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Abstract. This review first introduces the general context of soil erosion, an omnipresent natural process
involving a wide variety of spatial and temporal scales. While this loss of solid matter induced by all kinds
of fluid flows on the surface of soils is often a source of beauty in the landscapes that surround us, it also
constitutes a major risk and poses growing threats in the context of global change as loss of agricultural soil
fertility, decline in coastal ecosystems or increase in safety standards for flood protection structures. It is
therefore essential to be able to predict future soil removal rates at multiple scales, in order to anticipate or
mitigate their impacts. This requires experimental quantification of soil’s vulnerability to erosion. In order
to describe this type of measurement in deeper detail, we restricted the scope of our review to situations of
concentrated surface erosion of homogeneous soils, on moderate spatial and temporal scales, as typically
studied in the fields of civil or environmental engineering. Measuring erosion itself is challenging, both in
terms of determining the rate of mass removal from a surface, and in terms of selecting and quantifying a
relevant hydrodynamic quantity to reflect the strength exerted by the flow. A conceptual framework is then
required to correctly define soil’s erodibility, which is defined as an intrinsic property of the material through
an empirical erosion law. In the most commonly accepted approach, this erodibility combines two distinct
parameters: an erosion initiation threshold, generally chosen as a critical shear stress, and an erosion kinetic
coeYcient. The various types of erodimeters found in literature are then presented and compared, with a
specific and more complete description of the three main devices used in geomechanics (EFA, HET and JET).
Finally, before concluding and suggesting some perspectives on the topic, we outline the various advantages
and applications of the erodibility values derived from experimental tests, while showing the limitations of
the approach and the questions raised by them.

Résumé. Cet article de synthese introduit tout d’abord le contexte général de I'érosion des sols, un processus
naturel omniprésent impliquant des échelles spatio-temporelles extréemement variées. Si cette perte de
matiere solide induite par toutes sortes d’écoulements fluides a la surface des sols est souvent source de
beauté des paysages qui nous entourent, elle n’en constitue pas moins un risque majeur et fait peser des
menaces croissantes dans le contexte du changement global comme la perte de fertilité des sols agricoles,
le déclin des écosystémes littoraux ou le besoin accru de sureté des ouvrages de protection contre les
inondations. Par conséquent, il est essentiel de pouvoir prédire aux diVérentes échelles les niveaux futurs
de retrait des sols afin de mettre en oeuvre de possibles mesures d’anticipation ou d’atténuation. Il convient
pour cela de connaitre la sensibilité a I’érosion d’un sol via une quantification expérimentale. Pour décrire
plus en détail ce type de mesures, le choix est fait ici de restreindre le cadre considéré aux situations d’érosion
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de surface concentrée de sols homogeénes, sur des échelles spatiales et temporelles restant modérées, et
telle que typiquement étudiée dans les domaines de I'ingénierie civile ou environnementale. La mesure
de I'érosion en elle-méme est délicate et complexe, aussi bien pour déterminer le taux de matiere érodée
a une surface que pour sélectionner et quantifier une grandeur hydrodynamique pertinente, capable de
rendre compte de la force exercée par I'écoulement. Un cadre conceptuel est ensuite nécessaire pour définir
correctement une érodabilité du sol, condidérée comme une propriété intrinseque du matériau a travers
une loi empirique d’érosion. Dans I"approche la plus communément acceptée, cette érodibilité regroupe
deux parametres distincts : un seuil d’initiation de 1'érosion, généralement choisi comme une contrainte
de cisaillement critique, et un coeY cient cinétique. Les diVérents types d’érodimetres issus de la litérature
sont ensuite présentés et comparés, avec un descriptif spécifique et plus complet sur les trois principaux
dispositifs utilisés en géomécanique (EFA, HET et JET). Enfin, avant de conclure et de suggérer quelques
perspectives futures sur la thématique, nous présentons les nombreux avantages et utilisations possibles des
valeurs d’érodabilité issues de ces essais, tout en montrant les limites de I'approche et les questions que
celles-ci soulévent.
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1. Context of soil erosion and related issues
1.1. A ubiquitous process on a variety of scales

Quoting Wikipedia!, erosion is the action of surface processes (such as water flow or wind) that re-
moves soil, rock, or dissolved material from one location on the Earth’s crust and then transports it
to another location where it is deposited. Adopt this definition, which is already rather broad, nev-
ertheless excludes several adjacent mechanisms likely to lead to the dislocation and crumbling of
solid matter but which involve no motion, such as weathering [1, 2] or others physico-biological
actions [3]. We therefore strictly define our object of study as being the erosion generated by the
detachment and entrainment of solid matter from the surface of a soil under the action of a fluid
flow. Soil is understood here as a geomaterial in the broadest sense, encompassing all types of
soil, including clay, sand or silt, as well as coarser materials, from pebbles to boulders, or even
snow. The variety is rather vast, with highly contrasting levels of internal cohesion between con-
stituent particles that also vary greatly in size: from cohesion-less granular soils to coherent ma-
terials or soft rocks.

As defined above, the erosion of solid matter is di'Y cult to dissociate from, and in fact includes,
the subsequent transport induced by the eroding flow. This complementary removal process
enabling the loosened soil to be evacuated, more or less rapidly, thereby allowing erosion to
possibly continue. Thus, the major problems associated with soil erosion stem directly from the
combination of conditions that initiate soil removal and enable its transport, wether over a few
millimeters or thousands of kilometers. There is a wide variety of soil erosion types [4-6] and
the main natural processes involved include: Sediment transport (in mountain streams, rivers,
oceans, or deserts) [4,7-10]; Coastal erosion [11,12]; Rain splash and runoV erosion (including rill
erosion, gullies, etc) on farmland or hill-slope [5,13,14], with essential role of plant covers [15,16];
Piping in natural soils [17, 18]; Scouring of riverbanks [19, 20] or bridge pier foundations [21, 22];
Internal and external erosion of earthen hydraulic structures [23-26]. From a geomorphological
point of view, the diVerent spatial scales involved vary tremendously, from a simple sand ripple
to mountains, from a drop of water to the confluence of the Amazon. Similarly, the timescales
of erosion range from a few seconds to several million years [27]! Mountains are thus erased or

https://en.wikipedia.org/wiki/Erosion
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Figure 1. Example of gullies sculpted by erosion in farmland as strikingly painted by
Alexandre Hogue in “The crucified Land” (1939). Licence: CC BY-NC-SA 4.0.

valleys carved out on geological periods, while violent events such as a massive landslide may
last a very short time.

As a result, erosion leaves its omnipresent imprint on relief and landscape, through riverbeds
and deltas, cliVs and coastlines, or inspiring country fields (see for instance Figure 1) ... We enjoy
this imprint daily as we contemplate the exceptional beauty of nature. But we also endure it by
living under the threat of natural events more or less directly responsible for various erosional
processes, such as floods, landslides, coastal storms or torrential flows. Soil erosion thus has a
feedback eVect on our environment through the increasing construction of protective systems,
as it poses a major hazard to many sensitive natural and man-made elements: beaches, dunes,
farmland, building foundations, bridge piers, earthen engineering structures...

1.2. A primary vector of risks

Sediment transport is part of a natural geological cycle, based on land subduction balanced
by gradual relief degradation and subsurface erosion. However this equilibrium is increasingly
disrupted by human activity [6]. The global average rate of soil erosion by water is estimated to
be somewhere between 0.1 and 0.15 mm/year, exhibiting significant local disparities [28,29], with
a strong upward trend in erosion rate due to climate change, land use and other socio-economic
factors [30-33]. In itself, this acceleration threatens the geological balance between formation
and removal of natural soils, endangering both human food security and global ecosystem
sustainability [28]. Soil erosion of agricultural fields, mainly due to rainfall and surface runoV,
is another threat suspected of reducing agricultural potential, particularly fertility, or inducing
soil thinning [34]. For instance, in the US, the Department of Agriculture (USDA) recommends a
soil loss rate below 1 mm/year for soil conservation [29], but research work continues on this soil
loss tolerance [35]. Agricultural erosion also has an impact on the global carbon cycle, but whose
eVect is still uncertain and debated [36-38].

As mentioned earlier, the erosion of sediments can lead to the transport of solid or dissolved
matter over long distances, posing the risk of pollution through the dispersion of contaminants.
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Figure 2. Photographs from an artistic perspective of Le Signal building (Soulac-sur-Mer,
France). This construction, built between 1967 and 1970, was de nitely abandoned in 2014
under the threat of coastal erosion and nally demolished in 2023. Credit: Le Signal@Olivier
Crouzel (https://lwww.oliviercrouzel.fr).

These dangerous elements include radioactive particles [39], heavy metals [40,41], or microplas-
tics [42,43], whose proliferation is of particular concern due to their notoriously harmful e Vects
on virtually all ecosystems.

The deserti cation of entire regions, such as the Sahel and the Sahara, has been greatly
intensi ed by anthropogenic climate change [44], and is partly induced by wind erosion and
subsequent transport [10], which contribute to both the degradation of agricultural soils and the
invasion of land through the displacement of large volumes of sand.

The sharp decline in coastline due to increased shoreline and beach erosion is also a cause for
great concern [11, 12], particularly in the current and, above all, future context of rising sea levels
and more frequent ocean storms [45, 46]. The main threats concern the coastal ecosystem and
human activities, the sea, which is gradually moving closer to natural or anthropic habitats, as
illustrated in Figure 2.

In addition, the safety of man-made structures in permanent or intermittent contact with
water is constantly threatened by the erosion that can be generated by subsequent ows. This
hazard seems to be growing, particularly in the alarming context of global change, which is very
likely to lead to an intensi cation of extreme climatic events (storms, precipitation, ooding).
Major concerns include scouring around rigid structures such as bridge piers [47] or concrete
dikes, or direct water ow erosion of earthen hydraulic structures, such as ood defence works,
earthen dams and levees, river and canal embankments [23-26].

1.3. A need for predictive modeling

Given these severe risks posed, directly and indirectly, by soil erosion, the human response
cannot be solely focused on protection, although this is an essential element. For e Vective
management, we should also be able to predict the e Vects of erosion over time as reliably as
possible, which requires the development of models capable of incorporating to varying degrees
the complexity of the processes involved. Before attempting any modeling, the scales to be
considered must rst be de ned, both in terms of time and space. These scales are constrainted
by the global dimensions of the system in question and the total duration targeted, and require
the introduction of elementary time and space steps at the scale of the basic processes under
consideration.

For example, erosion of the Earth's crust is a central feature of long-term landform modelling,
combining tectonics and surface processes [27,48]. However, many soil erosion models are built
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