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1 INTRODUCTION 
Costal hazards caused by geological sources like 
landslides or tsunamis effect significant parts of 
coastlines (Vanderveken et al. 2016) with 
multiple events every year. It is therefore of 
interest to simulate such events to be able to better 
prepare for them. 
The simulation of landslide events can be 
approached from multiple directions depending 
both on the type of simulation method used as 
well as on the type of landslide. One approach is 
to simulate the individual grains composing a 
rock avalanche using a discrete element method 
(DEM) approach (Berger et al. 2024). However, 
a lot of landslides are not only comprised of rocks 
but are a soil-rock mixture (S-RM). The soil part 
of S-RM drastically increases the number of 
elements to consider for a DEM approach. It also 
brings with it a whole host of additional 
interaction methods to be considered e.g. 
cohesion, mixing, or water content dependent 
material properties. 
To avoid this computationally expensive and 
complex to accurately model problem, Hu et al. 
(2025) coupled computational fluid dynamics 

(CFD) with DEM to cover both continuous and 
discrete parts of an S-RM. 
When removing all grain sizes larger than sand 
from a landslide, utilizing DEM becomes 
unnecessary as for example a clay landslide 
mostly behaves like a continuum (Budhu 2011). 
For these types of landslides, rheology is used to 
describe their movement in CFD (De Blasio et al. 
2004). The different states of a landslide, 
stationary solid and moving fluid, can be 
described as combination of a Coulomb material 
(stationary) and Bingham fluid (moving) (Ancey 
2007). The yielding behavior can then be 
described using a Herschel–Bulkley rheology 
model with no yielding (Coulomb material) for 
shear stresses τ below the yield stress τ0 and shear 
rated 𝛾̇𝛾 dependent yielding for shear stresses 
above the yield stress. 
In this paper, usage of this approach for subaerial 
granular landslides is validated in the open-source 
hydrodynamic framework REEF3D (Bihs and 
Kamath 2016; Bihs et al. 2016). Additionally, the 
capabilities of the model are tested with regards 
to wave generation from submarine landslides. 
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ABSTRACT: An approach to describe soil dynamics in a computational fluid dynamics (CFD) model is the 
use of soil rheology. Depending on the use case, a combination of solid rheology following Mohr-Coulomb and 
fluid rheology adopting Herschel-Bulkley, for example, can be used to cover a wide range of soil dynamics. 
The Mohr-Coulomb rheology is used for the static behavior – shear stress is below the yield stress – no 
movement. The Herschel–Bulkley rheology, on the other hand, is used to represent the prevalent dynamics once 
movement is initiated. Such a combined solid-fluid rheology was recently added to the rheology module of 
REEF3D::CFD. The model was developed for the simulation of complex free-surface interaction. It solves the 
Navier-Stokes equations in three dimensions using high-order discretization schemes in both space and time, 
while utilizing efficient linear systems of equations solvers on a decomposed and parallelized domain. This 
non-Newtonian rheology model is successfully validated against a granular subaerial dam-break experiment 
and the capabilities of the model with regards to wave generation from submarine landslides is showcased. 
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2 THEORY 
REEF3D is a framework with computational fluid 
dynamics models for applications in rivers and 
coastal areas. Its design approach splits it into 
models with different governing equations and 
modules that expand their capabilities e.g. 
rheology, multi-phase or sediment transport. 
REEF3D comprises four different models: 
SFLOW – a non-hydrostatic shallow water 
equations model used for example in rivers 
(Dempwolff et al. 2024), FNPF - a fully nonlinear 
potential flow model used for large scale wave 
propagation (Gomes et al. 2024), NHFLOW - a 
three-dimensional non-hydrostatic wave model 
used for larger scale problems where FNPF is 
insufficient (Bihs et al. 2024) as NHFLOW 
supports e.g. sediment transport and floating 
objects, and the last model is the CFD model 
which was used for the work done here. 

2.1 REEF3D::CFD 

REEF3D::CFD is the model used for the highest 
degree of fidelity and most extending modules 
within the REEF3D framework. It is governed by 
the Navier-Stokes equations (Eq. 1b), in this case 
simplified with the assumption of 
incompressibility. Furthermore, turbulence can 
be modeled using RANS (Kamath et al. 2019) or 
LES (Larkermani et al. 2025). 
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The model employs a structured grid with a 
5th-order WENO scheme (Jiang and Shu 1996) for 
spatial discretization and a 3rd-order TVD Runge-
Kutta (Gottlieb and Shu 1998) for temporal 
discretization. 

2.2 Rheology 

The flow behavior of a landslide can be described 
using a Herschel–Bulkley fluid (Ancey 2007). A 
Herschel–Bulkley fluid can be used to describe 
Newtonian and non-Newtonian fluids without 
changing the equation relating shear rate to yield 
stress. Especially its description of a Bingham 
fluid makes it therefore applicable for landslide 
modeling. 

A Bingham fluid requires a specific stress to 
be applied before it starts to shear, called yield 
stress τ*. This yield stress is used to define the 
transition point between static/solid and 
moving/fluid behavior. Domnik et al. (2013) 

defined the yield stress for a granular material as 
follows: 

𝜏𝜏* = tan𝜙𝜙 ⋅ 𝑝𝑝 + 𝜏𝜏+ (2) 
φ: angle of repose, p: pressure, τ+: cohesion 
contribution. 
Domnik et al. (2013) also added an exponential 
term to dampen out the creeping effect observed 
with standard Herschel-Bulkley implementations 
at very small strain rates. 

The rheology module produces a viscosity 
value to be used in the Navier-Stokes equations. 
The Herschel–Bulkley equation is therefore 
rearranged to result in a viscosity instead of the 
usual stress term. 

𝜈𝜈 = ,#-$̇%/01&$%

'
 (3) 

𝛾̇𝛾: symmetric part of the velocity gradient, k: 
consistency index, n: flow index. 
The yield stress τ* is modified from Domnik et al. 
(2013) to already include the exponential term to 
better match with the existing yield stress 
formulations. 

𝜏𝜏* = (tan𝜙𝜙 ⋅ 𝑝𝑝 + 𝜏𝜏+)81 − 𝑒𝑒234̇; (4) 

m: damping factor. 
The combination of Eq. 3 and Eq. 4 allows for a 
material-specific description of both solid and 
fluid states. 

2.3 Multiphase 

The model uses the level-set-method (Osher and 
Fedkiw 2003) to keep track of interfaces. In two-
phase operation, one level-set is used to separate 
water and air. For three-phase operation, this one 
level-set is replaced by two level-sets originally 
keeping track of water, oil and air (Bihs et al. 
2014). The water phase can be replaced by the 
phase representing the landslide if the rheology 
module is activated. 

The contributions of the different phases to 
density and viscosity are combined using the 
Heaviside step function operating on the level-set 
interface. The resulting density and viscosity are 
then used to solve the flow field. 

This approach can not properly represent 
changing compositions like water seepage into 
the soil. Seepage would need to be accounted for 
in the Rheology model. Its applicability is 
therefore limited to homogeneous and not 
heterogeneous mixtures. 

 

3 RESULTS 
To validate the functionality of the model, a few 
simulations were conducted. An angle of repose 
test was conducted to test whether the flow 
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creeping was successfully suppressed and 
whether the yield stress formulation worked as 
expected. To test the temporal progression in a 
subaerial case, the experiments from Huang et al. 
(2010) were simulated. And finally, a submarine 
landslide was simulated to trial the wave-
generating properties. 

3.1 Resting angle comparison with angle of repose 

To test the angle of repose ϕ, a block of sand was 
simulated and its slope measured once no more 
significant motion was occurring. It was 
determined from previous exploratory 
simulations that the setup from Huang et al. 
(2010) was an adequate candidate for these tests. 
Its configuration is shown in Fig. 1. 

 
Figure 1. Domain and solid region as described in 
Huang et al. (2010) 

As for sand parameters, the density used was 
2700 kg m−3, the consistency index k was chosen 
as 0.01 and the flow index n was chosen as 0.3. 

To determine the angle of repose in the 
simulation, it was run for 0.5 s, at which point 
most motion had seized for all investigated angles 
of repose. The regions above 0.15 m and below 
0.05 m were clipped off to exclude both toe and 
crown influence. The resulting front angle was 
then calculated using the x-coordinates at 0.05 m 
and 0.15 m and rounded to two decimal places. 
For the present case, choosing any damping factor 
m larger than 12 resulted in no visible change 
while values under 12 resulted in an inadequate 
crown representation. 
Table 1. Comparison between theoretical ϕt and simulated 
ϕs angles of repose in degree and underprediction in percent 

ϕt 20.0 25.0 30.0 35.0 
ϕs 19.77 23.76 27.79 34.38 
%	 1.15 4.96 7.36 1.77 
	     

ϕt 37.5 40.0 45.0 50.0 
ϕs 34.96 37.52 41.98 48.08 
%	 6.77 6.2 6.71 3.84 

It becomes evident that the implementation of 
the angle of repose is resulting in an 
underpredicted resting angle. This could be 
related to the density and resulting pressure field 

treatments. A further investigation is necessary to 
determine the root cause, but for now the effect 
needs to be corrected by artificially increasing the 
angle of repose. 

3.2 Temporal investigation of front failure 

To test the temporal response of the rheology 
model, the experiments by Huang et al. (2010) 
were recreated. They recorded the front of a 
collapsing cube of sand for 0.5 s and compared 
their experimental results with their simulation. 
To conduct the simulation the same material 
parameters from section 3.1 were used. 
Regarding the angle of repose, it was reported by 
Huang et al. (2010) as 37.5 ◦. To account for the 
underprediction in the model it was increased to 
40.5 ◦. 

The simulation results are shown in Fig. 3 
where they are compared with the digitized 
results from Huang et al. (2010). 

 

 
Figure 2. Velocity magnitude in solid phase 
at time t = 0.2 s. 

 
Comparing the experimental data from Huang 

et al. (2010) with the simulation results using 
REEF3D (Fig. 3), an improvement over the 
simulated data from Huang et al. (2010) can be 
observed. 

The crown is fully captured until x = 0.13 m 
before deviating. The face however shows a 
deviation between about 2 cm and 5 cm during 
sliding before nearly fully capturing the 
experimental results again, once a stable 
condition is reached. This deviation is partially 
caused by the end of the crown collapsing as well. 
The toe of the soil flow is always underpredicted 
at most by 2.7 cm at 0.1 s. This behavior is in parts 
related to the level-set reinitialization scheme 
used by the model. 

Fig. 2 shows the velocity magnitude profile. 
Most of the solid phase remains at rest while the 
face slides, accelerating towards the toe. This 
aligns with simulation conducted by Li and Zhao 
(2018). 
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Figure 3. Outline of solid phase at times t: 0.0 s, 0.1 s, 0.2 s, 
0.3 s, 0.4 s and 0.5 s. 

3.3 Wave generated by submarine landslide 

To showcase the abilities of the model with 
regards to submarine landslides and subsequent 
waves, a landslide (collapsing mass) is simulated, 
which then generates a wave that breaks on a 
slope at the opposite side of the domain. This case 
utilizes the multiphase module of REEF3D::CFD 
to capture the interaction between solid, water and 
air phases in addition to the rheology module. The 
effects of turbulence are captured using an LES 
with WALE scheme (Larkermani et al. 2025). 

The setup shown in Fig. 4 consists of a 20 m 
long 2D domain with a 1:12.5 slope towards the 
right end starting at 5 m. The water phase is setup 
with a still water level at 1.0 m while the 
collapsing mass is a rectangle of 0.7 m length and 
0.9 m height at the left end of the domain. Wave 
gauges (1-6) were placed at 3.0 m, 5.0 m, 12.5 m, 
13.5 m, 14.5 m and 15.5 m throughout the 
domain. 

 
Figure 4. Computational domain. Solid shown in orange, 
fluid shown in blue and beach shown in black. 

The volume of sand collapsed in a span of 
1.4 s, followed by another 3 s of creeping motion. 
Fig. 5 illustrates the collapse and how the 
resulting void is filled by water. 

This produced a wave with an amplitude of 
0.06 m at wave gauge 2 (before shoaling) and an 
amplitude of 0.136 m at wave gauge 4 (before 
breaking). Additionally, the water filling the void 
above the sand volume caused a secondary wave, 
which was reflected by the domain boundary and 
is also visible in Fig. 6 and Fig. 7. 

 
Figure 5. Collapsed box in orange at time t = 0.225 s. 

Fig. 6 shows the free-surface elevation over 
time before and at the toe of the slope. The wave 
breaking on the beach passes by gauge 2 about 4 
s into the simulation. 

 
Figure 6. Wave gauges 1 and 2 showing the surface 
elevation before shoaling begins. 

The wave gauges placed around the wave 
breaking point 3 to 6 are shown in Fig. 7. The 
wave passes by gauge 4 before breaking. The 
breaking was captured by gauges 5 and 6 between 
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8 s and 10 s and a snapshot during the breaking 
process is shown in Fig. 8. 

 
Figure 7. Wave gauges 3 to 6 showing the surface elevation 
around the wave breaking point. 

 
Figure 8. Velocity in x-direction during wave breaking at 
8.775 s. The vertical lines show the positions of wave 
gauges 4 to 6. 

The simulation results show that it is possible 
to simulate waves generated by submarine 
landslides using REEF3D. Validation of the 
results will need to be conducted in the future. 
Both the submarine landslide as well as the 
resulting waves need to be looked at. For the 
landslides, it is important to expand the validated 
materials from sand to clay and other mixtures in 
both subaerial as well as submarine conditions. 

 

4 CONCLUSION 
It is shown that the rheology module of 
REEF3D::CFD can predict the failure of dry 
granular material. Even though the resting angle 
is underpredicted when compared to the angle of 
repose, it is possible to recreate temporal series of 
collapsing granular material. 
The addition of the exponential damping term for 
the yield stress following Domnik et al. (2013) 
allows the crown to be captured better than the 
simulations by Huang et al. (2010) were able to. 
In continuation of this analysis, further validation 
work could focus on the velocity distribution 
withing the material. 

Secondly, it was showcased that 
REEF3D::CFD, utilizing both the rheology and 
multiphase modules, can capture underwater 
landslide events and the thereby generated waves. 
Even though there are still limitations regarding 
model accuracy, it is already possible to run 
scaled model experiment, and to evaluate the 
impact forces of both the landslide as well as the 
generated wave on structures. 
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