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ABSTRACT: Internal erosion is a critical failure mechanism in levees and earth dams, where water flow gradually removes soil
particles, potentially leading to progressive damage. Among its various forms, piping erosion is particularly dangerous, as it begins at
the downstream side and advances upstream, often resulting in sudden structural collapse. While experimental techniques such as the
Hole Erosion Test (HET) provide essential parameters like critical shear stress and erosion rate, they do not fully capture the complex
interactions between flow dynamics, sediment transport, and cavity evolution. This study presents a numerical model in order to
simulate the localized enlargement of a hole within cohesive soil subjected to hydraulic loading due to water flow. Implemented in
COMSOL Multiphysics®, the model couples turbulent fluid flow, modeled with the Reynolds-Averaged Navier-Stokes equations and
a standard k-¢ turbulence model, sediment transport, governed by an advection-dispersion equation, and geometry evolution using an
erosion law. The geometry is updated dynamically using the Arbitrary Lagrangian-Eulerian (ALE) method, enabling the simulation of
continuous cavity enlargement. The model is validated using experimental HET measurements. Simulation results accurately reproduce
key observed phenomena, including the increase in flow rate, the concentration of eroded particles at the outlet, and the progressive
enlargement of the hole. The influence of critical shear stress and erosion coefficient is clearly reflected in the model’s predictions,
which align closely with laboratory results.

This approach provides a physically based tool to study internal erosion under realistic flow conditions. It represents a step toward
more advanced simulations capable of addressing complex geometries, anisotropic soils, and full-scale backward erosion scenarios.

KEYWORDS: Internal erosion, Hole erosion test (HET), Sediment transport, Advection-dispersion, Cavity evolution, Numerical
modeling, Soil-water interaction

1 INTRODUCTION
2  NUMERICAL MODEL
The erosion is the most important failure mechanism for
dams and levees, (Fry et al.,, 2015). Modeling the internal

erosion process poses a major challenge due to its very slow A 2D axisymmetric numerical model of the Hole Erosion

kinetics at the field scale, often unfolding over several decades. Test (HET) is presented, developed using COMSOL
Laboratory experiments attempt to accelerate erosion by Mult1phys1cs. The flow through the central hole is 31mul.ated
applying high hydraulic gradients. As a result, laboratory tests with the CFD module, while the transport of detached particles

is modeled via an advection-dispersion equation using the
Coefficient Form PDE module. The Deformed Geometry
interface is employed to update the domain as the hole enlarges
due to erosion. The objective is to assess the model ability to

and numerical modeling have become complementary
approach for investigating the hydro-mechanical behavior of
erodible soil.

Initial models based on porous media theory, such as that

proposed by (Vardoulakis et al., 1996), treat soil as a multiphase replicate experimental observations.
system and simulate erosion using mass balance and fluid flow ) )
equations. This foundational work was later extended by 2.1 Governing equations

(Papamichos and Vardoulakis, 2005) to incorporate mechanical
degradation linked to increasing porosity. Other researchers
(Cividini et al., 2009; Uzuoka et al., 2012; Zhang et al., 2019)
have further developed these approaches, although most still

Water flow in the hole is governed by the Reynolds-
Averaged Navier—Stokes (RANS) equations, which account for
turbulence effects:

simplify the mechanical response. pw(V.U) =0 M
Recent models have turned attention to suffusion and fine U

particle migration (Deng et al., 2023), channel evolution under pwar tPw(UNU = V.F @

hydrodynamic stress (Kahza and Sanaei, 2024), and hole

erosion in cohesive soils (Mercier et al., 2015). These F=-pl+2mS+K ®

researches improve erosion tracking but often require 1

experimental validation. § =30+ @

Advanced numerical frameworks have also been
developed, such as those by (Nieber et al., 2019) using . ks . X
COMSOL with turbulent flow models; and by Rotunno et al. (Pa), pw is the dynamic viscosity of water (Pa.s), S is the
(2019) and Robbins et al. (2021), who modeled regressive symmetric part Qf the velocity, I is the second-order 1den‘F1ty
erosion while accounting for spatial variability in soil tensor and K is the turbuleqt stress Fensor representing
properties. Collectively, these studies demonstrate the growing momentum transfer due to velocity fluctuations.

sophistication and importance of numerical modeling in To model the evolution of suspended .parti'cle
capturing internal erosion processes that are difficult to observe concentration downstream of t,he hole, CO,MSOL Multip hys.lcs
directly. Coefficient Form PDE interface is wused, enabling

implementation of the advection-dispersion equation in an
axisymmetric domain. This classic equation in sediment
transport modeling is expressed as:

where, U is the velocity vector (m.s™!), p is the static pressure
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where co is the concentration of suspended sediments (kg.m?),
¢ is turbulent dispersion coefficient (m2.s™!), g = (0,u) and u is
the water flow velocity.

The progressive enlargement of the hole is modeled in
COMSOL using the Deformed Geometry interface, which
allows for dynamic updates to vary the shape of the
computational domain based on the evolution of the simulated
physical processes. In our case, the boundary between the hole
and the soil, representing the internal wall of the eroded hole, is
defined as a moving interface, allowed to displace only in the
radial direction (r), and uniformly along its entire length.

2.2 Geometry and mesh

To reduce calculation time, a 2D axisymmetric model,
presented in Figure 1 is used instead of a full 3D simulation.
The geometry includes a central hole (3 mm in diameter) and
an adjacent erodible soil zone, both modeled as rectangles. The
domain is discretized with a quadrilateral mesh using quadratic
interpolation. A very fine mesh (max 0.35 mm) is applied near
the hole to capture detailed flow and erosion effects. A coarser,
depth-increasing mesh is used in the surrounding soil. Several
mesh refinement tests were performed in order to ensure stable,
efficient coupling of flow, particle transport, and geometry
deformation.

2.3 Boundary conditions

Turbulent water flow is applied exclusively in Zone B, the hole
(Figure 1), using the k-e¢ model. Regarding boundary
conditions:

On boundary 1, a constant hydrostatic pressure set to the
value measured during the test for flow equation, and advection
condition are applied for concentration equation. On boundary
3, located at the outlet of the hole a zero hydrostatic pressure is
imposed, assuming negligible pressure at the outlet compared
to the upstream and also a zero concentration.

Boundary 2, which represents the wall between the hole
and the soil, is modeled as a No-Slip Wall with roughness. This
approach approximates the head losses observed in the system
and aligns simulated discharge rates with experimental
measurements. A source condition ¢ (kg.m2s') is used to
model sediment input from erosion on boundary 2, and
calculated according to the erosion law, defined by the
following:

€=k (T—1¢) (6)
Where, k., is the erosion coefficient (s.m™"), t: is the shear stress (often
used in fluid dynamics or geomechanics), 1., is the critical shear stress

(Pa). These parameters are measured from Hole Erosion Test (Afnor,
2024, XP P94-065).

Flow direction

entrance —_ exit
1 B 3N
2 axis of
symmetry

Figure 1.

Model geometry and boundaries
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On the inner boundary of the hole (boundary 2), a
Prescribed Normal Mesh Velocity condition was applied. This
boundary represents the eroded wall of the hole, whose
displacement is directly governed by the erosion velocity. The
latter is calculated using the erosion law previously introduced
and expressed here as:

% _ker(t— 1) R
Ps

where 7; is the hole radius, and p; is the solid grains density

(kg.m).

This formulation directly links the mesh displacement
velocity to the intensity of the erosion process, thereby ensuring
a geometric evolution that is consistent with the physical
phenomenon being modeled.

3 RESULTS AND DISCUSSIONS

In this section, the main results obtained from the
numerical simulations are presented.

The simulations were conducted under transient
conditions; “time-dependent” calculations, simulated over a
period corresponding to the associated experimental test. The
results shown in Figure 2 illustrate the evolution of particle
concentration in suspension within the eroded hole. Each time
step is accompanied by two zoomed-in frames at the inlet and
outlet of the hole, in order to better visualize the details in these
key zones. These profiles are used to illustrate the progressive
accumulation of particles within the conduit, in relation to the
passage of time and the widening of the hole.

At the beginning of the test (Figure 2.a), the concentration
is observed to remain very low across the entire domain, with a
slight appearance of particles mainly at the outlet. This
distribution is directly governed by the flow direction, with the
first detached particles being transported downstream. The
upstream zone remains nearly empty, indicating that no
significant accumulation is formed at the hole’s entrance. At
this stage, the concentration field is still localized, with only
small colored regions being detected. As the test progresses
(Figure 2.b-c), the concentration is seen to increase
significantly, spreading over a growing portion of the hole,
while maintaining a marked gradient from upstream to
downstream. The downstream area becomes noticeably more
loaded with particles, while the upstream region remains
relatively sparse. This asymmetry is explained by the
preferential transport induced by the flow, with particles being
continuously carried toward the outlet. In the zoomed-in areas,
this trend can clearly be observed: concentration contours are
shown to be much more intense and widespread at the outlet
than at the inlet.

Simultaneously, the zoomed views allow the progressive
enlargement of the hole over time to be clearly observed. The
inner wall of the conduit is gradually displaced outward,
reflecting the continuous erosion of material along the
periphery of the hole. This displacement is governed by the
erosion law implemented in the model, which determines the
rate of enlargement based on local hydraulic stresses. The
geometric evolution is made possible by the “Deformed
Geometry” interface, through which the boundary between
intact soil and the eroded cavity is dynamically updated,
exclusively in the radial direction.

By the end of the simulation (Figure 2.d), a marked
concentration of particles is observed at the outlet, with high-
intensity zones extending across the entire height of the conduit.
The upstream region, on the other hand, remains much less



concentrated, confirming the dominant role of advection in
particle transport. The evolution of the concentration fields,
together with the visible enlargement of the conduit in the
zoomed-in frames, demonstrates that the model is capable of
faithfully reproducing the dynamics of a flow localized within
a widening hole.

10 a) t = 0 min

b) t = 3.5 min

¢) t =59 min

d) ¢t =7.61 min

Figure 2. Evolution of suspended particle concentration (kg.m™) and
hole widening over time

Figure 3.a shows the evolution of the radial velocity of the
inner wall of the hole, which locally reflects the intensity of the
enlargement process. Overall, the temporal trend is well
captured by the model for the test: a gradual acceleration over
time, with final values close to those measured. The numerical
results correctly follow the general trend, although naturally
smoothed, whereas the experimental data show more irregular
variations. These peaks and troughs observed in the
experimental results are likely linked to local soil instabilities
or irregularities in the shape of the hole, which the smoothed
model cannot reproduce.

Figure 3.b compares the concentration of solid particles at
the outlet of the hole. The numerical results reproduce the
orders of magnitude and general trends observed, showing a
gradual increase in concentration over time. However, the
experimental curve shows more frequent and sometimes abrupt
fluctuations, which may result from localized detachment
mechanisms or sudden arrivals of particles released from the
erosion front. These irregular phenomena, typical of non-
homogeneous granular media, are difficult to predict in a
continuous model. The model, based on averaged formulations
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and time-smoothed conditions, yields a more regular response,
making some of the experimentally observed fluctuations less
apparent. This difference does not undermine the overall
relevance of the modeling, which correctly reflects the
cumulative evolution of the phenomenon.
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Figure 3. Comparison between numerical results (orange) and
experimental results (blue) based on the evolution of four parameters:
hole propagation speed, outlet concentration, inlet flow rate, and hole
radius.



The flow rate at the hole inlet is presented in Figure 3.c.
The agreement is remarkably good between measurements and
calculations. The numerical and experimental curves follow the
same increasing trend, with very small deviations throughout
the tests. This good match confirms the relevance of the
hydraulic parameter calibration, particularly the treatment of
head losses through the equivalent roughness, as well as the
model ability to predict the evolution of the flow in an enlarging
hole.

Finally, the Figure 3.d, which represents the evolution of
the hole radius, highlights a very good level of agreement
between measurements and numerical predictions. The curves
are nearly superimposed, even during the accelerated growth
phases of the hole. This indicates that the implemented erosion
law, combined with the boundary displacement strategy via the
Deformed Geometry interface, enables consistent simulation of
the conduit enlargement kinematics, without notable drift over
the duration of the test.

Overall, this comparison between numerical and
experimental data validates the model's ability to accurately
reproduce the main evolutionary trends of the four key
quantities. While some local discrepancies remain in the more
sensitive signals - such as concentration or enlargement
velocity - they remain within an acceptable range, considering
the intrinsic complexity of the phenomena studied and the
averaged nature of the equations used.

4 CONCLUSIONS

This study presented a numerical approach for modeling
internal erosion processes, focusing on the enlargement of a
hole within a porous medium. Using COMSOL Multiphysics, a
2D axisymmetric model was developed and successfully
validated using experimental Hole Erosion Test (HET) results.

The model effectively captured the temporal evolution of
key physical variables, including wall displacement, flow
velocity, particle concentration, and hole radius. The numerical
results closely matched experimental observations, confirming
the reliability of the erosion law and the calibrated hydraulic
parameters.

The use of a dynamic "Deformed Geometry" interface
enabled consistent simulation of geometry evolution, while the
coupling of turbulent flow and particle transport equations
allowed for a detailed representation of flow-erosion
interactions. Notably, the model reproduced the concentration
gradients observed in experiments, reflecting the dominant
advective transport.

Although some local discrepancies persisted, mainly in
concentration fluctuations and timing, these remained within
acceptable bounds, given the complexity of the physical
processes and the model continuous formulation.

This validated framework provides a solid foundation for
extending the model to incorporate regressive erosion
propagation and stochastic effects related to soil heterogeneity.
As such, it offers a valuable predictive tool for understanding
erosion-driven failures in geotechnical structures.
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