is taken to be 9.8
The development of the height of
the flow can then be written in terms of a new constant, specifically
𝑀 = − 12 𝑚Mang 𝑡2 :
⎧
⎪ℎ 0 ,
(
⎪
ℎ(𝑥, 𝑡) = ⎨ ℎ0
2𝑐0 −
9𝑔 cos 𝜃
⎪
⎪0,
⎩

5.2. Idealised frictional flow (dry sand)
Fig. 9a shows the physical test using dry sand, at 34◦ . Fig. 9b(i)
shows the flow at 𝑡 = 0.5 s after dam break. At 𝑡 = 1.0 s (Fig. 9a(ii)), the
flow has almost reached the end of the visible part of the unchannelised
zone. At this point, the flow has undergone some lateral spreading to a
distance of about 0.2 m further than the lateral bounds of the channel.
Spreading increases slightly further down the unconfined plane. At
𝑡 = 1.5 to 𝑡 = 2.0 s (Fig. 9a(iii to iv)), the flow continues to run out
downstream.
Fig. 9b shows the numerical back-analysis of the physical sand test.
The overall trajectory of the flow downstream is similar to the physical

𝑥
𝑡

−𝑀

)2

𝑥 < −𝑐0 𝑡 − 𝑀
,

−𝑐0 𝑡 − 𝑀 < 𝑥 < 2𝑐0 𝑡 − 𝑀

(43)

𝑥 > 2𝑐0 𝑡 − 𝑀

To compare with this analytic model, the pseudo-2D SPH model was
set up in a manner similar to that of McDougall and Hungr (2004), with
2000 smoothed points on an inclined plane, a smoothing coefficient
of 𝐵 = 10 and an initial height of 10 m. For our case, we adopted a
basal friction angle of 32◦ and a channel inclination of 34◦ , to match
the physical experiment. It should be noted that since the analytic
model does not consider earth pressure, a constant value of 𝑘𝑥 = 1 was
adopted. The match between our SPH model and the analytic model
by Mangeney et al. (2000) is very close. The slight differences are
10
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Fig. 9. Comparison between physical and computed flows. (a) Physical test using dry sand on a 34◦ slope; (b) SPH back-analysis of the sand case; (c) physical test scaled to be
the same size as the numerical screenshots.

due to the fact that the finite volume ascribed to each smoothed point
means that there is a minimum height that can be attained in the SPH
(as discussed in McDougall and Hungr, 2004). This exercise further
validates the implementation of the SPH in this study.
Nonetheless, Figs. 6 to 10 show that the two simple rheologies
implemented in the SPH model produce reasonable descriptions of the
physical behaviour observed, lending confidence to the application of
the SPH model to other problems.

test data, which is ideal for model evaluation. The width of the channel
is 2 m. A storage area at the top of the channel is where up to 10 m3 of
debris material is placed before opening the gate to enable dam-break.
Furthermore, there is a curvilinear transition between the channel and
the runout zone.
The physical USGS channel is not entirely planar, with an imperfect
cross-channel inclination of up to 1◦ . However, the 2◦ longitudinal
inclination of the runout zone was considered, as was the transition
between the end of the channel and the runout zone (modelled as an
interpolated spline function in this study).
The frictional rheology that was evaluated in Section 5.2 was used,
the only difference being the pore pressure coefficient. To speed up
these simulations, the channelised part of the flow was modelled using
the 2D depth-averaged implementation of the SPH model. The transition was implemented when the front of the flow reached the end
of the channel. At this moment, the profile of the entire 2D flow,

5.3. Debris flow
The final evaluation of the SPH model for capturing the relevant
spreading mechanisms is based on data available from Logan et al.
(2018) and Iverson et al. (2010). Iverson et al. (2010) details a flume
and a runout zone with a combined length of over 100 m. The flume
facility is one of the largest in the world with a complete database of
11
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was around 1500, corresponding to around 20,000 points for a full 3D
simulation. The number of points for simulations with larger volume
of material was up to around 4,500, corresponding to around 60,000
points for a full 3D simulation. The model is shown in Fig. 12.
The large-scale case adopted for comparison with the numerical
model involved wet Steilacoom gravel. The test took place on 12th
September 1995; video recordings of the test are freely available on
the online USGS repository (Logan et al., 2018). The time taken for the
flow front to reach the downstream mouth of the channel was captured
well by the numerical model — both took around 10 s. The numerical
case in this study adopted 𝑟𝑏 to be set to 0.6. This value corresponds
to a constant hydrostatic pressure from water within the flow where
the water table is a little below the surface for the chosen bulk density
(2000 kg/m3 ). This value was obtained from calibrating the position of
the flow front between the physical and numerical parts of the study.
We nonetheless acknowledge that treatments do exist for modelling
dynamic pore pressures Iverson (2005) and Pastor et al. (2015, 2021);
there would be considerable value in exploring the effects of dynamic
pore pressures on lateral flow spreading in basins in the future.
Indeed, a dynamic value of 𝑟𝑏 may be able to match the simulation
results by accounting for the changes in the excess pore pressures that
occur during flows Iverson (2005). In particular, as the flow starts to
come to rest, to the desaturation of highly permeable flow material
occurs (see the videos relating to ‘‘wet gravel’’ and ‘‘beach sand’’
included in the USGS video repository; Logan et al., 2018). Indeed, if
all smoothed nodes are assumed to act independently, from each other,
the one-dimensional groundwater equation can be used to solve the
diffusion of pore pressure within the soil mass:

Fig. 10. Comparison between physical and computed flows: flow depths for sand.

𝜕𝑝𝑤
𝜕 2 𝑝𝑤
=𝐷
𝜕𝑡
𝜕𝑧2

(44)

where 𝑝𝑤 is the local pore pressure and 𝐷 is a diffusion coefficient
which can be formed constitutively. By setting appropriate boundary
conditions, rainfall infiltration, drainage and changes in pore pressure
due to dilation/contraction can be modelled Iverson (2005). Nonetheless, for simplicity, the model used in this study was limited to a
constant value, as per studies such as McDougall and Hungr (2004).
Fig. 13 shows comparisons of the position of the deposit of the
same flow with respect to a wet gravelly flow, videography of which
is available online (see Logan et al., 2018). The images were obtained
by using screen captures. (Fig. 13b) was manually adjusted using the
software GIMP to eliminate fish-eye, using the grid on the base of the
channel as a reference; the image was also rotated, and the timestamp
(originally superimposed over the mixture of water and fines) was
airbrushed out for clarity. (Fig. 13b) is the final frame in the video for
the top-down view. The frames in (Fig. 13c) show the final deposition
from different angles; these images were brightened and sharpened
using GIMP, to improve the original VHS images.
The overall deposition areas of the computed case (Fig. 13a) and the
physical case (Fig. 13b) are similar. The peak of the physical deposition
is similar to the peak of the computed deposition; this can be verified by inspecting the screengrabs collected in part (c). Furthermore,
both the physical and computed results include spreading of the flow;
Fig. 13c(iii) shows that the flow material can be found to the sides of
the channel mouth. One difference between the physical and computed
results is that the physical deposition includes a thin frontal layer of
gravel, which is a consequence of the gravel moving discretely, and
thus not being in constant contact with the base of the runout zone.
This means that the retarding forces are limited for this frontal spray
of gravel; it is well-established that continuum mechanics are not able
to capture this type of discrete behaviour (Ng et al., 2017; Choi and
Goodwin, 2021). One other difference is the strong asymmetry of the
deposits from the physical test; this is due to the slight lateral tilt of
the flume (see Fig. 12c), which is not considered in our numerical
simulations.
A comment on ‘rheologies’ should also be made: for prototype
debris flows, Iverson (2003) points out that ‘rheologies’ are of limited

Fig. 11. Comparison between analytic and computed flows: flow depths for 2D
frictional flows on an inclined plane, as a function of time and space.

including all of the material still within the channel was copied multiple
times across the width of the channel. The spacing between ‘‘slices’’
was equal to the original spacing of points in the storage area. This
copying process included all attributes for the particles, including the
downstream velocity, the position, the downstream earth pressure,
and so on. The property 𝑉 of the points was adjusted to account for
the transition from quasi-2D (where 𝑉 is volume per unit width) to
quasi-3D (where 𝑉 is volume). Most of the cross-stream (𝑦-direction)
attributes were initialised to be zero, so that (for example) the initial
cross-stream velocities and forces were initially zero. In contrast, the
cross-stream earth pressures 𝑘𝑦 were initialised at unity, and the upper
and lower limits were initialised individually for each point based on
the local downstream earth pressures 𝑘𝑥 (see Eq. (33)). The final part of
the transition to quasi-3D involved activating the periodic boundaries
that were used to keep the flow channelised (see Fig. 5).
It should be noted that the conditions for modelling the USGS flume
were complicated due to there being two basal friction coefficients: one
for the storage container and runout zone, and another one for the
channel. These were implemented as separate sections, and the bounds
for the earth pressure coefficients were calculated separately on each
section. Finally, the number of smoothed points for this particular case
12
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Fig. 12. The numerical model of the back-analysis for the test from Iverson et al.
(2010), rendered in MATLAB. (a) Side view; (b) oblique view; (c) upstream view of
the channel illustrating the lateral tilt present in the USGS flume: (i) no lateral tilt
(adopted for the entire flume in this study); (ii) rightwards lateral tilt; (iii) leftwards
lateral tilt. The latter two cases only affect the physical USGS flume.

use since they cannot be static during outflow. Nonetheless, a static
rheology is adopted in this study for simplicity, given that the depthaveraged SPH is intended to be an idealised and routine engineering
tool. Finally, we acknowledge the existence of other debris flow rheologies (see for instance Whipple and Dunne, 1992; Hungr, 1995;
Rickenmann et al., 2006), which may be studied in future research
campaigns.

6. Interpretation of results

Having established that the rheologies for Newtonian liquids and
frictional materials can adequately capture the phenomenon of lateral
spreading, a parametric study is conducted in this section. The ultimate
challenge for each material is to determine the possible reduction
in design impact force on a hypothetical terminal barrier if lateral
spreading is explicitly accounted for, as opposed to cases where lateral
spreading is neglected. This topic merits investigation since current
‘free-field’ (2D) approaches neglect lateral spreading (e.g. Kwan, 2012).

6.1. Characterisation of the Froude number 𝐹 𝑟
Fig. 13. Comparison of the SPH results from this study with the deposit from a gravel
and water flow on a rough bed from Logan et al. (2018). Part (a) shows a plan view
of the numerical results; part (b) shows a plan view of the physical results scaled to be
the same size; part (c) shows a series of screengrabs showing the flow material after
deposition has occurred.

The geometry of the flume is on based the dimensions given in Iverson et al. (2010) and shown already in Fig. 12. The flume length is
√
varied to control the entry Froude number 𝐹 𝑟 = 𝑈 ∕ 𝑔ℎ cos 𝜃 (see FHA
(Federal Highway Administration), 2006), whilst the initial volume of
flow material is also varied. The Froude number indicates the ratio of
inertial to gravitational forces (e.g. Hübl et al., 2009; Armanini et al.,
2011, 2014; Armanini, 2015; Choi et al., 2015a; Faug, 2015b). As
for the procedure for obtaining the Froude number along the length

of the flow, we adapt the procedure used in Ng et al. (2019) to the
depth-averaged SPH (see also Goodwin and Choi, 2020; Goodwin et al.,
2021). An average of the velocities and depths of smoothed points
13
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within a monitoring region is used to calculate 𝐹 𝑟:
1 ∑𝑄
𝑈
𝑞=1 𝑞
𝑄
𝐹𝑟 = √
∑
𝑄
1
𝑔ℎ𝑞 cos 𝜃𝑞
𝑞=1
𝑄

(45)

This provides essentially identical results to sampling the local 𝐹 𝑟 using
a kernel function. It should be noted that the local topography angle for
each point 𝜃𝑞 needs to be accounted for given the curvilinear transition
between channel and runout zone. The monitoring region is shown in
Fig. 14a. The flow front and flow tail are also defined graphically.
Figs. 14b and 14c show the Froude profiles along the length of
two different types of flow: a viscous Newtonian liquid (water), and
debris, respectively. Fig. 14b shows that the Froude number for water
increases approximately linearly along the entire length of the flow as
the channel length is increased. The general trend of 𝐹 𝑟 being maximal
at the front and minimal at the tail is consistent with flows of glass
beads travelling down infinite slopes (Ng et al., 2019; Goodwin and
Choi, 2020; Goodwin et al., 2021). In contrast, Fig. 14c shows that
for debris flows, the frontal maximum value of 𝐹 𝑟 tends to increase
with channel length. However, the increase is asymptotic: the increase
between 𝐿chan = 20 and 80 is minimal because flows tend to reach
terminal velocity because of the Voellmy term 𝜉, which increases in
magnitude as the velocity increases. Furthermore, unlike the water
flows, 𝐹 𝑟 tends to decrease near the tail of the flow. This is because
these flows tend to come to rest after exiting the channel, because the
basal friction coefficient is higher than the inclination of the runout
zone (which is set at 2◦ ). For the flows on shorter channels (5 < 𝐿 < 20
m), all of the flow material eventually exits the channel, which is why
𝐹 𝑟 has a non-zero value near the tail. For the flow on the longer channel
(𝐿 = 80 m), the flow has dissipated its entire potential for longitudinal
spreading (i.e. spreading in the downstream direction; (see also Ng
et al., 2013)) by the time it reaches the end of the channel. (In other
words, the driving forces due to the pressure gradient have reduced
to almost zero.) Although the flow thickens slightly as it traverses the
curvilinear transition, the increase in forces due to the pressure gradient
are insufficient to drive the flow, so 𝐹 𝑟 tends to zero.
The difference in magnitude between the Newtonian liquid and
debris flows should also be noted. For the same channel length, 𝐹 𝑟 is
between two and six times higher for the Newtonian liquid than for
debris. This is indicative of the high levels of energy dissipation due
to the Voellmy terms 𝜙𝑏 and 𝜉 for the debris flow model. Although
the values of 𝐹 𝑟 for the Newtonian liquid are considered to be an
upper bound since turbulence is not considered, 𝐹 𝑟 for these water
flows is expected to remain much higher than the debris flows even
if dissipative effects due to turbulence were considered.
Due to the fundamentally different shapes of the 𝐹 𝑟 profiles along
the lengths of these unsteady flows, we primarily use 𝐹 𝑟max ≡ 𝐹 𝑟frontal
when referring to the two types of flow throughout the remainder of
the manuscript.
Finally, it should be noted that altering the volume of the flow
material does not alter the overall trends for the 𝐹 𝑟 profiles using
the sampling region adopted in this section (Fig. 14a). For both water
and debris, 𝐹 𝑟 tends to decrease slightly with volume. This is because
although there is more potential for longitudinal spreading forces to
drive the downstream flow velocity, the flow tends to be substantially
deeper. For conciseness, the Froude profiles for these cases are not
shown, although values for 𝐹 𝑟 used in reference to such cases were
extracted in the same way as described in this section.

Fig. 14. Froude profiles along the length of various flows for volumes of 10 m3 . Part
(a) shows how the monitoring region is defined, i.e. the blue polygon. The front of
the flow is defined as the first points entering the monitoring region. The tail of the
flow is defined as the last points entering the monitoring region. Part (b) shows Froude
profiles for water; and part (c) shows Froude profiles for debris.

Haas et al., 2018; Kang and Lee, 2018), the literature does not systematically link the spreading angle with the upstream flow conditions. The
spreading angle was found by evaluating the position of each smoothed
point relative to the edge of the mouth of the channel. Fig. 15a defines
the monitoring section adopted. A cutoff point was set approximately

6.2. Spreading angles

2 m away from the mouth of the channel to avoid spurious angles.
Fig. 15b shows the angle of spreading for both liquid and debris flows

This section discusses the spreading angles of different types of
flows. Although flow spreading in basins has received attention before (e.g. Whipple and Dunne, 1992; Rickenmann, 2005; Berti and
Simoni, 2007; Scheidl and Rickenmann, 2010; Michelini et al., 2017; de

exiting channels as a function of the maximum Froude number at the
end of the channel. Fig. 15c shows the angle of spreading for just debris
flows as a function of the flow volume.
14
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into the mechanisms underpinning these different spreading angles are
explored in the following section.
6.3. Deposit profiles
Fig. 16 shows the final deposition patterns for a range of Froude
numbers 𝐹 𝑟 and initial volumes of material 𝑉 . The two most obvious
trends are (i) that increasing the volume of material enlarges the
deposition area, both in the lateral and downstream directions; and
(ii) that an increase in 𝐹 𝑟 tends to elongate the deposits, more so for
smaller volumes of material.
A subtler phenomenon is the increase in channel length and hence
𝐹 𝑟 tending to cause flow material to become stuck in the channel. In
contrast, for smaller 𝐹 𝑟, the deposition is substantially further away
from the channel mouth. In fact, the dependence on 𝐹 𝑟 is vital: lower
𝐹 𝑟 imply thicker flows, where a higher pressure gradient is available for
driving the flow downstream. For the high 𝐹 𝑟 flows, passage of the flow
in the runout zone is initially driven by the effects of the gravitational
forces that were pulling the flow downslope. In contrast, for lower 𝐹 𝑟
flows, a substantial pressure gradient is still available for pushing the
flow material out of the channel.
Furthermore, the four screenshots of 𝐹 𝑟 of around 4.8 show that
flow material tends to pile up downstream directly in front of the
mouth of the channel, forming an obstacle. The formation of this
obstacle is enabled by the shear strength of the flow. The obstacle
behaves rather like a column or a baffle (see for instance Tiberghien
et al., 2007; Teufelsbauer et al., 2009; Choi et al., 2014; Faug, 2015b;
Bi et al., 2018). Given an unlimited stream of oncoming material,
the cheapest option energetically would be for flow material to be
deflected to either side of the obstacle; this phenomenon is reflected
by the increase in spreading angle reported earlier in the manuscript.
The characteristics of this blockage change somewhat as 𝐹 𝑟 increases,
tending to become narrower, rather than being shaped like a tear-drop.
For initially higher 𝐹 𝑟, oncoming flow material tends to be able to flow
further downstream, rather than becoming part of a wider blockage,
causing a somewhat higher proportion of material further downstream.
Damming of the channel due to the tail of a deposition could
potentially be catastrophic, since the course of subsequent debris flows
could be substantially altered. A hint of damming is seen even for the
lowest 𝐹 𝑟 shown at the largest flow volume, implying that the volume
of the flow is likely to be the governing factor for whether channels
become blocked. This underscores the need for regular reconnaissance
of vulnerable sites which have an ongoing history of large-volume
flows.

Fig. 15. Part (a) shows a plan view of the monitoring region, 2 m away from the
mouth of the channel. Part (b) shows the spreading angle 𝛽 for a variety of 𝐹 𝑟 and
initial volumes; and part (c) shows the spreading angle 𝛽 as a function of volume (for
debris only).

Fig. 15b shows that the spreading angle for water is mostly a
function of 𝐹 𝑟front , especially for highly supercritical flows. The scatter
in the data is due to difficulties in sampling 𝐹 𝑟front over a wide variety
of cases; this scatter largely disappears if 𝐹 𝑟min is adopted instead,
although it is then difficult to characterise 𝐹 𝑟 for the debris flow cases
(which often have no clearly-defined 𝐹 𝑟min ; see Fig. 14). This relationship with 𝐹 𝑟 is somewhat expected: water has a constant pressure
coefficient 𝑘 of unity, which indicates that it can spread equally in any
direction at any point during the flow process. Since 𝐹 𝑟 compares the
downstream velocity 𝑈 with the root of the flow depth ℎ, lower values
of 𝐹 𝑟 would indicate that pressure gradients due to the flow depth
would be relatively more important in driving spreading of the flow
in all directions.
The spreading angles for debris flow material follow a different
trend than water, and have little correlation with 𝐹 𝑟. Instead, for
debris, the spreading angle appears to be correlated with the volume
of material rather than 𝐹 𝑟, as shown in Fig. 15c. The main reason for
the correlation with volume is because the flow material is able to
pile up as it decelerates in the downstream debris basin. The shear
strength of the decelerating debris thus causes the formation of an
obstacle. This appears to be why higher volumes of material do not
necessarily lead to much longer runout distances than flows with
smaller volumes (Rickenmann, 2005); instead, incoming material is
pushed aside by that which has already come to rest. More insight

6.4. Evolution of lateral earth pressure terms
At this stage, it is not obvious to what extent the lateral earth
pressure forces or lateral earth pressure coefficient 𝑘𝑦 influence the
degree of lateral spreading for debris flows, relative to other factors
(e.g. the basal resisting forces). To understand further the underlying
mechanics of lateral spreading for flows of (i) water and (ii) debris, we
sampled data from the corresponding tests simulating an 80-m channel.
Lateral forces were sampled for each flow on both sides of the channel
mouth; the force components on each side were then summed, and an
average of the forces on both sides was then taken (accounting for sign
differences). Each force component was determined using an equation
of the following form:
(
)
(𝑄
)
⎡ 𝑄
⎤
∑
1⎢ ∑
⎥
𝐹𝑦 =
𝐹𝑦,𝑞
−
𝐹𝑦,𝑞
(46)
⎥
2 ⎢ 𝑞=1
𝑞=1
⎣
lef t
right ⎦
where ‘left’ and ‘right’ correspond to the two different sides of the
channel.
Figs. 17a and 17b show the total lateral forces in this region as a
function of time for water and debris respectively. Fig. 17c shows the
15
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Fig. 16. Top-down views of the deposits for a range of flows, varying the channel length (and hence 𝐹 𝑟) as well as the volume of flow material. The contour lines demarcate the
flow at 0.02 m intervals.

evolution of the lateral earth pressure coefficient for the debris case
along with the spreading angle. The two columns (i) and (ii) correspond
to volumes of 10 and 30 m3 respectively.
Figs. 17a(i) and 17a(ii) show that regardless of volume, the lateral
pressure gradient is entirely responsible for driving lateral spreading
of the flow. The influence of volume is simply to increase the forces
driving lateral spreading, as reflected by the thicker flows and lower
𝐹 𝑟, as already mentioned.
Fig. 17b shows the lateral forces for debris flows of different volumes. Fig. 17b(i) shows that forces due to the pressure gradient initially
dominate the lateral behaviour of flows. Thereafter, Voellmy resisting
forces (Hungr, 1995) start to oppose continued lateral spreading. Forces
due to the basal friction 𝜙𝑏 grow continuously in magnitude as the
direction of the flow shifts from downstream to cross-stream. Forces
due to the Voellmy term 𝜉 also increase, but only slightly due to
the limited lateral velocity, and decreases again once the flow has
started to come to rest. The total force stops driving lateral spreading
at around 𝑡 = 1.7 s after the flow has entered the monitoring section,
and then starts to oppose spreading. Fig. 17b(ii) shows that the same
general trend is apparent for the larger volume of material. As with
the case of the Newtonian liquid, the magnitude of these lateral forces
has increased with the volume. The main difference between the two
volumes of material is that the lateral pressure gradient forces have
increased substantially relative to the basal resisting forces. Although
the total lateral forces stop promoting lateral spreading at around the
same time as in the other case (i.e. at about 𝑡 = 1.7 s, the transition
is more gradual, with a clear drop occurring onto at 𝑡 = 2.3 s. This
delayed transition suggests that a larger volume of debris can be pushed
to either side of the flow, and is related to the increased spreading angle
for larger volumes.
To understand the effects of volume on the evolution of lateral
spreading further, Fig. 17c shows both the lateral earth pressure coefficient 𝑘𝑦 and the spreading angle. The instantaneous earth pressure
is calculated as an average of all the points in the sampling region:
𝑘𝑦 =

𝑄
1 ∑
𝑘
𝑄 𝑞=1 𝑦,𝑞

The upper and lower bounds of the earth pressure 𝑘ymax and 𝑘ymin
are calculated in the same way using the individual instantaneous
bounds for each of the smoothed points, which are a function of the
prevailing downstream earth pressure, as defined in the Methodology
(Eq. (33)) (see also McDougall and Hungr, 2004). The instantaneous
maximum spreading angle 𝛽 is obtained in the same way as in the data
points in Fig. 15.
Fig. 17c(i) shows data for a volume 𝑉 = 10 m3 . At the point where
monitoring starts, 𝑘𝑦 is near 𝑘𝑦min , since only points on either side of
the mouth of the channel (i.e. those that have already undergone lateral
spreading) are being sampled. The value of 𝑘𝑦 increases to a maximum
of nearly unity at about 0.5 s, and is relatively sustained at about
𝑘𝑦 = 0.7 thereafter. This increase is due to the resisting forces due to the
Voellmy terms 𝜙𝑏 and 𝜉 in the downstream direction, which increase
in magnitude as the flow moves further onto the debris basin and
away from the channel. This downstream deceleration tends to cause
the flow to thicken further, thus increasing the earth pressure terms
in both the longitudinal and lateral directions. The sustained lateral
earth pressure coefficient is correlated with a smoothly increasing total
pressure gradient as more material enters the monitoring region.
The effects of volume on both 𝑘𝑦 and 𝛽 are evident by comparing
Figs. 17c(i) (𝑉 = 10 m3 ) and 17c(ii) (𝑉 = 30 m3 ). In Fig. 17c(ii), 𝑘𝑦
also increases initially due to the flow thickening under the influence of
longitudinal deceleration. At around 𝑡 = 1 s, 𝑘𝑦 reaches its approximate
final value of around 1.0, which is somewhat higher than in Fig. 17c(i).
This higher value is indicative of a thicker deposit. The shear strength of
the debris causes an obstacle to form, the depth of which is correlated
with the volume of material; this in turn promotes a higher pressure
gradient which tends to relax most easily in the lateral direction, since
that is where the gradient tends to be highest. The net effect is for the
obstacle to cause extra oncoming material to be pushed to the sides,
which is why the spreading angle 𝛽 is higher. It is worth noting that
the total and pressure gradient forces are approximately the same for
the case of water because the viscous resisting forces are negligible. In
contrast, for the cases with debris flows, the basal friction and Voellmy
𝜉 forces are large enough relative to the pressure gradient forces for the
total force to be affected.

(47)
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is because the forces at this point downstream are already very low,
compared to near the outlet.)
Fig. 18d shows that doubling the volume of debris (𝑉 = 20 m3 )
tends to lead to a further reduction in the normalised calculated force,
compared to Fig. 18c. This is because the extra volume of material does
not tend to increase the runout length (Rickenmann, 2005). Instead, the
shear strength of the debris material causes the formation of an obstacle
that is mound-shaped for low 𝐹 𝑟 and progressively more elongated as
𝐹 𝑟 increases. The mound tends to cause further oncoming material
to be shunted aside laterally (see Fig. 13). Since this mechanism is
not available in 2D ‘free-field’ approaches, the ‘free-field’ approach
becomes very conservative relative to the 3D one. Indeed, for the
case considered in 18d, if a barrier was intended to be placed 10 m
downstream from a channel, adopting a 3D approach could lead to a
reduction in the required impact force per unit width of between 50
and 75%.
It can also be noted an obstacle can be formed by depositing
debris, although it is somewhat dependent on the longitudinal profile
of the upstream Froude number. These obstacles are consistent with
those observed in the USGS video repository (Logan et al., 2018),
but distinct from the ‘‘mobile dam’’ mechanism described in (Jakob
and Hungr, 2005). The obstacle – which is mound-shaped for low
𝐹 𝑟 and progressively more elongated as 𝐹 𝑟 increases (see Fig. 16) –
occurs in both 2D and 3D cases. However, there is a route for the
flow material around the obstacle only in the 3D case, which is why
there is a rise in the calculated force for the 3D case but not the 2D
case — at least for low 𝐹 𝑟. Indeed, this effect is not observed at high
𝐹 𝑟 because the channel is effectively dammed by the flow material
(see Fig. 16), preventing upstream flow material from continuing to
flow downstream. Nonetheless, for the low 𝐹 𝑟 cases, the difference in
calculated impact forces is rather small as of 5 to 10 m downstream
from the channel mouth, as evidenced by the right-hand side plots
of the actual calculated forces. The competing effects caused by the
mounds and the ability of the flow to spread are thus relatively minor.
A few final comments are warranted. Firstly, it should be acknowledged that the force calculation method, whilst adopted in industry (e.g. Kwan, 2012), is only an approximation (Song et al., 2019),
especially if many large hard inclusions are anticipated. Secondly, it is
worth emphasising that if lateral levees are anticipated, which have
the effect of inhibiting lateral spreading (e.g. Iverson et al., 2010;
George and Iverson, 2014), the free-field (2D) approach may give more
reasonable results. Furthermore, the critical distances identified in this
section are around 10 m, for the 3D approach to give lower per-unit
run values of impact force compared to the free-field (2D) approach. To
give some idea of the potential reductions in design force that could be
realised, Cosenza et al. (2006) indicates that the debris basin shown in
Fig. 1a has a retention capacity of 22,000 m3 , although the authors do
not give the exact dimensions of the debris basin. If shaped as a cube,
22,000 m3 of debris would have sides of 28 m; the basin is triangular in
shape, and debris seems unlikely to pile up to a height of 28 m, so the
actual length of the basin is probably much longer. Of course, for such
enormous volumes, the runout distance would likely be longer than
the flows in this study. Nonetheless, this study highlights that detailed
3D studies of the dynamics of flows entering basins may well allow
engineers to avoid needlessly over-conservative values for the design
force on terminal barriers.
Furthermore, determining a scaling relationship between the various variables (𝐹 𝑟, flow volume 𝑉 , channel width 𝐵 etc.) should be the
end goal of the present line of research. However, as the results from
this manuscript show, the relationships between 𝐹 𝑟, 𝑉 and the impact
force and deposition profiles are highly non-linear. This non-linearity
is due to many interacting factors, even within our highly simplified
model, including (for instance) the forces due to the pressure gradient
available for driving the flow downstream as the flow reaches the
runout zone. Consequently, it seems that there is no obvious variable
for non-dimensionalising the results pertaining to impact force. A much

In summary, Figs. 15 and 17 highlight some of the fundamental
differences between different material rheologies in terms of spreading
behaviour. The spreading behaviour of Newtonian liquids is governed
by 𝐹 𝑟, whereas that of debris is governed by the volume of material.
However, at this point it is not clear whether either phenomenon can
facilitate a reduction in the impact loading on a hypothetical terminal
barrier when compared with the so-called ‘free-field’ approach. This
question is addressed in the following section.
6.5. Predicted impact forces on a barrier
In this section, we assess the predicted impact forces on a hypothetical barrier placed at various positions downstream. A schematic of
some hypothetical barriers is shown in Fig. 18a.
Figs. 18b to 18d show the normalised calculated impact force per
unit width on the ordinate and normalised downstream position on the
abscissa. The per-width force is calculated using Eq. (3) (see Hübl et al.,
2009; Kwan, 2012), adopting an 𝛼 value of 1 for water and 1.5 for
debris (Kwan and Koo, 2020). Within the SPH framework, the forces
are calculated as follows, assuming that smoothed points have entered
a particular monitoring region:
( )
(
)
𝐹
= (ℎ) 𝛼𝜌𝑈 2
(48)
𝐿
)
)(
(𝑄
𝑄
∑
∑
𝑈𝑞 2
𝛼𝜌
(49)
=
ℎ𝑞
𝑞=1

𝑞=1

The normalised impact force per unit width is that from a 3D simulation (i.e. allowing lateral spreading) vs. an equivalent 2D simulation
(the ‘free-field’ approach, with no lateral spreading).
In Fig. 18b, each of the flows comprises water. Only one volume
is shown (𝑉 = 10 m3 ), since it has already been established that the
spreading behaviour of water is governed by 𝐹 𝑟 rather than volume
(see Fig. 14). It should be noted that although the 𝐹 𝑟front values quoted
are rather high, the values in the middle of the flow (which are more
representative for longer flows) are typically about half the value of
𝐹 𝑟f ront (see Fig. 14). Each of the data series shows that further down
the debris basin, the impact force per unit width reduces relative to
the free-field approach, as expected. The reduction in the calculated
impact force is greatest for the flow with the lowest 𝐹 𝑟front . This is
because the spreading angle is highest for this case (Fig. 15), and the
effect of the flow running out so far is enough to cause it to become
shallow enough to reduce the potential impact force greatly. There is a
reduction in the impact force for the lowest 𝐹 𝑟 of around 70% that of
the equivalent load for a 2D flow at a distance of 20 m downstream. For
𝐹 𝑟f ront = 27.9, the reduction is around 50% at 20 m from the channel
mouth, which is still very substantial. The results from Fig. 18b show
that even for short basins, substantial reductions in the impact force
requirements for terminal barriers can be achieved for flows governed
by viscous stresses, as compared with 2D analyses that do not consider
lateral spreading.
Fig. 18c shows calculated impact forces for 10 m3 of debris flow
material. Within the first 5 m, the calculated impact forces for the 2D
and 3D cases are the most similar, although the 3D analysis gives a
reduction in impact for of between 10 and 50%. In this region, the
peak calculated force for the 3D case occurs when the flow momentum
is mostly oriented downstream. Further than 5 m downstream, lateral
spreading for flows in the 3D analyses has reduced the volume of flow
material flowing downstream, and hence the flow depth. Thus, the
calculated impact force from the 3D cases is generally lower than the
2D cases. Moreover, the non-normalised calculated impact force for
this region in the 3D analysis is minimal in any case (as shown in the
smaller right-hand figure), indicating that most of the flow material
has already come to rest further upstream. (It should be noted that
the increase in normalised impact force for the three highest Froude
numbers more than about 10 m downstream is inconsequential. This
17
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Fig. 17. Evolution of the lateral force components for (a) a water flow and (b) a debris flow. The inset in (a) shows the position of the monitoring regions. Part (c) shows the
evolution of the lateral earth pressure coefficient 𝑘𝑦 with the spreading angle. The instantaneous lateral earth pressure bounds are also shown. Column (i) corresponds to a volume
𝑉 of 10 m3 whilst column (ii) is a volume 𝑉 of 30 m3 .

broader parametric study would be required to isolate the relevant
combinations of variables, and the ranges over which they govern the
downstream flow behaviour; this would be a valuable topic for future
research.

onto an unconfined planar surface were performed to evaluate fluid
and frictional Voellmy rheological models implemented in the depthaveraged SPH program. Established analytic models also validated the
implementation. A large-scale test from Iverson et al. (2010) was also
adopted for evaluation of the model.
The SPH model was used for a parametric study on material type,
material volume, upstream channel length (and hence the Froude number 𝐹 𝑟) and the lateral confinement. The aim was to evaluate potential
improvements to the 2D ‘free field’ approach used for current barrier
design by comparing it with 3D analyses, which allow consideration

7. Conclusions
In this study, a depth-averaged SPH model coded specifically for
the purpose of understanding spreading mechanisms was developed.
Physical dam-break tests using (i) water and (ii) dry sand running out
18
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Fig. 18. Part (a) shows the measuring region and hypothetical barriers adopted for the 3D cases (where lateral spreading is being modelled). Parts (b) to (d) show the reduction
in the computed force on a barrier at different distances downstream for different flow types: (b) is water, and (c) and (d) are debris. The volumes of material for each case are
(b) 10 m3 , (c) 10 m3 , and (d) 20 m3 . The 𝐹 𝑟 in the legends of indicate maximum values within the channel, near the mouth. The forces for each line represent those calculated
from simulations where spreading was allowed, vs. those where is was not (i.e. the so-called ‘freefield’ condition, which treats flows as though they are 2D.) The smaller side
graphs show non-normalised force for the 3D and 2D cases (where lateral spreading was and was not allowed, respectively).

of lateral flow spreading. The ‘free field’ approach neglects lateral
spreading, and the effects thereof on flow depth and velocity.

obstacle, which is mound-shaped for low 𝐹 𝑟 and progressively
more elongated as 𝐹 𝑟 increases. As such, the preferential path
for further oncoming debris is around the deposits, thus causing lateral spreading. Furthermore, the degree of spreading for
debris is governed by multiple inter-related processes, including
longitudinal basal resisting forces which cause the flow to decelerate, as well as the lateral earth pressure coefficient. Lateral
resisting forces limit the degree of spreading possible.
2. For both frictional and viscous flow types, the impact force
requirements for terminal barriers could be reduced by more

Key findings from this study are as follows:
1. For water, the spreading angle is correlated with 𝐹 𝑟, since it has
no internal strength and tends to flow under the influence of
gravity. In contrast, for debris, lateral spreading is governed by
the volume of material, with larger volumes leading to greater
degrees of spreading. This is due to the internal strength of
debris which tends to allow such flows to pile up and form an
19
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