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Abstract

Groundwater is an aggravating factor in karstic sinkhole activity as it exac-
erbates infiltration, percolation, soil saturation and drainage. The exceptionally
high number of ground collapses triggered during the major flood of spring 2016
in the Orléans region (France) clearly supports this assertion. In this article, we
examine the role of flooding in sinkhole occurrence in cohesive soil layers cover-
ing karstified limestone rock. An innovative hydro-mechanical model is applied
to simulated field scenarios. Our numerical simulations combine the Discrete
Element Method (DEM) to model the solid phase with the Lattice Boltzmann
Method (LBM) for the fluid phase. This coupled numerical method allows us to
explore the micromechanical features of internal soil erosion in a flood situation.
Three processes, consistent with field observations, are simulated and studied
through phase diagrams: the formation of a stable cavity within the cover ma-
terial, the upward propagation of a cavity leading to a dropout sinkhole, and
the downward discharge of the granular media, called the subsidence sinkhole.
In particular, we perform a parametric analysis of the dropout sinkhole that
gives an estimate of the collapse width. In the first approximation, the char-
acteristic length is shown to increase linearly with cover thickness, regardless

of the other main parameters (soil cohesion, hydraulic head, system geometry).
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Finally, we present an exploratory experimental study, using sand with artificial
cohesion that successfully reproduces different erosion regimes predicted by our
numerical simulations.

Keywords: cover-collapse sinkhole; flood; karst terrain; cohesive soil erosion;

hydro-mechanical modeling.

1. Introduction

Karstic landscapes cover around 15-20 % of the Earth’s surface and are
a matter of concern for land-use, especially for sinkhole hazards (Ford and
Williams, 2013). Cover by limestone karst is one of the most critical envi-
ronments (Sowers, 1996; Waltham et al., 2008), mostly located in easy-to-build
flat areas (such as alluvial plain). The subterranean configuration is often in-
accessible (filled or underwater entries) while the non-karstic lithology of the
cover seems “stable”. Large urbanized areas have been built on this kind of
karst cover soil, the most prominent examples being Florida in the USA, the
Gauteng Province in South Africa, and the Orléans area in France. Hazard
and risk assessment for the safety of people and property appears difficult and
remains limited to the locations of recent sinkholes and the use of archives to
localize old refilled sinkholes. The Florida Office of Insurance Regulation esti-
mated an average economic loss of 280 million per year due to sinkholes during
the period 2006 to 2010 (Kuniansky et al., 2016).

The main process leading to sinkholes in karst cover is soil piping, defined
as down-washing of the material cover into the network of limestone cavities
via water circulation (Beck, 2012). Moreover, karst cover soil is particularly
hazardous in the case of intense rainfall and floods (Brinkmann et al., 2008;
Gutierrez et al., 2014; Hyatt and Jacobs, 1996). In France, the meteorological
event that occurred in spring 2016 is a new example of the impact of intense
rainfalls and floods on sinkhole occurrence (Noury et al., 2018). The lessons
learned from this event enabled the French Geological Survey (BRGM) and the
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insight into internal erosion processes through innovative numerical modeling.

This article originated from this case study, thus it focuses on sinkhole forma-
tion during floods. This process is still poorly understood: some experiments
have succeeded in reproducing simple configurations (Perez et al., 2017) but
numerical models are rare or do not take into account the complexity of the
influence of water circulation. Few studies address the complexity of cavity de-
velopment within the cover deposit. The main approach adopts continuum me-
chanics schemes (often using FLAC software) to simulate the geomaterial system
using constitutive models, typically incorporating visco-elasto-plastic rheology
(Baryakh and Fedoseev, 2011; Shalev and Lyakhovsky, 2012). With the same
type of numerical method, recent studies have benefitted from adding hydro-
mechanical coupling to take into account water leakage and drawdown (Rawal
et al., 2017; Tao et al. 2015). Although this kind of analysis allows modeling the
general failure of an opening void (Mohr-Coulomb envelope), it cannot predict
local failures such as block dislocation.

All fluid-soil interactions in cover-sinkholes are related to the widespread
phenomenon of soil erosion. In particular, the expansion of underground cavities
is very similar to the backward erosion piping observed in the foundations of
hydraulic works (Bonelli, 2013). In this field of application, studies are at a more
advanced stage, notably in experimental research (Sellmeijer et al., 2011; Wilson
et al., 2015). With regard to numerical investigation, the last few years have
seen substantial progress in the micromechanics of geomaterials which allow the
discrete description of soils, especially with the Discrete Element Method (DEM)
developed by Cundall & Strack (1979). DEM, based on the realistic mechanical
modeling of a large number of individual particles, has become one of the most
increasingly used methods for the numerical simulation of soils in geomechanics
(Radjai, 2011). To this end, coupling schemes have been specifically developed
to obtain fluid flows at the pore scale (Cuellar et al., 2015; Lominé et al., 2013;
Luu et al., 2017; Ngoma et al., 2018; Tran et al., 2017).

In this paper, we study sinkhole occurrence in covered terrains, using both

field observations after floods and micromechanical modeling of the phenomenon



at the scale of fluid-particle interaction. Section 2 reports on the case study of
the Orléans region which was subject to massive rainfall in 2016. An unusual
number of sinkholes surveyed in one of the flooded areas and hypothetical sce-
narios are presented. Section 3 is dedicated to our numerical modeling of cohe-
sive soil layer destabilization triggered by hydraulic load. After presenting the
coupled numerical method that combines the Lattice Boltzmann Method (LBM)
for describing the fluid phase and the Discrete Element Method (DEM) for the
solid phase, we present typical simulations that determine the phenomenology
of the sinkhole formations. Different analyses from a parametric study are pro-
posed, notably based on phase diagrams for the direct estimation of collapse.
Then, we propose an experimental method using model granular media able to
qualitatively reproduce the processes observed in simulations. We finally end

the paper with a broad conclusion and perspectives.

2. Case study: the 2016 meteorological crisis on sinkholes activity in

the Orléans area (France)

2.1. General context

Orléans is a city in the Loire Valley located 130 km south of Paris (Fig.
11). The geological bedrock of the Orléans area is constituted by the Beauce
limestone (50 to 90 m thick Tertiary lacustrine limestone) (Lorain, 1973). The
limestone of the Loire floodplain is mantled by Quaternary alluvium (5 to 15
m thick) and the groundwater level is close to the ground surface (5 m deep).
These areas are known to be underlain by an extensive karstic cave network
(Perrin et al., 2017). However, our knowledge of network configuration is poor
due to limited speleological investigations (few entrances, water-filled karst)
(Moreau, 2002). The current activity in the Beauce limestone karst is attested by
sinking streams, spring locations, caves found in bore holes, and the occurrence
of sinkholes. Since 1903, assessments have reported approximately 640 sinkholes
in the 170-km Loire floodplain around Orléans, usually called "Val d’Orléans"

(Perrin et al., 2017). The latest report mentions a rate of 3 to 4 per year.
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Figure 1: Map of general context of the Orléans (Chécy area) indicating sinkholes triggered
by the 2016 flood.
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Figure 2: Geological cross section through the Loire floodplain in Chécy area and sketch of

the cascading effects caused by the 2016 flood (see text).




Mean sinkhole frequency is therefore approximately 0.02 to 0.03 occurrences
per square kilometer per year.

At the beginning of June 2016, the northern part of France, including the
Orléans area, endured a major meteorological crisis. Figureprovides an illus-
tration of the cascading effects: 1) During the massive rainfalls, about 140 mm
of water was recorded over 5 days, the equivalent of three normal rainy months.
2) The overflow of an artificial canal spread the flood over a 1-km? area. 3)
The Loire floodplain was flooded by 1 to 2 m of water, covering a recently built
neighborhood, the water-treatment plant and several fields for 10 days. 4) This
exceptional situation led to the massive infiltration of water. The small town of
Chécy was particularly hard hit. There, twelve sinkholes formed immediately
or a few days after the meteorological event (Fig. . Considering the geological
terrains affected and whose main components are presented in Fig. [2| most of

these sinkholes were associated with karst collapses.

2.2. Detailed analysis of flood-induced sinkholes in the Chécy area.

The frequency of flood-condition sinkhole occurrence (spatial and temporal)
is unusually high: 12 sinkholes in 1 km? during the 10-day flood correspond
to a sinkhole occurrence rate of 450 events per square kilometer per year. The
sinkhole occurrence rate evaluated in normal condition (0.02 to 0.03 per square
kilometer per year), is thus multiplied by a factor from 15,000 to 22,000 because
of flooding.

Figure |3| shows pictures from BRGM field surveys after floods. We can
distinguish two different "post-mortem" shapes of sinkholes: the hourglass shape
and the inverted bowl/ teardrop shape usually associated with cover material
that is non-cohesive and cohesive, respectively (Waltham, 2008). The soil of
Val d’Orléans is mainly a slightly cohesive clayey-silty sand and both shapes
are usually observed in normal conditions. In the area studied, most of the
twelve sinkholes triggered by the 2016 flood had an hourglass shape.

Figure |4| shows the mean diameter of the twelve sinkholes as a function

of floodwater level. They all have a similar size, except two singular bigger
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Figure 3: "Post-mortem" shapes of flood-induced sinkholes in Chécy area.
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Figure 4: Influence of floodwater level on sinkhole diameter analysis in the Chécy area.
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Figure 5: Scenario in the flooded (fully saturated) situation: dropout sinkhole and subsidence

sinkhole, leading to inverted bowl and hourglass final shapes, respectively.

sinkholes. One of the latter is located in an intense water-flow concentration
area and the other is assumed to have resulted from the coalescence of two
neighboring sinkholes, explaining their larger size. So, apart from these two
cases, we can therefore consider that the floodwater level does not seem to
substantially influence sinkhole diameter, which is between 0.5 m and 3 m. By
contrast, the mean diameter of holes in normal conditions is between 1 and 2 m.
Mention can also be made of a marginal case: the biggest recent sinkhole was 16
m in diameter and 7.5 m in depth. It occurred in 2010 without flood at Saint-

Pryvé-Saint-Mesmin and destroyed a house, fortunately without casualties.




2.3. Field scenarios of sinkhole processes

The flood-induced downward water flow within the soil is assumed to have
increased the suffosion phenomenon EI which consists in the down-washing of
alluvium by water towards cavernous bedrock with relatively small and poorly
connected voids (not necessarily well-developed and integrated in karstic cave
networks). From this elementary mechanism of soil migration, we hypothesize
two different erosion processes leading to the two different final sinkhole shapes
presented above. Figure [5]represents a cohesive soil layer over karstic conduits
in the flood-condition. The first scenario is similar to the dropout sinkhole,
commonly reported in the classical non-submerged case, where a cavity expands
from the underground up to the collapse of the roof, leading to an inverted
bowl sinkhole shape. Geotechnical results commonly used by engineers for the
construction of foundations in karstic terrain, show that the potential collapse
diameter is 2/3 the height of the overlying soil layer (Sowers, 1996). In a flood
situation, this prediction could change. Notably, the water load could trigger
the final collapse of the thin residual layer. The second scenario is similar
to that of the subsidence sinkhole, in which soil destabilization starts at the
surface and results in an hourglass shape. It is noteworthy that this process is
usually attributed to cohesionless soil (DeWaele et al., 2011; Waltham, 2008).
However, the following modeling work will demonstrate that this unexpected
scenario (for cohesive soil) is quite plausible. Numerical simulations will show
that exceptional vertical water flow might be responsible for intense erosion

according to this second process.

3. Numerical modeling

This section presents a numerical study of sinkhole formation triggered by

floods, according to previous scenarios deduced from the in-situ observations

I'Suffosion is distinguished from suffusion, which is an internal erosion mechanism that
implies the detachment of fine particles in the pore space of a matrix composed of larger

particles.
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presented in Figure To tackle this problem from a physical perspective, we
propose to bridge the gap between the micromechanical phenomena at the grain
scale and the macroscopic process of the cover-collapse sinkhole, by numerically
investigating the interactions between a fluid phase and the solid phase for
a large assembly of bonded particles. The main objective is to explore the
different erosion regimes by varying the soil properties, including cohesion, and

hydrodynamic conditions through a parametric study.

3.1. Micromechanical approach

Advanced research in geomechanics demonstrated that a subtle difference
in microstructure could lead to significant changes at the macroscopic scale,
notably by triggering hydro-mechanical instabilities such as gravitational slope
failure (Iverson, 2000) and liquefaction (Benahmed et al., 2004). To study soil
erosion involved in sinkhole formation, we used a 2D numerical model that com-
bines the Lattice Boltzmann Method (LBM) for describing the fluid phase and
the Discrete Elements Method (DEM) for the solid phase. An increasing num-
ber of numerical studies rely on this coupling to treat multi-scale geo-mechanical
problems (Cuellar et al., 2015; Lominé et al., 2013; Luu et al., 2017; Ngoma et
al., 2018; Tran et al., 2017).

3.1.1. Solid phase modeling: Discrete Element Method (DEM)

The DEM method, initially developed by Cundall and Strack (1979), is used
here to implement the mechanical behavior of a 2D assembly of circular particles
whose trajectories are described by Newton’s equations of motion. The particles
interact through contact forces, each of them being decomposed into a normal
force F,, and a tangential force F; (see Fig@. These two components are given
by a viscoelastic Kelvin-Voigt model and a viscous-regularized Coulomb law,
respectively. Also, the interaction moment M is defined by the tangential force
with the particles’ radii as lever arms. To account for interparticle cohesion, we
consider a parabolic yield volume in the space of contact forces and moment, as

developed by (Delenne et al., 2004). In the present numerical model, traction,
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Figure 6: Ilustration of the 2D coupled numerical method: DEM frictional contact model

and LBM D2Q9 scheme (see text).

shear and bending yield thresholds are assumed to depend only on a unique force
C' which represents the mean interparticle bond strength. Finally, the model
is enriched by an additional damage model adapted from Silvani et al. (2009),
which prescribes a progressive degradation of cohesive strength for subcritical
stresses, namely those contained within the yield volume. For more details,
the reader can refer to a previous numerical study performed with this DEM

cohesion model (Cuellar et al., 2015).

3.1.2. Fluid phase modeling: Lattice Bolzmann Method (LBM)

The LBM method, based on Boltzman’s kinetic theory of gases, describes
the statistical behavior of a large population of fictitious fluid particles mov-
ing randomly. The fluid flow is simulated by solving the discretized Boltzmann
equation for the probability density function f(Z,c,t) to find a particle at a
position ¥ with the lattice speed ¢ at the given time ¢. The fluid dynamics
occurs as the result of propagation and collision of the fluid particles over a
discrete regular lattice. To compute this process, the present code uses a Two-
Relaxation-Time model (TRT) (Talon et al., 2012) and a classical D2Q9 scheme
that involves a finite 2D lattice grid with 9 directions at each grid point (includ-
ing that staying at the current position, see Fig@ (Lallemand and Luo, 2000;
Yu et al., 2003). For a given kinematic viscosity v and fluid density p; and an

adapted choice of LBM relaxation times, a Chapman-Enskog expansion gives
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Table 1: Parameters used in the numerical simulations

Solid phase Fluid phase

Mean radius, r 1.5:1073 m Kinematic viscosity, v 4-107° m?/s
Polydispersity, rmax/"min 1.5 Lattice speed, ¢ 10 m/s
Bond strength, C 10N, 20 N Inlet pressure, Pijet [1-34] kPa
Solid density, ps 2.5-10% kg/m? Fluid density, py 110 kg/m?
Geometry

Length, L 23.7-1072 m, 40-1072 m

Height, H [8.5-18.5]-1072 m

Orifice size, A [15-75] -107% m

Conduit height 6:1072 m

the incompressible Navier-stokes equations, and then the direct derivation of
the macroscopic features of the flow in the low Mach number limit, namely for
Ma = Z"g“ << 1, where Vj.x is the maximum fluid velocity and c the lattice

speed.

3.1.8. Fluid-solid interaction

To couple the DEM and LBM methods, we assign a fluid or solid status
at each LBM grid point that is updated at each LBM time step (with 2 DEM
subcycles per LBM cycle). The space resolution for our simulations is fixed so
as to have a mean particle diameter equal to 10 LBM nodes. In the LBM code,
when a velocity vector is directed towards a node assigned as solid, we use a
typical bounce-back algorithm for which the fluid vector basically reverses its
direction to obtain a no-slip condition at any solid surface (grains and walls). To
compute the hydrodynamic forces on grains, we refer to a relationship developed
by Bouzidi et al. (2011) based on a momentum-exchange between fluid and solid
nodes. Finally, the LBM calculation is implemented with a hydraulic radius
(dashed circles in Fig. @ equal to 0.8 times the real radius used in DEM. In
this way, the fluid can flow between the disks of the DEM assembly and we

recover non-zero permeability in our 2D granular configuration.
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Figure 7: Numerical model for a sample with 7000 particles of mean radius 7—1.5 mm (H—=13.5
cm, L=40 ¢cm, Pet=5 kPa and A=3 c¢m) at t=0.6 s from the triggering of the pressure
gradient. The particle cohesion number is Coh=95, except in the dark grey zone of 1.5 cm
thickness, where the cohesion is 10 times greater in order to represent a more realistic boundary

condition than a wall.

3.2. Application to sinkhole formation
3.2.1. Numerical model setup

In a preliminary work, we reproduced the process of collapse in a clogged
underground conduit under high hydraulic gradients (Luu et al., 2017) and hence
demonstrated the relevance of employing DEM-LBM coupling to investigate the
different scales involved in soil erosion, from behavior at the grain scale to the
erosion front kinetics, by going through the mesoscale of force chains. In the
present study, we focus on cover-collapse sinkhole formation in a homogeneous
soil layer (i.e. without weaker zones). As presented in the previous section and
illustrated in Figure we intend to reproduce the flood-induced collapse of a
cohesive sediment layer overlying karst caves or open fissures in the bedrock,
according to representative scenarios for the geological context of the Orléans
case study.

Our numerical model consists of a fully immersed cohesive granular layer, at
the bottom of which lies an orifice through which water flows freely, assuming

underneath a connection to the underground conduit of a hydraulic network
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(Fig. . To induce erosion processes, we impose a high enough pressure at
the sample upper surface P,et, keeping the outlet pressure at zero. For this
study, we implement a cohesive assembly of particles whose mean radius is
r=1.5 mm. We vary the height H and the length L of the 2D granular samples,
corresponding to assemblies of 4835 to 9636 particles, while the size of the
orifice A ranges from 10 to 50 times the mean particle radius. All the numerical
simulation parameters are given in Table 1 (note that the particle parameters
are similar to those of usual 2D-DEM numerical studies).

To quantify soil cohesion, we define a dimensionless particle cohesion number
as the ratio of the bond strength C to the particle’s own buoyant weight, Coh =
ﬁ, where p;—p;y is the submerged apparent density, g is the gravitational
acceleration and S is the particle’s surface (2D model). It is noteworthy that
here particle cohesion consists of solid bonds with irreversible failure, and is
different from the macroscopic cohesion classically defined through the Mohr-
Coulomb failure criterion. The range of C'oh studied is equivalent to a weakly
cemented granular matter. Regarding flow regime, the Reynolds number can be
measured within the bottom conduit before the detachment of the grains, such
that Re = VTA, where V is the fluid mean velocity and v the fluid kinematic
viscosity. Globally, in the granular assembly and outside, V is of the same
order of magnitude as the maximum fluid velocity Vi,ax, ranging from 0.01 to
1 m/s. For reasons of computation time, the particle size is taken substantially
larger than in reality. Therefore, we use a higher viscosity than water to simulate
realistic flow regimes by obtaining similar Reynolds numbers to those in the field.
Thus, all the following simulations reproduce flow regimes that are laminar and
incompressible, with an Re from 30 to 600 and a Mach number Ma = ZECH&

smaller than 0.1.

3.2.2. Phenomenology
We performed a parametric study using our DEM-LBM code to investigate
erosion processes according to two different micromechanical viewpoints: from

the bonds within the cohesive granular sample and from the local stress field.
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Figure 8: Cavity formation for a sample with 7000 particles of mean radius 7—1.5 mm (H—13.5
cm, L=40 cm, Pi1et=0.5 kPa, A=4.5 cm, and Coh=95) with evolution of the microstructure

over time: normal interparticle force (left) and total stress determinant (right).
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Figure 9: Dropout sinkhole for a sample with 7000 particles of mean radius r—1.5 mm (H—13.5
cm, L=40 cm, Pijet=1.0 kPa, A=4.5 cm, and Coh=95) with evolution of the microstructure

over time: normal interparticle force (left) and total stress determinant (right).
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Figure 10: Subsidence sinkhole for a sample with 7000 particles of mean radius r—1.5 mm
(H=13.5 cm, L=40 cm, Pi1t=9.6 kPa, A=4.5 cm, and Coh=377) with evolution of the

microstructure over time: normal interparticle force (left) and total stress determinant (right).
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The following figures (Fig. @ present typical simulations of microstructure
evolution over time regarding: on the left side, the interparticle normal force
network composed of positive (compressive) and negative (tensile) normal forces.
On the right side, the total stress tensor for each grain, as the contribution of
both the stress exerted by the neighboring particles in contact and the hydraulic
stress of the surrounding fluid. We choose the stress tensor determinant to
quantify this magnitude.

The first erosion regime is illustrated in Figure From the bottom orifice we
observe an evacuation of grains that stops early, leaving a stable cavity. This is
a marginal regime also simulated in our previous work on clogged underground
conduit collapse [21]. This vault cavity recalls quasi-static intermittent void
formations in quasi-static and non-flooded conditions, commonly described in
geotechnical works (Sowers, 1996).

Then, when increasing the hydraulic load (Piet), or enlarging the bottom
orifice (A), or decreasing the interparticle cohesion (Coh), we observe the ex-
pected backward erosion implied in the dropout sinkhole. Figure@ (left) shows
how interparticle bonds progressively break from the orifice to the surface. In
the early stages, there is no disturbance of the grains at the top. Subsequently,
the destabilization front moves along a direction opposite the flow direction
(namely the "backward" direction). We therefore observe a damage zone that
gradually develops upward, leading to the first scenario proposed in Fig.
The granular medium self-organizes by creating force chains under compression.
Subjected to a traction mechanism, the erosion process takes place through the
progressive breaking of arches sustained by force chains. Indeed, the total stress
computation in Figure @ (right) gives a qualitative representation of how the
force chains (displayed by the highest values) are involved in the erosion kinet-
ics. The upward front advances in a series of vault-to-vault movements. Thus,
our numerical model approximately simulates the inverted bowl shape for the
destabilization zone, hypothesized in Section 2. Note that the cavity formation
could be included in this backward erosion regime. It is actually likely that,

given a sufficient amount of simulation time, the cavity could expand up to the
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Figure 11: Phase diagrams related to the inlet pressure Pt and the orifice size A, (a) for

Coh=95, H=13.5 cm and L=40 cm. (b) Idem for Coh=95, H=8.5 cm and L=40 cm.

surface by intermittent periods of grain evacuation.

Lastly, if the erosion parameters continue to increase (increasing Pijet, in-
creasing A and decreasing Coh), a continuous discharge regime is recovered,
similar to the subsidence sinkhole previously presented as the second specula-
tive scenario in Figur In Figure (left), we observe that the evolution of
the interparticle force network presents fracturing initiated along two disloca-
tion lines, forming a cone, and which propagates rapidly almost throughout the
granular sample. The evacuation of grains through the orifice leads to the sub-
sidence of the surface, contrary to the previous backward erosion. This regime
is very similar to the hourglass and hopper, two classical granular matter prob-
lems. But in our case, we added interstitial fluid flow and interparticle cohesion.
This regime of downward migration of cohesive particles (which is not usual in
geotechnics, see previous Section in 2.3) has been recently studied numerically
using CFD-DEM coupling (Liu et al., 2018), but no experimental work has been

dedicated to this phenomenon to our knowledge.
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Figure 12: Phase diagrams related to the inlet pressure Pj,je¢ multiply to H and the orifice
size A, (a) for Coh=95, for different sample heights H=8.5 cm (square), 13.5 cm (circle) and
18.5 c¢cm (triangle) when L—40 cm, and H—12.8 cm, L—23.7 cm (diamond). (b) Idem for
Coh=191, L=23.7 cm and H=13.5 cm (circle).

3.2.3. Phase diagrams

Figuresandpresent phase diagrams that locate the domains of exis-
tence of cavity formation, dropout sinkhole and subsidence sinkhole, according
to inlet pressure Py, orifice size A, sample height of H, sample length L and
cohesion number Coh. Figureshows two diagrams displaying Pjet as a func-
tion of A for a fixed Coh, a fixed L, and two different sample heights of H=13.5
cm (a) and H=8.5 cm (b). For both cases, the erosion process successively
jumps from cavity to dropout sinkhole and ultimately to subsidence sinkhole
when Pie¢ and A are increased. It can be seen that, for the range studied,
the location of the frontier between two regimes depends on the height H of
the granular sample. In an attempt to rationalize this dependency, we plotted
(not shown here) the dimensionless pressure, dividing Pt by the hydrostatic
pressure prgH, as a function of different dimensionless orifice sizes (using r, H
or L). But in each case the regime transitions kept being influenced by H. In
Figure[I2h, we nevertheless found empirically that multiplying Pt by H leads

to an approximate grouping of the different erosion regime frontiers, regardless

21




of the sample geometry (for various H and L) and for a given cohesion state.
Although this result could have practical implications, we do not yet have any
physical explanation for it. Finally, Figure indicates that for a doubled
Coh, a higher Py and A are necessary to pass from dropout to subsidence
sinkholes, and there is no longer any cavity formation within the same range of

parameters.

3.2.4. Spatio-temporal diagrams

In this numerical study, we developed a post-processing tool to carry out a
spatio-temporal analysis on the basis of our simulations. Figure presents a
typical image of the interparticle force network in its initial state. Using Im-
agelJ, an open-source software application, we can select the main eroded zone
corresponding to the orifice width (on the left image) to plot averaged spatio-
temporal diagrams (on the right). Thus, the vertical axis of a diagram displays
the mean pixel density calculated in the selected zone and the horizontal axis
is time. Using this representation, clearly shows that the two erosion regimes
mainly differ by their front propagation directions. The spatio-temporal dia-
gram related to the dropout sinkhole shows an almost constant surface level
with time, while the backward erosion advances from the bottom. Conversely,
the subsidence sinkhole displays an almost linear decrease of the surface level
with time. This difference in the induced ground motion (observed from the
surface) is indeed that commonly agreed by the natural hazards community to

distinguish dropout from subsidence sinkholes (Sowers, 1996).

3.3. Predictive analysis for dropout sinkholes

The objective of our research is to improve the prediction of where, why and
when a sinkhole will occur. From the risk assessment viewpoint, the dropout
sinkhole is the most critical one because cavity widening cannot be viewed di-
rectly from the surface. A relevant aspect of the micromechanical modeling
we propose is precisely to give access to the internal evolution of the process.

Therefore, we present here a qualitative first-order predictive analysis based on
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Figure 13: Typical spatio-temporal diagrams averaged within the central orifice zone (red

frame), and showing typical evolutions for both dropout and subsidence sinkholes.
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Figure 14: Dropout sinkhole case: (a) snapshot of interparticle bonds at the characteristic
time to indicated on the averaged spatio-temporal diagram. (b) Plot Profile (using ImageJ

software) at to and collapse width X estimation (see text).
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the numerical simulations of the backward erosion scenario.

As mentioned in the previous section dedicated to the field scenarios, Sowers
proposed the geotechnical approach of considering a potential collapse diame-
ter of 2/3 the height of the overlying soil layer (Sowers, 1996). This approach
concerns the quasi-static growth of a void in a cohesive but non-submerged soil.
Using our simulations, we propose to estimate the extension of bond breakage
in a flood situation, when backward erosion occurs in a saturated soil under hy-
draulic loading. To this end, we perform a systematic procedure to characterize
the maximum width of the eroded zone. On the spatio-temporal diagram pre-
sented previously, we detect a characteristic time tg at which the surface starts
to cave-in, as indicated in Fig. . At that moment t = ty, we apply the Plot
Profile function of ImageJ that displays a two-dimensional graph of the intensi-
ties of pixels along a line. The x-axis represents the horizontal distance and the
y-axis the vertically averaged pixel intensity (Fig. ) Thus, we can estimate
the so-called collapse width A with acceptable measurement uncertainty.

By applying this image processing for typical simulations of the dropout
sinkhole regime, we obtain the graph shown in Figure (15| (left). The collapse
width X is plotted as a function of the height of the granular sample H. The
main finding is that A is roughly equal to the cohesive soil thickness H (slope
equal to 1), accounting for a moderate discrepancy and irrespectively of H,
Pintet, A and Coh. When considering second-order trends, we remark that the
higher P,1e; and A are, the higher A becomes. When Coh is doubled, A is either
slightly smaller or equal within the error bar.

With a first-order approximation, the simulations of the dynamic process
in a flood situation therefore predict a linear relationship between the collapse
size A and the cover thickness H, according to Sower’s prediction but with a
higher slope of 1 instead of 2/3. In addition, we find that this result does
not depend on the other parameters (Pipjet, A and Coh), therefore providing
an interesting relationship for applications. In contrast, as expected, Figure
(right) indicates that the erosion kinetics depends on all the parameters studied.

Indeed, by plotting ¢( the time at which the surface starts becoming destabilized
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characteristic collapse time tg.

25



(defined in Figure ) as a function of H, we observe a much broader spread
of data than for A\. For a fixed H, whereas the maximum discrepancy for A
corresponds to a doubled value, the scatter of ¢y, can reach up to a factor 6. A
more systematic study would be necessary to capture the dependency of ¢y on
the different parameters. Qualitatively, we observe that the higher Pt and A
is, the faster the erosion. Inversely, the greater the H, the slower the erosion
kinetics. In these simulations, particle cohesion seems to have little influence.
Note that the estimation of the characteristic collapse time ¢y here gives only
qualitative but not quantitative information on time scales. The next step would
be to calibrate using real soil parameters to obtain a more realistic prediction
of sinkhole dynamics, which would greatly improve risk management. Linking
the numerical modeling illustrated here to geotechnical assessments will be a

significant step toward characterizing sinkhole hazards.

4. Experimental modeling

In addition, we performed an exploratory experimental study to enrich the
previous numerical results. An original methodology has recently been devel-
oped to produce artificial cohesive granular media similar to our numerical gran-

ular assemblies (Brunier-Coulin, 2016).

4.1. Materials and setup

For the present study, we use Hostun sand HN31 (mean diameter of 240 ym),
which is a reference sand used in many experimental geotechnical studies. Solid
bridges are created by "sticking" sand grains together with liquid paraffin. The
amount of paraffin is chosen low enough to prevent the complete filling of voids
between particles, in the sense that the liquid far from saturates the granular
sample. We then paid particularly attention to the homogeneous mixing of the
sand with hot liquid paraffin. When the mixture is cooled and the paraffin
has solidified, we obtain an artificial cohesive granular material that can be

considered as a weakly cemented sand.
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The experimental setup is pictured in Figure The cohesive sand is pre-
pared in a specific sample cell open at the top and open only by a circular orifice
at the bottom. For this study, we tested an orifice diameter between 1.5 cm
and 2.5 cm. By filling this cell, we produced soil samples whose height varied
between 10 cm and 12 cm, with a fixed length of 20 cm and a fixed width of 5.5
cm. This sample cell was then introduced into a larger (external) cell connected
to a gear pump. This closed-loop system induced a controlled flow rate to con-
tinuously erode the granular sample with a downward water flow. During the
erosion experiment, the sand was assumed to be evacuated through the output
conduit connected to the upper reservoir. In all the experiments performed,
we could see through the transparent plastic tube that eroded sand flowed out
of the orifice without clogging the pipe. A primary saturation phase is crucial
before erosion is triggered. Contrary to the flow direction for erosion ("input"
to "output"), we allowed the water to rise very slowly from the bottom with the
air being removed upwards. In this way, we were able to immerse all the pores

in the granular matter.

4.2. Results

As can be seen in Figure this rather simple setup nevertheless allowed us
to simulate two regimes very similar to those observed in our numerical study
and consistent with the field scenarios. However, regarding sand cohesion, we
were unable to explore a wide range of paraffin concentrations, i.e. around
0.3% per weight for both examples. For higher values, the maximum pump
flow rate was not high enough to erode the soil. For lower concentrations of
paraffin, the cohesive sample was too easily weakened during its preparation
and introduction in the setup, leading to fractures and even collapse when the
eroding flow was imposed. Moreover, both processes were obtained with the
same flow rate. Inhomogeneity in the sample was also identified. This could
explain why we observed large aggregates and falling blocks. Therefore, as
currently framed, the experimental conditions allowed us neither to precisely

control the parameters nor to select one of the two regimes. Improvement of
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Figure 16: Experimental setup. Left: Sample cell. Right: hydraulic closed-loop (see text).

the protocol is in progress.

In spite of this, we were able to obtain an interesting result from the dropout
sinkhole process. As indicated in Fig. we estimated a characteristic damage
size A\. As can be seen in Fig. (red losange), this measurement is in good
agreement with the prediction of Sowers (lower than predicted by our simu-
lations, as discussed in 3.3), giving relevancy to this exploratory experimental
study. In future work, to ensure better comparability with our numerical sim-
ulations, certain tests could be performed by varying the sand diameter to the
cell width ratio in order to study the 3D effects. The next step will also focus
on the calibration of parameters such as artificial interparticle cohesion using
purely mechanical tests (traction test, direct shear), in order to make more

quantitative comparisons between the experiments and simulations.
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Dropout sinkhole

Subsidence sinkhole

Figure 17: Typical experimental pictures of the two different erosion regimes. For the dropout
and subsidence sinkhole, the sample height is equal to 10 cm and 12 cm, and the orifice
diameter around 1.5 cm and 2.5 ¢m, respectively. The estimation of the maximum damage A

in the dropout sinkhole case is indicated.
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5. Conclusion and perspectives

Sinkhole occurrences represent a major geohazard that remains poorly as-
sessed, especially in exceptional flood situations. The meteorological event oc-
curring in the Orléans area in spring 2016, is a relevant example of a huge
increase in the number of cavity collapses. This paper presented a physical
model of hydro-mechanical instabilities under hydraulic forcing on a cohesive
soil layer underlain by a karstic cavity. The numerical study involving a cou-
pled LBM-DEM method provided insight into the micromechanism of particle
bond breakage during internal erosion processes. By varying hydraulic pressure,
underground conduit size and the particle cohesion of the granular media, we
identified two different erosion kinetics (excluding cavity formation), namely
upward cavity development and downward granular discharge, leading to the
formation of dropout and subsidence sinkholes (in cohesive soil), respectively.
On the basis of a parametric study, we plotted a phase diagram to delimit the re-
spective domain of each regime. Then, we performed systematic measurements,
directly from our simulations, of the eroded zone when a dropout sinkhole oc-
curred. We found a linear relationship between the characteristic collapse width
and the height of the cohesive soil overlaying the underground conduit. This
result demonstrated the ability of our calculations to reproduce an erosion pro-
cess, consistent with classical geotechnics estimations of hypothetical sinkhole
size. Finally, the first results of an experimental model demonstrated its capac-
ity to produce similar sinkholes, as predicted by the field scenario and numerical
simulations.

Following these results, one of the immediate future goals will be to in-
tegrate calibration in our numerical model. Further comparison between both
numerical-experimental approaches will include transcribing the cohesion achieved
in the laboratory tests (typically traction and shear tests) to the particle bond
strength implemented in the cohesion model of our code. Linking this multi-
scale numerical model to geotechnical in situ conditions will be a significant

step in characterizing sinkhole hazards and risks.
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